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Preface 

We are delighted to welcome you all to the first Civil Engineering Research in Ireland conference and 
to the lovely city of Belfast. This is the first major event organised by the Civil Engineering Research 
Association of Ireland (CERAI) since its inception in 2012. CERAI was formed for the purpose of 
promoting and communicating civil engineering research and practice in Ireland to academics and 
practitioners alike. The breadth of topics covered at this conference reflects positively on the strength 
of civil engineering research in Ireland and we are confident going forward that the Association and 
this conference series will be able to further strengthen the link between research and practice and 
that many research projects can be identified for technology transfer to end users.  

We received over 80 papers on a wide range of topics including asphalt, bridges, cement, concrete, 
computational methods, durability, geotechnics, hydraulics, structures and timber. Additionally, there 
are keynote papers from eminent scholars on Bridge maintenance, offshore Structures, offshore 
Geotechnics and making an impact with Concrete. We hope the conference will become an 
opportunity to kindle and strengthen relationships, encourage and invigorate minds, promote and 
nurture budding researchers, establish good practice in research as well as strengthen research 
ethos in all participants.  

A special feature of this conference series is the emphasis placed on student participation. All student 
papers have been entered into ‘Best Student Paper’ competitions from our 4 main themes. The prizes 
will be allocated based on quality of the original paper and an assessment of the presentation given at 
the conference. 

We offer our appreciation to Mr. Barry Colford, Prof. Alistair Borthwick, Prof. Bob Gilbert and Dr. 
Roger West, our four keynote speakers, for taking time off their busy schedule to share their expertise 
and opinions with us.  

On your behalf, we also extend our thanks and appreciation to the members of the Scientific 
Committee. Over the past 6 months, they generously gave of their valuable time and expertise to 
review the papers in order to ensure quality and rigour. 

We are extremely grateful to Queen’s University Belfast for facilitating this event. In particular, the 
committee wish to thank Prof. Trevor Whittaker, Head of School of Planning, Architecture and Civil 
Engineering, and administrative staff Ms. Fionnuala Lavery, Ms. Andrea Fordham and Ms. Carole 
Maslowski. Several of our post graduate students played a major part in coordinating this conference, 
our sincere thanks to their effort.  

Special thanks are also due to the Paul Killoran, James Field Corbett and Dermot Lally of Ex Ordo for 
developing the CERAI website and making the conference organisation less painful with their 
conference engine.   

We are most grateful to our sponsors: Belfast City Council, Cement Manufacturers Ireland, Controls  
Testing Ltd, Engineers Ireland, Institution of Civil Engineers, Irish Concrete Society, Netzsch, 
Northern Ireland Concrete Society, Polytec,Ltd, Roughan & O’Donovan and Zwick Testing Machines 
Ltd. Without their kind and generous support it simply would not be possible to deliver the conference 
to the same quality and value. The sponsorship ensures that the association can deliver its promise to 
encourage and support young researchers. 

A core group of people, the Organising Committee, worked tirelessly over the last two years to bring 
this conference to you. We acknowledge their dedication and commitment to our new venture and 
thank them sincerely for their efforts.  

Finally, we would like to thank all authors for their valued contributions and for responding so well to 
the various deadlines imposed by the organisers. We simply dedicate the proceedings to all of the 
authors. We hope the Proceedings will be of interest and use to all and will be a good reference to 
both researchers and practising engineers. 

Dr. Sree Nanukuttan, 
Dr. Jamie Goggins,  
Chairs, CERI 2014 



4th Joe O’Donovan Memorial Keynote Lecture 
 

Maintenance of the Forth Road Bridge 1 

B. Colford 

 

Keynote Lecture 
 
Large Events in Waves on the Continental Shelf 7 

M. R. M. Haniffah, P. H. Taylor, C. Swan, V. Katsardi, A. Borthwick 

 

Bridge I 
 
Managing Ireland's National Road Bridges 15 

L. Duffy 

Administration of Abnormal Vehicles in Ireland 21 

R. Corbally, A. O'Connor, F. Cahill, A. Daly 

Seismic Testing and Analysis of the FlexiArch™ 27 

C. McCracken, S. Taylor, P. McNulty, M. Lydon, D. McCrum, D. Robinson 

Probabilistic Analysis of Potential Impact of Extreme Weather Events on Infrastructures 33 

A. O'Connor, E. O’Brien, D. Hajializadeh 

The Full Potential of Energy Harvesting from Train Induced Responses in Bridges 39 

P. Cahill, N. Jackson, A. Mathewson, V. Pakrashi 

Design of scaled bridge prototype for energy harvesting testing 45 

P. Cahill, G. Amato, N. Jackson, A. Mathewson, V. Pakrashi 

Parameter Importance Measure Studies on Prestressed Concrete Bridges in Ireland 51 

C. Hanley, V. Pakrashi 

A study of transverse load distribution in masonry arch bridges 57 

H. Dunne, J. J. Murphy, K. Ruane 

 

Timber 
 
Irish Timber – Characterisation, Potential and Innovation 63 

A. Harte, D. McPolin, K. Sikora, C. O'Neill, C. O'Ceallaigh 

Life Cycle Assessment of Sawn Timber Produced from Irish forests 69 

D. Dolan, A. Harte 

Multi-storey construction in Timber 75 

A. Harte, C. Glennon 

Structural Performance of Timber Connections 81 

D. Coleman, J. J. Murphy 

Bond quality of cross-laminated timber from Irish Sitka spruce 87 

K. Sikora, A. Harte, D. McPolin 

Post-Tensioning of Timber Beams with Steel Rods 93 

E. McConnell, D. McPolin, S. Taylor 



Mechano-sorptive Creep of FRP Reinforced Laminated Timber Beams 99 

C. O'Ceallaigh, A. Harte, K. Sikora, D. McPolin 

Influence of embedded length of BFRP rods bonded parallel to the grain of low grade timber by 
pullout-bending tests 

105 

C. O'Neill, D. McPolin, S. Taylor, A. Harte 

 

Bridge II 
 
A Bayesian Approach For Estimating Characteristic Bridge Traffic Load Effects 111 

B. Enright, C. Leahy, E. O’Brien 

Allowing for a Rocking Datum in the Analysis of Drive-By Bridge Inspections 117 

J. Keenahan, E. O’Brien 

Dynamic amplification factor of continuous versus simply supported bridges due to the action 
of a moving load  

125 

O. Mohammed, D. Cantero, A. González, S. A. Al-Sabah 

Monitoring of Structural Performance 131 

D. Hester, J. Brownjohn 

Probabilistic-Based Modelling and Assessment of a Steel Truss Railway Bridge 137 

A. O'Connor, L. Connolly, M. Ní Choine 

 
Materials I 
 
Development of a Geopolymer Binder from the Interbasaltic Laterites of Northern Ireland 143 

J. McIntosh, M. Soutsos 

Chloride ingress through alkali activated slag concretes 149 

M. Basheer, Q. Ma, S. Nanukuttan, Y. Bai, C. Yang 

Characterisation of Irish sandstones used for building 155 

P. Kissane, S. Pavia, O. Kinnane 

The influence of heat transfer and storage in structural precast building components on indoor 
environments 

161 

M. Hajdukiewicz, J. Goggins 

Thermo-mechanical fatigue in power plant steels: Enhanced numerical modelling with 
experimental validation 

167 

P. O'Donoghue, R. Barrett, S. Scully, S. Reape, C. Hyde, S. Leen 

 
Bridge III 
 
Statistical Analysis of HGV Bridge loading for a DBFO scheme Using Northern Ireland (NI) 
Weigh-In-Motion (WIM) Data 

173 

C. Doherty, A. Heanen, S. Taylor, D. Cleland, M. Lydon 

BridgeMon: Improved Monitoring Techniques for Bridges 179 

P. Favai, E. O’Brien, A. Žnidarič, H. van Loo, P. Kolakowski, R. Corbally 

Development of a new generation Bridge Weigh in Motion System 185 

M. Lydon, S. Taylor, D. Robinson, C. Doherty 

Next generation Structural Health Monitoring using Wireless Sensor Network Technology 193 

B. O'Flynn, H. Woershing, D. Boyle 



Application of output-only modal method to the monitoring of bridges using an instrumented 
vehicle 

199 

A. Malekjafarian, E. O’Brien 

 
Materials II 
 
Ceramic Waste Sludge as a Partial Cement Replacement 205 

F. Kenna, P. Archbold 

Impact of hydration in the properties of lime hemp concretes made with commercial binder 211 

R. Walker, S. Pavia 

A study on cement grout rheology: Optimum dosage of SP related to their composition and 
interaction with mineral additions  

217 

E. García-Taengua, M. Sonebi, S. Taylor, L. Ferrara, P. Deegan, A. Pattarini 

An assessment of some properties of Roman cement 223 

S. Pavia 

 
Testing, Monitoring & Modelling 
 
Real time monitoring and performance of retaining structures 229 

E. Baily, B. McCabe, J. Goggins, P. Kieran 

The Use of 3D Laser Scanning Technology for Bridge Inspection and Assessment 235 

M. Minehane, R. O'Donovan, K. Ruane, B. O'Keeffe 

Underwater Imaging Research and Implementation on Bridges and Marine Infrastructure 241 

T. Browne, T. Collins 

The hydraulics and resulting bed scour within the vicinity of Submerged Single Span Arch 
Bridges 

247 

D. Ryan, G. Hamill, J. McRobert, W. Smyth 

Numerical simulation of fluid flow around an array of cylinders at low Reynolds number 253 

W. Finnegan, J. Goggins 

Contact Mechanics for Fretting in Flexible Marine Risers 259 

S. O'Halloran, A. Connaire, S. Leen, A. Harte 

 
Materials III/Durability 

 
A Comparison of Techniques to Determine Surface Texture Data 265 

G. McQuaid, P. Millar, D. Woodward 

Bond Coats and Asphalt Durability under Cyclic Freeze Thaw Conditions 273 

P. McManus, D. Woodward, A. Strong 

Development of a Method to Predict the Durability of Warm Mix Asphalt 277 

K. Kennedy, D. Woodward, R. Mitchell, P. Millar 

Non-contact evaluation of geometric properties of highway surfacing materials 283 

P. Millar, D. Woodward, G. McQuaid 

The Performance of a Cathodic Protection System in Reinforced Concrete Structure: 
Monitoring and Service Life Modelling 

289 

C. Ward, S. Nanukuttan, J. McRobert 



A New Performance Based Method for Design and Maintenance of Reinforced Concrete 
Structures 

295 

C. Green, S. Nanukuttan, M. Basheer 

 
Keynote Lectures 

 
Opportunities for Innovation in Offshore Geotechnical Engineering 301 

R. B. Gilbert, D. Bruton 

Concrete – Making an Impact 303 

R. West 

 
Structural Concrete I 

 
Ultimate Structural Capacity of Very High Dosage Steel Fibre Concrete Beams and Slabs 311 

A. Donnelly, R. West, A. K. Mohammed, M. Grimes 

Effect of fibre type and dosage on early tensile strength of high performance mortar  317 

J. Backus, M. Sonebi, T. Moore, D. Hughes 

Real-time monitoring of a hybrid precast and insitu concrete flat slab system 321 

J. Goggins, S. Newell, D. King, M. Hajdukiewicz 

Impact Resistance of High-Dosage Steel Fibre Reinforced Concrete Slabs 327 

R. West, M. R. Dousti 

Strength and Deformation Characteristics of Concrete Containing Recycled Aggregates Fines 333 

D. Collery, P. McKenna, D. Dunne, K. Paine 

 
Geotechnics I 

 
Assessing the reliability of pile driveability predictions from wave equations 339 

E. Farrell, D. Gill, N. Farrell 

Finite element analyses of the installation of offshore foundations 345 

S. Fallah, K. Gavin 

Reassessing Foundation Reuse Assessment Tools 351 

D. Laefer, K. Farrell 

Soil nailing optimisation: lost opportunities in current practice 357 

D. Laefer, C. McGroarty, O. O'Murchu 

The Effect of Scour on the Dynamic Response of an Offshore Wind Turbine 363 

L. Prendergast, K. Gavin, P. Doherty 

 
Structural Concrete II 

 
Mechanical Resistance Characteristics of GGBS Concrete in Fire 367 

T. McKenna, M. Richardson, B. O'Rourke 

Shear Behaviour of Precast Prestressed Hollowcore Slabs 373 

C. Twomey, B. O'Rourke, D. Hodge 



The Behaviour of Connections in Segmental Precast Concrete Pile Systems 379 

E. Causer, K. Ruane 

Shear Capacity of Insulated Precast Concrete Façade Panels 385 

O. Kinnane, R. West, M. Grimes, J. Grimes 

An Investigation into the Capabilities of Design Codes to Determine the Load Capacities of RC 
Deep Beams 

391 

D. Shinnick, D. Walsh, K. Ruane 

 
Geotechnics II 

 
The Overconsolidation Ratio of the Dublin Port Clay 397 

D. Gill, E. Farrell 

A novel triaxial testing procedure to model the action of lubricants in pipe jacking 403 

C. Reilly, T. Orr 

A systematic review of common correlations between unconfined compressive strength and 
point load index for Dublin calp Limestone 

409 

P. Casey, M. Fleming 

Some geotechnical characteristics of a soft soil deposit along the Foyle Valley 415 

P. Quigley, M. Long, S. Solera, D. Raynor, C. Ruta 

Implications of geometrical variations on the pull-out capacity of plate anchors 421 

S. Jalilvand, K. Gavin, P. Doherty 

 
Structures 

 
Effect of prestress force and eccentricity on natural frequencies of prestressed concrete 
structures 

427 

D. Noble, M. Nogal, A. O'Connor, V. Pakrashi 

Stressing Geometry Control of Cable-Stayed Bridges 433 

J. Barry, K. Ruane, J. J. Murphy 

The Design of Moment Connections between Rectangular Hollow Sections 439 

B. Allen, J. J. Murphy 

Detailing & Curtailment of Steel Reinforcement to Eurocode 2 445 

B. O'Riordan, T. McKenna, D. Coleman 

Performance of vinyl on concrete floors subject to pull off testing 451 

N. Holmes, R. West 

 
Performance of Concrete 

 
Combined chloride and carbon dioxide ingression in concrete exposed to cyclic wetting and 
drying 

457 

J. Backus, D. McPolin, N. Holmes, A. Long 

A Study of Chlorides in a Reinforced Concrete Bridge 463 

R. O'Donovan, B. O'Rourke, K. Ruane, J. J. Murphy 

Performance of GGBS Concretes in Acidic Wastewater Environments 469 

D. Coleman, C. McNally, B. O'Rourke, M. Richardson 



Influence of compressive loading on chloride ingress through concrete 475 

J. Wang, M. Basheer, S. Nanukuttan, Y. Bai 

Effects of Turbidity and Lighting on an Image Processing based Crack Detection Technique 481 

M. O'Byrne, B. Ghosh, V. Pakrashi, F. Schoefs 

 
Research in Civil Engineering 

 
A research-based approach to exploring the adoption of novel UK-based concrete 
test methods in Chinese construction sector  

487 

B. Magee, M. Basheer, S. Nanukuttan, T. Y. Hao, Z. G. Wu 

PD6694 and the Design of Gravity Retaining Walls 493 

B. Solan, S. Orr, J. Withworth, P. McMenamin 

Vibration based seismic damage identification procedure for a steel concentrically 
braced frame structure 

499 

D. McCrum, A. Staino 

Resistance of Plated Concrete to Impact Loading 505 

D. Dunne, D. Collery, P. McKenna 

Preservation of Titanic's Dry Dock 511 

M. Watley, G. Hennity, B. Devlin 

Evaluation and Maintenance of Inland Waterway Weirs 517 

J. Harvey, K. Gillen 

  

  



1. BACKGROUND AND LOCATION

The Forth Road Bridge (FRB) is a long span suspension 
bridge and was opened in September 1964. At the time of 
opening, the bridge had the fourth longest main span in the 
world of 1006 metres. The bridges having longer spans were 
Golden Gate, Mackinac Straits and George Washington were 
all built in the USA, and so, Forth Road Bridge was the first 
long span bridge to be built outwith the US.
The bridge crosses the Firth of Forth at South Queensferry, 
some 15km west of Edinburgh and is a vital link in Scotland’s 
strategic road network. The bridge deck supports a dual two 
lane carriageway without hard shoulders or strips. There is a 
separate footway/cycletrack on either side. Over 25 million 
vehicles now cross the bridge each year. The historic 
importance of the structure to Scotland was recognised in 
2001 when the bridge was classed as a Category A listed 
structure. 
The bridge had been a tolled crossing since opening. 
However, in February 2008 tolls were removed on FRB 
following an Act of the Scottish Parliament which removed 
tolls from all of Scotland’s tolled bridges.
Funding for maintenance and operation of the bridge now 
comes via a Scottish Government annual grant.

2. DETAILS OF THE CONSTRUCTION

The Forth Road Bridge has a main span of 1006 metres and 
the side spans are each 408 metres long. The orthotropic deck 
on the main span is made up of a 12.7 mm stiffened steel plate 
overlain with a 38 mm thick mastic asphalt, on a 
waterproofing layer. The deck to the side spans is a 203 mm 
thick reinforced concrete slab with a similar surfacing detail to 
the main span. The decks on both the main and side spans are 
supported on steel stringer beams that span between large 
steel cross girders spaced at 9.14 metre centres. These cross 
girders are supported by two longitudinal stiffening trusses 
which in turn are supported by the main cables. The main 
cables are 600 mm nominal diameter and are made up of 
11618, 4.98 mm diameter galvanized wires that transfer the 
loads from the bridge to the main and side towers and also 
down to the north and south anchorages. The anchorages are 
tapered rock tunnels, filled with concrete and post tensioned. 
Linking the stiffening trusses to the main cables are 192 sets 
of steel wire rope hangers at 18.29 metre centres that vary in 

length from 2.5 metres at mid span to 90 metres adjacent to 
the main towers.

The cables at the main towers, side towers and in the 
anchorage chambers are seated directly on cast saddles. These 
saddles on the main tower are fixed directly onto each tower 
leg whilst those at the side towers and anchorages are fixed to 
steel rocker boxes that are free to rotate in the direction of the 
bridge axis.

Figure 1.  FRB from the north side looking southeast.

The main towers are of steel box construction rising some 156 
metres above river level and are formed from three fabricated 
steel boxes that are joined by cover plates to provide a five 
cell structure in plan. The legs of each tower are connected by 
cross members at the top, and just below deck level, and by 
diagonal stiffened box bracing above and below the deck.

The approach viaducts to the bridge are themselves significant 
structures, made up of large steel and twin box girders with a 
reinforced concrete deck slab. The eleven span south viaduct 
is 438 metres long and the six span north viaduct is 253 
metres long.

The design and construction of the bridge is described in the 
Proceedings of the Institution of Civil Engineers (1).

Maintenance of the Forth Road Bridge

Barry Colford
Chief Engineer & Bridge Master

Forth Road Bridge, Administration Office, South Queensferry, West Lothian, Scotland

Email: Barry.Colford@forthroadbridge.org
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The maintenance and operation of the bridge and some of the 
major improvement works carried out are described fully in a 
paper given to the 5th International Cable-Supported Bridge 
Operator’s Conference, New York, August 2006 (2).

3. SUMMARY OF MAJOR IMPROVEMENT WORKS

In the first 35 years from opening several major capital 
projects have been carried out to replace, strengthen or 
improve elements of the structure. These projects were 
necessary due to changes in traffic loading; design code 
changes; deterioration of components and a risk assessment of 
shipping impact.

These projects are listed below:

Strengthening of Viaduct Box Girders £1,145,485
Main Tower Wind Bracing Strengthening £2,916,312 
Main Tower Strengthening £12,742,999
Construction of Pier Defences £9,914,357 
Hangar Replacement £9,706,998 

Between year 2000/01 and 2013/14 a total of over £104 
million pounds has been spent on a further program of 
strengthening and improvement works. The schemes carried 
out which had a value more than £1 million include:

Main Span Resurfacing overlay £1,068,893
Reconstruct Toll Plaza £1,323,532
Main Span Surfacing South £3,614,494
New Gantry & Runway £3,134,495
Main Tower Painting £7,497,980
A8000 Approach Road Upgrade £16,633,843
Main Cable Acoustic Monitoring £1,182,215
Main Cable First internal Inspection £5,472,439
Toll Equipment Replacement £8,331,885
Viaduct Bearing Replacement £18,650,176
Main Expansion Joints Replacement £3,060,480
Anchorages Investigation £5,198,514
Main Cable Dehumidification                        £11,532,067
Main Cable Replacement/Augmentation 
Study £1,023,873
Cable Band Bolt Replacement £4,374,281

In addition to the improvement or strengthening projects 
already carried out, painting of the bridge is a high cost 
recurring items of work. There are almost 270,000 sqm of 
steelwork surface area, excluding the main cables and 
parapets, on the bridge and maintenance painting is almost a 
continual process. Re-painting of the suspended span truss 
which has over 202,000 sqm of surface area is estimated to 
cost £65 million as the existing chlorinated based paint cannot 
be overcoated with modern epoxy based systems. Therefore, 
all the existing coatings is likely to have to be removed before 
application of a 20/30 year epoxy system can be applied. This 
work will involve extensive access and full containment 
systems. 

The main cables of a suspension bridge are the primary load 
carrying members and on FRB were formed by aerially 
spinning 11,618 high tensile galvanised steel wires of 
approximately 4.98 mm diameter into strands then 
compacting together to form a cable of around 600mm 
diameter. To protect the cable red lead paste was applied and 
a softer 9 gauge galvanized wire wound round the 
circumference of the cables then a paint system was applied. 
The main cables on Forth have been regularly inspected 
externally and re painted. No leaching of water or moisture 
staining had ever been recorded. However, it was 
acknowledged that the condition of the individual wires 
within the cables could not be determined with any certainty.

Main Cable First Internal Inspection

The U.S.A. has many more suspension bridges of a greater 
age than Forth and concerns over deterioration within the 
cables of these bridges due to corrosion led to the U.S. 
Transport Research Board of the National Academies 
commissioning a guide for main cable inspection and strength 
evaluation under the direction of consultant Weidlinger
Associates Inc of New York. This guide was to become 
known as NCHRP Report 534 (3).

In 2003/4, a decision was taken to open up the cables of FRB 
and carry out an internal inspection. Access and containment 
are the biggest challenges when carrying out any maintenance 
on suspension bridge cables as work is being carried out 
above the thousands of vehicles using the bridge each day. On 
FRB, bespoke access platforms were designed and built to 
carry out the inspection work. Once access was in place the  
wrapping wire was removed on a panel (a panel is the length 
of main cable between vertical hangers) Wedge lines were 
then opened around the cable, as shown in Figure 2, using 
brass chisels and then driving in hardwood and plastic 
wedges. This allowed inspection to take place down to the 
middle of the cable

Figure 2. Wrapping removed and wedges driven.

This first internal inspection work on FRB was completed in 
2004/5 and a total of ten 18 metre long panels at various 
points on both cables were opened and inspected. Sample 
lengths of wire were removed to enable tensile and other tests 
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to be carried out.  After each panel had been inspected and 
sampled, it was re-compacted and re-wrapped.

Much to the surprise of the inspection team fairly extensive 
corrosion and wire breaks, although these were relatively 
small in number, were found in some panels. Given the 
relatively young age of the bridge these results gave cause for 
concern.

Figure 3. Main Cable Broken Wires

Based upon the results of this limited intrusive inspection of 
the main cables, the Authority’s consultants concluded that 
the loss of strength of the cables, based on the worst section 
uncovered, was estimated to be 8%. This value of the current 
cable strength was determined from statistics obtained from 
the wire testing using the Brittle Wire Model Method of 
analysis as defined in the NCHRP Report. The consultants
were asked to project those figures to try to determine what 
the likely cable strength would be over the next 5, 10 and 15 
years, if no steps were taken to halt the deterioration. It was 
recognised that the figures from such a projection would have 
to be treated with caution. However, it was predicted that, if 
deterioration could not be halted, the cable could lose 13% of 
original strength by 2014 and 17% by 2019.

Main cables of suspension bridges have traditionally been 
designed on the simple working stress approach. In the 
original design the direct stress in the main cables on Forth 
was limited to 40 tons/sq.in ( 618 N/sq.mm) and a minimum 
wire tensile strength of 100 tons/sq.in (1544 N/ sq.mm) was 
specified . This would result in a factor of safety (FOS) of 
100/40 = 2.50 and it should be noted that this factor is against 
ultimate failure. 

Assuming a strength loss of 8%, the 2004 FOS was calculated 
to have dropped to 2.27 and was projected to fall below 2 
between 2014 and 2019. It should be noted that in order to 
determine the FOS, the panel found to have suffered the 
highest loss of strength was used but the load adopted was that 
found in the highest loaded panel. This was a conservative 
approach but one that was felt to be justified given that only 
ten out of 198 cable panels were inspected. 

There is no absolute number that determines the minimum 
acceptable FOS of the main cables of a suspension bridge.
The NCHRP 534 Report refers to a figure of 2.15 and, from 
discussion with some US bridge authorities, the feeling was 
that a number of owners would be uncomfortable running 
uncontrolled traffic with a value less than 2 as a permanent 
condition. 

The results of the first internal inspection of the main cables at 
Forth were not only significant for the Bridge Authority but 
also to the wider bridge community. The results suggested 
that there were serious doubts over the use of paint systems to 
try to protect the cables of suspension bridges. As a 
consequence of the work at Forth, the owners of Severn and
Humber Bridges in England, and Storebaelt in Denmark 
instigated a programme of cable inspections. 

At Forth, it was concluded that if the rate of deterioration due 
to corrosion could not be halted consideration would have to 
be given to the possibility of introducing loading restrictions 
on the bridge around 2014. Given the significance of the 
crossing both strategically and locally, this news caused quite 
a political and media stir within Scotland.

It was clear that action was required to try to halt or limit the 
corrosion and to try to monitor the cables and the following 
works and studies were commissioned:

• Installation of Acoustic Monitoring on both cables.
• Installation of a Dehumidification System on both
cables.

An Acoustic Monitoring System was fitted to the main cables 
and commissioned in August 2006. Since commissioning, to 
April 2014, a total of 85 events have been determined as wire 
breaks and seven events as possible wire breaks. However, 
given that there are 11618 individual wires in each cable it is 
not considered that this activity is significant enough to 
warrant action except to continue to monitor the situation and 
review it over time.  Information on wire breaks is useful 
intelligence when selecting panels to open up for the next 
internal inspection of the cables.

Acoustic Monitoring

Figure 4. Acoustic Monitoring
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Following discussions with other bridge operators in Europe, 
Japan and the USA a decision was taken to install a system of 
dehumidification on Forth Road Bridge. This work involves
pumping dried air into the cables at various points having first 
wrapped it in an airtight neoprene membrane.

Dehumidification

Dehumidification is a well-tried system of preventing 
corrosion of steelwork. Although it was already being used in 
box girders of some bridges and indeed in the anchor 
chambers at Forth, its application to main cables of 
suspension bridges was relatively new.. It has been shown that 
a piece of galvanised wire in a chamber with a relative 
humidity of under 40% will not corrode. Therefore, if air with 
a relative humidity of under 40% can be introduced into the 
cable and surround all the wires, then the capacity for further 
corrosion is likely to be negated

As already described above, the main cables are made up of 
11618 parallel wires that have been compacted. However, 
within the cross section of the cable between the contact 
points of the wires there are voids and at Forth these voids 
make up 20.5%  of the cross sectional area. The key objective 
in dehumidification is to fill the voids with air with a low 
relative humidity. 
The works to complete the dehumidification of both cables 
was successfully completed in October 2009. 

Figure 5. An exhaust outlet on a main cable. 

It should be stressed whilst it is considered that there is good 
reason to have confidence that dehumidification will slow 
down or halt corrosion it remains to be seen what will happen 
to already cracked and damaged wires under load.

A full description of this work is described in a paper given to 
the 5th International Cable-Supported Bridge Operator’s 
Conference, New York, August 2006(4).

Prior to the dehumidification system being commissioned on 
the east cable a full internal inspection of three panels at mid 
span was carried out in 2008 to benchmark the condition of 
the cable prior to starting dehumidification and to determine 
the strength loss in the cable since 2004/5. This limited 
inspection showed that the strength of the cables had dropped 

further and the loss of strength was around 10% just before 
dehumidification was installed. 

A third internal inspection of the main cables was carried out
in 2012 to verify that the dehumidification system was 
protecting the cables and determine the estimated current and 
future strength of the cables. The results of this inspection 
found that the factor of safety on the cables has not materially 
diminished and that gave strong comfort that the newly 
installed dehumidification system was retarding the corrosion 
of the bridge wires. However, it was recognised that although 
wire corrosion appeared to have been slowed down there are 
still existing cracks in some of the wires that might propagate 
from corrosion pits that existed prior to installation of the 
dehumidification system. These cracks may eventually lead to 
the wire fractures but the rate of breakages is expected to slow 
significantly. Given this, it is expected that the factor of safety 
of the main cables will not diminish significantly in the future 
as long as the dehumidification system continues to function 
effectively.

There is little doubt that a degree of uncertainty concerning 
the magnitude of future strength loss of the main cables will 
always remain and the cables will require to be continually 
monitored, and be subject to a regime of internal inspections 
and strength evaluations, for the remainder of the service life 
of the bridge. However, the results of this latest inspection, 
albeit reduced in scope, were encouraging. The 
dehumidification system applied to both cables appeared to be 
slowing down the rate of deterioration.

4. ANCHORAGES INVESTIGATION

The anchorages of the main cables of a suspension bridge are 
critical elements of the structure. At Forth Road Bridge, 
tunnels were formed within the rock at each of the four anchor 
points and filled with concrete. See Figure 6.

Figure 6. Section showing Anchorage

The main cable wires splay out in the anchorage chambers 
and loop round strand shoes which are in turn bolted to the 
face of the concrete tunnels. See Figure 7. Friction between 
the concrete tunnel and the rock, and the weight of the 
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overburden above, prevents the cables pulling the concrete 
tunnel out of the ground. The concrete in the tunnel itself is 
not strong enough to withstand the forces from the cables and 
was strengthened using post tensioned galvanised, high tensile 
steel wire tendons. The tendons consisted of four 32mm 
diameter strands in a 100 mm diameter steel duct which was 
then filled with grout. The strands are made up mainly of 
6mm diameter galvanised wires. There were 114 tendons per 
anchorage and each tendon was pre-tensioned with a 152 
tonnes load. This use of pre-tensioning in the buried concrete 
anchorage tunnels at Forth was considered innovative at the 
time. Unfortunately, this form of construction can be 
vulnerable to corrosion and deterioration especially in a saline 
environment such as is found at Forth.

Figure 7.  Anchorage Strand Shoes

Records and papers acquired around 2005, relating to the 
construction of the existing anchorages highlighted various 
problems during construction particularly in relation to early 
depletion of the galvanising protecting the post tensioning 
strands which are housed in grouted ducts set in the concrete 
tunnel.

The reports on the issues and conditions encountered during 
construction determined the need to carry out a special 
inspection or investigation to try to establish the condition of 
the post tensioning strands.

Frequent inspections are carried out to monitor for movement 
within the anchorage chambers at the tunnel/strand shoe 
interface and no signs of distress or movement had ever been 
recorded. 
Nevertheless, it was considered that the investigation was 
necessary to ensure the long term structural integrity of the 
anchorages and was also considered to be a pro-active 
measure to ensure that all accessible parts of the structure 
were inspected.

There is guidance from the UK Department of Transport for 
inspecting post tensioning in bridges as it is acknowledged 
that there can be problems with this type of construction. The 
guidelines refer mainly to the difficulties in establishing the 
condition of post tensioning strand in bridge decks. These 
difficulties are exacerbated in a tunnel. Following much 
discussion, research and consultation with various specialists, 

it was concluded that the most suitable method was to 
excavate behind the anchorage chambers down to the top of 
the tunnel to expose and inspect the post tensioning strands.

A decision was made to excavate at the south anchorage as it 
was expected that if corrosion of the strands had occurred it 
will be worse at this location. 

The excavation was expected to be difficult as the ground 
conditions vary and there is methane present within the shale. 
The work was further complicated by the close proximity of 
the foundations to the viaduct piers. Safety of the workforce, 
the bridge and users governed all aspects of this complex 
project.

Work on the anchorages was not anticipated to involve major 
disruption to bridge traffic. However, given the nature of the 
works there was expected to be significant environmental 
issues to be dealt with especially with regard to noise, dust 
and discharge from the excavation and hydrodemolition. 

If the investigation revealed significant deterioration in the 
steel strands within the anchorage tunnels then, depending on 
the level of that deterioration, the Authority were aware that 
measures would have to be considered to limit loading on the 
bridge. 

When exposed, the strands were found to be in remarkably 
good condition with no visible signs of corrosion of the wires.
Where access permitted, the diameter of the strands was 
checked and no evidence of a change in diameter was found 
suggesting no internal corrosion had occurred. Careful 
wedging using hand tools and hardwood wedges was used to 
separate the strands to enable a visual inspection to be made 
around the circumference of the strands. See Figure 8. The
dull grey colour of the galvanising on the surface of the 
strands indicated oxidation of the zinc coating had occurred 
and localised darker areas on the strands were noted 
suggesting that these areas had oxidised to a greater degree.
However, overall the strands that were inspected were in good 
condition with no evidence to suggest that they had 
deteriorated from the time they had been grouted.

Figure 8.  Exposed Pretensioned Anchorages Strand 
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The investigation had been limited in nature, and it was not 
possible to access the wedging area at the bottom of the 
anchorage tunnels. In addition, it has not been possible to 
reconcile the apparent concerns with hydrogen emissions 
noted during the original construction (and the possible 
consequences for loss of galvanising on the strands) and the 
general good condition of the galvanising and strands 
themselves that was found during the inspection.
Based on the information available from the investigation, it 
was considered that the risk of the structural integrity of the 
southern anchorages being compromised has been reduced 
significantly as a result of these findings.

In addition, given the history of the construction of the 
anchorages both north and south, and the better conditions on 
the north side, it was recommended that no investigation work 
was carried out at the north anchorages.

From the information obtained from the investigation it was 
also concluded that the risk of having to replace the 
anchorages during the remaining service life of the bridge was
relatively low and the investigation concluded and the 
protective system to the ducts reinstated and the site backfilled 
with mass concrete.

The Authority’s own staff continue to inspect and monitor the 
anchorage sockets and plates within the existing anchorage 
chambers, on the north and south sides, as part of the on going 
inspection of the bridge. The frequency of those inspections 
reflects the criticality and vulnerability of the anchorages and 
takes account of the investigation results.

5. NEW BRIDGE ACROSS THE FORTH AT 
QUEENSFERRY

In 2008 there were a number of issues relating to Forth Road 
Bridge that were causing concerns not only to the Authority 
but also to the Scottish Government and the wider public. 
These were the condition of the main cables and the likely 
disruption to users during any possible replacement or 
augmentation of the cables; the unknown condition of the 
anchorages and the major deck resurfacing and joint 
replacement work being scheduled.

Figure 9. Proposed 3 tower cable stayed bridge – The 
Queensferry Crossing

As a consequence of these issues, the Scottish Government 
decided to commence the process to build a new crossing 
across the Forth at Queensferry to ensure resilience in the 
transport system on the East side of Scotland.

Work is currently underway on building the new bridge, 
named the Queensferry Crossing, a three tower cable stayed 
bridge with two main spans of 650 metres. Construction is 
expected to be completed in 2016.

Following a review in 2011, the Scottish Government 
announced their intention to dissolve FETA and contract out 
the maintenance and operation of the Forth Road Bridge and 
the new Queensferry Crossing to a private operator. The 
contract to maintain and operate both bridges will also include 
some 20km of approach roads on both sides of the Forth and 
is due to commence on 1 June 2015.

6. CONCLUSIONS 

The cost of the operation and maintenance of large cable 
supported bridges is often underestimated by governments and 
other bodies providing the capital funding for the construction 
of such bridges. Ensuring there is an adequate funding stream 
to enable maintenance to be carried out over the whole life of 
the bridge is vital. Experience has shown that the only way 
that to achieve this is to ensure that mechanisms are in place 
to ring fence funding in order to protect the asset. 

Further research is required in a number of vital areas such as 
the behaviour of high tensile steel wire used in hostile 
environments; the use of dehumidification in main cables and 
validation of acoustic monitoring of main cables. Much is also 
still needed to be done to determine how these long span 
bridges actually behave under transient loads. Structural 
health monitoring may be the way forward but more work is 
required to ensure monitoring systems are both robust and fit 
for purpose.

Unfortunately, it still seems that the design of these large 
structures is being undertaken without much reference to 
those who have the experience of maintaining and operating 
these bridges. Until that issue is addressed it is difficult to see 
how mistakes made in the past are going to be avoided in the 
future.
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ABSTRACT: Offshore structures located on the continental shelf experience loading from locally extreme events in storm-
induced wave groups as they shoal. This paper examines modern developments in assessing the transformations that take place 
to ocean wave spectra as the bathymetry shallows, and examines laboratory data obtained from tests undertaken at Imperial 
College London on random waves as they travel over gently sloping beds. The data show that NewWave provides a satisfactory 
fit to the largest crest- and trough- focused events in all depths of water, until wave breaking occurs.  The paper also considers
how well NewWave models the linear behavior of extreme waves in shallowing water, and presents results from a Stokes-like 
expansion accounting for the asymmetry of large waves. It is shown that the largest crest elevations, lowest trough elevations, 
and breaking wave heights are all limited by a modified Miche criterion.  The findings should be useful to offshore engineers
required to assess the air gap elevation of structures located on the continental shelf.

KEY WORDS: Offshore structures; Extreme waves; NewWave; Limiting height.

1 INTRODUCTION 
The continental shelf comprises a gently sloping landmass 
that extends outwards from the coastal shoreline to a depth of 
about 140 m beyond which the ocean depth rapidly increases. 
Many offshore oil and gas platforms, maritime jetties, and 
other structures are located on the continental shelf, and are 
subject to loading from storm-driven waves that shoal as they 
travel inshore from the deep ocean waters.  Engineers are 
required to design structures whose decks are above the level 
of the highest wave crest elevation and whose support
structures can withstand the most extreme wave loadings.  
This paper addresses the former problem by considering the 
use of a focused wave methodology to represent non-breaking 
extreme wave events, and limiting elevation/height criteria to 
design for breaking and broken waves.

For more than 20 years, NewWave has been used in the 
design of deep water offshore structures. The NewWave 
concept originated from statistical theory aimed at 
determining the shape of the extreme event in a time history 
related to a given spectrum [1], [2], was applied to ocean 
waves by Tromans and colleagues [3].  The idea of a wave 
group proved useful for numerical simulation, [4], and for the 
analysis of wave data from the open sea, [5], [6].  It was 
validated through meticulous laboratory experiments by Rapp 
and Melville [7], Baldock et al. [8], Johannessen and Swan 
[9], [10], amongst others.  The free surface elevation of a 
focused wave group is given by NewWave as
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in which A is the wave amplitude of the focused wave group,
)(�S is the wave energy spectral density at wave angular 

frequency � , and t is time.

As storm-driven waves pass over the continental shelf, 
they shoal, their crests narrow and troughs broaden, and as the 
water depth reduces they break.  Miche [11] obtained a 
limiting height criterion for waves passing over a horizontal 
bed, which Katsardi [12] modified for very mild slopes, 
giving

kdH tanh12.0max ��                 (2)

in which Hmax �is the wave height at breaking, is the wave 
length, k is the wave number, and d is the local water depth.

In the mid-2000s, a series of laboratory tests were 
undertaken at Imperial College, London, as part of a Joint 
Industry Project to assess extreme wave behaviour over mild 
slopes in shallow water.  This paper presents some of the
measurements, and describes how the data were interpreted in 
terms of large events.  A Stokes-like expansion approach is 
used to study the harmonic structure of the wave free surface 
elevation time history. The paper briefly outlines the 
laboratory test facility and the wave gauge instrumentation 
before separately considering non-breaking and broken wave 
behaviour.  The possible use of NewWave and the modified 
Miche criterion to represent such events is considered.

2 IMPERIAL COLLEGE WAVE FLUME 
Irregular waves were generated in a 60 m long flume of width 
0.3 m, where the still water depth was 0.7 m at the paddles.  
Tests were undertaken for three beach configurations, one a 
raised horizontal bed with constant still water depth of 0.3 m 
along its length, the second a 1:100 plane beach with toe still 
water depth of 0.5 m, and the third a 1:250 plane beach with 
toe still water depth of 0.3 m.  A transitional bed ramp of 
slope 1:15 joined the bed at the paddles to the beaches.  A 
series of resistance-type wave gauges were located along the 
flume centreline, providing measurements of the water surface 
level, accurate to within 0.5 mm.

Large Events in Waves on the Continental Shelf
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Irregular wave trains were generated, corresponding to a 
JONSWAP spectrum with a peak enhancement factor of 
� = 2.5; with all other properties being listed in Table 1).  In 
each case, measurements were collected at 128 Hz for an 
ensemble of eight free surface elevation time histories, each 
lasting 256 s.  The resulting time series included 1200 to 1700 
waves covering a total duration of 2048 s. Further details are 
given by Katsardi [12] and Katsardi et al. [13]

Table 1. Input parameters.

Case Bed Slope Tp H(s) so
Case A1a

(m)
1/100 1.2 96.0

Case A1b 1/100 1.2 120.2
Case A3a 1/100 1.5 11.2
Case A3b 1/100 1.5 29.2
Case A3c 1/100 1.5 83.3
Case A3d 1/100 1.5 102.9
Case A3e 1/100 1.5 121.3
Case B1b 1/250 1.2 119.1
Case B3e 1/250 1.5 122.2
Case C1b Horizontal 1.2 120.1
Case C3e Horizontal 1.5 128.9

3 RESULTS 

3.1 Largest Free Surface Events in Time 
We first consider the free surface elevation behaviour at three 
gauges, G2 where d = 0.35 m, G6 where d = 0.15 m, and G8
where d = 0.05 m. Figure 1 shows portions of the time 
histories of free surface elevation obtained at each of these 
gauges.  In the deeper water at G2, the waves are more 
sinusoidal in form.  In the shallower depth at G6, the non-
broken waves have steepened (with narrower, more pointed 
crests), and the the largest waves have broken.

Figure 1.  Surface elevation time histories in progressively 
shallow water depths at Gauges G2, G6 and G8 for Case A1a.

At the gauge in the shallowest depth, G8, almost all the 
waves have broken, and these progress up the beach as 
hydraulic bores.  By this stage the maximum free surface 
elevation appears to have saturated at a limiting value.

Figure 2 presents the superimposed free surface elevation 
time histories containing the largest 10% crests.  It can be 
seen that the profiles at G2 collapse onto a nearly constant 
wave shape for almost a typical wave period (i.e. ~ 1 s) either 
side of the maxima.  At more distant times, the wave surface 
elevation behaviour loses its universality and appears to be 
almost random.

By G8, almost all the waves have broken, are effectively 
asymmetric, and have a fairly constant maximum elevation 
with time.

Figure 2.  Case A1a: largest 10 % crest surface elevation 
time histories plotted relative to time the maximum surface 
elevation occurs (t - tc).  Upper plot: G2; lower plot: G8.

Figure 3 presents the averaged free surface with time for the 
10% largest waves, with the time-reversed mirror image 
superimposed (in order to highlight symmetry).  The largest 
crest events are quite symmetric at G2, but become 
increasingly asymmetric as the water shallows, due to the 
growth of wave nonlinearity until breaking occurs, after which 
the shape is saw-toothed.

Using Stokes theory, the free surface elevations averaged 
over the top 10 % of crest and troughs may be expressed as
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in which c� is the 10% largest crest averaged time series, t�
is the 10% largest trough averaged time series, Si

�

is a 
coefficient that defines the size of the i-th wave component, n 
is the number of components, A is the overall wave amplitude, 

is the wave angular frequency, and t is time. Of course, for 
an irregular wave train, the amplitude A and ��������	
�
���

slowly varying functions of time, and the first term on the 
RHS of equations (2) and (3) is the slowly varying long wave 
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set-down term. Following Baldock et al. [8], Johannessen 
and Swan [10], Hunt et al. [14] and Borthwick et al. [15], the 
odd harmonics are given by

))1cos((

...)3cos()cos(
2

1
1

3
3

tnAS

tAStA
n

n

tc

�

��
��

��

���
�

�
�

(4)

and even harmonics by
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Figure 3.  Case A1a: averaged 10 % largest-crest
surface elevation time histories relative to time the 

maximum surface elevation occurs (t - tc), and 
overlapped with reversed time.

By plotting the subtraction time series given by Equation 
(4) with the mirror image reversed time series (as shown in 
Figure 4), the odd harmonics exhibit symmetry in deep water 
(e.g. for Gauge G2) for depths reducing to 0.15 m, after which 
the methodology breaks down once the waves have broken.  

Figure 4.  Case A1a: subtracted averaged 10 % crest-trough
elevation [�c - � t]/2 time series relative to time maximum 
surface elevation occurs, overlapped with reversed time series.

Averaged crest- and trough-focused time series, which show 
the even wave harmonics are presented in Figure 5 for gauges 
G2 and G8. Before wave breaking occurs, the even harmonics 
contain a dominant component at half the first-order period 
(determined from the subtraction series). Post-breaking, the 
even harmonics are essentially anti-asymmetric.

Figure 5.  Case A1a: Added averaged 10 % crest-trough
elevation [�c + � t]/2 time series relative to time maximum 

surface elevation occurs, overlapped with reversed time series.
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Analysis of the extreme events in the free surface elevation 
time series obtained for the irregular waves in the Imperial 
College flume is useful in validating how well NewWave 
models the first-, second- and third-order wave components.  

Figure 6. NewWave (with normalized height) compared 
with the average top 10 % average [�c - � t]/2 time series (blue 

line) for Case A1a, at G2 and G8.

Figure 6 illustrates the excellent fit obtained between 
NewWave (the height is normalized with the odd harmonics
free surface elevation to compare the shapes) and the odd 
harmonic free surface elevation at G2, located offshore of the 
breaker line. There is a much poorer fit at G8, where all the 
primary waves have broken. For comparison in terms of 
magnitudes, the magnitudes of the linear and third-order 
harmonics are estimated from
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In the foregoing, NW is the linear term, NW3 is a
representation of the third-order triple frequency term, and 
NWH is the Hilbert transform of the NewWave time series.  
Figure 7 illustrates how well Equation (6) matches the [�c -
� t]/2 time series [averaged with its time-reversed counterpart] 
for gauges up to up to G6 for Case A3e, being the most 
extreme case of all.

Figure 7.  Time histories of averaged odd harmonics from 
the top 10 % crest- and trough focused wave groups (blue 

line), and linear (red line) and third (green line)-order 
NewWave terms for Case A3e, at G2 and G6.

A similar analysis is next performed for the even harmonics 
obtained from the addition of the crest- and trough-focused 
time series.  This added series is first filtered to separate out 
the second-order sum and difference terms, and the magnitude 
of the filtered second-order term determined from
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in which
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where NW2 is the second-order term.  Figure 8 displays the 
close agreement obtained by the NewWave second-order 
component NW2 to the filtered second-order sum components 
of the free surface time series at gauges G1 at d = 0.4 m and 
G7 at d = 0.1 m. Note that NW2 has been normalised in terms 
of its height so that clear comparison can be made of the 
shape. From Equation (9), the percentage difference of 
magnitude between the two ranges from 5 % to 16 % for all 
gauges.
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Figure 8.  Time histories of averaged even harmonics from 
the top 10 % crest- and trough-focused wave groups (with 

normalized height), and Hilbert-transform approximation of 
NewWave terms (red line) for Case A3e at G1 and G7.

Returning to the Stokes expansion, by analogy with a regular 
wave train, we define modified Stokes coefficients, following 
Walker et al. [16] as) as S2 = S22/d and S3 = S33/d2, such that 
the free surface time series can be expressed in truncated form 
as

���� 3cos2coscos 3
2

33222 A
d
S

A
d

SA ��� .    (11)

From equations (6) and (11), it may deduced that

2
2

NW22 A
dAS � and 3

2
3

NW33 A
dA

S � .        (12)

A comparison between the experimental (Equation 12) and 
theoretical Stokes coefficients is shown in Figure 9, where it 
can be seen that the NewWave approximations and exact 
Stokes coefficients agree well over much of the range of kd
values considered. There is no simple regular wave correction 
for the 2nd order difference component, but we do observe that 
each 2nd order double frquency term is associated with a 
difference term: each wave group propagates on a set-down 
(hole) of its own making.

Figure 9.  Stokes second- and third-order sum coefficients, 
S22 and S33

3.2 Breaking Waves 

, plotted against kd.

For each case, the largest crest elevations, deepest troughs, 
and extreme wave heights were computed from the free 
surface time series.  Figure 10 shows the non-dimensional 
maximum wave height (Hmaxkp) and non-dimensional average 
height of the 10% largest waves (Hmaxkp) as functions of the 
non-dimensional water depth (kpd).  Here, kp is the wave
number corresponding to the deep water spectral peak period, 
Tp. The modified Miche limiting criterion given by Equation 
(2) is superimposed on Figure 10.

(a)  Non-dimensional maximum wave height against non-
dimensional depth

(b) Non-dimensional average value of 10% largest wave 
heights against non-dimensional water depth

Figure 10.  Non-dimensional largest wave heights against 
non-dimensional water depth for Cases A1a, A1b, B1b, A3a, 
A3e and B3e, using the wave number, kp, corresponding to 

the deep water spectral peak to non-dimensionalise the height 
and still water depth values.

It is obvious that the modified Miche criterion provides a limit 
to the maximum heights of broken waves.

3.3 Broken Waves 
Once waves have broken, they cease to be dispersive, and 
behave more like solitary waves or hydraulic bores.  This 
short section includes a simple analysis of both types of wave 
behaviour, and how well the analogies fit the measured data 
from the Imperial College laboratory flume.

The free surface motion of a solitary wave propagating over 
a steady, uniform current may be expressed using the 
Korteweg-de-Vries equation by

�
�
�

�

�
�
�

�
��	



�

�

��� )(

2
3sech

2/1

3
2 tcx

d
HH� (13)

where H is the height of the solitary wave, d is the still water 
depth, x is distance in the direction of propagation, c� is the 
modified solitary wave speed observed by a stationary 
observer, and t is time. In a current of speed cu ,
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csol ucc ��� , (14)

in which solc is the solitary wave speed in the absence of the 
current, given by

	


�

�

� ��

d
Hgdc 1sol . (15)

Figure 11 shows a fit of solitary wave theory (given by 
equations (13) to (15)) to the time history of the mean surface 
elevation of the top 20 crests at gauge G7 for kd = 0.56.  The 
model appears reasonable for the single peak crest.  This was 
not the case for kd < 0.4.

Figure 11. Solitary wave fitted to the mean of the surface 
elevation time histories corresponding to the top 20 crests for 

Case A1a at gauge G7. uc is 0.6 ms-1.

The alternative approach is to model the broken wave as a 
hydraulic bore.  Following [17], a hydraulic bore travelling on 
a current of speed cu , has a front speed given by 

chj ucc ���                      (16)

where hjc is the speed the bore front would have in otherwise 
still water, and is given by

	


�

�

� ���

d
HHdgc
2

1)(hj .           (17)

Figure 12 presents a plot of the ratio of the modified front 
speed of broken waves modelled as bores to their 
corresponding front speeds in otherwise still water.  The 
behaviour is reasonable, given that the front speed of a bore 
travelling on a current can be increased by up to 20%.

Figure 12.  Non-dimensional effective wave speed for top
10 % of waves with each modelled as a hydraulic jump

4 CONCLUSIONS 
This paper has presented an analysis of laboratory 
measurements of irregular waves propagating over mild bed 
slopes, characteristic of the continental shelf. Wave gauge 
data were interpreted in terms of the largest crest and trough 
events, and comparisons made with NewWave theory in deep 
water, a modified Miche criterion at breaking, and solitary 
wave theory and hydraulic bores for broken waves.  From the 
raw data, it was observed that the wave crests sharpened and 
troughs widened during shoaling.  In deep water, the wave 
time histories exhibited short term symmetry either side of a 
major event; this symmetry was lost once the waves broke.

NewWave was found to provide a reasonably accurate 
representation of the behaviour of the largest dispersive non-
breaking waves in water of deep to intermediate depths, 
provided kd > 0.5.   It was found that a truncated Stokes-like 
expansion gave a close approximation to the behaviour of 
extreme wave events in shoaling waters. By utilising a 
Hilbert-transformation approach, it was shown that NewWave 
gives an accurate representation of the magnitude and shape 
of second- and third-order components in irregular waves in 
the vicinity of maximum crests and troughs.  These higher 
order contributions increased in magnitude as the depth 
reduced, until wave breaking occurred (for kd < 0.5), and 
NewWave theory no longer applied. Indeed, Katsardi et al. 
[13], have noted that the dispersive characteristics of the wave 
group is dominated by the effective water depth, kd. This 
factor becomes more important once the local significant 
wave height increases. The consequent increased nonlinearity 
of the wave group limits the applicability of the NewWave 
theory to larger effective water depths. For example, for the 
most nonlinear case examined in this paper (Case A3e, Table 
1) NewWave theory can be applied with relative success up to 
kd > 0.75. The physical explanation for this lies in the effect 
of wave breaking and its dependence on both the wave 
steepness and the effective local water depth.

A modified Miche criterion was found to give an accurate 
upper bound estimate of maximum wave height, crest 
elevation and deepest trough elevation. At the point of 
breaking, the largest waves lost temporal symmetry as they 
changed abruptly into bore-like, non-dispersive waves.  For 
the broken waves, either hydraulic bore or solitary wave 
theory should be appropriate, in which case the limiting wave 
height should be Hmax/d = 0.754.

12



In short, designers of offshore structures located on the 
continental shelf should: (1) model non-broken extreme waves 
using NewWave, or similar, based on a specified offshore 
wave energy spectrum, provided kd > 0.75; (2) utilise the 
modified Miche criterion to estimate whether wave breaking 
has occurred; and (3) utilise the hydraulic bore analogy to 
model broken waves, though with caution as the fits to the 
data are less good than for the NewWave models for waves on 
deeper water.
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4.1 Inventory Gathering 
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4.3 Special Inspection 
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4.4 Routine Inspection 
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4.5  Structural Assessment 
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5.1 Structure Work Types 
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2.2 Review of Available Information on Abnormal Vehicles 
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2.3 Definition of Analysis Procedures 
���
����'�����
��
�!���"��
'������
�����������
����$
(���
���

��'��� "���
��
 �
 ����(���
 ����
 ��
 ������
 ��
 ������$
 �!���"��

'������
  ��"���
 ��������
 �
 ���
 ��
 ����	���
 ����" �����
 ��
 !�

"���)
���
"�8����	
��
���
����	���
����
���'��
��
���
!����
���

����
(��*
 ��'��'��
��" ����$
 ���
 ����
�������
 �������
!	
��

�!���"��
'������
��
�����
�������
!	
���
��������
����$�
����

"�����
 ���
 �!���"��
 ������$)
 ����$��
 ��
 ���
 �����
 %�I

���(��*
 ���
 ��������
 ��
 !�
 ����$���
 ����$
 ���
 �H�34
 ����

"����
 6,7
 �����
 ���
 ������������
 ��
 ���
 #��������
 ��
 ����)

5����
��
����+
�����
%�I
!���$��
(���
����$���
����$
���
B�,>

����
 "����
 6>7)
 �
 ����+
 !���
 ��
 �����
 ����
 "�����
 (���

����������
��
���
����	���)
���
�������
��
���
������������
(���

�- ������
��
����
������
������
9<#�;
��
 ��
#�)
�)




elodmloaddesigncodifiedbyinducedLE

vehicleabnormalbyinducedLELER � 9�;


E�$���
,
��������
 ���
B�
 ����
"����+
(����
��������
��
 ����

�-���
(���
 �
 '����!��
 �������
 � ����$
 ��
 ���(�)
���
 � ����$

(����
 �������
 ���
 "���
 ��'���
 ����
 ������
 ���
 �
  ���������

����	���
 ������
 !�
 ����)
 ��
 ��
 �����
 ����
 B�,>
 ������
 ��
 ,>

�����
��
B�+
�)�)
,>�
��
����
��
���
����
�-���
��
���
B�
����


22



"����
9���
?����@
��
B�
������$
��
�������
��
��*�
 ��
�-��;
)

����
��
���
��'��
��
�!���"��
 ������$+
����$
(���
B
���"��

������$+
 ���
(����
!���$��
��
 ���
 �����
%�I
���(��*
 ������

��'�
!���
����$���
 ����
��
����)







E�$���
,)
B�
����
"����)


E�$���
>
��������
���
�H�34
����
"����
(����
��
��(
����
��

���
����$�
��
"����(�	
!���$��
��
�������)






E�$���
>)
�H�34
����
"����)


��
��
���
����" �����
"���
(���
�������
��
����
�
(�	
��
��

!�
 ������'���'�
 ��
 ���
 �'��������
 ��
 #�)
 �+
 (����
 �

������'���'�
����" ����
(��
�������
��
���
(����
"�-�"����

���
 ����
 ������
 �����
 $�'��
 !	
 #�)
 �)
 
 ��������
 ����	���

���(��
 ����
 ��
(��
"���
������'���'�
 ��
����"�
�
 ���$��
:"

(���
 ����
��
 �������
 ��
 ���
 ����	���)
 ��
�����
 ��
 ����	
���
 ���

����	���+
 �
 ���
 ��
  ����$�
 ����������
 (���
 �������)
 ��
 (��

��������	
 ��
 ������
  ����$�
 ����������
 ���
 �����
 ���������

����������
��
������
!���(�

�� 5����$�
��
��
������
�!���"��
'������)

�� 5����$�
��
���
B�,>
����
"����)

�� 5����$�
��
���
�H�34
����
"����)

#���
 ��
 �����
 (��
 �������
 ��
 ����������
 (���
 ���
 ����'���

�����+
 (���
 ���
  ����$�
 ���������
 ���
 ���
 ������
 �!���"��

'������
!���$
�������
 ��
����������
(���
647)
 ��
 ��
�����
 ����

6,7+
6>7
���
647
���
� ����	
����
����������
������$
!�
��������

��
 ���
 ��"�
 ����
 ��
 ���
 '������
 ��
 ����
 "����
 !���$

����������)
 ����
 ����������
 ������$
 ��
 ��������
 ��
 �����
 ��

�������
���
�������
����
"�	
!�
��
���
!���$�
��
���
��"�
��"�

��
���
�!���"��
'������)
B
������$+
��
� �������
!	
6>7
���

647
��������
��
�
I2<
���
�
*����&��$�
����
9.#<;)
0���
B


������$
 ��
 !���$
 ��������
 (�����
 ���
 ��"�
 ����
 ��
 ���

�!���"��
 '������+
 ��
B�,>
 ����
"����
 ���
.#<
 ��
 �"�����)

0���
 �  �	��$
 ���
 �H�34
 ����
 "����+
 <%�
 ������$
 "���

����
!�
��������+
��
� �������
!	
6,7)
<%�
������$
��������
��

�
I2<
���
�
�����"
�-��)

E�$���
4
���(�
 ���
 ����$�
����������
(����
(���
����
 ��


���
����	���)
��
��
�����
����
(���
����	���$
���
 ����$�
��
��

�!���"��
 '������+
 ?��(
 � ���@
 ���
 ?���"��
 � ���@
 ����*�

������
 !�
 �������
 ���
 ��
 �����
 ��
 �����"���
 (����
 ��
 "���

��'���)
���
?��(
� ���@
����*
����(�
���
�
$������
�"����
��

����������
 �������
 ������$
��
 ���
!���$�+
!��
����
���
�  �	
�

�	��"��
 �" ����������
 ������
 92E;
 ��
 ���
 �-���
 ��
 ���

'������)






E�$���
4)
5����$�
����������
����
9�+
!;
�!���"��
'������+
9�;


B�,>
����
"����
���
9�;
�H�34
����
"����)


0���
�  �	��$
���
 ����$�
����������
���(�
��
E�$���
4+
���

��
 ���
 �����
 (���
 ��������
 ��
 ����������
 (���
 ���
 ����'���

���������
6,+
>+
47)


3� DERIVATION OF ABNORMAL VEHICLE SILHOUETTES 
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4� DEVELOPMENT OF TOOL TO ASSIST IN ISSUING OF 
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5.1 Administration of abnormal vehicles in Denmark 
���
 2�����
 �����
 2����������
 ���
 ��'��� ��
 �
 � ������

��������������
 �	���"
 ��'����
 ��
 ���
 ��"�����������
 ��
 ���'	

'�������
 6=7)
 ����
 �	���"
 ����
 �
 ���
 ��
 �!���"��
 '������

�����������+
 ��"����
 ��
 �����
��'��� ��
 ��
 ����
 ����	+
 ��
 ?����@

���
 ����
 ����	��$
 �� ����	
 ��
 !���$��+
 �����
 ���"��
 ��

����������
 ����$�
����������)
I���$
 �����
!���$�
�����$�
�
 ��

������
?Blue Road Network’
���
!���
����������
���
2��"��*+

��
 (����
 ���
 !���$��
 ���
 �����
 ��
 �
 "���"�"
 ��
 ����)
 ����

����(�
 �����"��
 ���������
 ��
 !�
 "���
 (���
 "���$��$
 ���

��"�����������
��
�!���"��
'������
 ��"���
��
2��"��*)





E�$���
��)
����(���
����
���
��
������
��
��������
"�*��$
 ������
���
������$
�!���"��
'������
 ��"���)

25



5.2 Development of a ‘Green Motorway Network’ 
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4� POST PROCESSING 

4.1 Frequency Response Function  
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 4.3 Estimation of Natural Frequency and Mode Shape 
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5. DISCUSSION OF RESULTS 
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2.2 Energy Harvesting Devices 
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2.3 Train with Maximum Potential Power Output 
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2.4 Applying a Discrete Surface to Bridge Model 
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3.2 Energy Harvesting Including Limiting Factors. 
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3.3 Discussion of Results. 
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4� CONCLUSION 
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Use of Scaled Forcing Functions for Design of Bridge 2.2
Prototype and Impact on Energy Harvesting Potential 
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3� EXPERIMENTAL ANALYSIS OF CANTILEVER BASED 
ENERGY HARVESTER 
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Design, Fabrication and Properties of Energy Harvester 3.1
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ABSTRACT: Masonry arch bridges comprise a significant proportion of the bridge stock both nationally and internationally. 
They have proven to be enduring structures, far surpassing their design lives and with relatively low life-cycle costs. New 
masonry arch bridges are not generally constructed. However, their ageing materials paired with ever increasing traffic loads 
have led to the necessity for their periodic re-assessment. Masonry arch bridge design was predominantly by rule of thumb and 
their re-assessment has been subject to a number of simplified assumptions. One such simplification, the bridge “effective 
width” is studied in this paper with the use of LUSAS finite element analysis software. A preliminary study was carried out on a 
masonry arch, assessing six point load locations. Arch displacements, axial stresses and axial force envelopes were determined. 
This informed a more complex study, where parameters such as: arch stiffness, fill stiffness, fill depth, arch shape, arch 
span/rise, abutment stiffness, ring thickness and bridge skew were studied. This model was verified using displacement test data 
obtained from the literature. The effective widths of a series of bridges with varying parameters were studied. Statistical analysis 
was used to determine the most influential factors on the effective widths of masonry arch bridges. Once these were determined, 
a formula for the calculation of effective width was derived and compared with the effective width prescribed in the current 
design code.  
 

KEY WORDS: Masonry arch, Transverse load distribution, Finite element analysis, Effective width. 

1 INTRODUCTION�

Although new masonry arch bridges are not generally 
constructed, they have been used extensively for the last 2000 
years. Many masonry arch bridges were constructed by ‘rule 
of thumb’, and with ever increasing traffic loading there is a 
need for their reassessment in order to determine their true 
load capacity. Masonry arch bridges account for a significant 
proportion of global bridge stock. In Ireland, 36% of the 
bridge stock on national roads comprises masonry arches [1]. 
By international standards for strategic transport routes, this is 
high. 

Currently, the modified MEXE method of analysis [2] is the 
most popular method of assessment of masonry arch bridges. 
This method has, however, proven to be inaccurate in many 
instances [3]. Analysis through computer modelling programs 
such as LimitState Ring and Archie M is becoming 
increasingly popular and these packages offer essentially two 
dimensional analysis with simplified transverse distribution 
rules. 

Masonry arch bridges comprise many components that 
complicate their analysis. The principal element is the arch 
barrel, which reacts against large abutments and piers. The 
arch barrel supports spandrel walls, which retain backfill over 
the arch. The fill material comprises soils and gravels that are 
placed and compacted over the barrel and between the 
spandrel walls to provide a formation layer for the road 
pavement. The masonry bridge is completed with parapet 
walls to retain errant vehicles and the like. There is a number 
of specific terms used in the description of masonry arch 
bridges, which are illustrated in Figure 1. 

 
Figure 1. Masonry arch bridge features 

Although numerous studies have been undertaken to 
analyse arch behaviour along the span, few explore how the 
arch distributes applied forces transversely. In practice, loads 
are not applied uniformly across the arch width and thus the 
distribution of loads needs consideration. 

Skewed bridges have significant three dimensional 
characteristics. The current prescribed analysis for masonry 
arch bridges maintains that a skew arch transfers loads across 
the shortest span available. This induces large shear stresses 
on the obtuse corners, with the abutments providing rotational 
resistance to torsional moments. 

The aim of this paper is to assess transverse load 
distribution in masonry arch bridges subject to point loads at 
different locations and to compare the findings with the 
current prescribed analysis method set out in BD21/01 [4].  In 
addition the load distribution within skewed arch bridges is 
assessed. 
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2 CURRENT�ANALYSIS�METHODS�

Analytical methods for masonry arches can be split into three 
categories: maximum stress analysis, thrust line analysis and 
mechanism methods. Semi-empirical analysis methods have 
also been developed, utilising laboratory tests and field tests 
as a basis to derive assessment techniques [5]. 

2.1 Modified�MEXE�method�

The MEXE method was first set out by the British military as 
a means to carry out rapid field assessments of arch bridges 
due to military loads during World War II. The method was 
developed from theoretical research supported by field and 
laboratory tests carried out by Pippard in 1936 [6]. The 
modified MEXE method is a semi-empirical analysis method 
that has evolved from this. The load carrying capacity of the 
bridge is calculated using empirical formulas before applying 
a series of modification factors to this capacity [7].  

The arch is surveyed, and parameters such as span, rise at 
centre, rise at quarterpoints, ring thickness and fill depth are 
recorded. Parameters relating to the bridge profile, materials, 
and condition are also established. A nomogram of span and 
crown thickness is used to determine a provisional axle 
loading. This axle loading is then adjusted by a series of 
modification factors. These factors relate mainly to the bridge 
condition and material types. There is no factor dependent on 
the bridge width, and thus transverse distribution is not 
considered.  

2.2 Computer�applications�

Analytical methods have given rise to the development of 
specialized computer programmes for the assessment of 
masonry arch bridges. 

Heyman’s equilibrium theory has been developed by 
Harvey and Smith in the form of the masonry arch computer 
analysis program Archie-M [8]. This software calculates the 
thrust zone for a given applied load. The passive pressure 
distribution, the load dispersal angle and the height of any 
backing can be input into the program. Archie-M allows for 
the application of the prescribed rules set out in BD21/01 [4]  
when considering the effect of transverse load distribution. 

Limitstate Ring is a rigid block analysis computer package 
developed in conjunction with the International Union of 
Railways [9]. The software idealises a masonry bridge as a 
series of rigid blocks in order to carry out a computational 
upper bound limit analysis.  Limitstate Ring requires a user 
specified fixed bridge width and does not account for the 
effects of spandrel walls. There is an option for the input of 
user defined simple transverse distribution rules. 

The finite element method has been applied in varying 
complexities to the analysis of masonry arch bridges. The 
complexity of the model developed is related to the precision 
and nature of output needed. Complex modelling approaches 
are often beneficial. However, decreasing the dimensions of 
elements may not provide additional information to the 
designer. 

Finite element analyses were carried out to investigate 
transverse loading effects by Fanning et al. [10]. Three 
dimensional nonlinear models were created of the Oberlin 
Bridge and the Jones Bridge in Ohio, USA, as well as the 
Chester Bridge, Pennsylvania, USA. These bridges had 

previously been tested to collapse [11] [12] [13].  The models 
divided the masonry arch bridge into three main components: 
the masonry, the fill and the pavement. The masonry was 
modelled using a homogeneous isotropic material with a 
failure criterion similar to that of concrete. The fill was 
modelled using a Drucker-Prager yield criterion, which uses 
parameters such as cohesion, angle of internal friction and 
dilatancy angle. One-dimensional friction elements were used 
between the fill and the masonry. Truck loads were placed on 
the model, and displacements as well as crack patterns were 
established. 

2.3 Transverse�behaviour�analysis�of�masonry�arches�

BD21/01 of the Department of Transport Design Manual for 
Roads and Bridges [4] specifies an effective width of bridge 
to be used when analysing a masonry arch or a series of 
masonry arches under a point load or a wheel load (see Table 
1 and Figure 2). This approach is based on dispersal under the 
load of two vertical to one horizontal through the fill and a 
further dispersal by transverse structural action of the arch. 
This method generates a uniform effective strip width for the 
full bridge span for the load under consideration. 

Table 1. Effective width given in BD21/01 [4]. 

 

 
Figure 2. Effective width BD 21/01[4]. 

The formulas were derived based on testing carried out by 
Davy [14] and Chettoe and Henderson [15]. The formula for a 
single wheel load was determined by Davy, based on 
experimental test work on Alcester Bridge, Warwickshire. It 
is acknowledged in BD21/01 that the formula is conservative, 
as it is unclear whether the effective width may become 
smaller approaching failure loads. It is also noted, that “the 
true effective width would depend on a number of factors”, 
and “the formula should be used as a conservative 
approximation until further work is carried out to investigate 
the transverse distribution of load effects” [4]. This effective 
width does not take bridge span or width into consideration. It 
also does not account for any increased distribution of the 
load away from the load application point. 

Testing was carried out by Royles and Hendry [16] on 24 
scale masonry arches. The arches varied in shape from near 
flat to semi-circular, and in span, with spans 1.0 m, 2.08 m 
and 2.48 m. The data gathered showed that the presence of 
spandrel walls increased the capacity of an arch by factors 
ranging from two to twelve times the capacity of the arch 
alone. It was concluded that an arch is a three dimensional 
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structure, and analysis of a 2-D strip of the vault is unreliable. 
Service load testing was carried out by Page [17] [18] on the 
Kimbolton Butts Bridge, the Shortwood Bridge and the 
Egremont Bridge in the UK. Page noted how displacements 
varied across the arch barrel transversely and that they were 
much lower at the spandrels than at the centreline. This shows 
that transverse bending occurred in all the test bridges. Page 
also emphasised the importance of measuring the horizontal 
displacements at the abutments. 

3 FINITE�ELEMENT�MODEL�

3.1 Preliminary�model�

A preliminary investigation of a masonry arch bridge was 
initially undertaken. The bridge was simplified to its principal 
member, the arch. A LUSAS thick shell model was created to 
estimate arch behaviour under various point loads. The arch 
barrel was divided into 31 voussoirs. Each voussoir was 
assigned typical isotropic material properties for a stone arch, 
with parameters input for Young’s Modulus of Elasticity (E), 
Poisson’s Ratio (�) and Mass Density (�). 

Results were obtained for six point load locations, which 
can be seen in Table 2 and Figure 3. Each point load was a 
square patch 300 mm x 300 mm, as specified in Annex D of 
BD21/01, and was of magnitude 100 kN. For this analysis fill 
was not accounted for; the point load was applied directly to 
the arch barrel, and load distribution through the arch was 
solely considered. Varying distributed loading was applied to 
the arch to simulate the weight of backfill to 0.5 m above the 
crown of the arch and the loading due to the self-weight of the 
bridge was also applied. This enabled the resultant thrust line 
due to the combination of the backfill, arch self-weight and 
the applied point load to be determined. 

Table 2. Loadcases for 2D arch study 

Loadcase X (m) Z (m) Span Width 
1 1.25 -5.0 Eighth Mid 
2 2.5 -5.0 Quarter Mid 
3 5.0 -5.0 Mid Mid 
4 2.5 -2.5 Quarter Quarter 
5 5.0 -2.5 Mid Quarter 
6 2.5 -1.25 Quarter Eighth 

 

 
Figure 3. 2D arch model showing point load locations. 

The arch skew was varied in order to determine skew 
effects on arch behaviour. Results were obtained for a straight 
arch (no skew) and for skews of 20°, 30° and 45°. 

Axial stress, moment, and displacement results were 
obtained from the LUSAS model.  The six loadcases were 
analysed when developing the three dimensional (3D) model 
in order to compare the results with the shell model. However, 

it was noted that Loadcase 1 and Loadcase 2 showed similar 
results, as did Loadcase 4 and Loadcase 6. It was decided to 
reduce to four loadcases for the majority of the 3D 
assessment. It was noted that the 20°, 30°, and 45° skew 
bridges displayed similar results for displacement, stress and 
thrust eccentricity, and for further analysis a 30° skew was 
solely considered. 

3.2 Three�dimensional�model�

A three dimensional (3D) finite element masonry arch bridge 
model was developed in stages (see Figure 4). The bridge was 
divided into four groups: arch, fill, abutments and spandrel 
walls. Results were recorded after each group was added to 
the model. 

 

 
Figure 4. 3D masonry arch bridge model stages. 

At Stage 1, the load was applied directly to the arch. From 
Stage 2 onwards, the load was applied to the top surface of the 
fill. The fill was supported by applying a horizontal restraint 
boundary condition for Stages 2 and 3, until the spandrel walls 
were added to the model in Stage 4. 

3D isoparametric solid continuum elements of a linear 
interpolation order were used to create a solid volume model 
of the masonry arch bridge. A mesh refinement study was 
carried out after each stage of the model development. The 
arch comprised 8000 mesh elements, with 40 element 
divisions in the transverse direction, 50 in the longitudinal 
direction and four through the arch thickness. Tied slidelines 
were used between the volume interfaces to tie together 
dissimilar meshes. This allowed for a higher level of mesh 
refinement in the arch than the fill, and in the fill than the 
abutments. A “Sliding” slideline was assigned between the fill 
and the spandrel walls. Contact was maintained between the 
fill and the spandrels but sliding was allowed between the 
elements. 

The stone and mortar joints were macro-modelled in the 
three dimensional volumetric model. This treated the masonry 
as a homogenous material, with material properties in between 
the values for the stone voussoirs and the lime mortar. The 
masonry and fill were assigned Young’s Moduli of 7000 MPa 
and 3200 MPa and Poisson’s Ratios of 0.3 amd 0.2 
respectively. Material properties for the fill and the abutments 
were taken as consistent. The value of Young’s Modulus of 
Elasticity used in computer analysis for the fill material in 
masonry arch bridges varies significantly in the literature. Fill 
material property values were selected in accordance with 
modelling carried out by Milani and Lorenco [19]. 
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Fixed boundary conditions were assigned to the underside 
of the abutments and an iterative approach was taken to 
determine an appropriate abutment length of 8m. 

4 MODEL�VALIDATION�

The maximum tensile stresses were checked to fall below an 
adopted maximum tensile stress �t = 0.5 N/mm2, indicating 
that the masonry stresses were within the linear range, and a 
nonlinear analysis was not needed [20]. The FE modelling 
was also validated against previous test data available in the 
literature for Griffith Bridge in Dublin. 

Griffith Bridge is a single 9.46 m span three-centred 
masonry arch bridge, 7.84 m in width with a rise of 2.7 m. It 
comprises a 0.446 m thick ashlar limestone arch ring with 
granite fascia stones. Non-destructive testing was carried out 
on this bridge by Fanning and Boothby [21]. 

The bridge was loaded with an empty truck and a full truck 
in separate loadcases. Displacements were recorded at the 
centreline, haunch (the lower section of the arch barrel 
towards the springing), crown and the edge of the bridge. A 
three dimensional nonlinear finite element model was 
developed and the displacement results were compared to the 
test results. Boundary conditions were applied to the model 
which restrained the fill in the span direction at both ends of 
the bridge. The underside of the fill was restrained vertically 
and the base of the arch barrel was restrained vertically and in 
the span direction. The bases of the spandrel walls were 
restrained in the vertical and transverse directions. An axis of 
symmetry boundary condition was applied to the model, as 
the bridge geometry and the loading are both symmetrical 
about the longitudinal axis. A contact surface, which was 
modelled between the masonry and the fill, was assigned a 
coefficient of friction value of 0.4 [21]. 

A LUSAS model of Griffith Bridge was created, and 
compared to the Boothby and Fanning model. The boundary 
conditions, excluding the axis of symmetry boundary 
condition, were modelled as set out by Boothby and Fanning. 
The linear set of material properties from the Boothby and 
Fanning model was also applied to the LUSAS model. 
Friction slidelines require a nonlinear analysis in LUSAS, and 
were not incorporated into the model. 

The results presented for displacements (see Table 3) and 
deformed mesh (see Figure 5) indicated that there was good 
agreement between the Fanning and Boothby model and the 
LUSAS model developed in this study. 

Table 3. Displacement results for Fanning and Boothby model 
and LUSAS FE model. 

 Haunch Peak Displacements 
 Test 

(�m) 
F&B 

(�m) 
DUNNE 
(�m) 

Truck Empty 172 237 237 
Truck Full 331 387 366 

 
The study carried out by Fanning and Boothby incorporated 

collapse loads on the bridge, and as such, nonlinear 
parameters were needed. Increasing the complexity of the 
LUSAS FE model for this study is not justified, as it would 
take an excessive length of time to run each FE model with 

little increase of accuracy, as the stresses remain in the linear 
range.  

  

  
Figure 5. Above left, Boothby and Fanning Griffith Bridge FE 
model. Above right, deflected arch shape with axle at crown 
[21]. Below left, LUSAS Griffith Bridge FE model. Below 

right, deflected arch shape with axle at crown. 

5 PARAMETRIC�STUDY�

The verified LUSAS 3D masonry arch bridge volume model 
was adapted to generate a variety of masonry arch bridges. 
Loads were applied to the surface of the bridge fill and the 
importance of each parameter to the transverse distribution 
was established through statistical comparison. Parameters 
that were studied include: 
� Arch shape. Segmental, three-centred and semi-circular 

arch bridges were studied. 
� Span/rise. Span/rise ratios ranging from 2 to 5 were 

studied. 
� Arch ring thickness. The thickness of the arch was varied, 

ranging from 400 mm to 600 mm. 
� Masonry stiffness. The stiffness of the arch and spandrel 

walls was varied from 10000 N/mm2 to 15000 N/ mm2. 
� Fill stiffness. The stiffness of the fill material was varied, 

ranging from 350 N/ mm2 to 5000 N/ mm2. 
� Fill depth to crown. The fill depth between the arch 

extrados and the road surface at the crown was varied, 
ranging from 15 mm to 1000 mm. 

� Bridge skew. Nine bridges with a skew angle of 30° were 
studied as well as 63 straight bridges. 

� Abutment stiffness. The stiffness of the material assigned 
to the abutments was altered ranging from 350 N/ mm2 to 
5000 N/ mm2. 

� Stone backing. Masonry backing was added to some 
bridge models, up as far as the arch quarterpoint and was 
assigned the same material stiffness as the arch. The fill 
material extends from the top of the backing to the road 
surface. 

� Spandrel walls. For most of the bridges, the spandrel 
walls (SW) included 750 mm parapet walls above the fill. 
For some bridges the spandrel and parapet walls were 
removed in order to determine their effect on transverse 
load distribution. 

Four loadcases were considered for the three dimensional 
bridge models (see Figure 6).  Each loadcase comprised a 300 
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mm x 300 mm square patch of magnitude 100 kN applied to 
the surface of the fill. 

The full bridge set contains bridges with a variety of 
different parameters. Statistical analysis was carried out on the 
effective widths of the bridges, in order to determine which 
parameters had the most influence over the effective width. 
Parameters with the largest influence over the effective widths 
were then used in the development of a formula to calculate 
the effective width of any bridge subject to a point load.  

The results are statistically verified using IBM SPSS 
statistics software version 20 [22]. G*Power software version 
3.1.6 [23] was used in conjunction with SPSS to determine the 
power of significant results obtained. 
 

 
Figure 6. Arch loading and displacement result arrangement. 

Displacement results were obtained at the intrados of the arch 
at the locations shown in Figure 6. The displacement results 
were used to obtain effective bridge widths for each bridge. 
This was set as the width of the bridge that gave an area under 
the displacement curve of 90% of the total area under the 
curve. The effective widths were calculated at seven 
transverse sections along the bridge span (see Figure 7). 

 

  
Figure 7. Bridge effective width envelope. 

5.1 Skew�bridge�data�

The literature review suggested a possible link between 
abutment material stiffness and bridge response for skew 
bridges. This concept was examined by comparing three 
bridge shapes, segmental, three-centred and semi-circular, 
which only differed in abutment material stiffness [24] [25].  

6 RESULTS�

The most significant factors influencing the effective widths 
for the four loadcases were determined in the statistical 
analysis (see Table 4). 

Table 4. Factors influencing effective widths. 
Loadcase 1 Loadcase 2 Loadcase 3 Loadcase 4 

Spandrel Wall 
Presence 

Spandrel Wall 
Presence 

Fill and 
Abutment 
Stiffness 

Fill Depth 

Fill and 
Abutment 
Stiffness 

Fill and 
Abutment 
Stiffness 

Fill Depth Fill and 
Abutment 
Stiffness 

Fill Depth Ring Thickness Arch Shape Ring Thickness 
Ring Thickness Fill Depth Ring Thickness  

 
The effective width currently used in BD21/01 [4] is given in 
Equation 1. 

 hEW �� 5.1   (1) 

where: 
h = depth of the fill in metres at the location of the point load. 
 
On the basis of the results obtained, a formula to calculate the 
effective width of a bridge subject to a point load along the 
bridge longitudinal centreline is proposed here. It was found 
during the statistical analysis that the stiffness of the fill, the 
thickness of the arch ring, and the spandrel walls contribute to 
the effective width for these loadcases. When spandrel walls 
were excluded from the model, the effective widths increased. 
A conservative approach was taken, and the effect of spandrel 
walls was omitted from the proposed formula. A formula for 
the calculation of effective width was iteratively deduced 
using Excel. This proposed formula to calculate the effective 
width of a masonry arch bridge is shown in Equation 2. 

 rdsEW ��� 3.08.0   (2) 

where: 
s = fill stiffness factor, determined from Equation 3, 
d = fill depth factor, determined from Equation 4, 
r = thickness of the arch ring in metres. 

 068.04.9 �� as   (3) 

where: 
a = fill stiffness in MPa. 

 368.034.6 bd �   (4) 

where: 
b = fill depth  in m. 
 

It is proposed that the effective widths for point loads away 
from the longitudinal centreline, the smaller effective width 
obtained from Equation 2 and Equation 5 should be used. 

 cEW rds 8.02
3.08.0 �� ��   (5) 

where: 
c = the closest offset of the load from the edge of the bridge. 
 
The effective widths obtained from a number of the LUSAS 
bridge models, the effective widths from the BD21/01 formula 
and the effective widths determined using the proposed 
effective width formula are compared in Figure 8. It is noted 
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that the formula in BD21/01 was intended to produce 
conservative results [4]. 
 

 
Figure 8: Bridge effective width comparison, Loadcase 1 

6.1 Skew�bridge�results�

The abutment stiffnesses used in the study were varied from 
50 MPa to 2000 MPa. The displacement envelope results for 
segmental bridges for Loadcase 2 can be seen in Figure 9. 

 

       

 
 

Figure 9. Plan view of skew bridges showing 90% 
displacement envelopes for Loadcase 2 

7 DISCUSSION�AND�CONCLUSION�

It was found that the width of bridge affected by a point load 
was substantially larger than that set out in BD21/01 [4]. The 
depth of fill, stiffness of fill, and ring thickness influenced the 
effective widths determined. Increasing fill depth and 
increasing ring thickness increased the effective width, while 
increasing fill stiffness reduced the effective width. In 
BD21/01, the fill depth is the only parameter taken into 
consideration when determining the effective width. 

It was found that a point load away from the bridge 
longitudinal centreline produced a smaller effective width 
than a point load along the longitudinal centreline. In 
BD21/01, no allowance is made for the location of the point 
load on the bridge effective width. 

7.1 Skew�bridge��

The current prescribed analysis for masonry arch bridges 
maintains that a skew arch transfers loads across the shortest 
span available [24]. For the skew bridges studied, the results 
show a link between the stiffness of the bridge abutments and 
the response of a skew bridge subject to a point load. The 
displacement envelopes for Loadcase 2 were found to follow 
the line of the skew arch when the abutment stiffness was 

reduced, and follow the line of the straight span when the 
stiffness was increased.  
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2� CHARACTERISATION OF IRISH TIMBER 

2.1 Introduction 
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2.2 Mechanical properties 
��'����$������
 ���
 $�����$
 �������
 �������
 ���
 !	
 ��("����

������"
 ����
 �����
 ���*�
 � ����
 "����
  ����"������	
 ���

�������"����
 ��
 �����$��
 �����
 ��
 ��4)
 ��!��
 �
  �������
 ���

"���
�����$��
�������"����
���
��4
��������$
��
#�
::A
6��7


��!��
�)
#�
::A
6��7
"���
��������������
'�����
���
��4)


������$

�����$��

9�"+*;


��" �����'�

�����$��

 �������
��

$����
9��+�+*;


%���

"������
��

���������	

 �������

9#�+"���;


%���

������	

9c"���;


�4
�D""�
 �=
�D""�
 A
*�D""�
 :=�
*$D":




5������
 6,7
 ��������*
 �
 ���$�&�����
 ������$
  ��$��""�
 ��

�'������
 ���
 ���������
 ��
 �
 ��"!��
 ��
 �������	��$
 '����!���

����
��
	����
�����
9"���
��
��!��
"�����
��
�����
���"
(���

�����
 ��
 ��
 ����
 ��
 (�������
  ��
 �������
  ��
 	���

6":D��D	�7;
+
 �������
 ��O�
 ���
 ������
 ��
 ���
 �����$��
 ���

���������
��
 �����
���*�
� ����)
E��"
�����
��
�,A=
 ���*�+
��

�����
 ����
 ���	
 �������
 ��O�
 ���
 �
  ��������
 ���������
 ��
 ���

%1�)

�d
 2��!�]��
 ��
 ��)
 6>7
 �-�"����
 ���
 ���������
 ��


��" �������
(���
��
���
!�����$
%1#
���
%1�
 �� ������)

����
 ����	
 ���
 �
 ������'��	
 �"���
 ��" ��
 ��O�
 ��
 ���

� ���"���
 ��
 ���$��
 �����&���������
 ��O�)
 ���	
 �����
 ����

���������
  �������$��
 ��
 ��" �������
 (���
 ��������
 ��
 �

��������
��
%1#
!��
�  �����
��
��'�
��
������
��
%1�)


5������
 647
 ���������
 �������
 ���$�
 ����	
 ��'��'��$
 ���


"������
$�����$
��
�!���
>���
 �����
��
��"!��
����
���������

�����$��
�������)
����
����	
�����
����
���
	�����
���
��,
���

��4
(���
'��	
��$�
���
���
����*����
���
�
��$��������
�" ���

��
 ���
 	����)
 B�
 ���
 ���
 �������*�
 ���������'�
 "���������

�����)

<���	
 ��
 ��)
 6=7
 ��'����$����
 ���
 �����������
 ��
 �����
 $��(�


���*�
 � ����
 ��"!��
 9���"
 �������
 ��
 �����	
 F��(�	;
 ��
 �&
8�����)
��
(��
�� �����
����
���
���������
��
���
�&8����
���
�
��$�

�����������
 ��
 ���
 ���������
 ��
 !���
 �������
 ���
 ��" �������

����$��)
 �����
(��
 ���	
 �
 ��(
 ��'��
 �����������
 !��(���
 ���

�����$��
 ��
 ���
 (�!
 "�������
 ���
 ���
 �����$��
 ��
 �&8����)

���������+
 �-�����'�
 ������$
  ��$��""�
 (��
 �������
 ���
 ��

� ���"���
 ����
 ���
 ���
 ����$��)
 ���
 %1�
 ��
 ���
 ����$�


"��������+
 ��������
��
��!��
�+
(��
"�������
��
������!��
��

#�
 ,�A
 6��7)
 ���
 �'���$�
 %1�
 �������
 ���$��
 ���"
 ��)�

�D""�
��
�>),
�D""�
���
���
�����&���������
��O��)
B�(�'��+

���
��"�������
���
��
���������
��
���
��������
��'������
��

���
>& ���������
��
���
%1�+
(����
(��
��(��
���
���
�"�����

�����&��������)


��!��
�)
%1�
 �������
��
$����
�������
���
������
!��"�
6=7)


� ���"��

�	 �
N
��O�


��)
��

� ���"���


%���

%1�


6�D""�7


�)
2)

6�D""�7


>&
 �����)

6�D""�7


��" �������

����$���


,,
-
,,
""�


:�
 ��)�
 ,)4
 �:)>


�������

����$���


,,
-
,,
""�


:�
 ��):
 :)3
 �>)>


��" �������

����$���


4>
-
4>
""�


��





�,)A
 �)�
 ��)3


�������

����$���


4>
-
4>
""�


��





�,),
 ,)�
 �A)�


��" �������

����$���


4>
-
4>
""�


��
 �>)>
 �)�
 ��)3


�������

����$���


4>
-
4>
""�


��





�>),
 �)A
 ��)3




���
%1#
  �������
 ��
 $����
(��
 ����
"�������
 ��
 � ���"���

��������
��
!���
�������
���
��" �������)
���
�������
��������

�� �����$
 ��
 �����&�������
 ��O�+
 ���
 �������
 ��"���
 A
%5�

���
 ���
 !�$$��
 ��O��
 ���
 =
%5�
 ���
 ���
 �"�����
 ����)
 �����

�������
���
%1#
������$
���
���(�
��
��!��
:)


��!��
:)
%1#
 �������
��
$����
�������
���
������
!��"�
6=7)

� ���"��
�	 �
N


��O�

��)
��


� ���"���

%���

%1#


6�D""�7


�)
2)

6�D""�7


>& �����)

6�D""�7


��" �������

����$���


,,
-
,,
""�


�3





=��=
 ���4
 >�,A


�������

����$���


,,
-
,,
""�


�3





=��4
 3,>
 >4��


��" �������

����$���


4>
-
4>
""�


��
 =>::
 4�=
 4==�


�������

����$���


4>
-
4>
""�


��





=>:�
 �:�3
 >>=:


��" �������

����$���


4>
-
4>
""�


��
 =33=
 4�4
 =�A�


�������

����$���


4>
-
4>
""�


��
 =333
 AA>
 4434




��
 ��������
 ��
 !�����$
  �� ������+
 <���	
 ��
 ��)
 6=7
 �-�"����

��" �������
 �������
��
$����
���
�������
�����$���
���
'������


64



��O��
��
��" ���
����$
�����
���*�
� ����)
���
�������
��
�����

"���������
  �� ������
 ���
 ��""������
 ���
 ��!��
 ,
 R

��" �������
�����$��
 �������
 ��
$����
���
��!��
>
R
�������

�����$��)


��!��
,)
��" �����'�
�����$��
 �������
��
$����
�������
6=7)


� ���"��

��O�
6""

-
""
-

""7


��)
��

� ���"���


��" �����'�

�����$��

6�D""�7


�)
2)

6�D""�7


>&
 �����)

6�D""�7


,,
-
�3
-

�3


:�
 �,)3
 ,)A
 �=)�


4>
-
,�
-

:3


��
 �,),
 �)A
 ��),


��!��
>)
�������
�����$��
 �������
��
$����
�������
6=7)


� ���"��
��O�

6""
-
""
-


""7


��)
��

� ���"�

��


%���

�������

�����$��

6�D""�7


�)
2)

6�D""�7


>& �����)

6�D""�7


,,
-
�3
-
��
 :�
 �:)3
 ,):
 �4):

4>
-
,�
-
��
 ��

 �,)4
 �)3
 ��)�

4>
-
,�
-
��
 ��

 �>)�
 �)�
 ��)�



������	
 ���
 B����
 6A7
 ��������*
 �
 ��" �������'�
 ����	
 ��

�����
��
������
���
����������� 
!��(���
"���������
 �� ������

���
  �	�����
 ���������������
 ��
 ���
 ���$��������
 ���������
 ��

�����
 ���
 ��&$����
 ��" ���)
 5���"�����+
(����
(���
 �������+

��������
������	+
*���
����
�����+
%1#
���
����"���
�����$��)

���
�������
��
����
��'����$�����
"�$��
!�
���������
��
���"�
��

���
������
��'��� "���+
����$�
���
� ��"�������
��
��$�������

(���
 �������
���"
�����
���*�
� ����)
��
(��
���������
����

%1#
(��
���
"���
��$��	
����������
 ���"����
��
���
�������

�����$��
 ���
!���
 �����
���
 ��&$����
 � ���"���)
 E������"���+

���
 *���
 ����
 �����
 ���
 �
 ���������!��
 ���������
 ��
 ���

�����$��
 ��
 ���
 ��"!��
 !���
 ��
 ��" �������
 ���
 �������)

2�����	
 (��
"���
 ��$��	
 ����������
 ��
 ����"���
 ��" �����'�

�����$��
 ����
 ����"���
 �������
 �����$��
 ��
 �����
 (���

� ���"���)
 ��
 ��������+
 ���
 �������
 �� �����
 ����
 %1#
 ��

�������
���
�
 ���
�����������
��
���
������	
��
�����
(���
���

(��
 ����
  ����	
 ����������
 ��
 ���
 *���
 ����
 �����
 ���
 ���

������	
��
��&$����
� ���"���)

%����'��+
 ������$
 ��
 �����
 ��"!��
 ���
 !���
 �������*��
 ��


�����
 �����
 ��'��
 ������������
 ��
  ���
 ��
 ���
 ��������
 ���
%��

���
5�2
������)
���
���
��
����
����
���
!���
 �!������
��
���

�'����!��
 ����������)
 ��'���������+
 ��"�
 ��
 �����
 �������
 ���

���(�
��
���
�����(��$
 ���$�� ��)

���
 ������	
 ��
 �����
 ���*�
 � ����
 (��
 �-�����'��	


��'����$����
 !	
 #'������
 637
 ����$
 ���������'�
 ���
 ���&
���������'�
 "������)
 ��
 �����
 ��
 �����"���
 ���
 %1#
 ���

%1�+
������
����
 ����
!�����$
�����
(���
�������
���
��
�'��

���
 �����
 ���*�
��
���������
��O��
��*��
���"
(��������
��

	����
�������
�4
���
��)
���
"�������
�������
��
���
��" ���

�����$
 ����
(��
 $�������	
 ��
 �>
e
�M)
���
"���+
"�-�"�"+

���
 "���"�"
 %1#
 ���
 %1#
 �������+
 ��������$
 ��������

��'������+
���
���������
	����
�������
���
 ��������
��
��!���
4

���
=)





��!��
4)
%1#
 �������
��
$����
���"
���������'�
�����
637)


/����

�����


��)
��

� ���"��

�


%���

%1#


6�D""�7


�)
2)

6�D""�7


%��)

6�D""�7


%�-)

6�D""�7


�4
 4,
 A4�:
 �=>=
 ��,,
 �A,�,

��
 ��4
 3�3�
 �>��
 :=�=
 �>==�


�4N��
 �A�
 3�>:
 �4��
 ��,,
 �>==�


��!��
=)
%1�
 �������
��
$����
���"
���������'�
�����
637)


/����

�����


��)
��

� ���
"���


%���

%1�


6�D""�7


�)
2)

6�D""�7


%��)

6�D""�7


%�-)

6�D""�7


�4
 4,
 �,),
 3),
 �),
 ,,)>

��
 ��4
 �4):
 =)>
 =)�
 ,=)A


�4N��
 �A�
 �>)4
 A)�
 �),
 ,=)A



E��
 ���
 ���&���������'�
 �����"�������
 ��
 ���
 "���������

�����$��
 �� ������+
��
����������
������$
"�����
(��
����
!	

#'������
 637)
 ����
 ���������
 (��
 ��'��� ��
 !	
 �����
 6��+

��7+
(��
���
 �����
 ����
 ���
%1#
���
 �"���
�����
 � ���"���

���
�
��$�
�����������
(���
 ���
����������
 �� �$�����
� ���

��
 �����"���
 ����
 ��O��
 ��" ���)
 :��
 �"���
 �����
 � ���"���

(���
 ������
 ��������$
 �,�
 ��
 	����
 �����
 �4
 ���
 4�
 ��
 	����

�����
 ��)
 ���
 �!������
 �'���$�
 %1#
 '�����
 (���
 A4:3

�D""�
 ���
 =4==
 �D""�
 ���
 ���
 �����
 ���
 ������
 !����+

��� ����'��	+
���
 ���
�'���$�
%1�
'�����
(���
=:)A
�D""�

���
4=)�
�D""�+
��� ����'��	)

��!��������	+
 �����
 �������
  �!������
 !	
 5�����*
 6��7


������"��
 ����
 ���*�
 � ����
 ���
 �
 !������
 "���
 ��
 �������
 ��

�-���
 �������
 ����������
 !	
 ���$��
 *���
 ����������)
 ���

��������������
 ��&$����
 �����$��
 ��
 �,),
�D""�
(��
 �!������

��
 ��" ������
 ��
 "���
 ��&$����
 �����$��
 ��
 �=)�
 �D""�)

�����
'�����
(���
�  ��-�"����	
����
��
���
��������������
���

"���
 �����$���
 ���
 �����
 ��"!��+
 ��� ����'��	)
 1�
 ���
 �����

����+
 ���
 "���
 ���
 ��������������
 ��" �����'�
 �����$���

���(��
����
'����!����	
�������$
:�)4
�D""�
���
��)�
�D""�+

��� ����'��	+
 ���
 ��&$����
 ��" ���)
 ���
 '����
 ��
 %1#
 ��

��" �������
��
3��>
�D""�
(��
�����)

E��
 ���
  �� ���
 ��
 ���
 �������
 �������
 ���
 !	
 ����*�
 6�:+


�,7
 �
 ��!��������
 ��"!��
 ��
  �����
(���
 ��������
 ��
 �����
 ��

�� ������
 �
 �	 ����
 �������	
 ��$���
 ���
 ��'����
 ����
 �����

!������)
������$
%1#
�����
(���
�������
���
��
����������
��

#�
,�A
6��7
���
���
�������
���
���(�
��
��!��
A)


��!��
A)
%���
%1#
�������
6�:+�,7)


�����
�2
 ��)
��

� ���"���


%���

%1#


6�D""�7


�)
2)

6�D""�7



 A>
 3:4=
 �,3�

�
 A>
 =,=>
 �::>

�
 4,
 3�:4
 &




��
 ��������
 ��
 �����
 �������+
 �����	
 ��
 ��)
 6�>+
 �47
 �-�"����

���
���������
��
������	
���
"������!���
��$��
��
���
!�����$

%1#
���
%1�
��
�����
(���
� ���"���
���"
���*�
� ����
��

����
���������
 ��'�������)
����
 ����	
(��
��������
 ��
�"���

�����
��" ���
���
���	
34
��" ���
(���
��!8�����
��
!�����$

�����)
 
 ������
 ����������� +
 ���
 ��"�
 ���
 ���
 �-�"����


65



 ��'�������+
 (��
 �����
 !��(���
 "������!���
 ��$��
 ���

�����$��)


2.3 Physical properities 
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3� POTENTIAL & INNOVATION 

3.1 Introduction 
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3.3 Reinforced Timber joints 
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3.4 Cross-laminated timber (CLT) 
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4� UNDERTAKING AN LCA OF SAWN TIMBER 

4.1 Goal and Scope 
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4.2.1    Sawn Timber Industry in Ireland 
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4.2.2    Process Description
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4.3 Life Cycle Inventory 
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4.4 Life Cycle Impact Assessment 
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2.2 Limnologen, Växjö, Sweden 
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4� STRUCTURAL DESIGN 
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4.2 Wall Panel Design 
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4.3 Bearing Resistance 
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4.4 Connection Design 
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2.0� EXPERIMENTAL TESTING 
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2.2 Experimental Results – Moment Rotation Curves 
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2.3 Additional Testing 
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2.4 Prediction of the Elastic Moment Capacity 
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3.0� FINITE ELEMENT MODELLING 
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3.1 Model Build Up 
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3.2 Meshing and Boundary Conditions 
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3.3 Material Modelling 
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LUSAS Input Units
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3.5 Numerical Results and Analysis 
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3.6 Summary of Numerical Study 
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Bond quality of cross-laminated timber from Irish Sitka spruce
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3� RESULTS AND DISCUSSION 

3.1 Shear strength 
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3.1 Test Variables 
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3.2 Flexural Test Procedure 
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4.2 Flexural Testing Results 
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3.2 Reinforcing glued laminated beams 
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3.3 Short Term Testing 
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3.4 Proposed Creep Testing 
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2� THEORETICAL BACKGROUND 
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2.2 Pull-out test methods 
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2.3 Embedded Length, lb 
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2.4 Edge Distance, a 
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2.5 Glueline Thickness, t 
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3.3 Adhesive 
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4� RESULTS 
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4.2 Influence of increasing embedded length on pull-out 
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2� METHODOLOGY 
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2.2 WIM Data 
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2.3 Estimating the prior distribution using kernel density 
estimators (KDE) 
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2.4 Assessing accuracy of proposed Bayesian approach 
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3� RESULTS 
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2. Optimisation as an Alternative to Standard Signal Processing Techniques
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3. One mode of vibration
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4. Two modes of vibration
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5. Conclusions
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3� DYNAMIC AMPLIFICATION FACTOR AND FULL DYNAMIC 
AMPLIFICATION FACTOR 



:)�� Simply supported beams 
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:)�� Continuous beams of two equal spans 
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ABSTRACT: Bridges are a critical element of the European transport network and therefore their effective management is 
important to the functioning of the European economy. Managing bridge assets is a very challenging task both logistically (i.e.
there are thousands of bridges distributed across a vast network) and financially (budgets for monitoring and maintenance are 
limited, and in many cases decreasing). Management involves making decision about the structure and in any system, the quality 
of decision making is related to the quality of information available. For the vast majority of bridges the information available is 
visual in nature and therefore the quality of information is significantly dependant on the skill/knowledge of the inspector. Even
when there is electronic monitoring data available for a bridge one of the great difficulties is that the data is not easily 
interpreted. This is because bridges are complex systems whose response signatures are significantly affected by external factors 
such as temperature or traffic load and as a result it can take years to learn the bridge’s ‘normal’ response envelope. Bradly 
speaking it is this complexity that makes bridge SHM more challenging than SHM in mechanical systems. Mechanical systems 
tend to have a relatively narrow response signal under ‘normal’ monitoring conditions which makes the detection of anomalies 
easier than is the case for bridges. The research project (Monitoring of Structural Performance) presented in this paper aims to 
contribute to addressing the above challenge by developing a decision support system to assist bridge operators make decisions 
about their structures. The project aims to do this by making use of physics-driven and data-driven modelling methods to 
produce metrics that are useful for decision support.         

KEY WORDS: Bridges; Monitoring; SHM; Decision support. 

1 INTRODUCTION�

Transportation infrastructure is crucial to the functioning of a 
developed economy. For a large trading block such as the 
European Union this infrastructure is especially important as 
it facilitates trade across the entire Euro zone. Continued 
growth in Europe needs a functioning low cost transport 
infrastructure. Bridges are a key element of the transport 
network as they are multi modal in nature i.e. they are relevant 
to road, rail and (even) waterway transport. 
However, bridges deteriorate over time and there is no easy 
way to measure this. The cost of repairing faults in a bridge, 
once the fault starts to approach criticality, is enormous both 
in terms of cost and traffic delays. For example, the American 
Association of State Highway and Transport Officials 
(ASSHTO) produced a report in 2007 titled ‘Bridging the 
Gap’ [1] which estimated that it would cost $140 billion to 
repair every deficient bridge in the US. If flaws in a structure 
could be identified early using Structural Health Monitoring 
(SHM), the cost of repair could be vastly reduced and 
congestion could be minimised through optimised 
intervention.   
Across Europe there are a substantial number of bridges that 
are vital to the economies they serve, and which, if taken out 
of commission would have a devastating impact on local, 
national, and international economies. For example Humber 
Bridge in the UK (Figure 1) carries 120,000 vehicles per 
week, if the bridge were closed the detour would add 

approximately 90km to the original journey and result in 
substantial congestion.  

Figure 1. Humber Bridge, England. 

A recent example of the transport chaos that can ensue as a 
result of the closure of a bridge was the 2011 closure of the 
Hammersmith flyover due to concerns about the condition of 
the post tensioning tendons. This closure highlighted the 
difficulties when there is a lack of prior structural 
performance track record and means to assess impact of the 
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discovered damage. In a similar situation the M4 Boston 
Manor viaduct was closed three weeks before the 2012 
Olympics due to discovery of a new crack in a “sensitive 
location” during minor repairs.  
These kinds of shock events highlight the very important and 
difficult task that bridge/road and rail authorities face. 
Monitoring of Structural Performance (MOSP) aims to 
contribute to this task by developing a decision support 
system for bridge management.  

2 OVERVIEW�OF�CHALLENGE�

The concept of Structural Health Monitoring (SHM) of 
physical assets started in the power generation industry in the 
1970s. Dimagronas [2] gives a comprehensive review of the 
evolution of SHM since that time and broadly speaking it has 
proved to be quite effective for monitoring mechanical 
systems, particularly rotating machinery. The last quarter of a 
centenary has seen the same philosophy of instrumentation 
and monitoring applied to valuable civil engineering assets 
such as large bridges. For example many of Europe’s large 
bridges (such as the Millau Viaduct) already have 
instrumentation installed to detect movements. However, for 
the most part the results for bridge SHM have not been as 
successful as SHM for mechanical systems. In the opinion of 
the authors this is primarily due to the fact that broadly 
speaking it is more difficult to interpret bridge data than 
mechanical data. For example, within a mechanical system the 
response signature of given parameter (e.g. strain in a 
component) is relatively narrow. However, the response 
signature for a bridge (e.g. strain in a particular component) 
can vary substantially even under normal operating conditions 
due to changes in temperature, traffic load and boundary 
conditions. Therefore typically it takes a long time to learn 
‘normal’ patterns for the bridge and as a result this makes the 
identification of anomalies difficult.  

The ultimate goal of this research is to try and develop a 
Decision Support System (DSS) for bridge managers, i.e. we 
want the DSS to output metrics of use for decision making. 

For larger bridges (that typically have permanent 
instrumentation and therefore much data is available) the 
challenge is to develop a data fusion system capable of 
interpreting the data and outputting tangible metrics that can 
be used by bridge managers to make cost effective decisions.  

For smaller bridges (no permanent sensor installation) the 
challenge is to utilise recent advances in sensor technology to 
collect (limited) data within the financial and logistical 
constraints that network operators function under but still 
provide some metrics useful for decision making. It is 
envisaged that the metrics produced by the DSS will 
complement the (primarily visual) information that is 
currently used to make decisions. Essentially we want to see if 
sensor data can add value to the existing decision making 
process. The graphic in Figure 2 illustrates the concept. 

    

DSS�

Sensor�

Decisions�made
Action�A�
Action�B�

Decisions�to�be�
made�about�
bridge�
Decision�A?�
Decision�B?�

Data�

Metrics�suitable�for�
decision�support�

Figure 2. Flow chart showing concept behind DSS. 

3 OUTLINE�OF�PROJECT�

Monitoring of Structural Performance (MOSP) will carry out 
research to try and develop an advanced computerised 
Decision Support System (DSS) to assist bridge managers in 
making cost effective decisions. Many of Europe’s larger 
bridges already have instrumentation that provides 
information on displacement, acceleration, temperature, wind 
speed, traffic load, etc.. This data can be used as an input to 
the new system. The objective is to ‘fuse’ the data in a logical 
manner i.e. the system will attempt to integrate the disparate 
pieces of information to form a picture of how the structure is 
performing. The flow chart in Figure 3 illustrates the concept 
of the procedure. In the figure a truck is shown crossing a 
bridge. At the same time the bridge is subject to wind loading 
and, depending on environmental conditions, it is also 
affected by temperature fluctuations. Sensors can be used to 
monitor variables such as temperature, wind speed and bridge 
acceleration and some sample plots are shown in the second 
part of the flow chart. The challenge is to fuse this disparate 
data into a coherent picture to provide information of use for 
making effective decisions regarding the structure.  

Figure 3. Sequence for using new Decision Support System.  
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The current state of the art for bridge monitoring techniques 
can be classified as either Physics-driven’ or ‘Data-driven’.
Table 1 gives a summary of the philosophy behind each of 
these two techniques and the text following the table gives a 
literature review.  

Table 1. Physics-driven Vs Data-driven 

Physics-driven Data-driven 
Physics-based
techniques utilise 
our physical 
understanding of 
the system. 
Equations that 
define relationships 
between the 
different system 
variables are used 
to construct 
numerical models 
of the system. For 
example, prepare a 
finite element 
model of a bridge 
and calculate the 
displacement due 
to a given load. If 
the observed 
displacement due 
to the same load 
increases, this 
could be an 
indication that the 
bridge has 
experienced some 
damage. 

Data-driven approaches are 
appropriate when the 
understanding of first principles 
of system operation is not 
comprehensive or when the 
system is sufficiently complex 
that developing an accurate 
model is prohibitively 
expensive. These algorithms are 
designed to ‘learn’ 
characteristics of a time series 
generated by sensor data during 
a period called the initialisation 
phase during which the structure 
is assumed to behave normally. 
This phase subsequently helps 
identify those behaviours which 
can be classified as anomalous. 
For example, the displacement 
of the bridge may be monitored 
for two years during the 
initialisation phase. If in 
subsequent years the 
displacement is observed to go 
outside the envelope established 
during the initialisation phase it 
indicates that the bridge has 
experienced some damage.

Physics-based Catbas et al. [3] provide a comprehensive 
report on applying physics based models to bridges. 
Numerous researchers have applied physics based models to 
actual constructed systems, [4,5]. These models are typically 
used to model the behaviour of the structure under critical 
loading. They are also used to diagnose the causes of changes 
in behaviour. For example Teughels and De Roeck [6] use the 
method to identify structural damage in a Swiss highway 
bridge. The principal drawback of the approach is that even 
when the model is tuned using experimental data the 
behaviours predicted by the updated model may not be correct 
due to uncertainty and parameter compensation [7]. In recent 
work Goulet et al. [8] allow for uncertainty in their model(s) 
and they show that using this approach they were able to 
falsify the hypothesis that the bridge under investigation was 
behaving as designed when subjected to ambient vibration 
inputs.  

Data-based Several authors have investigated the use of data 
based approaches to model structures [9,10]. The primary 
advantage of these approaches is that they are solely 
dependant on the data provided, this makes them attractive for 
the modelling complex phenomena. Posenato et al. [11] 
describe a typical data based bridge monitoring system. The 
drawbacks of the data based approach are the length of time 
needed to train the model and also the difficulty in identifying 
the effect of individual inputs. For example the deflection of 
the bridge is larger during the day than at night. This is due to 
the higher traffic load and the increase in temperature, 
however it is very difficult to say what portion of the 
deflection is due to traffic alone.  

Both methods (Physics-driven’ and ‘Data-driven’) have 
strengths and weaknesses so the logical approach is to exploit 
the advantages of each method by implementing both when 
monitoring the structure. The objective of MOSP is to 
integrate the Physics-driven and Data-drive methods into one 
system that will provide performance prognosis and support 
decision making. Essentially, both methods will be applied to 
a given structure and the results from each method will be 
input into a decision support system (DSS). The DSS will 
support evidenced based reasoning under uncertainty. A 
schematic of the procedure is given in Figure 4.

Figure 4. Concept for Decision Support system 

Broadly The project is broken into six separate stages. 

� Stage1 dialogue with stakeholders to identify desired 
outputs from DSS 

� Stages 2&3 Physics-based modelling 
� Stage 4 Instrumentation 
� Stage 5 Data-based modelling 
� Stage 6 Development of novel DSS

and these are dealt with in the following section.  

4 PROJECT�STAGES�

Stage 1: Talk to stake holders and identify what 
performance metrics they have faith in. This is a crucial step 
because it identifies from the outset the outputs we want from 
the DSS. The stakeholders include bridge operators and road 
authorities.    

Physics based Data based 

DSS 

Performance 
prognosis  
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Stage 2 conceptualisation of the physical model, in this case 
a Finite Element (FE) model will be used. Using dimensions 
measured in the field and any available drawings, the model 
geometry and element selection for a number of bridges will 
be prepared. Note at this stage no material properties will be 
assigned to the model. In relative terms, ascertaining accurate 
geometric properties for an existing structure is substantially 
easier than ascertaining accurate material properties. 
Therefore the material properties will be assigned using a 
separate process in stage 3. This approach, has previously 
been used by Exeter’s Vibration engineering Section (VES) to 
prepare the geometric part of the FE model for Tamar Bridge 
(Figure 5). Tamar is a suspension bridge with a 335 m centre 
span and it carries approximately 40,000 vehicles per day 
between Devon in the UK.  

Figure�5.�Tamar Bridge; (a) Photograph of structure, (b) Finite 
element model of structure.  

Stage 3 ‘Model updating’ leading to single/multiple 
physics-based models. Once the geometric part of the model 
has been established the next step is to assign material 
properties to the structure. Obviously selecting the correct 
material properties is crucial if the model is to accurately 
simulate the behaviour of the real structure. The performance 

of the model can be checked against measured results and the 
input properties can be ‘updated’ using an iterative process so 
that the outputs of the model match the measured behaviour. 
This is the traditional approach to tuning a model. However, 
in work by [8] it is shown that parameter compensation can 
occur resulting in errors in the models. They found that 
creating multiple models from a statistical distribution of 
material properties and then disregarding all the models 
except the handful that match the observed behaviour worked 
best.  

Stage 4 Instrumentation layout. For long term monitoring 
the instrumentation design requires the use of methodologies 
for optimal sensor placement [4]. Variables to be measured 
include displacement, acceleration and temperature. 

Stage 5 Development of new data based systems. Here we 
take existing data-based systems similar to those described in 
section 3. However, before applying them to the field data 
some modifications/improvements will be made to the 
methods.  In particular it is hoped that the following two new 
features will be introduced to the models: 
� Adaptive baselines- As described in section 3, when using 

data-based methods anomalies are detected when the 
metric being observed goes outside the boundary of what 
was measured in the initialisation phase. It would be 
extremely useful if the baseline/threshold values in the 
data models adapt automatically to new information. 

� Single input – Single output load responses- It has already 
been highlighted that one of the limitations of data-based 
methods is that the metric being observed is often 
influenced by several factors, e.g. displacement is 
influenced by traffic load, wind load and temperature. For 
future scenario analysis it would be very useful to be able 
to say what portion of displacement is generated by traffic, 
what portion is caused by wind and what portion is due to 
temperature. We hope to be able to develop such a 
capacity by applying co-integration to the problem. Co-
integration has been used in economics and finance since 
the 1980s since the approach was formalised by Nobel 
Laureates Engle and Granger. If two or more series are 
individually integrated (in the time series sense) but some 
linear combination of them has a lower order of 
integration, then the series are said to be co-integrated. 
This process of untangling the various strands is analogous 
to removing the haystack to find the needle. 

Stage 6 Scenario simulation for decision support and 
prognosis. The aim of the DSS is to use state of the art 
technology to provide stakeholders with diagnostic and 
prognostic information shaped to give them optimal decision 
support. Performance prognosis is likely to prove possible in 
the coupled data-driven and physics-based approach proposed 
here via stages 3 and 5. A combination of the two approaches 
will be used to predict performance for events out of the 
observed range of experience. It is envisaged that an approach 
will be adopted similar to that used in the VES Structural 
Health Monitoring system ‘VESHMS’ which has been 
developed to manage existing structures such as Humber 

(a) 

(b) 
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bridge in the UK, (span 2,200 m, see Figure 1). This is a data-
based system and it operates as described in section 3, so 
essentially it currently monitors and records what is 
happening to the bridge. We aim to upgrade this system to 
include the features described in stages 1-5. It is hoped that 
the new system will have a new physical-modelling capability 
as well as improved data-modelling features.  

5 EXAMPLE�OF�MONITORING�PERFORMANCE�

This section describes an example of quantitative monitoring 
that was carried on a steel bridge over the River Exe in 
Devon. The bridge is a single span half through steel bridge 
on concrete abutments. The clear span between the bearings is 
36m, the main beams are 2.1m deep and the flanges are 
630mm wide. The bridge runs approximately East-West and 
Figure 6 is a photo of the North elevation of the bridge. Figure 
7shows drawings of the bridge.    

Figure 6, North Elevation of bridge.  

                                            (a) 
   

                                             (b) 

Figure 7, Steel bridge over the river Exe, (a) Elevation, (b) 
Section through the deck. 

The goal of the study was to examine the regular movements 
that could be expected from the bridge. Although other 
measurements were recorded on the day (e.g. bridge 
accelerations) in this paper we will focus on the range of 

movement that could be expected from the bearings. Figure 8 
shows the expansion joint at the east end of the bridge.  

Figure 8, Deck expansion at the east end of the bridge, (this 
view is looking north). 

(a)

Figure 9, Location and arrangement of LVDT sensor (a) 
Location, (b) Arrangement 

Location of 
LVDT
sensor  
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The LVDT sensor shown in Figure 9(b) measures the relative 
displacement between the end of the steel beam and the 
curtain wall at the back of the abutment. The LVDT is 
mounted on a retort stand whose base is attached to the end of 
the steel beam using a magnet. The movement of the joint was 
observed from 10.00 hours to  16.50 hours. As well as 
measuring displacement a thermocouple was used to record 
the temperature at a point on the east end of the main beam on 
the north side of the bridge. Figure 10 shows the movement 
between the north beam and the east abutment, this movement 
is plotted with respect to the left hand y-axis. The figure also 
shows the temperature of the steel beam at the location 
described above. The temperature information is plotted with 
respect to the y-axis on the right hand side. It can be seen in 
the figure that the temperature of the steel increases from 
approx. 9.5oC at 10.00 hours to a maximum of 15oC at 14.45 
hours and this results in the joint closing by approximately 
2.5mm. From 14.45 hours onward the temperature of the steel 
starts to reduce and the joint starts to open slowly.        
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Figure 10, Steel temperature an associated joint movement. 
   

6 CONCLUSIONS�

This paper outlines the Marie Curie FP7 Monitoring of 
Structural Performance (MOSP) research project. The goal of 
the project is to provide a decision support system for bridge 
management to assist in providing for reliable and efficient 
operation of European bridges. The project aims to combine 
data based and physics based modelling techniques to develop 
a more holistic approach to bridge monitoring. The outputs 
from the project should result in enhanced reliability and 
productivity for bridges on Europe’s transport networks.  
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ABSTRACT: Maintenance associated with an ageing bridge stock has become a major problem for bridge owners and managers 
throughout Europe. In response to this problem, there has been increased interest in the use of probabilistic methods for the 
assessment of ageing bridges. This paper presents a probabilistic assessment of a 40 year old steel truss railway bridge in 
Nieporet, Poland. The purpose of using probabilistic methods to assess the performance of a bridge is to avoid unnecessary 
repair/rehabilitation and/or to optimise any repairs that are shown to be necessary. In this study, a 3D Finite Element (FE) model 
of the bridge was developed using MIDAS CIVIL software. The model was used to carry out a deterministic assessment of the 
bridge according to I.S. EN 1991-2:2003, using the rail traffic load model (Load Model 71). The results of the deterministic 
assessment showed that the stresses induced in the cross beams were sufficiently high to cause failure. Therefore, a probabilistic 
assessment of the most critical cross beam was carried out. The probabilistic analysis incorporated bridge specific loading 
(Weigh in Motion data) and stochastic modelling and showed sufficient reliability (i.e. sufficiently low failure probability) of the 
cross beam in accordance with ISO 2394:1998. The financial benefits to the bridge owners are apparent from the results, which 
suggest that costly bridge repair/rehabilitation can be avoided or optimised. 

KEY WORDS: Probabilistic assessment; Bridge assessment; Bridge modelling; 

1 INTRODUCTION�

Bridge owners and managers commonly face the issue of 
optimizing the operation and maintenance of an ageing bridge 
stock. In the past, costly bridge repairs would commence after 
a deterministic assessment has shown a structure to be unsafe. 
The use of probabilistic bridge assessment allows more 
accurate modelling of the load/resistance parameters, through 
incorporation of bridge-specific information, and can often 
show sufficient reliability, even after a deterministic 
assessment has rendered the bridge unsafe. Potential is also 
offered to optimise any repairs that are shown to be necessary. 

This paper demonstrates a probability based assessment 
which was carried out on a steel truss railway bridge as part of 
the SMARTRAIL 7th Framework Programme. The bridge is 
located in Niepor�t, near Warsaw and was constructed in the 
1970s. It is one of over one thousand similar bridges in Poland 
[1] and has been the subject of much research in the past. 
Figure 1 shows an elevation of the Niepor�t Bridge.  

 

 
Figure 1. Nieporet bridge elevation 

2 FINITE�ELEMENT�MODEL�

A Finite Element (FE) model was created using the Midas 
finite element software package [2]. The bridge was modelled 
using linear elastic beam elements with full fixity at the node 
points. The design drawings for the bridge were used to set up 
the geometry and to calculate the section properties of each of 
the members. The bridge in question spans 40 m and consists 
of five 8 m long bays. The vehicle load is transferred onto two 
‘stringer’ beams. The stringer beams span longitudinally 
between six cross beams which connect to the node points of 
the truss. There is diagonal wind bracing at the top and bottom 
of the structure. A Young’s Modulus of 2.1x108 kN/m2 was 
assigned to all steel members. Figure 2 shows an outline view 
of the Midas model. The track and sleepers are omitted from 
the figure for clarity. 

The bridge and model have four supports which allow 
sufficient movement to prohibit the occurrence of thermal 
stresses in the structure.  

 
Figure 2. Nieporet bridge FE MIDAS model 
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2.1 Model�Validation�

Previous research on the Nieporet bridge focused on 
measuring the response of the bridge due to the passage of an 
ET22 locomotive [1]. The measured response (voltage) taken 
from the underside of the stringer beam in the first bay was 
examined. The signal for the slowest speed (37 km/h) was 
compared with the signal generated by the static model 
created for the current study as this signal contained the least 
dynamics. As the conversion factor between voltage and stress 
or strain for the sensor was unknown, the only comparison 
that could be made was the shape of the signal and not the 
magnitude of the response. The theoretical signal generated 
from the model at this location showed a good match in the 
shape of the measured and theoretical responses. The shape of 
the signal alone may not be sufficient to confirm the accuracy 
of the Midas model. Therefore, a stress signal provided by [1] 
for the top side of the stringer beam in the first bay was 
compared to that of the current study. The theoretical (static) 
signal generated by the Midas model for the current study 
showed close agreement in both the shape and magnitude of 
the stress signal. 

Finally, the stress signal in one of the truss diagonals due to 
the passage of an ET22 locomotive, calculated from the Midas 
model for the current study, was compared to those derived 
from strain gauge measurements and numerical model 
calculation by [1]. The comparison is shown in Figure 3. It is 
clear that the shape and magnitude of the stress signal 
generated by the current model (right) is very close to those 
calculated by [1] (left and centre). 

 
 

  
Figure 3. Stress signal in truss diagonal from strain gauge 

measurements (left), model by Kolakowski et al. (centre), and 
current model (right) 

 
Bridge-specific data such as the data calculated in [1] can be 

used to tailor the response of numerical models for accuracy. 
However, the model created for the current study showed 
close enough agreement with the measurements that this was 
not deemed to be necessary. 

3 DETERMINISTIC�ASSESSMENT�

3.1 Load�Model�

The railway load model from Eurocode 1 (I.S. EN 1991-
2:2003) [3], Load Model 71, consists of 4 x 250 kN axles, 
spaced at 1.6m, with a UDL of 80 kN/m at a distance of 0.8m 
in front of and behind the axles. Figure 4 illustrates Load 
Model 71 (LM 71). 

 
Figure 4. LM 71 from EN 1991-2:2003 

These loads were multiplied by the following load factors in 
accordance with Eurocode 1: 
� Adjustment factor � to account for rail traffic which is 

heavier or lighter than normal rail traffic. This factor was 
taken as 1.1 (recommended in IS EN 1991-2:2003 NA). 

� Dynamic factor � to account for dynamic magnification 
of stresses and vibration effects in the structure. 

The dynamic factor � for a carefully maintained deck is given 
as: 

82.0
2.0

44.1
�

�
��

�L
                        (1) 

The determinant length, L�, is given in EN 1991-2:2003, 
Table 6.2, for rail bearers (stringers) and cross beams as part 
of a steel grillage as: 
� L� (stringer) = 3 times cross girder spacing = 24m. 
� L� (cross beam) = Twice cross girder length = 10m. 
Thus, the dynamic factors for the stringers and cross beams 
were calculated as �stringer = 1.13; �cross beam = 1.31. As no 
determinant length is specified in the code for members other 
than cross beams and stringers, the dynamic factor for all 
bridge members other than the stringers was conservatively 
assumed to be equal to the cross beam dynamic factor. 
 

3.2 Analysis�

The model created in Midas is a static model of the bridge, i.e. 
no vehicle or bridge dynamics are considered. It is not a 
simple task to generate signals due to moving loads traversing 
the bridge in Midas. Therefore, influence lines for total stress 
for different members in the model were exported to Matlab. 
The Navier stress influence line ordinates are calculated in 
Midas as shown in equation 2.  
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t ����                          (2) 

Where i�t are the influence line ordinates for total stress, imx & 
imy are the influence line ordinates for bending in each 
direction, ipz are the influence line ordinates for axial force, y 
& x are the distances to the maximum point of stress in the 
member, Ix & Iy are the moments of inertia about each axis of 
bending and A is the cross sectional area. Figure 5 shows the 
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total stress influence line for the second cross beam from the 
left support. 
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 Figure 5. Stress influence line for cross beam 2 

In Matlab, Load Model 71 was run across the length of the 
influence line to identify the maximum stress induced for each 
member. The front UDL was first run across the influence 
line, followed by the axles and the back UDL. The combined 
stresses due to live load (LM 71) and dead load (self-weight) 
were calculated for the critical member of each type and are 
summarised in Table 1. The load ratio is also calculated in 
Table 1, defined as the induced stress / yield stress (fy). In the 
absence of strength test information from the bridge, a yield 
stress of 275 MPa was assumed. This was modelled more 
accurately as part of the probabilistic assessment. 
 

Table 1. Stresses due to live-load and self-weight. 

Member Stress 
(MPa) 

Load ratio 

Bottom cross beam 321.7 1.17 
Top cross beam 55.7 0.20 
Stringer beam 168.9 0.61 
Truss diagonal 201.8 0.73 
Truss bottom chord 132.7 0.48 
Truss top chord 127.0 0.46 
Top diag. bracing 94.7 0.34 
Bottom diag. bracing 29.1 0.11 
Bottom cross bracing 22.5 0.08 

 
It is shown in Table 1 that the critical cross beam of the 
structure has failed due to the application of the applied 
loading. The cross beam in question (hereafter referred to as 
‘CB2’) is the cross beam between the first and second bay (on 
each side), as shown in Figure 2. Therefore, a probability 
based analysis was performed on this member to better assess 
if the member was structurally safe. Although combinations of 
wind, nosing and traction / braking forces were not considered 
in Table 1, these were later applied to each other member and 
it was found that the load ratios were all below 1 (i.e. no 
further assessment was required). 

4 PROBABILISTIC�ASSESSMENT�

In the probabilistic assessment, all parameters which relate to 
the load and resistance equation of the ULS were modelled 

stochastically. This means that the static analysis was run a 
number of times, varying each parameter by randomly 
sampling from a distribution with a mean value (�), and 
standard deviation (�). A Matlab random number generator 
was used to perform the sampling. 

The critical ULS for CB2 was based on a check of Navier 
stresses, as for the deterministic assessment, described as: 

0�g  where ||��� yfg                        (3) 
Where fy describes the yield strength of the structural steel and 
|�| is the induced Navier stress due to the applied loading, 
equal to �Fx + �My + �Mx. The variables to be modelled 
stochastically included traffic load, dynamic amplification, 
dead load, superimposed dead load and steel yield strength. 
Therefore, the secondary effects of wind, side impact and 
traction/braking were incorporated deterministically. 
 

4.1 Traffic�Load�

In order to obtain a model for train wagon loads, data was 
gathered from a Weigh-in-Motion (WIM) system on the 
Nieporet bridge. WIM systems are comprised of a series of 
sensors which measure strain signals. These strain signals can 
be used to calculate the weights of vehicles as they traverse 
the bridge. The Nieporet bridge was instrumented at the cross 
beams, truss diagonals and stringer beams. At the time of 
inspection, 10-12 trains traversed the bridge per day. Based on 
this, the level of WIM data was enhanced to one month using 
statistical operations. Figure 6 shows a histogram of the 
derived train wagon weights for a period of one month. 
Statically weighed trains were also used to derive the data. 
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Figure 6. Wagon weight histogram 

 
Normal distributions were fitted to axle spacing data in 

order to obtain a standard wagon configuration. Figure 7 
shows the derived wagon configuration. 

 

 
Figure 7. Wagon configuration 

 
Extreme value modelling was used to derive train wagon 

weights. The parameters μ and � of the Extreme Value 
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Distribution (EVD) were required. The parameters are based 
on a Gumbel fit [4] to the 30 maximum daily observations 
over a period of one month. The equation of the Cumulative 
Distribution Function (CDF) for the Gumbel EVD is: 
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�

�)(expexp)( xxFx                     (4) 

The threshold, �, and the scaling parameter, �, of the Gumbel 
law, Fx(x), are estimated by minimisation of the error between 
the empirical and modelled distribution. Figure 8 presents the 
CDF of the modelled Gumbel distribution fitted to the 
empirical data of maximum wagon weight for a 30 day period. 
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Figure 8. Gumbel fit to maximum monthly wagon weight data 

 
Considering the stress influence line for CB2 (Figure 5) and 

the wagon configuration (Figure 7), it is clear that no more 
than 3 wagons would be positioned over the adverse portion 
of the influence line at any time. Therefore, it is appropriate 
that the Gumbel distribution is based on a fit to the maximum 
daily values of the total weight of 3 adjacent wagons. The 
distribution of 30 daily maximum observations, Fx(x),was 
converted to the yearly distribution of maxima, Fmax(x), as: 

))](1(exp[)(max xFNxF x���                 (5) 
Where N is equal to 250, for 250 working days per year. 

The Gumbel parameters μ and �, for 3 wagons were 
calculated as 2,688 kN and 32 kN, respectively. Therefore, the 
normalised values for 1 wagon are 896 kN and 10.7 kN (CoV 
= 1.19%), respectively. Figure 9 illustrates the CDF of wagon 
weights for the daily and yearly data. 
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Figure 9. Daily & yearly Gumbel CDF of wagon weight 

Model uncertainty should always be taken into account for 
loading and capacity [5]. The model uncertainty for wagon 
weight was considered as normally distributed with a mean of 
1 and a Coefficient of Variation (CoV) of 10%, relating to a 
small level of uncertainty [5]. This is considered as 
conservative since the CoV in the data is quite low (1.19%) 
and considering the strict protocols used in the loading of train 
wagons. 

4.2 Dynamic�Amplification�

The dynamic amplification factor in the probabilistic 
assessment is modelled as: 

���1sK                                         (6) 
Where � is the dynamic increment, which is modelled as a 
normally distributed variable. The CoV of � is given as 1 [6]. 
The dynamic increment represents the 98% fractile value of 
the deterministically calculated supplement [6], herein 
calculated as 0.31. Therefore, to ensure that a 98% fractile 
value of 0.31 is achieved, the mean and standard deviation are 
required to be 0.101 and 0.101, respectively. 

4.3 Dead�Load�

The stress due to dead load is modelled as normally 
distributed with a mean value, calculated for CB2 from the FE 
model, equal to 16.3 MPa. Note that this stress is due to the 
total dead load without considering the superimposed dead 
load (track and sleepers), which is modelled separately. The 
CoV for dead load (VM) is taken as 5% with an additional 5% 
to model uncertainty (VIM) [5]. Since both CoVs are normally 
distributed, they can be combined as shown in equation 7 to 
calculate the total CoV in stresses due to dead load (V): 

222
IMM VVV ��                                 (7) 

Therefore, V is calculated as 7.1%. 

4.4 Superimposed�Dead�Load�

The stress due to superimposed dead load (composed solely of 
the track and sleepers) is also modelled as normally 
distributed with a mean value, calculated for CB2 from the FE 
model, equal to 4.5 MPa. The CoV for superimposed dead 
load is taken as 10% with an additional 5% to model 
uncertainty [5]. Therefore, the overall CoV for superimposed 
dead load is calculated as 11.2%, using a formulation similar 
to equation 7. 

4.5 Steel�Yield�Stress�

The Yield stress (fy) is modelled as logarithmic-normally 
distributed [5]. In the absence of specific testing, St.37 steel is 
conservatively assumed [5]. Therefore, with a minimum 
thickness (t) = 12mm the mean value of the yield stress is 
taken as 304 MPa with a standard deviation of 25 MPa [5]. 
The model uncertainty for the yield strength must take 
account of: 
� The accuracy of the calculation model; 
� Uncertainty in determining material parameters from 

control specimens; 
� Material Identity. 
The accuracy of the calculation model is taken as good due to 
the verification of the model, as described in section 2.1. The 
uncertainty in determining material parameters is classified as 
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medium as this is assumed in the determination of fy [5]. The 
uncertainty associated with material identity is classified as 
normal due to the lack of test data. On the basis of these 
distinctions, the model uncertainty for the yield stress was 
modelled as logarithmic-normally distributed with a mean 
value of 1 and a standard deviation of 8.7%. Again, the 
contribution of the CoV of the yield stress and the associated 
model uncertainty can be combined in a formulation similar to 
equation 7 to give an overall CoV equal to 12%. 

4.6 Incorporation�of�Additional�Loads�

In order to incorporate the effects of wind, nosing and 
braking/traction, the factored contribution of the stresses due 
to these loads were calculated deterministically. The worst 
case load combination from I.S EN 1991-2:2003 was 
calculated as: 1.0(DL) + 1.0(SDL) + 1.0(LL) + 0.5(nosing) + 
1.0(traction/braking) + 0(wind). Therefore, wind is not 
incorporated, in conformance with the code. The total factored 
contribution of the nosing and traction/braking forces were 
calculated as 30.2 MPa. This value was subtracted from the 
mean value of the yield stress. This stochastic-deterministic 
combination is only possible as the contribution of the 
deterministically calculated stresses is small in relation to the 
total stresses (<10%) and is conservative [6]. A summary of 
all variables modelled is given in Table 2. 
 

Table 2. Models and Parameters for variables of CB2 

Variable Distribution � CoV 
Yield Strength LogNorm 304 MPa 0.08 
Mod. Unc. yield strength LogNorm 1 0.09 
Dead Load Stress Norm 16.3 MPa 0.05 
Mod. Unc.- Dead Load Stress Norm 1 0.05 
Superimp. Dead Load Stress Norm 4.5 MPa 0.10 
Mod Unc.– SDL stress Norm 1 0.05 
Wagon Weight (3 wagons) Gumb 2,688 kN 0.01 
Mod Unc.- Wagon Weight Norm 1 0.10 
Dynamic Amp. 	 increment Norm 0.1 1.00 
Wind, Nosing & Traction - - - 

 

5 RESULTS�

5.1 Calculation�of�Reliability�Index,���

A First Order Reliability Method (FORM) [7] was used to 
estimate the reliability index, 
, of the performance function 
presented in Equation 3, which can also be written as: 

0),( ��� SRSRg                             (8) 
Where R is the steel yield strength (i.e. resistance) and S is the 
induced Navier stress due to applied loading (i.e. load effect). 
The distributions of the resistance and load effect were found 
through 10,000 runs of the static analysis, with parameters 
varying about mean values with CoVs as presented in Table 2. 
A lognormal distribution was found to be a good fit for both 
the yield strength and the induced Navier stress. The 
probability of failure is defined as: 

]0[ �� gPPf                                   (9) 
Where the notation [g < 0] denotes the failure region. For this 
analysis, the Hasofer-Lind method was used to estimate 
 [7]. 

The Hasofer-Lind method involves transforming the random 
variables from their original space to standard normal space 
and finding the shortest distance from the origin to the limit 
state function. In standard normalized space, the shortest 
distance from the origin to the failure surface is equal to the 
reliability index as shown: 
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Where μR and μS are the mean values of the random variables 
R and S, respectively and �R and �S are the standard deviations 
of R and S, respectively. A requirement of FORM is that the 
variables in equation 10 are normal and independent. Given 
the non normal nature of the load effect and resistance 
variables in this case, the Rackwitz Fiessler method [7] is 
used, which involves the transformation of non-normal 
distributions into equivalent normal distributions. 

A beta value of 4.26 was determined for CB2. From ISO 
2394:1998 [8], a minimum beta value of 3.8 is deemed 
appropriate for ULS with a “great” consequence of failure 
and a “Medium” relative cost of repairs. That is, the beta 
value determined is sufficiently high for the bridge to be 
considered safe. This code is considered appropriate for 
comparison with the Nieporet bridge as it considers reliability 
of existing structures. It should be noted, however, that 
various levels of reliability are specified (Table 3). 

 

Table 3. Minimum Reliability Indices from ISO 2394:1998 

Failure Consequence Relative Cost of Repairs 
 Low Medium High 

Small 2.3 1.3 0.0 
Some 3.1 2.3 1.5 

Moderate 3.8 3.1 2.3 
Great 4.3 3.8 3.1 

 
For the example of the current analysis, if a higher level of 

reliability was required for CB2, a repair strategy could be 
optimised. This could include, for example, the application of 
a Carbon Fibre Reinforced Polymer (CFRP) to the underside 
of the steel beam, in order to resist bending about the primary 
axis. The probabilistic analysis would be re-run with the 
stress/strength parameters re-calculated until an appropriate 
level of reliability was achieved. 

 

5.2 Sensitivity�Analysis�

A reliability based classification should always be 
accompanied by a sensitivity analysis to evaluate the 
robustness of the result and to determine if the reliability 
index is overly sensitive to any of the modelled parameters 
[6]. The sensitivity is measured by the ratio of the change in 
reliability index to the change in any particular parameter (�� / 
�parameter). In the current analysis, the sensitivity of the 
analysis to each parameter is measured with respect to a 10% 
increase in the parameter value. The results are shown in 
Figure 8. For example, it can be seen that the analysis is most 
sensitive to the mean yield strength with a 17% increase in 
reliability index due to a 10% increase in the mean yield 
strength (i.e. �
 / �parameter = 1.7). As expected, the mean 
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wagon weight is also an important parameter, with a 16% 
decrease in reliability index due to a 10% increase in weight. 
When reading Figure 8, note that Fy is the yield stress of the 
steel, Unc_wag is the model uncertainty associated with the 
weight of a single wagon, DL is the dead load, SDL is the 
superimposed dead load, Wag is the wagon weight, DAF is 
the dynamic amplification factor. The postscripts mean and 
sig denote the mean and standard deviation respectively. Note 
that while the uncertainty associated with the wagon weight is 
the only uncertainty model analysed for sensitivity, the 
uncertainty models for each of the other parameters are 
accounted for in the standard deviation of that parameter. 
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Figure 8. �
 for a 10% increase in the mean and variation 

coefficient of each parameter 
 
It is clear from the sensitivity analysis that the incorporation 

of additional testing on the strength properties of the steel 
could result in higher levels of reliability. In the current 
analysis, the minimum yield strength was assumed from [5], 
therefore, further analysis would not only reduce the 
uncertainty associated with the strength modelling, but may 
also lead to the allowance of higher mean yield strengths, 
increasing the reliability index. 

Since the WIM database had to be artificially enhanced in 
the current analysis, and considering the high sensitivity to the 
mean wagon weight parameter, a full month of WIM data 
would be preferable to accurately model the distribution of 
train wagon weights. While this may result in either increased 
or decreased wagon weights, it would be accompanied by a 
reduction in the uncertainty associated with the mean wagon 
weights. It is clear from figure 8 that this reduction in 
uncertainty would have a significant beneficial impact on the 
reliability index. 

6 CONCLUSIONS�

While the assessment of existing bridges by applications of 
guidelines from a general code is quick and efficient at a 
consultancy level, probabilistic based assessment may prove a 
bridge to be structurally safe, even if the specific requirements 
of the general code are not fulfilled. The justification of using 
these probabilistic measures for assessment is simple; 
essentially, they form the basis of the background documents 
to the design/assessment codes. 

In the current assessment, a deterministic analysis of a steel 
truss railway bridge showed that the cross beams of the 
structure did not have sufficient capacity to resist the live 
loading from LM1 of EN 1991-2:2003. A probabilistic 
approach showed the reliability index of the bridge element to 
be sufficiently high to provide adequate safety in accordance 
with ISO 2394:1998. The potential cost savings to the owner 
are clear as unnecessary repair/replacement can be avoided. 

It should be noted that while various codes have published 
target reliability indices, and not all are in agreement with one 
another, the target reliability levels referenced in Table 3 of 
this report are considered the most appropriate for the bridge 
in question.  

In the event that a specific target reliability level is not met, 
a repair strategy can be optimised. For the example of the 
current analysis, if a higher level of reliability was required 
for CB2, a repair strategy might include the application of a 
Carbon Fibre Reinforced Polymer (CFRP) to the underside of 
the steel beam, in order to resist bending about the primary 
axis. The level of reinforcement required could be calculated 
in conjunction with providing a sufficient reliability index. 

As outlined by the sensitivity analysis, the current 
assessment would benefit from additional bridge-specific 
information. Specifically, the provision of steel testing to 
obtain a more accurate model for the mean and standard 
deviation of the yield strength of the steel could prove to 
increase the reliability index. In addition, it is noted that a full 
month of WIM data for the bridge would be required to more 
accurately model the railway live load at the site. 
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2� MATERIALS AND METHODS 
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2.2 Alkali activator 
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2.3 Geopolymer binder characterisation 
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2.4 Physical properties and durability 
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2.5 Environmental impact 
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3� RESULTS AND DISCUSSION 

3.1 Geological precursor 
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3.2 Alkali activator 
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3.3 banahCEM binder characterisation 
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3.3.1 XRD
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3.3.2 SEM
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3.3.3 Isothermal conduction calorimetry
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3.4 Physical properties and durability 

3.4.1 Binder content vs compressive strength 
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3.4.2 Accelerated aging 
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3.4.3 Acid resistance 
E�$���
 A
 ���(�
 ����
 ���
 !���
 �����
 ���
 !�����#%&!����

"�����
����
"���
��������	+
!��
����
���
���
��������
�'��
��"�+

��'�����$
 ���
 ��
 �  ��-�"����	
 ��M)
 1�
 ���
 �����
 ����+
 ���

5�������
 ��"���
"�����
 ���������
 ��
 ����
"���
�����
 ���
 ���

��
���
����+
������$�
���
����
(��
����
��'���
��
���
� ���"���

��!8�����
��
B��
�����*+
��
 ���
���
��
���
��(��
�������������

��
���
����
��������)






E�$���
A
R
���
����������


3.4.4 Thermal conductivity 
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3.4.5 Fire Resistance 
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3.5 Environmental impact 
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ABSTRACT: Alkali activated slag (AAS) is a credible alternative to Portland cement (PC) based binder systems. The superior 
strength gain and low embodied carbon make it a potential binder for next generation concretes. However there is little known 
about the long term durability of AAS systems, especially the chloride transport and subsequent corrosion of reinforcing steel. 
In this study, chloride transport through 12 AAS concretes with different alkali concentrations (Na2O% of mass of slag) and 
different modulus (Ms) of sodium silicate solution activator was investigated. A non-steady state chloride diffusion test was 
used for this study due to its similarity to the real exposure environment in terms of chloride transport through concrete. The 
results showed that the chloride concentration at the surface (Cs) of AAS concretes was higher than that for PC concrete. 
However, lower non-steady state chloride diffusion coefficient (Dnssd) was obtained for the AAS concretes. The Dnssd of the AAS 
concretes decreased with the increase of Na2O% and Ms of 1.50 gave the lowest Dnssd. The results are encouraging and it can be 
concluded that AAS concrete offers a superior performance in terms of chloride transport.

KEY WORDS: AAS; chloride diffusion; anionic exchange; pore structure; chloride binding.

1 INTRODUCTION

Slag, which is a by-product from steel industry, is activated by 
using alkali activator to produce AAS. Compared to PC, AAS 
is an environmentally friendly cementitious material. Besides, 
it has higher strength and superior durability [1]. As a result, 
there is a global increase in research in this area to determine 
if such materials have the potential to compete with PC based 
concretes. 

Chloride induced corrosion of steel in reinforced concrete is 
a major cause of deterioration for structures in the U.K. and 
Ireland. [2]. Besides the surface chloride concentration, the 
pore structure and pore solution chemistry of concrete have 
significant influence on controlling the transport of chloride 
ions [3]. As a novel cementing material, the pore structure and 
pore solution chemistry of AAS are different from those of PC 
[4, 5]. They will vary largely based on the Na2O% and Ms 
when sodium silicate solution is used as the activator. With a 
change in Na2O% and Ms, the resultant concretes will not 
only have a different pore structure, but it will also have 
significantly different ionic structure. The influence of the 
above factors on chloride transport is not clearly known and 
therefore, an experimental programme was developed to 
address this shortcoming in knowledge. 

2 EXPERIMENTAL PROGRAMME

Pore structure and pore solution of the AAS concretes was 
characterized and expressed with an attempt to identify their 
effect on chloride transport. Furthermore, the effect of Na2O% 
of slag and Ms of activator on chloride transport in AAS 
concretes was also investigated. Details of which are 
explained in the following sections.

2.1 Materials

Sodium silicate solution (or commonly known as water glass), 
which is available as ‘Crystal 0503’ from Tennants 
Distribution Ltd., UK was used as the activator for Ground 
Granulated Blastfurnace Slag (GGBS). Industrial grade 
sodium hydroxide powder with a purity of 99% was used to 
modulate the modulus of the sodium silicate solution to the 
required values. The GGBS was provided by Civil and Marine 
Ltd., UK. A commercial retarder ‘YP-1’® [6] was used to 
retard the setting of the AAS concretes. Portland cement 
(CEM I) used in PC control mix was supplied by QUINN 
Cement. Superplasticiser used in the PC mix was 
CHEMCRETE HP3 provided by Larsen. The chemical 
composition and physical properties of the GGBS, the sodium 
silicate solution and the Portland cement are reported in Table 
1. 

Crushed basalt with specific gravity of 2.75 and size 
fractions of 20mm and 10mm combined in a ratio of 1:1 was 
used as the coarse aggregate. Natural sand with specific 
gravity of 2.73 and fineness modulus of 3.68 was used as the 
fine aggregate. Mixing water was from the mains water 
supply.

2.2 Mix proportion

Twelve AAS mixes with different Na2O% of 4, 6 and 8 and 
different Ms of 0.75, 1.00, 1.50 and 2.00 were studied. One 
PC mix was studied as well as reference. For the AAS 
concretes, the total binder content, which was considered as 
the sum of the GGBS and the solid component in the 
activator, and the water-binder ratio (w/b) were kept the same 
at 400kg/m3 and 0.47, respectively. The water content in the 
sodium silicate solution was considered in the calculation of 
w/b. This w/b was determined in order to make the AAS 
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mixes to achieve the minimum requirement of slump class S2 
specified in BS EN 206-1. The content of retarder was 0.3% 
of the mass of the GGBS for all AAS mixes. The binder 
content (400kg/m3) was kept the same for the PC concrete. 
The w/b of 0.42 was used for the PC concrete, which was 
considered to allow the PC concrete to meet the requirement 
of maximum w/b and minimum compressive strength under 
the exposure class XS3 specified in BS EN 206-1. 0.5% (by 
the mass of cement) superplasticiser was added for the PC 
concrete to achieve a workability that meets the minimum 
requirement for S2 slump class. The water content (40%) in 
the superplasticiser was also considered in the calculation of 
w/b for the PC mix. A ratio of 36% between fine aggregate 
and total aggregates was used for both the AAS and the PC 
concretes. The mix design of PC mix was based on the DoE 
method. The mix proportions are given in Table 2.

Table 1. Chemical composition and physical properties of the 
raw materials.

GGBS PC
(CEM I)

Sodium silicate solution 
‘Crystal 0503’

CaO% 39.4 61.3 Ms 2.58
SiO2% 34.3 23 Na2O% 12.45
Al2O3% 15 6.15 SiO2% 31.1
MgO% 8 1.8

Sulfide% 0.8 2.5
Water 

content% 56.45

Na2O% 0.45 0.22
Fe2O3% 0.4 2.95

Viscosity 
(20°C)

400 
poises

K2O% 0.38 0.68
LOI% 0.7 2.78

Specific 
gravity 1.5

Specific 
surface 

area

527
m2/kg

386
m2/kg

Specific 
gravity 2.89 3.13

2.3 Casting, curing test specimens

Three 250×250×110mm slabs and nine 100×100×100mm 
cubes per mix were cast for the tests to be detailed in the 
section 2.4.
  After casting, the specimens were covered with thin 
polythene sheets to minimise the evaporation of water from 
the surface of concrete. Approximately 1 hour after the 
concrete surface became stiff, the moulds were covered with 
layers of previously wetted hessian and polythene sheets. The 
specimens were stored in this condition for three days. The 
moisture condition of the hessian was maintained every six 
hours. After demoulding, the concrete specimens were 
covered with wet hessian and wrapped in plastic bags, storing 
in constant temperature room at 20±1°C until testing. The 
moisture condition of the hessian was checked every two 
weeks. 

2.4 Test methods
2.4.1 Tests for slump and compressive strength
Slump test specified in BS EN 12350-2 was carried out on 
the fresh concretes. The compressive strength test according 
to BS EN 12390-3 was carried out on the 100mm cubes at 3, 
28 and 91 days of age. The strength to be reported is an 
average of three values. 

Table 2. Concrete mix proportions (kg/m3).

Mix S C WG NaOH CA FA W SP R
4%-
0.75 371 34.6 13.6 1163 654 199 1.1

4%-
1.00 368 45.8 11.6 1164 655 192 1.1

4%-
1.50 362 67.7 7.8 1167 656 180 1.1

4%-
2.00 357 88.9 4.2 1170 658 168 1.1

6%-
0.75 358 50.2 19.7 1163 654 190 1.1

6%-
1.00 354 66.2 16.8 1165 655 181 1.1

6%-
1.50 346 97.0 11.2 1169 658 170 1.0

6%-
2.00 339 127 5.9 1173 660 153 1.0

8%-
0.75 346 64.7 25.4 1163 654 188 1.0

8%-
1.00 341 85.0 21.6 1166 656 176 1.0

8%-
1.50 332 124 14.3 1171 658 154 1.0

8%-
2.00 322 161 7.5 1175 661 134 1.0

PC 400 1220 686 168 1.6
Note: S—slag, C—cement, WG—sodium silicate solution, CA—coarse 
aggregate, FA—fine aggregate, W—water, SP—superplasticiser, R—retarder

 2.4.2 Test for chloride diffusion 
The non-steady state chloride diffusion test for the concretes 
was carried out by following the procedure given in NT 
BUILD 443 [7] and the samples were tested at an age of 91 
days. The testing specimens were three Ø100×60mm cores 
taken from the three 250×250×110mm slabs for each 
concrete mix. The vacuum saturation regime similar to that 
of NT BUILD 492  [8] was used to precondition the cores. In 
NT BUILD 492 after the application of the vacuum, saturated 
Ca(OH)2 solution is introduced into the container. However 
this is likely to lead to leaching of ions from the samples. 
Therefore, in this research, after the application of the 
vacuum, the vacuum was released, samples were wrapped in 
deionised water saturated hessian and placed back in the 
container. The vacuum was again applied. The purpose of 
this change was to prevent calcium hydroxide solution used 
for saturation affecting the pore solution chemistry of the 
concrete samples and minimise the loss of ions from the 
concrete samples. The mould finish face of the specimens 
was exposed to the salt solution. The duration of immersion 
was 3 months. After the immersion, the cores were ground in 
layers to obtain sufficient concrete dust from different 
depths; at an increment of 3mm and up to a depth of 30mm. 
RILEM TC 178-TMC recommendations [9, 10] was 
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followed to dissolve the dust in acid and water, respectively, 
to obtain the chloride containing solutions. A pre-calibrated 
potentiometric titration was carried out on the acid dissolved 
samples to determine the total chloride content in the 
solution. A non-linear regression analysis based on Fick’s 
second law was performed to determine the Dnssd and the Cs 
of the concrete cores once the chloride profile was obtained. 
The Dnssd and the Cs to be reported are an average of three 
values. 
  pH of the water dissolved solution was measured in order to 
monitor the change of alkalinity in the concretes due to the 
chloride transport.

 2.4.3 Test for pore structure indication
Before the chloride diffusion test, bulk electrical resistivity of 
the concrete cores was measured according to the literature 
[11] in order to indicate the pore structure of the concretes. 
Under the consideration of the effect of pore solution on the 
bulk electrical resistivity measurement, pore solution 
conductivity of the concretes was also measured (details in 
the next section) and the pore solution resistivity to be 
reported with the bulk electrical resistivity is the reciprocal of 
the pore solution conductivity. 

2.4.4 Test for pore solution expression
Concrete cores with size of Ø60×100mm were taken from the 
250×250×110mm slabs to be used for extracting pore solution 
at an age of 91 days. The sample preparation regime was 
similar to that of the chloride diffusion test. Pore solution of 
the cores was extracted by using a specialist pore fluid 
extraction device which compressed the specimen under 
pressures up to 1000MPa. pH and conductivity of the pore 
solution collected were measured immediately after the 
extraction by using a pH meter and a conductivity meter, 
respectively. Concentration of Na+ in the pore solution was 
measured subsequently by using Inductively Coupled Plasma-
Optical Emission Spectrometer technique. 

3 RESULTS AND DISCUSSION

3.1 Slump 

The slump results of the concretes are presented in Figure 1. 
The mix design principle for the AAS concretes was to use a 
fixed w/b allowing all of them to meet the minimum slump 
requirement for its use in chloride environments, such as S2 in 
marine environments as specified in BS 8500-1. The mix 
design for the PC reference concrete also followed the same 
principle. Therefore, the slump results of all 13 mixes met the 
minimum requirement of S2 which is 50mm. It is also found 
that the slump of the AAS concretes increased with Na2O%. 
The plasticizing effect provided by Na2O component in the 
activator may be responsible for this [12].  
3.2 Compressive strength

Figure 2 presents the compressive strength of the concretes at 
the ages of 3d, 28d and 91d.

Due to the presence of retarder in the AAS concretes, some 
of them showed an unfavourable compressive strength at the 
age of 3d. The mix design for the PC reference concrete was 
to meet the requirement for XS3 and XD3 exposure 
environments specified in BS 8500-1. From the compressive 

strength results at the age of 28d it can be seen that not all the 
AAS concretes achieved the required strength (58MPa) for the 
two exposure classes. However, most of the AAS concretes 
met the strength requirement of 50MPa for the exposure 
classes XS1, XD1 and XD2. It should be noted that the w/b 
used for the AAS concretes (0.47) was higher than that for the 
PC concrete (0.42). Therefore, an improved compressive 
strength could be expected if a lower w/b was used for the 
AAS concretes. An AAS superplasticiser may be required in 
those instances.

Figure 1.  Slump results of the concretes.

Figure 2.  Compressive strength of the concretes at the ages of 
3d, 28d and 91d.

3.3 Non-steady state chloride diffusion coefficient (Dnssd)

Figure 3 presents the Dnssd of the concretes. It can be seen that 
the Dnssd of the AAS concretes was much smaller than the 
corresponding value obtained for the PC concrete despite the 
higher w/b of the AAS concretes. 
  Bulk electrical resistivity of the concretes was measured with 
an attempt to indicate pore structure of the concretes and the 
results are plotted in Figure 4. To study the effect of pore 
solution conductivity on the bulk electrical resistivity 
measurement [13], pore solution conductivity of the concretes 
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was also measured and its reciprocal (pore solution resistivity) 
was reported in Figure 4 as well for comparison. 

Figure 3. Dnssd of the concretes.

Figure 4.  Bulk electrical resistivity of concrete plotted 
alongside its pore solution resistivity.

As shown in Figure 4, the AAS concretes had lower pore 
solution resistivity than the PC concrete owing to its highly 
ionic nature. Therefore, according to the model proposed by 
Whittington et al. [14], the reason for the higher bulk 
electrical resistivity of the AAS concretes could be attributed 
to they had denser pore structure and/or their binder matrix 
was less conductive. When the pore solution is highly ionic 
and conductive, the conductivity of binder matrix will be 
insignificant (under normal circumstances). Suggesting that 
more ionic flow will take place through the pore solution and 
the binder will play insignificant role in the overall electrical 
resistivity. This would also mean the higher bulk electrical 
resistivity shown in Figure 4 and the lower chloride diffusivity 
shown in Figure 3 is a result of the denser pore structure.
  The hydration products of AAS, such as C-S-H(I), C-A-S-H 
and hydrotalcite [15] have much potential to bind alkali 
cations [16]. During the transport of chloride ions, the binding 
of the accompany cations could retard the further ingress of 
chloride anions [3]. At the beginning of the mixing, large 
amount of sodium cations was introduced in the AAS 
concretes (refer to AAS with Na2O% of 4 was used by Puertas 
et al. [5], concentration of sodium ions of 60000ppm was 
observed in AAS at the age of 3 hours). However, after three 
months of curing, a dramatic reduction in the concentration of 
sodium ions was observed in the AAS concretes as reported in 
Table 3. This suggests that the matrix is capable of binding 

sodium ions in high proportion. It is assumed that this binding 
nature will also continue during the chloride ingress phase. 
This could further retard the movement of chloride ions and 
reduce their overall chloride diffusivity.

Table 3. Pore solution chemistry of the concretes.

Mix pH Na+ (ppm) Mix pH Na+ (ppm)
4%-0.75 11.7 2154 6%-2.00 9.9 18.20
4%-1.00 11.9 4740 8%-0.75 12.4 202.0
4%-1.50 10.5 58.96 8%-1.00 12.2 244.0
4%-2.00 9.9 121.2 8%-1.50 10.8 185.3
6%-0.75 11.9 96.26 8%-2.00 11.9 64.34
6%-1.00 11.9 69.19 PC 12.5 1234
6%-1.50 11.4 42.81

Chloride binding may be enhanced when the concrete is less 
alkaline [17]. As reported in Table 3, the AAS concretes had a 
lower alkalinity than the PC concrete. Therefore, it is 
anticipated that more chlorides might have been bound by the 
hydration products of the AAS concretes delaying their 
further ingress. This may also explain the lower Dnssd obtained 
for the AAS concretes.  

3.4 Effect of Na2O% and Ms on the Dnssd of the AAS 
concretes

Effects of Na2O% and Ms on the Dnssd of the AAS concretes 
are presented in Figures 5 and 6, respectively. 
  From Figure 5 it can be seen that the Dnssd of the AAS 
concretes decreased with the increase of Na2O% from 4 to 8. 
As reported by Karahan and Yakupoglu [18], porosity of AAS 
is reduced with the increase of Na2O%. This could be one of 
the primary reasons for the reduction in Dnssd with the increase 
of Na2O% for the AAS concretes in Figure 5. 
  Besides, hydration degree of AAS increases with the 
increase of Na2O% [19]. As a result, more hydration products 
such as C-S-H gel and hydrotalcite would be formed in the 
AAS with a higher Na2O%. Such hydration products show 
potential to bind chlorides during their transport in AAS. 
Therefore, chloride binding in the AAS concretes might have 
been enhanced with the increase of Na2O% delaying further 
ingress of chlorides. This could be also responsible for the 
reduced Dnssd of the AAS concretes with the increase of 
Na2O% in Figure 5. 
  Ms around 1.50 is optimum for the hydration of AAS [20, 
21]. Therefore, as a result of the possibly reduced porosity and 
improved chloride binding, the AAS concretes with Ms of 
1.50 gave the lowest Dnssd as shown in Figure 6. 
3.5 Chloride concentration at the surface (Cs)

Figure 7 presents the estimated total Cs of the concretes by 
using Fick’s second law based curve fitting. It can be seen that 
the Cs of the AAS concretes was higher than that obtained 
from the PC concrete.

As stated by Buenfield et al. [22], for sake of electron-
neutrality, the transport of chloride anions in concrete should 
be balanced by an outward transport of other anions (such as 
hydroxyl anions) from the concrete.
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Figure 5.  Effect of Na2O% on the Dnssd of the AAS concretes 
at different Ms.

Figure 6.  Effect of Ms on the Dnssd of the AAS concretes at 
different Na2O%.

  
  Figure 8 presents the pH profiles of concretes after chloride 
immersion test. It is clear to see that the pH values drop 
dramatically in the near surface zone of AAS concretes.
 

Figure 7.  Total Cs of the concretes.

When the outward diffusion of hydroxyl ions occurs in PC 
concrete, Ca(OH)2 would dissolve in the pore solution to 
buffer its alkalinity [23]. This may have explained the 
constant pH values in the PC concrete with depth as shown in 
Figure 8. However, Ca(OH)2 is not one of the hydration 
products of AAS [15]. Without the buffering effect, the loss of 
alkalinity would be more severe in the case of the AAS 
concretes as shown in Figure 8. This is particularly significant 
in the near surface zone.

(a)  

(b) 

(c) 
Figure 8.  Apparent pH profiles of the concretes after the 

chloride immersion test.
  
As a result of the outward diffusion of hydroxyl ions, chloride 
ions of the same charge penetrated into the concretes to take 
the sites originally occupied by hydroxyl ions [22]. The AAS 
concretes lose hydroxyl ions from the near surface zone and 
there no further hydroxides generated by the binder, more 
chlorides from outside will migrate and occupy the sites. This 
may explain the higher chloride content observed at the 
surface of the AAS concretes as presented in Figure 7. The 
reduction of alkalinity in such concretes will enhance the 
binding capacity as discussed earlier. This could also be a 
contributing factor for the increase in Cs as shown in Figure 7. 

4 CONCLUSION

• Surface chloride concentration (Cs) for the AAS 
concretes was found to be higher than that of the PC 
concrete. Severe loss of hydroxyl ions and subsequent 
improvement in chloride binding could explain the 
increased Cs values. 
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• Chloride diffusivity, Dnssd of the AAS concretes was 
lower than that of the PC concrete. Based on the analysis 
and interpretation, the AAS concretes were found to 
have (1) denser pore structure, (2) higher binding 
capacity of alkali cations and (3) possibly improved 
chloride binding capacity. All of the above factors 
individually or collectively help to explain the lower 
Dnssd observed for AAS concrete. 

• The Dnssd of the AAS concretes decreased with the 
increase of Na2O% from 4 to 8, and the AAS concretes 
with Ms of 1.50 had the lowest Dnssd. These are cohesive 
with the effect of Na2O% and Ms on the hydration of 
AAS.
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2� MATERIALS AND METHODS 
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2.2 Petrographic Analysis, Density, Porosity, Evaporation 
and Capillary Absorption 
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2.3 Compressive Strength and Modulus of Elasticity 
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2.4 Surface Hardness 
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3� RESULTS AND DISCUSSION 

3.1 Petrographic Analysis 
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3.2 Density and Porosity 
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3.3 Capillary absorption and evaporation 
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3.4 Compressive strength and Elastic Modulus 
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ABSTRACT: Knowledge about the heat transfer and storage in concrete components of the building envelope is vital in 
evaluating the environmental and energy performance of buildings. Providing sufficient thermal mass of the building envelope 
is crucial in delivering optimal indoor conditions while reducing the energy consumption in buildings.  
This paper presents a project that focuses on evaluating the thermal performance of precast concrete building structural elements 
(i.e. twinwall, hollowcore and lattice slab), regarding their thermal properties on indoor environments. The motivation, 
objectives and method description of the project are described. The analysis proposed in this project will provide (i) better 
prediction of indoor environmental conditions; (ii) healthier, more comfortable and productive indoor environments; 
and (iii) reduced/optimised energy consumption in buildings.  

KEY WORDS: Buildings, thermal properties, indoor environments, precast concrete 

� ��!"#�$�!�#��
Human-induced climate change is occurring globally and 

has already made a significant impact on the environment and 
society, due to increased levels of greenhouse gases. The 
building sector is responsible for 40% of the total final energy 
consumption and 36% of total CO2 emissions in the European 
Union (EU) [1]. Figure 1 shows the energy consumed by 
residential and commercial buildings in Europe. In Ireland, 
primary energy use in the building sector is associated with 
heating/cooling and lighting of buildings. In 2011, primary 
energy use in Irish buildings accounted for 41% of primary 
energy supply [2]. 

Figure 1. EU building energy consumption for residential and 
commercial buildings [3]. 

On May 19th, 2010, the EU adopted the Directive 
2010/31/EU [4], which aimed to reduce energy consumed by 
buildings. Member States are requested to adopt a 
methodology for calculating the energy performance of 
buildings (energy performance certification). The objective of 
the Directive 2010/31/EU is to ensure all new buildings are 
almost zero-energy consumption buildings by the end of 2020. 

At the same time, people spend approximately 90% of their 
lives indoors [5]. Thus, it is very important to have healthy 
and comfortable conditions in buildings, including thermal 
comfort, air quality, or visual and aural comfort. Knowledge 
about the heat transfer and storage in concrete components of 
the building envelope is vital in evaluating the occupants 

thermal comfort and energy performance of buildings. 
Providing sufficient thermal mass of the building envelope is 
crucial in delivering optimal indoor conditions while reducing 
the energy consumption in buildings.  

Building regulations and standards incorporate rules for 
design, construction and operation of existing and new 
buildings. Those rules are specified in order to ensure safe and 
accessible buildings that cause limited waste and 
environmental damage. The compliance with those 
regulations and standards is crucial for all existing and new 
buildings. Since, the properties of the building materials are 
key in building performance, it is essential to accurately 
assess thermal properties of those materials [6]. 

' �*��+��+,�/,!9#�;�
There are three main evaluation methods that can be used to 

assess thermal performance of building materials: 
• Theoretical design methods.  
• Experimental methods.  
• Numerical approaches (finite element, finite difference 

and finite volume methods). 
In the theoretical design models thermal resistances of the 

materials are treated as electrical resistances. However, the 
design thermal conductivities do not always represent the in 
situ material properties. Moreover, the design calculations of 
heat transmission coefficients do not reflect multi-dimensional 
heat flow conditions [7]. Thus, those theoretical design 
methods cannot always be used. 

The experimental methods such as a guarded hot box or hot 
plate tests are quite popular. For instance, Kim et al. [8] 
investigated experimentally thermal properties of lightweight 
aggregate concrete using a heat flow meter. It was found that 
the thermal conductivity linearly decreased as the concrete 
porosity increased, regardless of the location of pores. 
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Another study measured thermal conductivity of newspaper 
sandwiched aerated lightweight concrete panels using a 
guarded hot plate method [9]. It has been known that 
quartzite, sandstone and other quartzose rocks are the most 
thermally conductive aggregates. Granite, gneiss, limestone 
and dolomite have an intermediate thermal conductivity, 
while basalt and dolerite are the least thermally conductive. 
Thus, Khan [10] experimentally investigated thermal 
conductivity of mortar, concrete and its aggregates. The study 
found the type of aggregate, porosity and moisture content to 
have a strong influence on thermal conductivity of concrete. 
Moreover, the study showed that the aggregate type may 
increase the thermal conductivity of concrete almost twofold. 

The numerical methods have been previously utilised in 
order to investigate thermal performance of building envelope 
materials. For instance, Lee and Pessiki [11] evaluated the 
thermal resistance of a three-wythe panel using the finite 
element method. While, Zhang and Wachenfeldt [12] also 
utilised this method in order to investigate the effect of air 
cavities on the heat transfer behaviour and diurnal heat storing 
capacity of the hollowcore concrete slabs. Furthermore, the 
study by Del Coz Diaz et al. [13]optimised the lightweight 
hollow block design for internal floors in respect to energy 
savings with the support of finite element analysis. 

Often, the numerical analysis is supported by experimental 
data in order to validate the model predictions. Such as in a 
study that investigated the heat transfer through an in situ 
constructed, insulated and reinforced (with a truss wire) 
concrete sandwich wall [14]. This work developed numerical 
models supported by the laboratory test data (guarded hot 
box).  The computational fluid dynamics (finite volume 
method), together with experimental tests (guarded hot box 
unit), facilitated the analysis of heat transfer through a 
variable aspect ratio cavity wall [15], or a hollow brick wall 
[16]. The finite difference method supported by experimental 
tests assisted in the investigation of thermal inertia [17], 
transient thermal behaviour and surface temperature [18] of 
aerated lightweight concrete wall panels. 

< ="#>,�!�;�#=,�
This paper presents a project that focuses on evaluating the 

thermal performance of precast concrete building structural 
elements (i.e. twinwall, hollowcore and lattice slab), regarding 
their thermal properties on indoor environments.  

At the first stage of the project, the real time field 
measurements are being obtained from the Life Course 
Studies Institute (LCSI) building at the National University of 
Ireland Galway. The measurements include monitoring of the 
(i) weather data with a locally installed weather station, (ii) 
temperature with thermistors embedded in building’s 
structural precast components (floor/roof slabs and walls), (iii) 
surface temperature with thermal camera, (iv) indoor air 
temperature, (v) relative humidity. Next, those measurements 
will be used to create calibrated CFD models of the precast 
components design. Those models will be utilised to 
investigate the heat transfer and storage in precast concrete 
components. The influence of those phenomena on indoor 
environmental conditions, including occupants comfort, will 
be evaluated.  

This paper presents the motivation, objectives and method 
description of the project that investigates the influence of 
heat transfer and storage in precast building envelope 
elements on indoor environments. The proposed analysis will 
provide (i) better prediction of indoor environmental 
conditions; (ii) healthier, more comfortable and productive 
indoor environments; and (iii) reduced/optimised energy 
consumption in buildings.  

@ �,/#�;!"�!�#���$�+���Q�

4.1 ��������	�
��������	
The LCSI building at NUI Galway is used in this research 

to analyse the performance of precast concrete building 
structural elements on indoor environments. The construction 
of the LCSI building commenced in July 2013 and is expected 
to be completed by May 2014. The building is partially 3 
storey and partially 2 storey with a gross floor area of 3633 m2

(Figure 2). It is predominately a precast concrete building 
with the precast elements designed, manufactured and 
installed by Oran Precast Ltd.  

The building accommodates mainly office spaces, seminar 
rooms and lecture theatres. The building operates with mixed 
mode ventilation. The part of the building accommodating 
offices is naturally ventilated, while the seminar rooms and 
lecture theatres are air conditioned.  

Figure 2. The Life Course Studies Institute (LCSI) building 
© Simon J Kelly Architects. 

4.2 �
����	����
�
	�
��������	
The LCSI building is mainly built in precast concrete 

technology, including the building frame, twinwall system, 
lattice and hollowcore slabs. Precast concrete solutions 
increase the speed of building erection on site while 
maintaining the site safer and cleaner when compared to 
standard construction methods. 

Concrete is a long lasting building material that does not 
require any maintenance, replacement or application of toxic 
paints or preservatives. Moreover, the thermal capacity of 
concrete leads to thermal stability and thus offers considerable 
energy savings and good quality of indoor environment. 
Hence, concrete is the primary construction material in most 
of the sustainable developments in Europe [19]. According to 
the Irish Concrete Society and Irish Concrete Federation 
‘Exposed concrete acts as a thermal moderator preventing 
rapid thermal swings, greatly reducing the need to cool office 
buildings, which is typically the biggest running cost. Only 
10% is related to the construction of the building. Designing 
with energy in mind can reduce in-use energy costs by up to 
75% and greatly reduce carbon dioxide emissions’ [20]. The 
benefits of concrete thermal mass in buildings include [3]: 
• Reduction in heating fuel due to solar gains. 
• Reduction in heating energy consumption by 2–15%. 
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• Reduction in the building energy cost. 
• Stable indoor temperatures, without high fluctuations. 
• Delay in peak indoor temperatures in commercial 

buildings until the occupants have left. 
• Reduction in peak indoor temperatures. 
• The possibility of night-time ventilation to eliminate the 

need for day-time cooling. 
• In combination with air-conditioning, concrete thermal 

mass can reduce the energy used for cooling by up to 
50%. 

Precast reinforced and pre-stressed concrete is widely 
regarded as an economic, structurally-sound and 
architecturally versatile building medium. Controlled and 
cost-effective manufacturing processes guarantee high quality 
products at a reduced cost and a minimum design/ 
manufacturing/ construction time. Despite the popularity of 
concrete as a building material in Ireland and Europe and its 
well-known structural properties, there is a dearth of research 
available on the interaction between the building structure and 
indoor environments. 

4.3 ��������	������
�������	
Precast concrete technology allows mechanical and 

electrical products, including sensors to be embedded in the 
building structure. In order to monitor the thermal 
performance of structural elements in the LCSI building, over 
120 temperature sensors were embedded in the internal and 
external twinwalls; ground floor hollowcore and in situ slabs; 
internal and roof lattice slabs. IP68 rated (double insulated, 
fully encapsulated, protected against water submersion) 
thermistor sensors (Figure 3) were embedded in the precast 
and in situ part of the concrete structure. Those thermistors 
were capable of measuring concrete temperature in the range 
of between -60/+150oC with a 1% tolerance [21]. 

a b 

Figure 3. Thermistors embedded in the (a) precast and (b) in 
situ concrete in the LCSI building. 

This paper describes the details of installation and the initial 
results of the thermistors embedded in three representative 
building elements (X0 exposure class – concrete inside 
buildings with very low air humidity [22]): (i) first floor 
external twinwall (East facing wall in the West wing), (ii) flat 
lattice roof slab (East wing), and (iii) suspended ground floor 
hollowcore slab (0.5 m void, naturally ventilated with external 
air; East wing with windows facing East).  

Figure 4 and Figure 5 show the locations of thermistors in 
the plan/elevation and across the depth of the precast slab and 
wall elements, respectively. Thermistors were regularly 
located at one or two locations and three different depths of 
each wall/slab in order to measure the temperature distribution 
profile in the wall/slab. For the external twinwall, at locations 

1 and 2, there was one thermistor placed in each of the precast 
biscuits (T1,2b,t) and one in the middle (T1,2m) of the in situ 
concrete. For the lattice roof slab, at locations 3 and 4, there 
was one thermistor placed in the precast biscuit (T4b, note: 
T3b & T4t were damaged during the precast manufacturing 
process) and two thermistors in the in situ part (T3m,t, T4m). 
Because of the manufacturing process of the ground floor 
hollowcore slab, thermistors were embedded into the finished 
slab by drilling a hole and securing the sensors in locations 5 
and 6.  

External wall Roof slab Ground slab 

Figure 4. Location of thermistors across the plan of walls and 
slabs in the LCSI building (dimensions in mm). 

External wall 

Roof slab 

Ground slab 

Figure 5. Location of thermistors across the depth of walls and 
slabs in the LCSI building (dimensions in mm). 
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4.4 ����	�����������	����
�	
The data acquisition system consisting of CR1000 data 

loggers and AM16/32B multiplexers obtained from Campbell 
Scientific was employed to collect and store live data 
measured by the temperature sensors. This system has been 
automatically logging data from the sensors embedded in the 
reinforced precast concrete slabs and wall systems since their 
initial installation. During the construction phase, data is 
being stored on a flash memory card, which is weekly 
manually downloaded onto a laptop and backed-up on a 
server. However, after the building commissioning, data 
communication will relay on the use of Campbell Scientific’s 
NL115 Ethernet and Compact Flash Module and will allow 
for data collection over a local network. 

4.5 �
���
	���������	
The outdoor weather conditions are provided by an 

automatic weather station [23] at the NUI Galway campus 
[24]. The station has been continuously reporting weather 
conditions since July 2010, with a frequency of 1 min. It is 
located on the roof of one of the University buildings (in the 
centre of the campus), approximately 1.5 km from the LCSI 
building. The weather station measures dry-bulb air 
temperature (oC) and relative humidity (%), barometric 
pressure (mBar), wind speed (m/s) and wind direction (o), 
global and diffuse solar irradiance (W/m2) and rainfall (mm). 

4.6 ��������	
��
��
���	
Complementary laboratory experiments will be carried out 

in order to specify thermal properties of concrete used in the 
LCSI building, particularly the coefficient of thermal 
expansion or thermal conductivity. Figure 6 presents the 
laboratory measurement setup with thermistors embedded in 
the concrete cylinder, which is placed in a controlled 
temperature water bath. 

Figure 6. Water bath of the sample concrete cylinders. 

Z =",+�/���"\�",;$+!;�

5.1 ������
�	
The calculation of thermal properties of building materials 

according to the ISO 6946 standard [25] requires: 

• Calculating the thermal resistance of each homogeneous 
layer of the building component; 

• Combining these individual resistances in order to obtain 
the total thermal resistance of the building component, 
including the effect of surface resistances; 

Calculating the thermal transmittance (U-value) of the 
building component. 

Table 1 shows compliance of calculated U-values of the 
building envelope element in the LCSI building with the 
current Irish Building Regulations [26]. 

Table 1. U-values of building envelope elements 
in the LCSI building. 

U-value 
[W/m2K] 

Building 
Regulations [26] LCSI 

External wall 0.27 
0.17  

(215 mm cavity twinwall with 80 mm 
insulation and 100 mm blockwork) 

Roof slab 0.22 
0.12 

(300 mm lattice slab with 
170 mm insulation) 

Ground slab 0.25 

0.24 
(150 mm suspended hollowcore slab,

75 mm screed, 60 mm insulation, 
75 mm screed) 

5.2 ��������	�
���
�
���	
This paper presents the measurements obtained from the 

thermistors embedded in the external twinwall, roof lattice 
slab and ground floor hollowcore slab between February 11th, 
2014 and March 15th, 2014. The temperature was measured in 
the external wall every 1 min and in the ground/roof slabs 
every 6 mins. 

During that period, the construction of each considered 
envelope elements was completed, accordingly to Figure 5. 
However, the building was not fully enclosed, with many 
windows and doors yet to be installed (particularly those 
located on the first and second floor). Thus, Figure 7 Figure 9 
compare the temperature distribution in the monitored 
envelope elements to the outdoor air temperature [24]. It is 
clear that changes in the outdoor air temperature significantly 
influenced the temperature distribution in the external 
twinwall and the lattice roof slab (Figure 7 and Figure 8). 
There was a clear lag in the wall/slab temperature change in 
comparison to outdoor air temperature change, i.e. thermal 
lag. This lag was caused by the thermal mass of the wall/slab, 
which slowed the heat flow through the element. Figure 7 also 
shows the temperature of sample concrete cylinder located 
inside the building. The cylinder temperature profile matched 
the wall temperature distribution. However, the cylinder 
temperature was more influenced by outdoor air temperature 
than wall temperatures. This was due to lack of any insulation 
on the cylinder. 

Temperatures recorded by the thermistors embedded in the 
suspended ground floor hollowcore slab did not change 
significantly over the period monitored and were not 
influenced by the outdoor air temperature (Figure 9). This 
might have been due to the fact that the hollowcore slab was 
well insulated from the outdoor temperatures by the 
underfloor void (with low air exchange) on one side, and 
60 mm insulation and enclosed ground floor on the other side. 
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This suggests that it is not possible to directly utilise the 
thermal mass of this type of system to regulate the 
temperature of the space above the floor. However, if 
designed correctly, it may be possible to take advantage of the 
relatively constant temperature of underfloor void as part of a 
heating and/or cooling system for the indoor environment 
within the building. 

Figure 7. Temperature distribution in the external twinwall. 

Figure 8. Temperature distribution in the lattice roof slab. 

Figure 9. Temperature distribution in the ground floor 
hollowcore slab. 

The correlation coefficients between the outdoor air 
temperature and the temperatures of the (i) external twinwall, 

(ii) lattice roof slab, and (iii) ground floor hollowcore slab 
varied between (i) 0.48 – 0.59, (ii) 0.43 – 0.47, and (iii) 0.20 - 
0.28, respectively. Those results reassured previous statements 
that there was a clear thermal lag in the wall/roof slab 
temperature change in comparison to outdoor air temperature 
change and, thus, the correlation coefficient was only ~0.5. 
Moreover, a good insulation protected the hollowcore ground 
slab from the influence of outdoor air temperature, resulting in 
a low correlation coefficient between those two sets of 
measurements. The correlation coefficient between the 
outdoor and concrete elements temperature datasets was 
calculated based on the equation: 

           (1) 
where xave, yave are the average values of each data set. 

External 
wall 

Roof 
slab 

Ground 
slab 

Figure 10. Detailed temperature distribution within 
the envelope elements (11-14 February 2014). 
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Figure 10 shows a detailed comparison of temperatures 
recorded by thermistors embedded at different 
locations/depths in the envelope elements over a 3 days 
period. Measured temperatures within the particular envelope 
element (regardless of location or depth) followed similar 
profile in time. Generally, there were no significant 
differences in temperatures at different locations/depths in 
considered wall and slabs. The reason for that was the fact 
that the building was not completed at the time of the 
measurements and there were no significant differences 
between the indoor/outdoor air temperatures. There were 
some irregular differences that occurred between different 
element depths/locations. Those differences might have been 
caused by localised thermal effects. The sources of those 
effects were difficult to establish due to ongoing site works. 
However, the initial results presented here showed a 
satisfactory performance of installed thermistors and provided 
an important basis for future thermal performance 
measurements in the operating building. 

^ �#��+$;�#�;�����_$!$",�`#"g�
This paper presents the motivation, objectives and method 

description of the project that investigates the influence of 
heat transfer and storage in precast building envelope 
elements on indoor environments. The preliminary results 
include (i) the measurement setup, both in the operating 
building as well as the laboratory experiments; (ii) the 
theoretical analysis of the thermal properties of proposed 
precast components; and (iii) the early stage measurements 
from the sensors installed in the LCSI building. 

Those results provide the first assessment of the 
performance of the measurement platform installed in the 
LCSI building. Moreover, those results together with the 
measurements taken during the operation phase of the 
building will support the future generation of CFD models to 
investigate the heat transfer and storage in precast concrete 
components and their influence on indoor environmental 
conditions, including occupants comfort, will be evaluated. 

The proposed analysis will provide (i) better prediction of 
indoor environmental conditions; (ii) healthier, more 
comfortable and productive indoor environments; and (iii) 
reduced/optimised energy consumption in buildings.  
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Thermo-mechanical fatigue in power plant steels:
Enhanced numerical modelling with experimental validation
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4� ANALYSIS RESULTS 

4.1 Material model calibration and validation 
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4.2 TMF modelling 
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4.3 Industrial application 
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Statistical Analysis of HGV Bridge loading for a DBFO scheme
Using Northern Ireland (NI) Weigh-In-Motion (WIM) Data
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2� LOUGHBRICKLAND WIM SYSTEM 

2.1 WIM Arrangement 
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2.2 Installation & Learning 
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2.3 System Calibration & accuracy 
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2.4 Vehicle Class Analysis 
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2.5 Articulated HGV Gross Vehicle Weight (GVW) 
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2.6 Articulated HGV Axle Weights (GVW) 
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3� RESULTS AND DISCUSSIONS 
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2.1 Bridge Weigh-in-Motion 
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BridgeMon: Improved Monitoring Techniques for Bridges
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2.2 Virtual Monitoring 
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2.3 Combined Bridge-WIM & Structural Health Monitoring 
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3� DEVELOPMENT OF A RAILWAY BRIDGE-WIM SYSTEM 
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3.1 Bridge-WIM Theory 
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3.2 Field Testing of Bridge-WIM System in Poland 
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3.3 Low-Speed Weighing of Trains 
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3.4 Bridge-WIM Results 
���
����������
(��$���
 ���"
 ���
�&0�%
�	���"+
 ���
����
��

���
������$��
��
���
����
����$��
 ������+
(���
��" ����
��
���

(��$���
�!������
���"
���
��(&� ���
(��$���$)
���
�������	

��
���
 ���������
���
����
��
���
������$��
(��
����
����������)

E�$���
��
���(�
���
�����
��
���
 ��������
������$�
(��$���
���

�
�����
(���
�
����"���'�
 �����$
�>
(�$���)






E�$���
��)
�&0�%
 ���������
������)


E��"
E�$���
 ��
 ��
 ���
!�
 ����
 ����
 ���
(��$���
 ��������
!	

���
�&0�%
��$�����"
(���
'��	
��������
���
����
�����)
��
��

���
����������
������$�
(��$���
(���
(�����
:M
��
�����
������

(��$��)


���
 ����������
 (��$���
 ���
 ���
 ����
 �����
 ������
 (���


���������!�	
 ����
 ��������)
 #-�"����$
 �����
 �������
 "���

������	
 ���(��
 ����
 ���
 ������������
 ��
 ���
 �&0�%
(��$���

���
�����
������
��������
���"
���
����
����
���
'������	
��
�����

������
 ���
 ���
 ��"���
 ��������
 �����$
 �����
  ����$�
 �'��
 ���

!���$�)




3.5 Influence of Train Velocity on Accuracy 
��
�����
��
����	
���
���
�&0�%
������������+
��
(��
��������	

��
 ���������
 ���
 '������	
 ��
 ���
 �����)
 ����
 (��
 ����
 !	

�-�"����$
 ���
 ��$����
 ��
 �������
�
���
A
 9���
 E�$���
=;+
 ���

����������$
���
������
!��(���
���
�(�
��$����)
I���$
 ���
����

����
���
��������
!��(���
�����
�������
��
*��(�+
���
'������	

��
���
�����
���
!�
����������)

��
��
�" ������
��
����
����
�
��""��
����" ����
��
"���
�&

0�%
��$�����"�
��
"���+
(����!	
���
'������	
��
����"��
��

��"���
��������
�����$
���
�������$)
I���$
����
����" ����
���

����
 !���$�
 �  ���������
 ��
 $�������	
 �������!��
 ��
 ���

'�������
 ���
 �����
 ���
 ���
 !���$��
 ������
 ���
 ������	
 �����

�����
����)
����
�����
� ���
�����
��
��"���
������'��	
��������

�����$
���
�����
��"�
(����
���	
���
��
���
!���$�)
����
(��

�����
���
!�
��
!�
���
����
���
���
������
�������$
���
��� ����

����$�)

���
������
�!���'��
�����$
������$
(���
!��(���
:=�&4:�"


��
 ���$��
(���
 ��"�
 ��
 ���
 ������
 ��*��$
 �����	
 :
"������
 ��

�����
���
!���$�)
2��
��
�
� ���
�����������
��
��
���������!��

��
 ����"�
 ����
 ���
 '������	
 ��
 �����
 ������
 �������	
 ��"�����

��������
���
���
(����
��"�
����
���	
(���
��
���
!���$�)
���

��� ����
����$�
���
�
� ���
��"��
��
��*"D�+
(����
�������
��

������
�� ���	
�����������$
��
���	
�  �����
���
!���$�
��
�����

��
"���
���
� ���
�����������
���
�����������$
��
���	
���'�
��+

(����
��"�
��
���
����
������$��
"�	
�����
!�
��
���
!���$�)


��" ����$
 ���
 ����������
 �-��
 � ����$�
 ���
 ���
 ������$��+


(����
(���
�!������
����$
 ���
��������
'������	
����" ����+

��
���
������
� ����$�
���
�����
�	 ��
��
������$�
����(��
�����

����'�����
'���������
��
!�
����������)
#-�"����$
�����
������'�

'���������
 ���
 ����
 ��
 ���
 ����
 ������
 ���(��
 ����
 ��	
"�8��

������������
(���
���
��
���
����$��$
'������	
��
���
�����
��

��
�������
���
!���$�)
���
'������	
��
���
�����
(����
������$�

(��$���
(���
 ��������
'��	
���������	
9E�$���
��;
(��
����

��
��"���
��"���
��������
��
��
���'�����
���
!���$�)



3.6 Suggestions for Improved Accuracy 
��
 ��
 �- �����
 ����
 ���������$
 ���
 �����
 ��
 �����
 '������	
(���

���(
��
�" ��'�"���
��
���
�������	
��
���
����(�	
�&0�%

�	���")
�
(��*
��
����$�%��
���������+
���
��$�����"
(���

!�
 ��8�����
 ��
 ���������
 ���
 ����'�����
 '���������
 ���
 ����
 ��

���
 ������$��
 ��
 ���
 �����
 ������
 ����
 ���
 �'���$�
 '������	
��

���
(����
�����)


��"�
 ���������	
(��
����
 �����
 ��
�����
(���
 ����	
 ������

(�$���
(���
�������
��8�����
��
�" �	
(�$���)
��
�����
�����

���
 ����'�����
 ������!�����
 ��
 ���
 ��$����
 �-���
 �����
 ���
 !�

������$������
 (�����
 ���
 �'�����
 ��� ����
 ��
 ���
 "�������

��$����
 ���
 ���
  ����������
 (���
 ����
 ��������)
 �����
 ������

������
 ���"
���&�����������$
��
 ���
���������)
E������
(��*
 ��

����$�%��
 (���
 ���
 ���
 �" ��"��������
 ��
 �
 ��"������

��$�����������
 ���������
 ��
 �����
 ��
 ������
 ������
 ���
 ��
 ���&
�����������$)














183



4� CONCLUSION 
�������
 �����	
 ������"���
 ��
 !���$��
 ��������
 ��������

�����"�����
��
���
������$
!���$
�- ��������
!	
���
���������

����$
(���
���
������)
���
����$�%��
 ��8���
��"�
��
�" ��'�

�������
!���$�
"��������$
����������
���
����
���
����
!���$��)


����
  � ��
 $�'��
 �
 !����
 �'��'��(
 ��
 ���
 (��*
 !���$

�������
 ���
 ��
  ���
 ��
 ���
  ��8���+
 (����!	
 �&0�%

��������$���
 ���
 !���$
 ��'�����
 ��
 ��'��� 
 ���'������
 ���

��������
�	���"�
���
"��������$
�������
������$
��
!���$��)
��

��������+
���
����� �
��
'������
"��������$
��
!���$��
��
!���$

��'��� ��
 ����$
 (���
 "������
 ��
 ����� ������$
 �&0�%

"������"����
 ����
 �B%
 �	���"�
 ��
 �����
 ��
 �'������
 ���

������
��
���
���������)


����$�%��
 ��"�
 ��
 �  �	
 ���
 �&0�%
 ����� �
 ��
 ����

!���$��
 ���
 ���
 �����
 ��"�+
 ��
 ��
 ������
 ��
��'��� 
 ���
 �����
�&
0�%
 �	���"
 ���
 "��������$
 �����
 ������$)
 �������
 ���

 ��������
 ���"
 �- ���"�����
 ������$
 ��
 �
 ����(�	
 �&0�%

�	���"
��
�
 �����
!���$�
 ��
5�����)
���
 �������
 ���
���
 �����

���(
����
���
��
���
������$�
(��$���
����������
!	
���
�&0�%

�	���"
���
(�����
:M
��
�����
������
(��$��)
�������
�������
���

�����
 ������
 ���(
 ���$��
 ������+
 (���
 ���
 ������
 ��
 ����$��$

'������	
��
���
���������)


0��*
��
���
����$�%��
 ��8���
��
��$���$
���
���
�������

���"
 ���
 �- ���"�����
 ������$
 ��
 �
 ����
 �&0�%
 �	���"
 ���

 ��"����$)
E������
(��*
(���
�������
���
�����
��
������������

������
!	
����$��$
�����
'������	
��
(���
��
���
�  ��������
��

�
��"������
��$�����������
���������
��
��
����" �
��
�" ��'�

������������
 (����
 ��������
 (���
 ���'��	
 ������
 ������$��

(���
�������
��-�
��
�" �	
������$��)





ACKNOWLEDGMENTS 
���
 ��������
 ������$
 ��
 �����
 �������
 ���
 �����'��
 ������$

���"
 ���
 #��� ���
 ��""����	@�
 ��'����
 E��"�(��*

5��$��""�
 9E5=D���=&���:;
 �����
 $����
 �$���"���
 ��)

:�>4�3)






REFERENCES 
6�7� #)G)
 1@�����+
 )
 |�������
 ���
 )�)
 2�" ��	
 9�333;
 ?��" ������
 ��


�(�
 ���� �������	
 ��'��� ��
 ����$�
 0��$�&��&%�����
 �	���"�@+

International Journal of Heavy Vehicle Systems’
49�;+
�,=&�4�)


6�7� 5)
 %�����	
 ���
 #)G)
 1@�����
 9���:;
 ?������$
 ��
 ����$�
 0��$�&��&
%�����
 �	���"
 ��
 ��!&�����
 ���"���@+
 Journal of Testing and 
Evaluation, :�94;+
�&��)


6:7� .)
 ��*���
 ���
 5)
 .���*�(�*�
 9����;+
 ?5��O�&!����
 (��$�&��&"�����

�	���"
 ���
 ����(�	
 ����� ���@+
 Structural Control and Health 
Monitoring,
�3
9�;+
�33&��>)


6,7� 2)
F����+
2)
 G��$
���
H)�)
B��*
 9���>;
 ?F������
��" ���
 �	���"
���

"�������$
 �����
 (��$��
 ���
 (����
 �������@+
 Fourth International 
Conference on Weigh-in-Motion – ICWIM. Eds. OBrien, E.J., Jacob, B., 
Gonzlaez, A. and Chou, C.-P.
��� ���
��������
���(��
I��'�����	+
�>:&
�4:)


6>7� F)
 G�"��
 9���>;
 ?���	���
 ��
 �������
 ����
 �������
 ��
 ����(�	
 !���$��

����$
 (��$�&��&"�����
 ����@ Fourth International Conference on 
Weigh-in-Motion – ICWIM. Eds. OBrien, E.J., Jacob, B., Gonzlaez, A. 
and Chou, C.-P.
��� ���
��������
���(��
I��'�����	)


647� )
<��8�������O+
�)
.����"�
���
5)
1�������
9���>;
?�" ��"��������
��

!���$�
 (��$�&��&"�����
 ���
 ����(�	
 �������@+
 Fourth International 
Conference on Weigh-in-Motion – ICWIM. Eds. OBrien, E.J., Jacob, B., 
Gonzlaez, A. and Chou, C.-P.
��� ���
��������
���(��
I��'�����	+
�,�&
�>�)


6=7� �)
2����"��*
N
 �)
 5��*��(
 9���3;
 ?#������'�����
 ��
 '������
 (��$��

����"�����
 ���"
 !���$�
 (��$�&��&"�����@+
 Advances in Civil 
Engineering,
���3, ������)��>>D���3D:���:,)


6A7� E)
%����
9�3=3;
?0��$�&��&"�����
�	���"
����$
������"�����
!���$��@+

ASCE Transportation Engineering Journal, ��>+
�::&�,3)


637� 5)
.���*�(�*�+
G)
�O���O�*+
.)
��*���+
)
�(����O+
.)
%�O���*�
���
5)

F��*��(��O
 9����;
 ?����������
 ������
 "��������$
 ��
 �
 ����(�	
 �����

!���$�
����$
'�!������&!����
���
����������
"������@+
Smart Materials 
and Structures, ��
9:;+
�:>��4)


6��7� #)G)
 1�����+
 %)G)
 S�����$��+
 �)
 .����"�
 9���4;
 ?����������$
 ��

���������
����
���"
������
"������"����@+
Proceedings of the Institution 
of Civil Engineers, Bridge Engineering, �>39�;+
:�&:,) 


184



�������
��
������
	����+
����������
B�����
%��������$
9�B%;
�	���"�
��'�
!���
��'��� ��
��
"������
!���$�
�������������

���
�����
!���$�
�����	)
B�(�'��+
�����
�	���"�
���
���	
������$
����
���
����	)

����
!���$�
��
���	
����
��
���
��������
������

!	
���
 �����$
�������
���
����
����
���
�� ����	
��
���
!���$�
��
������
���")
���'��������
�B%
�	���"�
���
!�
����
��
�" ��'�

*��(���$�
��
���
!���$�
�� ����	
��
������
��������
!��
$�'�
��
�����"�����
��
���
������
��
���������
��������)
���
����� �
��
��

����$�
0��$�&��&%�����
9�&0�%;
��
��
����!����
�-��
�����+
(������
������� ����
��
�������
���(+
!	
����$
������
�������
��
�
!���$�

������
���
��!��������	
���'�����$
���
����
��
����
��"�
�-��
�����
��
��������)
�������	
�
�	���"
���
!���
��'��� ��
(����!	

������
�������
���
���������
��
���
���������
��
���
!���$�+
�����
�	���"�
���
��""���	
*��(�
��
������$&1�&����
9�1�;)

����

�����������
�	���"
��
����
��
���8�������
(���
���
�������
��
������
���
������
�
 �����$
�-��
(����
��
����$�����
!	
�
 ��*
��

������)
E�!��
1 ���
�������
9E1�;
���
��""���	
����
���
�B%+
����
 � ��
���*�
��
���
�����!����	
��
����$
E1�
�������
���
�&
0�%)
���
����	
��'����$����
��-��$
"������+
����!����	+
�������$
����
���
�������	
���$�)
����
(���
������
��
��
��������
"�����

��
��������$
�-�����$
!���$��+
 ��'����$
�����
������"����
���
�������$
����������	
�� ����)
���
������
���"���
 ��*�$�
!����

���
!���
����
��
��'��� 
�
"����
��
���
�-�����$
����� ���
!���$�
��
���
<��$�!���*����
�-��
��
���
�
��
��������
�������)
���

E#
"����
���
!���
����
��
������
���
�������
��
���
��������
���������K
����
���
!���
����
�����
��"�����
������$
����������
(����

����
��*��$
����
�������������
'��	��$
�����'����
 �������
��
���
�-��)



.#/
01�2��
����$�
0��$�&��&%�����+
E�!��
� ���
�������+
����������
B�����
%��������$




1� INTRODUCTION 
���'��������
 !���$�
 ������
"��������$
 �	���"�
 ���
 �" ��'�

*��(���$�
��
���
!���$�
�� ����	
!��
$�'�
��
�����"�����
��

���
 ������
 ��
 ���������
 ��������)
 ���
 ��������
 ��
 ���
 !���$�

�����	
  ��!��"
 ��
 �(������
 �������
 ��
 �'��������
 ����*�
 ���

�����	
 ������"���D"��������$
 ��
 !���$��)
 ���
 ����� �
 ��
 ��

����$�
 0��$�&��&%�����
 9�&0�%;
 ��
 ��
 ����!����
 ����
 �-��

�����+
(������
������� ����
��
�������
���(
���
��
���
����
��
����

��������
��
�-����
���
����
��
��������
!���$��
��
���
I.
���

�������
6�7)
��
�����
��
�����'�
����+
�
'��	
��$�
�������$
����

��
���
�������+
��
��������
��
�� ����
���
 ��*
�������
�������
��

���
!���$�
���������
!	
���
"�'��$
'�������)
����������	+
���

�������
���
"������
���
'������	
���
�-��
�����$�������
��
���

'������
!	
�  �	��$
�
�����!��
��$�����"
��
���
 ���
 ��������$

��
���
"������"����
���"
���
����
�����������)
����
�	���"
���

���
  ��������
 ��
  ��'���
 ��
 ���- ����'�
  ����!��
 "�����
 ��

�� ���	
 ������'��$
 ��!�����
 �������
 �����"�����)
 ���

�� ��	"���
��
 ����
�
 �	���"
(����
!�
������!��
��
 ��
(����

���!��
���
����������
��
����
���
 ������$
���
�����"��
���'�	�

���
(����
!�
��
$����
!������
��
���
���(��*
�����
�(����
6�7)


����
 ��������
 �- �����
 !�	���
 ���
 �������
 �����
 ��
 ���
 ���

��������$	
 ��
 ����""���
 ����� ��
 ���
  ��������
 ����������

������
 ��������$	
 (����
 (����
 �'����"�
 ���
 �-�����$

��"��������
 ��
 ���
 �������
 ��������$	)
 #- �����
 ���
 ��

���������'�
������
��������$	
(���
!�
����������
��� ���
(���

���
����� ��
 ���
��������
��$�����"�+
����
 ������
����$������

���
�����"�����
 ��������$)

���
��������
(��*
�� �����
��
����
 � ��
 �������
��
����'���'�

�  �����
 ��
 �" ���	
 ���
 ������
 ��$���
 ����$
 ��!��
 � ���
 ������

�������
(����
��'�
!���
��'��� ��
����$
E�!��
���$$
F�����$


9E�F;
 ��������$	)
 �����
  �����"����
 (��
 �-�"����
 ���

��" ����
(���
���
 �����"����
��
"���
���'��������
��������

���������
������
9#��;
�������
���
'�!�����$
(���
9H0;
������

������)
���
�'�����
��"
��
����
��������
 ��$��""�
��
��
������

�������
���
�������
����$��
��
���
!���$�
���������
������
!	
��

�-��
 "�'��$
 ��
 � ���)
 ����
 �- ���"�����
 ����	
 ��'����$����

������
 ��������
 "�������"�
 ���
 �" ����������
 ����������)

" ����������
(��
��������
��
�" ��'�
���
�������	
!���(
���

"����������)9} 

 �	 ����
"����"
 � ��
 ����������
 ��������

!���$�
(���
 ���(
'��	
 ��(
 ��'���
��
 ������
�����
 �	 ����
 �-��

����
 ���
 ���
�&0�%
��$�����"�
 �������
 �
 ��������
 ����$�
 ��

������
 ��
 ���������	
 �����"���
 �-��
(��$���)
����������	+
 ��

��������
������
���(��*
(���
 ���
�� �!����	
��
��$�
�������$

�����+
���

 ��'���
�
?����	
(�����$@
��
��"�$�
���
����(
���

���
  ������$
 ���
 �" ��"��������
 ��
 ��"�����
 ������
 ��
 ���

���������
��
�
 ����
(����
��
��
����
�- ����'�
���
��'���'�
����

(���
 '���!��
 �������
 ��$��
 ��
 �������������
 ��'�
 !���

�!���'��))
 �����������
 ��
 ���
 �����!����	
 ��
 ���
 ��!��
 � ���

�������
���
���$&���"
����������
������
"��������$
��
����������

��������
!���$�
����������
��'�
!���
"���)




2� SENSOR SYSTEMS FOR B-WIM 
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VW Sensors 
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Data Collection and Logging 
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3� EXPERIMENTAL PROGRAM 
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Phase 1: Performance Comparison of sensors for B-
WiM 
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Phase 2: FBG/ERS sensors with modified plate 
geometry for strain amplification 
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Phase 3:ERS sensors with further modified plate 
geometry and fixed to an equivalent concrete bridge 
surface. 



E����(��$
���
�������
��
5����
�
9��
���������
��
"���
������


��
�������
,;+
���
$��"���	
��
���
 ����
(��
"�������
��
������

���
������
��
������
�������������)
����
����
(��
����
�������
���

��
 �����"���
 �
 �����!��
"�����
 ��
 ��-��$
 ���
 �����
  ����
 ��
 �

��������
���������)
���
 ����
(��
"������
��
�
��������
�������

(����
�� ��������
�
 ����
��������
!���$�)
 
B����+
����(��$
�

��" ������
��
!�
"���
!��(���
���
������
������
��
���
��������

���
���
�" ������
������
��
���
�������
��$���
��
���
 ����)
����

����
����
#��
�������
��
��
��
"���
����
�������'�
��
������$
���

��-��$
"�����
��
�
��$�
�������$
����
(��
���
��������)

#���

�������
(���
��������
��
!���
�����
��
���
 ����
���
���
#���


E�-��$
  �����
 ���

 ����
92�(���;


E�-��$
  �����
 ���

 ����
92�(���;


187



������
(��
��������
��
���
�������
��
�
:)>
"
���$
!	
���
""

��� 
!	
���
""
(���
����������
��������
!��"
�������	
!���(

���
 ����
9���
E�$)
:;)



���
  ����
(��
 ��-��
 ��
 ���
 !����"
 �������
 ��
 ���
 ��������

!��"
 ��
 ���
 "��� ��+
 ���
  �������
 ��
 "�-�"�"
 !�����$

"�"���)
2�(���
(���
(�����
��
���
 ����
��
 ��'���
�
��-��$

"�������")

�(�& ���
���-���� ��
� �-	
������'�
(��
����
��

��-
���
��
""
���"����
��(���
(����
(���
�"!�����
��
��""

���"����
�����
 ��
����(
���
�
�
""
������'�
 ����
������
 ���

��(���)
���
 ����
(��
 ���������
>
""
���"
���
�������
��
���

��������
$�'��$
,�""
�"!��"���
���$��)










E�$���)
:)

5����
:�
������$
��	���


���
��������
!��"
(��
��" �	
��  �����
�����
���
����
��$

���
����
(��
�  ����
��
���
�����
� ���
��
���!��
 ���
���-���

��
���
�������
��$���
��
���
!��"+
��
���(�
��
E�$)
,)
<���
(��

�  ����
 �����"������	
 ����$
 ��
 ���������	
 ����!�����
 4��
 *�

�� ����	
 �	�������
 ��������)
 
 <���
 (��
 �  ����
 ��
 �
 *�

�����"����
�����
����
�������
(���
������
������$�
��������
��

����
�����"���
��
����)


"�-�"�"
����
��
A
*�
(��
�  ����

��
���
!��")

���
����
(��
�� �����
�����
��"��)











 









E�$���)
,)

5����
:�
<���
����
�����$�"���



:2
E�����
#��"���
����	���
 9E#;
��
 ���
 ����
�����$�"���

(��
�������
���
��
 ������
���
!���'����
��
���
���"����
��
���

����
 �����$�"���)
 ���
 ��������
 !��"
 (��
 "�������
 ����$

�:2A�
A&����
 ������
 !���*
 ���"����)
 ���
 !���
 !��(���
 ���

�����
 ��(��
 ���
 ���
 ��������
 !��"
(��
"�������
����$
 �
 ���

����������9�SI�
�)�);)
���
���"����
(���
"�����
��
 ���

�����
 ��
 ���
 !��"
 "����
 �����
 ��
 ���
 ��(��
 ��
 �����	
 ��

 ����!��)

���
"������
��
���������	
��
���
��������
(��
�������

��
�4)4
-
��:
�D""�
(���
�
������	
��
�):
-
��&3
 �D"":)
���

�����
(��
����$���
�
"������
��
���������	
��
��>
-
��:
�
D""�+

�
������	
��
�):
-
��&3
�D"":




��
 �����
 ��
 ��'�
 ��
 ��" ���������
 ��"�
 ���
  �����
 ��

�	""���	
��
���
���"����
���
�- ������
���
���	
���
�������
��

���
������
���������
��
"�������)
�
���
"����
��
�	""�������

�!���
�(�
 �����
�
�������
"����
(��
��'��� ��
���
���
 �� ��

����������
���
�  ����
��
���
�	""���	
 �����)



Phase 4: Plate sensitivity analysis and testing 
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Test no. 1 2 3
Plate no. 1 2 3 4 5 6

Thickness (mm) �
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Dowel Length 
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Plate offset from 
concrete (mm) ��
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*tapered thickness in order to further reduce ratio of cross sectional area,


4� RESULTS OF TEST PHASES 1 TO 4 

Phase 1: Performance Comparison of sensors for B-
WiM 
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Phase 2: FBG/ERS sensors with modified plate 
geometry for strain amplification. 
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Phase 3: ERS sensors with further modified plate 
geometry and fixed to an equivalent concrete bridge 
surface. 
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Phase 4: Plate sensitivity analysis and testing 
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ABSTRACT: As wireless sensor network (WSN) technology matures, many applications are emerging that demand systems to operate 
autonomously for decades or more. The FP7 Green sEnsor NEtworks for Structural monItoring (GENESI) project developed a new 
generation of “green” wireless sensor networks, which can be embedded in civil infrastructures at the time of construction, and continue 
to provide monitoring and control capabilities for the structures’ lifetime. The project developed and deployed a number of technologies 
that contribute to a new generation of wirelessly networked microsystems for industrial applications. A combination of state-of-the-art 
low- power processing and communication components with a variety of heterogeneous structural health monitoring sensors (e.g. 
strain gauges, displacement transducers, inclinometers, pressure sensors, temperature sensors, moisture sensors, etc.) and a smart energy 
system, in tandem with software advances, have contributed to delivering significant improvements over the current generation of WSN 
and SHM systems. Energy is scavenged from the environment by a multi-source energy harvester, complemented by a variety of local 
storage options, which may be supplemented with a small hydrogen fuel cell. Testing of the overall system in a real deployment was 
undertaken using two test-beds (a Metro Line excavation in Rome, and cable-stayed bridge construction project in Switzerland). This 
paper presents an overview of the technology developed, and showcases its application in a major infrastructure project: the Pont de la 
Poya cable-stayed bridge in Fribourg, Switzerland. Complementary technology was developed, such as a deployment tool for simplified in 
field hardware commissioning (i.e. dynamic firmware synthesis and installation), also providing network management and 
reprogramming capabilities. Critical parameters, indicative of the structural integrity of the infrastructure, are periodically sampled 
and transmitted (in real time) to a web-based visualisation platform. The bridge has been monitored by the GENESI system since 
construction began, and it is expected to continue delivering structural integrity information throughout the bridge’s operational lifetime. 

KEY WORDS: Structural Health Monitoring, Wireless Sensor Networks, Cyber-physical Systems. 

� �	���������	


Autonomous, wireless structural health monitoring (SHM) for 
civil engineering structures is a growing market with 
significant potential for economic impact. This is predicated 
on increased value and economic relevance to new 
infrastructure constructions. Simultaneously, existing 
constructions are kept operational for longer periods, where 
maintenance and repair costs are required to be kept as low as 
possible during the lifetime of the infrastructure. Furthermore, 
new projects in urban areas are often constructed in close 
proximity to existing infrastructure, which implies stricter and 
more complex safety requirements. 

New sensing technologies, better data acquisition systems, 
more sophisticated data transmission and data management 
are some of the driving forces behind the growing trend 
towards autonomous SHM as part of the management process 
in the monitoring of infrastructure throughout its lifetime – 
from the construction phase through to end-of-life and 
decommissioning. 

1.1 ��������	
��	
��������������

Civil engineering structures are an integral part of daily 
life. In particular traffic routes, rail and road, bridges as well 
as buildings in urban areas are of high economic value to 
the public. The OECD estimates the sum for 
infrastructure investments worldwide, to 2030, at 70,000bn 
USD. SHM is the process method used to observe the 
condition of infrastructure and structural systems to detect 

changes in material conditions and physical properties over 
time. 

The SHM process involves the observation of a system over 
extended periods, monitoring a range of parameters and 
identifying any changes in those parameter values. This can 
be done by a combination of optical inspections, by taking 
samples and tests in laboratories (e.g. concrete), by field tests 
and increasingly the taking of regular measurements with 
various types of electrical sensors (displacement, strain, tilt, 
etc.). 

SHM is important during the construction of new structures 
as well as during their operational lifetime. It can reduce the 
risk of significant failures by detecting changes in structures’ 
physical integrity. These may be indicative that additional 
checks or repair measures are required. SHM can help to 
optimize overall Risk Management (RM, e.g. Figure 1), where 
timely alerts can lead to preventative maintenance, thus 
leading to reduced overall cost, and ensuring citizen safety. 

 
Figure 1. SHM contributes to reducing Residual Risk. 
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Figure 2. Bridge collapse in Minneapolis, August 20071.  

1.2 ���������	�����������

One of the most tragic and well-known examples in recent 
years is the collapse of the Mississippi River Bridge in 
Minneapolis in 2007, when 13 people were killed. The 
collapse was caused by the sudden failure of under-sized and 
corroded gusset plates. Contributing to that design, or 
construction error was the fact that additional concrete was an 
increased dead load after rebuilding measures. This, combined 
with an insufficient check of safety functions and bridge 
deformation [1], resulted in catastrophic failure of the system. 

The impending collapse of the bridge could have been 
identified, and possibly prevented, using an early warning 
alert. This would have been achievable if the strains and 
deformations of the supporting elements of the bridge had 
been monitored regularly. This could have allowed repair 
actions to be taken, e.g. the improvement of the stability of the 
construction, before it became a critical situation. In addition, 
with an automated SHM system in situ, at least traffic could 
have been stopped before the collapse. Thus, loss of life could 
have been prevented, and repair costs minimised. 

� �	��
���	�����


Green sEnsor NEtworks for Structural monItoring (GENESI) 
is a recently developed autonomous wireless data acquisition 
system for SHM and monitoring the effects of natural risks 
(e.g. landslides) [2, 3]. It was a collaborative project funded 
by the European Commission under the Seventh Framework 
Programme. 

With partners from two leading international industrial 
SHM practitioners and several academic partners, the system 
was designed to serve companies and authorities as the most 
modern, flexible and economically viable automated SHM 
system. 

Integrated microsystems combining computation, energy 
harvesting, and wireless transceivers were designed to 
accommodate interfaces to a range of analogue and digital 
sensor types [2, 4]. Given the rugged nature of the deployment 
environment, miniaturization of the system was ignored, as 
robust connectors and packaging are required for deployment 
in the field. An example of the final prototype deployed is 
shown in Figure 3.  

Wireless networking allows for flexible installation and 
modification (e.g. extending the network to included 
additional nodes, or dynamically adapting to fewer networked  

                                                             
1 Image courtesy of Mike Wills under CC BY-SA 2.0 

 
Figure 3. Conceptual Architecture of a GENESI Network. 

nodes) [5]. The system was designed to monitor a structure, 
and it’s immediate environment, for the full lifecycle, i.e. pre-, 
during, and post-construction. An objective was to achieve 
monitoring capabilities approaching the operational lifetime 
of the structure (i.e. decades, or more), by leveraging multi-
source energy harvesting techniques, multiple energy storage 
facilities, low-power electronics, networking protocols and 
allowing adaptive, and reconfigurable, sampling and reporting 
intervals depending upon the criticality of the situation. In this 
manner, it may be achievable to detect irregular patterns of 
behaviour in the system, and its environment, efficiently and 
over a longer term than has been previously achieved. 

2.1 ����������	�����

The GENESI system operates by communicating sensor 
readings to a back end storage system. It achieves this by 
periodically sampling sensors connected to each device before 
wirelessly transmitting the data across the network towards a 
gateway device. The gateway device collects and formats the 
sensor readings, and transmits the data to a networked server, 
over which the data may be visualised using a web 
application. In the first instance, and for the purposes of 
demonstration, a script, implementing FTP was used to 
demonstrate the end-to-end connection (periodically 
transferring formatted CSV). For the purposes of 
demonstration, WebDavis (a proprietary web-enabled 
visualisation tool that operates over the database) allows 
authorised users to visualise and explore the data. The 
conceptual architecture of the system and its operation is 
illustrated in Figure 3. 

2.2 ��������	���	��

A modular design approach was taken in the development of 
the GENESI hardware. Three distinct architectural layers, 
namely the sensor, main and power layers, were used to 
facilitate concurrent development. The reference high-level 
architecture is shown in Figure 4, and the initial prototype 
(each layer implemented as a discrete PCB with appropriate 
physical connectors) is shown in Figure 5.  

 
Figure 4. GENESI Hardware Architecture.  
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Figure 5. First GENESI Hardware Prototype [2]. 

2.3 �������	��!����"�������������	���#����$����

Long term operational SHM requires extending deployment 
lifetime by many years over what was traditionally possible 
[2]. One of the most challenging problems faced in WSNs is 
energy consumption. When a device has depleted its energy 
storage, it can no longer execute its function unless the energy 
storage is replenished, or becomes dynamically ambient-
available. Communication above all else was traditionally 
considered to be the primary energy consumer in wireless 
networks. In SHM systems that integrate trusted sensors, this 
is no true in some cases [4]. Therefore, finding a solution to 
the energy problem is even more important than in traditional 
WSNs predicated on cheap sensors. 

Figure 6 shows the architecture of the GENESI Smart 
Power Unit (SPU) designed to meet the energy requirements 
for the system [3]. Considering the need for flexibility in the 
field, the design included the appropriate conditioning 
circuitry to accommodate numerous harvesters and storage 
devices. Solar and wind harvesting are possible, where storage 
is provided by Li-Ion battery and supercapacitors. An 
interface was also constructed to allow interfacing with a 
hydrogen fuel cell, which could be used to replenish storage 
up to 4 times during critical times where transmission 
requirements are high and scavenging impossible.  

The SPU design includes a low-power (TI MSP430) 
microcontroller that is primarily used for managing the 
selection of the appropriate supply source and harvester, based 
on the implementation of Maximum Power Point Tracking 
(MPPT) algorithms for each. This allows support for dynamic 
changes in operating frequency, and thus minimum achievable 
duty cycle.    

 

 
Figure 6. GENESI Hardware Prototype [3]. 
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The Pont de la Poya bridge is a large suspension bridge that 
underwent construction between 2009 and 2013 to bypass (for 
road traffic) the historic city of Fribourg, Switzerland. The 
overall length of the bypass is approximately 1.5 km, of which 
300 m is a tunnel and 850 m is the bridge. The bridge 
structure spans the River Saane, passing above at an average 
height of 70 m above the valley floor. It is based on 10 pillars, 
and has two pylons that reach a maximum height of 110 m. 
The distance between the pylons is 196 m.  

The prototype GENESI networks were installed at Pont de 
la Poya in 2012–2013. The following parameters were 
sampled during the construction phase, and may continue to 
be periodically sampled during the operational phase:  
• Strains in auxiliary stiff bars for the tunnel construction 

(excavation pit) 
• Inclination of the pylons and pillars 
• Bearing displacements (e.g. due to temperature variations) 
• Environmental parameters: temperature, wind, air 

pressure, ground water levels and soil moisture 
The network can easily be extended to include additional 
sensors to accommodate unforeseen monitoring requirements 
and additional use cases. 

3.1 &�
�����"������	��	��������'����

Monitoring Pont de la Poya using GENESI technology 
commenced during the construction phase of the project. A 
number of complementary technological advances facilitated 
simple and fast deployment of the hardware on the structure. 
Reducing the complexity of commissioning these types of 
systems was another key factor in the design of the overall 
system, whilst the use of wireless communications technology 
ensured that traditional cabling of SHM sensors to data-
loggers was no longer required. This ensures that significant 
savings are made in terms of installation time, and 
interference with construction works (i.e. cabling). 

A key advantage was the development and availability of a 
software tool to assist non-WSN specialists to dynamically 
synthesise and upload the firmware that runs on each node on 
the fly [5]. This means that the devices can be installed 
stepwise in the field, i.e. node-by-node, without the need for 
significant pre-configuration or embedded systems expertise. 

Dynamic and autonomous network formation also allows 
for flexible deployment in the field. The embedded firmware 
for the prototype deployment was developed using TinyOS, 
following a substantial ‘porting’ effort to accommodate an 
incrementally performance-improved architecture comprising 
a recent MSP430 (F5437) MCU and CC2520 RFIC 
(illustrated in Figure 5). TinyOS allowed standard library 
implementations of dynamic network formation and discovery 
protocols to be used. The initial deployment at Poya used a 
standard implementation of CTP (for network formation, 
traffic routing and management) [6] over BoX-MAC-2 (the de 
facto TinyOS Medium Access Control protocol). One of the 
key factors in the decision to use TinyOS in the prototype 
deployment was the availability and maturity of Deluge, 
providing the ability to remotely and wirelessly reprogram 
devices in the field. Whilst TinyOS was used in the 
deployment, the Contiki OS has also been used during 
development [2].       
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Table 1. SHM at Pont de la Poya – Summary. 

Element Measurements Purpose During 
Construction 

Purpose during Operation 

Stiff bars (in tunnel 
section) Strain (VW strain gauges) Detecting Critical Loads Stiff bars are removed in final 

construction 

Pylons Inclination 

Check and verify bridge 
behaviour. Detect critical 
situations due to possible 
construction and design 

faults 

Detect irregular behaviour during 
operation, possibly caused by/after 

impacts (storm, earthquakes and traffic 
accidents). Detect deformation/bending 

due to aging/long term settlements. 

Pillars Inclinations 

Check and verify bridge 
behaviour. Detect critical 
situations due to possible 
construction and design 

faults 

Detect irregular behaviour during 
operation, possibly caused by/after 

impacts (natural and traffic accidents). 
Detect deformation/bending due to 

aging/long term settlements. 

Bearings Deformations Not installed 
Verify design values and detect irregular 

behaviour (e.g. due to corrosion and 
settlements) 

Bridge 
Section/Carriageway Acceleration Not installed Detect impacts and irregular behaviour 

in oscillations 

All Sections 
Environmental Parameters: 

Temperature, Wind, Air 
Pressure, etc. 

Detect environmental 
influence on bridge and 

on sensing elements 

Detect environmental influence on 
bridge and sensing elements 

 

 
Figure 7. GENESI Node deployed at Pont de la Poya. 

External components visible include a solar energy harvester, 
inclination sensor and RF antenna 

Figure 7 illustrates a packaged GENESI node deployed on the 
bridge at Poya. The electronics (i.e. PCBs) are enclosed in an 
appropriately IP-rated polymer enclosure. The external 
components include the physical sensors, the energy harvester 
and the antenna. The final PCB is designed for easy sensor 
attachment in the field using robust screw terminal blocks. In 
this way, cables to sensors can be easily measured and cut to 
allow various distances from the sensing points to the 
device(s). This added flexibility allows the electronics to be 
installed at appropriate locations, as may be required to assist 
RF propagation, or ensure accessibility when the sensors may 
become embedded (e.g. in concrete).  

 
Figure 8. The GENESI Network monitoring the West Bearing 

at Pont de la Poya, visualised online using Solexperts’ 
WebDavis tool. The inset: graph plots displacement and 

temperature over time; the image shows the physical device. 
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4.1 *+/+	!��0�!�	
�!	������

Authorised persons have continuous access to (near) real time 
data from the monitoring system via the Solexperts WebDavis 
application (shown in Figure 8). Web-based visualisation 
allows remote access to the deployment from anywhere the 
Internet can be accessed using a web browser. Individual 
devices and sensors can be selected from a map or plans of the 
bridge, and timeline graphs of the resultant data can readily be 
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generated. Typical calculations, temperature compensation for 
example, can be performed automatically.  

Using these tools, Engineers can see the immediate reaction 
of the construction, and/or individual constituent elements, 
during construction phases and beyond. When irregular or 
extraordinary events (e.g. earthquake, storm, impact, etc.) 
occur, it is of interest to ensure that no lasting effects have 
occurred. In the Poya deployment, it was most interesting to 
monitor the bending of the pylons due to asymmetric loading 
conditions during construction. This allowed the verification 
of design values, and to establish if irregular behaviour(s) 
occurred. 

z ����	����
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Compared with currently available SHM systems on the 
market, GENESI has a number of advantages. It combines 
features of traditional cabled SHM systems (high reliability, 
trust, quality of service) with the possibilities of autonomous, 
wireless, and low maintenance systems.  

Wireless data transfer, a feature of GENESI technology, 
saves on the commissioning costs of cables, and associated 
labour costs for installation. The risk of failure due to broken 
cables (e.g. vandalism, animals or construction works) is 
significantly reduced, and for existing structures (i.e. retrofit 
installations) long cable are unnecessary, and thus do not 
affect the aesthetics of the construction (e.g. in historical 
and/or touristic sites). Depending on site conditions, this can 
lead to installation cost reductions in excess of 50%. 

GENESI nodes self-configure in the formation of networks, 
and allow dynamic addition and removal new nodes without 
disruption to data collection. State of the art communications 
protocols (e.g. CTP [6] and DISSense [7] are currently 
implemented at Pont de la Poya and the Rome Metro, 
respectively) are used to connect devices, form a network, and 
route information to the gateway. The gateway then feeds the 
WebDavis system. Given that the software in use is based on 
contemporary open source initiatives, it will be reasonably 
straightforward to deploy improved networking and 
communications capabilities, particularly as standards emerge 
(e.g. the IPv6 stack over IEEE 802.15.4) and are made to 
operate efficiently and effectively.   

In conjunction with software tools developed, it is easy to 
deploy and remove additional nodes and sensors. This makes 
the system flexible, opening good possibilities to implement 
the system during construction phases and adapt the systems’ 
functionality later for long term monitoring without additional 
hardware and reprogramming costs. Thus the system does not 
only address the two phases “construction” and “end-of-life” 
of a structure.  

GENESI PCBs offer connectivity to a large number of 
standard SHM sensors on market. Due to their wide flexibility 
for analogue and digital sensors (providing appropriately 
conditioned power and high accuracy reading), also many 
other “generic” sensor types in addition to the ones listed on 
the bridge scenario can be connected to each node as required 
by specific monitoring needs. Those tested to-date include: 
displacement, inclination, strain, temperature, pressure, 
moisture, wind and various other types (given a number of 
standard analogue and digital electrical interfaces) [2, 3, 4]. 

The system is “green and sustainable”, and optimized in its 
energy use. GENESI technology can easily operate 5 to 10 
times longer than standard systems available on the market. 
With good energy harvesting possibilities, this can be 
significantly extended. This saves on long-term maintenance 
costs for SHM itself, as the number of periodic regular field 
trips and access to nodes to change batteries is significantly 
reduced or eradicated. The system can be reconfigured 
remotely, saving costs to access the nodes in hard to reach 
deployments or dangerous sensing fields. 

 The graphical user interface developed to assist with in 
field programming and deployment of sensing nodes is 
straightforward and easy to use. It was designed such that any 
person with a basic knowledge of computer systems and SHM 
can learn to set up and maintain the relevant features of the 
GENESI system in just one or two days [5].  

Data upload for online web-based visualisation has a 
latency ranging from seconds to minutes (depending on 
network size (connection and settling time) and system 
configuration) providing near real time data sets for analysis. 
It is worth noting that the implementation is easily extensible 
to exploit contemporary data representation, formatting and 
transfer methods, such as xml, JSON and REST, respectively. 
Therefore, any data collection platform can be used to store, 
manage and explore the resultant data. 

Complementary in-network data processing and adaptive 
sampling mechanisms have also been developed and are 
available to help in reducing the power usage, and assist in 
analysing the data, and/or adjusting the sampling intervals as 
required [8, 9, 10]. 

{ ��	����
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Table 2 provides an overview of estimated prices for a 
typical SHM system. As research and development costs are 
very high for GENESI technology, and would not prominently 
feature in a market model, they are not taken in account. To 
achieve economic feasibility and create realistic market 
uptake, devices must be in the range of less than 200 to 300 
EUR per piece. This is considered to be realistic.  

Currently the overall cost (producing devices in small 
volumes, e.g. hundreds) for a GENESI node sums to about 
1100 to 1500 EUR (selling price). This is well within the 
range of competitive technologies. This does include 
development cost, however, which, when subtracted more 
than halves, and additional significant cost savings are 
possible with respect to commissioning and maintenance of 
the system in the field. 

Shown in Table 2 are the estimated costs associated with 
GENESI SHM in comparison with COTS SHM systems. This 

Table 2. Cost Comparison with COTS SHM Systems. 

 Standard 
Cabled 

Standard 
GPRS 

GENESI 

System 
Hardware 45000 55000 40000 

Installation 25000 12000 12000 

Maintenance 
(15 years) 20000 25000 10000 

Overall 90000 92000 62000 
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considers a typical deployment of 15-20 nodes monitoring a 
bridge or tunnel. The table shows that savings in excess of 
33% are immediately possible over standard configurations.  

Fieldwork during the prototype system installation at Pont 
de la Poya demonstrated that a new node, including sensors, 
could be completely installed in approximately 20 minutes by 
a single person (including programming the device). This is 
the same time that is normally to interface a COTS sensor, 
but, due to wireless communication, no further cabling is 
required. This saves a significant amount of time and material 
(cables, connectors, cable protection, mounting material, 
equipment to reach the mounting positions). Furthermore, 
instrumentation as described above would not be possible 
with a cabled system. 

In existing networks, the most significant maintenance costs 
are incurred due to broken cables (damaged by works, animals 
or vandalism) or lightning problems (more critical due to long 
cables). Other costs arise due to replacement of nodes, or 
when cables have to be rearranged due to the fieldwork. 
Therefore, actual operational costs will be greatly reduced as a 
result of the wireless nature of communications and ease of 
reconfiguration of the network. 

| ��	������	


The GENESI SHM system was described as applied to the 
monitoring of the cable-stayed bridge, Pont de la Poya, in 
Switzerland. Wireless and ‘green’, GENESI technology 
exhibits significant technological and economic advantages 
over existing SHM systems. Some of the economic benefits 
include savings via low installation costs, lower maintenance 
costs, fewer tools and materials for scaffolding, installation, 
etc. Depending on the monitoring scenario, a cost saving of 30 
– 50% is realistic, depending on deployment scenario. 

The system is sufficiently flexible to be installed during 
construction, needing minor changes for extended monitoring. 
Cabled systems usually do not offer this flexibility, often 
break, and/or have to be removed. GENSESI technology can 
be used to monitor structural integrity in areas where it was 
not previously possible (e.g. in tunnel constructions behind 
tunnel boring machines), and in locations where no energy or 
cellular (and/or other infrastructure communications) 
networks are available. This is particularly attractive in, for 
example, new tunnels, remote environmental monitoring in 
mountainous regions, traffic ways, etc. 

The market for SHM systems continues to grow rapidly 
through major infrastructure investment in transportation 
infrastructure, bridges, power plants, water networks, oil and 
gas pipelines, etc. Existing structures are increasingly 
reaching critical ages (30 or 40 years in operation). Society’s 
attitude towards protecting these investments, old and new, in 
addition to reduced acceptance of unmitigated risk in a 
technological age, suggests that there is enormous market 
potential for technologies with characteristics similar to those 
developed in GENESI. 

7.1 5�����&�������!�

Notwithstanding the potential of the technology, there remain 
a number of technical and operational challenges that must be 
overcome before the system can be considered complete and 
market ready. There is a need to find an energy efficient 

gateway to achieve connectivity to the Internet and ensure 
consistent bi-directional availability. Contemporary gateway 
implementations require significant energy, particularly those 
connecting via cellular networks (1-4 Watts). Methods to 
achieve more granular control over the devices in the network 
are essential. Existing reconfiguration methods involve 
flooding the network with broadcast messages, and consider 
systems that monitor distributed phenomena across the 
sensing field. Very little work has been done that considers 
heterogeneous sensors, particularly those that detect highly 
localised phenomena (e.g. cracks detected using displacement 
transducers), where addressing of discrete devices (and 
individual sensors) is essential. Finally, there is a need to 
further field test the system. This is needed to fully understand 
residual challenges and emergent behaviours, including 
reliability, data quality and system trustworthiness. Acquiring 
sufficient quantities of data from the deployed system, over 
time, is of importance to SHM practitioners to allow for 
meaningful interpretation of the structure’s dynamics. 

���	������	��


The authors appreciate support of the European Commission 
under the Seventh Framework Programme (FP7), assistance 
from authorities, planners and construction companies of 
Rome Metro B1 and Pont de la Poya (Fribourg, Switzerland). 
The authors acknowledge all GENESI project partners for 
their contribution to this work. The authors also acknowledge 
continued support from EIT ICT Labs and the Research 
Council UK’s Digital Economy Programme (EPSRC Grant 
No. EP/I038837/1). 

���	��

[1] Frommer, F. J. (Associated Press) “NSTB: Design Errors Factor in 2007 

Bridge Collapse” [Online] Available: 
http://usatoday30.usatoday.com/news/world/2008-11-13-
628592230_x.htm. [Accessed 22 July 2014]  

[2] Boyle, D., Magno, M., O’Flynn, B., Brunelli, D., Popovici, E., Benini, 
L. (2011) ‘Towards Persistent Structural Health Monitoring Through 
Sustainable Wireless Sensor Networks’, in Proc. IEEE ISSNIP 2011. 6–
9 December 2011. Adelaide, Australia. 

[3] Magno, M., Boyle, D., Brunelli, D., O'Flynn, B., Popovici, E., Benini, 
L., (2014) ‘Extended Wireless Monitoring Through Intelligent Hybrid 
Energy Supply,’ Industrial Electronics, IEEE Transactions on, vol.61, 
no.4, pp.1871-1881, April 2014. 

[4] Boyle, D., Srbinovski, B., O’Flynn, B., Popovici, E. (2012) ‘Energy 
analysis of industrial sensors in novel wireless SHM systems’. In Proc. 
IEEE Sensors 2012. Taipei, Taiwan. 

[5] Barta, L., Boyle, D., O’Flynn, B., Popovici, E. (2013) ‘Simplified 
Commissioning and Maintenance for Wireless Sensor Networks’. In 
Proc. Architecture of Computing Systems (ARCS), 26th International 
Conference on, 19-22 Feb. 2013. 

[6] Gnawali, O., Fonseca, R., Jamieson, K., Moss, D., Levis, P. ‘Collection 
Tree Protocol’, In Proc. ACM SenSys, 2009. California, USA. 

[7] Colesanti, U.M., Santini, S., Vitaletti, A, (2011) ‘DISSense: An 
adaptive ultralow-power communication protocol for wireless sensor 
networks,’ In Proc. DCOSS 2011. 27-29 June 2011. Barcelona, Spain. 

[8] Masoum, A., Meratnia, N., Havinga, P.J.M. (2013) ‘A distributed 
compressive sensing technique for data gathering in Wireless Sensor 
Networks’. 4th International Conference on Emerging Ubiquitous 
Systems and Pervasive Networks (EUSPN-2013), Niagara Falls, Canada. 

[9] Taghikhaki, Z. and Meratnia, N., Havinga, P.J.M. (2013) ‘A Trust- 
based Probabilistic Coverage Algorithm for Wireless Sensor Networks.’ 
2013 International Workshop on Communications and Sensor Networks 
(ComSense-2013), Niagara Falls, Canada. 

[10] Masoum, A. and Meratnia, N., Havinga, P.J.M. (2013) ‘An energy- 
efficient adaptive sampling scheme for wireless sensor networks’. In 
Proc. IEEE ISSNIP 2013, 2-5 April 2013, Melbourne, Australia. 

198



�������
��
����
 � ��+
�
(���&*��(�
��� ��&���	
"����
����	���
"�����
������
E�������	
2�"���
2���" �������
9E22;

��
 ������
 ��
 ��"�������
 ��
 ���
"��������$
 ��
 !���$�
 ��������	)
���
"����
 ����
 ���
 !�
 �!������
 ���"
 �
  �����$
 ������"�����

'������
���
����
���
!���$�
������
"��������$)
�����
"������"���
������$���
���
��$$�����
��
�������
���
������������
��� �����

���"
���
'������
�-���
���
E22)
��
��
���(�
����
����$
"���� ��
�-���
�����
��
!�����
�������
��
��" ������
��
����$
8���
���)
���

������
 ��
 �"!����
 �-��������
 ��
 ���
  ����
 ��
 ���
 !���$�
 ��
 ����
 ���������)
 ��
 ��������+
 ���
 ���
 ��
 E22
 ��
 ������$����
 !���$�

��������	
���"
'������
��������	
��
��'����$����)











.#/
01�2��
H������
����$�
�����������K
E22
"�����K
������"�����
'������K
B�����
"��������$)


1� INTRODUCTION 
����������
 ������
 "��������$
 ��
 !���$��
 ��
 !���"��$

���������$�	
��""��
���
�����
"����������
���
���
���������

��
�� ���
���
����!���������)
%��	
��"�$�
���������
"������

���
 !����
 ��
 ���
 ����� �
 ����
 ��"�$�
 ��'��'��
 ����$��
 ��

!���$�
 ����������
  �� ������
 ����
 ��
 ���������+
 (����
 �����

�������!��
����$��
��
"����
 �� ������
��
���
���������)
�����

"������
 ��'��'�
 "����
 ������$
 ��
 �������	
 ���
 "����

 �� ������
��
���
���������
!�����
���
�����
��"�$�
6�7)
E��
�

���������
����
��
�
!���$�+
��� ��&���	
"����
������$
��
(����

���	
 ���
 ��� ����
��
 ���
!���$�
 ��
 ��������+
 ��
"���
��""��

����
������&'�!������
"����
������$
"������
����
��������
���

������	
 ��
 �  ����
 �����)
 
 B�(�'��+
 (���
 �����
 "������+
 ���

���������
 ������
 ������	
 !�
 �-�����
 �����������	
 ��
 ���������

 �����
 ����$
 �
 ����������
 ��
 �"!����
 �����
 ���
 ��� �����

������
!�
"�������
��
"��	
 �����
6�
���
�7)
�����$�
�����

"������
 ���
 ��������	
 !���$
 ����
 ��
  �������+
 ���	
 ����

���������!��
 ������+
 � ��������+
 ���� "���
 ���
 ���
 ����	���
 ��

$����
����������
��
����)

�������	+
 ���
 ����!����	
��
����$
'������
!���$�
�����������


9H��;
 ����
 "�������
 ��
 �
 '������
 ��
 ����"���
 ���
 �	��"��

 �� ������
��
�
!���$�
���
$�����
���������!��
��������
6:7)
���

"�����
��
!����
��
���������$
�������
��
���
'������
�������
��

���
 !���$�
 (����
 ��
 �
 ��(
 ����
 ���������'�
 ��
 ���'��������

����������
 ������
 "��������$
 6:
 ���
 ,7)
 ����
 "�����
 ��

$�������	
 !����
 ��
 ���
 E���
 E������
 ��������"
 9EE�;
 ��
 ���

"�������
��� ����
����
��
���
!����
��������	
����	���
����
���

����
�
��� ����)
���
�������
�����������
��
���
!���$�
���
!�

�!������
 ����$
 ���
 EE�
 � �����"
 ��
 ���
 "�������
 ��� ����

���"
 ���
 ���'�����$
'������)
 ��
��������
 ��
/��$
��
��T�
(��*+

��
���������$
��"!��
��
�������
��'�
 �� ����

!���$�
������

"��������$
 !����
 ��
 ���
 �	��"��
 ��� ����
 ��
 ���
  �����$

'������
�'��
���
!���$�
6>+
4+
=+
A
���
37)



��
 �����
 "������+
 ���
 "����
  �� ������
 ��
 ���
 !���$�
 ���

�-�������
 ���"
 ���
 '������
 ��� ����
  �����$
 �'��
 ���
 !���$�)

���������+
 ���	
 ���
 !�
 ����������
 ��
 ��� ��&���	
 "����

����	���)
 ��
 ��� ��&���	
 "����
 ����	���
 9��
 �"!����
 "����

����	���;
 "����
 ����
 ���
 !�
 �!����
 ����$
 ���	
 "�������

��� �����+
�)�)
+�����
��
��
����
��
"������
��
�������
���
�� ��

������
6�7)
0����
����$
��� ��&���	
����
��" ������
���
��"�$�

���������
 ���� +
 ��
 ��
 �����
 ��������
 ��
 ������
 �������
 ��
 ���

!���$�
���������)

��
 ����
  � ��+
 ���
 ����� �
 ��
 !���$�
 �������
 ��������	


"��������$
 !����
 ��
 ��� ��&���	
 "����
 ����	���
 "������
 ��

��'����$����
����$
 ���
 ��� ����
 ���"
 �������
 ���������
��
 ���

'������)
H������
!���$�
�	��"��
�����������
��
"�������
����$

���
 ������
 ���"���
 "�����
 9E#%;)
 E�������	
 2�"���

2���" �������
9E22;
"�����
(����
��
���
��
���
"���
(���&
*��(�
��� ��&���	
"������
 ��
���
��������	
��"���
6��7+
 ��

����
 ��
 ����
  � ��)
 E22
 "�����
 ��
 �  ����
 ��
 ���
 '������

������������
 ��� ����
 �����$
 ���
  ����$�
 ��
 ���
 '������
 �'��

���
!���$�)
�����
������$���
���
��$$�����
 ��
 ��'���
����
���

�  ��������
��
���
E22
"�����)
��
���
�����
������$	+
"�������

������������
 ��� ����
 ���"
 ���
  �����$
 ������"�����
 �-��
 ��

����
��
�
���$��
"������"���
�������)
��
���
������
������$	+

'������
 ��� �����
 ���
 �!������
 ���"
 �� �����$
 ���
 ��"�

��"�������
 ��
 �
  �����$
 �-��
 �'��
 ���
 !���$�
 ���
 ���������

�"!����
�-��������
������)
��
���
�����
������$	+
�(�
 �����(��$

�-���
����  ��
(���
��������"�����
���
��"������
�������$
���

!���$�)
 E��
 ���
 ������$���
 ��������	
 ����	���
 ����$
 EE�
 ���

E22
 "������
 ���
 �  ����
 ��
 ���
 "�������
 ��� ����
 ��
 ���

'������
 ��
 "������
 ���
 �����
 �������
 ��������	
 ��
 ���
 !���$�)

���
�!������
�������
���(
����
�  ��������
��
���
E22
"�����

���
 "��������$
 !���$�
 ��������	
 ���
 "��	
 ��'����$��
 ��

��" ������
��
���
���������
EE�
"�����)




Application of output-only modal method to the monitoring of bridges using an 
instrumented vehicle
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2� VEHICLE BRIDGE INTERACTION MODEL 
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3� OUTPUT-ONLY MODAL METHODS 
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3.1 Frequency Domain Decomposition (FDD) method 
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4� NUMERICAL ASSESSMENT 
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4.1 Case study 
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4.2 Strategy 1: Application of FDD method using single 
vehicle measurement 
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4.3 Strategy 2: Application of FDD method using multiple 
vehicle measurements  
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4.4 Strategy 3: Application of FDD method using 
measurements from two following axles 
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4.5 Application of FDD in case of closeness of vehicle 
frequency to the bridge frequency 
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1.1 Cement production and the environment 
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1.2 Alternative materials for concrete and cement  

�����
 ���
 !���
 �
 $����
 '���"�
 ��
 �������
 ���������$
 ���

�� ����"���
 ��
 '��$��
 "�������
 �$$��$����
 ���
 ��������
 ���

��"���
  ���������
 (���
 ���&��O������
  ���
 �����"��
 ���

����������
 (�����
 6,7)
 ��������'�
 ��������
 �$$��$���
 �������

��'�
 �����O��
 ����
 "��������
 ��
 ������������
 ���
 ��"�������

(�����
 6>+47+
 $����
 6=+A7+
  �������
 637+
 ��!!��
 6��7+
"����� ��

�����������
!����"
���
6��7
���
����"���
6��7+
��
"������
!��

�
��()
#���
��
�����
���������'�
�$$��$����
 �������
�����
�(�

������
��'����$��D�����'����$��
��
���
 �� ������
��
�����
���

��������
 ��������)
 ���
 '�����	
 ��
  �� ������
 ��������
 ����$

(���
 ������
 �������$
 ��
 ���
 ����������	
 ��
 ��  �	+
 ���$������

������	
�������
�������"����
���
������"��	
�������
 ��!��"�

6�:7
 ��'�
 ���
 ��
 ����������
 ��
 �" ��"���
 (���
 �����

 ���������
 ��
 ��������
  �������
 ���������$
 "��	
 ��
 �����

(�����)


��"�����	
�����
���
!���
(���
�����
��������
����
���
���
��


���
 ��
 ����
 (�����
 ��
 ��  ��"�����	
 ��"���������
 "��������

�����(���
*��(�
��
 �OO�����+
���
 ���
 ������
�� ����"���
��

�������	
 5�������
 ��"���
 ��
 �
 !�����
 ���
 ��������)
 �����


�������
 ��'�
 ����������
 ���
 �� ����"���
 ��
 15�
 �����$�

������+
 ����� ������$
 (�����
 (���
 '��$��
 "��������
 ��
 ���

 ���������
 ��
 ��"���
 ����*��
  ����
 ��
"�����$
 ��
 �����$�
 ���

!������$
��
 �� ��������
(�����
(���
15�)
���
������
��
�����

����������
��
$�������	
��$�����
��
!���$
���
"���
���������
��

���"�
��
���
��'����"�����
�" ���)



 (���
 ���$�
 ��
 (����
 "��������
 ��'�
 !���
 ����������+


"����	
���
��
�����
���"����
��" �������
!���$
��"����
��
����

��
 *��(�
  �OO������
 "��������)
 ���
 (����
 "��������
 (����

��'�
 !���
 ����������
 �����$�
 �����
 �������
 '��	
 $�����	
 ���

�������
(���
 *��(�
��%@�
 ����
 ��
 ������
 ��"�
 6�,7+
 ��	
 ���

6�>7
���
$���������
!����
�������
���$
6�47)
1����
�������
��'�

����������
  ��������
 ��%@�
 ����
 ��
 $����
 6�=+�A7+
 ����
 ���*

���
 6�37+
"����� ��
 ��(�$�
 ����$�
 ���
 6��7
 ���
 ����
 $�����

����"���
6��&�A7)


1.3 Hydraulic reactions in cement 
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1.4 Pozzolanic reactions of SCM’s 
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1.5 Waste ceramic as a SCM 
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2� EXPERIMENTAL PROCEDURE 

2.1 Materials 
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2.2 Sample preparation 
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2.3 Fresh state testing 
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2.4 Hardened state testing 
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3� RESULTS AND DISCUSSION 

3.1 Fresh state characteristics 
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3.2 Density and water absorption 
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3.3 Aesthetics of SCC blended cement concrete 
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3.4 Compressive strength 
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2.2 Mixing, Curing and Compaction 
%�-��$
 (��
 �������
 ���
 ��
 ����
 ��
 �
 ���$�
  ��
 "�-��
 ��
 �

!������
 ��
"�-)
���
!�����
���
�
��
 ���
(����
(���
"�-��

���
�)>
"������
��
���"
�
�����	)
���
��" 
(��
����
$�������	

�����
��
(���
��
 ���
 ��"�����$
(����)
���
 �����
"�-��$
 ��"�

(��
=
"������)
����
"�-��$+
���
��������
(��
 ��
����
����$&
���"
�����+
���""
��!��
"�����
��
�
���$��
��	��)
���
"����

(��
��"�'��
���
���
��" ���
�����������
��
�
�����$
���"
��

��" �������
��
�4n�e:n�
���
>>e��M
�B)





2.3 Immersion after curing 
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2.4 Microstructure 
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2.5 Strength 
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2.6 Permeability 
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2.7 Capillary Action 
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3� RESULTS 

3.1 Morphology 
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3.2 Strength 
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3.3 Water Vapour Permeability 
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3.4 Capillary Action 
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ABSTRACT: The effect of different superplasticisers is closely related to the type of cement and also to the properties and 
amounts of different mineral additions. As a consequence, the optimum superplasticiser dosage is not the same in all cases, and 
is not the same for all superplasticisers. This study is framed on the basis of real working conditions in a precast concrete 
company, and represents the first step towards the optimisation of the self-compacting concrete (SCC) mixes. To study the 
effect that mineral admixtures have on superplasticisers performance, the rheology of different grouts with a water/solids ratio 
of 0.40 has been studied using the Marsh cone. All results have been analysed by means of multiple linear regression. Optimum 
dosages for selected superplasticisers currently used in a particular precast concrete company are determined as a function of the 
composition and amounts of different mineral additions. This makes it possible to optimise grout composition to be applied to 
the optimisation of the cement matrix of SCCs. As a result, real production conditions can be adjusted and take advantage of 
these findings for continuous improvement. 

KEY WORDS: cement grouts; superplasticisers; mineral additions; self-compacting concrete. 


 ������	�����


The use of mineral admixtures such as limestone powder or 
filler (LSP), fly ash, silica fume or ground granulated blast 
furnace slag (GGBS) affects the interaction between 
superplasticiser (SP) and cement, mainly in terms of SP 
adsorption [1]. The interaction between mineral admixtures 
and cement is also modified by the type and SP dosage. As a 
result, the effect of admixture-cement interactions on the 
properties of fresh concrete are difficult to rationalise, 
specially in the case of systems including mineral admixtures 
[5]. However, the rheology of fresh grouts and cement pastes 
is directly linked to the development of mortar and concrete 
microstructure [1], and hence the convenience of their study.  

The Marsh cone test measures grout or paste fluidity, as the 
inverse of the flow time. Though the cone geometry and 
volume to be tested varies between countries and authors, the 
principle is always the same. The flow time is directly related 
to fresh behaviour parameters such as yield stress and plastic 
viscosity [9, 3]. Therefore, besides being a workability test 
aimed at specification and quality control of cement pastes 
and grouts [9], and considering its simplicity and highly visual 
interpretability of the outcome, it has been extensively used 
for research and is the test selected to be used in this research. 

The proliferation of high performance concretes in the last 
two decades has drawn attention to fine materials used to 
partially replace cement [7]. LSP usually has a positive effect 
on the rheology of fresh concrete, mainly improving cohesion 
and reducing yield stress, and therefore allows the reduction 
of SP dosage to enhance good workability levels [6]. 
However, this is not the case for all mineral admixtures, not 
even for all LSPs: mineral admixtures improve concrete 
performance but sometimes reduce workability, since the 
addition of a fine powder is likely to increase the water 
demand [4]. As a result of the complex interaction between 

different mineral admixtures and between them and the SP, 
the concept of compatibility between admixtures and SPs 
arises [1, 2, 3].  

All the aforementioned aspects highlight the convenience of 
further research dealing with mineral admixtures and SP in 
grouts. Accordingly, the research reported in this paper 
proposes a new approach to analyse Marsh cone test results 
and explores the compatibility between two particular mineral 
admixtures (LSP and GGBS) and two SPs (SP1 and SP2). 

� ���������	
������
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 �������	
�2.1
The materials used to produce the grouts have been: cement, 

LSP, GGBS, in addition to water and SP. The chemical 
composition of cement, LSP and GGBS has been obtained by 
means of XRF and is summarised in Table 1.  

Cement is CEM I 42.5R produced by Irish cement. LSP has 
an average particle size (d50) of 9.1 microns, and GGBS has 
an average particle size of 13.8 microns. Their particle size 
distribution is shown in Figure 1.  

Fluidity of cement pastes and grouts depends on the 
composition and effectiveness of the SP, which varies from 
one product to another [3]. Hence the convenience of 
considering more than one product. Accordingly, two 
polycarboxylate ether-based SPs have been used, SP1 and 
SP2. Their densities are 1.06 g/cm3 and 1.08 g/cm3 
respectively. Both superplasticisers are similar in terms of 
water content (65% and 60% respectively) and composition, 
as can be observed by looking at their DTGA curves in Figure 
2. Two significant differences are noticed: one extra peak at 
approx. 250ºC reveals a component of SP2 which is not found 
in SP1, and the first peak does not occur at exactly the same 
temperature in both cases.  

A Study on Cement Grout Rheology: Optimum Dosage of Superplasticisers Related 
to their Composition and Interaction with Mineral Additions 
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Table 1. Chemical composition of the powders used. 

 Cement LSP GGBS 
SiO2 19.61 1.74 35.65 
TiO2 0.336 0.011 0.735 
Al2O3 5.02 0.09 11.53 
Fe2O3 3.14 0.11 0.96 
MnO 0.097 0.048 0.210 
MgO 2.67 0.54 7.22 
CaO 63.79 55.24 41.26 
Na2O 0.22 <0.003 0.26 
K2O 0.469 0.026 0.396 
P2O5 0.077 0.132 0.008 
SO3 3.04 <0.002 2.33 
L.O.I. 2.40 42.71 -0.86 

 

 
Figure 1. Particle size distributions of powders. 

 
Figure 2. DTGA curves obtained for SP1 and SP2. 

 ����������	��
�������2.2
The fundamental objective of this research was to study the 
effect that different percentages of LSP and GGBS have on 
Marsh cone flow times of the corresponding cement grouts. 
To do so, grouts with different weight percentages of their 
solid components have been produced and tested, according to 
the combinations shown in Table 2. 

Since the effect of LSP and GGBS might differ depending 
on SP, these combinations have been produced and tested 
twice, using SP1 in a first series and SP2 in a second series. 

The water/binder and water/solids ratios have a direct 
impact on Marsh cone flow times, as well as SP content [3]. 
In this research, the water/solids ratio was kept at 0.40 for all 
grouts. According to the recommendations of Aïtcin[10], the 
water/solids is usually assumed 0.35 for initial reference as 
long as the flow time for a SP dosage of 1% over binder 
weight falls between 60 and 90 seconds. If not, the possibility 
of varying this value must be considered. In the case of this 

research, after some preliminary tests where the flow time was 
higher than 90 seconds, it was decided to increase the 
reference water/solids ratio to 0.40 instead of 0.35. 

Table 2. Percentages of solids in the combinations tested. 

Grout ref. Cement Limestone GGBS 
G-0 100% 0% 0% 
G-30L 70% 30% 0% 
G-25G 75% 0% 25% 
G-50G 50% 0% 50% 
G-30L35G 35% 30% 35% 

 ��������������	��	�������	��2.3
Water has been used at a temperature between 15ºC and 

18ºC in all cases. Since the sequence used to incorporate the 
different components into the mixer can significantly affect 
workability [3, 14], grouts production and testing has 
followed the same sequence of operations in all cases. The SP 
is dilluted in water and both are poured into the mixer. The 
mixer is started at low speed and all solids are gradually 
poured during 1 min 30 sec approx. After that, the grout 
adhered to the mixer is returned to the mix and then the mixer 
is operated again at medium speed. One minute before testing 
the mixer is operated at high speed.  

The flowability of all grouts has been evaluated through the 
Marsh cone 7-min flow time, according to the standard EN 
445: the time it takes for 1.2 litres of grout to pass the 10 mm 
opening of the cone has been measured for all grouts after 7 
minutes mixing.  

� 
�
������	�������	�
�
�����������

 ������������	�������������3.1
7-min flow times obtained for different dosages of SP1 or 
SP2, expressed in terms of SP weight referred to the total 
binder weight, are given in Tables 3 and 4 respectively.  

Table 3. Marsh cone test results for mixes made with SP1. 

 SP content (% over binder weight) 
 0.6 0.8 1.0 1.2 1.4 1.6 
 7-min flow times (seconds) 
G-0 70 60 56 50 51 56 
G-30L 51 54 39 42 38 - 
G-25G 77 75 65 64 61 63 
G-50G 84 68 70 71 69 65 
G-30L35G 34 32 32 31 - - 

Table 4. Marsh cone test results for mixes made with SP2. 

 SP content (% over binder weight) 
 0.6 0.8 1.0 1.2 1.4 1.6 
 7-min flow times (seconds) 
G-0 174 90 87 - 72 59 
G-30L 77 37 38 33 37 - 
G-25G 141 - 97 95 89 89 
G-50G 161 132 114 110 - 111 
G-30L35G 63 46 38 - 39 - 
 
In each case, exponential curves have been fitted to the 

experimental results by means of nonlinear regression (using 
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the “Fitting curves” toolbox in Matlab 2014a), according to 
the following expression: 

 ���� � ����� �
�� � �

 (1) 

where: x is the SP content expressed in percentage over 
binder weight, t(x) is the 7-min flow time, and a, b, and c are 
parameters to be obtained when fitting the equation. Table 5 
shows the values obtained for these parameters. 

This approach offers potential advantages when compared 
to other methodologies proposed to determine the saturation 
point [3]: it allows further interpretation of the experimental 
results because the three parameters a, b, and c define the 
position and shape of the flow curve. Parameter a is the 
asymptotic flow time and therefore informs of the maximum 
effect that the SP might have on a grout with a certain 
composition. Parameters b and c define the shape of the curve. 

Table 5. Coefficients fitted (eq. 1). 

 Grout ref. a b c x* t(x*) 

SP1 

G-0 47.9 7.98 -2.01 0.73 62 
G-30L 31.6 2.69 0.493 0.68 48 
G-25G 56.2 7.49 -1.562 0.77 71 
G-50G 60.1 6.07 0.447 0.62 76 
G-30L35G 29.22 10.98 0.008 0.26 41 

SP2 

G-0 52.42 4.01 -1.56 1.78 63 
G-30L 23.37 2.63 -0.47 1.22 33 
G-25G 82.38 10.29 -4.31 1.26 93 
G-50G 104.4 20.35 -9.91 1.02 114 
G-30L35G 32.18 4.66 -1.01 1.00 43 

 ��
�	����	��
���������	����	��3.2
The saturation point, or optimum dosage, of a superplasticiser 
is the point beyond which additional superplasticiser is of no 
benefit [11]. This point is often determined visually, and there 
are a number of definitions based on the slope of the flow 
curve [3]. However, all these previous definitions are usually 
based on geometrical criteria and not on SP efficiency. 

The authors have thought it convenient to introduce a more 
explicit definition for the saturation point, and therefore have 
attempted a new definition based on the efficiency of 
increasing amounts of superplasticiser. Once the exponential 
curve following eq. (1) has been fitted to experimental data, 
the saturation point or optimum SP dosage, x*, is defined as 
the point beyond which no time reduction higher than 10 
seconds is possible by adding SP at a dosage of 1% over 
binder weight. This criterion is exemplified in Figure 3. This 
value can be obtained from the following equation:  

 ����� � ���� � �� � �� (2) 

Values for the optimum dosages, x*, obtained for SP1 and 
SP2 together with the corresponding 7-min flow times, t(x*), 
are shown in Table 5. 

� ��	�
���������	�����

 �

�����
������	�������	�������
���	���������4.1
The reference grouts in this research are those with no mineral 
admixtures, i.e. 100% cement. Figure 4 shows the flow curves 
obtained for the reference grouts using SP1 and SP2. It is 
observed that the asymptotic time is very similar for both 
admixtures (a is 48 seconds for SP1 and 53 seconds for SP2), 

and therefore their ideal, maximum performance on cement 
grout would be very similar. However, the shape of these 
curves clearly shows that SP1 is more efficient than SP2, 
because flow times for a certain superplasticiser dosage are 
lower for SP1 than for SP2. Furthermore the saturation point 
of SP1 corresponds to a lower dosage than that of SP2, and 
therefore the optimum performance is achieved in a more 
cost-effective way for SP1 than for SP2. 

 

 
Figure 3. Definition of Saturation Point. 

 
Figure 4. Flow curves for reference grouts (100% cement). 

 �

�����
��������	��������� ���!�4.2
It has been previously found that the use of LSP at contents 
higher than 20% improves the dispersion of all solid particles 
and enhances compatibility between cement and SP [2]. The 
term 'compatibility' has been used in literature to qualitatively 
describe the interaction between a cementitious material and a 
superplasticiser: the more compatible they are, the more 
flowable is the resulting grout, or paste. When cement 
replacement materials or inert powders are used, the 
compatibility between cement and SP is likely to be modified. 

The results herein reported are coherent with previous 
findings. Figure 5 shows the flow curves obtained for grouts 
with 30% LSP and 70% cement, compared to those obtained 
for the reference grouts. It is observed that using LSP implies 
a general reduction of flow times.  

This reduction is especially important when the 
superplasticiser used is SP2, which has been identified as the 
less performant in reference grouts. As a result, the 
performance of both superplasticisers is very similar for 
dosages above 0.75 % over binder weight when 30% of the 
solids in the grout is replaced by LSP. Therefore, the addition 
of LSP is positive not only from the point of view of the grout 
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fluidity but can also counterbalance a possible lack of 
efficiency of the superplasticiser.  

 
 Figure 5. Flow curves for grouts G-30L. 

This is due to the fact that limestone powders complement 
the deficiency in fine particles of the cement, enhancing 
stability of fresh grout and playing a lubricating role between 
the relatively coarser cement grains [6]. Indeed it can be seen 
in Figure 1 that the limestone filler used in this research has a 
wide particle size distribution (ranging from d10 = 1.19 
microns to d90 = 96.4 microns). Generally, the use of LSP 
increases yield stress and reduces plastic viscosity, implying 
better stability and flowability [8].  

It is true that in some cases limestone powders have been 
found to have quite the opposite effect, but this has been 
attributed to fillers with high MgO contents [6]. This is not the 
case, because the limestone filler used in this research has a 
negligible MgO content (see Table 1). 

 �

�����
���"��4.3
Figure 6 shows the flow curves obtained for grouts with 
GGBS contents of 25% and 50%, compared to those obtained 
for the reference grouts. 

It is observed that replacing cement with GGBS has a 
negative impact on grout flowability, implying a general 
increase of flow times, especially when the superplasticiser 
used is SP2, which has been identified as the less performant. 

In this case, it is clear that the replacement of cement with 
GGBS causes a severe loss of compatibility between cement 
and superplasticiser SP2.  

Generally, the use of GGBS has been reported to improve 
flowability and mix cohesion [11, 12, 15]. However, it has 
been sometimes detected that using mineral admixtures can 
reduce workability, and when this happens, the most recurrent 
explanation found by other authors involves an increase in 
water demand [4] due to a higher surface to volume ratio.  

A final explanation for this has not been found by the 
authors yet. However, there are several aspects that can 
explain the negative impact of GGBS on flow times reported 
here. First, the flaky shape of GGBS particles might be 
increasing the friction close to the cone orifice when the grout 
is flowing out of the Marsh cone. Second, as can be observed 
in Figure 1, the size distribution is rather narrow when 
compared to that of the limestone filler (d10-d90 range is 3.67-
34 microns): this can mean an inefficient lubricating role of 
GGBS particles. Third, it is possible that differences between 
SP1 and SP2 include the fact that some fraction of SP2 is 
adsorbed onto the GGBS particles while this does not happens 

with SP1. This could be a consequence of the different 
composition of SP1 and SP2 (see Figure 2) and needs to be 
further explored, for instance by looking for possible changes 
in the zeta potential [16]. And fourth, having only 50% of 
cement in the grout increases the average interparticle 
distance between cement particles and SP molecules. All these 
aspects may be at operation together. 

 
Figure 6. Flow curves for grouts G-25G and G-50G. 

 #	��������	�$�����	��������	����������	����"��4.4
Following the results presented in sections 4.2 and 4.3, it can 
be concluded that the use of LSP implies a general reduction 
of flow times, while the use of GGBS has proved to have a 
contrary effect. Therefore, it would be reasonable to expect 
that these effects are someway counterbalanced when both 
mineral admixtures are used simultaneously. 

However, this is not the case. Flow curves obtained for 
grouts when both filler limestone and GGBS are used together 
with cement (35% cement, 35% GGBS and 30% limestone 
filler) are shown in Figure 7. It can be observed that a general 
reduction in flow times is achieved when both mineral 
additions are used, regardless of the superplasticiser used. As 
a matter of fact, the flow curves obtained under these 
circumstances are quite similar to those corresponding to 
grouts with 30% LSP and no GGBS.  

This behaviour can be explained in terms of the particle size 
distribution of these powders. Figure 8 shows the size 
distribution obtained when LSP and GGBS are blended in the 
same proportion. It is observed that this size distribution is not 
only wider than that of GGBS alone but also more continuous 
than that of LSP. This, and the fact that only 35% of grout 
solids is cement, explain the behaviour observed. 

Therefore, it can be concluded that the effect of these 
mineral additions on flow times is not simple: they not only 
interact with the cement and superplasticiser but also between 
themselves. This interaction has turned out to be advantageous 
for the flowability of the grout. However, the problem is not 
trivial and cannot be generalised, since there are many 
conflicting cases that can be found in previous literature [4]. It 
is therefore of paramount importance to carry out preliminary 
tests to study the compatibility between mineral admixtures 
and superplasticiser rather than relying in general 
assumptions. 

 %�����������������������������4.5
The relationship between the optimum superplasticiser dosage 
(saturation point), the type of superplasticiser, and the 
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percentages of LSP and GGBS over solids content has been 
modelled by means of multiple linear regression.  

 
Figure 7. Flow curves for grouts G-35G30L. 

 
Figure 8. Particle size distribution for blend LSP+GGBS. 

After fitting the experimental data, a highly accurate model 
(R-squared 91.6%) has been found for the SP saturation point, 
given by equations (3) and (4) for SP1 and SP2 respectively: 

 �� � ����� � ������� � ��������������� (3) 

 �� � ����� � ������� � ��������������� (4) 

Where: x* is the saturation point of the superplasticiser 
expressed in percentage over binder weight; L is the LSP 
percentage over total solids weight (between 0 and 30); and G 
is the GGBS percentage over total solids weight (between 0 
and 50).  

The model as given by equations (3) and (4) can be used to 
estimate the optimum dosage of either SP1 or SP2 in different 
scenarios as long as they fall within the ranges tested (LSP 
percentages between 0% and 30%, and GGBS percentages 
between 0% and 50%). 

Figure 9 shows the effects plots for this model, together 
with the 95%-confidence intervals or bands. Black lines show 
the average trends. It can be observed that, in average, the 
saturation point for SP2 is twice as much as for SP1, in other 
words: SP1 is twice as efficient as SP1, in average. 

With respect to LSP and GGBS, their use reduces the 
saturation point of the superplasticiser, either SP1 or SP2. 
This must not be misunderstood: this is advantageous only if 
the flow time corresponding to this optimum dosage is also 
reduced, as happens with LSP but not with GGBS, as will be 
discussed in the following section. As shown by these plots, 
using 30% of limestone filler causes an average reduction of 
30% in the saturation point, and the use of GGBS causes an 
average reduction of 40%. 

All aforementioned aspects lead to conclusions which are 
remarkable from the point of view of the superplasticisers 
cost-effectiveness. If both SP1 and SP2 have a similar cost per 
unit volume, choosing SP1 implies a reduction in 
superplasticiser consumption costs up to 50% at optimum 
dosage, and the use of LSP makes it possible to further reduce 
costs without compromising performance as long as the cost 
generated by consuming LSP is not greater than the cost 
reduction in SP consumption. On these grounds, economic 
optimisation for grouts and, by extension, for self compacting 
concrete is possible. 

 
Figure 9. SP saturation point related to SP, LSP and GGBS. 

 %����������������4.6
The flow time corresponding to the SP saturation point stands 
for the maximum level of performance aimed at, because it is 
not reasonable to use higher SP dosages. It has been related to 
the type of superplasticiser and the percentages of LSP and 
GGBS over solids content by means of multiple linear 
regression. Equations (5) and (6) have been obtained: 

 ����� � ����� � ������ � ������ � ������������� (5) 

 ����� � ����� � ������ � ������ � ������������� (6) 

Where: t(x*) is the flow time corresponding to the 
saturation point of the superplasticiser, expressed in seconds. 

The model is highly accurate: R-squared is 99.3%. This 
model proves highly consistent with all previous discussion of 
experimental observations. In this regard, two particular 
aspects of this model have to be highlighted. 

The first important aspect is that the type of superplasticiser 
modifies the effect of mineral admixtures on flow time: the 
constants multiplying L and G in equations (5) and (6) are 
different depending on whether SP1 or SP2 is used. The 
favourable effect of LSP on flow time is always significant, 
but specially when SP2 is used. Since this has been identified 
as the least performant SP in this research, it can be concluded 
that LSP introduces compatibility in the cement-SP system.  

Figure 10 reflects that the use of GGBS up to 50% 
introduces no significant differences with respect to the 
reference grout when SP1 is used, which has turned out to be 
highly compatible with cement. On the contrary, if SP2 is 
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used, a replacement of 50% cement with GGBS implies that 
the flow time at the optimum SP dosage is twofold increased. 

 
Figure 10. Flow time t(x*) related to SP and GGBS. 

The second important aspect regarding this model is that the 
interaction between limestone filler and GGBS percentages 
has a significant effect on this flow time. Such interaction is 
represented by the term multiplying L G in equations (5) and 
(6). Figure 11 shows the average trends of flow time vs GGBS 
content for the two amounts considered for limestone filler 
(0% and 30% replacement). It can be seen that, when the 
grout solids are 30% limestone filler, the GGBS content has 
no significant effect on flow times. On the contrary, when the 
grout is produced without limestone filler, increasing GGBS 
content clearly increases flow times at optimum 
superplasticiser dosage. This reinforces the idea that the use of 
limestone filler at 30% introduces compatibility in the 
cement-admixture system. 

 
Figure 11. Flow time t(x*) related to LSP and GGBS. 

� ������������

• The compatibility between rapid cement, two mineral 
additions (LSP and GGBS) and two SPs (SP1 and SP2) 
has been studied in grouts using the Marsh cone. 

• An exponential expression to analytically define the flow 
curves obtained from the Marsh cone has been proposed.  

• A new definition based on SP efficiency has been 
proposed for the saturation point or optimum SP dosage. 

• The ideal, maximum performance of SP1 and SP2 is 
similar. However, SP1 is more efficient and more 
compatible than SP2 with the mineral additions 
considered. 

• Adding LSP is beneficial: it not only improves 
flowability but also counterbalances a possible lack of 
SP efficiency. 

• Replacing cement with GGBS has a negative impact on 
flowability, implying a general increase of flow times, 
especially when SP2 is used. 

• The addition of 30% LSP together with 35% GGBS has 
been proved to be a far better option than adding only 
GGBS, regardless of the SP used. 

• The effect of mineral additions like LSP and GGBS on 
grout flowability is not simple: they not only interact 
with the cement and SP but also between themselves. 
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2� MATERIALS AND METHODS 

2.1 Materials and mixing 
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2.2 Permeability 
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2.3 Capillary absorption  
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2.4 Densities and porosity 
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2.5 Compressive and flexural strength  
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2.6 Shrinkage 
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2.7 Thermal output 
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3� RESULTS 

3.1 Retardation 
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3.2 Densities and porosity 
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3.3 Capillary suction 
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3.4 Permeability 
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3.5 Compressive and flexural strength 
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3.6 Thermal output 
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3.7 Linear shrinkage 
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Real-time monitoring and performance of retaining structures
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2.2� Ground conditions 
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3� SHAPED ACCEL ARRAY 

3.1� Shaped accel array configuration 
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3.2� SAA installation and data acquisition 
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4� MONITORING REGIME  

4.1� Overview 
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4.2� Data acquisition  
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5� RESULTS AND DISCUSSION  
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5.1� Unadjusted deflection  
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5.2� Adjustment for base movement    
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5.3� Adjustment for sway  
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5.4� Inclinometer/SAA comparison  
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6� COST ANALYSES AND COMPARATIVE STUDY  
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6.1� Cost analyses assumptions 
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6.2� Cost analyses  
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2� CASE STUDY 1: CHETWYND VIADUCT 

2.1 Background and History 
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2.2 Description of Structure 
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2.3 3D Terrestrial Laser Scan 

:2
�����������
 �����
����
��
���
���������
(��
�������
���
 ��

�� ��"!��
 ���:
 ����$
 �
 <����
 5��K
 �
  ����
 !����
 �����������

�����
 �������
 9E�$���
 ,;)
 ��
 �����+
 �A
 ����'�����
 �����
 (���

�-������
 ���"
 '������
  ��������
 ������
 ���
 H������)
 #���

����
 ���*
 �  ��-�"����	
 =
 "������
 ��
 ��" ����
 ���
  �����

(���
���'�	��
��
�
����
��
�  ��-�"����	
�
"������
 �����
 ��

������)
���
"�-�"�"
� ������$
���$�
��
���
5��
�������
��

� 
 ��
 ���"
 �������$
 ����
 ����������
 ������
 ��
 ���
 ���������

�����
!�
�����	
�� �����
(������
 ���
����
 ��
������
 ���
���*

��'��
��
��
���
%�!���
#��'����
0��*
5������"�
9%#05�;)




E�$���
,)
:2
�����������
�����
�������
��
� �������)


���
�������	
��
���
 �����
�������
 ��
$�'��
��
:""
��
>�"+

���
 ���������
 ��
 4""
 (���
 ���
 ��������
 ��
 ���
 ���������

���������
��
���")
���
���$��
��
���
'������
��
�  ��-�"����	

�A"
 �!�'�
 $�����
 ��'��+
"�����$
 ���
 ���$�
 ���"
 ����
 ����

���&� 
 ��'��
 �-������
 >�")
 ���
 (���&�������
  �����
 ��

����(	��
H������
(���
 ����	���
 ���
"�������
����$
 �
 !���

���
 (���
 ��� ���
 ��
 ���
  ����
 �����)
 ����
 ��
 �
 �� ����������

�������
 ��
 ���
 "�������$
 ��" �����
 ��
 <����
 �	�����

����(���+
(����
(��
����
��
������
���
:2
����2
"����)


����'�����
 ��������
 (�����
 ���
 ����!���+
 ����
 ��
 ��
 ����
 ��!+

���
 ��������
 !	
 ���
 "�������)
 ���
 ����(���
 ��!��������	

����	���
 ����
 ������
��
 ���
 ����
�����
���
�������
�
!���&���


236



�����
 ���
 �- ���
 ��
����2)
�
 ����
 ��"�
 ���
"�������
 ���

���
�  �������	
 ��
 �(��*
 ���
��"�������
��
 ���
 �����
 ��
"���

�����!��
�����"�����
�-����)

��
 ��������
 ��
 ���
 �������	
 ��
 ���
 �������
 ���
  ��������$


�����+
 ���
 ����
  ��������
 (���
 ��&���������
 ����$
 �
 <����

����g
 �����
 �������
 ��
 �����
 ��
 ������
 ����
 ���
 $�������

�������	
 (��
 �����'��
 (���
 ��$�������$
 ���
 �����)
 ���

����!���
 (��
 ����������
 ��
 �����
 ��������
 F���
 ���
 %����

B���
2���")
1���
��$�������+
���
�����
(���
��������
����$

�"�$��	
 �!������
 ���"
 �
��*��
2���
 ��"���
"������
 ��
 �

�����
 ���8�
 !���*��
 ��
 �����
 ��
 ������
 ��$�
 ����������
 :4�7

 �����"��
�"�$��
9E�$���
>;)

���
����
����!���
(��
�������+
��
$������+
��
>""

��
�����


��
"�*�
 ���
 ����
�����
"���
 ��$����
���
 ���
����!���
"���

"���$��!��)
����
 ������
�������
���
 ����
�����
���"
:+4::

"������
 �����
��
�3A
"������
 �����)
I���$
<����
�	�����
���

�����(��-
 ���
 ����2
 ����(���+
 �
 �����
 :2
 "����
 (��

$��������
 ��
 �($
 ���"��
 9E�$���
 4;)
 ��
 ����$���������
 ��
 ���

���������
(���
"�������
����'������	
��
�����
(��
�
��$���
��

'��������
 ������
 ���
 *�	
 "�"!��
  �����)
 ��"�����	+
 ���

"�����	
 ����
(���
�����
��
!�
��
'��	��$
��O��
���
(���
����

"�������
����'������	)






E�$���
>)
:2
�����
����
��� ��)




E�$���
4)
:2
�����
"����
��
����(���
H������)
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2.5 Finite Element Model 
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2.6 Basis of Assessment 
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2.7 Assessment Results 
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3� CASE STUDY 2: LAUNE BRIDGE 
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3.2 3D Terrestrial Laser Scan 
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3.3 Rehabilitation Works 
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ABSTRACT: One of the most difficult locations to design, construct, and assess infrastructure is under the water surface.  The 
marine environment provides many challenges in the river, coastal, and offshore environments.   The ability to observe the 
submerged surroundings and underwater infrastructure (e.g., bridge foundations, water facilities, marine renewable energy 
structures, etc.) with imaging provides tremendous value in design, condition assessment, and construction quality control 
process.  There is always an element of risk associated with bridges and marine infrastructure located in the aggressive water 
environment. However, innovative underwater imaging technology can reduce risks associated with diving and risks of facility 
owners.  Underwater acoustic imaging can enhance underwater observations at any time, but its true value is most often 
demonstrated during flood events and extreme depths where divers and other technologies are not feasible.    

Underwater imaging technologies have be utilized to supplement diving inspections at a variety of submerged structures over 
the past two decades, but the latest advancements in range and resolution provide infrastructure managers with a diverse set of
tools.  Some underwater imaging technologies are better–suited to use in certain circumstances depending on the need. 
Therefore, this paper will provide lessons learned to date at various locations with underwater imaging based on Knowledge-
Transfer-Program research at Queens University in Belfast and research in the USA, as well as worldwide implementation of 
this technology. Information will be provided on using both 2-D and 3-D images with positive conclusions on the effectiveness 
when used by qualified personnel. 

KEY WORDS: Underwater, Marine, Bridges, Infrastructure, Assessment, Inspection, Sonar, Acoustic Imaging 

1 INTRODUCTION�

Being involved in marine structures and bridge projects 
around the world allowed Collins Engineers to first utilize 
underwater imaging for infrastructure assessment and 
documentation of submerged components in 1991.  In 2010, 
Collins embarked on a Knowledge Transfer Partnership with 
Queens University for the research and development of 
various underwater imaging techniques. Work was undertaken 
to investigate as many different forms of underwater imaging 
as possible and then their potential was evaluated using a 
Strengths, Weaknesses, Opportunities and Threats (SWOT) 
analysis tool. 
The Queens University study then focused on the use of 
ground penetrating radar (GPR), in conjunction with a 
hydrographic sonar survey system, for the purpose of 
identifying scour and scour infill around the submerged 
structures. Additionally, the study included a comprehensive 
listing of commercially available acoustic imaging devices 
that used sonar instead of radar. 

The report concluded that GPR has several useful applications 
for underwater inspections, but it was limited to fresh water 
with a maximum depth of only around 10 metres.  Unlike 
GPR, sonar could be used in fresh, brackish, and salt water 
with unlimited depth depending on the deployment method.

Sonar technologies can be classified into two broad categories 
based on the type of data that they produce. Some systems 
produce two-dimensional data while others produce three-
dimensional data. Two-dimensional sonar systems take a 
three-dimensional space and plot it on a two-dimensional 
screen. Three-dimensional data consists of many data points 
each with unique x, y, and z coordinates. When discussing 
three-dimensional data such as that produced by single or 
multi-beam hydrographic survey sonar, the amount of detail 
that can be generated is dependent upon how small of an area 
the beam can focus on and also upon the number of points that 
are obtained. The number of data points obtained in an area is 
referred to as data density. If a particular sonar system has 
more beams, or a faster ping rate, the ability to obtain more 
dense data coverage becomes possible in less time. The 
accuracy of the data and correctness of the evaluation is also 
improved when point locations are distinguished.  Refer to 
Figure 1 for an example of a false echo return with an 
echosounder sonar cone projection instead of a sonar imaging 
acoustic fan projection. 

For several reasons determined over years of use, 2-D sector 
scanning and 3-D multi-beam sonar are considered the best 
solutions for generating images of the vertical components of 
submerged structures and adjacent channel bottom although 
there are many additional types of other sonar devices that are 
available but space has limited their discussion herein. 
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Figure 1. False sonar echo return near a bridge pier. 

1.1 26D�Imaging�Sonar�Systems�

Two-dimensional imaging sonar systems have oblong, fan-
shaped beams. They essentially work by recording the full 
range of returns from the wide dimension of the cone angle 
and plotting them on a two-dimensional drawing.   

Sector scanning sonar emits fan-shaped acoustic pulses 
through the water and requires the vessel to remain stationary 
while the head is mechanically rotating. The acoustic images 
are recorded in a series of “slices” generated by a ping after 
each rotation of the transducer. Scanning sonar operating 
frequencies usually range between 330 kHz and 2.25 MHz, 
with a common frequency used for channel bottom and 
structural imaging of 675 kHz.

Although sector scanning sonar was used to investigate 
submerged structures more than 20 years ago, it was not until 
circa 2000 that higher resolution imaging devices became 
readily available at cost effective prices. Since 2000, 
numerous structures have been scanned to document 
underwater conditions.  Refer to Figures 2 and 3 for example 
images of an undermined bridge and quaywall having offset 
blocks, respectively. 

Figure 2. 2-D image of undermined bridge pier. 

Figure 3. 2-D image of offset joints in quaywall. 
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1.2 36D�Imaging�Sonar�Systems�

1.2.1�Fathometers/Echosounders�

Sonar is the most common method for conducting 
hydrographic surveys to obtain basic water depths and 
determine obvious navigational hazards or overall dredging 
needs.  Fathometers and echosounders are single-beam sonar 
systems that gather three-dimensional data when connected to 
a GPS or other geographical coordinate collection system. 
Fathometer frequencies typically range between 24 kHz and 
340 kHz, with higher frequencies yielding higher resolution, 
but little or no channel bottom penetration.  More advanced 
fathometer systems are compatible with GPS receivers or 
robotic total stations and allow geographic coordinates to be 
associated with each depth reading. When a fathometer is 
coupled with one of these devices, water depths can be post-
processed and referenced to a horizontal coordinate system. 
This allows for very accurate channel bottom surveys, which 
can be easily compared to future surveys. When water 
conditions allow, a boat-mounted transducer allows efficient 
data collection. A fathometer survey conducted during a 
typical underwater inspection around a structure may include 
recording channel bottom profiles along the sides and a set 
distance interval or grid away from the structure. 

The primary benefit of a fathometer is the ability to obtain 
geo-referenced channel bottom profiles. The profiles can be 
used to locate and quantify apparent scour depressions, areas 
of aggradation, and channel bottom objects such as exposed 
pier footings or debris accumulation. Overlaying and 
comparing channel bottom profiles from successive 
underwater bridge inspections can alert engineers to possible 
channel-related problems. Foundation information from as-
built plans can be superimposed onto the channel cross-
sections and profiles for reference purposes. 

The primary limitation of a single-beam echosounder is its 
inability to collect data outside the path of the vessel 
transporting the transducer. For this reason, the functionality 
of fathometers is limited to obtaining channel bottom depth 
information only and imaging of vertical structure faces is not 
feasible.  

Because sonar footprints can become quite large at depth, the 
sonar operator must be careful not to confuse an exposed 
bridge footing or other submerged obstruction as the channel 
bottom. With single-beam sonar, the exact location of the 
return echo is not always known due to the cone angle. 
Likewise, fathometers will not provide information about the 
channel bottom elevation located directly below a footing and 
cannot provide undermining dimensions. 

Data density is typically low in comparison to data obtained 
by multi-beam sonar collection methods. For instance, a 
single-beam fathometer survey will typically cover only 5 to 
10 percent of the total channel bottom area. This limitation 
prevents detection of channel bottom irregularities or scour 
holes unless the vessel passes directly over the top of the 
interested area with a narrow beam. Additionally, contour 

maps created from single-beam sonar rely heavily on 
interpolation between data points. In other words, data 
obtained from these systems doesn’t possess good enough 
resolution to detect small irregularities.  For channel bottoms 
that are relatively flat, or that have a gentle slope, this method 
works well. Low data density and the presence of steep or 
irregular surfaces can cause data interpolation to show an 
inaccurate representation of actual conditions.  

1.2.2�Multi�Beam�Sonar�

Multi-beam swath sonar consists of a line of numerous narrow 
circular beams. The beam arrangement allows detailed 
mapping of a very thin transverse section with each sonar 
pulse. Most systems are boat mounted and require forward 
progress of the boat to advance the position of the 
send/receive the sound signal. Multi-beam swath sonar 
systems (also referred to as swath echosounders) function 
similar to single-beam echo sounders except, they have 
multiple sonar beams acting simultaneously allowing for 
much more dense data coverage in a shorter period of time. 
This swath system uses a fanned array of sound beams that 
typically give near 100 percent coverage of the seafloor or 
channel bottom. For instance, a typical multi-beam survey 
may have a fanned array that is capable of a “swath width” of 
seven times the water depth. Refer to Figure 4 for an 
illustration of the survey fan.  

Figure 4. Multi-beam swath sonar beam pattern. 

For vertical imaging applications, the same theory applies but 
the swath width is dependent upon the distance between the 
transducer and the vertical face of the structure. Since the 
direction and angle of the beams can change with the heave, 
pitch, and roll of the survey vessel, it is necessary to have 
motion compensators and a gyrocompass that account (in real-
time) for the motion and relay correction factors back to the 
on-board processor.  

Another form of multi-beam sonar is three-dimensional 
mechanical scanning sonar, which is essentially a multi-beam 
sonar unit fitted with a mechanical stepping motor on a 
stationary tripod or otherwise deployed stationary object. The 
mechanically scanning sonar needs to remain stationary while 
performing scans, but data can be collected within range.  
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The primary benefit of multi-beam swath sonar is the ability 
to quickly obtain large quantities of three-dimensional data. 
Multi-beam swath sonar produces a three-dimensional still 
image that is often referred to as a point cloud. For bridge 
inspection applications, the production of three-dimensional 
data would allow an inspector to document and assess the 
depth of spalling, scaling, or possibly even foundation 
undermining. By using multiple or overlapping passes, the 
sonar operator is able to obtain greater data density and 100 
percent bottom coverage of the area. 

The primary limitations of multi-beam swath sonar are that 
the vast quantities of data produced can be cumbersome and 
time consuming to post process. Because of the additional 
sensors required and the complexity of the relationship 
between these sensors, a portable multi-beam installation is 
significantly more complex and time consuming than a 
comparable single-beam installation or mechanically scanning 
multibeam setup.  Both field operation and data post 
processing require a greater deal of training and skill to master 
than other imaging sonars used without motion compensation 
or GPS positioning. Additionally, all multi-beam sonar 
systems are considerably more expensive than other sonar 
devices.  

The final limitation of multi-beam swath sonar as it pertains to 
underwater inspection is the difficulty of such systems to 
smoothly transition from acquiring data on the channel to the 
vertical face of a bridge support when they are in a downward 
looking configuration. This occurs because swathe multi-
beam systems are finely tuned through power and gain 
adjustments to detect the channel bottom and thus don’t 
always accurately record returns from dissimilar materials and 
locations. Additionally, the data often requires a large amount 
of manual post processing to weed out the acoustic noise. In 
the hands of a skilled technician multi-beam swath sonar can 
yield high quality surveys but the relative complexity 
compared to single-beam systems is a definite disadvantage. It 
should also be noted that a swathe multi-beam systems would 
be a poor choice for shallow waterways with relatively simple 
bottom topography. However, in areas with certain 
characteristics (e.g., deep water, complex bottom topography, 
limited visibility, strong currents, large areas, etc.) swath 
offers some efficiency.  Nonetheless, the stationary sonar 
provides a number of unique benefits relative to any other 
existing technologies.  Refer to Figures 5 through 8 for 
examples of the 3-D point cloud data collected with a 
stationary channel bottom deployed tri-pod with mechanically 
scanning multi-beam sonar head. 

Figure 5. 3-D point cloud of channel debris at quaywall. 

Figure 6. 3-D point cloud image of steel sheeting quaywall. 

Figure 7. 3-D point cloud image of undermined foundation. 
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Figure 8. 3-D point cloud image of scour protection mat. 

2 FIELD�IMPLEMENTION�OF�TECHNOLOGY�

Traditional underwater inspection field techniques and 
procedures are well documented. Yet some inspectors and 
owners have increasingly been turning to acoustic imaging 
technology to enhance inspection and documentation 
procedures. This trend has been accelerated based on the 
special needs of some bridge owners with structures located in 
adverse site conditions such as zero visibility, high velocity 
currents, heavy debris, and extreme depth. Urbanisation and 
climate change are two reasons these special needs are 
occurring more frequently worldwide.  Because these factors 
can limit a diver’s ability to thoroughly inspect a bridge below 
water, enhancements such as acoustic imaging have been used 
as a supplement to ensure a thorough inspection. To date, 
acoustic imaging has been used at thousands of sites around 
the world.  Potential applicability of acoustic imaging for 
underwater inspections are outlined in the below sections: 

� Rapid condition assessment.  

� Scour detection and documentation. 

� Underwater construction inspection.  

� Security threat assessment.  

� Documented visual representation of the entire 
underwater structure. 

� Enhancing diver safety and efficiency at 
challenging dive sites.  

2.1 Rapid�Condition�Assessment�

Both natural disaster and man-made events can cause the need 
for emergency structural assessment. Natural disaster events 
include floods, earthquakes, and tsunamis. Man-made events 
can include vessel impacts and dam breaks. Rapid condition 

assessment is often required immediately following an 
emergency event.  

Emergency events can threaten the structural stability of a 
structure, and decisions often cannot wait for adverse 
conditions to become more favorable for a dive inspection. 
The immediate need for a decision can result in overly 
conservative closures requiring unnecessary lengthy detours 
or economic consequences. With acoustic imaging technology 
owners can get important information about a structure during 
or soon after an event, whereas a dive inspection might have 
to wait weeks or months for floodwaters to recede or for 
conditions to otherwise become favorable. 

2.2 Scour�Detection�and�Documentation�

The number one cause of bridge failure is scour. Likewise, 
scour is a significant issue for other marine infrastructure such 
as port, harbour, and offshore structures including wind 
turbines and other energy producing structures. This makes it 
paramount for owners to be able to efficiently and safely be 
able to assess the presence of scour at their sites. The presence 
of scour can often be difficult for an inspection diver or ROV 
to detect for a variety of reasons and this makes underwater 
imaging technologies extremely useful.  

In addition to hydrographic surveys, fixed scour monitoring 
systems can be established for continuous scour monitoring at 
a specific site. A fixed scour monitoring system means that it 
is permanently or semi-permanently attached to a structure to 
repeatedly monitor a specific area.  However, it is difficult 
and expensive to obtain complete coverage of the entire 
structures at every site with a fixed system.  The portability of 
a 2-D sector scanning sonar or a 3-D mechanically scanning 
multi-beam sonar provides a tremendous value. 

2.3 Underwater�Construction�Inspection�

Underwater imaging technologies can be used in all phases of 
construction; from pre-construction planning, through the 
construction phase, to verifying as-built information and 
construction verification. 

Another construction related business that heavily utilizes 
sonar technology is the dredging industry. Everything from 
single-beam fathometer surveys to side-scan sonar and multi-
beam swath surveys have been used to quantify and classify 
river channels and the sea-bed. The primary uses a stationary 
acoustic imaging device includes the detection of obstacles 
that could damage the dredging head; the ability to map the 
composition and distribution of the seabed sediments; and the 
increased accuracy in calculated volumes under structures.  
Careful consideration needs to be given to the deployment and 
location of the different acoustic imaging systems to 
guarantee the best results as part of any construction 
operation. 

2.4 Security�Threat�Assessment�

The ability to image underwater structures has obvious 
security implications for marine infrastructure and maritime 
vessels. The potential applications are numerous and include 
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scanning for explosives and detecting intruders. Various types 
of commercially available imaging sonar have been used for 
this purpose and there are several cases showing that acoustic 
imaging technologies have proven to be an efficient and 
reliable way to accomplish this task.  Therefore, military and 
law enforcement agencies are also using these technologies 
for non-engineering purposes.  

2.5 Visual�Representation�of�Submerged�Structure�

One of the main advantages of underwater imaging 
technology is the ability to image a structure regardless of 
water clarity. Where other optical technologies, ROV, or a 
diver might allow an inspector to visualize parts of a structure, 
several types of sonar allow an owner to see images of a 
structure in its entirety.  After all, areas could be missed 
unless sonar is used to ensure 100% coverage. 

2.6 Enhancing�Diver�Safety�and�Efficiency�

As described in the cases above, underwater imaging 
technology has a large impact on diver safety and efficiency. 
As previously stated, many acoustic imaging technologies 
have the ability to generate data that can then be used to track 
a diver’s location or direct a diver to or away from a specific 
area.  

3 CONCLUSIONS�

The technology exists to obtain “photographic-like” 2-D 
acoustic images, as well 3-D acoustic point cloud data models 
of infrastructure below the water for documentation and 
assessment purposes.  Similar to other underwater work (e.g., 
diving and ROV video work), acoustic imaging professionals 
must have training and experience to ensure safe operations 
and the collection of high quality accurate data.   

Lessons learned over the years include appropriate 
deployment methods to increase quality and reduce issues 
such as slant range distortion, acoustic shadows, false 
indications, wrong terminology of findings, poor situation 
evaluations, and data registration errors.  It has been the 
authors’ experience that the lead acoustic imaging 
professional should have formalised training in both sonar and 
underwater inspections with sufficient experience to allow 
proper identification of defects and the ability to make critical 
assessments.   Since assessments must be completed with 
certainty, an engineer-diving team may need to be deployed if 
there is any uncertainty about submerged conditions.  Also in 
some cases, ROVs that have traditionally relied on optical 
video documentation and navigation can benefit from being 
equipped with various sonar imaging technologies in poor 
visibility conditions. 
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2� BACKGROUND RESEARCH 

2.1   Bridge Hydraulics 
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The hydraulics and resulting bed scour within the vicinity of submerged single span 
arch bridges. 
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2.2.  Bridge Scour 
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3� EXPERIMENTAL SET-UP & DATA ACQUISITION 

3.1 Velocity Testing 
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3.2 Bridge Model & Scour Tests 
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4� RESULTS AND DISCUSSION  

4.1 Velocity Measurements  
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4.2 Development of Scour within the vicinity of the Bridge. 
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4.3 Scour Depth as a function of time 
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4.3 Afflux as a Function of Time. 
%�F���	
��
��
��
��
6��7
�������
���
�
��$��������
�"����
��

(��*
 ��
 �����"����$
 ��(
 ��
  ������
 �����-
 ��'���
 ��
 ���

� �����"
 ����
 ��
 "��	
 !���$��
 �����$����
 ���
 I.
 ���

!����)
 
 ���
  �� ���
 ��
 ����
 (��*
 (��
 ��������
 ��

 ��������$
 ���
 ��'��
 ��
 �����-
 ���
 ���
 ������
 ��
 � �����"

����������
9�)�)
 ��������
���
�������$
���);)

E��"
E�$���
��+
��
��
�������!��
��
����������
����
���
�������

��'���
��
�����-
��������
(���
���
�����$
�������$�)
B�(�'��+

����
 ��
 ���
 �
 ������
 ����������� 
 ��
 ���
 �����-
 '�����
 ���
 �:

���
�4
<D�
���
�������!�	
�����)




E�$���
3�
�����
2� ��
'�
��"�
���
����$�
!��"���)




2����$
 ���
  ������
 ��'����$�����+
 ���
 �����-
 ��'��
 (��

"�������
 (���
 ��"�+
 ��
 �����"���
 ��
 �����
 "�	
 !�
 �

����������� 
!��(���
�����-
��'��
���
���
��'��� "���
��
���

�����
 ����)
 E�$���
 ��
 ���(�
 ���
 �������
 ���
 ,
 ��)
 ���(�

�����$�
�
"����
����
!���$�+
�������
���
��
���
��"�
��"�
��

���
�����
����
���(�
��
E�$���
3)




E�$���
���
����-
<�'��
'�
��"�




B�(�'��+
����������$
E�$���
3+
���
��"�
���(�
��"��������

����
 �����
 �� ��
 ��
 "���
 �������'�
 ��
 ���
 �"���
 ����$�
 ��

���(
���+
��
 �����
 ���(�
 ��������+
 ���
�����
�� ��
!���"��

����
 �������'�)
 ����
 ��
 ���
 �  �����
 ��
 (���
 ��
 ���(�
 ��

E�$���
 ��+
 (����
 ���
 ����������
 ��
 �����-
 ��
 "���

 ���������
 !��(���
 :�
<D�
 ���
 �3
<D�
(���
 ��" ����
 ��

���
 ��(��
 �������$��)
 ����
 ��
 ���
 (���
 (����
 ���"���	
 !�

�- �����
 (�����
  ����������
 ���(
 ����������
 ���
 ��
 (����

��'����$����$
�������)
��
(����
����
��$$���
����
���
� �����"

����
 "�	
 ��'�
 �
 "���
 ��"����
 ������
 ��
 �����
 �� ��
 ����

�- �����)



4.4 Calculation of Theoretical Scour Depth and comparison 
with Laboratory Results. 
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ABSTRACT: Fluid flow past a cylinder is a problem in fluid mechanics which has been investigated for decades. The flow of a 
fluid around an array of structures is found in a number of engineering applications. Two examples of this include the flow of 
water around oil and gas pipelines and air flow around tall buildings. With the advances in computational fluid dynamics, it is 
now possible to explore the wake characteristics, in particular the phenomena of vortex shedding, in much more detail. In this 
paper, the flow around an array of eight cylindrical structures in a staggered configuration is explored at a Reynolds number of 
100. The commercial computational fluid dynamics software, ANSYS CFX, is used to model the analysis.  
In this study, particular interest is given to the wake interactions and the forces on the individual structures within the array. The 
flow pattern around the structures is displayed using the velocity contours of the flow, for a number of spacing configurations. 
The drag and lift coefficients and Strouhal number are calculated and compared for each structure within the array at each 
spacing configuration. In addition, a validation study is performed on this numerical model using two geometries, which are 
similar to the cylinder array of interest. Within this validation study, results are also compared to experimental data. 

KEY WORDS: Array; Computational fluid dynamics; Cylindrical structures; Fluid flow; Low Reynolds number; Wake 
interaction. 

1 INTRODUCTION�

The flow of a fluid around an array of structures is found in 
many engineering applications, including around oil and gas 
pipelines, offshore structures, tall buildings, wastewater 
treatment systems and in heat exchangers. The wake 
interference within the array is of particular interest as a result 
of its practical importance in these applications. 

The classical fluid mechanics problem of fluid flow past a 
single circular cylinder has been explored for decades. Results 
from experimental studies have been compiled by 
Wieselsberger [1], Tritton [2] and Van Dyke [3]. However, 
only in recent years, with the use of computational fluid 
dynamics, has it been possible to really understand the wake 
characteristics as a result of vortex shedding. Therefore, a 
large number of numerical simulations of fluid flow past a 
single circular cylinder at low Reynolds number, Re, have 
been performed [4, 5, 6, 7, 8, 9, 10]. 

Numerical simulations have also been employed to explore 
the flow field around arrays of circular cylinders. In general, 
studies have been restricted to a small finite number of 
cylinders within the array, usually less than four. Ding et al. 
[11] used a mesh-free least square-based finite difference 
method to numerically study the flow field around two 
circular cylinders at Re = 100 and 200. Similarly, Harichandan 
[12] employed an unstructured grid consistent flux 
reconstruction technique to solve the Navier-Stokes equations 
in order to explore the flow past two and three cylinders at Re 
= 100 and 200. Lam et al. [13] experimentally explored the 
flow pattern and velocity field distribution around an array of 
four cylinders in a square configuration at Re = 200. This 
study was subsequently used to validate the models developed 
for the numerical investigation of flow around an array of four 

cylinders. This numerical investigation was performed, in 
two-dimensions, by Lam et al. [14] and, in three-dimensions, 
Lam and Zou [15]. Huang et al. [16] investigated the flow 
around two rows of unequal-sized cylinders at Re = 65. 
Furthermore, the velocity upstream of the cylinder array was 
explored. 

In this paper, commercial computational fluid dynamics 
(CFD) software is used to explore fluid flow past a large array 
of circular cylinders. The CFD software used is ANSYS CFX 
[17], which solves the Reynolds-averaged Navier-Stokes 
equation using the finite-volume method. In this study, the 
flow around an array of eight cylindrical structures in a 
staggered configuration is investigated with particular interest 
given to the wake interactions and the forces on the individual 
structures within the array. The analysis is performed at Re = 
100 with three spacing configurations explored of T = 1.5D, 
3D, 4.5D, where D is the diameter of a cylindrical structure. 
Furthermore, the numerical model developed to perform the 
necessary analyses is validated using two geometries, which 
are similar to the cylinder array of interest: a single cylinder 
and two side-by-side cylinders. 

2 METHODOLOGY�

In order to perform the numerical CFD analysis detailed in 
this paper, ANSYS CFX [17] is utilized. The governing 
equations, flow parameters and the numerical model 
associated with the analysis are detailed in this section. 

2.1 Governing�equations�

The method on which the solver in ANSYS CFX is based on 
is the finite volume technique [17]. This technique divides the 
region of interest into sub-regions and discretises the 

Numerical simulation of fluid flow around an array of cylinders at low Reynolds 
number
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governing equations in order to solve them iteratively over 
each sub-region. Therefore, an approximation of the value of 
each variable at points throughout the domain is achieved. 

The governing equations that need to be solved by the 
ANSYS CFX [17] solver is the mass continuity equation [18], 
which is given as: 
 �� � ������ � ������ � � (1) 

and the Navier-Stokes equations [18], which are given as: 

 

� ���� � �� ��� � �� ��� �
� � �� � �� �����
� �  � ���� � ��� �! � "� 

(2) 

 

� ���� � �� ��� � �� ��� �
� � �� � �� �����
� �  � ���� � ��� �! � �#
� "� 

(3) 

where t is time, x is the horizontal distance from the input 
boundary, y is the vertical distance from the lower boundary, � is fluid density, u1 is the horizontal flow velocity, u2 is the 
vertical flow velocity, F1 is the body force on the fluid in the 
horizontal direction, "� � �# is the body force on the fluid in 
the vertical direction, p is pressure, 7 is viscosity and g is 
acceleration due to gravity. 

2.2 Definition�of�flow�parameters�

In this study, the forces on each structure within an array and 
how they differ as a result of wake interaction is of particular 
interest. Therefore, the flow parameters which are of most 
interest are the drag and lift coefficients, as well as the 
Strouhal number. 

In order to characterise the flow and predict flow patterns, 
the Reynolds number, Re, which is calculated based on the 
diameter of a cylindrical structure, D, within the array, is 
used. It is defined as the ratio of inertial forces to viscous 
forces and, for a circular cylinder, is given by: 
 $% � �&'(� (4) 

where, &' is the far-field horizontal velocity and ( is the 
diameter of the circular cylinder. 

In viscous flow, the drag, or horizontal, "), and lift, or 
vertical, "*, forces are determined from the pressure 
distribution and friction at the surface of the structure. 
Therefore, the non-dimensional drag coefficient, +), is given 
by: 
 +) � ")�&'� , (5) 

and the non-dimensional lift coefficient, +*, is given by: 
 +* � "*�&'� , (6) 

where, A is the reference area. For clarity in the presenting of 
the results, a time-averaged value is given for the drag 

coefficient, while both a time-averaged value and a range is 
given for the lift coefficient. 

The Strouhal number is used as a measure of the oscillating 
fluid flow phenomenon in the wake region and is defined by: 
 -� � ./(&' (7) 

where, ./ is the shedding frequency. A fast Fourier transform 
(FFT) of the lift coefficient is used to calculate the shedding 
frequency.    

2.3 CFD�model�set6up�

The set-up for the CFD model is divided into three stages: (1) 
the geometry setup, which defines the physical dimensions of 
the model, (2) the mesh setup, where the computational 
domain mesh is created and (3) the wave-water, or physics, 
set-up, which defines the analysis type, the domain setup and 
the boundary conditions. A schematic which details the model 
domain, including definition of spacing, T, and overall domain 
dimensions is shown in Figure 1. 

The overall geometry of the model is rectangular in plan 
with a thickness less than the size of the smallest element, 
which is D/20. Two symmetry boundaries are utilised, so the 
model is infinitely wide. The cylindrical structures which 
comprise the array are fixed and, thus, are simply ‘cut’ from 
the computational domain. The spacing between the array and 
the adjacent walls is set to a constant 5D throughout the study. 
Similarly, the distance from the array to the inlet and outlet 
boundaries is set to 5D and 20D, respectively. This is similar 
to the spacing used by Rahman [8]. 

A maximum mesh size is set throughout the computational 
domain of D/10. However, additional refinement is defined 
near the wall of the cylindrical structures and, also, within the 
immediate wake region behind the structure. This refinement 
is set to D/20. The total number of mesh elements for the 
validation studies was approximately 51,000. This figure 
increased to approximately 66,000 for the larger array of eight 
cylindrical structures. 

 

 
Figure 1. Schematic of the model domain, including definition 

of spacing, T, and overall domain dimensions. 

Since the flow is unsteady at Re = 100, it is necessary to 
perform a transient analysis. Therefore, an analysis with a 
maximum non-dimensional time-step of 0.02 for a non-
dimensional total time of 40 is specified, where non-
dimensional time is defined as: 
 &'�( (8) 
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This maximum non-dimensional time-step was also observed 
by Lam et al. [14]. An inlet boundary with the far-field 
horizontal velocity defined as the flow velocity and an outlet 
boundary with a pressure of 0 Pa are also specified. The 
adjacent walls have been defined with a free-slip condition 
and the cylindrical structures are specified as a wall boundary 
with a no-slip condition. During the solver run, the drag and 
lift forces on each cylindrical structure within the array are 
recorded. 

3 MODEL�VALIDATION�

In order to ensure the accuracy of the numerical model, it is 
necessary to perform a validation study by comparing the 
results to previously published data, ideally obtained from 
physical experimental studies. In this paper, two validation 
studies are undertaken: fluid flow past a single cylinder and 
fluid flow past two side-by-side cylinders. 

Initially, the fluid flow past a single cylinder is explored. 
This study not only provides a method for validating the 
model but, also, gives the opportunity to explore a number of 
model properties, including mesh refinement, overall domain 
dimensions and optimum time-step. This analysis ensures the 
development of an accurate model, the details of which are 
given in Section 2.3. In this analysis, a range of low Reynolds 
number were investigated, which were Re = 20, 40, 60, 80, 
100, 200. For Re � 40, a steady state analysis was performed 
as vortex shedding does not occur at such a low Reynolds 
number. However, once this value is exceeded, it is necessary 
to perform a transient analysis as the flow becomes unsteady 
and the vortex shedding phenomenon may be overlooked in 
the calculations. A summary of the drag coefficients obtained 
from this analysis is shown in Figure 2. In this graph, the 
results from the present study are compared to experimental 
findings, presented by Wieselsberger [1]. The two sets of 
results are in good agreement, which is evident from the 
Figure 2. In addition, the drag and lift coefficient and Strouhal 
number, which are 1.3655, ± 0.0751 and 0.1474, respectively, 
are compared to independent numerical and experimental 
observations for the fluid flow around a single cylinder at Re 
= 100. This comparison is displayed in Table 1 and the results 
from the present study are consistent with the independent 
observations.       

 

 
Figure 2. Comparison of the drag coefficient on a single 

cylinder with the experimental findings of Wieselsberger [1] 
at 20 ^ Re ^ 200. 

 
Figure 3. Magnitude of absolute velocity contours of the fluid 

flow around a single cylinder at Re = 100. 

 

Table 1. Comparison of the drag and lift coefficients and 
Strouhal number with independent numerical and 

experimental observations for the fluid flow around a single 
cylinder at Re = 100. 

 Cd Cl St 
Wieselsberger [1] 1.326  0.1608 
Tritton [2] 1.32  0.16 
Ding et al. [11] 1.356  ±0.287 0.166 
Lam [14] 1.36  ±0.105 0.16 
Rajani [9] 1.3353 ±0.0896 0.1569 
Harichandan [12] 1.352  ±0.278 0.161 
Present study 1.3655 ±0.0751 0.1474 

 
 
The next stage of the model validation is to investigate fluid 

flow over a pair of side-by-side cylinders. Two 
configurations, which have a spacing of T = 1.5D and T = 3D, 
are used. For the purpose of this validation, the Reynolds 
number is held constant, where Re = 100. 

The drag and lift coefficients and Strouhal number are 
compared to the independent numerical observations of Ding 
et al. [11] and Harichandan [12]. These results are given for T 
= 1.5D and T = 3D in Table 2 and Table 3, respectively. It is 
evident that the results of the present study predict a larger 
force for both the drag and lift coefficients than the previously 
observed results. However, they are still in reasonable 
agreement. A noteworthy outcome from these analyses is the 
wake patterns behind the two cylinders, which can be seen 
from the velocity contours shown in Figure 4. In the first 
instance, when T = 1.5D, the two cylinders begin to act a 
single body with a single wake. As a result of this, it is very 
difficult to accurately estimate the shedding frequency of each 
structure and, therefore, the Strouhal number is omitted from 
the analysis, which can be seen in Table 2. While, in the 
second instance, when T = 3D, there are two parallel vortex 
streets which are approximately 180° out of phase causing the 
overall flow to be symmetric between the two cylinders. This 
is the same observation as Huang et al. [16], Ding et al. [11] 
and Harichandan [12]. 
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(a) 

 
(b) 

Figure 4. Velocity contours of the fluid flow around two 
cylinders at Re = 100 and a spacing of (a): T = 1.5D and (b): T 

= 3D. 

Table 2. Comparison of the drag and lift coefficients and 
Strouhal number with independent numerical observations for 
the fluid flow around two cylinders at a spacing of T = 1.5D at 

Re = 100. 

 Cd Cl St 
Upper cylinder:    
Ding et al. [11] 1.53 -0.46 - 
Harichandan [12] 1.58 -0.41 - 
Present study 2.05 -0.639 - 
Lower cylinder:    
Ding et al. [11] 1.51 0.47 - 
Harichandan [12] 1.52 0.41 - 
Present study 1.78 0.518 - 

Table 3. Comparison of the drag and lift coefficients and 
Strouhal number with independent numerical observations for 
the fluid flow around two cylinders at a spacing of T = 3D at 

Re = 100. 

 Cd Cl St 
Upper cylinder:    
Ding et al. [11] 1.56 -0.131 ± 0.253 0.182 
Harichandan [12] 1.45 -0.1 ± 0.025 0.181 
Present study 1.827 -0.1734 ± 0.6559 0.208 
Lower cylinder:    
Ding et al. [11] 1.56 0.131 ± 0.253 0.182 
Harichandan [12] 1.45 0.1 ± 0.025 0.181 
Present study 1.821 0.1803 ± 0.6529 0.207 

4 RESULTS�AND�DISCUSSION��

In order to explore the effects of the wave interaction on the 
forces on each structure within a large array of structures, 
fluid flow around an array of eight cylindrical structures in a 
staggered configuration is numerically simulated using the 
CFD model. Since, the wake interaction is of particular 
interest, unsteady flow at a low Reynolds number is studied. 
Therefore, the analysis is performed at Re = 100, where the 
phenomenon of vortex shedding is occurring. Furthermore, 
the effects of the spacing between cylinders is explored by 
using three spacing configurations explored of T = 1.5D, 3D, 
4.5D. Figure 1 illustrates how the geometry is characterised 
and, also, defines the spacing parameter, T. 

The wake interactions between the cylindrical structures 
within the array can be seen from the absolute velocity 
contours of the fluid flow around the array, which is displayed 
in Figure 5. For all three spacing configurations it is evident 
that there is a degree of symmetry of the flow pattern about 
the centreline of the model. Although, it is not fully 
symmetric, the flow patterns of the wake of the outer 
cylindrical structures tend to mirror each other for the closer 
spacing configurations of T = 1.5D and 3D ( i.e. Cylinder 1 
mirrors cylinder 3 and cylinder 6 mirrors cylinder 8). For the 
case of T = 4.5D, symmetry of the flow pattern of the wakes 
does seem to be present for the first row (cylinders 1 and 3) 
but this symmetric is lost when the flow reaches the third row. 
Similar to the what was observed in the validation study 
described in Section 3 for the flow past two side-by-side 
cylindrical structures at T = 1.5D, the cylinders within the 
array act as a single body with a single wake. The flow 
patterns seen in Figure 5(a) are similar to what would be seen 
for an analysis performed of flow around a single body at a 
Reynolds number of approximately 400. In addition, a vortex 
has formed behind the array. Here, the absolute velocity 
appears to have slowed down as the fluid flow changes 
direction. For the other two spacing configurations individual 
wakes develop for each structure within the array and their 
oscillating features interact with each other. It is clear to see 
from Figure 5(b), at the closer spacing of T = 3D, the 
interaction between the fluid flow around the structures is 
greater. Therefore, at a closer spacing there are additional 
forces on each structure as a result of this interaction. These 
forces are less evident at a spacing of T = 4.5D, seen in Figure 
5(c), where the drag force on each structure are of a similar 
magnitude. 

 
(a) 
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(b) 

 
(c) 

Figure 5. Velocity contours of the fluid flow around an array 
of eight cylindrical structures at Re = 100 and a spacing of (a): 

T = 1.5D, (b): T = 3D and (c): T = 4.5D. 

In order to analyse the force on each individual structure 
within the array, two of the flow parameters, which are 
discussed in Section 2.2, are used: the drag and lift 
coefficients. The drag and lift coefficients for each structure 
are calculated and displayed in Table 4 and Table 5, 
respectively. For a spacing configuration of T = 1.5D, it can 
be seen that the drag coefficient is significantly larger for the 
first row and that, essentially, each row partially blocks the 
flow for the subsequent row. For a spacing configuration of T 
= 3D, the drag coefficient is reasonably constant for each 
structure with the exception of cylinder 7, which is the middle 
cylinder in the third row. There is significant decrease in the 
drag coefficient, and therefore, the horizontal force on the 
structure. This is also evident from Figure 6 (a), where the 
drag force is shown graphically in the time-domain. For a 
spacing configuration of T = 4.5D, the wake interactions have 
less of an effect on the individual structures as there are no 
significant increases or decreases in drag coefficients. 

Table 4. Drag coefficients,�+), on each cylinder for the fluid 
flow around an array of 8 cylinders at Re = 100. 

Cylinder No. T = 1.5D T = 3D T = 4.5D 
1 2.2738 1.797 1.6375 
2 2.2356 1.715 1.5564 
3 2.258 1.781 1.6144 
4 0.9595 1.702 1.9237 
5 0.9747 1.67 1.8378 
6 0.3234 1.793 1.5386 
7 0.2924 1.036 1.6425 
8 0.3187 1.797 1.8175 

For a spacing configuration of T = 1.5D and 3D, the 
symmetry characteristics of the flow pattern are also evident 
from the lift coefficients, where the lift coefficient of cylinder 
1 is the negative of the lift coefficient of cylinder 3, similarly 
for cylinder 6 and cylinder 8. This is as a result of the vortex 
streets, which are approximately 180° out of phase. In 
addition, the lift force is shown graphically in the time-
domain in Figure 6 (b). For a spacing configuration of T = 
4.5D, as expected, similar to the flow pattern, symmetry is 
seen for the first row, where the lift coefficient of cylinder 1 is 
the negative of the lift coefficient of cylinder 3. However, this 
symmetry is lost by row three and this is evident from the lift 
coefficients. 

Table 5. Lift coefficients, +*, on each cylinder for the fluid 
flow around an array of 8 cylinders at Re = 100. 

Cylinder No. T = 1.5D T = 3D T = 4.5D 

1 0.8566  
± 0.0015 

0.2708  
± 0.0999 

0.1333  
± 0.325 

2 -0.014  
± 0.0006 

0.0264  
± 0.021 

-0.0097 
± 0.1453 

3 -0.8286  
± 0.0015 

-0.2616  
± 0.0639 

-0.1335 
± 0.2408 

4 0.1728  
± 0.0024 

0.0337  
± 0.2028 

0.0447  
± 1.1857 

5 -0.1598  
± 0.0036 

-0.0148  
± 0.1779 

-0.1561 
± 1.3176 

6 0.197  
± 0.041 

-0.1331  
± 0.4224 

0.1151  
± 0.985 

7 0.0041  
± 0.0049 

0.0012  
± 0.1206 

-0.176  
± 1.662 

8 -0.1879  
± 0.0354 

0.0862  
± 0.5668 

-0.2098 
± 1.6587 

 

5 CONCLUSIONS�

A systematic study of fluid flow around a large array of 
structures is presented. Particular interest is paid to exploring 
the effects of the wake interaction and the difference in the 
forces on each structure within the array. Furthermore, in 
order to validate the CFD model which will perform the 
numerical analysis, two geometries, which are similar the 
array of interest were explored: a single cylinder and a pair of 
side-by-side cylinders. 

In this paper, the flow around an array of eight cylindrical 
structures in a staggered configuration at Re = 100 with three 
spacing configurations of T = 1.5D, 3D, 4.5D was explored. It 
is evident from the analyses that the flow pattern, wake 
interactions and forces on the individual structures within the 
array are a function of the spacing configuration. 

Although the flow pattern about the centreline of the model 
is not fully symmetric, the flow patterns of the wake of the 
outer cylindrical structures tend to mirror each other for the 
closer spacing configurations of T = 1.5D and 3D. For the 
case of T = 4.5D, symmetry of the flow pattern of the wakes 
does seem to be present for the first row, but this symmetric is 
lost when the flow reaches the third row. This is further 
evident when the drag and lift coefficients on each cylindrical 
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structure within the array are explored. In addition, for a 
spacing configuration of T = 1.5D, the cylinders within the 
array act as a single body with a single wake. The flow 
patterns seen here are similar to what would be seen for an 
analysis performed of flow around a single body at a 
Reynolds number of approximately 400. For the other two 
spacing configurations individual wakes develop for each 
structure within the array and their oscillating features interact 
with each other. 

 

 
(a) 

 
(b) 

Figure 6. Forces on each cylindrical structure within the array 
of eight structures at Re = 100 and a spacing of T = 4.5D, (a): 

drag force and (b): lift force. 

When the structures within the array are closer together, T = 
1.5D, it can be seen that the drag coefficient is significantly 
larger for the first row and that, essentially, each row partially 
blocks the flow for the subsequent row. For a spacing 
configuration of T = 3D, the drag coefficient is reasonably 
constant for each structure with the exception of cylinder 7, 
where there is a significant decrease in the drag coefficient. 
For a spacing configuration of T = 4.5D, the wake interactions 
have less of an effect on the individual structures as there are 
no significant increases or decreases in drag coefficients.

These significant differences in the drag force between the 
structures within the array would have an impact in the design 
considerations for a number of engineering applications, in 
particular in the design of offshore structures, oil and gas 
pipelines. In these cases, the structural loadings are quite 
substantial and is, therefore, increasingly important to ensure 

that the structures are not unnecessarily overdesigned. On the 
other hand, for systems such as wastewater treatment systems, 
the effects of the wake interaction and the difference in the 
forces on each structure within the array should be considered 
for efficient operational of these systems. 
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ABSTRACT: 
The objective of this study is to develop analytical solutions for fretting fatigue in the pressure armour wire of flexible marine 
risers. Analytical and finite element based solutions for bodies in contact and under tangential displacement are presented, with a 
view to application to in-service loading of the contact area of the pressure armour wire. The analytical solution for substrate 
stress components is compared to finite element solutions for two cylinder-on-flat cases: gross sliding and partial slip. The 
analytical and FE solutions are generally in agreement for trailing edge tensile stresses and stick-slip interface shear stresses, 
which control crack initiation and early crack propagation. The analytical method presented has the potential to form the basis 
for computationally inexpensive prediction of fretting fatigue and wear in marine risers.

KEY WORDS: Fretting, fatigue, contact mechanics

1 INTRODUCTION 
Flexible marine risers are a key component in the delivery of 
offshore hydrocarbons from the seabed to sea level, typically 
to a floating structure, such as a platform or vessel. Flexible 
risers are comprised of a large number of layers (see Figure 1) 
with different functions. The research presented focuses on 
the interlocked metallic layer, the pressure armour wire; the 
primary function of this layer is to contain internal pressure
and resist hoop stress. Fretting is a wear damage mechanism 
that occurs in the contact region between two materials under 
combined normal load and micro-scale cyclical relative 
tangential motion. These geometrical and loading conditions 
are present, for example, in the nub and groove valley regions 
of the pressure armour wires in flexible risers (as shown 
schematically in Figure 2). 

Fretting can cause local cracking and damage of the 
pressure armour layer, thus reducing the service life of the 
riser. At present, fretting behaviour in the pressure armour 
layer of flexible marine risers is a subject which requires 
further research. The American Petroleum Industry (API)
design codes recommends a safety factor of 10 for fatigue 
design of pressure armour layers [1], to account for the 
uncertainties associated with fretting, for example.

Fretting can be divided into three slip regimes [2],
depending on the slip amplitude: (i) gross slip, (ii) partial slip 
and (iii) mixed slip regime. Because of this, the contact 
mechanics of two bodies in contact under combined normal 
and tangential loading is important for fretting behaviour.
Hertz, e.g. [3], solved the problem of elastic contact between 
two elastic half spaces in terms of semi-ellipsoidal geometries 
with an elliptical contact area. Cattaneo [4] and Mindlin [5]
independently combined solutions for normal and tangential 
loading of Hertzian contact to develop a solution for the
partial slip case.  

Figure 1. Cross section of a flexible marine riser (Wood 
Group Kenny).

Figure 2. Schematic of loading on the pressure armour layer 
of a flexible marine riser. 
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The majority of work carried out on fretting fatigue has 
focused on other areas of engineering such as spline couplings 
used in aerospace engineering, [6] and [7]. Research has been 
carried out to a lesser extent on fretting fatigue of flexible 
marine risers, in particular, the pressure armour layer. Perera, 
[8], has carried out experimental work on the fretting 
behaviour of the pressure armour layer of unbounded flexible 
pipes; however, this study did not compare experimental data 
with any computational or analytical models.

2 ANALYTICAL METHODS 

2.1 Contact mechanics 
When two elastic bodies come into contact under normal 
loading, elastic deformation takes place which results in a 
contact area in the three-dimensional case and a contact width 
in the two-dimensional case. 

Figure 3. Definition of terms for integration of general normal 
and tangential traction distributions. 

2.2 Distributed normal and tangential loading 
In general, contact stresses are transmitted through normal 
pressure and shear loading. For both normal pressure 
distribution (p(s)) and tangential load distribution (q(s)) the 
sub surface stress components at a point (x, z) are given by 
integrating over the loaded region. Superposition can be used 
to calculate stresses in a sliding contact problem.

Figure 4. Cartesian two-dimensional stress components.

Substrate stresses are obtained through the application of 
elasticity theory for concentrated normal and tangential loads 
and integration over the contact region for distribution of
normal and shear traction. The two-dimensional Cartesian 
stress components are given by [3]:
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where a, b, z, s, ds and x are illustrated in Figure 3. 
A similar procedure is applied in order to calculate the 

stress components due to tangential traction. For a case of 
pure sliding, and assuming Coulomb-Amontons’ Law for 
sliding friction: 

)()( spsq �� (4) 

where μ is the coefficient of friction (COF). 
Substrate stresses due to the tangential traction distribution 

can thus be obtained from:
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2.3 Sliding cylinder-on-flat 
Closed form solutions for the substrate stresses for the two-
dimensional case of a pair of elastic half-spaces, and for two 
contacting spheres have previously been published [3].

The contact pressure distribution for a 2D case for contact 
between two infinitely long cylinders under normal loading 
conditions is given by:
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where a is the contact semi-width and po is the maximum 
pressure, given by:  
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where P is the applied normal load, and E* and R* are the 
compound Young’s modulus and radius of curvature of the 
contacting bodies, given by:
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where �i, Ei and Ri are Poisson’s ratio, Young’s modulus 
and radius of curvature of body i respectively.

Figure 5. Contact shear distribution for a cylinder-on-flat 
sliding case.

2.4 Partial sliding:  Cattaneo – Mindlin solution 
When a tangential force with magnitude less than the limiting 
frictional force is applied to two bodies in contact under 
normal loading, no gross sliding motion takes place. For the 
stick region (–c �������) t(x) < μp(x), resulting in no relative 
motion between the bodies within this region; slip occurs at 
the edges of contact c ��������	, i.e. t(x) = μp(x). 

Figure 6. Stick and slip regions for cylinder-on-flat partial slip 
contact.

The magnitude of the tangential force (Q) determines the 
size of the stick region. The stick region for partial slip of 
contacting cylinders is given by:

P
Q
�

�1 =
a
c (13) 

where c is the contact semi-width of the stick region.
The contact pressure due to the tangential force can be 

obtained using superposition of the load distributions for the 
stick region (q’’(x)) and the slip region (q’(x)).
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q’’(x) acts in the stick region –c �������. 
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q’(x) acts at the edges of contact c ��������	. 
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Eqs 14 and 15 ensure that the stick-slip conditions for 
partial slip are satisfied.

Figure 7. Contact shear distribution for a cylinder-on-flat 
partial sliding case.

2.5 Stress calculation 
This load distribution for each case (Eq 8 for sliding and 
superposition of Eqs 8 and 16 for the partial slip case) are 
used in conjunction with Eqs 1 to 3 and Eqs 5 to 7 to calculate 
the stress components for each case using superposition of the 
stresses due to the normal pressure distribution and the shear 
distribution.

Some assumptions are made in order to calculate the 
pressure distribution for both the sliding and partial sliding 
contact problem [3]:

• Surfaces are continuous and non-conforming;
• The strains are small;
• The bodies are infinite elastic half-space i.e. the 

dimension of the contact is small in comparison to 
the dimensions of each body and the radii of the 
curvature of the surfaces.
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3 COMPUTATIONAL MODELLING 

3.1 Finite Element Modeling 
Finite element models have been developed in Abaqus for 
both gross slip and partial slip cylinder on flat contact cases.
The loading conditions are as shown in Tables 1 and 2.

Table 1. Loading conditions: Gross slip case

Normal Load
(kN/mm)

Stroke

50 0.01 mm

Table 2. Loading conditions: Partial slip case

Normal Load
(kN/mm)

Stroke

50 25 kN

A two-dimensional, plane strain assumption has been 
assumed for each case. The material used is a carbon steel, 
with a Young’s modulus of 200GPa and a Poisson’s ratio of
0.3. The radius for the cylinder case is 6 mm (based on test 
specimen dimensions used for the fretting fatigue test rig in
[9]). 

A coefficient of friction of 0.8 was used, based on the
assumption that after a sufficient number of cycles, that 
surface modifications within the slip zone will raise the local 
COF from an initial value of approximately 0.3 to between 0.7 
and 0.9, as described in [10]. 

Since the analysis is a frictional contact problem, two-
dimensional, four noded, quadrilateral, plane strain elements 
were used due to their accuracy and stability for  these loading 
conditions [11]. A mesh sensitivity study was used to 
establish the mesh which is highly refined in the contact 
region, becoming coarser further from the contact area (see 
Figures 8 and 9). The contact element size is approximately
4μm x 4μm. The transition between fine mesh and coarse 
mesh is achieved by reducing the mesh density through an
unstructured mesh between the fine and coarse meshes (see 
Figure 9). 

The master-slave algorithm for finite sliding contact was 
used to define the surface interaction for both models. The 
maximum allowable penetration depth between master and 
slave nodes was set to 1 μm. The adjustment tolerance for the 
initial geometry was set to 0.001 μm. Since Coulomb-
Amontons’ Law is assumed for sliding friction, the exact stick 
condition is ensured by implementing Coulomb friction based 
on the Lagrange multiplier contact algorithm. 

The dimensions of the substrate material were made 
significantly larger than the contact area so that the 
assumption of an elastic half-space remained valid. The 
bottom edge of the substrate was restrained in the z direction 
and the left and right edges were restrained in the x direction. 

Figure 8: Mesh used for cylinder on flat contact.

Figure 9. Mesh refinement in contact area.

3.2 Loading history 
The normal load P is applied to the cylinder, and then a cyclic 
tangential load (Q) or displacement (D) is applied in a similar 
manner to shown in Figure 10.

Figure 10. Stroke and loading history.

A
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4 RESULTS 

4.1 Loading cycle 
For both the sliding and partial sliding cylinder-on-flat contact 
cases, the results for the FE model are obtained from point A 
on the loading cycle (see Figure 10). The analytical model 
used does not give results for mid-cycle tangential loading.
The results are taken from a depth of z = 4.845 μm (this depth 
is along a set of integration points).

4.2 Sliding cylinder-on-flat results 
Both theoretical and FE results for the cylinder on flat sliding
contact case are presented in Figures 11 and 12. Qualitatively, 
the FE solution produces trailing edge tensile stress at the 
same location as the analytical solution. The location of
maximum shear stress differs by 1% between the two models. 
The FE solution predicts trailing edge tensile stress and
maximum shear stresses that are 1% and 7% lower 
respectively than the analytical solution.

Figure 11. Comparison of sxx stress results from FE to the 
analytical solution for sliding case. 

Figure 12. Comparison of txz stress results from FE to the 
analytical solution for sliding case. 

4.3 Cylinder-on-flat partial slip results 
Figures 13 and 14 show the comparison between analytical
and FE solutions for the partial slip case. The FE solution 
produces trailing edge tensile stress at the same location as the 
analytical solution. The location of maximum shear stress 

differs by 10% between the two models. The FE solution 
produces the same trailing edge tensile stresses, however the 
maximum shear stress is 14% lower than the analytical 
solution. This is because the contact shear distribution 
produced by the FE model does not correspond exactly with 
the theoretical distribution (see Figure 7).

Figure 13. Comparison of sxx stress results from FE to the 
analytical solution for partial slip case. 

Figure 14. Comparison of txz stress results from FE to the 
analytical solution for partial slip case. 

5 FRETTING FATIGUE  

5.1 Crack growth and wear 
For fretting fatigue cracks, the stress range is of importance 
for the calculation of fatigue life. High shear stress (txz) 
ranges cause crack initiation, and high tangential (trailing 
edge) stress (sxx) ranges cause Mode I crack propagation.
Since the loading is cyclical, a material point can experience 
high shear stresses and low tangential stresses followed by 
high tangential stresses and low shear stresses in the next 
stage of the cycle; this behaviour increases the possibility of 
crack formation and growth. Crack growth can occur for both 
low and high cycle fatigue.

Fretting wear can be beneficial by removing material 
affected by the crack initiation prior to crack propagation.
Previous work has shown the importance of modelling wear 
due to its influence on crack initiation and propagation [12].
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A Smith-Watson-Topper (SWT) critical plane approach 
[13] fatigue parameter can be used to predict crack nucleation. 
A modified SWT approach [14] was developed to incorporate
the effects of slip on crack initiation and surface wear damage, 
using a fretting fatigue damage factor, Dfret. 

cb
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f
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where smax is the maximum normal stress on the critical 
plane, Dea is the maximum normal strain amplitude on the 
same plane, E is Young’s modulus s’f and b are fatigue 
strength coefficient and exponent, e’f and c are the fatigue 
ductility coefficient and exponent, and Nf is the number of 
cycles to failure.

Dfret is a fretting fatigue damage factor given by [14]: 
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where m, n and (td)th are material constants to be
determined experimentally.

The modified SWT parameter gives more accurate 
predictions for fretting fatigue life and locations.  

6 DISCUSSION AND FUTURE WORK 

6.1 Discussion 
An analytical solution for substrate stress has been presented; 
this has been compared to FE solutions for gross slip and 
partial slip of a cylinder on flat contact. 

The analytical solution relies on known or assumed contact 
pressure distributions; therefore, assumptions made for the 
pressure distribution must remain valid for the FE model for 
accurate comparison. An elastic half-space requires accurate 
representation within Abaqus; this was achieved by ensuring 
that the substrate dimensions were large enough with respect 
to the contact width to avoid effects due to the boundary 
conditions (the substrate width was 20 mm in comparison to 
60 μm contact semi-width).

The integration for the theoretical model was calculated 
using the trapezoidal rule; a sensitivity study was carried out 
to ensure convergence. All stress component results were 
taken from integration points, to avoid nodal averaging of 
results. 

Computation time is a major factor when choosing model 
type; the run time for the theoretical solution is a few seconds 
in comparison to about 45 minutes for the FE model. At 
present, a limitation of the theoretical model is that results are
only calculated for one time instant in the tangential cycle. It 
is important for the calculation of surface (fatigue) damage to 
know the stress range rather than just the maximum stress at a 
point. The modified SWT approach using Dfret, fretting fatigue 
damage factor, can be implemented into an FE model using 
user subroutines.

The FE model can potentially include plasticity effects 
which can be significant in fretting [9], particularly due to 
wear effects [15].

6.2 Future work 
Geometries closer to those of the pressure armour wire of 
flexible marine risers will be modeled, such as rounded punch 
on flat and wedge on flat contacts.

Experimental testing will be carried out on pressure armour 
wire material to identify coefficient of friction and wear 
coefficient; results from experimental testing will also be used 
to validate the computational and numerical models.

Fretting fatigue damage will be implemented in the
computational and theoretical models, using the modified 
SWT approach, for example.
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2� METHODOLOGY 

2.1 Specimen assessed 
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2.2 Asphalt specimen surface cast 
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2.3 CRP procedure 

�����
#1�
 ,��2
�<�
 ��"���+
 (���
 �
 ��% 
��2
 ����	

���
��
��������
����!�����
4�
""
"����
����
(��
����
���
���

�� ����
 ��
 ���
 ������
 �"�$�
  ���)
 ��
 �"�$��
 (���
 �� �����

���"��
��
���
�������
�����
�������
��'����"�����
����������)

0���
���
��"���
��� ��
"������
���
�
��"���
�������
�������+

 ����!��
��"���
���*�
(��
"���"�O��)


 ����!�����
 ���"����"
 ���"�(��*
 ��
 �������
  �����+
 ��


���(�
��
E�$���
�
(��
����
��
����(
���
����'��	
��
�������

���'�����
���
�����������)
���
���"�(��*
�������
 �����
(���

����!�����
 ����$
 �
 ��$����
 "����"����+
 ���"��$
 �
 �������

����!������
����)






E�$���
�)
���������
�������
���"�(��*
���
���!
� ���"��+

����(��$
����'��	
��
�������
���'�����
���
�����������
���


��5
 ��������)


266



���
 ������
 �"�$�
  ���+
 �������
 ����!������
 ���
 ��"���

����!������
 �����
 (���
 �" �����
 ����
 �� ���
 �"�$�%�����

 ����$��""�����
����(���
6�A7)
��
�������
 �����
(���
�����

"������
(���
����������
���
 �����
�����
��
������
���
��'��
��

���������	)
���
���
(��
�������
��
�
"���
����������
��
�)>

"")
��
��������$
(��
�  ����
��
���
���
��
��
�'���
 ����!��

��"�'��
 ��
 �������
 ���$�����)
 ���
 ���������
 ���������

�����������
��
 ���
���
(���
 �- �����
 ��
 �
 ��""�
 �� ������

'����
 9��H;
 ����
 ���"��
 ����(��$
 ����������
 �" ���
 ����

2�$����
 ����
 %��������%� 
 H������
 4
 �������
 ����	���

����(���
6�37)


2.4 HRS procedure 
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2.5 Post processing 
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3� RESULTS 
2�$����
 ����
 %��������%� 
 ����(���
 ����(��
 �2
 ���
 :2

 ���"�����
 ��
 !�
 "�������
 ��
 ����������
 (���
 ��
 #�
 ��1

�>�=A&�
 6��7)
 �������
 �2
  �������
 (���
 ��*��
 ������
 ���
 :2

"����
�������
��
�����"����
�����'���)
E�$���
=
���(�
�
������

��
��'�
 �������
��*��
������
���
���!
:2
"����+
�� �����
����$

���
 B��
 "��������$	)
 ��
 ����
 ��� ��	�
 ���
 �'���$�
 9���;

 ������
 ���
 ���
 ������
 �������)
 2�� ���
 ���
 �"���
 ��O�
 ��
 ���

�������+
 ���
  �������
 !���'�
 ����������	)
 ����
 ��$$����
 ����
 �

�2
����	���
�������
���
��
�
���$��
��
�'���$�
 ������
"�	
���

!�
�� ���������'�
���
���
�������
��
�
(����)








E�$���
=)
������
��
��'�
 �������
��������$
��
�'���$�
9���;


 ������
���
���!
B�
:2
"����)



!!���
E��������
���'��
 9E�;
(���
�!������
 ���
����
:2


"����)
���
E�
��
�
'���"�
�����
!����
���'�
(����!	
����

'���"�
 ���"�����
���
����������
��
�
��-����
 ������)
���
����

'���"�
  ���"�����
 ���
 ���
 '���"�
 ��
  ��*
 "�������
 9H" ;+

'���"�
��
 ����
"�������
 9H"�;+
 '���"�
��
 ����
'����
 9H'�;

���
 '���"�
 ��
 '����	
 '����
 9H'';)
 E�$���
 A
 ���(�
 ���
E�

���
 ���
 ����
 ��5
 :2
 "����)
 �
 ��������
 ��
 E�$���
 A+

%��������%� 
 ����(���
 ��� ��
 �
 �������
 ��(��
 9��M;
 ���

�  ��
 9A�M;
 ����
 %�������
 ������$
 �����
 9%��;)
 E��

����	���
 ��
 ����
  � ��
 ���
 ��(��
 9��M;
 ��"��
 (��
 ��8�����
 ��

��'����$���
���
��'��� "���
��
���
�������
��-����)
���
����

%�������
 ������$
 �����
 �- ������
 ���
  �������$�
 ��
 ����

�������
�������
!	
�
���
����
���
��
�
�������
�� ��)

��
E�$���

A
���
�-�" ��
���
���
����
��
�������
��
�  ��-�"����	
�)A""

����
���
�������
����'�����
��
��
%��
��
��M)

1�
 ���������
 ��������
 ��
E�$���
A
 ��
 ���
'���"�
��
"�������


��
 ���
  ��*�
 ��
 ���	
 ��" ����
 �����
 ���"����
 ��
 ���
 �������

��-����
����
���
��
�������
(���
���
�	��)
 
���
'���"�
��
����

���
'����	
'����
���
�����
����������
 ����$��
 ����
�����$�
���

������$�
 �� ������
��
�
$�'��
�������)







E�$���
A)
#-�" ��
E�
���
���
����
��5
"����)




E�$���
3
��� ��	�
����	���
��
���
E�
����
��
��'����$���
���

��'��� "���
��
���
:2
"����
�������
��-����
(���
�� ��
����

���
 �������)
���
$�� �
 ����
H" 
�$�����
 ���
%��
 ���
 ���

B�
 ���!
 ���
 ���
 ������ �����$
 '��	�
 ����
 ����$
 !���
 B��

���
 ��5
 "������)
 ��
 ���
 H" 
 ��
 ����
 ��
 �
 "������
 ��
 ���

����'��	
��
�������
��-����+
��
���
!�
���������
����
"�-�"�"

����'��	
 (��
 �����'��
 ����$
 ���
 '��	�
 ����
 ���
 ��5

"��������$	)
���������
���
���!
:2
"����
�!������
(���
���

B��
 "��������$	
 ���(��
 ���
 ��(���
 ����'��	
 ��
 �������

��-����)









E�$���
3)
H" 
 ������
�$�����
%��
����+
����'��
���"
���

E�)




E�$���
��
 ����
���
���!
H" 
�$�����
���
����
H" 
���
!���


B��
 ���
 ��5
 "������)
 
 �����$
 ������
 �����
 ��
 �����
 ���

!���
 "������)
 ����
 ��$$����
 ��
 �  ��-�"���
 ����������

�������
 ��-����
 ����'��	
 ��
 :AM
 ���
 ���
 ����
 :2
 "����

��" ����
��
����
��
���
������
���!
� ���"��)




268








E�$���
��)
��" ������
��
���!
H" 
�$�����
����
H" 
���
!���

��5
���
B��
"������+
����'��
���"
���
E�)




���
 B��
 ���
 ��5
 "������
 ���
 ��" ����
 ��
 E�$���
 ��
 ���

!���
 ���
 ���!
 ���
 ������ �����$
 ����)
 $���+
 �
 �����$
 ������

�����������
 (��
 �����)
 ���
 $�� �
 ��$$����
 ��
 ����������

����'��	
��
�  ��-�"����	
�=M
��
�������
��-����
���
���
��5

"�����
��" ����
��
����
��
���
B��
"�����)










E�$���
��)
��" ������
��
B��
H" 
�$�����
��5
H" 
���

!���
���!
���
����
:2
"�����+
����'��
���"
���
E�)




E�$���
��
��� ��	�
�������
'���"�
 ���"�����
����'��
���"


���
 E�)
 ���
 $�� �
 ���(�
 ��
 ����������
 ����'��	
 ��

�  ��-�"����	
4:
R
=�M
H'�
���
 ���
����
��" ����
(���
 ���

���!
 � ���"��)
���������
 ��
 ��$$����
 ���
 ����
  ��'����
 !�����

�� �����������
 ��
  ����!��
 '����
 ���
 ���������
 ��
 (����
 ���

�������
������$�)









E�$���
��)
��" ������
��
���!
H'�
�$�����
����
H'�
���
!���


��5
���
B��
"������+
����'��
���"
���
E�)



B��$��
  ���"�����
 ���
 ����
 :2
 "����
 (���
 �����"����
 ��

����������
 (���
 ��
 #�
 ��1
 �>�=A&�
 6��7)
 �����
 ���

��� ��	��
 ��
 ��!��
 �)
 ���
 ���$��
  ���"�����
  ��������
 ���

�������
���




��
&
����
"���
������
���$��
��
���
�����&��"����
�������)


��
&
����"������
"���
���$��
��
���
�����
��"����
�������)


� 
&
%�-�"�"
 ��*
���$��
��
���
�����
��"����
�������)


�'
&
%�-�"�"
 ��
���$��
��
���
�����
��"����
���&����)


��*
&
�*�(����
��
���
�����&��"����
�������)


�*�
&
.�������
��
���
�����&��"����
�������)




� 
���
�'
���
"�������
����$
���
"���
���������
 ����)
���


"���
���������
 ����
��
����
�����$
�������
��'�����$
��
���
:2

"�����
���
��
���������
����"��
����������
������
���
����

����)
�	
�� ��������$
���
��$����
 ����
��
���
�������+
� 
���

!�
����
��
��'����$���
���
(���
��
"�������
 ��*�
���
��
���

�  ��������
��
������$
�������)
�� ��������$
���
��(���
 ����+

�'
���
$�'�
��
����$��
����$
(���
���
E�
H'�
��
'����	

�� ���
���
���
���������
��
������
��
���
�������)

��
���
��
 ���"�����
���
���� ������
��
���
"���
���������


 ����)
��
��� ����
�����
��$�����$
���
"���
���������
 ����+

�����
���$��
 ���"�����
���
!�
����
��
��'����$���
���
�(�

� ���"��
��������
���
"������
��
:2
�� ����)

��*
���
�*�
������
��
���
�*�(����
���
*�������
��
���
:2


�������
��-����
��� ����'��	)
E��
�
���"��
������!����
�������
�

��*
��
�
���
�
�*�
��
:
(����
!�
�- �����)
��*
���
�*�
���

!����
��
���
�	""���	
���
��'������
���"
�
���"��

������!�����
��
�
�����$��"
��
���
���$���
��
���
"�������

 �����)
0���
��
��*
u
�
�
 ����"������
��
 ��*�
��
����"��

���
��
��*
Q
�+
�
 ����"������
��
'����	�
��
����"��)
��

���"�
��
*�������
�
�*�
u
:
��$$����
�-���"�
��$�
 ��*�
��

��� 
'����	�)



"���
"����
��-����
�� ��
9%%�2;
(��
����
��������
���


����
"����)
�����
���
 ��������
��
��!��
�)




��!��
�)
B��$��
 ���"�����
���
���
:2
"�����)




:2

�������


��
 ��
 � 
 �'
 ��*
 �*�


���!
B��
 �)�4
 �)33
 �)3,
 &:)AA
 &�)��
 :)4:

���!
��5
 �)4�
 �)�A
 �)�=
 &>)�,
 &�)�
 :)34

����
B��
 �)4>
 �):�
 �)>A
 &>)�:
 &�)3,
 :)>,

����
��5
 �)�>
 �)=�
 :)�A
 &4)3A
 &�)��
 :)A4







��!��
�)
%%�2
���
���
:2
"�����)





:2
�������
 %%�2

���!
B��
 �)A

���!
��5
 �)�A

����
B��
 �)�:

����
��5
 �)A:


269



4� DISCUSSION 
���
 �������
 ��� ��	��
 ��
 E�$���
 3
 ��$$���
 ���
H" 
 ����'��	

(��
$�������
���
���
����
��5
�����(��
!	
����
B��+
���!
��5

���
 ������	
 ���!
 B��)
 ����
 ���*��$
 ���
 ���
 B�
 ��������$

����������
(���
 ����
  �������
 ��
%�S����
 6�>7
 ���
 ���
 �%

��������$)
���������
����
'���"�����
����������� 
��
����������

������
���
�(�
�� ����
"��������
��� ���
���
��������$
��$���'�

���
 �����'�
�������
��-�����)
���
H" 
� �����
������
�
���$��

���$�
 ���
 ���
B�
"�����
 (���
 ��" ����
 ��
 ���
 �%
 :2

"�����
 6�>7)
 ����
 �����
 !�
 ���
 ��
 ���
"���
 ��-�����
 ���
 ��

��"��
�������'�
������
��
���
B�)

���
 ��'����$�����
 ����
 ���
 ����'��	
 ��
 H" 
 ���
 ���!D����


�������
���
B��D��5
"�����
(��
 ��������
��
E�$���
��
���

��)
���
����������
������������
��
!���
��$����
������"
���
����

�������
���
��5
"������
��
"�-�"���
���
����'��	
��
�������

��-����
 "�������)
 $���
 ����
 ��
 ��
 �$���"���
 (���
 %�S����

6�>7
���
���
�%
"�������)

��'����$����$
 ���
 ������$�
  ����
 ��
 �� ����
 ��������$
 ��


����������
!	
���
:2
"�������$
"������
�!����	
��
�� ����
���

�������
 (���
 �� ��)
 ����
 ��
  ����������	
 �������$��$
 (���

(��*��$
 (���
 ��
 �������'�
 �������
 ��-����)
 E�$���
 ��
 ���(�

���
����
 ��
$�'�
$�������
 ����'��	
��
H'�)
����
��$���$���
 ���

�������'�
 ���
 ��
 ���
 ����
 ��
 ��'����$���
 �������
 ������$�
 ���

���������
��
(����)

E�$����
�:
 ���
�,
 ���(
 ���
 �� ��
������!�����
 ���
 ���
 ���!


:2
 "�����
 ���
 ���
 ����
 :2
 "�����
 ��� ����'��	)
 H�����

�-�"�������
��
 �����
 ��$����
 ��$$����
!���
��5
"�����
"�	

��'�
 �������
 �����)
 ��
 E�$���
 �:
 ����
 ��
 �  �����
 !	
 ���

�-������
������$
����
��
���
���!
��5)
���
�-������
���
����

���
 ���
���!
��5
����
��$$����
 ���
"�����
 ��
 ����'����$
 ��
�

$������
�� ��
����
���
�������
����
���
B��
"�����)
����
����

B��
 ���
 ����
 ��5
 ��"��������
 ��
 E�$���
 �,
 ���
 $�������

�-�������
 ��
 ���
���
 �����)
����
������"�
 ���
���
��
 ���
'��	�

����
���!���
���
����'��	
��
��-����
��
$������
�� ���
����
���

�������)
 �
 E�$���
 �,
 �������
 ���
 ����
 �� ��
 ������!������+
 ��

"���
 !�
 ��"�����
 ����
 ���
 ����
 :2
 "�����
 �����(���

��'������)
 ���������
 �������
 �����
 ���
 ���
 ����
 ��5
 "����

����
������!����
��
���
�-������
���
����)
E����(��$
��� ������

��
 ���
 E�+
 �������
 �����
 (��
 �$���
 ������"��
 ��
 ���
 ��5

"�����)
����
 ��
 �  �����
 !	
 ���
 �-������
H" 
�� ��
 9��
 ���

�� ;
 ��
 ���
 E�
 ���
 ���
 ����
 ��5
 ��
 E�$���
 A)
 ����
 �������

�����
���
��$��$�!��
������
��
 ���
'���"�
 ���"�����
����'��

���"
 ���
 E�)
 B�(�'��
 ���
  �������
 ��
 �������
 �����
 (���

��'�
 �
"���
 ����������$
 ������
 ��
 ���
 ���$��
  ���"�����
 ���

���
�������)

����������
 �����������
 ��
 ���$��
  ���"�����
 (����
 ��$$���


���
:2
"�����
 ��
!�
 ���
 ��"�)
�	
���������$
��!��
�
 ����
 ��

���
���
����)
0���
 ��'�����	
��'����$����$
��
�%
"�������+

%�S����
6�>7
�����
��	
'��������
(��
�������
��
���
"�����

����
 ��
 ������
 ���
 "����+
 �)�)
 B��
 ��
 ��5)
 ��
 (��
 ����

���������
 ����
 ���
  �������
 ��
 �������
 �����
 �����
 !�

��� ����!��
 ���
 ��'������
 ��
 ���$��
  ���"�����)
 �����$�

����	���
 ��
 ���
 E�
 ���
 �� ��
 ������!�����
 ��
 (��
 ��$$�����

����
 �������
 �����
 (��
  ������
 ��
 ���
 ��5
 :2
 "�����)

%�S����
 6�>7
 ���������+
 ��
 ��$$�����
 !	
 %����$��

%������$	
 6��7+
 ���
 ��"�'��
 ��
 �M
 �����
 "�������
 !�����$

�����
9%��;
��
���
 ��*�
���
'����	�+
�)�)
�� 
���
!����"
��

���
:2
"����+
(����
���
��"�'��
��
��	
�������
 �����
����
��

�������
�����)
���
1�
���
��5
:2
"�����
��
����
 � ��
(���

���������
 ���������
 ��
 ���	
 �������
 ����
  �����
 (�����
 ���


%��
 ���$�
 ��
 �M
 &
 33M)
 ����
 ������
 �����
 ����$�

����������
��
���������
��	
 ��!��"�)
<���
��'������
���"
���

"���
 (��
 �'�����
 ��
 �
 ������
 ������
 ���
 ��������
 ���$��

 ���"�����)
B��
"�����
���
����
����� ��!��
��
�������
�����

���
���������
���
���
�������
�
��"����
����������)

���
����
��5
���
����
B��
��������
���
���$���
� 
���
�'


'����	�+
 ��$$�����$
 ����
 ���
���
��
 ���
����
 ���
:2
�� ����
��

�������
 ��-����
 ����'����
 ��
 �
 $������
 �� ��
 ����
 ���
 �������

(���
��" ����
(���
���
���!
:2
"�����)

���
 �*�(����
  ���"����
 ��*
 ���
 ���
 "�����
 ���
 ����
 ����


O���+
 ��$$�����$
 �
 ��"����
 ����������� 
 ������
 ���
 :2
"�����+

���
 ����"������
��
 '����	�)
���
*�������
  ���"�����
 ���
 ���

"�����
 ���
 $������
 ����
 �����)
 �
 ���������
  ��'�����	
 ����

��$$����
�-���"�
��$�
 ��*�D'����	�
���
 ������+
(����
�$����

(���
���
��� 
��-�����
���  ��
B�
�������
����
���
���
:2

"�����)

���
���  ��
B�
�� ����
�������
��������
�
%�2
9����'��


���"
 ���
 '���"�����
  ����
 ���������;
 ��
 �)A:
 �����$
 ������$)

E����(��$
 ����
 ���
 ����
 '����!����	
 ��
 ���
 ���������
 ���
 �

��"!��
��
��������
(��
��'����$����)
0���
���
����
��
� ������

����
 �
 ��'������
 9�)43
 R
 �)��
%�2;
 ���"
 ���
 "���
 ��
 �)�3

""
 (��
 �����
 ���
 ���
 B�
 �������
 ��
 ����
  � ��)
 ��!��
 �

�������
 ���
 %%�2
 ���
 ���
 ����
 :2
 "�����)
 ���	
 ���
 ���

����������
���
 ����
�������
 ���
��'������
�����"����
 ���"
 ���

����
 '����!����	
 ����	
 ��
 ���
 '���"�����
  ����
 ���������)

B�(�'��
���
'��	�
����
������
����'��	
��
�������
��-����
��
�

$������
 �� ��
 ����
 ���
 �������
 ��" ����
 (���
 ���
 ���!+

���������
�
'��������
��
%%�2
(����
!�
�- �����)




E�$���
�:)
2� ��
������!�����
��
����
 �����
���
���
���!
:2


"����
����$
!���
B��
���
��5
"������)







E�$���
�,)
2� ��
������!�����
��
����
 �����
���
���
����
:2


"����
����$
!���
B��
���
��5
"������)


270



5� CONCLUSION 

 ���  ��
B�
 �� ����
 �������
 ���
 ���
 ������ �����$
 '��	�

����
(���
����
 ��
������
 ����
:2
"�����)
����
��������
����$

!���
 ��5
 ���
 B��
 "������
 ���
 :2
 �� ����
 ��
 ���
 �������

��-����)
E������
����	���
���
 ��" ������
(���
 ��'����
(��*

(��
"���
��
�����"���
���
��"������	
!��(���
���
"�����)

���
 ���$��
  ���"�����+
 ��+
 ��+
 � 
 ���
 �'
 ���(��


�����������	
��$���
'�����
���
���
���
��
���
����
��" ����
��

���
���!)
���
��"�
����������� 
������
(���
���
��5
"�����

��
 ��" ����
 (���
 ���
 B��)
 ���
 ��*
 ���
 �*�
 '�����
 ����

����������
(���
(���
����
�����
���
���
����
:2
"�����)
����
��

"���
 ��������'�
 ����
 ����
 �����
 !	
 %�S����
 6�>7
 (���

��'����$����$
 �
 �%
 ��������$)
 ���
 ��" ������
 ��
 "������

(��
 "���
 ��" ��-
 (���
 ��'����$����$
 ���
 �%
 "�������+

 ��"����	
���
��
���
 �������
��
�������
�����)

��"����
 ��
 %�S����
 6�>7
 ���
 E�
 ���
  �������$�
 �� ��


������!�����
����
(��
�!��
 ��
������"
 ���
 �������
��
 �������

�����
 ��
��5
����'��
:2
"�����)
�
(���
 ���
�%
����	���

����
���
��$��$�!��
������
��
���
'���"�����
����	���
9E�;
!��

���
���������
���
���$��
 ���"�����)
�
��$$�����
 ��'�����	+

���
��"�'��
��
�M
%��
��
���
 ��*�
���
'����	�
9
%��

�M
 &
 33M;
 (��
 ����
 ��
 �����
 ��������
 ����������)
 ����

����������
 ��	
 �������
 ����
 (����
 "�	
 ��'�
 !���
 ���
 ��

�������
�����)
�
�
������
!�����
�����������
!��(���
���
���$��

 ���"�����
(��
�����
������
���
����
:2
"�����)


���
�!����	
���
���
'��	�
����
��
����'��
��
$������
�� ���
����


���
�������
������"
���
 ��������
��
���
����
���
����	���$
���

�������
 '����
 ���
 ���������
  ����!��
 ���������D������$�
 ��

�������
(����)

��
 ���
 �%
 ����	���+
 ��
 (��
 ���������
 ����
 ���
 ����
 B��


 ��'����
���
"���
�����!��
"�����
��
�������
:2
�� ����)
����

(��
 ��"����	
���
 ��
 ���
 ������
 ��
 �������
 �����
��
 ���
��5

:2
 "�����)
 ���
 B�
 ����	���
  ��'����
 ��
 ����
  � ��
 ���

����� ������
�������
(����
�������
����
�����)
���������
��
���

!�
 ���������
 ����
 ���
 ����
 �����
 ��"����
 ���
 "���
 �����!��

�������
���
:2
�� ����)
B�(�'��
!���
B��
���
��5
�������

$���
 �������
 ����'��	
  ���
 ��"�'��
 ��
 ��	
 �������
 �����)
 ��

(����
!�
�- �����
����
���
��5
"�����
(����
 �����"
!�����

�$���
 ��
 ���
�  ��������
��
(����
 ����
(��
���"������)
0����

 ����
 (��
 ����
 ��
 ���
 '��	�
 �����
 ��
 "�-�"���
 �������

����'��	
 ���
 ���
B��
"�����)
���������
 ���
 ��"�'��
��
 ����

�  ��������
���"
���
��5
"�����
(����
� ��"�O�
 ���
�������

����'��	
�������)
0���
��5
"������
�����"	
���
���������	

����
 ��*��
 ����
 �������+
 ��
 ���
 !�
 ���������
 ����
 ���
 ��5

"�����
 ������
 ���
 !���
 :2
 �� ����
 ��
 �������
 ��-����
 ���
 ���

B�
"�������
��'����$����
��
����
 � ��)

E�����$�
 ��������
��
����
 � ��
���
!����
��
������
�� ����


��
 �������
 ���"�����)
 
�����$�
 ����'��	
��
 ���
 ��������
 ��

���
 �����������
 ��� ���
 ��
 ��" ����������	
 ��"�����$+

��'��� "���
 ��
 ��(
 ��$�����"�
 ���
 ���������$
  ��������$

 �(��
 (����
 ��
  ����� ��
 ��""���
 ���
 "������
 ��
 "�!���

�������
����'��	)




REFERENCES 
6�7� E�������+
 F)
 0)+
 ��
 <���
 #+
 %�F���
 .)
 .)
 ���
 �&S����+
 �"��
 <)


9���:;+
 ?5�'�"���
 �������
 %������-����
 %������"���
 ���

  ��������@)
 ����� ��������
 ��������
 ������+
 Journal of the 
Transportation Research Board, TRB, ��������
 ��&������
 �������+

0�����$���
2)�)+
H��
�A4�+
���&��3)


6�7� �������
 ���������
 �����������)
 9����9�;;+
 ��
 #�
 �:�:4&��
 �����
 ����

���
 �������
 �������
 ���������������)
 ����
 %�������
 %������"���
 ��

5�'�"���
 �������
 %����&��-����
 2� ��
 ����$
 �
 H���"�����
 5����

���������+
���
���)
<������
���)


6:7� .���+
 %)+
 ���"����+
 �)
 ���
 ���� ��+
 �)
 9���:;+
 ?<��$&���"
 �*��

����������
 ��
 �� ����
 ��������$��
 �����������
 !��(���
0�����&�����O�

��������
 '�����
 ���
 ���
"�������$����
 ��"& �������
 ��
 ���
 �$$��$����@+

Wear, H��)
:�:
9�&�;)
�:>&�,:)



6,7� 2���$�
%�����
 ���
�����
 ���
����$��+
 9���A;+
H���"�
 =+
 ?5�'�"���

%����������
 �����"���@+
 �������
 :+
 5���
 �+
 <������
 B�$�(�	�

$���	)


6>7� ���$���$�+
�)+
�������+
F)+
<�������+
�)+
�����+
E)
���
F������+
E)
9����;+
?

����	
��
 ��-����
 ���
 ��������
 �� ������
��
 ����
 ����
"������������$�@)

5th International Congress of Sustain-ability of Road Infrastructure, 
��"�+
����	
�3&:�
1���!��)



647� 2������+
 )
 9���A;+
 ?55�>:A)
 %�������$
 �*��
 ����������
 (������

�������K
���4&���=
 ��$����
�� ���@+
���(������+
��<)


6=7� 2������+
 )%)+
 5���	+
 )�)+
 ��� (�	+
 5)B)
 ���
 H����)
 B)
 #)
 9����;+

?�����&��"��������
 ����������������
 ��
 �������
 ��-����
 ���
 ����
 ������

�����$���$
��"������
�������
(���@+
Wear+
�3�&�3:+
�AA&�34)


6A7� ��������+
B)+
E�	��+
 G)
F)
���
G��*+
)
 9���>;+
 ?%�����
�� �!�������
��

<�(
����
2�$����
��"����
���
�����
���$�
�������
%������"���@+
The 
Photogrammetric ������+
H��)
��+
��3+

�&�4)



637� #�
 F���	+
 )+
 �����!	+
 )+
 E�������+
 F)
 9����;+
 ?������&'�����

�  ���������
 ��
 �����������
 ���
 :2
 ��-����
 ��
  �'�"���
 �������@+

International Journal of Pavement Engineering+
��+
:+
�4:&�=:)


6��7� 0�����"+
 �)
 9�3A�;+
 ?5����"�����
 "�����
 ���
 �����"����$
 �������

�����������
���"
"���� ��
�"�$��@+
Optical Engineering+
�3+
�:3R�,,)


6��7� %�����+
5)
9���:;+
?���&�������
#'��������
��
���
F��"�����
5�� ������

��
B�$�(�	
��������$
��-�����
I���$
�����
���$�
5����$��""���	@+

5�2
������+
������
��
�����
#�'����"���+
I��'�����	
��
I�����)



6��7� %�����+
 5)+
 0���(���+
 2)
 9����;+
 ?  ��������
 ��
 2�$����
 #��'�����

%�����
 ��
 2��������
 ����
 ��
 ��������
0����
 ��
 B�$�(�	
 ��������@+

�����
����� ���
��������
���(��*)
2�!���)


6�:7� %�����+
5)+
0���(���+
2)
���
%�S����+
F)
9����;+
?�����
� 
���
2���	+

��
 #'��������
 ��
 ���
 ���������
 ��
 � ����
 ��������$�
 ��&����
 I���$

�����
 ���$�
 5����$��""���	@+
 MAIREPAV7, 7th International 
Conference on Maintenance and Rehabilitation of Pavements and 
Technological Control, ��*����+
��(
U������+
�$���
�A&:�. 


6�,7� 2������+
 )
 9����;+
 ?55�>:A)
 %�������$
 �*��
 ����������
 (������

�������K
���3&����
 ��$����
�� ���@+
���(������+
��<)



6�>7� %�S����+
 F)+
 0���(���+
 2)
 ���
 %�����+
 5)
 9���:;+
 ?��" ������
 ��

�������
 ���"�����
���
�
��
""
�%
(������
�������@+
3rd International 
Conference on Transportation Infrastructure+
I��'�����	
 ��
 5���+
 5���+

����	)



6�47� �������
 �����
 ��
 $���"���+
 ���
 B�$�(�	
 ����������
 5������

  ��'��
����"�
9B5�;+
9���3;+
��
2��������
�,D�4+
�����
:)



6�=7� ��������
 G)�)
 9�33=;+
 ?<�!������	
 �����
 ��
 ��$�&��������
 ��������
 ���

��$�(�	�@+
��<
�� ���
�=4+
���(�������
��<
<�"����


6�A7� �� ���+
9����;+
�"�$�%������
�������
�)=+
<�'��"���+
����������)

6�37� 2�$����
����+
9����;+
%��������
%� �
�������
4+
��������+
E�����)


6��7� �������
 ���������
 �����������+
 9����;+
 ?��
 #�
 ��1
 �>�=A&��
 ����


F��"�����
 ������
� ������������
9F5�;
R
�������
��-�����
����
���"�+

�����������
 ���
 �������
 ��-����
  ���"�����@+
 <������
�������
 ���������

�����������)


6��7�%����$��
 %������$	+
 9���:;+
 ?3D �������
 ���$�����
 ���
 0���

%������"���+
 ���	���
 ���
 ��� ������@+ '����!���

��� �DD((()"���"��)��"D+
<���
��������
:��
�$
���:)



271



�

272



�������
����
 � ��
���������
 ��������
 ��!��"�
(���
���
���
��
!���
�����
��
��" �����
�� ����
"��������
�����
����O�

���(
 ����������
 (���
 (����
 ��
  ������
 ��
 ���  ��
 ��
 ���
 ��(��
 �� ����
 "�������)
 ����
 �����
 ��"�����
 ����������
 �����$
 ��(

��$�(�	
 �'�"���
������������+
��
 ������
"����������
(���
��
�����
 ����
��
�  ��������
��
!���
����
���
���
�����
��������$

��	��)
����
����
��
�  ����
��
!���
���
��������$
���
��(��
�� ����
��	���
��$�����+
��
����
���
���������
���"
���
��$����
��
(����

�����$
��&���'���
����
���
������
�
��" �����
��	��
(���
���������
����������
������!�����
��
���
 �'�"���)
���
�����������
"�����

��
��������$
���
������
��
�
!���
����
��
�����
�����$��
������$)
2�� ���
"��	
	����
��
��'��� "���
�����
���
�����
 ��!��"�
(���

����
 �  �����)
F�'��
 ���
 �  �����
 ���������
 ��������	
��
 �� ����
 ��������$
 ��������
 ����
 ��
 �������$
 ���
 ��'�����$
 ��
 ������

	����
��
(��
�������
��
��'����$���
(������
���  ��
(����
��
���
��(��
�� ����
��	��
(��
�
�������)
���
 � ��
��$$����
����
���

 �������
��
�
!���
����
!��(���
�� ����
 ��	���
 ����
 ���������
 ���
���(
��
(����
� 
���"
 ��(��
 ��	���
"�	
������
 ��
������
 ����

������!���
��
�� �������
��
���
�� ����
��	���
�����$
����O�
���(
����������
������$
��
 ��"�����
�������)



.#/
01�2��
����
����+
2���!����	+
5��"�����
�������+
E���O�
���()


1� INTRODUCTION 
5��!��"�
 !���$
 !��"��
 ��
 ���"���
 ����$�
 ����
 ��
 !�
 !�����

����������
 !	
 �����
 ��'��'��
 ��
 ��'��
 ��$�������$)
 E��

�-�" ��+
 ���- �����
 �� ����
 ��������
 ����
 ��  ��
 �����

�-���"�
����
�'����)



����
 ��
  ����������	
 ����'���
 $�'��
 ���
 �" ���������
��
 ���

������������
 5�������
��$�������
 6�7
 ���
 ���
 �" �����
 ��(

!���$
  �����
 ��
  �����"����
 ���
 ����!����	
 �'��
 ���
 ��&
���'���
����
��
������������
 �������)



B�$�(�	
  �'�"����
 ���
 �����������
 ��
 ��	���
 (���
 !���

����
 ����
 ��
 !���
 ���
 ��������$
 ���
 ��(��
 �� ����
 ��	���

��$�����)
 ����
 ���
 !���
 ���(�
 ��
 ��'�
 "��	
 !�������
 �)�)
 ��

 ��'����
 �����
 ����������+
 �������
 ��
 ���
 ��������
 ��
 �������

������$+
 �����
 ���
 ���������
 ���"
 ���
 ��$����
 ��
(����
 �����$

��&���'���
 ����
 ���
 �������
 �
 ��" �����
 ��	��
 (���
 ���������

����������
������!�����
��
���
 �'�"���)



����
�����
���
����������
��
���
��
��
�" ��"��!��
��	��)

I����
 �����
 ����������
 ���	
 ���
 � ��	��
 ����
 �
 ��	
 �������)

F�'��
�������@�
���"���
�����
�����
����������
"�	
���
��(�	�

!�
"��)
0������
��(
������������
��
��
 ���
��
�
"����������

����������$
 ��$��""�+
��
"�	
����
 ����
��
�  ��������
��
���

!���
����
���
���
��������$
������)


����
 ���
 ����
 ��
 ���
 ������	��$
 !���
 ������
 !���"��$

��" 
��
�'��
���������
(���
(����)
��
�
!���
����
��
����
����

�'��
����
��" 
��
���������
������
���
�" ��"��!��
������
��

���
!���
����
"�	
 ����
 ��� 
 ���
(����
 ���
�����
���������!��

 ������
��
��"�)



0���
 ���
 �����
 ��
(�����
 ����O��$
 ����������
 ����
 ���  ��

(����
"�	
�- ���
���
�����
��������
���
�� �������
��
���
�(�

�  ��
  �'�"���
 �������
 ���
 ����
 ��
 ���
  ��"�����
 �������
��

���
  �'�"���
 �������)
 <��������
  ��!��"�
 "�	
 ��������
 ���

�����
��
 �"�����
 �����
 ��!��"�
����
��
����$����
����*��$
��

 ��&�����$)



��������
 ����
 ��$�(�	
 "�������
 ����O�
 ���(
 �	 �����	

��������
 �������
 "�������"�
 �������
 ��
 (����
 �!���!��
 ��

������
���
�$$��$���
���
D
��
���
�� ����
"�-)



����
  � ��
 ��� ��
 �
 ���������
 �  �����
 ���
 ��"�
 ��

����������
(���
"�	
��  ��
��
(����
��
���  ��
(�����
��
�����

�� ����
��	���
��!8���
��
��� 
 ���������$
�����)



���
������
���
����
����	
���
���
������
(������
��
�������

(���
 �����$��
 ������
��
����
(������
����
���
��
����������

��
 ��� 
  ���������$
 �����)
 ����
 ���
 ���(
 �����
 (��
 �

�������!��
 ��������
 ��
 �� ����
 ����!����	
  ��!��"�
 ���

 ��"�����
 �������
 (���
 !�����
 �- �����
 ����$�
 ����)
 1�
 ���

���������
 �������
  �� ����+
 ���
 ����O�
 ���(
 ������
 ��
 (����

(��
����������
�
��� ���)


E���O��$
(����
�- ����
!	
�  ��-�"����	
3M)
���������+

��
 �����������
 ���
 ���
 ����(��
 ��
 �- ���
 ��
 ���
 ������

�- ����'�
 �������)
��
���
�����-�
��
����
 � ��+
���
����������

��
 �- ������
 ��
 ������
 !	
 ���
 ���
 ��
 �
 !���
 ����
 ���  ��$

(����
!���(
���
�������
������
������
��
���
���������
��
(�����

���
���������
��
��(��
�������)


2� TEST METHODOLOGY 

��" ��
�- ���"���
(��
����$���
 ��
 ����������
(���
"�	
!�

��  ����$
(���
���
���
��
!���
����
��
���
 �� ����
��������

6�7)
���
�- ���"���
��"�'��
"���
��
���
'����!���
����������

(���
���
��(��
�� ����
��	��
���
�������
��
���
�" ���
��
���

!���
 ����
 ���������
(���
 ��
 �'���	��$
 �� ����
 ��	��
 ��
 (����

����O��
��
�
��������
��'����"���)



���
 ��(��
 �� ����
 ��	��
 (��
 �� �����
 !	
 �
 ����*
 (�����

"����
�	������
��
��������
���"����
���""
���
��������
�� ��

��
 4�"")
 ���
 �	������
 ��
 ���(�
 ��
 E�$���
 �)
 ����
 ���
 �

!�'�����
��"
����
 ��'����
�
���� 
��$�
���
���
�� ����
��" ��

��
 ����
 ����
 ���
  ��'�����
 ��
 ���"
 ����O��$
 ��
 ���
 "����

�	������)





Bond coats and asphalt durability under freeze thaw conditions

5���� 
%�%����+
2�'��
0���(���
���
���
�����$

������
��
���
�����
#�'����"���+
I��'�����	
��
I�����+
G��������(�+
��)
����"+
��������
�������


�"����
(��)(���(���C������)��)�*+
(�)�����$C������)��)�*


273





E�$���
�)
����
�	������
����
���
����O��$
�����)


�(�
�	 ��
��
�� ����
"�-
(���
��������
 �)�)
��""
�����

%�����
 � ����
 9�%;
 ���
 ��""
 � ����
 ��������
 9�;)

�����
(���
 �>�""
 ��
 ���"����
 ���
 ���
 !���
 ��" �����
 ��

���
 $	�������
 ��
 �����
 ���'��������
�������
2�����	
 ����$
 �

$	�����	
 ��" �����)
 E�$���
 �
 ���(�
 �
 ����
 � ���"��
 (���

�  ����
!���
����)







E�$���
�)
����
� ���"��
(���
!���
����)




���
 ����
 ���� 
 ���������
 ��
 ���
"����
 �	������
 ������
(���


(����+
���
�� ����
����
� ���"��
������$
��
���
��"
(���
�
�>*$

(��$��
  �����
 ��
 �� )
����
 (��
 ���� 
(��
  �����
 ��
 �
 �����

����O��
��
&�>��
���
�,
�����)
���
����*
!���
���
(����
��
���

�	������
���
���
(��$��
��
�� 
�������
����
��	
�- ������
��

���
(����
(��
 ����������
 ��
 ���
'�������
���������
���	
 �)�)
 ���

���������
(���
���
�� ����
����
� ���"��)



3� TEST OBSERVATIONS 
�������
 ������$
��������
��(
(����
��
�
�	������
(����
����O�)

�
 �- �����
 ����
 �����
 ��
 �  ��-�"���
 3M
 ��������
 ��

'���"�)
 E�$���
 :
 ���(�
 O&���������
 �- ������
 ��
 (����

����O��$
��
�
�	������)


��
(��
�!���'��
 ����
(����
 ��������	
 ���O�
 ���"
 ���
 �� 
 ���


�����
��
���
��"�
��"�)
����
����
�
�������
����
��
(����
(�����

���
 ���)
 ��������	
 ���
 ����O��$
 ������
 ����
�
 ����
 �� 
 ��
 ���
 ���

!���*)
 �
 ���
 ��"�����$
 (����
 ���O�+
 ��
 �- �����
 �������$
 �


���������'�
 ����
 ��� �
 ��
 �� 
 ��
 ���
 ���
 !���*
 ��
 ���(�
 ��

E�$���
:)






E�$���
:)
#- ������
��
������������
���)




E�$���
,
���(�
��
�-�" ��
��
�
��""
�%
(���
��
!���


����
 ���
 �
 �>*$
 (��$��
 �����
 !���$
 ���O��)
 ��������	+
 ��
 ���

����O��$
 �	������
 ��
 (����
 !���"�
  �������O��
 ��
 ������
 ���

(�	
 ���
 �����$�
 ���
 $� �
 !��(���
 ���
 �	������
 ��"
 ���
 ���

�� ����
����
� ���"��
�������
��-����)







E�$���
,)

��""
�%
� ���"��+
��
����
���
�>*$
(��$��


�����
����O��$)




0���
����
���O�+
���
 �������O��
(����
(��
������
� 
�����$�

��������������
 ���
 '����
 (�����
 ���
 ����
 � ���"��)
 ����

��������
 ��
 ���
 ���"�����
 ��
 ���
 ��
 ���
 �������
 ��
 ���
 ����

� ���"��
���
���"��
�"���
�����������
��
���
�������
��$�
���


274



���������
��
 ���
 ����
 � ���"��)
E�$���
>
 ���(�
 ���O��
(����

�"��$��$
 ���
 ��
 ��""
 �%
 � ���"��)
 ��
  �����
 �����
 ���

���"��
�"���
�������)






E�$���
>)
E��O��
(����
�"��$��$
���
��
��""
�%
� ���"��




<������
 �������	
 �����
 ���
 �������
 (���
 ���
 �����$"���


��������
���������$
����
�
���(
��
(����
���
 �����
�����$�
���

�%
����
� ���"��
!�����
���
(����
��
���
���������
��������

(�����
 ���
 ����
 � ���"��
 ������	
 ���O�)
���
�>*$
(��$��
(��

������
!	
�!���
=
"")
�
���
(����
���
���O��
� 
�����$�
���

����
� ���"��
��
���*
�
���������!��
�����
��
�� �����
���
�(�)






E�$���
4)
H�������
� ����
��
��""
�%
����
� ���"��
(���


!���
����
���
�>
*$
(��$��





E�$���
4
���(�
�
��""
�%
����
� ���"��
����
���
!���


����
�  ����)
����
���(�
���
�>*$
(��$��
 �����
��
�� 
��
���

����
 � ���"��
 ������$
 ��
 ��$��)
 ��
 (��
 �!���'��
 ����
 (����

!�$��
����O��$
���"
���
��$��
���'��$
�
(����
����
(�����
���


���
 !���*)
 0���
 ���������
 ����O��$+
 �- ������
 ������
 ���

�������
��
����
'��������	)

����
��'��� ��
���
���	
�
�"���

�"����
��
(����
� �����
���
��
���
"����
�	������)


����
������
!���
����
� ���"��
���
�>*$
(��$��+
��
���(�

��
E�$���
4)
���
����
� ���"��
�����
�����	
!�
��������
���"

���
���
���������$
������
��
��	
!���)



���
!���
����
���
���
����(
���
����O��$
(����
��
 ��������

����
 ���
 �%
 ���������$
 ����
 ��
 ���
 ���"��
 ��
 �������'�

(���� ����
!������
��
���
���������
��
���
� ���"��
 ��'�����$

���
 ���(
 ��
  �������O��
 (����)
 ��"����
 ����������
 (���

�!���'��
��
���
��""
�%
����
� ���"���
�������
(���
���*

(���
���
�>*$
(��$��
������
!	
�  ��-�"����	
��"")



0���
 ���
 ����
 (��
 �� �����
 ����$
 �
 ��""
 �
 (���
 ��

!���
 ��
 ���*
 ����+
 ����O��$
 ��'��� ��
 ��"����
 ��
 ���
 ��""

�%
 ����
 � ���"���
 ������$
 � 
 ��
 A""
��
� ����)
B�(�'��+

�����
 (��
 ��
 �'������
 ��
 (����
 ��'��$
 !���
 ������
 �����$�

���
����
� ���"��
�����$
���
����O��$
 ������)



����
 ��$$�����
 ����
 ����
 �
"�-+
 (���
 ��" �����
 ��
 ���

���'��������
 �������
 ������	+
 ��
 "���
 ���������
 ��
 ����O��$

(����
 ����������)
0����
���
���� �
�����$�
$� �
����
!��(���

���
�	������
��"
���
���
���$���
��-�����
���������
��
���
����

� ���"��)



��
 ���*
 �
 ��""��
 ��
 �� �����
 ���
 ���
 ���"
 ���
 �� ����

��������)

���$�
�"����
��
���
��"�����
��������
��
���
�

��$$�����$
 �
 !���
 !��(���
 ���
 ���
 �� ����
 ���
 ��'��� ��)

E���O��$
 ��
 ��
 ""
 �� ����
 ��������+
 !���
 ����
 ���
 �>*$

(��$��
 ��������
 ��
 � ����
 ��"����
 ��
 ����
 ���
 ���
�%)
$���+

�����
(��
 ���
!���
!��(���
����
� ���"��
���
���)
���
��"�

��������
(���
���*
����
(��
����)



4� DISCUSSION 
���
 ��'����$�����
 ����
 ��(
 (����
 ����O��
 ��
 �
 ��������

�	������
 �����
 ����
 ��
 ��
 ����������
 !	
 ��������$
  ��������

���"
 ���
 (����
 ��
 ���
 �	������
 ���
 ���"
 ���
 !���*
 ��
 ���

����O��$
 ���"
 ���
 �������
 ��)
 ����
 ���
 ����
 ��
 ���������

 �������
 ���
 ��
 ���
 ����
 ��
 ����
 ��" ��
 �- ���"���
 '�������

������)



5�����$
�
 ������
�%
��
�
����
� ���"��
��
�� 
��
���

(����
 ���������
 (�����
 ���
 �	������
 ����$��
 ���
 ����O��$

 ������)
 5�������O��
 (����
 ��������	
 ���� ��
 �����$�
 $� �

!��(���
���
��-�����
!���
��
���
����
� ���"��
���
���
��"
��

���
�	������)
����
��!��������	
 ���O�K
 �������
 ���������
���

������
(����
�����$�
��
��������
���(��*
��
'����)



���
 ��������
 '���
 ���(��*
 ���
 ���
 �
 (��
 ����
 (���

��'��� ��
 ����
 ���
 �%
 (����
 ����(��
 (����
 ��
 �����
 ���

��$��
���
�� 
�������)
E���O��$
�'�������	
�������
��
�
�����$

!���
!��(���
���
���
����
� ���"��)
���
�  ��������
��
!���

����
�������
�
�"����
��������
(���� ����
!������)



���
 �����
 ���
  ��������
 �����$�
 ����
 ��	��
 ������$
 � ����)

���
����
� ���"��
�����
!�
�����	
�� ������
���"
���
���)
���

��"�
(��
�����
���
����
� ���"���
(���
���*
����)



5� CONCLUSIONS 

'��	
 ��" ��
 ����
(��
 ����$���
 ��
 ������
 ���
 �����������
 ��

(����
����O��$
�����
��
�� ����
����
� ���"��)
���
��!������	

����
 ��
 ��$��	
 ������O��
 ���
 ��
 �
 ��" ����������
 ��
 ����&����)
 ��

(��
�����
����
���
�  ��������
��
�
!���
��
���*
����
������
�

���������
 ����"����
��
�����
��" ����
��
��
������$)



����
 !���
 ���
 ���*
 �����
 ����������
 ���
 ���(
 ��
 ���

���"�����
 (�����
 ���
 ����
 � ���"��
 �����$
 ����O��$)
 ����


275



������
 � ����
 ��
 ���
 ����
 � ���"��
 ���
 �>*$
 (��$��)
 ��"����

����O��$
����������
(���
��
������$
�����
"���
����
� ����
��

���
(����
(��
�����
��
���(
(�����
���
����
� ���"��)



�����
(��
"���
��������
���(
�!���'��
���
���
�%)
���

������$�
��
(���
 ��
�
 ��" ������
 ��!������	
����	
��$$���
 ����

���
���
��
!���
����
"�	
!�
��'��$
���- �����
������
��
���

!�����$
 ��
 �� ����
 ��	���
 ���
 ����!����	
 ��
 ���
 �� ����

 �'�"���)

����
 "�	
 !�
 (��*����$
 ���
  �'�"���
 ���������
 ���
 ���


�������
��	��)
����
���������
��
���
����
� ��
��
���
 �'�"���

�������
 ���
 ���	
 ���������
 ���
 ����
 ��
 "����������
 ��
 ���

 �'�"���
!��
����
�����
��
�
 �����
������	
 �'�"���
�������

���
���'���
����
�����
����
��
��"�$�
��
�����
'������
���
���

 ����!����	
��
���������
����
���������)


6� REFERENCES 


6�7
 Construction Products Regulation
 9����;
 ��$�������
 9#I;
 ��


:�>D����+
#��� ���
5�����"���
���
��
���
�������)

6�7
 %�%����+
5)
9����;+
Bitumen bond coat durability under cyclic freeze 

thaw conditions)
%��
��������������
2�����������+
I��'�����	
��
I�����+

��������
�������)





276



�������
B��
%�-
� ����
9B%;
���
!���
���
"���
�	 �
��
"�������
����
��
����
������������
������
���
(����
���
"��	

	����)
 ���
 ���
 ��
 0��"
 %�-
 � ����
 90%;
 ��������$���
 ����(
 �� ����
  ���������
 ���
 ��" ������
 ��" ��������
 ��
 !�

�������)
 ����
 ���
 �!'����
 �" ���������
 ���$��$
 ���"
 �������
 ����$	
 ���
 ��
 "����������+
 ����(��$
 ��" ������
 ��
 ��(��

��" ��������
 ��
 ����
 ��"��
$�'��$
�����
(��*��$
����������)
B�(�'��+
 ���
 �����
��
 ���
 ���$��
 ���"
����!����	
 ��
�����
 ������'��	

��*��(�
  ����������	
 ��
 �������)
 ����
  � ��
 ���������
 �
 ��(
 "�����
 ��
  ������
 ���
 ����!����	
 ��
 �� ����
 "��������)
 ������

��" �����
 �,""
�����
%�����
� ����
 ����
 � ���"���
(���
 ��!8�����
 ��
 ��"������
 �����������
 �������*��$
 ����$
 �
"�������

(����
����*
����
���� "���)
����
���
!���
������
(���
�
 ���"����
�	��
���
"�������
��
���$
���
����
�	��
������
���
����
� ���"��

��
���
���������)
����
���
�- ����
(��*������
��
���
��������$
������$
��
��
��'��
���
!���*� )
:2
"�����
��
���
����
� ���"��

!�����
 ���
 �����
 ��"������
 �������*��$
(���
"���
����$
 �
����
����
U�������
A��
:2
 �����)
 ����$�
 ��
 ���
:2
"�����
(���

����	���
 ����$
 2�$��������
 %��������%� 4
 5��"��"
 ����(���)
 ��
 ��'��� ��$
 ����
 ��(
 ����
 "�����
 ��
 (��
 �����
 ����
 ����

��" �������
 ���
 ��" ������
 (���
 �" ������
 �������
 ��
 ������$
 ���
 �� ����
 �������
 ��
 ��'��)
 ����
 ������$
 ��
 :���
 ��
 (��

���������
 ����
 ��������
 ��
 ���
 ,
 ������'��
 ����
 ���
 ���
 �����"������	
 ������
 ���
 ����!����	
 ��
 0%
 �%�,
 �� ����
 ��

��" ������
��
���
B%
�������)
�����
��
���
������$�
��
����
��(
����
"�����
��
��
���������
����
��
 �� ���	
��" �����+
���

���
��
������'��
(���
������
��
�
0%
�%
����
��
��" ���!��
��
B%
�%
��
���"�
��
����!����	)



.#/
01�2��

� ����+
2���!����	+
0��"
%�-
� ����+
��" ������+
2��$$��
��'�����$
����+
:2
"�������$)



1� INTRODUCTION 
����
  � ��
 ������!��
 ���
 ���
 ��
 �
 ����
 "�����
 ����$���
 ��

������
 ���
 ����!����	
 ��
 ����
 �������
 �� ����
 "��������)
 ���

"�����
 ��
 ������
 ���
 2��$$��
 ��'�����$
 ����
 92��;)
 ��
(��

��'��� ��
 ��
 ������
 �������
 ����
 ��
 ��" ������+
 ��" �������

���
 �������
��
"�������
��
�� ����
"�-
����!����	
6�+
�7)
���

2��
��
!����
��
���
�""������
0����
����*
����
���$�����	

��'��� ��
!	
���
����
��������
<�!������	
��
���
�3>��
6:7)

��
 ���
���$����
"�����
�
!���"�����
� ���"��
 ��
 �""�����


��
(����
 ��
 ,���
 ���
 �
����)

 ����
 ��!!��
 �	��
 ���� �������

������
���
�������
������$
����  ��$
��
���
!���"��
���
������$

��
 ���
 ����
 � ���"��)
 ��
 (��
 ��!��������	
 "�������
 (���
 �

!��*��$
�	���"
��
��������
�������
������
�����$
������$
6,7)

���
 ������
��'��� "���+
��������
 ��
 ����
 � ��+
 �� �����
 ���


�����
 ��!!��
 �	��
 (���
 �
 �������
  ���"����
 �	��
 ��
 ��������

�������
(���
 ���
 ��-�����
 �� ����
 ����
 � ���"��)
���
��"�$�

������
��
���
����
� ���"��
��
����������
����$
:2
"�������$)

����
 � ��
��""������
���
2��
����
"������
���
����
�
����

����	
 ��
 ���(
 ��(
 ��
"�	
 !�
 ����)
 ���
 �� ����
 ����
 ��
 ���

����
����	
(��
�
�,""
�����
%�����
� ����
9�%�,;
"���

(���
����
���������
������'��)


2� THE DRAGGED RAVELLING TEST 
���
 2��$$��
 ��'�����$
 ����
 92��;
 (��
 ��'��� ��
 ��

��"�����
 ����������
 ��
 ���
 �	��
 D
 �� ����
 ���������)
 ��

�����������
�
���$�
��
�������
"�������"�
�- ��������
��
 ����

���������
 ��������$
 ��'�����$+
 ��������	
 ��" ������
 ���


"�������
 �������'��	+
 ����
 ��
 ��������
 D
 ��������)
 :2

"�������$
��
����
��
�������	
��	
����$�
��
���
�������
��
���

����
� ���"��)


���
����
"�����
��������
������
��" �����
� ���"���
:�>
-


:�>
 -
 >�
 ""
 ��
 ��O�)
 ���
 �����
 ���$�
 ��
 ���
 ����
 ��'��'��

�������	
 ������$
 ���
 ����
 � ���"��
 ��
 ��
 ���"����"
 ���������

"����)
 ����
 ��
 �������
 ����$
 �
 ����
 ����
 U�������A���%

B�$�
����������
:2
�������)
���
����
� ���"��
���
���������

"����
 ��
 ����
 ��!"��$��
 ��
 (����
 ���
 �
  �������"���
 ��"�+

�	 �����	
 �
 ����)
 
 ���� �������$
 �	��
 ��������
 ���
 ����

� ���"��
 ���
 �
 �������
  �����
 ��
 ��"�)
 ���
  ���"����
 �	��

"�'��
 �����	
 ���(���
 !�����
 !���$
 ���*��
 ���
 ���$$��

!��*(����
������
���
����
� ���"��)


���
 �	��
 ���
 !��*��$
 "�������"
 ��
 ���(�
 ��
 E�$���
 �)


E������
����
��
����
� ���"��
��" ������+
����
��������+
 �	 �

��
 ��&�����������$
���
(����
����
 ��" �������
���
!�
�������

�� �����$
 ��
 (���
 ��
 !���$
 ����������)
 ����
 ������$
 ���

!���"�����
 � ���"��
 ��
 ���������)
���
:2
"����
 ��
 �������

����$
U����
����(���+
��
���(�
��
E�$���
�
���
����
�" �����

����
 2�$����
 ����
 %��������%� 4
 9%��������%� ;
 ���

����	���)






Development of a method to predict the durability of warm mix asphalt
.����
.�����	+
����
%�������+
2�'��
0���(���
���
5����� 
%�����


������
��
�����
#�'��������+
I��'�����	
��
I�����+
G��������(�+
�����
����+
��(��(��!!�	+
��������
�������


�"����
(��)(���(���C������)��)�*







277








E�$���
�)
���
2��
!��*��$
�	���")










E�$���
�)
#-�" ��
��
�
�������
:2
"����)




���
�������
!��(���
���
����
 �	��
���
���
� ���"��
�������


(��
����������
��
!�
�" ������)
���
����$�
��
�������
����
��

���������
 �	��
 ���������
  ��������
 ���
 �����
 (��
 �����"����)

E�$���
:
���(�
���
��'��
��"
����"!�	
��
���
2��
������$
��

�
��$�
����������
J������
 �������
 ��
��
"������
���
�������

 ����)
�	��
���������
 �������
���$��
���"
�
��
>4
 ��)
�����

������
������$
����������
(���
��������
�)�)
3)>3
*$
9;+
�A)A4

*$
9�;
���
�A)�4
*$
9�;)


E�$���
 ,
 ���(�
 ��
 �-�" ��
 ��
 ���
 �������
  ����
 ���
 ���


 ���"����
 �	��
 (���
 ���������
  �������
 �A)>
  ��
 ���
 ������$

���������
 �)
 E�$���
 >
  ����
 ���
  �������
  ��
 ����
 ���
 ���
 :

������$
 ����������
 ��
 ���������
 �	��
 ���������
  ��������)
 ����

���������
 ����
�������
����
���������
��
 �	��
���������
 �������

���������
 ���
 ���������
(���
 ����)
<�����$
 ���������
�
(��

����
���
2��
������$)












E�$���
:)
%������"���
��
����
�	��
�������
 ����
����$
�
��$�

����������
J������
 �������
 ��)










E�$���
,)
#-�" ��
����
�	��
�������
 ����)







E�$���
>)
�������
����
')
�	��
���������
 �������
���
���
:


������$
����������)




���
 ���"����"
 ���������
 "����
 ��
 �" ������
 ���
 ���$���$


:2
 "�����
 ��
 ���
 ����
 � ���"��
 !�����
 ���
 �����
 ������$)


�

>��

����

�>��

����

�>��

:���

� �� ,� 4�

�
��
��
��

�
��
�

"
"

�


�	��
���������
 �������
9 ��;




�

�

278



E�$���
4
���(�
���
����
� ���"��
��
���
���������
"����
(���

�
 "���
 ��
 �������
 ����
 ��������
 ���
 �����
 �������$)
 ���
 ����

� ���"��
��"����
��
���
���������
"����
�����$����
���
���$��

��
2��
 ������$)
����
 ����(�
 ���
 :2
"�����
 ��
 !�
 ���������	

���$���
��
%��������%� 
���
���
 ��
���
 ���&����
� ���"���

��
!�
��" ����)










E�$���
4)
����
� ���"��
��
���������
"����
����	
���
:2
�����

�������$)




E�$���
=
���
A
���(
:2
"�����
���
�
 ����	
��" �����
����


� ���"��
!�����
���
�����
������$)
�����
��'�
!���
 �������

��
%��������%� )
������
��
����
��
�" ������
���
O&�����)
��

����
 �-�" ��+
 ���
 ���$$��
 �	��
 ������
 ���
  ����	
 ��" �����

����
� ���"��
��
������
���������!��
"�������
����)









E�$���
=)
#-�" ��
��
 ����	
��" �����
����
� ���"��
:2

"����
 ����
��
������$)










E�$���
A)
#-�" ��
��
 ����	
��" �����
����
� ���"��
:2

"����
�����
������$)




�������
 ����	���
 ��
 ���
 :2
"����
 ����������
 ���
 ������
 ����


� ���"��
 9�+
 �;)
 ��
 ��" �	
 ���
 ����	���+
 ���
 (��
 �������
 ��

8���
 ����
  ���
 ��
 ���
 ����
 � ���"��
 ����
 (��
 ��!8���
 ��

�������*��$)
E�$���
3
���(�
��
�-�" ��
���
��
��������
91�;

��������
���
����	���)
��
����
�-�" ��
���
��"�������
(���
�>>

-
 ���
""
 ��
 ��O�)
B�(�'��+
 ����
 ���
 :2
"����
 ��
 �������+

��	
 ���
��
��
���
!�
����	���)










E�$���
3)
#-�" ��
��
�������
���
��
��������
����
���

'���"�����
����	���)








 


279



3� USE OF DRT TO ASSESS THE DURABILITY OF A WARM 
14MM STONE MASTIC ASPHALT 

���
 �����(��$
 ����
 ����	
 ���(�
 ��(
 ���
2��
 ����
 ���
!���

����
 ��
������
 ���
����!����	
��
�
(��"
�,
""
�����
%�����

� ����
 9�%�,;)
 ���
 �$$��$���
 (��
 �
 ��������
 $��	(��*�

"�-��
 (���
 =�D���
  ����������
 $����
 ���
 �):M
 ���������

��!���)
 ���
 �����(��$
 "�-�����
 (���
 ���������
 ��������
 ���

"�-
 �%�,
 9B%;+
 (��"
 "�-
 �%�,
 (���
 ��
 ������'�

90%
 �;+
 (��"
 "�-
 �%�,
 (���
 ������'�
 5������
 

90%
 5;+
 (��"
 "�-
 �%�,
 (���
 ������'�
 5������
 �

90%
 5�;+
 (��"
 "�-
 �%�,
 (���
 ������'�
 5������
 �

90%
5�;
 ���
(��"
"�-
�%�,
(���
 ������'�
5������
2

90%
 52;)
 ���
 "�-��$
 ��" �������
 (��
 �������
 !	
 :���

���"
�4���
��
�:���
���
���
���
(��"
�%�,
����
� ���"���)

���
 ����
 � ���"���
 (���
 ��" �����
 ����$
 �
 ��  ��
 ������

��" �����)
��!��
�
�������
���
!��*
������	
��
����
� ���"��)




��!��
�)
���*
������	
���
�%�,
����
� ���"���)


����
� ���"��
 ���*
2�����	
9*$D":;

B%
 ��:4


0%
�
 ��:�

0%
5
 ���>

0%
5�
 ����

0%
5�
 ��:,

0%
52
 ���:




��
 ����
 ����
 ����	+
 ���
 ����
 � ���"���
(���
  �������������


!	
���*��$
��
(����
��
:���
���
4�
"������
���
����
������
���

4�
"������
(���
�
�A
*$
 ����)
:2
"�����
(���
"���
!�����

���
 �����
 ������$
 ���
 ����	���
 ��
%��������%� )
 ���
 �� ��

 ������
 ��
 ���
1�
 �����
 ������$
 �� ��
(��
"�������
 ����$
 �

��� 
 B��$��
 %������"���
  ��������
 ��
 %��������%� )

�����'����
 �������
(���
"�������
��
=
 ���������
 ��
 ���
1�

�)�)
 5,�+
 A�+
 ���+
 �4�+
 ���+
 �,�
 ���
 �A�)
 5������
 5,�
 (��

"�������
 ��
 ,�
 ""
 ���"
 ���
 �� 
 ��$�
 ��
 ���
 1�)
 �

�-�" ��
 ������
 ����$
��� 
B��$��
%������"���
 ��
 ���(�
 ��

E�$���
��)







E�$���
��)
#-�" ��
��
��� 
B��$��
%������"���)




���
  ������
 ����
 ���
 ����
 ��
 ���
 ����
 � ���"���
 ��


��""������
 ��
 ��!��
 �)
����
 ����
 ���(�
 ���
  ������
 �'���$�

�� ��)
 ���
 �'���$�
  ������
 �� ���
 ���
  ������
 ��
 E�$���
 ��)

���
 ������
����
���(
���
��
���
����
� ���"���
��
!�
��"����)

���
 ������
�� ���
��*��
���"
���
:2
"�����
���
���
����
����

�
 ""
 ���������$
 ���
 (��"
 "�-
 �%�,
 "�-�����
 ��
 !�

����!��)




��!��
�)
��" ������
��
 ������
�� ���)





 ���
2� ���
9"";


5������
 B%
 0%

�


0%

5


0%

5�


0%

5�


0%

52


5,�
 �)�3
 �)�3
 �)�:
 �)�4
 �)4�
 �)>�

5A�
 �)A:
 �)>�
 �),:
 �)3=
 �):A
 �)=,

5���
 �)A:
 �)>
 �)>=
 �)�:
 �)=,
 �)3:

5�4�
 �)4:
 �)44
 �)�>
 �)44
 �)�:
 �)33

5���
 �)>4
 �):A
 �)�3
 �)�:
 �)��
 �):=

5�,�
 �)�,
 �)��
 �)��
 �)4=
 �)=�
 �)�3

5�A�
 �)>:
 �)4:
 �)4,
 �)��
 �)43
 �)�,


'���$�
 �)4=
 �)=�
 �)44
 �),:
 �)>�
 �)�,






E�$���
��)
�%�,
"�-�����
���*��
��������$
��
�'���$�

 ������
�� ��)




���
 :2
 "�����
 (���
 ��������
 ��
 �����"���
 ����������
 ��


�������
 '���"�
 ����$
 ���
 H���"�
 ��
 �
 B���
  ��������
 ��

%��������%� )
E�$���
��
���(�
���
����������
��
'���"�
���

���
 ����
 � ���"���
 �)�)
 ���
 �"����
 ��
 "�������
 ����
 �����$

������$)







E�$���
��)
�%�,
"�-�����
���*��
��������$
��
'���"�
��


"�������
����)




����
 ���
  ������
 ���
 ���
 '���"�
 ����
 ����
 ���(
 ����
 ���


(��"
 "�-
 �%�,
 ����
 � ���"���
 ���
 ��" ���!��


� �� 	�� 	�� ��� ��� ����$$

$$

���

���

���

���

���

�	�

�

	�

��

��

	
�#8"$�$��"��! �4���$$
�#���"��! 	4���$$
3"�!� 9�4��$$

- ,

�

�)�

�),

�)4

�)A

�

�)�

0%
52

0%
�

B% 0%
5

0%
5�

0%
5�


'�
��
$�

 
��
���
�

��
 �
�

9"

"
;


�
����
,���
4���
A���

�����
�����
�,���
�4���
�A���
�����

0%
52

0%
5

0%
5�

0%
�

B% 0%
5�

H
��
�"

�

��

"

��
��
��
�
�
��
�
9
"
"

: ;



280



 �����"����
 ��
 ���
 ���
 "�-
 �%�,
 ����
 � ���"��)
 ����

���������
����
���
���������
��
��" �������
��"!����
(���
���

���
��
0%
������'��
����
���
��'�
�
��$���'�
������
��
���

����!����	
��
���
�%�,
��������
��
����
����
����	)
�����$�

0%52
 ���
 �
 ���$���	
 ���$��
 �"����
 ��
 !���
 ������$
 ���

'���"�
����
����
��
���
����������
��$��������)




4� CONCLUSION 
����
 � ��
��""������
���
2��$$��
��'�����$
����
����
���


!���
 ��'��� ��
 ��
 !�����
  ������
 ���
 ����!����	
 ��
 �� ����

"�-�����)
���
���
��
�
���������
"����
��
���������	
 ����
���

�������
 � ���"���
 ���
 :2
 ����	���
 (��
 ���������)
 
 ����

����	
 (��
 ����
 ��
 ���(
 ��(
 ���
 2��
 ����
 ���
 !�
 ����
 ��

������
 ���
 ����!����	
 ��
 (��"
 "�-
 �����
 %�����
 � ����

"�������
(���
,
���������
������'��)
�
 ���
��
�
 ���$��
����	

����
���
���
��
(��"
"�-
�� ����
��
�������+
���
"���
������$

��
 ����
 ����
 ����	
 ��
 ����
 �����
 ��
 ��
 ��$��������
 ����������
 ��

����!����	
��
���
(��"
"�-
���
���
"�-
"�-�����
��������)




ACKNOWLEDGMENTS 
���
 ��������
  ��������
 ��
 ����
  � ��
 (��
 ������
 !	
 ���

��������
 �����
 �������	
 ��
 �������
 �����$�
 ���
 ��

��������
 E����(��� 
 5��$��""�)
 ���
 '��(�
 �- ������
 ���

���
����������	
�����
��
���
��������
�����
�������	)


REFERENCES 
6�7� �).)
%�������)
Durability of Warm Mix Asphalt+
5�2
������
I��'�����	


��
I�����+
���,)


6�7� �).)
 %�������+
 0)2)B)
 0���(���
 ���
 �)
 %�$����+
 9���,;+


?2�'��� "���
��
�
����!����	
����
 ��������
����$
�
2��$$��
�""������

0����
����*
����@)
ICTI Conference+
5���+
����	+
 ���
��&�>��
)


6:7� %����(�)
2)B)
���
���(���)
2)%)
9�34�;+
?���
�""������
0����
����*

����@)
Journal of Applied Chemistry+
��'�"!��+
>�>&>�3)



6,7� %�.�!!��)
2)%+
A Study of the Factors Affecting the Performance of 
Dense Bitumen Macadam Wearing Courses in Northern Ireland+
 5�2

������
I��'�����	
��
I�����+
�3A=)








281



�

282



�������
 ���
 '���"�����
  ����
 ����
 ��"����
 ���
 ����
 ������������	
 !�����$
 ��������
 ���
 ����"�����
 ��
 ��-����
 �� ���
 ��

��$�(�	
��������
 ��
 ���
I�����
.��$��")
 
�
 ���
 ����
 �� ����
�
���$��
$��"���	
���	
 ��
������!����
 ������
 ��
*��(���$�
��
 ���

$��"�����
 �� ������
��
���
����
�������
"�������
���
�����
���
������
��
���
�	��&�������
���������
���
�����������)

����
 � ��

��" ����
 ���
 ���������
 �����
 ��"��������
"�����
 ��
 ��������$
"��������
 ����$
 �(�
 ���&�������
"������
 ��
 ��$�(�	
 �������

����'��	
�)�)
�����
���$�
 ����$��""���	
���
��$�
����������
�����
�������$)


���$�
��
�����
$��"�����
 �� ������
���
����'��

���"
 ���
 :2
 "�����
 ���
 ���$���
 (���
 �������
 �������������
 ���������
 ���
 ���"���	
 �  ����
 (�����
 ���
 ��$�(�	
 ��$�������$

�����-�)
 
 ���
 ����	
 ��"���������
 ����
 ���&�������
 �������
 ����'��	
 ������
 ����������
 ����$��
 ��
 ���
 �	��&�������
 ���������
 ��

��" ����
 (���
 �������
 ���� ���
 ���������)
 
 ����
 ���
 (���
 ���$��$
 �" ���������
 ���
 ���
 ����	
 ��
 �	��&�������
  ����"���

��������$
�����	+
�����+
(����
�����$�+
(���
���
�����
��"��������
�������
����)


.#/
 01�2��
 �����
 ���$�
  ����$��""���	K
 ���&�������
 �'��������K
 F��"�����
  �� ������K
 �������
 %�������$K
 <����

�������$)


1� INTRODUCTION 
���
'���"�����
 ����
���������+
��""���	
*��(�
��
���
����

 ����
"�����+
��"����
���
����
������������	
!�����$
��������

���
����"�����
��
��-����
�� ��
��
�
��$�(�	
�������
(�����
���

I�����
.��$��"
��
���
�'���
��
�
�����������
��� ���
6�7)

���

����
 ���
 !���
 �-�����'��	
 ����������
 ���
 ��
 ���
 �-�" ��
 �

���"���O��
 #��� ���
 ��������
 ����
 "�����
 6�7)
 �����$�
 �

'���"�����
���������+
���
���������
��
���
��$�(�	
�������
��

�� �����
��
���
"������-����
�����
��
�
���$��
"������"���
��

��-����
�� ��
*��(�
��
%���
��-����
2� ��
9%�2;)



E��"
 ����
 ���$��
"������
 ����������
���
���(�
 ��
 ��� ���

��
 �
 ���$�
 ��
 �������
  ����"���)
 ����
  � ��
 ��" ����
 ���

���������
:2
"�����
��
��$�(�	
��������$
"��������
����$
�(�

���&�������
 "������
 ��
 ����'��	
 �)�)
 �����
 ���$�

 ����$��""���	
 ���
 ��$�
 ����������
 �����
 �������$)
 ����

 � ��
 ��"�
 ��
 ����������
 ����
 :2
"�������$
 ���
 (���
 ���$��$

�" ���������
 ���
 ���
 ����	
 ��
 �	��&�������
  ����"���

��������$
 �����	+
 �����+
 (����
 �����$�+
 (���
 ���
 �����

��"��������
�������
����)


2� BACKGROUND 
���
 ������������$
 ��
 �������
 ��-����
 ���
 �'��'��
 �'��
 ��"�

6:+
 ,+
 >7)
 ���
 �-���"��
 ��
 ��-����
 ��*��	
 ��
 !�
 �����
 ��

��$�(�	
 ��������
 ��
 �����������
 ��
E�$���
�
 6>7)
 ��
 ��
 ��" ��-

 �	������	+
"��������	
���
"����������	
647)
2��������
�������

��'�
 ����������
 ��
 "���
 �������
 6=7
 (�����
 ������
 ��'�

����������
 "���
 ����
 ,�
 ��
 �
 ����	
 ��
 �	��"��
  �'�"���

!���'����
 ����$
 ��OO	
 ����
 6A7)
 ����
 ��" ��-��	
 �- �����
 ��

��"�
 �-����
 ���
 ���$�
 ��
 ����������
 ���
 ��������$���
 ����

��'�
 !���
 ��'��� ��
 ��
 �'������
 ���
 ���������
 ��
 ��$�(�	

��������$
 ��-�����)
 
����
 � ��
 ���������
 ���
 ��-����
 ��
 �����

��"�������
 ��
 ����'����
 ����$
 �(�
 ���&�������
 "������+

�����
 ���$�
 5����$��""���	
 9��5;
 ���
 B�$�
 2���������

<����
�������$
9B2<�;)




E�$���
�)
#-���"��
��
��-����
��*��	
��
!�
�����
��
��$�(�	


��������
6>7)




���&�������
 ����������
 ����
 ��
 �����
 �������$
 ���

 ����$��""���	
���
 ��������
!	
 �����������
 ���
 ��'��$
 ��"�

���
��!���
���
���
���
�!����	
��
�����
"������
��
���������
�

�����
��"��������
9:2;
'�����
��
���
����
�������
637)
���
�����

!����
�  ������
*��(�
��
���
��������
��-����
%����
9��%;

6��+
��7
�� ����
��-����
�� ��
��
�
"���
 ������
�� ��
9%52;)

�����
 ���$�
 5����$��""���	
 9��5;
 ��
 ��
 ���������'�
 ���&
�������
���������
����
��
�'������
���
����
��
(���
��
�� ����

��������
 ��������$�
 ��!8���
 ��
 �����������
 �������*��$
 ��
 ���

��!������	
 6��7)
 E�$���
 �
 ���(�
 ���
 ����������� 
 !��(���

'���"�����
  ����
 %�2
 ���
 �
 ��(
  ���"����+
 %���
 %����

��-����
 2� ��
 9%%�2;
 !����
 ��
 "�����
 ����'����
 ���"

������
 �"�$��
 ��*��
 ��
 A�
 ���������
 6�:7
 ��
 ���
 �������

���!����
 ��
 ���
 I�����
 ������
 ��
 "�����+
 ���
 I�����

.��$��"
 ���
 �����
 ��
 "�������
 #��� �)
 ���
 ��������$�

���$��
���"
�� ����
��������+
���
������
�� ����+
�����
"�����

�� ����
��
�������
�������$)




Non-contact Evaluation of Geometric Properties of Highway Surfacing Materials

5����� 
%�����+
2�'��
0���(���+
F������
%�S����

������
��
���
�����
#�'��������+
I��'�����	
��
I�����+
G��������(�
����+
��(��(��!!�	+
��:�
�S�+
��������
�������


�"����
 )"�����C������)��)�*+
(��)(���(���C������)��)�*+
$)"������C�"���C������)��)�*



283





E�$���
�)
�����������
��
%%�2
���
%�2
6�:7)





3� SURFACE PARAMETERS CONSIDERED IN THIS PAPER 
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4.1 Sample selection 
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4.3 Surface recovery using Close Range Photogrammetry 
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4.4 Surface recovery using 3D laser scanning 
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4.5 Reconstruction and reorientation of the surfaces 
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ABSTRACT: The use of cathodic protection in reinforced concrete is becoming increasingly common with such systems being 
installed on a number of structures throughout the United Kingdom and Ireland. However the prescribed design lives (or service 
life) of each cathodic protection system vary widely. The aim of this project was to assess the effectiveness of a sacrificial anode 
cathodic protection system and to predict its design life through a series of laboratory based experiments. The experimental plan 
involved casting a number of slabs which represented a common road bridge structure. The corrosion of the steel within the 
experimental slabs was then accelerated prior to installation of a cathodic protection system. During the experiment corrosion 
potential of the steel reinforcement was monitored using half-cell measurement. Additionally the current flow between the 
cathodic protection system and the steel reinforcement was recorded to assess the degree of protection. A combination of 
theoretical calculations and experimental results were then collated to determine the design life of this cathodic protection 
system. It can be concluded that this sacrificial anode based cathodic protection system was effective in halting the corrosion of 
steel reinforcement in the concrete slabs studied. Both the corrosion current and half-cell potentials indicated a change in 
passivity for the steel reinforcement once sacrificial anodes were introduced. The corrosion current was observed to be sensitive 
to the changes to the exposure environment. Based on the experimental variables studied the design life of this sacrificial anode 
can be taken as 26 to 30 years. 

KEY WORDS: CONCRETE DURABILITY; CATHODIC PROTECTION; HYBRID ANODES, SACRIFICIAL ANODES; 
CONCRETE REPAIR, HIGHWAY STRUCTURES, MONITORING, DESIGN LIFE. 

1 INTRODUCTION 

Reinforced concrete is one of the most versatile and high 
performance construction materials and has been in use for 
hundreds of years. There are vast arrays of civil engineering 
structures that incorporate reinforced concrete such as bridges, 
water retaining structures, multi storey buildings and maritime 
structures. Many of which have been in service for decades, 
leaving the civil engineers of today with an ageing 
infrastructure that must be maintained.  
In many cases reinforced concrete structures have met and 
surpassed their design lives with no significant signs of 
deterioration. However it has been observed that the onset of 
corrosion of steel reinforcement has led to deterioration in 
many structures much earlier than expected. As discussed by 
Burke [1] deterioration of reinforced concrete due to corrosion 
of reinforcing steel is more prevalent in saline environments, 
this means that marine and highway structures such as jetties 
and bridges are particularly at risk of premature deterioration.  
Based on the factors that have been found to affect corrosion 
all new build structures are designed with corrosion mitigation 
in mind, so that onset of corrosion is delayed as much as 
possible. Nevertheless, repair is essential for those structures 
that are actively corroding. The most commonly used method 
of corrosion control is cathodic protection which can be 
retrofitted to degrading structures relatively un-invasively. A 
large variable of cathodic protection is its effective design life 
(or service life after installation) which can have major cost 
implications; the prediction of this design life formed the key 

objective of this project.  As such the effective design life of 
cathodic protection is an area of interest to all utilities 
involved in the maintenance of reinforced concrete structures. 
One such agency is the “Road Service of Northern Ireland” 
which is responsible for the maintenance of hundreds of 
reinforced concrete road bridges and other reinforced concrete 
structures. For the purposes of this project an idealised 
scenario was created with input from Road Service to examine 
the effectiveness of a specified cathodic protection system and 
predict the design life of such a system. The Road Service 
provided details of “CP-Tech Duo guard 500 Hybrid 
Sacrificial Anode System,” which was of interest to them for 
the protection of concrete road bridges.  

1.1 �������	 
�	 ���	 �����������	 ����	 ���	 ��
����	

���������	

A number of concrete slabs were created with similar mix 
design as that of an ageing road bridge. Corrosion in the steel 
reinforcement was accelerated using anode/cathode system 
and an external current source. A “CP Tech duo guard 500 
sacrificial anode system” [2] was then installed as per the 
supplier’s recommendations and current flowing to the anode 
and the change of half-cell values of the steel, etc were 
assessed to study the performance of the sacrificial system. 
The main objectives of the project were: 

1. To determine whether the corrosion of steel 
reinforcement can be halted by the installation of 
sacrificial anodes. 
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2. To predict the design life of a sacrificial anode based 
on the mass loss of the anode over the period during 
which it is operational. 

3. To compare the effect of placement/location and 
quantities of sacrificial anodes on the corrosion 
mitigation behaviour.  

 

2 CATHODIC PROTECTION SYSTEM 

In cathodic protection, a weak metal (known as a sacrificial 
anode) is electrically connected to an existing useful metal 
such as structural steel or rebar [1]. The weak metal becomes 
the anode of the system and corrodes readily, while the 
existing structural metal becomes the cathode and remains 
protected. Cathodic protection is dependent on the flow of 
current between anode and cathode and consequently there 
will be an ionic flow from anodic region to cathodic region. 
The current flow is maintained through an electrical 
connection, whereas the ionic flow relies on the presence of a 
conductive media such as concrete pore water. The most 
common use of cathodic protection in reinforced concrete is 
as a retrofitted system used to prevent further corrosion of 
steel reinforcement. This project will focus on retrofitted 
system that is installed on steel reinforcement which has 
already begun to corrode with the aim of controlling further 
corrosion.  

2.1 ��
�����	���	������	��
��	
The anode used in this study was “CP-Tech Duo guard 500 
Hybrid Sacrificial Anode” which is designed to act as 
impressed current anode in the short term and galvanic anode 
in the long term with the aim of offering the advantages of 
both types of cathodic protection. 
During the impressed current phase an external direct current 
power supply is connected between the anodes and steel 
reinforcement in order to control the polarity of steel 
reinforcement (to make it negative). The anode is used here as 
the sacrificial metal that offers free electrons to suppress the 
corrosion reaction in reinforcement steel. This stage lasts for 
one week for these particular anodes. After the impressed 
current phase the anodes are electrically connected to the steel 
without an external power supply and therefore act in a 
galvanic manner and provide a long term protection. The 
assumptions here are: (1) The conductivity of concrete is 
sufficient to allow ionic mobility between cathode and anode, 
(2) The sacrificial anode goes into solution to release electrons 
which act to protect reinforcing steel. (3) The deposition of 
reaction products on the surface of sacrificial anode does not 
affect the long term performance of the anode. 
The anodes used in this project were installed by drilling into 
a concrete surface; the anode is inserted and grouted in place. 
An advantage of probe style anodes is that the pathway 
between the galvanic anode and the cathode reinforcement is 
quite short resulting in an increased rate of current flow which 
in theory provides better protection while it also causes 
accelerated consumption of the galvanic anode. A general 
arrangement drawing for a probe style galvanic anode is 
shown in Figure 1. 

3 EXPERIMENTAL REPORT  

3.1 �����	  !	 ��
�����
�	 
�	 �����	 ��������������	 
�	 ��	
������	����"��	������		

The first stage of experimental programme was the design of 
the steel reinforcement to initiate rapid corrosion. 10mm and 
40mm rebar were used to create a large cross sectional area 
ratio 1:16 to ensure that the 10mm steel positioned closed to 
the surface would readily become the anode during the forced 
corrosion stage while the 40mm steel acts as the cathode. 
Detail of the layout is given in Figure 2. 

 
Figure 1. Diagram of probe impressed current arrangement 
and reactions that occur (Concrete Preservation Technologies, 
2012) 

2(a) Plan view of slab 1 showing position of anodes/cathodes 
Light green circle shows the location at which the sacrificial 

anode was installed in Phase 3. 
 
 
 
 
 
 
 
 
 
 
 
2(b) Cross-sectional view of the slab 1 

 
2(c) Plan view of slabs 2 and 3 showing the location of 

sacrificial anodes. 
 
Figure 2. Layout of a slab showing anodes and cathodes with 
provision for the installation of sacrificial anode in the middle. 

 

Slab 2 Slab 3
Location of 
sacrificial anode
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Horizontal spacings of 240mm centre to centre were chosen 
for both the 10mm and 40mm rebar, the perpendicular stirrups 
were also to be spaced at 240mm centres which are 
reasonably comparable dimensions with bridge deck design, 
the rebar had a length of 720mm so that the slabs would have 
a rectangular shape. 
 
The vertical spacing between the top (anode) and bottom 
(cathode) steel was reduced to 95mm in order to ensure that 
the rate of corrosion of steel reinforcement could be 
accelerated. A minimum cover of 40mm was provided to all 
rebar except for the anode which had only 20mm cover to the 
top of the concrete surface.  
Three slabs of identical reinforcement layout were created. 
The only change between the slabs is the location and number 
of sacrificial anodes installed during the corrosion protection 
stage. “Slab 2” had the sacrificial anode installed closer to the 
steel reinforcement and “slab 3” had two sacrificial anodes 
installed refer to Figure 2c for further details.  

 
A concrete mix design was carried out in accordance with 
D.O.E Mix design [4]. The final mix details are shown in 
Table 1.  
Table 1 Concrete mix details 

Mass of materials for 1m3 concrete 

Material kg/m3 
Ratio by 
mass Equivalent Ratio 

Portland Cement 305 0.127 1.000 

Dry Sand 650 0.270 2.131 

Basalt Aggregate 1290 0.537 4.229 

Water 155 0.064 0.508 

Calcium Chloride 0.5 0.001 0.002 

Total 2400.5 1 7.870 

The cement content of the mix was kept deliberately low 
(305kg/m3) as this would have been a common cement 
content in historical mixes. Also the calcium chloride content 
was 1% by weight of cement; this would have been a typical 
quantity of admixture in the past and also aids the acceleration 
of corrosion. For monitoring and impressed current purposes a 
number of electrical wires were to be connected to the rebar; 
the method for installation of these is as follows:  

1. A 6mm diameter 8mm deep hole was drilled into the 
40mm steel at its midpoint. On the 10mm diameter rebar a 
2mm diameter hole was drilled. 
2. Titanium wire was cut into lengths and separate 
wires were inserted individually into the drilled holes.  
3. On the 40mm diameter rebar a 5mm diameter pop 
rivet was inserted in order to secure the wire to the rebar. 
On the 10mm rebar the titanium wire was wrapped around 
the rebar and secured using insulating tape.  

All electrical wire connections to the rebar were insulated by 
either coating with silicone (40mm rebar) or wrapping with 
insulating tape (10mm rebar) to prevent induction of corrosion 
at the electrical connection sites. The concrete for the slabs 
was mixed and poured on the 11/12/2012. The concrete 
surface was finished by hand float. After 5 days the slabs were 
removed from their formworks and moved outside to begin 
the accelerated corrosion phase of the project. 

3.2 �����	#!	����������
�	
�	�
��
��
�	
�	�����	��	�����		
The accelerated corrosion schedule is shown in Table 2. 

Programme of Accelerated Corrosion 

Date  Activity 
20/12/2012  
 

Slabs Moved Outside (No External Voltage) 

20/12/2012 – 03/01/2013 
(14 days) 

Passive Corrosion Phase 

03/01/2013 – 07/01/2013   
(4 Days) 

Impressed Current Corrosion Phase  
(7V External Voltage) 

07/01/2013 – 17/01/2013 
(11 Days) 

Impressed Current Corrosion Phase  
(12V External Voltage) 

17/01/2013 – 14/02/2013 
(28 Days)  
 

Passive Corrosion Phase 2 (No External 
Voltage) 

Table 2. Schedule of activities to initiate corrosion in test 
slabs 
After 11 days it was found that significant surface cracking 
had occurred along the lines of the rebar, these cracks had 
been developing throughout the impressed current corrosion 
phase. Rust staining was also observed weeping from the 
surface cracks on the slabs. A picture of the corroded slabs is 
shown in Figure 4. After it became clear that extensive 
corrosion was occurring, the power supply was switched off 
and the slabs were left ready for the installation of a cathodic 
protection system. During the accelerated corrosion phase half 
cell readings were taken at regular intervals to confirm 
whether corrosion was occurring. 

 

 

Figure 4. Slabs undergoing accelerated corrosion  

3.3 �����	$!	%���������
�	
�	����
���	��
�����
�	������	���	
���������	�������		

The sacrificial anodes were installed in accordance with the 
manufacturer’s instructions. The 12v power supply was 
connected one day after the installation of anodes and 
remained connected for seven days. The 12v supply should 
have induced enough current flow to effectively halt the 
corrosion of the 10mm anode steel causing it to become a 
protected cathode steel which is protected by the corrosion of 
the sacrificial anode. At the end of impressed current phase 
the external voltage was removed and sacrificial anodes were 
left to act passively within the slabs. Current flow between the 
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sacrificial anode and steel was monitored during this phase to 
study the activities. This is explained in Phase 4. 

3.4 �����	&!	'�������	����
���	��
�����
�	���	�
���
����	
�����		

Phase 4 of the project involved monitoring the sacrificial 
anodes while they acted in their passive galvanic capacity (no 
external voltage was applied during this phase).  
An automated data recording system was set up to record the 
voltage difference between the sacrificial anode and 10mm 
steel reinforcement. In theory if the sacrificial anode is 
corroding to provide protection to the reinforcement steel 
there will be a current flow between the two. Therefore by 
recording the voltage the effectiveness of the cathodic 
protection can be assessed. 
 
Current measurements were taken at 15 minute intervals 
between the dates of 22/02/2013 and the 19/04/2013. After a 
number of readings had been recorded in the lab it was 
decided that the slabs should be moved outside to test the 
effects of the increased moisture present in an external 
environment. The slabs were moved outside on 26/03/2013 
and remained outside until the end of the monitoring phase. 
The sacrificial anodes were removed from the slabs by drilling 
a 50mm core hole at each anode location and the anodes were 
weighed to quantify the mass loss. 
 

3.5 �����	�!	����	��������		
Data analysis involved collating the recovered data from the 
automated recorder and the half-cell measurements to produce 
a set of test results. This is explained further in the next 
section. 

4 RESULTS AND ANALYSIS 

4.1 ����	(���	)
���
����		
Half cell monitoring was carried out over the duration of the 
project to determine the degree of reinforcement corrosion 
occurring within the slabs at a given moment.  
Figure 5 shows an overview of the average half-cell results 
obtained during the key phases during this project. The three 
slabs performed in a similar fashion; all three corrode at a 
rapid rate during the accelerated corrosion phase (phase 2) and 
experience a sharp rise in half cell potential during the 
impressed current cathodic protection phase (phase 3).  
Figure 5 also shows that during the application of an external 
current the average half cell potentials declined to between -
300mv and -400mv which suggests that there was a high risk 
of corrosion of the reinforcing steel. The graph also shows 
that the largest drop in average half-cell potential occurred 
during the passive corrosion period before the impressed 
current was applied. During this period the potential value 
declined to between -680 and -700 indicating a severe degree 
of corrosion.  

 
Figure 5 Half-cell measurements from each slab during 
different phases of corrosion 

 
The half cell results complement the laboratory observations 
to confirm the presence of extensive corrosion on the 
reinforcing steel prior to the installation of the cathodic 
protection system. It can also be seen that the average half cell 
potentials increased exponentially after the commencement of 
the impressed current cathodic protection phase from between 
-650 and -700 to between 0 and 20. This massive increase in 
half cell potential suggests that the corrosion of the 10mm 
steel reinforcement had been halted. A number of subsequent 
half cell tests taken during phase 4 of the project showed that 
there had been no significant further drop in half cell 
potential. These results suggest that the corrosion of the steel 
reinforcement was indeed halted by the cathodic protection 
system and that the system continued to protect the 
reinforcement while acting in its galvanic capacity. 
 
However it was also important to assess the pattern of the 
half-cell results to determine whether any areas in the slabs 
were experiencing much lower or higher half cell potentials 
than the others. Large variations in potential from one reading 
to the next may indicate that only localised corrosion is 
occurring as opposed to the desired wide spread corrosion of 
the 10mm rebar. It was possible to assess the pattern of 
corrosion within the slabs by generating a number of contour 
plots of the half-cell results. From contour plots it was found 
that steel positioned closer to the sacrificial anodes had higher 
half-cell potentials which may be further evidence that the 
corrosion of steel reinforcement was halted and subsequently 
protected by the cathodic protection. This data is available in 
the full project report [5]. 

4.2 )
���
����	�
��
��
�	�������	
The sacrificial anode and reinforcement steel was connected 
electrically and the current flow in this circuit was measured 
by noting down the voltage values (Figure 6) across a known 
electrical resistance. This is a common procedure adopted in 
studying the corrosion of steel in laboratory based concrete 
specimens. The voltage difference relates directly through 
Ohm’s law to the current flow between the sacrificial anode 
and reinforcement steel and as such should indicate the degree 
of protection offered to the steel by the cathodic protection 
system. If the readings remain above zero an ionic current will 
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be present and as a result the steel reinforcement can be 
considered to be protected. However if there is no voltage 
difference or a negative reading there will be no ionic flow 
between the sacrificial anode and steel reinforcement, this 
would mean that the steel could once again begin to corrode. 

Figure 6. Potential difference between sacrificial anode and 
steel reinforcement measured on all 3 slabs. 

 
From Figure 6, it can be see that the voltage peaks quite early 
near the beginning of monitoring with slabs 1, 2 and 3 
peaking at 26mV, 12mV and 9mV respectively. An 
explanation for this is that voltage monitoring began 
immediately after the end of the impressed current cathodic 
protection phase, the externally applied current from this 
phase will have generated a high current flow between the 
sacrificial anode and reinforcing steel. This current may not 
have dissipated immediately, resulting in slightly higher 
voltage readings during the early stages of monitoring.  
The trend of the voltage readings in each of the three slabs 
shows that as time progresses the level of activity decreases 
significantly. This indicates either that the level of residual 
corrosion activity is low or that the effectiveness of the system 
reduces over time. However it can be seen that once the slabs 
were moved outside (time = 9819) the voltage readings in all 
three immediately increased this is most likely due to the 
ingress moisture which increases ionic flow. This observation 
also suggests that the reason for the declining effectiveness 
may have been due to the low moisture environment of the 
laboratory. 
During the period that the slabs are outside the voltage 
readings appear to fluctuate frequently, it can also be seen that 
at one point the voltage in slab 1 drops very close to 0. The 
primary reason for these variable results is weather; during the 
period where the slabs were stored outside there was an 
unseasonal drop in temperature and heavy snow for 6-7 days. 
During the period of snow any water present both inside and 
outside the slabs is likely to have frozen to form ice, ice is a 
less useful electrolyte than free water and as a result the 
current flow in the slabs is likely to have been inhibited. The 
low temperatures that were experienced by the slabs are likely 
to have reduced the overall ionic flow between the sacrificial 

anodes and the steel. The small fluctuations that are visible are 
due the daily changes between night and day where a freeze-
thaw cycle occurs. These conditions were unexpected at the 
time of year when the experiment took place however they are 
none the less useful in assessing the performance of the 
cathodic protection system under varying weather conditions. 

4.3  ������	 *���	 ��������
�	 �����	 ����	 �
��	 ���	 �
�����	
�
���
����	

In order to assess the design life of each of the sacrificial 
anodes it was necessary to calculate the total mass of material 
lost during their operational lives. There are two ways to do 
this, theoretically using Faraday’s law or experimental by 
weighing the anodes and recording the variation in weight.  
 
 
The theoretical process uses Faradays law which relates the 
charge passed to the mass lost. The calculated values of 
cumulative charge for slabs 1, 2 and three are 1677.212, 
2023.722 and 4222.068 respectively. This computed by 
integration of the cumulative current graphs shown in figure 7 
to determine total charge passed. 
An example of the calculation for slab 1 is shown below: 

 
Faradays Law states that: 
������������	


 �
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Faradays Constant = 96500 Q/mol 
Molecular Mass of Zinc (anode material) = 65.382 g/mol 
Valency of Zinc = 2 
For Slab 1: Charge passed = 1677.212 Coulombs  
 
Substituting values in the above equation gives a theoretical 
mass loss value of 0.568g for the sacrificial anode installed in 
slab 1.  
 
Table 2 presents the actual mass loss calculated from 
experiments. It can be seen that for the anodes recovered from 
slabs 1 and 2 the mass losses were 0.7 and 0.9 grams 
respectively. Unfortunately both of the anodes from slab 3 
were damaged during removal resulting in additional mass 
loss making their weights useless for the purpose of prediction 
of design life as a consequence they have been omitted from 
Table 3.  
Table 2 Actual mass loss and experimental rate of 
consumption of anodes/day 

 
For example, design life of Slab 1 Anode 1 is: 

Design life = 65% of {(187.8g ÷ 0.0125 g/day)/365}=26.783 

Sacrificial 
anode 
reference  

Weight 
Prior to 
installation 
(g) 

Mass 
loss 
(g) 

Rate of 
consumption 
(per day) 

Predicted 
design life 
(Years) 

Slab 1: 
Anode 1 187.8 0.7 0.0125 26.783 
Slab 2: 
Anode 2 188.1 0.9 0.0161 20.831 
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����� ����� �����The value of 65% is widely used in the design of sacrificial 
anodes and refers to the estimated percentage of the anode 
that is expected to be consumed during its design life.  

 
As given in Table 3, the theoretical mass loss (based on 
charge passed) for slab 1 and slab 2 were found to be 0.568 
and 0.686g, respectively. Both values are comparable to the 
actual mass loss determined from experiments. The design life 
in Table 2 is calculated by assuming a constant rate of 
consumption of anodes for the entire service life. This shows a 
design life of 20-26 years. Such linear decay is not realistic 
for most structures. After the initial increase in consumption 
of charge, the charge required to maintain the passivity of 
reinforcement steel is likely to be low. If the latter phase is 
considered separately a more accurate service life can be 
estimated. This is referred to hereafter as variable decay 
approximation. To generate a more accurate prediction the 
cumulative charge measurements was split into two groups; 
the mass loss during impressed current phase (1 week) and the 
galvanic phase when voltage readings appear to plateau. This 
is termed as variable approximation and in summary this was 
made by treating the mass loss during the early stages of the 
experiment as an initial consumption and using the charge 
recordings during the less variable final 10 days of the 
experiment to generate a long term picture. 
 

Table 3 Design life estimated assuming a variable decay of 
sacrificial anodes over time 

Variable Approximation of  Design Life of Anodes 

Slab 
Reference 

Theoretical 
Mass Loss  
(g) 

Mass 
loss per 
Anode 
(g)  

Mass 
loss 
per 
day 
(g) 

Variable 
approximation 
of Design Life 
(Years)  

Slab 1 0.063 0.063 0.006 52.861 

Slab 2 0.113 0.113 0.011 29.524 

Slab 3 0.245 0.122 0.012 27.249 

 
There are significant variations in the two sets of design life 
predictions. The weight change prediction assumes a linear 
decay of anode per design life and hence it is not comparable 
to the design life predicted using variable decay method.  
Other notable observations are: 
The design life’s for the anodes in slabs 1 and 2 are very 
different although both slabs have the same steel arrangement 
and 1 sacrificial anode each. The location of installation of 
anode is the only variable between the slabs. The design life 
in Table 1 and Table 3 is estimated based on data observed for 
56 days and the duration may not be sufficiently long to study 
the effect of this variable. 
Slab 3 contained two sacrificial anodes as opposed to 1 anode 
each installed in slab 1 and 2. The increased anode 
configuration may have resulted in a more rapid protection 
offered for the reinforcement steel. This may justify the higher 
charge flow observed in Figure 7 for slab 3. A design life 
estimated based on the higher charge flow will always give a 
conservative estimate. In order to accurately estimate the 
design life of anodes in this configuration a long term study is 
required. 

Figure 7 Cumulative charge flow for the 3 slabs quantified 
from the voltage measurements.  
The experimental programme had limitations in terms of 
number of replicate specimens studied. Therefore, a long term 
study is recommended to validate the procedure/protocol 
outlined here for estimating the design life.  
 
6.0 Concluding remarks  
The results indicate that the CP-Tech sacrificial anodes have 
effectively controlled corrosion of the steel. The current 
(voltage) flow recorded shows the level of activity of steel 
reinforcement and also gives an opportunity to estimate the 
design life. Half-cell values confirm the findings deduced 
from the current measurements. 
The current measurement indicates that the position of 
sacrificial anode does have a positive effect on the current 
flow during initial stages of CP system. This suggests a faster 
mitigation of corrosion or higher degree of protection of steel. 
However, the long term effect of the position of installation 
needs to be studied further. A similar positive effect was 
observed for slab 3 where 2 sacrificial anodes were installed. 
Half-cell or corrosion current can be used to monitor the 
effectiveness of corrosion protection systems in real 
structures. The data seems to be sensitive to external weather 
events and moisture condition of the structure. 
A simpler method for determining the design life of CP 
system was put forward using Faraday’s law and 
current/voltage measurements. This needs to be validated 
based on long term data. 
The following key variables should be given consideration for 
further work: (1) conductivity of the concrete, (2) changes in 
resistivity value between anode and cathode interface, (3) 
temperature effect and (4) role of corrosion residue that forms 
on the surface of sacrificial anodes on the working of anodes. 
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ABSTRACT: Research has shown that the cost of managing structures puts high strain on the infrastructure budget, with 
estimates of over 50% of the European construction budget being dedicated to repair and maintenance. If reinforced concrete 
structures are not suitably designed and adequately maintained, their service life is compromised, resulting in the full economic 
value of the investment not realised. The issue is more prevalent in coastal structures as a result of combinations of aggressive 
actions, such as those caused by chlorides, sulphates and cyclic freezing and thawing.
It is a common practice nowadays to ensure durability of reinforced concrete structures by specifying a concrete mix and a 
nominal cover at the design stage to cater for the exposure environment. This in theory should produce the performance required 
to achieve a specified service life. Although the European Standard EN 206-1 specifies variations in the exposure environment, 
it does not take into account the macro and micro climates surrounding structures, which have a significant influence on their
performance and service life. Therefore, in order to construct structures which will perform satisfactorily in different exposure 
environments, the following two aspects need to be developed: a performance based specification to supplement EN 206-1
which will outline the expected performance of the structure in a given environment; and a simple yet transferrable procedure 
for assessing the performance of structures in service termed KPI Theory. This will allow the asset managers not only to design 
structures for the intended service life, but also to take informed maintenance decisions should the performance in service fall 
short of what was specified. This paper aims to discuss this further.

KEY WORDS: performance-based specification, diffusion coefficient, service life modelling, durability testing, in situ testing

1 INTRODUCTION 
The prediction of possible durability problems in a structure 
would enable timely intervention for repair and maintenance 
and extend the service life of a structure. A premeditation of 
failures would not only give time for resource allocation but
may also enable simple and relatively inexpensive repair 
procedures to be taken as opposed to regular cyclical repairs 
which cost more in the long term (Figure 1).

Figure 1: Cost implications of various repair methods. 
(Adapted from P. Robery)

The structures which undergo deterioration are generally 
the most crucial to society and the economy; for example 

shipping ports and main commuter carriageways. If this 
infrastructure was placed out of action for a period for 
extensive repair/maintenance/rebuilding it would have large 
cost implications across a region. These costs can be allocated 
to several areas: government costs, environmental costs 
(carbon emissions), commuter costs (extra fuel used in 
diversions) and time costs (wasted hours). Therefore it is
important to examine the methods of concrete specification of 
new structures in order to examine if value for money is being 
achieved.

This paper aims to introduce the theory/reasoning behind 
Key Performance Indicators (KPI’s), the concept of which is 
to reduce the numerous Performance Indicators (PI's) to the 
several most influential aspects/characteristics of a reinforced 
concrete structure which when analysed together produce a 
viable indication of the performance/service life of the 
structure.

2 CONCRETE SPECIFICATIONS 

2.1 BS8500 and EN206
BS8500 was the original concrete specification; this specified 
concrete based solely on the strength of the concrete. The 
current concrete specification was introduced in the year 
2000, titled BS EN206:2000. This specification is a step in the 
right direction in terms of taking into consideration other 
factors apart from concrete strength into the design process.
However this standard is very prescriptive in nature and 
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details the minimum requirements for structures to reach 
either 50 or 100 years i.e. strict boundary conditions. In reality 
these structures are not guaranteed these service lives and 
premature deterioration often occurs. The next section details 
the process of concrete specification using the existing
standards:
� To begin with; the structure is classified in regards to the 

exposure setting of which there are 18 these however can 
be categorised into 6 main areas:

X0: No risk of corrosion or attack
XC: Corrosion induced by carbonation
XD: Corrosion induced by chlorides other than from sea water 
XS: Corrosion induced by chlorides sea water (see Table 1)
XA: Chemical Attack
� Define the slump class S1-S5 which will depend on the 

workability required and the structural form of the 
structure,

� Define a service life of either 50 or 100 years,
� Define a concrete cover depth which correlates with the 

exposure class,
� The combination of exposure class and concrete cover 

specifies the designer with a cement type, compressive 
strength, w/b ratio and minimum cement content,

� The last combination also has an associated maximum 
aggregate size.

Table 1: Exert from EN206 – Coastal Structures
Exposure 
Condition

Class 
Designation Note

Corrosion 
induced by 
chlorides 
from sea 

water

XS1

Exposed to airborne salt but 
not in direct contact with 
sea water & Structures in 
coastal areas

XS2
Permanently submerged & 
Concrete below mid-tide 
level

XS3

Tidal splash and spray 
zones & Concrete in the 
upper tidal zones and the 
splash and spray zone

This process is very clinical with little room for innovation or 
diversion from the standards in addition it does not account 
for the influence of other mix components such as 
admixtures[1].  

The exposure classes while there are many (18) in 
terms of those in the XS and XD chloride classes they are not 
specific enough in terms of chloride concentrations to which 
the structures will be exposed. Sea water salinity which 
affects coastal structures can range between 2-40g/l these 
ranges cause drastic differences in the service life of a RC 
coastal structure. These specifications have also led to the 
notion that a higher cement content results in a more durable 
concrete when in-fact this is not the case. Henderson (1998)
has also highlighted that the only checks for durability 
performance are:

� concrete cover
� w/b ratio
� cement content

2.2 Performance Based Specifications 

In the past 5-6 years there has been acknowledgement within 
industry of the need for performance based concrete 
specifications due to the apparent inadequacies with the 
existing prescriptive concrete specifications. BS EN 206 has 
begun to encourage the performance specifications with the 
addition of ‘‘Annex J: Performance-related design methods 
with respect to durability'' this annex is rather vague in its 
allowances and requires long term data to reinforce any 
choices. In short the guidelines provided in Annex J seem to 
put the liability of the concrete mix with the designer and does 
not provide information about which durability properties are 
the most influential and therefore the durability parameter 
which should be monitored/measured. BS EN 206 while it 
mentions performance based concrete specifications it does 
not actively promote it or infer confidence within a designer 
to opt for the performance based method.

3 ASSET MANAGEMENT 
The Highways agency identifies the holistic approach which 
should be taken with the management of structures:

''to maintain the structural integrity and safety by preserving 
and where necessary upgrading bridges and other structures 
to adequate standards at minimum cost over the life of the 
structure [2]” 

While this approach is what the management 
agencies strive towards many fall short. America is an 
example of a country struggling to manage their 
infrastructure, In America every four years the American 
Society of Civil Engineers (ASCE) produces a report card 
detailing the state of the country’s infrastructure; the 2013 
report card has given the country a D+/Poor across all 
infrastructure while also estimating a required investment of 
$3.6 Trillion by 2020.

3.1 Bridge Management Strategy (BMS) 
The main RC infrastructure for most countries are 

bridges therefore the best way to evaluate the condition 
assessment strategies in various countries is to examine their 
Bridge Management Systems (BMS). The BMS are obviously 
focussed on bridges but often include the assessment of 
retaining walls and coastal structures as well. The next section 
goes into further detail on the BMS used in Ireland and the 
UK. 

Ireland's National Roads Authority (NRA) adopted Eirespan 
as their chosen BMS  in 2001 which is a customisation of the 
Danish DANBRO system (In Ireland the major arterial routes 
are managed centrally from Dublin, all other structures are 
managed by each counties individual Co. Council without the 
use of Eirspan) [3]. The strategy adopted by Ireland consists 
of a series of principal inspections which will produce a 
condition rating between 0-5 where; 0 relates to little damage 
and 5 relates to a high risk structure in need of maintenance. A 
special inspection is deemed necessary to determine the cause 

Ireland Condition Assessment Strategy
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of damage, the extent of the damage or the best repair method 
to be adopted [3].

DANBRO is a database system with the goal of 
assisting in the management of bridges by putting together a 
comprehensive report of the important information. DANBRO 
does not make decisions it consists of guidelines and 
management tools for use by inspectors [4]. 

Ireland's NRA have recently added the inclusion of 
GGBS to the specification of concrete structures in order to 
increase durability. The M4 motorway which opened in 2005 
was one such road; at 34km in length all structural concrete 
consisted of 50% GGBS replacement. Along this stretch of 
road there were 19 over-bridges, 7 under-bridges and 3 
underpasses [5]. The NRA aims to use GGBS replacement in 
any structural concrete which undergoes chloride exposures as 
a means of actively enhancing durability. The NRA have also 
developed performance criteria in the form of limiting 
diffusion values for a number of cements used in a harbour 
project in Ireland (Table 2); this shows that there is the 
possibility of further development of this performance based 
measurement to the wider structure community once a 
performance based strategy is fully investigated.

Table 2: Diffusion limits for various concrete types in a 
harbour project in Ireland [6]  

Cement Type Diffusion Coefficient
(x10-12m2/s)

CEM I 7-18
CEM II/A 7-17
CEM II/B 5-10
CEM III/A 2-5
CEM III/B 0.9-3.5

In Northern Ireland (NI) the Roads Service is responsible for 
the maintenance of infrastructure. The current condition 
assessment strategy adopted with NI has been the same as 
Scotland; however the Road Service is currently in the process 
of implementing a new strategy which has been carried over 
from England [7]. This strategy is titled Bridge Condition 
Indicators (BCI) although it can also encompass other 
structures such as retaining walls. The ethos behind this 
strategy came from the County Surveyors Society (2000) as 
detailed in the quotation below:

Northern Ireland

''... essential to have a numerical indicator which could be 
used to determine whether the overall condition of road 
structures is deteriorating or not, in order to assess whether 
sufficient is being spent on bridge maintenance.''

While this may seem like a step in the right 
direction further investigation shows this method is in fact a 
very indepth visual inspection which uses a factor based 
method to generate a condition value. This factor based 
method revolves around the severity and extent of 
deterioration which is then combined with the importance of 
the element.

3.2 Summary of Asset Management in N. Ireland and 
Ireland 

The BMS used within the UK and Ireland do not 
facilitate/encourage forward planning required to ensure 
maximum economic benefit from their RC structures. They 
rely on condition assessment evaluations carried out by man 
not machine which in its nature can be subjective and 
speculative. The outputs of the reports do not produce a long 
term maintenance plan or quantify the performance of the 
structure it merely provides the next inspection date. However 
Ireland are beginning to understand the benefits of a 
performance based approach with the inclusion of diffusion 
limits for a variety of concrete mixes, these limits are still 
very general and do not seem to be linked to prediction of 
service life.

The best condition assessment strategies should 
incorporate service life modelling as a means of developing 
the appropriate and most cost effective maintenance plans. A 
convenient approach has yet to be developed in the UK and 
Ireland.

Through research into condition assessment 
strategies is can also be determined that may countries take a 
reactive approach as opposed to a proactive approach.

4 OVERVIEW OF CHLORIDE INDUCED DETERIORATION 
The service life of a concrete structure is defined as the time 
from construction until a critical limit of a user defined
technical property is reached. In the case of structures in 
chloride environments this user defined property is the 
corrosion of the reinforcement. This deterioration of a RC 
structure consists of two phases; the initiation phase and the 
propagation stage as illustrated in Figure 2. 

Figure 2 Conceptual Service Life Model adapted from Tuutti 
(1982)[8]

The initiation phase begins with the construction of the 
structure and is the period from initial construction until the 
point whereby the steel reinforcement loses its passivity as a 
result of the exposure environment of the structure. The 
depassivation of the reinforcing steel initiates the   corrosion 
process also known as the propagation phase, the propagation 
phase continues until the structure is no longer deemed 
functional [9]. This paper focusses upon the initiation phase of 
the service life of a RC structure i.e. from the construction of 
the structure to the point where the reinforcing steel becomes 
depassivated.
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Chloride ions may be introduced to a structure in a 
number of ways; for example through the use of contaminated 
marine aggregates, de-icing salts or direct exposure to a 
marine environment.

The failure of a RC structure can be attributed to 
two main groups of factors; failure due to the workmanship or 
a failure due to the materials used. These factors are 
elaborated below.

1. Workmanship: Concrete workmanship refers to the 
construction processes in placing the concrete. 
Workmanship can cause a number of durability 
problems such as inaccurate concrete cover to 
reinforcement and alteration of a concrete mix once 
it reaches site; in some areas it is common practice to 
add water to the concrete to make it more workable.

2. Material Failure: The failure of the concrete is a 
major durability problem and can be caused by 
multiple mechanisms both external and internal of 
the concrete. 

The workmanship of a structure is difficult to define; the only 
measurable factor related to the workmanship of a RC 
structure is the concrete cover to the reinforcement. 
Alternatively material failure is a broad subject area with 
many interconnected factors. There is much literature in the 
area and therefore Figure 3 summaries the interconnectivity of 
the main influencing aspects of material failure due to 
chloride induced corrosion.

Figure 3: The links between the factors/variables which have a 
significant influence on the performance of RC concrete in 
chloride exposure environments

5 KEY PERFORMANCE INDICATORS (KPI’S) 
The factors/variables in Figure 3 are Performance Indicators 
(PI’s), they can give an indication of the state-of-health of the 
structure however for many of these indicators it is not 
feasible or possible to quantify these on existing structures. 
The PI’s are numerous and not all of the PI’s can be used to 
predict the service life of a structure.
Service life models vary and different models can use 
upwards of 10 PI's to produce their models. Figure 3 
illustrates the multiple aspects of concrete which affect the 

rate of deterioration for a structure in a chloride environment. 
The figure demonstrates the major areas of PIs: they are the 
transport mechanisms, the environment, the mix details, the 
rate of corrosion and the chloride threshold for reinforcement 
corrosion.

The KPI's would provide information about the structure 
which is useful for either the designer or the asset owner for 
determining the service life (for new structures) or state-of-
health of their asset (for existing structures). These KPI's will 
not necessarily be the same for both the asset owners and the 
designers as the information available to each group varies. 
Therefore the KPI's need to be tailored to the user.

For example the designer will have information on the 
concrete mix, i.e. w/b ratio, binder content etc., while the asset 
owner may not have this information. The asset owners will 
however have information on the current condition of the 
structure, i.e. surface chloride concentration, diffusion 
coefficient, etc through carrying out tests and inspections and 
from previous inspection reports/test data of the structures. 

6 SENSITIVITY ANALYSIS 
An in depth parametric study was carried out on the ClinConc 
service life model to reduce the number of PI’s to a select few 
KPI’s. A full analysis of the model identified the following 
parameters to have the most influence over concrete 
performance i.e. KPI’s:
1) Porosity (which encompasses the concrete mix parameters),
2) Chloride binding parameters,
3) Chloride diffusivity,
4) Cover depth, and
6) Exposure conditions - temperature, surface chloride and 
initial chloride concentration,  

The diffusion co-efficient was the most influential 
parameter and easily measurable by a number of different 
tests therefore it is examined next in term of usability by Asset 
Managers. The remainder of the KPI’s will be analysed in 
subsequent papers.

7 DIFFUSION CO-EFFICIENT 
A sensitivity analysis of the Clinconc service life model 
identified diffusion as the main driving parameter [10]. It 
should be noted that the diffusion coefficient of concrete 
mixes are not detailed in BS8500 or EN 206. There are 
several methods to measure the diffusion coefficient of 
concrete which vary in complexity, destructive nature and 
time consumption. The next section examines two tests 
available to measure the diffusion coefficient and their 
applicability to the asset management sector. To compare the 
tests a set of 12 concrete mixes have been examined using 
each test method. These concrete mixes are detailed in Table 3 
(The mixes highlighted are those which are available for use 
in the European concrete standards).

Table 3: Concrete mixes which were tested
Binder w/b
CEM I 0.35 0.45 0.65
CEM I +35% GGBS 0.35 0.45 0.65
CEM I +65% GGBS 0.35 0.45 0.65
CEM I +35% PFA 0.35 0.45 0.65
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7.1 Non-steady state diffusion co-efficient NTBuild 492 
The non-steady state migration test is the EU industry 
accepted method of the determination of the diffusion 
coefficient within a concrete structure. However the test is 
destructive requiring a core to be taken form the structure and 
also is very time consuming in terms of man hours (30hrs).

Figure 4: CEM I concrete tested over a 180 day period for the 
3 different w/b ratios

Figure 5: CEM I +35%GGBS concrete tested over a 180 day 
period for the 3 different w/b ratios

Figure 6: CEM I +65%GGBS concrete tested over a 180 day 
period for the 3 different w/b ratios

The results provide the expected trends of an increase in 
diffusion coefficient along with an increase in the w/b ratio. 
The graphs also detail the reduction in diffusion over the 180 
day test period. When comparing the CEM I concretes and the 
CEM I plus GGBS concrete binder combinations it can be 
seen that the addition of GGBS provides a significant decrease 
in the diffusion coefficient compared with the CEM I 
concrete. When the CEM I concrete is compared with the 
CEM I plus PFA concrete, the PFA combination is actually 
higher in diffusion coefficient in the early stages however the 
decrease in diffusion coefficient over time is much sharper in 
the PFA concrete than the CEM I concrete.

It should be noted that these differences in diffusion are not 
visible in the concrete design codes.

Figure 7: CEM I +35%PFA concrete tested over a 180 day 
period for the 3 different w/b ratios

7.2 Permit Ion Migration Test 
The Permit Ion Migration Test (Permit) was developed at 
Queen's University Belfast; it is a site based test of the 
concrete diffusivity. The Permit test is a non-destructive test 
which mimics the lab based NTBuild 492 non-steady state 
migration test to provide an insitu diffusion co-efficient 
(D(insitu)) over a shorter test period of between 6-8 hours 
depending on the concrete [11]. This test would also prove 
less expensive than the NTBuild 492 due to the lack of coring, 
laboratory analysis and materials required. The same 12 
concrete mixes were tested using the Permit Ion Migration 
test.  

Figure 8: Comparison between Dnssm and D(insitu) 

Figure 8 illustrates results in comparison with the Dnssm..The 
results show a reasonable level of fit (R2=0.6193) after the 
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removal of the highlighted anomalies; there is also a defined 
relationship of:
� = 0.9907� � 1.2587   (1)

  

7.3 Summary of Diffusion Tests 
The three tests detailed in this paper have varying uses to asset 
managers. While the NTBuild 492 test is the most accurate 
and the accepted industry standard it is a destructive, 
expensive and time consuming test. As is industry standard to 
take cube samples to test for concrete strength, it could also be 
considered to take a small concrete slab sample to carry out 
the NTBuild 492 migration test to understand the base line of 
concrete diffusivity using this test.

The Permit test is shorter in duration and with a few units 
multiple tests could be carried out simultaneously over the 
course of a day, there is also a good relationship between the 
Permit and NTBuild 492. 

This analysis has shown that there are feasible methods of 
quantifying the most influential of the durability 
characteristics in order to provide some sort of condition 
assessment of existing structures or quality control of new 
structures.

8 DEVELOPMENT OF KPI GUIDELINES 
Table 4 is the beginning of a KPI database for 12 concrete 
mixes from BS 8500. The remaining KPI’s would also have to 
be incorporated into a database. The result of which would be 
a practical method of determining the concrete performance 
which is able to be carried out with tools which are less 
destructive and time consuming.

Table 4: NTBuild 492 diffusion coefficients (x10-12m2) of 
the laboratory test concrete at t=180days

9 CONCLUSIONS 
This paper has begun the development of the KPI strategy 

by focusing firstly on the diffusion coefficient. The paper has 
shown how the diffusion coefficient should be a factor to take 
into consideration in the design of concrete structures due to 
the large variations in values across a range of cement 
combination types which the designers may not be aware of 
the range in variations. The use of the diffusion coefficient as 
both a factor to use in the design of RC structures and as a 
means of evaluating newly built and existing structures should 
be more apparent. 

The diffusion coefficient is just one a number of KPI’s, The 
next stage is to introduce the remaining KPI’s in combination 
with the diffusion coefficient to produce a method of 
quantifying the remaining service lives of the RC structure 

under investigation as opposed to visually determining the 
service life of a structure. 
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ABSTRACT: Geotechnical engineering for offshore facilities has consistently advanced in developing new 
methods of design, techniques for site characterization and types of foundations. Fortunately, there are still 
ample opportunities to make further advancements through innovation:

1. Providing for foundations to move in a controlled manner rather than remain fixed.

2.

Flowlines in 
deepwater provide a great application for this approach. Trying to keep flowlines from moving as 
they expand and contract due to operational changes in temperatures and pressures can require 
significant restorative forces from foundations. However, allowing flowlines to move in controlled 
ways that maintain their functionality can be accomplished with much smaller and less expensive 
foundations. Can we develop technologies and design methods to accommodate foundations that 
move? 
Developing foundations that rely more on the forces of nature versus man to be installed

3.

. A driven 
pile requires much more energy to be installed than will likely be applied in its service life under 
the most severe loading condition. Conversely, drag embedment anchors provide an example of a 
foundation that is essentially installed to its final penetration and capacity as it is loaded in service 
by nature. Can we conceive new foundation types that capitalize on this concept?
Predicting minimum possible capacities for foundations.

4.

Existing design methods focus on the 
mean or most likely value for the capacity and then utilize factors of safety or resistance factors to 
accommodate uncertainty. However, the reliability of a foundation is governed by the minimum 
possible capacity. Can we formulate methods to predict the minimum possible capacity and 
establish more reliable or efficient designs on this basis?
Improving understanding of the mechanisms that trigger debris flows.

Case histories and research will be used to illuminate these opportunities and hopefully motivate ideas for 
future research.

Submarine debris flows can 
run out for hundreds of kilometers and pose significant risks to offshore facilities. While advances 
have been made in mapping ancient debris flows, it is still difficult to predict what will cause them 
and how far they will go in the future. Can we establish soil properties and conditions leading to 
debris flows to better manage their risk?

Opportunities for Innovation in Offshore Geotechnical Engineering
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ABSTRACT: Against a background of the economic depression and the decimation of the construction industry in Ireland, the 
academic sector has experiences very significant cut-backs for over five years, leading not only to re-structuring, but swinging 
commercialism and managerialism.  This impacts heavily on the nature of the work which academics undertake in an 
engineering sector in which an additional integrated postgraduate year has had to be added to accredited courses. This has meant 
less not more time has been available for deep and meaningful research despite promises of innovation and entrepreneurship at 
the highest levels. More positively, in reviewing almost twenty years of Concrete Research in Ireland Colloquia/Symposia, the 
number and quality of papers presented remains by and large consistently high. In an area really only taught on advanced level 
courses, in this keynote paper an insight is provided into some practical examples of concrete impact research which summarises 
work undertaken in Trinity over the last two decades.

KEY WORDS:GRP, Impact, Steel Fibres, Waste Paper

1. BACKGROUND
At conferences, an audience rightfully expects a keynote 
speaker to provide sage advice on a technical subject, 
graphically illustrated, usually in overview, and I will try to 
do so in due course.  A keynote paper can also be written in 
the first person and I shall use this latitude to express some 
opinions, as a career academic, which, hopefully, may 
stimulate some debate. It would be disingenuous of me to 
deliver a keynote without making observations on the climate 
in which we all make our contribution to the concrete legacy 
in Ireland. The emergence of “green shoots” in the bottom of 
the steep canyon does not mean we see green pastures when 
viewed from above.
To begin with, the financial cuts in third level education have 
been equally as savage as elsewhere and, against a 
background of Croke Park and Haddington Road 
commitments, bludgeoning commercialisation and 
managerialism has infiltrated the third level sector. Where 
heretofore one may have thought of education and research as 
being client driven, it has now become customer driven – a
subtle change in which, instead of service with integrity, 
minimum standards of satisfaction are promised, measured 
and delivered, without full recognition of the effects on 
thoroughness and, more importantly, research. While this may 
seem harsh or vague, I will give some specific examples to 
illustrate how the ability to provide leadership in education,
research and innovation is being seriously compromised, in 
my opinion.

2. CONCRETE RESEARCH COLLOQUIA/SYMPOSIA 
HISTORY

But first, let me review the series of research gatherings which 
have taken place since its inception at  the 1995 decennial 
“Concrete Practice in Ireland” symposium [1] so ably 
organised by UCD every decade over thirty years since 1965. 
A review of the statistics is given in Table 1 of the concrete 
research events instituted, particularly for younger 
researchers.  It may be observed that so far as concrete is 
concerned almost 145 out of 350 papers delivered have been 
on concrete as the main theme at 8 events [2 – 9] in the 
intervening 20 years, organised on an entirely voluntary basis. 
For much of these two decades, papers were predominantly 
delivered by students and academics from QUB, NUIG, TCD 
and UCD but in recent years eight of the Institutes of 
Technology (CIT, DIT, AIT in particular) and an increasing 
number from industry have made contributions as lead 
authors. The evolution of the series, with its amalgamation 
with the bridge research community in 2008, has meant that 
other materials, particularly timber and soils, and structures 
other than bridges, have had their own parallel sessions and, 
indeed, Keynote addresses in recent years.  Hence, the recent 
significant name change to a more inclusive, though 
unpopular in some sectors of the various constituencies,  
“Civil Engineering Research in Ireland”, or CERI.  This 
leaves the door open for other specialisms, such as 
environmental, energy or transport  engineering to have an 
opportunity to put forward their own themes at future events, 
with full respect for extant strong research streams in these 
areas.  In any case, there continues to be a very positive 
encouragement for young researchers to cut their conference 
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Table 1:  Locations and paper themes for the bi-annual 
research events since 1995.(Legend: A: Concrete; B: Bridges; 
C: Geotechnical; D: Materials; E: Structures)

Event Organiser A B C D E Total
CRI 97 TCD 16 NA NA NA NA 16
CRI 01 NUIG 19 NA NA NA NA 19
CRI 03 QUB 21 NA NA NA NA 21
CRI 05 UCD 15 NA NA NA NA 15
CRI 08  
BRI 08

NUIG 15 24 8 NA NA 47

BCRI 
10

UCC & 
CIT 

28 30 11 4 NA 73

BCRI 
12

DIT & 
TCD

15 30 19 10 11 85

CERAI 
14

QUB 15 16 9 21 10 71

teeth at the dais at the CERI event, as was the intentions of the 
early organisers.
What to expect in the future may well be determined by how 
the  Institutes of Technology respond to their osmosis towards 
Technical Universities and how they strategise as to their role 
in higher education in Ireland.  But behind all of this promise, 
is an unspoken and proverbial elephant in the room for all 
third level institutions, tectonic plates moving slowly towards 
earthquake events.

3. CHANGING LANDSCAPES IN ACADEMIA
The multi-faceted role of an academic has become more than 
the stereotype of teaching and undertaking research. 
Administration of courses (admissions, continuous 
assessment, evaluations, accreditation, examinations, etc), 
project managing research projects, pastoral care of students, 
performing safety audits, quality assurance, public relations 
for visitors against a background of swelling globalisation 
have all accumulated to the extent that volunteerism on, for 
example,  national committees has diminished.  But the longer 
term effect on the aspect of the job which always seems to be 
tagged on at the end of a busy day, namely research, is the 
overwhelming concern.
The tertiary education sector has been inculcated by 
managerialism and commercialisation, both necessary 
responses to savage cut backs in State support, which has led 
to quite inadequate funds to run previously successful degree 
courses. By way of example, I shall briefly describe just two 
areas where improvements have been delivered in the absence 
of additional resources on the ground as exemplars of the 
reality that is modern academic life. These surely comes at a 
cost.

3.1 Post Bologna Agreement Evaluation
An agreement between the States of Europe to harmonise 
education has led to the introduction of integrated year-long 
Bachelors/Masters courses added to Bachelors’ degrees in 
engineering in Ireland, unwisely spearheaded by Engineers 
Ireland.  For engineering degree courses to be accredited, this 
five year model is now  the entry point into the profession.  I 

say unwisely because the Institution did not have to fund the 
extra (level 9) year and while students must pay tuition fees, 
little if any of this is returned to the laboratories or in 
recruitment of staff to deliver the Masters courses. In fact 
quite the opposite – the moratorium on replacement of 
academic and technical staff, save for those posts funded by 
“non-exchequer” funding, persists to the detriment of the 
concrete research and teaching community. Due to the need to 
deal with ongoing deficits in-house, as a consequence of the 
continuing cut-backs in state support, the local funds to run 
materials and structural laboratories, for consumables and 
basic equipment renewal have all but disappeared.  The 
persistent and on-going annual cutbacks means that inevitably 
the traditional concrete laboratories will struggle to 
modernise, and to adapt to new European stsndards, never 
mind to provide well-equipped laboratories for advanced 
teaching,  research and commercial work. 
So while a suite of additional modules of level 9 courses are 
being provided throughout the country for few extra 
resources, with attendant admissions, QA and examination, 
inevitably  less time is available for deep thinking, ideas and 
inspiration in research. While the applied nature of the 
research projects demanded at a higher level by the Masters 
programmes is to be welcomed, the students do not have 
sufficient time for the depth, detail or complexity necessary to 
develop a deep understanding of topics.  
While undoubtedly the introduction of Bologna-style courses 
into engineering will be good for graduates and for the 
profession of engineering as a whole in the long term, it will 
be just another facet of the marginalisation of research in 
universities and ITs.

3.2 Quality costs
A second example is the introduction of better quality 
assurance, accountability, transparency and health and safety, 
which are all of themselves laudable and inherently beneficial 
to the education sector. However, as educationalists argue for 
less examinations and more continuous assessment, this 
creates much more administration.  As we have to prove that 
coursework has been submitted in case of legal dispute on 
failure of a subject, the hundreds of weekly reports, essays 
and tutorials all have to be signed in and checked prior to 
marking.  Missing coursework has to be forensically sought. 
Furthermore, and rightly, students are entitled to feedback on 
their work in a timely fashion, all to protect the rights of the 
customer, the student, by imposed ubiquitous managerialism.
I am not suggesting that any of this is not desirable, but one 
needs to resource such activities, which of course, does not 
eventuate.  If this was a facet of work imposed by legislation 
in the private sector, the cost would have to be inevitably 
borne by the customer – but in education, the fees we charge 
students are strictly controlled by the very government who is 
imposing these changes. Of course, academics execute these 
changes as fast as the dictates arrive, with as much efficiency 
and thoroughness as one can muster. However, the 
administrative staff, themselves hugely overburdened, simply 
informs academic what has to be done and so the belief in the 
existence of seemingly infinite  elasticity of time of academics 
to undertake these new  and ever-increasing list of tasks 
means that ultimately less time is spent on research. It may 
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seem that one has a reluctance to embrace change, to deny 
that quality of education must be delivered yet, in fact, none 
of these tasks of itself is unachievable or undesirable.  But 
they all take time, time which means even less time for deep 
thinking and reflective contemplation on research matters. 
Inspiration should not be confined to moments waiting for a 
bus or at 4am when one wakes to scribble a note on the pad on 
the bed side locker.
Similar examples could be cited for exam procedures, 
postgraduate admissions, grant applications, PhD supervision,  
financial control of projects, etc, etc  . Undoubtedly, 
procedures are much more regularised in line with best 
practice but at what cost?
There is practically no recruitment following loss of retiring 
or resigning staff and expertise in concrete technology is lost.  
This is partly because, unlike in the private sector, academics 
are solitary and isolated with no ongoing professional 
responsibility to clients when a senior member, academic of 
technician retires. Furthermore, few capital equipment grants 
have existed for engineering for 5 years because Colleges, I 
suspect, would be in deficit if cuts were not transferred to cost
centres – hard commercialism - such that not enough funds 
reach the departments to run laboratories and courses, even 
postgraduate taught courses with high student numbers. That 
has raised an awkward question on the provision of third and 
fourth level education in a country of just 5 million people 
which has 7 universities and 14 Institutes of Technology – the 
emergence of amalgamated Technical Universities is rational 
in this sense. Indeed Prof Eugene O’Brien of UCD has raised 
this matter of rationalisation several times in the newspapers. 
However, in a customer-driven sector, choice where 
differences exist is preferable to uniformity and blandness.

3.3 Conclusion
No doubt there is the ability to perform the aforementioned 
tasks efficiently, with well thought out schemes. Indeed, if 
one agrees that none of these specific managerial imperatives 
is anything other than good news for the customer – the fact is 
that it is inevitable that there will be less time for reflection, 
deep thinking, inspiration, which leads to world-class 
research. We are being less than honest in fulfilling our roles 
as academics in the true sense of the term if we do not observe 
and discuss this.  
Expertise takes decades to develop through focussed research, 
experiential learning and hard work. Research has to be deep, 
detailed and will usually be complex - there should be no 
quick fix despite what the customer might like to see 
honoured. Research is an absorbing journey for those who are 
lucky enough to have the opportunity to undertake it. But 
inspiration, “truthful thoughtfulness” [10], and deep thinking 
should not be corralled into the short gaps between one 
meeting and the next, one lecture and the next. Obtaining the 
depth of understanding that leads in due course to concrete 
expertise is not best served by the persistent and swelling 
imposition of the instruments of managerialism.

4. IMPACT ON CONCRETE
Having dealt with the impact of changing scenarios on 
concrete research, let me turn now to the main research topic 
– impact on concrete. Prof Simon Perry, the 8th

So far as impact strength is concerned, the fixation with 28 
day compressive strength of concrete is dissolved when one 
realises that the strain rate on testing is vital in determining 
strength, that is, strength is not an absolute mechanical 
property of concrete (Figure 1) .

incumbent of 

the 1842 Chair of Civil Engineering at Trinity College, 
brought substantial expertise in the impact resistance of 
concrete to Ireland.  Indeed, in fundraising for the now aptly 
named Simon Perry Building, he had the ambition to drop 
objects through trap doors over four floors of the building 
onto a heavily reinforced basement floor! However, it 
emerged that constructing concrete elements that could resist 
more than an 8m drop height was beyond the technology of 
the day. 

Figure 1: Relative concrete compressive strength with strain 
rate

The natural intuition when confronted with an impact loading 
scenario is to make something stronger to resist that action.  
Perry realised that confining concrete, passively or actively, 
enhanced its apparent strength considerably (Figure 2). In 
contrast, by researching novel lightweight blocks made with 
only polystyrene beads as aggregate, he was able to show how 
weak deformable concrete can also be a benefit when energy 
needs to be absorbed – peak loads can be reduced and impact 
durations can be extended, resulting in bearing crushing rather 
than explosive tensile reflective wave failure (Figure 3). 
Having been inspired by this at an early age, this author 
subsequently undertook research into impact response on a 
variety of new materials, with the privilege of working with 
several gurus in industry. The balance of this paper will be 
devoted to giving just a few examples which expound the 
Perry principles in more modern materials. 

4.1 Recycled Paper Waste concrete
Long before plastic fibres became so fashionable, a paper 

mill in Dublin was disposing of tons of plastics left over after 
paper had been recycled (Figure 4). Concrete made with 20%
plastic waste as an additive crushes under impact (Figure 5),
softened the damage on a structure below giving rise to lower 
but longer impact forces (Figure 6), much as the polystyrene 
concrete had done previously.  This potential fender material
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Figure 2: Strength improvement when cylinders with plastic, 
aluminium or steel sleeves confine the concrete

Figure 3: Footprint of impactor in Polystyrene concrete

never developed as the paper recycling industry collapsed at 
the time. 

4.2 Glass reinforced concrete planks
Inland and Coastal Marina Systems in Banagher sell marina 

systems (Figure 7) around Europe and the distinctive feature 
is durable, thin and non-slip GRC planks. However, the

Figure 4: Recycled paper waste, mostly plastic fibres

Figure 5: Crushing failure of RPW concrete due to impact 

Figure 6: Reduction in peak stress with increasing RPW 
content

consequence of an impact due to an inadvisable jump off a 
boat, or the dropping of an empty gas cylinder could lead to 
the catastrophic shear failure seen in Figure 8. However, the 
addition of non-corrosive GRP bars allowed an unsafe impact 
failure to be developed into a safe one (Figure 9), where, 
while the concrete is still damaged by an impact, it retains 
sufficient residual strength to support a static load. The 
flexibility provided by the composite was parallel to timber 
planks, thus rebound after initial impact was also a feature of 
the dynamic response.

Figure 7: Marina pontoon systems with GRC planks
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Figure 8: Shear failure of unreinforced GRC planks under 
simulated loading of a person jumping from 2m height

Figure 9: Safe failure of a GRC plank reinforced with GRP 
bars under impact

4.3 High Performance Fibre Reinforced Concrete
A 300mm square 63mm thick paving slab will disintegrate 
under an impact from a 70kg solid steel impactor dropped 
from just 0.5m (Figure 10).  Even reinforced concrete slabs 
will exhibit classic shear plug failure under higher velocity 
impacts (Figure 11). Testing of very high dosage fibre 
concrete (100kg/m3 of 50mm hooked steel fibres) improves 
the impact resistance substantially such that it will not 
perforate a similar slab when the impactor is dropped from 6m 
(travelling at approximately 50km/hr).  The fibres not only 
bind the crack (Figure 12),  utilising the pull-out resistance of 
the hooked end of the fibres, but due to the high tensile 
strength of the fibres, no fibres fail in tension, unlike their 
macro polypropylene equivalents. 

Figure 10: Classic flexural failure of plain concrete under just 
0.5 drop of a 70kg solid steel mass

4.4 Fibre in paving slabs
An extension of this concept, developed in the laboratory, is

the regular damage, and consequent trip hazard, created on 
many of our streets through the delivery of beer barrels 
(Figure 13). If the cork bag, acting as a sacrificial fender 
material, is missed when dropping an aluminium beer cask,
the paving slabs will inevitably crack 

Figure 11: Typical shear plug failure under a mesh reinforced 
slab subject to a 2m drop of 70kg mass

Figure 12: Crack pattern under a high dosage steel fibre 
concrete slab under 6m drop of a 70kg mass

under as little as one such impact.  With illegal parking, the 
cracked slabs can no longer distribute the load down to the 
subgrade and a pot hole develops. By testing potential 
solutions in the laboratory one can identify the characteristic
pattern of an inclined barrel impact (Figure 14 and 15), in 
which, incidentally, the edges of the barrel suffer some plastic 
distortion, a softer impact in which the missile as well as the 
target absorbs some of the impact energy. By using high 
dosage fibre concrete mixes it can be shown that although it is 
not possible for the fibres to prevent cracking (as the concrete 
has to crack to transfer the tensile stress into the fibres), they 
do provide residual load capacity by bridging the cracks.  
Thus, subgrade failure does not occur as it does in the 
unreinforced case and the pull out capacity of the fibres 
prevents a trip hazard from developing, allowing replacement
in due course under resular maintenance.  This solution would 
be easy for local authorities to implement at little additional 
expense. Incidentally, if one were to align the fibres in the 
slabs to lie on the horizontal plane, novelly using permanent 
magnets (Figure 16), the efficacy of the fibres improves and 
impact resistance capacity increases.

Figure 13: The use of a cork bag as a fender material 
normally prevents impact damage to paving slabs
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Figure 14: Impact testing of aluminium beer cask on paving 
slabs at different angles of inclination

Figure 15: Typical impact pattern on paving slab under 
aluminium beer cask impact

Figure 16: X-ray of thin slice of concrete slab showing how 
magnets successfully aligned steel fibres

4.5 GRP
The cases above show the resilience and capability of 
concrete, suitably reinforced, to resist low velocity hard 
impact loading. But a new composite product (GRP, Figure 
17) produced by Relinea from Belfast, which is non-
cementitious, has shown the way with regard to resilience 
during an impact.  Using the same impact as described above 
at similar higher velocities, the response of a 38mm open 
grating is remarkably resilient – instead of the signature brittle 
puncture of concrete, or indeed the buckling of steel, GRP’s 
response is highly energy absorbing (Figure 18) with minimal 
damage (Figure 19), maintaining structural integrity with 
significant rebounding of the impactor by as much as 3m with 
re-transferred kinetic energy. The ability of alternative 
materials such as fibres, high performance cements and GRP 
is transforming the impact resistance of structural elements.

Figure 17:GRP gratings

Figure 18: Maximum displacement of GRP grating  under 6m 
drop height impact of 70kg mass

Figure 19: Minor tensile tearing of GRP fibres on the bottom 
surface post 6m impact by 70kg mass

5. TEACHING IMPACT
In conveying an understanding of the nature of the impact 
response in a conventional structural dynamics course, usually 
at postgraduate level, it is important not to focus on the 
mathematics  unduly (though capability to the extent of being 
comfortable with maths is essential) but on the inherent 
characteristics of systems under impact loading.  The 
fundamental equation for the response of a single degree of 
freedom structure shown in Equation 1 below can not only be 
easily modelled using software individually developed, but 
can also be observed in a simple well-designed experiment in 
the laboratory, showing the relative influences of stiffness, 
mass, damping and impact energy.  
Formal examination of this understanding can be undertaken 
by allowing the students to bring with them into the 
examination hall a signed stamped A4 crib sheet on which 
they have extracted from the lecture notes the essential 
equations of dynamics – no examples, no text, no diagrams, 
just two sides of raw equations.  In this way, as the student 
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selects these equations and writes them on to the sheet by 
hand, in advance the student subliminally develops an 
understanding of symbols and equations and an interpretation 
of dynamic behaviour for all aspects of the course naturally 
follows.  Furthermore, more challenging and realistic exam 
questions can be asked, including an examination of the 
importance of energy transfer and damping rather than 
resonance in the response to impact loading on concrete.

Eqn. 1

6. CONCLUSIONS
If one does not see a growing child for a while, one is 
surprised to see how much has changed, change which is not 
seen if one is a regular acquaintance. The changes we are 
witnessing in third level education have occurred in steps over 
the last eight years or so, but this has come about not through 
some cataclysmic announcement for change – it is creeping 
and pernicious. Managerialism and commercialisation are 
stymieing research and innovation.
In a hypothetical academic concrete mix, if one likens 

academic staff to water and students to cement, water 
facilitates the growth and strength development of the cement. 
If technical staff is analogous to coarse aggregates, they form 
a substantial part of any strong concrete and reducing stone is 
detrimental to strength.  And if equipment is representative of 
sand, a well graded sand makes concrete flow.  But what 
makes concrete more efficient and perform at a high level is 
adequate finance, the admixture in the academic mix.  If you 
reduce the w/c ratio to try to achieve higher performance 
without increasing the admixture dosage one ends up with 
unworkable concrete and much weaker strength.  If one 
watches a concrete cube being tested in compression, one 
cannot see any cracks until it fails brittlely.  Microcrack 
growth is creeping and pernicious.  But, using acoustic 
monitoring, one can hear the cracks developing and growing.  
One does not need an impact load to get a catastrophic failure, 
but if one does not listen to concrete being stressed one will 
not be warned of unstable crack propagation.  The academic 
mix is highly stressed – listen and observe.
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1.1 Steel Fibres 
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1.2 Concrete Mix 
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1.3 Test Specimens 
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2� METHODS 

2.1 Experimental program 
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Fig.1 Beam test types 

 
Figure 2: Load application arrangement 

2.2 Experimental setup 
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Figure 3: Load application in the Zwick beam test 

3� RESULTS AND ANALYSIS 
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3.1 Steel Fibre Reinforced Beam 
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Fig 4: Load and displacement controlled fibre beams 
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Fig.5 Beam central displacement over time for load and 

displacement control fibre beams 



 
 

 
 
Figure 6: Pull-out of fibres in fibre reinforced beam only, in 
load control test 
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3.2 Longitudinal Steel + Fibres 
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Fig.7: Load against displacement in load and displacement 
control for longitudinal with fibre beams 





Fig. 8: Displacement against time in load and displacement 
control for longitudinal with fibre beams  
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3.3 Comparison of Beams 
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Fig. 9: Load against displacement plot for plain, fibre and 
fully reinforced beams in displacement control tests 
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Fig.10: Load against displacement plot for plain, fibre and 
fully reinforced beams in load control tests 
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Fig. 11: Failure mode of longitudinal beam with no shear 

reinforcement, in load control  
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Fig.12: Ductile response of reinforced beams with and 
without shear links, in displacement control mode 
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Fig.13: Response of reinforced beams with and without shear 
links, in load control mode – Longitudinal beams fail in shear 
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Fig. 14: Crushing of concrete failure mode post ductility in 
displacement controlled test on RC beam.
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2� MATERIALS, MIX PROPORTIONS AND EXPERIMENTAL 
PROGRAM 
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2.1 Mixing and testing methods 
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Effect of fibre type and dosage on early age tensile strength of bedding mortar
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3� RESULTS AND DISCUSSION 

3.1 Effect of polypropylene fibres (PPF) 
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3.2 Effect of basalt  fibres (BF) 
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3.3 Effect of glass fibres (GF) 
E��"
E�$���
4
��
���
!�
�!���'��
����
�����$
$����
��!���
��


�)�M
 ���
 ��
 ��
 �������
 ��� 
 ��
 �������
 �����$��+
 (����
 �$���

�����
!�
'����!����	
��
 ���
 ������$
��
"�	
!�
 ��
 ������
 ��
 ���

����� "���
 ������
 !	
 ���
 ��!���
 6>7)
 
���
 ���������
 ��
"���

$����
 ��!���
 !���$��
 ��
 ��������
 ��
 �������
 �����$��)
 E��"
 ��

�������
�������
�����$��
��
>)4
%5�
(���
��
��!���+
���
�����$��

���������
��
�
"�-�"�"
��
4)�%5�
(���
�M
��!��
����$�)






E�$���
4&
H��������
��
���
�������
�����$��
'�����
���


 �������$�
��
$����
��!���

3.4 Effect of PAC fibres (PACF) 
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ABSTRACT: This paper presents a scheme developed for instrumentation and monitoring of the structural performance of a 
hybrid precast and in-situ concrete flat slab system employed in an educational building. The system contains a precast plate 
flooring slab, which is composed of a thin reinforced concrete plate incorporating a steel lattice girder and all reinforcement
required by design. A top mat of reinforcement is placed on site, as well as reinforcing stitching bars across the precast slab
joints to ensure shear transfer and two way bending action. The concrete topping is then placed on site. Preliminary data 
obtained from the instrumented building are discussed. Continuous monitoring of the data will allow long term effects, such as 
creep, to also be monitored and compared with design guidelines. 

KEY WORDS: Structural health monitoring; reinforced concrete flat slab; real-time monitoring; vibrating wire gauges. 

1 INTRODUCTION�

This project focuses on monitoring the structural performance 
of innovative building structural precast elements designed 
and manufactured by Oran Pre-Cast Ltd., and evaluating their 
effectiveness. This is done using vibrating wire gauges 
embedded in concrete elements of the newly built Life Course 
Studies Institute (LCSI) building at the National University of 
Ireland, Galway (NUI Galway). 

At the first stage of the project, the vibrating wire gauges, as 
well as thermistors, were embedded in the concrete precast 
elements of the LCSI building. The structural monitoring 
started at the production stage of the precast elements, through 
the on-site installation and will continue during the building 
operation.  Following this, measured data will be analysed and 
used to (i) develop and calibrate numerical models that predict 
building structural performance; and (ii) validate/develop 
design guidelines for hybrid precast and in-situ concrete flat 
slab systems. 

This paper presents the instrumentation and monitoring 
strategy utilised to determine the structural performance of a 
hybrid precast and in-situ concrete flat slab system employed 
in an educational building, as well as some preliminary results 
from the project. 

2 LIFE�COURSE�STUDIES�INSTITUTE�(LCSI)�BUILDING�

The construction of the LCSI building at NUI Galway 
commenced in July 2013 by JJ Rhatigan & Company Limited 
and is expected to be completed by May 2014. It was a design 
and build contract. The building was designed by Simon J. 
Kelly and Partners architects with Arup Consulting Engineers 
acting as consulting engineers and Alan Lipscombe as 
transport consultant. The building is part 3 storey and part 2 
storey with a gross floor area of 3633 sqm (Fig. 1). It is 
predominately a precast concrete building with the precast 
elements designed, manufactured and installed by Oran Pre-
Cast Ltd. The building will host the newly established Life 

Course Studies Institute (LCSI) and comprises of single 
occupant offices, open plan offices for researchers, a 150-
seater lecture hall, and auxiliary spaces and services, 
including an atrium. The floor plate used for the 
superstructure of the building is a hybrid precast and in-situ 
concrete flat slab system. A reinforced concrete twin wall 
system is the primary lateral resisting system in the building, 
as well as transferring gravity loads to the ground. The twin 
wall system consists of two plates of 65mm thick concrete 
connected by means of cast-in lattice girders to form a core 
between the plates. The cavity between the plates is filled with 
concrete on site after the panel has been erected to complete 
the composite wall. Precast reinforced concrete columns and 
downstand beams are also employed in the building. A 
number of different cladding systems have been employed in 
the building, as seen, for example, in Figure 1. 

Figure 1. Photomontage of the Life Course Studies Institute 
building © Simon J Kelly Architects. 

3 INSTRUMENTATION�OF�THE�LCSI�BUILDING�

3.1 Introduction�

The scheme developed and implemented for the Life Course 
Studies Institute building is similar to that deployed in the 

Real-time monitoring of a hybrid precast and in-situ concrete flat slab system 

Jamie Goggins1,2, 3, Shane Newell1,4, Daniel King1, Magdalena Hajdukiewicz1,2, 3 

1 College of Engineering & Informatics, National University of Ireland, Galway, Ireland  
2 Ryan Institute, National University of Ireland, Galway, Ireland  

3 Informatics Research Unit for Sustainable Engineering (IRUSE), National University of Ireland, Galway 
4 Galway Mayo Institute of Technology, Galway, Ireland. 

email: Jamie.Goggins@nuigalway.ie  

321



Engineering building at NUI Galway. Previous papers [1-5] 
have illustrated the overall instrumentation of that building 
and its development as a research tool. Lessons learnt from 
that project were taken forward into the new project. The 
vibrating wire (VW) strain gauges (Gage Technique model 
TES/5.5/T) embedded in the concrete elements in the 
Engineering building to monitor both temperature and 
longitudinal strains were found to be robust and reliable. 
Thus, these were also used in the LCSI building. The VW 
gauges have a range of greater than 3000 microstrain with a 
resolution of better than 1 microstrain. In addition to the VW 
gauges, a number of electrical resistance strain gauges were 
also installed on the reinforcement bars in the void form flat 
slab of the Engineering building. However, it was found that 
over time, the data obtained from these sensors may not be 
reliable due to the harsh environment that the sensors are 
located in. Thus, it was decided not to use this type of sensor 
in the LCSI building. In addition to the VW strain gauges 
(Fig. 2), a large number of thermistors were also embedded in 
concrete elements in the building, which will allow the 
influence of heat transfer and storage in structural precast 
building components on indoor environments to be 
investigated [6].  

3.2 Data�acquisition�system�

To collect data from the sensors, a data acquisition system 
containing CR1000 data loggers, AVW200 vibrating wire 
interface and AM16/32B multiplexers obtained from 
Campbell Scientific were employed. This system has been 
automatically logging data from the sensors embedded in the 
reinforced concrete flat slab system since their initial 
installation. During the construction phase, data is being 
stored on a flash memory card, which is manually 
downloaded onto a laptop weekly and backed-up on a server. 
However, data communication relay through the use of 
Campbell Scientific’s NL115 Ethernet and Compact Flash 
Module will allow data to be collected over a local network 
after this is set up on commissioning of the building. 

3.3 Instrumented�flat�slab�

The 300 mm deep flat slab forming the first floor of the East 
block of the LCSI (Fig. 3) has a total of 59 vibrating wire 
(VW) gauges installed over 29 designated sections, as shown 
in Figure 4. The slab has a long span of 8.14 m and is the third 
bay out of a total of six in this direction (Fig. 3). It has two 
spans in the orthogonal direction of 5.808 m and 4.213 m with 
the outside edge supported on a 215 x 1180 mm deep 
downstand beam spanning between 800 x 215 mm precast 
reinforced concrete columns on grid line intersections and the 
interior of the slab supported by 600 x 215 mm reinforced 
concrete columns (Fig. 4). A plan view and typical cross-
section indicating the locations of the VW gauges embedded 
in the concrete flat slab system are shown in Figure 4. The 
VW gauges are numbered in Figure 4, with ‘Lx’ and ‘Ly’ 
indicating strain measurements in the long and short span 
directions, respectively;  ‘H1’, ‘H2’, ‘H3’ and ‘P’ indicating 
the depth within the slab that the sensor is located, as given in 
Table A1 in the appendix (i.e. near the top, middle, bottom of 
the in-situ component and plate, respectively). In total, 59 
number VW gauges were employed. This includes: 

� 10 no. on Grid Line 3 (centre of column strip) in the short 
span direction; 

� 4 no. on Grid Line 3 + 1500 mm (edge of column strip) in 
the short span direction; 

� 17 no. on Grid Line 3.5 (middle strip) in the short span 
direction; 

� 9 no. on Grid Line A + 2800 mm (middle strip) in the 
long span direction; 

� 4 no. on Grid Line B (centre of column strip) in the long 
span direction; 

� 10 no. on Grid Line B +  1300 mm (edge of column strip) 
in the long span direction; 

� 5 no. in the precast element located at in the longitudinal 
span direction at the edge of the column strip 1300 mm 
from Grid Line B. 

Preliminary results from the sensors located on Grid Line 
3.5 are presented in Section 5. However, in order to interpret 
this data, material properties are first required. These were 
determined through a material testing programme, which is 
described in Section 4. 

Figure 2. Vibrating wire gauge installed in the plate element. 

Figure 3. Plan of first floor of the East block of LCSI with 
instrumented area highlighted (dimensions in mm). 

4 MATERIAL�TESTING�

In order to have accurate representation of the properties of 
the concrete used in the structural elements in this building, a 
comprehensive material testing campaign is currently 
underway. The data obtained for these tests will be used in 
interpreting the data from the sensors installed on site (see 
Section 3), in codified approaches and in material models 
employed in finite element analyses studies to determine the 
short and long term structural performance of reinforced 
concrete hybrid precast and in-situ concrete flat slab systems. 
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 Figure 4. (a) Plan view and (b) typical section showing 
locations of vibrating wire gauge installed in the flat slab 

system (dimensions in mm). 

Two mix designs were employed in the hybrid precast and 
in-situ concrete flat slab system – (1) a C40/50 D10 concrete 
mix with 370 kg/m3 of CEM II-A/L for the precast plate and 
(2) a C28/35 D20 concrete mix (slump S2) with 195 kg/m3 of 
CEM II-A/L and 85 kg/m3 of (i.e. 30%) GGBS for the in-situ 
topping. Cylinder, cube and prism specimens were obtained 
from these concrete mixes to determine the various properties 
of the mixes used [7]. These included specific gravity, 
density, compressive strength [8], modulus of elasticity [9] 
and tensile strength of the concrete [10]. The tests have 
been/will be carried out at various concrete ages including 3, 
7, 14, 28, 56, 112 and 365 days, as shown in Table 1. The 
coefficient of thermal expansion is also a useful property, 
which will be determined in the laboratory using the 
AASHTO T336-11 standard [11]. The apparatus used to 
measure this is shown with the calibration specimen in Figure 
5. As a comprehensive material testing programme had 
already been undertaken on the concrete mix design for the 
precast plate element[12], a more condensed testing 
programme is undertaken in this project on this mix design. 

Table 1. Testing schedule for Roadstone in-situ concrete mix 

Materials testing carried out 100 x 
100mm 
cubes 

150 mm dia x 
300 mm high 

cylinders 
Compressive strength test 
(3,7,14,28,56,112, 365 days) 

Y Y 

Tensile splitting test 
(28 days) 

- Y 

Modulus of elasticity 
(7, 28,56, 112 days) 

- Y 

Coefficient of thermal expansion 
(2 specimens) 

- Y 

Specific gravity and density 
(All specimens) 

Y Y 

Specimen left on site with 
embedded thermistor to measure 
temperature 

- Y 

Figure 5. Apparatus used to measure the coefficient of thermal 
expansion. 

The concrete compressive strengths for both the in-situ and 
precast concrete at different curing times, determined in 
accordance with IS EN 12390-3 [8], are given in Table 2. The 
28 day minimum characteristic compressive strengths 
specified for both mixes have being met. The precast mix was 
specified as C40/50, but achieved average compressive cube 
strengths of 51.2 N/mm2 and 71.9 N/mm2 at 3 and 28 days of 
age, respectively. The associated characteristic cube strengths 
were 36.6 N/mm2 and 60.5 N/mm2, respectively. The 
associated characteristic cylinder strengths were 26.0 N/mm2

and 43.5 N/mm2, respectively. The in-situ concrete mix, 
specified as a C28/35, reached an average compressive cube 
strength of 40.9 N/mm2 at 28 days of age. The associated 
characteristic cube strength was 30.2 N/mm2, which is lower 
than the minimum value specified. On the other hand, the 
characteristic cylinder compressive strength was 29.8 N/mm2

at 28 days of age, which exceeds the minimum value of 28 
N/mm2 specified. Figure 6 shows the development of the 
mixes’ compressive strengths over time. The rate of strength 
gain between the cylinder and cubes for each mix is similar.  

Figure 7 shows the development of the elastic modulus for 
both concrete mixes over time. The elastic modulus tends to 

3.5 
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an average value of approximately 45 GPa for both mixes. 
However, at 7 days of age, the elastic modulus of the precast 
concrete mix is approximately 40% higher than that of the in-
situ concrete mix, as would be expected with its early 
compressive strength gain (Table 2). The different rates of 
elastic modulus development would have impacts in terms of 
stiffness and the deflections of the flat slab. 

Table 2. Average compressive strength (N/mm2) results 

Specimen Cubes Cylinders 

Age (Days) In-situ Precast In-situ Precast 
3 18.61 51.15  - 36.36 
7 27.86 62.74 23.45 45.10 

14 32.04 66.55  -  50.52 
21  - 72.49  - 53.95 
28 40.89 71.88 33.89 52.76 
56 44.43 78.95 35.35 52.92 
112 47.59 75.66 37.02  - 

Figure 6. Development of average compressive strength with 
age 

    

Figure 7. Development of elastic modulus with age for 
concrete mixes 

5 PRELIMINARY�RESULTS��

The instrumentation installed in the LCSI building is 
generating real time data in relation to the strain and 
temperature in the first floor hybrid concrete flat slab system 
in the two storey section (East zone) of the LCSI building. 
The data will be analysed and interpreted continuously during 
both the construction and operational phase of the building.  
Unfortunately, no data was received from ten of the VW strain 
gauges.  The majority of these gauges are located in the 
bottom of the in-situ element of the slab and it is suspected 
that they were damaged during the concreting operation. The 
location and reference for the installed VW gauges are given 
in Table A1. Two or three VW gauges (H1, H2 and H3) were 
located in the depth of the in-situ element of the slab to allow 
measurement of strain through the section to be recorded. 

The 300 mm deep hybrid concrete flat slab at first floor 
consists of a 65 mm thick precast lattice girder plank and 235 
mm thick in-situ concrete (Fig. 4(b)).  The precast planks at 
first floor were installed on the 16-18th October 2013 and the 
in-situ concrete slab was poured on the 24th October 2013.  
Data relating to strain and temperature in the concrete slab has 
been continuously recorded since the 28th October 2013.  The 
precast planks were propped prior to pouring the in-situ slab 
at first floor and subsequently a similar propping arrangement 
was used to support the roof slab overhead (similar hybrid 
concrete flat slab system).  On the 3rd December 2013, props 
were removed from the roof slab first, followed by the first 
floor. 

A number of load tests were undertaken on the first floor 
slab in late December 2013 and early January 2014 using 
bagged cement which was available on site, prior to fit-out.  
The load tests consisted of applying concentrated loads and 
uniformly distributed line loads similar to the design variable 
imposed load allowed for the slab (Figure 8). 

Figure 8. Load test on first floor slab 

The results presented in this paper are based on the VW 
gauges installed along Grid Line (GL) 3.5.  VW gauges were 
installed at seven locations along GL3.5 and were positioned 
in both the long and short span directions.  GL3.5 is located 
along the joint between two of the precast lattice girder units.  
All VW gauges have built-in thermistors, which monitor 
temperature in the concrete section.  This is important as it 
ensures that the measured strain takes account of the 
difference in the coefficient of thermal expansion of the gauge 
and surrounding concrete.  In the literature, there are varying 
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recommendations for the coefficient of thermal expansion of 
concrete [13], [14].  The coefficient of thermal expansion is 
taken as 10 microstrain/°C, as specified in EN1992-1-1 [14] 
for the measured strains presented in this paper.  It is 
envisaged that the proposed testing programme (described in 
Section 4) will determine specific properties related to the 
concrete, such as the coefficient of thermal expansion of the 
in-situ concrete in the floor structure and this will enhance the 
accuracy of the recorded strain data from the VW gauges.   

The measured changes in strain through the in-situ section 
of the first floor structure along GL 3.5 (in the two-span 
direction) are shown in Figure 9. ‘H1’ and ‘H3’ refer to the 
first and third strain gauge at a specific location in the slab, 
measured from the top of the slab, respectively.  The changes 
in strain relate to the period 28th October 2013 
(commencement of recordings) until the 12th December 2013, 
which was 9 days after the props were removed from the first 
floor and the floor structure supported its self-weight.  Until 
the props were removed, the floor structure was supported by 
five lines of continuous supports at maximum 2.4 m centres 
(as required by the precast lattice girder designer) and, 
therefore, it was expected that flexural strain in the slab would 
be limited.  Prior to removal of props, the slab was subject to 
strain due to a number of factors such as creep, shrinkage 
(autogeneous and drying) and temperature change.  The 
measured strains along GL 3.5 suggest that for the initial 
phase of curing (first 10 days) that the top portion of the slab 
(H1 gauges) was predominantly subject to tensile strains 
(negative) and the portion of the slab adjacent to the precast 
plank (H3 gauges) was subject to compressive strains.  
However, after the props were removed, the in-situ slab along 
GL3.5 was subject to compressive strains through the section.  
This suggests that the expected flexural strains along GL 3.5 
are minimal and that the principal strains are from other 
sources other than flexure.  

Figure 10 shows the measured change in strains through the 
in-situ portion of the slab at one location (gauge ref: 7-Ly) 
along GL 3.5 and the corresponding air temperature.  The air 
temperature readings are from the NUI Galway weather 
station which is located approximately 1.5 km from the site 
[15].  The three strain measurements relate to gauges located 
approximately in the top (H1), middle (H2) and bottom (H3) 
section of the in-situ slab.  The peak strains recorded in the 
three gauges correlate to the peak air temperature (12th

December 2013), which suggests that strain due to 
temperature is a significant factor.  It is also noted that 
following the removal of props, compressive strains are 
recorded at this location through the section of the slab, which 
indicates that flexural strains are not the dominant source of 
strain. 

The prediction of strains (or deflections) for suspended 
concrete slab systems is difficult to estimate accurately.  The 
behaviour of a slab at service loads varies with time and 
depends on the extent of cracking, stiffness of the slab, creep, 
shrinkage and degree of restraint. A range of +15% to -30% 
between calculated and actual deflections is suggested in 
some publications [16]. 

It is proposed to use BS EN 1992-1-1 [14] to determine 
predicted strains for the first floor slab in the LCSI building.  
Eurocode 2 [14] uses a distribution factor coefficient (&) to 

determine deformation parameters such as strain or curvature.  
The factor  & allows tension stiffening at a section to be 
accounted for in calculations as the actual behaviour of a slab 
will be a combination of the member in its uncracked and 
fully cracked state. 

Figure 9. Changes in measured strain along GL 3.5 

Figure 10. Measured strain (7-Ly) and air temperature 
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6 CONCLUSIONS�

This paper presents a real-time monitoring campaign of a 
hybrid precast and in-situ reinforced concrete flat slab system 
installed in an educational building at NUI Galway. The 
preliminary results presented in this paper are at an early stage 
and it is expected that the measured data will be used to 
compare actual behaviour with predicted behaviour using 
structural codes, such as the Eurocodes.  The material testing 
programme will complement this process because calculated 
methods for behaviour of concrete slabs at service loads are 
most sensitive to values of concrete properties (creep 
coefficient, elastic modulus etc.). Continuous monitoring of 
the data will allow long term effects in the structural 
performance of the slab to be monitored and compared with 
design guidelines. 
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APPENDIX 

Table A1. Location of VW gauges. 

ID X (mm) Y (mm) Z (mm)
1-Ly-H1 0 300 75
1-Ly-H3 0 300 187
2-Ly-H1 4071 250 67
2-Ly-H3 4071 250 180
3-Ly-H1 4071 1450 75
3-Ly-H3 4071 1450 207
4-Lx-H1 4071 2800 55
4-Lx-H2 4071 2800 110
4-Lx-H3 4071 2800 210
5-Ly-H1 4071 2900 60
5-Ly-H2 4071 2900 135
5-Ly-H3 4071 2900 200
6-Lx-H1 5371 2800 75
6-Lx-H3 5371 2800 190
7-Ly-H1 4071 5808 65
7-Ly-H2 4071 5808 140
7-Ly-H3 4071 5808 200
8-Ly-H1 4221 9421 50
8-Ly-H3 4221 9421 200
9-Ly-H1 4071 8621 75
9-Ly-H3 4071 8621 200

10-Lx-H1 4071 7171 65
10-Lx-H3 4071 7171 215
11-Ly-H1 4071 7071 70
11-Ly-H2 4071 7071 140
11-Ly-H3 4071 7071 205
12-Lx-H1 5321 7171 90
12-Lx-H2 5321 7171 125
12-Lx-H3 5321 7171 210
13-Lx-H1 1553 7171 85
13-Lx-H2 1553 7171 125
13-Lx-H3 1553 7171 205
14-Ly-H1 1553 5908 75
14-Ly-H3 1553 5908 205
15-Lx-H1 1553 5808 80
15-Lx-H3 1553 5808 200
16-Lx-H1 1103 2800 50
16-Lx-H3 1103 2800 200
17-Ly-H1 1203 2700 90
17-Ly-H3 1203 2700 200
18-Ly-H1 0 2700 70
18-Ly-H3 0 2700 205
19-Lx-H1 0 2800 75
19-Lx-H3 0 2800 185
20-Ly-H1 0 4100 75
20-Ly-H3 0 4100 205
21-Lx-H1 0 5400 80
21-Lx-H3 0 5400 210
22-Ly-H1 0 5500 80
22-Ly-H3 0 5500 200
23-Ly-H1 0 7021 70
23-Ly-H3 0 7021 195
24-Lx-H1 0 7121 70
24-Lx-H3 0 7121 205
25-Lx-P 1643 7121 267
26-Lx-P 1933 7121 267
27-Lx-P 2223 7121 267
28-Lx-P 2513 7121 267
29-Lx-P 5321 7121 267

Notes: 1) Depth (Z) measured from top of slab to centre of VW 
gauge.  
2) H1, H2 & H3 refer to gauge at specific location measured 
from top of slab respectively. P refers to gauge in precast 
plank. 
3) Origin taken as intersection of grid lines A and 3. 
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1.2 Test Specimens 
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1.3 Steel FIbres 
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1.4 Objective 
���
 �!8����'�
 ��
 �����
 �- ���"����
 (��
 ��
 ��'����$���
 ���

���-����
 ���
 �-���
 ��� ����
 ��
 �����
 ��!��
 ����������
 ��������

� ���"���
 9���!�
 ���
 �	�������
 ��
 ����
 ����;
 �����
 �" ���

������$
 !	
  �����"��$
 �
 �	��"��
 ����)
 ���
 "���
 �!8����'�

�����
!�
�- ������
��
����*��$
���
���������
��
�����
��!���
��

���
��������	
��
��������
� ���"���)
��
���
��������?�
��������	

���������
 ��$���������	
 9��" ����
 ��
 ���
  ����
 ��������

� ���"���;
(���
��!���+
�
�����
�������
��
����
�- �����)




1.5 Concrete Mix Design 
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2� METHODS 

2.1 Experimental Programme 
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2.2 Test Setup 
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3� RESULTS AND ANALYSIS 

3.1 Slump Test Results 
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3.2 Compression Test Results 
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Figure 1: Compressive strength (cube, in MPa) of specimens 

after 28 days of curing 
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3.3 Impact (Drop Weight) Test Results 
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9�;� Shear plug (cone cracking)�
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9,;� Radial cracking�
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9>;� Scabbing�
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94;� Perforation�
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9=;� Overall structural responses and failures�
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Figure 2. Impact effects on concrete targets: (a) Penetration, 
(b) Shear plug (cone cracking), (c) Spalling, (d) Cracks on (i) 
proximal face and (ii) distal face, (e) Scabbing, (f) Perforation 

and (g) Overall target response (Li et al., 2005) 
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Figure 3: Impact resistance of 35 MPa (CEM II A-L) plain 
concrete slabs 

 

Figure 4: Impact resistance of 35 MPa (CEM II A-L) steel 
fibre reinforced concrete slabs 
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Figure 5: Impact resistance of 35 MPa (CEM II A-L) rebar 
(mesh) reinforced concrete slabs (shear punch and complete 

failure was observed after impacts from 2 m and 6 m 
respectively) 
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Figure 6: Impact resistance of 70 MPa (CEM II A-L) steel 
fibre reinforced concrete slabs 




3.4 Crack Widths 
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Figure 7: Average bottom crack widths of 35 MPa rebar 
reinforced concrete slabs vs. 35 MPa steel fibre reinforced 

concrete slabs
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Figure 8: Average bottom crack widths of 70 MPa rebar 
reinforced concrete slabs vs. 70 MPa steel fibre reinforced 

concrete slabs
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ABSTRACT: The recycling of construction, demolition and excavation waste (CDEW), makes it inevitable that a sand-like by-
product is generated during the crushing and screening processes when producing coarse recycled aggregate. It is estimated that 
between 25% and 50% of initial CDEW after processing can be classified as fines, depending on the type, source and quality of 
the CDEW. Recycled aggregate fines (RAF) have an uncertain composition because of their sources, along with a potentially 
high clay and gypsum content. Given the possible multiple sources of RAF, it is vital to assess their suitability for use in 
concrete with respect to both engineering properties and environmental impact. In this paper the relationships given in national 
design codes between compressive strength and other strength and deformation characteristics are assessed in regards to 
recycled aggregate fines. The results suggest that whilst use of recycled aggregate fines may reduce strength at a given 
water/cement ratio (w/c ratio), compared to natural aggregates, that in the main, other characteristics are proportional to this loss 
in compressive strength. 

KEY WORDS: recycled materials, aggregates, concrete, sustainability   

� ��!"#�$�!�#��
The recycling of construction, demolition and excavation 
waste makes it inevitable that a sand-like by-product is 
generated during the crushing and screening processes when 
producing coarse recycled aggregate. It is estimated that 
between 25 and 50% of initial CDEW after processing can be 
classed as fines, depending on the type, source and quality of 
the CDEW [1, 2]. Recycled aggregate fines have an uncertain 
composition because of their sources, along with a potentially 
high clay and gypsum content. Given the possible multiple 
sources of RAF, it is vital to assess their suitability for use in 
concrete with respect to both engineering properties and 
environmental impact.  

A number of researchers have presented findings that the use 
of RAF as a natural sand replacement typically reduces the 
engineering properties of the RAF concretes to varying 
degrees.  However, the use of RAF for replacement of natural 
aggregates fines by 30% does not seem to affect the 
compressive strength of the concrete.  At higher percentages 
of RAF, a reduction in the compressive strength was observed 
[3,4].  

Research with RAF concretes has found that RAF did not 
affect the ratio of flexural strength to compressive strength: as 
the compressive strength decreased with RAF, so too did the 
flexural strength [5].   The use of RAF was shown to decrease 
the modulus of elasticity of concrete by up to 18% with 100% 
replacement of natural sand [4].  

The drying shrinkage of RAF concretes has been reported to 
increases in some cases up to 50%, compared to similar 
natural aggregates (NA) concrete [6]. Similar findings 
regarding the creep of concrete made with RAF, have shown 

there to be 35% to 45% higher creep strain in RAF concrete to 
that of natural sand concretes [7,8]. 

Research indicates that as RAF replacement levels increase a 
corresponding deterioration in the engineering properties of 
concrete is reported. In Japan [9] use of RAF is classify by 
particle aggregate density and water absorption and or formed, 
example, p2500kg/m3 and P  3,5% water absorption is class 
H, indicating that no limitations are put on the type and 
segment for concrete and structures with a nominal strength of 
45 MPa or less. Research into improving recycled aggregate 
fines before being used as fines aggregate in concrete as been 
undertaken by Ogawa [10,11]. The research focused on 
removing the components such as gypsum plaster and asphat 
and using different crusher to access which produced fine 
aggregate with lowest level of brittle defective part (cracks 
pore and voids), so to reduce the effects of RAF have on 
concrete.  

 However, in many cases it was difficult to ascertain the RAF 
characteristics within these studies. As the characteristics of 
any aggregate in concrete has an effect on concrete 
performance, it is important to understand what these 
parameters are and how these can affect concrete 
performance.     

This paper reports on findings of research carried out at the 
University of Dundee to determine, whether; (i) concrete 
made with RAF differs from reference concretes made with 
natural aggregate, and(ii) the strength and deformation 
characteristics given in Eurocode 2  [12] (Table 1) are 
applicable to concretes made with RAF. This research forms 
part of a larger study undertaken to assess the applicability of 
a “Performance Base Approach” of normal weight aggregates 
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(natural, recycled and manufactured aggregate) for use in 
concrete.    

In addition, this paper aims to increase knowledge regarding 
the use of RAF in concrete, highlighting potential benefits and 
concerns, so if engineers do get the opportunity to specify 
RAF in concrete, this paper will aid in their decision making 
process and possibly help increase the use of RAF concrete in 
the correct application. In turn, this will lead to an increase in 
the use of sustainable materials within the industry.    

Table 1 Stress and deformation characteristics based on 
Eurocode 2 

MATERIAL 
PROPERTY 

ANALYTICAL 
RELATIONSHIP 

Cylinder 
Strength, fck

Cube Strength, 
fck,cube  

fck≈ 1.25 fc  

Compressive 
Strength, fcm 

fcm = fck + 8 

Tensile Strength, 
fctm  

fctm = 0.3 fck
(2/3)  P

C50/60 
fctm = 2.12 ln ((1+ 
(fcm/10)) > C50/60 

Flexural Strength, 
fct,fl  

fctm,fl = 1.5 fctm

Tensile Splitting 
strength, fct,sp  

fctm,sp = (1/0.9) fctm 

Elastic Modulus, 
Ecm  

Ecm = 22 [fcm / 10] 0.3  
(fcm in N/mm2) 

      

' /�!,"��+;�����/,!9#�#+#Q\�
The geometrical, physical and chemical characteristics of 
RAF, natural river sand and natural coarse aggregates were 
determined in accordance with BS EN 12620 [13]. The type, 
description, location, particle size distribution and aggregate 
characteristics of the aggregates are presented in Table 2 & 3 
and Figure 1.

Table 2 Aggregates description and location 

Aggregates type Location Production 
description   

Natural Sand Fife Uncrushed, Grading 
0/4mm 

Natural Gravel Fife Uncrushed, Grading 
4/10mm and 10/20 

mm 
RAF Carnousie Mobile cone crusher,  

crushed CDEW 
material, a mixture of 

materials, grading 
0/4mm 
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Figure 1 Particle Size Distribution for Natural Sand and 
Recycled Aggregate fine 

This paper reports on characteristics of these aggregates and 
their effect on the main engineering properties of concrete at 
three w/c ratios (0.35, 0.50 and 0.70). RAF was used to 
replace natural sand at 25%, 50% and 100% for all three w/c 
ratios. Three natural sand based mixes were used as the 
reference concretes, giving a total of 12 concretes presented 
within this paper. 

Concrete mixes in this research were designed in accordance 
with the Building Research Establishment (BRE) method.  
The BRE method is used for designing normal concrete mixes 
and is an established mix design method in the UK [14].  The 
method bases its designs on the required compressive 
strength, consistency, and durability requirements of the 
concrete.  In the mix design, durability is specified by the 
maximum w/c ratio, minimum cement content, and minimum 
compressive strength.  In this research, the main parameters 
controlling the mix design were the w/c ratio, the water 
content, and consistency.  The BRE mix design was therefore 
implemented in the following steps: 

• Select the required water content, with varieties for 
crushed and uncrushed aggregates: Table 3 in the 
BRE mix design. 

• Calculate the cement content (water content divided 
by the w/c ratio). 

• Calculate the total aggregate content.  This requires 
an estimation of the wet density of the concrete, 
which is a value that reflects the relative density of 
combined fine and coarse aggregates on saturated 
surface dry (SSD) values and the free-water content 
of the concrete mix.  The cement and water content 
values are subtracted from the concrete density to 
give the total aggregate content. 
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• The proportion of sand was determined by a 
percentage of the total aggregates content, and was 
estimated from the percentage of sand passing 
through 600_m sieves.  This value was used for the 
BRE mix design (interpolation was necessary), along 
with information on the maximum aggregates size 
and the required consistency, to obtain the 
percentage of the fines in the total aggregates 
content. 

• The coarse aggregates content was calculated by 
subtracting the sand content from the total aggregates 
content.  This content was then divided by a ratio of 
2:1 to give 20mm and 10mm coarse aggregates 
contents.  

Table 3 Fine aggregates characteristics 

Characteristics Natural 
Sand 

RAF 

Density, kg/m3   
(i) SSD (BS EN 1097-6) [15]

2600 2540 

  (ii) Loose bulk (BS EN 
1097-3)[16]

1580 1290 

  (iii) Compacted bulk 1660 1380 
Compaction (BS EN 1097-3) 0.65 0.64 
Water Absorption, % (BS 
EN 1097-6) 

1.00 2.50 

Drying Shrinkage, % (BS 
EN 1367- 4)[17] 

0.03 0.067 

Loss of Ignition, % (BS 
EN 1744-1) [18] 

3.50 9.0 

Aspect ratio (Slide gauge) 0.72 0.73 
Convexity (voids) 0.91 0.92 
Sphericity (Irregular 
shape) 

0.87 0.86 

Shape (BS EN 933-4) 
[19] 

Round Angular 

Chloride total (BS EN 
1744-1) 

0.012 0.050 

Chloride water (BS EN 
1744-1) 

0.001 0.004 

Sulfate water (BS EN 
1744-1) 

ND 0.030 

ND = Not Detected 

Strength and deformation characteristics investigated 
included: (i) compressive strength, (ii) tensile splitting 
strength and flexural strength, (iii) static modulus of elasticity, 
and (iv) basic/drying creep.   

< �QQ",Q�!,��9�"��!,"�;!��;�

The RAF and natural sand aggregate characteristics are 
presented in Table 3. BS and EN standards were used to 

characterise these aggregates (Table 3), other than the aspect 
ratio, convexity and sphericity of the fine aggregates which 
were determined by QICPIC Image Analysis System, which 
uses a helium-neon pulsed laser light source, an adaptable 
beam expansion unit, an imaging lens and camera to analyse 
fine particles as they pass the camera by means of a gravity 
disperser unit.   

@ /,�;$",/,�!�#_��#��",!,�="#=,"!�,;�

4.1 ����
����
	��
����		

The compressive strength of all concretes were determined by 
testing 100mm cube specimens in accordance with BS EN 
12390-3:2002 [20].  Compressive strength tests were carried 
out at 3, 7, 28, 90 and 180 days. The 28 day characteristic 
compressive strengths for the three w/c ratios and replacement 
levels are presented in Figure 2. It was shown that as the 
replacement level of RAF increases, a reduction in the 
compressive strength of concrete was recorded. The strength 
for 100% RAF was approximately 6N/mm2  to 12 N/mm2

lower than the natural sand concrete, which represent on 
average a 25% reduction in the characteristic strength 
compared to natural concrete. 
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Figure 2 Relationship between w/c ratio and compressive 
strength for RAF concrete at different replacement levels 

4.2 !
����
	"�
����	
Tensile splitting strength was tested in accordance with BS 
EN 12390-6:2000 [21], using an Avery Denison machine to 
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test cylinders of 150mm diameter and 300mm length at 28 
days.  The cylinders were placed horizontally between the 
plates with hardboard strips. The results were rounded to the 
nearest 0.05N/mm². The relationship between mean cube 
strength (fcm,cube) and mean tensile splitting strength (fctm,sp) is 
shown in Figure 2.  

The results presented in Figure 2, indicate that the tensile 
strength reduced as the RAF replacement level increased. 
However, in general all the results lie on or above the 95 % 
confidence curve, suggesting that the Eurocode 2 relationship 
is reasonable. At high strengths there is a kink in the Eurocode 
2 relationship to reflect a potential decrease in the gain in 
tensile strength with increased cube strength. Insufficient 
results were obtained at high strengths to verify whether this 
relationship is adequate for RAF concrete at high strength.  
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 Figure 2 Relationship between characteristic cylinder strength 
and mean axial splitting strength 

4.3 #������	�$	%���������	
Tests for calculating the modulus of elasticity were carried out 
at 28 and 90 days, using specimen cylinders measuring 
150mm in diameter and 300mm long.  The procedure was 
essentially as prescribed in BS 1881: Part 121 1983[22], 
which calculates the modulus from the stress/strain 
relationship.   

The relationship between mean elastic modulus (Ecm) and 
mean cube strength (fcm,cube) for all concretes are shown in 
Figure 3.  In relation to the relationship given in Eurocode 2 
(Table 1) there was a degree of scatter of results, which would 
be expected due to the known effect of aggregate type on the 
elastic modulus of concrete.  This is acknowledged in 
Eurocode 2 which states that the values in Table 1 are 
applicable to quartzite aggregates, and should be reduced by 
10% and 30% for limestone and sandstone aggregates 
respectively, and increased by 20% for basalt aggregates.  
These lines are indicated in Figure 3. 

In general recycled aggregate concretes fell below the 
equation in Table 1, but were within the reduction limits 
permitted for sandstone aggregates, the exception of RAF 
100%. This concrete was below the sandstone design line. In 
general, natural sand and RAF 25% and 50% concrete tended 
to have elastic modules 25% lower than those given in Table 1 
for a given compressive strength.     
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Figure 3 Relationship between mean cylinder strength and 
mean modulus of elasticity 

4.4 �

�	
Creep tests were carried out using a cylinder specimen of 
100mm diameter and 300mm in length, in accordance with a 
procedure developed at the University of Dundee [23], due to 
no current standard European test method. At the age of 28 
days, the specimen was capped at each end, as described in 
the procedure for testing the modulus of elasticity.  Two 
demec points were then glued 200mm apart on a vertical line 
of each cylinder (50mm from  both  of the specimen), and the 
cylinders were covered with wax to seal them and to prevent 
shrinkage  effects from drying. The specimens were subjected 
to a constant compression stress of 40% of the compressive 
strength of the concrete. 

With this preparation, measurements were taken daily during 
the first week of loading, and then at three-day intervals for 12 
weeks.  Similar measurements were taken on sealed unloaded 
specimens.  Concrete creep was calculated by comparing 
changes in the length of the specimen under constant load to 
changes in the length of the unloaded specimen in a similar 
environment. 

Due to the limitation of creep rigs within the laboratory and 
the time constraint of the creep experiment, only RAF 100% 
at 0.5 w/c concrete was examined. Thus a degree of caution is 
required regarding these creep results.   

Figure 4, shows the development of creep coefficient of 
natural sand and RAF at 100% replacement. RAF 100% had a 
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higher creep coefficient than natural sand concrete. Figure 5 
shows how the experimental values for creep coefficient (after 
90 days) compares to creep coefficient as calculated by 
Method 1 (given in the body of Eurocode 2) and Method 2 (in 
Annex B to Eurocode 2).  The results are above the Method 2 
line and below Method 1 line, indicating that caution is 
required when determining creep coefficient with the use of 
Method Two.   
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Recent moves towards greater sustainability in concrete have 
led to greater interest in use of recycled aggregate fines in 
concrete. However, there has been concern that these 

aggregates may produce concrete that are not compatible with 
commonly accepted structural design rules.    

The work reported has shown that the use of RAF may 
result in significant differences in compressive strength at a 
given w/c ratio when compared to natural aggregate concretes. 
However, differences in strength between natural aggregate 
concretes and RAF concretes are in the main proportionally 
carried over to other aspects of engineering performance (i.e. 
tensile splitting strength, elastic modulus and creep).  

From these initial results, it can be suggested that there is no 
need for any review of general design procedures relating to 
the use of recycled aggregate fines, on account of differences 
in behaviour between these and normal aggregate concretes. 

   
However, for the design parameter modulus of elasticity, it is 
recommended that trial mixes and testing be undertaken for 
replacement levels greater than 50%, as the sandstone design 
relationship is likely to overestimate the value. For tensile 
splitting strength and creep coefficient, criteria in Eurocode 2 
may be used without modification.  

As RAF has an uncertain composition because of their 
sources, along with a potentially high clay and gypsum 
content, it is recommended that chemical analysis be 
undertaken on all sources of RAF (similar to natural 
aggregate). If the RAF is from a washing plant, research has 
indicated that the majority of RAFs are suitable for use in 
concrete in regard to their chemical composition [24] . 

This information should help engineers and designers to have 
more control and flexibility in their approach to the concrete 
they use. This is in terms of choice of RAF, with knowledge 
that compressive strength is appropriate for assessing other 
stress and deformation characteristics of a concrete mix.   

^ �#��+$;�#���

The research presented in this paper was part of a much wider 
and more comprehensive study into the use of recycled and 
manufactured aggregates in structural concrete.  Based on the 
work in this paper using recycled aggregate fines at three w/c 
ratios, and three replacement levels, it can be concluded that 
recycled aggregates fines may be used effectively within the 
framework of current design procedures.  In particular it was 
observed that: 

• Concrete made with natural, recycled aggregate fines 
will have different strength and deformation 
characteristics at a given w/c ratio. 

• Changes in the strength and deformation 
characteristics when using recycled aggregate fines 
are proportional to the changes in compressive 
strength.   

• Accepted and assumed relationships between 
engineering properties and compressive strength as 
used in most design codes are valid. The exception 
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was which respect to the modulus of elasticity of 
concrete with a 100% replacement of natural sand 
with recycled aggregates fines. 

��g�#`+,�Q/,�!;�
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ABSTRACT: Dynamic wave analysis methods are increasingly being used to predict pile performance from geotechnical 
parameters, replacing the old Hiley and Engineering News Formulae. Such analysis methods can be used to select an appropriate 
hammer, to assess drivability and driving stresses and to predict the static pile capacity for a particular set.  
 
This paper discusses the relationship between standard geotechnical test parameters and those relevant to the ‘dynamic’ response 
of soils, with particular reference to Irish conditions. The recorded pile driving records for a site in Ireland is compared to those 
computed using dynamic wave analysis predictions from geotechnical parameters using two different software programs, 
PDPWave and GRLWeap. The findings of these studies are used to develop recommendations on the use of dynamic wave 
analysis methods in Ireland. 
 

KEY WORDS: piles; dynamic analysis; case history 

1 INTRODUCTION�

Pile dynamic analysis (PDA) methods are increasingly being 
used to predict pile performance from geotechnical 
parameters, replacing the old Hiley and Engineering News 
formulae. Pile performance parameters predicted using these 
methods includes driveability (blows per unit penetration), 
time to drive a pile to its required depth and the dynamic 
stresses induced during driving. These methods use the same 
fundamental equations as those applied in the analysis of 
Dynamic Load Testing of piles (DLT) using wave matching 
methods but require the input of energy parameters, pile 
construction and the dynamic properties of the ground.  

This paper looks at the background to the development of 
these methods of analysis and examines their reliability by 
using a recent case history of a pile driven to support a crane 
rail as part of the Alexandra Quay East (AQE) refurbishment 
project. The AQE is being constructed by BAM Civil and is 
expected to be completed in 2015.  The analyses are carried 
out using two industry standard software programs, PDPWave 
and GRLWeap in order to compare the different soil models 
available. 

The comparison between predicted and recorded 
driveability results are used to show that standard 
geotechnical relationships can be used when developing the 
soil resistance models. 

2 BACKGROUND�TO�DYNAMIC�PILE�ANALYSIS�

2.1 Basic�Equations�

The basis of all wave mechanics in piles is that the pile 
responds to impact in accordance the one-dimensional wave 
equation. Smith [1] developed a method of using numerical 
solutions to investigate the dynamic behaviour of piles during 
driving which could include the properties such as ram 

weight, ram velocity, cushion, pile properties and dynamic 
behaviour of the soil. In the Smith model, the piling system is 
modelled by a series of masses and springs and the pile itself 
is divided up into discrete ‘lumped’ masses interconnected by 
springs and dashpots which can be formulated into a computer 
algorithm. The pile-soil interface is modelled using elasto-
plastic springs to represent static resistance and a quasi linear 
dashpot to model the damping resistance. The spring constant 
assigned to a soil (k) is determined by dividing the resistance 
assigned to a pile section by the maximum elastic deformation 
or Quake (i.e., Quake has a linear dimension). The dashpot 
represents the resistance to motion assuming a viscous 
behaviour of the soil and is termed the dynamic resistance 
(Rd). Smith [1] determined the dynamic resistance using the 
static resistance (Rs) of the pile, the velocity of the pile tip (V) 
and the Smith damping factor (j) – as given in Eq 1. 
 

Rd = j Rs V                                        (1) 
   
The total soil resistance to pile driving (Rt) is therefore given 
by Eq. 2. The total resistance must consider both the shaft and 
toe resistances. 
 

Rt  = Rs (1+jV) = (%p-%p')k(1+jV)                   (2) 

where k is determined by dividing the resistance assigned to a 
pile section by the value of the soil quake and %p and %p'�are 
displacement and permanent displacement of the pile tip [2]. 
The resistance is constant for displacements beyond the 
quake. 

Different expressions may be used for the damping 
resistance. The units of j in the Smith relationship (see Eq. 1) 
are s/m.  The damping resistance may be represented by 
RD(t)= Jv(t) in which case the damping factor has units of kN 
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s/m, or by RD(t)= jc(EA/c)v(t), where jc is the Case damping 
factor and is dimensionless. Middendorp [3] lists other 
relationships, including the form RsJsV(, which is an option 
available in PDPWave. Goble and Rausche [4] state that the 
general experience with CAPWAP analyses indicates that 
none of these relationships gives fundamental soil properties 
and further research is necessary in this area.   

The resistance can also be modelled as acceleration 
dependent, in which case it is treated by simply adding to the 
mass of the pile [3]. 

The fundamental relationship used in dynamic pile 
behaviour is conservation of energy, which is expressed in Eq. 
3 and is that energy applied by the hammer minus energy lost 
in pile (Epl) and minus the energy lost in soil (Esl) is equal to 
the total driving resistance times (Rt) times the permanent set 
of the pile under one blow (S).  
 
                            %)%134 � 35* � 3/* � � $6S                     (3)                
 
 where  ed = energy loss in piling system 
  eh= hammer efficiency 
  Er = rated energy given by manufacturer 
 
The wave equation approach differs from the old energy 
formula in that the parameters ed, Epl and Esl are computed 
through numerically modelling the driving system, pile and 
soil behaviour. Only the hammer efficiency is estimated. The 
total resistance to driving comprises the shaft driving 
resistance and the toe driving resistance.   
 

2.2 Static�resistance�to�driving�(SRD)�

The Static Resistance to Driving (SRD) is the resistance 
mobilised during driving and is derived from the long-term 
shaft resistance (derived using standard static geotechnical 
procedures), which are reduced by factors to allow for the 
reductions in shaft resistance and long-term end bearing from 
the standard static values due to the driving. The terminology 
of the reduction factors vary, the most common being the 
setup factor but also adjustments are by gain/loss factors or by 
fatigue factors. Typically the long-term shaft resistance is in 
terms of kPa and the total resistance is obtained by 
multiplying this resistance by the pile perimeter and pile 
segment length and multiplying the end bearing by the area of 
the pile tip. The setup factor is usually only applied to shaft 
resistance and not to end bearing. The SRD at the toe can be 
higher than the long term static resistance where relaxation is 
possible. Cessations in driving can be considered by the use of 
a setup time, which is the time that the static resistance to 
driving reverts back to the long-term shaft resistance.
 

2.3 Dynamic�parameters�

The basic dynamic parameters required in the analyses are the 
quake for shaft and toe resistance, and damping factors for 
both. More complicated analyses can require other 
parameters. 

The skin quake for impact driven piles is normally taken as 
2 or 2.5mm. Toe Quake for unplugged piles is generally 
2.5mm and is adjusted for plugged piles according to the size 

of the pile; the rule of D/120 (inches) is typically used for 
very dense or hard soils, and D/60 for all other soils. 

2.4 Methods�of�analysis�

The one-dimensional elastic propagation of the wave along a 
pile can readily be formulated using finite difference or finite 
element methods. PDPWave solves the wave equation by 
using the method of characteristics [3].  

 

3 THE�PROJECT,�LOCATION,�GEOLOGY�

3.1 The�Project�

The pile driving record analysed in this report was from a 
tubular pile installed as part of the Alexandra Quay East Phase 
3 works which included the refurbishment of an existing quay. 
The former quay was constructed using 16 to 17m high 
concrete caissons (including a 3m high concrete cap) with a 
plan area of about 15m by 8m,  which were placed at about     
-13 mAOD. The surface level was about 3 to 3.5m AOD. The 
refurbishment work was required to allow dredging works 
below the formation level of the caissons to accommodate 
larger vessels. This is achieved by forming a combi-wall in 
front of the caissons which is tied into the caissons 
themselves. This included driving H section piles to refusal at 
1.9m centres and infill AZ-17-700 sheet piles. This paper 
discusses the resistance to driving of a static test pile (STP) 
which was put down to support a crane rail. 
 

3.2 Location�

Alexandra Quay East (AQE) is located on the north side of the 
River Liffey in Dublin Port as shown on Figure.  The 
approximate location of the Static Load Test Pile (STP) is 
shown on this figure. 

 
 

 
Figure 1. Location of Alexandra Quay East refurbishment 

 

3.3 Geology�

The Dublin Port area is on land reclaimed from the sea over 
the years, expanding out from the City Quays with the 
creation of the Great South Wall and North Bull Wall in the 

Static Test 
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Dublin estuary. The Liffey River deposits material within this 
bay as does, to a lesser extent, the Tolka and Dodder Rivers. 
The limestone bedrock is at a significant depth in the Dublin 
Bay area due to the presence of a preglacial channel. The 
depth to bedrock at the AQE is indicated to be between -40 
and -30mAOD (Malin). The stratification at AQE is made up 
of:- 

 
� Made Ground 
� Recent estuarine and alluvial deposits which 

comprise soft estuarine silts/clays and post glacial 
sands and gravels. 

� Port Clay, which is discussed in the following 
sections. 

� Glacial deposits 
� Limestone bedrock. 

 

4 GROUND�CONDITIONS�AND�PARAMETERS�

The expected stratification at the AQE at the location of the 
Pile SPT is summarised in Table 1. The ground parameters are 
best appreciated from the plot of the values from the standard 
penetration tests – see Figure  and from the undrained shear 
strength values interpreted from the CPTu probes – see Figure 
. Atterberg limits measured on samples from the site are 
shown on Figure .  

The driving resistance of the Port Clay is of particular 
interest as a significant depth of this stratum underlies the 
Dublin Bay area, including the Dublin Port area, Ringsend 
and Sandymount. The presence of fine sand and silt layers 
with this deposit has caused rapid release of suction pressures 
in undisturbed samples recovered from this stratum and an 
underestimation of its in-situ strength [5]. With reference to 
the values of cu interpreted from the CPTu results put down 
for the AQE, which are shown on Figure , a lower value could 
be interpreted below -25mOD and it is of interest to determine 
if this is evident in the pile driving records. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Typical stratification at location of STP 
Stratum Description mOD 

(T)* 
 

Summary 
of properties 

Made 
Ground 

Loose to medium dense or 
dense silty sandy Gravel 
or gravelly Sand with 
cobbles and boulders and 
brick and concrete, 
sometimes with Clay or 
Silt lenses 

3m 
(16) 

NSPT = 7 to refusal- 
see Figure  
qc =  5 to 15 MPa, 
ave 5MPa at top, 
7MPa at base. 
cuave of soft {30kPa 

Estuarine/ 
Alluvial 
Sands & 
Gravels 

Medium dense and dense 
sandy Gravels or slightly 
silty sandy Gravel with 
occ. cobbles 

-13m 
(4) 

NSPT = 12 to 36, ave. 
22- see Figure  

Port Clay Firm, becoming stiff, 
laminated sandy Clay, 
locally silt. 

-17m 
(12) 

See Figure  
cuk=120kPa above -
25mOD 
cuk=100kPa below -
25mOD 
)'k=32o 

Glacial till Very stiff and hard 
slightly sandy slightly 
gravelly CLAY with 
occasional to many 
cobbles and boulders 

-29m 
(2.5) 

NSPT =  refusal 
cuk taken as 400kPa 

Rock Limestone -31.5 
(-) 

UCS = 30MPa 

*approx.. mAOD of top of stratum/(T=Thickness) 

 
Figure 2. NSPT values versus elevation 
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Figure 3. cu interpreted from CPT data 

 

 
Figure 4. Atterberg limits recorded at AQE 

 

5 DETAILS�OF�PILE�AND�PILE�DRIVING�

Pile STP was a 406mm diameter and 14.3mm thick open steel 
tube which was driven in two sections to accommodate the 
capacity of the pile leader. The first 22m long section was 
driven to 20.25m using a Delmag D22 hammer. The upper 
0.25m of the pile was then burnt off and a section welded on 
to give a total pile length of 38m. This was driven to a set 
using a BSP HH9 hammer which was achieved at about 33m 
penetration. A set of 12 blows per 12.5mm was achieved at 
that depth. 

The ground elevation at the location of Pile STP was about 
3m OD. 

The driving records of Pile STP are shown on Figure 5 as 
blows per 250mm penetration. Site inspection indicated that 
the pile plugged during driving. 
 

 
Figure 5. Driving records of Pile STP. 

 

6 DRIVEABILITY�ANALYSIS�

6.1 Methods�of�analysis�

The pile driveability analyses were carried out using two 
industry standard software packages, namely PDPWave and 
GRLWeap. The hammer characteristics were obtained from 
the library details or from the hammer manufacturer’s 
website. The pile was modelled as plugged, which is 
consistent with the site observations and is to be expected for 
a 406mm tubular pile. 
 

6.2 Soil�parameters�

The soil parameters used in the analyses are given on Table 2 
to Table 5. The yield stress for the different strata were 
determined using standard soil parameters. For example, the 
static yield stress in the Dublin Port Clay was determined 
from the cu values illustrated on Figure  using shaft yield 
stress = ( cu with ( =0.5 which is in line with typical 
empirical correlations used in practice. The toe yield stress 
was estimated as 9 cu. 
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The choice of the appropriate cu value for driveability 
analysis would be expected to differ from a characteristic 
value used, for example, in an overall stability analysis, an 
average or higher bound value may have to be considered.  
 

Table 2. PDP Wave - Shaft 
Stratum Yield 

Stress 
kPa 

Quake 
mm 

Yield 
Factor 

� 
 

Damping 
Constant 
NMS/m3 

� 

Made 
Ground 

60 2.5 1 1 0.006 1 

Alluvial/ 
Estuarine 

66 2.5 1 1 0.007 1 

DPC (1) 60 2.5 1 1 0.024 0.2 
DPC (2) 50 2.5 1 1 0.02 0.2 

BC 400 2.5 1 1 0.2 0.2 
Rock 4000 2.5 1 1 0.4 1 

 

Table 3. PDP Wave - Toe 

Stratum Yield 
Stress 
MPa 

Quake 
mm 

Yield 
Factor 

� 
 

Damping 
Constant 
NMS/m3 

� 

Made 
Ground 

1.2 6.7 1 1 0.452 
 

1 

Alluvial/ 
Estuarine 

1.3 6.7 1 1 0.465 1 

DPC (1) 1.08 6.7 1 1 0.331 0.2 
DPC (2) 0.9 6.7 1 1 0.313 0.2 

BC 7.2 3.4 1 1 0.555 0.2 
Rock 135 1 1 1 1.735 1 

 

Table 4. GRLWeap - Shaft 

Stratum Yield 
Stress 
kPa 

Quake 
mm 

Setup 
factor 

Damping 
Constant 

s/m  
Made 

Ground 
60 2.5 1.5 0.16 

Alluvial/ 
Estuarine 

66 2.5 1.5 0.16 

DPC (1) 60 2.5 1.5 0.65 
DPC (2) 50 2.5 1.5 0.65 

BC 400 2.5 1.5 0.65 
Rock 4000 2.5 1.5 0.65 

 

Table 5. GRLWeap - Toe 

Stratum Yield 
Stress 
MPa 

Quake 
mm 

Setup 
factor 

Damping 
Constant 

s/m  
Made 

Ground 
4 6.7 1.0 0.5 

 
Alluvial/ 
Estuarine 

4 6.7 1.0 0.5 

DPC (1) 1.08 6.7 1.0 0.5 
DPC (2) 0.9 6.7 1.0 0.5 

BC 3.6 3.4 1.0 0.5 
Rock 36.0 1 1.0 0.5 

7 RESULTS�

The driveability predictions of the 406mm diameter by 14.3m 
thick plugged tubular pile which was initially driven to 

20.25m penetration using the Delmag D22 and then extended 
to 38m total length and driven to a set at a depth of 33m using 

the BSP HH9  hammer, are shown on  
Figure  and Figure  as blows per 250mm penetration for 
PDPWave and GRLWave respectively. These figures also 
show the site recorded driving history. 

The comparison between predicted and recorded 
blows/250mm penetration is excellent apart from that for the 
Delmag 22 from ground level to 20.25m penetration using 
GRLWeap, which is the drive of the first section of the pile. 
Inspection of the computed details indicates that this disparity 
is probably due to the modelling of the Delmag D22 hammer 
rather than an error in modelling the soil properties as the 
results indicate a significant reduction in energy supplied to 
the top of the pile with increased penetration. The properties 
of the hammer were taken from the databank included in the 
program. This requires further investigation. Interestingly, the 
PDPWave analysis gives a correct prediction for both 
sections. 

The prediction of both PDPWave and GRLWeap was 
excellent in the Port Clay. Comparing the predicted and 
recorded results, the driving records do not indicate the  
reduction in undrained shear strength of the Port Clay below 
 -25m OD which could be inferred from the CPTu results. 
 

 
 

Figure 6. PDPWave Driveability predictions 
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Figure 7  GRLWeap Driveability predictions 

 

8 CONCLUSIONS�

The good comparison obtained between the recorded driving 
records on the AQE site and those predicted using wave 
analysis methods, together with standard geotechnical soil 
parameters for determining yield stresses, shows that these 
methods can be a useful tool both in the selection of the 
appropriate hammer for a project but also in backanalysing 
soil properties from driving performance. 

The driving prediction of one analysis for the upper 20.25m 
penetration was poor, however this is considered to be related 
to a model used for the hammer and requires further research. 

Contrary to a possible interpretation of the CPTu test results 
on this site, the driving records do not indicate a drop off in 
undrained shear strength in the Port Clay with depth. 
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3.1 Influence of loading rate 
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3.2 Influence of Mesh Density 
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2.3 CIRIA assessment process 
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3.1 Results of the assessment of the case studies 
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Are there existing 
foundations on site? X X X X X

Are existing pile locations 
compatible with new 
structure?

X X X X X

Possible/Feasible to 
modify the building layout 
to enable reuse?

X X

Acceptable risks and 
reuse solution? X X X X

Desk study and 
preliminary investiga-
tions support reuse?

X X X X

Possible to reuse with 
downgrade on capacity or 
incorporating supple-
mental methods?

X X

Comparative assessment 
of foundation solutions. 
Does reuse offer benefits 
over other options?

X X X X

Post demolition investi-
gations support reuse? X X X X

Can reuse proceed by 
incorporating 
supplemental methods?

X

Construct with partial or 
total reuse. X X X

Construct with reuse 
incorporating supple-
mental methods or piles.

X

Install new deep 
foundations. Remove or 
avoid existing piles.

X

Install new deep 
foundations. Consider 
future foundation reuse.
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2.1 Design manuals, standards and guidelines 
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4.1 Nail length vs wall height 
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4.2 Nail Density vs Wall Height 
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4.3 Nail Density vs. Shotcrete Thickness 
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4.4 Nail Density vs. Inclination 
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5� COST BENEFIT ANALYSIS 
���
 ������$�
 ��
 ���
 ����
 ����
 (���+
 ��
 ����������
 ���
 ����


�" ���������
��
���&� ��"�O��
(����+
 ��
 ��������
!���()
���

 ��"�����
����
����
(���
�����������
��
5�������+
��-��
��
�33>

(��
 ���$�����	
 ����$���
 !	
25
 ��:
 ��
 ,)4"
 ��$�
 ���
 �>�"

���$
 (���
 ��
 ������
 ��
 �-�����$
 ��$�(�	
 �"!��*"���+
 ��
 �

 ����"������	
 ����	
 $�����
(���
 �5�
'�����
 ��
 ��&,�)
���

����$�
 $����&$�����
 !���
 (��
 4�*5�
 (��
 ��������
 ���
 ���

'�������
 (���
 (���
 �):"
 ����O�����
 ���
 �)�"
 '�������
 ����

� ����$
9������ �����$
��
�
����
������	
��
�)=
�����D"�;)
���

�'���$�
 ����
 ���$��
 (��
 ,)=")
 ���������
 ���
 ���
 ��" ����	

�����$
(��
=4""K
��3""
���
 ��"�����)






5.1 Design Calculations 
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Step 1: Initial Soil Nail Wall Considerations 
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Step 2: Preliminary Design 
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The effect of scour on the dynamic response of an offshore wind turbine
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2� SOIL-STRUCTURAL MODELLING 

2.1 Turbine Structure 
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2.2 Soil Properties 
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ABSTRACT: Fire can have a devastating effect on life, property and the environment. Concrete is considered an effective 
material in protecting against the detrimental effects of fire on common structures. However, concrete exposed to high 
temperatures experiences physical and chemical transformations resulting in detrimental effects on performance.  Past studies 
indicate that binder type influences the ability of a particular concrete to resist deterioration in mechanical strength.  
 
The current study investigates the load bearing resistance (i.e. strength) characteristics of concrete consisting of varying binder 
types. Four mix types were selected, with the binder content varying from 100% CEM II/A-L to containing Ground Granulated 
Blastfurnace Slag (GGBS) replacement quantities ranging from 30% to 70%. An experimental programme was developed to 
investigate the residual compressive strength of normal strength concrete of varying binder type subjected to elevated 
temperatures of 300˚C, 600˚C and 900˚C. The study considered both short-term and long-term progressive deterioration.  
 
Exposure to 300˚C resulted in reduction in relative strength for the 100% CEM II concrete, while the 70% GGBS exhibited an 
increase in relative strength. Exposure of concrete specimens to elevated temperatures of 600˚C and 900˚C resulted in residual 
compressive strengths, which were 60% and 15% respectively of the strength of the unheated concrete. It was concluded that the 
inclusion of GGBS as a binder material does not influence the performance of concrete in fire in terms of load resistance.   
 
KEY WORDS: Fire; Elevated temperature; Concrete; Ground granulated blastfurnace slag (GGBS); Compressive strength. 

 

� �������������
The aim of this research was to establish whether the use of 
Ground Granulated Blastfurnace Slag (GGBS) as a binder 
replacement in concrete results in improved performance at 
elevated temperatures.  Compressive strength is typically the 
critical material property/characteristic for structural concrete. 
An objective of the proposed research was to substantiate 
previously conducted research which postulated the 
following: 
i. Ground Granulated Blastfurnace Slag (GGBS) concrete 

retains greater strength following exposure to fire/elevated 
temperature when compared with CEM I concrete. 

ii. Residual strength of GGBS concrete, when compared with 
CEM I concrete, is greater over time following a 
fire/elevated temperature event. 

Furthermore, the research aimed to establish whether these 
trends were identifiable in CEM II/A-L GGBS combination 
concretes now commonly used in Irish practice. 
 

� ������������������
A state-of-the-art review entitled, “Ground Granulated Blast 
Furnace Slag (GGBS) as a concrete additive” [1], by A�brock 
et al. (2007) highlighted potential beneficial effects of using 
GGBS as a binder replacement to increase the fire resistance 
of concrete.  This postulation was based on a document 
published in 2001 entitled “Series of Publications on Special 

Stresses, Volume 4: Mass Concrete – Fire Concrete” by Kollo 
and Lang [2].   This document refers in turn to research 
completed in 1936 by Rustschuk in Leningrad (now St. 
Petersburg) [3].   
 
Based on the earlier research by Rustschuk, it was reported 
that increased replacement of Portland cement clinker with 
GGBS as the binder material leads to increased stability 
following exposure to elevated temperatures such as during a 
fire.  The inclusion of GGBS as a binder replacement results 
in a significantly lower reduction in compressive strength [3].  
This research lists the significantly lower portlandite content 
in the hardened cement paste of hydrated cement pastes 
containing GGBS, when compared with hydrated Portland 
cements, as a prime contributor to improved performance at 
elevated temperature. While not definitive, from the 
terminology used in reporting the research, it is likely that the 
experimental programme was completed using binder pastes.  
Kollo and Lang [2] indicate that the material strength 
continues to deteriorate with time following an elevated 
temperature event. While the deterioration in strength varies 
depending on binder type, with blastfurnace cement 
demonstrating improved relative performance, this may mean 
that the inclusion of GGBS in the mix may only serve to delay 
an inevitable decrease in strength. 
 

Mechanical Resistance Characteristics of GGBS Concrete in Fire  

Ted McKenna1, ��������	
�������2, Brian O'Rourke1  
1Department of Civil, Structural and Environmental Engineering, Cork Institute of Technology, Bishopstown, Cork, Ireland  

2School of Civil, Structural and Environmental Engineering, University College Dublin, Belfield, Dublin 4, Ireland  
email: ted.mckenna@cit.ie, mark.richardson@ucd.ie, brian.orourke@cit.ie 
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The influence of binder type on concrete has been considered 
in a number of other research studies.  Balazs and Lubloy [4] 
reported that the reduction in compressive strength due to 
elevated temperature decreases with increased slag content.  
This outcome is consistent with that of Sullivan and Sharshar 
[5] who reported superior performance of slag pastes at 
temperatures up to 600˚C.  Research on the behaviour of self-
compacting concrete produced with GGBS and Fly Ash (FA) 
additives concluded that neither significantly influence 
residual compressive strength or weight loss [6]. Khoury [7] 
has reported a similar view, stating that his research finds 
GGBS to provide the best performance at high temperatures. 
In a study of GGBS concrete incorporating steel fibre and 
polypropylene fibre, it was concluded that using GGBS as a 
binder replacement can improve splitting strength both before 
and after exposure to elevated temperature [8].  Poon et al [9] 
also concluded that the use of GGBS as a binder replacement 
in concrete improved strength retention at elevated 
temperatures, however if relative strengths are considered 
there is no discernible difference.   
 
Numerous studies have considered binder pastes or mortars 
exclusively in terms of elevated temperature effect.  For 
example, an investigation of the effects of high temperature 
on mortars, containing both OPC and GGBS, concluded that 
GGBS improves mechanical strength when a comparison of 
the relative residual strength is considered [10].  However, if 
the actual compressive strengths reported in the research are 
compared, there is little discernible difference for 
temperatures up to 600˚C with the exception of mortar 
containing 50% GGBS which performs markedly better 
throughout. Mendes et al [11] considered the long-term 
progressive deterioration following fire exposure and 
concluded that the rehydration of lime (CaO) following 
heating results in severe deterioration in the structure of OPC 
paste compared with no deterioration on OPC/GGBS blended 
specimens.        
 
An investigation of the effects of elevated temperature on 
cement paste containing varying amounts of GGBS and of 
varying water/binder ratio again reported benefits to GGBS 
inclusion and in particular at temperatures of 1050˚C [12].   

� ������ ��!����������
While many studies exist that compare the performance of 
GGBS/Portland cement clinker combination concrete with 
concrete containing cements of high clinker content (i.e. 
Ordinary Portland Cement (OPC), CEM I), studies comparing 
GGBS concrete with CEM II/A-L concrete are not as 
prevalent.  Information on the performance of such concretes 
at elevated temperature is very limited and hence the influence 
of GGBS on concrete performance at elevated temperature 
requires investigation.  


 �"#���$������

4.1 �������"	
The experimental programme comprised: 
• Manufacture of 68 cube specimens for the four respective 

mix types, with each mix containing varying levels of 
GGBS as binder replacement (i.e. 272 cubes in total);   

• Exposure of cubes to elevated temperatures; 

• Recording mass variations both pre- and post-heating; 

• Compressive strength testing on completion of cooling 
stage as well as 28 and 56 days after exposure to elevated 
temperatures.  

4.2 ����������	
The aggregates used in the manufacture of the concrete test 
specimens consisted of single sized 20mm limestone 
aggregate, single sized 10mm limestone aggregate and 
sandstone sand.  Properties of the aggregates are given in 
Table 1.    

Table 1. Aggregate Properties 

 Coarse  Fine  
Type Crushed Uncrushed 
I.S. EN 12620 Designation 10/20 4/10 0/4 
Maximum size (mm) 20 10 4 
Water Absorption (%) 0.5 0.7 2.0 
Relative Density 2.66 2.66 2.58 

 
The aggregates were graded and their conformity to I.S. EN 
12620 confirmed.  The combined particle size distribution was 
plotted for the aggregate proportions proposed for the 
concrete mix to ensure conformity with industry advised 
upper and lower limits.  
 

4.3 )�	��
�
���
��	
The mix proportions used for the experimental programme are 
given in Table 2. 

Table 2. Mix Proportions. 

 Mix Type 
 GO G3 G5 G7 
% CEM II/A-L binder 100% 70% 50% 30% 
% GGBS binder  0% 30% 50% 70% 
CEM II/A-L (kg/m3) 320 224 160 96 
GGBS (kg/m3) 0 96 160 224 
Water 175 175 175 175 
20mm Aggregate (kg/m3) 755 750 750 745 
10mm Aggregate (kg/m3) 470 470 470 465 
Sand (kg/m3) 640 635 635 635 
Binder Content (kg/m3) 320 320 320 320 
W/B Ratio 0.547 0.547 0.547 0.547 
 

No additives were included in the concrete mixes. 
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4.4 +���	,�������	)����������-	(�����	.	������	
A rotating drum mixer was used for the mixing of the 
concrete.  Cube specimens, 100mm x 100mm x 100 mm in 
size, were made and cured in accordance with I.S. EN 12390-
2. Specimens for each respective mix type were taken from a 
single batch of concrete.  The test specimens remained in the 
steel moulds for approximately 22 hours and protected against 
shock, vibration and dehydration at a temperature of 20 (± 5) 
°C.   

 

4.5 (
���������	,�������	��	#/	����		
Compressive strength tests were carried out on a selected 
number of concrete cube specimens after 28 days of curing.  
The compressive strength tests were completed in accordance 
with I.S. EN 12390-3 using calibrated test equipment. A 
summary of results for cube compressive tests for concrete 
aged 28 days is given in Table 3. 

Table 3. Compressive Cube Strengths at 28 days 

Mix Type 
GO G3 G5 G7 

51 MPa 46 MPa 45 MPa 33 MPa 

	

4.6 �������	���	(

����	)���
�
�
��	
A single kiln was used to apply all heating regimes.  The kiln 
used is a Ramsell Naber N41 Furnace with internal 
dimensions of 500mm long, by 350mm wide and 290mm 
high. The kiln was electrically heated with heating elements 
located on the longer sides of the kiln. The cube specimens 
were heated and tested under unsealed conditions, thus 
allowing moisture and gases to be released to and from the 
cubes.  The cubes were placed in two layers within the kiln.  
�
Recording the typical strength behaviour of concrete 
following exposure to elevated temperature can be misleading 
unless the specific mix and environmental conditions are 
specified [13].  While the mix proportions and specimen 
manufacture are detailed in the preceding sections, the 
following aims to provide explanation for the heating regimes 
undertaken.  Khoury identifies the following distinct stages of 
the heating cycle: 
 

1) First heating,  
2) Constant temperature, 
3) Cooling, 
4) Post-cooling stages.  

 

First-time heating is the most complex period, with as many 
as 20 factors potentially contributing to either increase or 
decrease in strength at various stages during the period.  Little 
change in strength can be expected during the constant 
temperature stage with the exception of processes not 
completed during the period of first heating.  The effect of 
thermal and inter-particle stress-induced cracking becomes 
more significant during the cooling stage.  The chemical and 
physical effects of absorption of moisture dominate the post-
cooling stage [13]. 

For the research relevant to this paper the specimens were 
exposed to three constant (maximum) elevated temperatures, 
namely 300°C, 600°C and 900°C.  Firstly, the rate of heat 
increase within the kiln is dictated by the capacity of the kiln.  
The rate of heating achieved during kiln trials is illustrated in 
Figure 1, with the standard fire curve in accordance with I.S. 
EN 1992-1-2 included for comparison purposes.   
 

 
Figure 1. Heating regime time-temperature profiles. 

 
The kiln atmospheric temperature is then maintained at the 
respective maximum temperatures for a set period of time to 
allow thermal equilibrium to be reached within the kiln and 
within the concrete cubes.  Due to the low thermal 
conductivity of the concrete, the cube specimens were 
‘soaked’ at maximum temperatures of 300˚C, 600˚C and 
900˚C for two hours to ensure that a uniform temperature was 
achieved across the cube section (i.e. the core temperature was 
equal to the surface temperature of the cube specimen). 
��
On completion of each respective constant temperature 
period, the cooling phase adopted was similar for all 
maximum temperatures.  The cooling was not controlled, but 
was monitored. To minimise the effects of thermal shock, the 
temperature at which the door was opened varied between 
300°C and 330°C.  The test specimens remained in the kiln 
for a period of one hour after the kiln door was opened.  The 
cube specimens were then removed with the average 
temperature within the kiln at 130°C.  On removal from the 
kiln, the cube specimens were stored in laboratory conditions 
(i.e. approximate temperature of 20°C and relative humidity 
of 50%) until required for testing.   
 
It is considered that this approach to the first heating, constant 
maximum heat exposure, cooling and post-cooling storage 
would minimise environmental factors adversely affecting the 
experimental data as recorded.  A summary of the relevant 
periods for each of the heating regimes is illustrated in Figure 
1 and recorded in Table 4. 
 

Table 4. Heating Regime Time Periods 

Maximum 
Temperature 

First 
Heating 

Constant 
Temperature 

Cooling 
in Kiln 

300°C 0.5 hrs 2 hrs 0.5hrs 
600°C 2.5 hrs 2 hrs 9 hrs 
900°C 5.0 hrs 2 hrs 14 hrs 
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	��������	������������		

As well as considering the residual strength immediately 
following the cooling phase, the residual strength at both 28 
days and 56 days after heating were also considered to 
determine potential further deterioration over time.  The 
residual strength recorded at the end of the cooling phase is 
conservatively indicative of the concrete strength during the 
fire event and can therefore be used in the design of a 
structure for fire.  The long term residual strength will 
influence the appropriate timing and approach to a structural 
assessment of a fire damaged reinforced concrete structure.   
 
Compressive strength tests were completed on test specimens 
of each mix type and each maximum temperature exposure.  
The test specimens were stored in laboratory conditions (i.e. 
approximate temperature of 20°C and relative humidity of 
50%) pending compressive strength tests at periods of 28 days 
and 56 days following the heating regime.  Compressive 
strength tests were completed in accordance with I.S. EN 
12390-3. 
 

4.8 1�����	%�������
�	
The response of these specimens during the post-cooling 
phase was visually observed and recorded.   
 

� RESULTS AND DISCUSSION 

5.1 (
���������	,�������	
The residual strengths immediately following the cooling 
phase of each respective heat regime are illustrated in Figure 
2.   
 

 
(a)                                     (b) 

Figure 2. Residual and relative compressive cube strengths for 
concretes of varying binder type at 1 day post-heating. 

 
While the compressive strengths of the unheated concrete for 
respective mix types vary, when heated to 300˚C the 
magnitude of strengths converge as illustrated in Figure 2(a).  
At temperatures above 300˚C the strength reduction is linear 
and comparable for different mix types.  In Figure 2(a) 
concrete containing 0% GGBS performed best while the 

concrete containing 70% GGBS is the worst performing.  
However, if the results are compared in terms of relative 
strength (i.e. residual strength of heated concrete relative to 
the unheated concrete), the concrete containing 70% GGBS is 
the best performing concrete, while concrete containing 0% 
GGBS is the worst performing as illustrated in Figure 2(b).  
These results are consistent with the findings of Uysal et al [6] 
but are up to 20% less strength than findings reported by 
Seleem at al [14], which was based on a lower strength 
concrete (i.e. 28MPa unheated compressive strength). 
       
A comparison of the relative strengths as presented in Figure 
2(b) with the reduction factors published in I.S. EN 1992-1-2 
[15] is illustrated in Figure 3.  The overall profiles are 
comparable demonstrating consistency with I.S. EN 1992-1-2.  
With the exception of the mix containing 70% GGBS at an 
elevated temperature of 300°C, the reduction in strength from 
assessment of experimental data is comparable to the 
reduction factors specified in I.S. EN 1992-1-2 [15].  The 
aggregate used in the manufacture of the concrete for the 
experimental programmes was limestone and is therefore 
calcareous; however the results of the experimental 
programme indicate lower performance when compared with 
that of concrete containing calcareous aggregate as specified 
in I.S. EN 1992-1-2.  Research on the influence of aggregates 
on the mechanical characteristics of concrete exposed to fire 
found that siliceous aggregate performed better that limestone 
aggregate, which is contrary to I.S. EN 1992-1-2 charts [16].  
 

 
Figure 3. Comparison relative compressive cube strengths 

derived from experimental data with I.S. EN 1992-1-2 data.  
 
When compared with research by Hertz [17], which was 
based on a significant amount of test data, and forms the basis 
for I.S. EN 1992-1-2 [15], the experimental data from the 
current research should be comparable with Hertz’s data in the 
cold condition.  The experimental data, as illustrated in Figure 
4, appear to compare more readily with the data from the 
upper limit of concrete tested in the cold condition and the 
design curve based on concrete tested in the hot condition. 
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Figure 4. Comparison relative compressive cube strengths 

derived from experimental data with Hertz design curves [17] 
 
The long term residual strength of concrete following a fire 
event is an important consideration.  It provides an indication 
of the appropriate minimum time lapse required between a fire 
event and the commencement of an assessment of the long 
term condition of a fire damaged structure.  The residual 
compressive strengths for concrete subject to varying elevated 
temperatures, at completion of the cooling phase, 28 days 
after heat regime and 56 days after heat regime are illustrated 
in Figure 5.  The associated relative strengths are illustrated in 
Figure 6.  
 

 
Figure 5. Residual compressive cube strengths of concrete 

with varying elevated temperature 

 
Figure 6.  Relative compressive cube strength of concrete with 

varying elevated temperature 
 
From the data illustrated in Figure 5 and Figure 6 it is clear 
that continued deterioration of the compressive strength 
continues for a time after the initial cooling phase.  However, 
this deterioration would appear to be almost complete within 
28 days as there is little difference, and even some increases, 
in the strength for the specimens tested at 56 days after 
heating compared to those tested 28 days after heating.  These 
results are consistent with similar research by Sarshar and 
Khoury [18] and Papayianni and Valiasis [19], which reported 
a rise of strength in the time between 28 days and 180 days 
after heating.  The deterioration in strength is not influenced 
by the type of binder used.   

 
In summary, it is recommended that if tests are to be carried 
out on fire damaged concrete in order to assess its condition, 
such testing should not be carried out until at least 28 days 
after the fire event.     
 

5.2 1�����	%�������
�	
It should be noted that the specimens heated to 900˚C could 
not be compressive strength tested at 28 days or 56 days after 
heating as they had disintegrated as a result of the rehydration 
process.  This progression of specimen deterioration is 
illustrated in Figure 7 and Figure 8.  In research on the 
influence of aggregate on behaviour of concrete subject to 
elevated temperatures, it was concluded that the 
decarbonation of calcite in the calcareous aggregate between 
600˚C and 750˚C resulted in reaction with ambient 
atmospheric humidity upon cooling, thus forming portlandite 
by multiplying its volume by 2.5 [20].  Such an increase in 
volume leads to disintegration of the concrete.  As the current 
research was conducted using limestone aggregate, this could 
also explain the disintegration of the test specimens.      
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Figure 7. Specimen condition 4 days after heating. 

 

 
Figure 8. Specimen condition 9 days after heating. 

 
In summary, the use of GGBS as a binder replacement 
ranging from 30% to 70% does not appear to result in a 
discernible difference in terms of compressive strength 
performance of concrete.  However, this is not consistent with 
published research based on comparisons of binder mortars.  
This is most likely due to the volume of aggregate and hence 
is not a result of binder quality.  

 

	 CONCLUSIONS 

The findings of this research are: 
1) Short-term residual strength 

There is no notable difference in performance between 
concrete containing 100% CEM II and that consisting of 
GGBS binder material at replacement levels ranging from 
30% to 70%. 

2) Long-term residual strength 
There is no notable difference in performance between 
concrete containing 100% CEM II and that consisting of 
GGBS binder material at replacement levels ranging from 
30% to 70%. 

3) If the actual residual strengths of the mortar are considered 
instead of the relative strengths, the variability of results 
would make such a conclusion ambiguous.    
 

� ����$$���������
A significant obstacle encountered during this research was 
the lack of clear and established practice in determining the 
properties of concrete in fire.  Reported research offers 
varying and often contradictory conclusions.  A method of 
determining the properties of concrete at elevated 
temperatures, which is both accurate and economic, should be 
established to allow assessment of concretes with varying 
constituents with a view application of data to design 
methods.   

��%������!$����
Cork Institute of Technology for establishing the fire test 
facilities used during the experimental element of this 
research.  Ecocem (Ireland) for supply of binder materials. 
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1.1 Sandwich Panels 
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1.2 Shear Ties 
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1.3 Flat Plate Ties 
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2� TESTING 

2.1 Experimental program 
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3� RESULTS 
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3.1 Shear response of plates of different plate depth 
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 Loads (kN) Stiffness Deflection (mm)

Test Max @1mm K
33%

K
75%

K
max

@ 33% 
load

@ max 
load

1 26.1 11.31 12 22 2.3 0.75 13.1
2 25.6 15.35 15 19 3.7 0.8 7.6
3 25.4 9.82 11 19 2.3 0.83 10.8
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8 164.3 49.07 48 123 55 1.14 3.6
9 144.6 77.22 100 108 68 0.47 2.6
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3.2 Shear response of plates of different plate thickness 




"��$
 ���
 �,
  �����
 ������+
  �����
 (���
 �(�
 ���������

����*������
���
��'����$����)
�>
 �����
(���
:""
 �����
���
3

 �����
(���
�""
 �����
���
������)




���
 �""
  �����
 	����
 ��
 �
 ��$���������	
 ��(��
 ����
 ����


��"����
 �����
(���
:""
 �����
(���
���
�����
 ���"�����
���

��" ���!��)










E�$���
4)
�""
����*
 �����)





3.3 Shear response of plates of different insulation width 
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4.1 Failure mode related to plate depth 
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4.2 Failure mode related to plate thickness 
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4.3 Failure mode related to cavity width 
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ABSTRACT:  The publication of fib Bulletin 55: CEB FIP Model Code 2010(1) (MC2010) in 2012 provides additional guidance 
for the design of deep beams.  The deep beams can be analysed using plastic analysis or non-linear analysis.  Plastic analysis 
design can be conducted in the form of the Strut-and-Tie Method (STM), where the internal forces in the deep beam are 
idealised as a series of struts and ties.  Non-linear design is conducted with the aid of FE software where the concrete material 
properties are entered into the software to resemble the deep beam.  This study investigates the ability of MC2010 to determine 
the load capacity of deep beams using both forms of analysis.  Other design standards such as EN1992-1-1Design of Concrete 
Structures General Rules and Rules for Buildings (EC 2) (2), ACI 318-11 Design Code Requirements for Structural Concrete 
(ACI) (3) and CSA A23.3 Design of Concrete Structures (CSA) (4) were also considered in order to make a comparison.  Fourteen 
reinforced concrete deep beams were modelled using plastic analysis and twelve reinforced concrete deep beams were modelled 
using non-linear analysis.  The results from the plastic and non-linear analysis were compared to that of the actual test data 
conducted by Foster and Gilbert (5).  The results showed that for plastic analysis, MC2010 provides a conservative design in 
predicting the load capacity for deep beams.  It was also found that in order to model deep beams using non-linear analysis with 
plane stress elements a larger mesh was required to obtain a comparable result to the test data.  Possible limitations in the 
applicability of non-linear finite element analysis with plane stress elements to analyse deep beams were identified.  Further 
investigations may be required as this investigation only considered plane stress elements. 

 
KEY WORDS:  
Deep beams; High strength concrete; FE analysis; LUSAS; Model Code 2010; Strut-and-Tie Model;  Span to depth ratio (L/D) 
 
 

� ��!"#�$�!�#��
Deep beams are generally defined as structural members with a 
span to depth ratio of less than three.  Practical applications of 
deep beams include transfer girders in tall buildings, 
foundations, offshore structures and bridge diaphragms. 
Bernoulli’s beam theory that plane sections remain plane is not 
valid for deep beams as shear deformation become significant 
and cannot be ignored. As a result deep beams have an 
irregular stress distribution which varies greatly depending on 
the L/D ratio.  Therefore deep beams are usually designed 
either by non-linear or plastic analysis.  

 

This investigation considers deep beams with the following 
L/D ratios: 1.2, 2.0 and 3.0.  This paper investigates the ability 
of MC2010 to predict the load capacity of fourteen high 
strength concrete deep beams using plastic analysis and twelve 
high strength concrete deep beams using non-linear analysis 
tested by Foster and Gilbert(5).  

' ",;,�"�9�;�Q��_�����,�
The publication of CEB-FIP Model Code 2010 (1) gives 
designers new criteria for the design of deep beams using 
plastic analysis by means of the STM and non-linear analysis 
using FE software. The STM is the lower bound theory of 
plasticity and therefore, it should always under-predict the load 
capacity.  The aim of this investigation was to determine 

whether the design provisions in MC2010 (1) result in a more 
efficient design compared to other design codes. 

 

< _#;!,"�����Q�+	,"!��Z��
This investigation utilizes research conducted by Foster and 
Gilbert (5).  They investigated the load capacity of a number of 
high strength deep beams, which were tested to failure.  Their 
research was based on the provisions and guidance given in 
CIRIA Guide 2 (6), ACI 318-89 (7) and Strut-and-Tie model 
(STM) proposed by Rogowsky and MacGregor (8).  Rogowsky 
and MacGregor’s method (8) which is similar to that of CEB-
FIP Model Code 1990 (9) which uses the efficiency factor 
proposed by Warwick and Foster (10).  Many of these codes are 
now considered outdated or have been subsequently replaced, 
but Foster and Gilbert’s test data remains a contribution to 
engineering. 

 

The study by Foster and Gilbert (5) considers three variables: 
concrete strength, L/D ratio and secondary reinforcement.  The 
concrete strength varied between 77 and 120 MPa.  The 
research conducted by Foster and Gilbert(5) may not be fully 
representative for all deep beams as the study only considered 
high strength concrete and they did not vary the amount of 
primary reinforcement significantly. 
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The paper by Foster and Gilbert (5) was chosen for the 
following reasons: 

1. The test procedure was clearly defined and the beams 
could be modelled from the available data; 

2. Additional concrete material properties other than the 
compressive strength of the concrete on were given for all 
test specimens, such as: indirect tensile strength, density 
and initial elastic modulus; 

3. The failure load for each beam was known along with a 
description of failure mode and crack pattern; 

4. Steel reinforcement yield data were provided; 
5. The concrete was supplied by ready-mix truck therefore 

its properties were likely to be consistent; 
6. The authors seemed to be a credible source from their 

biographical description. 
 

3.1 !
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Foster and Gilbert’s paper (5) provided enough test data to 
eliminate any requirement to conduct laboratory testing.  The 
test arrangement is presented in Figure 1.  The concrete 
cylinder strength, the failure load of the beam and the mode of 
failure are given in Table 1. 

 

 

Figure 1 Reinforcement detail (5) 

 
Table 1 Compressive strength and failure load (5) 

Test 
Beam 

fcm   
(MPa) 

Failure 
Load (kN) 

Failure Mode 

1 91 2000 Crushing of column* 
2 96 2000 Crushing of column* 
3 80 2600 Balanced failure 
5 83 1590 Balanced failure 
6 120 1650 Tension failure 
7 78 1400 Tension failure 
9 89 1170 Tension failure 
10 93 1460 Tension failure 
12 80 1020 Tension failure 
13 120 1050 Tension failure 
14 77 1050 Tension failure 
16 89 870 Tension failure 

* Test abandoned 
 

The reinforcement details for the beams are also given in 
Figure 1 along with the beam thickness, cover and 

reinforcement spacing.  The location and quantity of the tensile 
reinforcement was found to be important as these parameters 
determined the position of the tie (tensile member) in the 
idealize STM.  This in turn determined the size of the nodal 
region. 

 

The various beam geometry tested by Foster and Gilbert (5) 
which was used as part of this investigation are presented in 
Table 2 along with the quantity of secondary reinforcement 
used in each test beam specimen. 

 

Table 2 Beam dimension and reinforcement (5) 

Test 
Beam  

L 
mm 

A 
mm 

D 
mm 

V H 

1-3 1450 850 1200 8*2W6@75 5*2W6@175 

5-7 1400 825 700 8*2W6@75 3*2W6@135 

9 1400 825 700 None None 

10 1400 825 700 11*2W6@50 None 

12-14 2100 1175 700 13*2W6@75 3*2W6@135 

16 2100 1175 700 None None 
 

Further information regarding the test procedure conducted by 
Foster and Gilbert is contained in their paper Experimental 
Studies on High-Strength Concrete Deep Beams (5). 
 

@ =+�;!������+\;�;��;!/��
The design of deep beams in accordance with MC2010 (1) 
using the STM is stated in Clause 7.3.6 of the code.  The 
allowable compressive stress of a strut and the various nodal 
regions is given by Equation 1, where kc is a reduction factor 
to account for a reduced compressive strength. 

 

	
� � �

	
�
�


��� 
(1) 

 

4.1 Strut Design  

For strut design the reduction factor is given by Equation 2. 
 


 � �������
��

	
�
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�
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4.2 Node Design 

The reduction factor for nodal design depends on the idealized 
stress applied to a particular node.  There are three types of 
node: CCC, CCT and CTT.  A CCC node consists of a node 
fully in compression from three lines of idealized force.  A 
CCT node has one side where there is a tensile force while a 
CTT node has two sides in tension.  CTT nodes were not 
considered as part of this investigation. 

 

4.2.1 CCC Node 
For CCC node design, kc is given by Equation 3. 
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4.2.2 CCT Node 
For CCT node design, the kc is given by Equation 4. 
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4.3 Tie Design 

Tie design is given by Equation 5. 
 

	�� � �
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(5) 
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The failure criterion used for plastic analysis was taking the 
load capacity as the lowest load to cause the deign stress in 
the strut, nodes or the tie to exceed the allowable stress limits.  
Table 3 shows the percentage of the predicted load capacity 
for each beam to that of the failure load. 
 
Comparing the predicted load capacity to that of the actual 
load it can be seen that the provisions of MC2010 
underestimates the load capacity with a mean predicted load 
capacity of 34.7% of the actual applied load.  This equates to 
an average factor of safety (FoS) of 2.9 applied to the design. 
 

Table 3 Percentage of actual load capacity  

Test  L/D MC 10(1) EC 2(2) ACI(3) CSA(4) 

1 1.2 40.4 60.9 76.7 88.9 

2 1.2 41.9 62.3 76.7 88.9 

3 1.2 37.1 57.3 59.0 68.4 

4 1.2 31.1 47.8 52.0 60.3 

5 2.0 38.4 51.8 50.0 58.1 

6 2.0 45.2 61.1 59.0 68.4 

7 2.0 40.6 62.9 70.6 81.9 

9 2.0 35.5 53.8 56.6 65.6 

10 2.0 37.1 55.6 57.4 66.5 

11 2.0 21.3 32.9 56.9 31.1 

12 3.0 26.9 36.4 55.2 45.0 

13 3.0 23.6 36.6 55.2 34.0 

16 3.0 31.1 47.1 66.7 47.0 

Mean  34.7 51.3 60.9 61.9 

St Dev  7.3 10.4 8.9 18.8 

FoS  2.9 2.0 1.6 1.6 
 
The results from this investigation suggest that the provisions 
in CSA A23.3 give the most reliable load predictions for 
beams with an L/D ratio of less than or equal to 2.0, while 
ACI 318 provides a better solution for beams with an L/D 
ratio of 3.0. 

 

The predicted load capacity is dependent on the percentage 
and location of the main reinforcement provided, as this 
influences strength of the tie and the size of the nodal zones.  
The test specimens conducted by Forster and Gilbert (5) didn’t 
vary the percentage of reinforcement for each L/D ratio; 
Beams 1-4 had 1.3% while Beams 5-16 had 2.2%.  

 
The predicted load capacities for the beam with varying 
concrete compressive strength are shown in Figure 2 to 4.  It 
can be seen that the yield criterion of the tie becomes the 
governing factor for ACI and CSA designs.  There is no 
increase in the load capacity for an increase in concrete 
compressive strength.  Designs are considered safe if the 
predicted load capacity is below the actual tested load.  Figures 
2 to 4 show that the design provisions of ACI and CSA give a 
better approximation of the load capacity. 

 

 
Figure 2 – Predicted load capacity for L/D = 1.2 

 

 
Figure 3 – Predicted load capacity for L/D = 2.0 

 

 
Figure 4 – Predicted load capacity for L/D = 3.0 

�������	
�
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�
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�
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In order to model a deep beam using FE software, concrete 
non-linear properties are required as inputs.  Input properties 
such as modulus of elasticity (E), strain at maximum 
compression force (εc) and ultimate strain (εc,lim) are required 
as part of the failure criterion.  MC2010 (1) allows these 
parameters to be determined based on the compressive 
strength of the concrete.  Figure 5 shows a typical stress-strain 
curve for concrete and how the stress-strain relationship varies 
with the compressive strength of the concrete.  
 

 

Figure 5 Stress - strain curve with concrete strength (9) 

 

Generally a strain of 0.002 (εc1) is assumed at the maximum 
uniaxial compressive force, and increasing to 0.0035 at 
ultimate limit (εcu1).  

 

6.1 MC2010 Concrete material properties (1) 

The value for elastic modulus (Eci) at 28 days can be obtained 
given by Equation 6. 

 

�
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��  (6) 

 
where  

• Ec0 = 21.5x103 MPa 
• αE = 1.0 for quartzite aggregate (or refer to Table 5.1-6 

of the code) 
 
Table 5.1-8 of the code gives the elastic modulus (Eci) and the 
strain at maximum compression force (εc) and ultimate strain 
(εc,lim) for the different concrete strengths. Table 4 gives the 
values for high strength concrete from MC2010. 

 

Table 4 Elastic modulus & strains (1) 

 
 

The values for the elastic modulus (Eci) used in the models 
were obtained from Equation 6, while the value for strain at 
maximum compression force (εc) and ultimate strain (εc,lim) 
were obtained by linear interpolation using Table 4.  
 

6.2 Comparison of non linear properties 

The actual E value for the beams was known as it was 
determined from cylinder testing.  The actual E value of the 
concrete is not always available to the designer and as a result 
the designer must rely on the code provisions to determine 
variable properties such as E.  The values for E are obtained 
for the relationship defined in the code based on the 
compressive strength of the concrete.  ACI gives two 
equations to determine Ec as a result both equations were uses. 
 
Table 6 gives the percentage of the determined E value to that 
of the actual measure E value from test data.  It can be seen 
that ACI 318 (2), gives the closest approximation to the value 
of E0 determined from the experimental data with a mean 
value of 98%. 
 

Table 6 Percentage of actual E value 

MC10 EC2 ACI318(1) ACI318(2) 
Beam Eci/E0 Ecm/E0 Ec/E0 Ec/E0 
1 0.86 0.82 0.84 0.99 
2 0.88 0.83 0.87 1.02 
3 0.83 0.79 0.79 0.90 
5 0.84 0.80 0.81 0.95 
6 0.94 0.88 0.97 1.14 
7 0.82 0.78 0.78 0.89 
12 0.83 0.79 0.79 0.93 
13 0.94 0.88 0.97 1.14 
14 0.82 0.78 0.78 0.89 
Standard 
Deviation  0.05 0.04 0.08 0.10 
Mean 0.86 0.82 0.84 0.98 

 

6.3 Modelling 

Twelve deep beams were modelled using LUSAS FE 
software, each model took account of symmetry and therefore 
only half the model needed to be modelled.  All beams were 
modelled as 2D Plane Stress Continuum Elements along with 
the actual quantity of reinforcement shown in Figure 1 and the 
secondary reinforcement given in Table 2.  The 
reinforcements were modelled as 1D bar elements. 
 
The beams were analysed using Multi-Crack Concrete (Model 
94) failure criteria within LUSAS.  This is a plastic damage 
contact model where damage planes occur according to the 
principal stress.  The basic softening curve can be controlled 
by a fixed softening curve, which is dependent on the element 
size.(11)  The fixing of the softening curve is controlled by the 
specified strain values εc1 and εcu1 therefore the varying values 
for εc1 and εcu1 should have an effect on the load capacity 
determined by LUSAS.  As ACI (2) gives the best 
approximation for the E0 it was expected to give the best 
results for the non-linear analysis.  
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The element size was found to have a significant effect on the 
ability of LUSAS to accurately solve for the load capacity.  A 
large element size was found to be more suitable to predict a 
closer approximation of the load capacity.  
 

 

Figure 6 Effect of element size on load capacity 

 
Figure 6 shows two identical models with the only difference 
being the element size defined in LUSAS. The effect the 
element size has on the model can be seen where: (a) consists 
of a model with an element size of 100mm and solved to 
98.9% load capacity while (b) consists of the same model with 
an element size of 10mm and solved to 49.4% load capacity.  

 
It can be seen that the beam in Figure 6 (a) suffers from 
extensive cracking at mid span and cracking along the line of 
the idealised strut along with crushing of the concrete at the 
point of load application and support.  Figure 6 (b) only 
exhibits a minor degree of cracking in the mid span.  The 
reason for this may be an ill conditioned stiffness matrix. 

 
Ill conditioning is where a small error in the data results in a 
large error in the solution.  This inevitably results in the 
failure in the ability of the FE software to determine the load 
capacity giving the last converged load step of the analysis as 
the load capacity.   

 
When extensive cracking occurs in a FE model, this results in 
a degradation of the stiffness matrix which can lead to ill-
conditioning of the stiffness matrix.(12)  A sensitivity analysis 
should be carried out in order to determine the appropriate 
approach to model deep beams. 
 

� �#��+��,�"�_,����+\;�;�",;$+!;�
The load capacities determined from non-linear analysis for 
the twelve beams modelled in accordance with the provision 
of the stated design codes are given in Table 7.  The values 
are presented as a percentage of the actual applied load 
achieved during testing.  The results show that the provision 
of ACI 318 gives the most reliable mean load capacity of 
81.0% of the actual applied load.  
 

Little variation was found for the design load capacity of deep 
beam using non-linear analysis in accordance with the code 
provisions as a number of FE models exhibited signs that they 
may have failed due to ill-conditioning.  
 

Table 7 Percentage of actual load capacity  

Beam MC10 EC2 ACI (1) ACI (2) 

1 100 94 100 102 

2 103 101 103 105 

3 95 76 98 78 

5 72 61 71 87 

6 93 93 93 85 

7 73 70 72 84 

9 66 79 83 81 

10 58 58 58 73 

12 70 63 50 66 

13 81 75 76 75 

14 74 65 57 74 

16 64 63 63 62 

Mean 79.2 74.8 75.0 81.0 

St Dev 15.1 14.5 18.4 12.9 
 
It can be seen that Beams 1-3 with an L/D of 1.2 give the 
closest load approximation. It is suspected that the locations 
of the secondary reinforcement had an influencing effect on 
the element size. As indicated in 6.3 the element size has a 
significant effect on the capability of LUSAS to determine the 
load capacity. The large deviation in the predicted load 
capacity is a likely result of a number models suffering from 
degradation of the stiffness matrix. 
 

� �#��+$;�#������",�#//,���!�#�;�

8.1 Plastic Analysis	
Plastic analysis in accordance with MC2010 (1) produces 
conservative designs with an average FoS of 2.9 for the 
fourteen beams considered as part of this investigation.  
 
This investigation shows that for deep beams with an L/D of 
2.0, or less, design in accordance with CSA A23.3 (4) give a 
more efficient design.  For deep beams with an L/D greater 
than 2.0, design in accordance with ACI 318 (3) provides the 
most efficient design. 
 
Figures 2 to 4 show that the yield criterion of the tie becomes 
the governing factor with increased concrete compressive 
strength.  While in comparison, the design in accordance with 
MC2010 (1) and EC 2 (2) shows the node or strut failing before 
the steel tie yields. 
 
The load capacity of deep beams is largely dependent on the 
size of the nodal zone and the strength of the tie; therefore it is 
recommended that a minimum and maximum area for steel 
should be specified in each code specifically for the design of 
deep beams to prevent sudden failure of the beam. 
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8.2 Non Linear FE Analysis 

As part of the investigation it was noticed that the element 
size has the most significant effect on the ability of LUSAS to 
solve for the load capacity.  It is recommended that when 
modelling deep beams using LUSAS and using Plane Stress 
Analysis that larger element sizes should be used. This will 
reduce the risk of the model failing prematurely due to ill-
conditioning of the stiffness matrix. 
 
It is recommended that a sensitivity study should be 
undertaken on the effect element size has on deep beams.  The 
location and quantity of the reinforcement has a significant 
effect on the element size.  The locations of reinforcement 
reduce element size in location of high stress and this may 
result in premature failure of the model as a possible result of 
an ill-conditioned stiffness matrix. 
 
The design of deep beams using FE analysis in accordance 
with ACI 318(3) gives the most accurate results in comparison 
to that of the test data.  Using the design provision of ACI 318 
(2), the mean load capacity of 81% was obtained for all the 
beams considered. MC2010 (1) in comparison gives a mean 
load capacity of 79.2%. The comparison of the results showed 
little variation between the different design codes in the 
prediction of the load capacity using non linear analysis. 
 

9 ��g�#`+,�Q,/,�!; 
The research reported in this paper was undertaken as part of 
the taught MEng (Structural Engineering) programme at Cork 
Institute of Technology. 
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A Shear span 
CCC Compression node without ties 
CCT Compression node with one ties 
CTT Compression node with two ties 
D Depth of section 
 
FE Finite Element 
FoS Factor of Safety 
E, Ec0, Eci,  
Ecm, Ec Modulus of elasticity from design code considered 
Ec1 Secant modulus from the origin to the peak 

compressive stress 
E0 Initial modulus of elasticity obtained by Foster and 

Gilbert from testing  
H Quantity of horizontal web reinforcement used in 

each test specimen  
I Second moment of area 
L Clear span 
L/D Span to depth ratio 
P Applied axial load 
STM  Strut-and-Tie Method  
V Quantity of vertical web reinforcement used in each 

test specimen 
W Web reinforcement consisting of hard drawn wire 

with a yield strength of 451MPa. 
Y Main reinforcement consisting of deformed bars with 

a yield strength of 400 MPa  
fck Characteristic value of cylinder compressive strength 

fcm Concrete compressive strength given by Foster and 
Gilbert 

fyd Design yield of tension yielding stress of non-
prestressing reinforcement 

fyk Characteristic yield of tension yielding stress of non-
prestressing reinforcement 

k Plasticity number 
kc  Reduction factor accounting for tensile stress parallel 

to the direction of the strut 
αE Coefficient for different types of aggregates 
�s Partial safety factor for the material properties of 

reinforcement  
εc Concrete compression strain 
εc,lim  Ultimate strain 
ε1 Strain at maximum compressive stress 
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-ABSTRACT: The Dublin Port Clay (DPC) extends below much of the Dublin Port and Docks area and is a significant stratum 
for many of the infrastructure developments in the area. The DPC comprises a stiff clay with silt laminations and sand layers. 
The origin of the deposit is uncertain but it was probably laid down as a lacustrine or glaciomarine deposit during a warm 
interglacial period. The silt and sand laminations make the stratum susceptible to disturbance during borehole drilling and this 
can affect some in-situ and laboratory tests. This has caused the stratum to be misinterpreted as a post-glacial normally 
consolidated clay. This paper presents an interpretation of the typical undrained shear strength, overconsolidation ratio (OCR) 
and K0 profile of Dublin Port Clay obtained from detailed ground investigations carried out for some recent large projects in 
Dublin Port and Ringsend. Due to sample disturbance it has not been possible to identify a preconsolidation pressure for 
oedometer tests. Therefore OCR, which is an important parameter in geotechnical analysis, has been estimated from cone 
penetration tests (CPT) and is shown to be consistent with the interpreted profile of undrained shear strength. 

KEY WORDS: Dublin Port Clay, undrained shear strength, OCR, cone penetration tests, CU triaxial test, K0 

1 INTRODUCTION�

The Dublin Port Clay (DPC) extends below much of the 
Dublin Port and Docks area as well as Ringsend and can be up 
to 20m thick. It is a significant stratum for many of the 
infrastructure developments in the area. The geotechnical 
characteristics of the Dublin Port Clay presented herein are 
based on the results of detailed ground investigations that 
have been carried out for the refurbishment of the quay wall at 
Alexandra Quay East (AQE) in Dublin Port and for the 
Ringsend Waste Water Treatment Works. The locations of the 
sites are shown Figure 1.  
 

 
Figure 1. Site location plan 

The typical succession of strata in the Dublin Port area is: 
 
� Made Ground. 
� Recent estuarine and alluvial deposits which comprise 

soft estuarine silts/clays and sands and gravels. 
� Dublin Port clay. 

� Glacial deposits (boulder clay and glacial gravels). 
� Limestone bedrock.  

 
The Port Clay is a stiff, often thinly to thickly laminated 

slightly sandy CLAY, locally SILT and with rare gravel. Sand 
is fine and laminations, where present, range from <1mm to 
10mm of silty/fine sand and are typically 10 to 25mm apart.  

The silt and sand laminations make the stratum very 
susceptible to disturbance softening during borehole drilling 
and can be the cause of low strengths measured in Standard 
Penetration Tests (SPT’s) and certain laboratory tests. In the 
past this has resulted in an underestimation of the strength and 
stiffness of the stratum and its interpretation as a post-glacial 
normally consolidated clay. 

The origin of the deposit is uncertain. Naylor [1] described 
the stratum to be post-glacial and laid down as intertidal mud 
flats, possibly estuarine during a period of submergence. 
However, based on the interpreted overconsolidation ratio 
(OCR) and shear strength it appears more likely that the 
stratum is a glaciolacustrine or glaciomarine deposit laid 
down during a warm interglacial period that was subsequently 
overlaid with other material which has since been eroded.  

The focus of this research is the OCR of the stratum, which 
provides its stress history in a dimensionless form. This is an 
important parameter for geotechnical design as 
underestimating OCR can cause the magnitude of 
consolidation settlements to be overestimated and lead to 
expensive geotechnical solutions.  

2 CLASSIFICATION�TESTS�

The classification of the DPC is typically that of a low and 
intermediate plasticity Clay (CL-CI) when plotted on a 
Casagrande Plasticity Chart as shown on Figure 2. The results 
fall on the T-line which has been identified by Boulton and 
Paul [2] as typical of glacially derived deposits and would not 
be typical of marine deposits. 

The overconsolidation ratio of the Dublin Port Clay 

David Gill_11, Eric Farrell_21 

1AGL Consulting, Suite 2, The Avenue, Beacon Court, Sandyford, Dublin 18. 
email: david.gill@agl.ie, eric.farrell@agl.ie 
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Ringsend�WWTW�

397



The liquid and plastic limits (wL and wp) are plotted against 
depth on Figure 3. The plastic limit is typically in the range 13 
to 21 and generally increases with depth from 20 to 30m and 
is reasonably constant below 30m. The liquid limit is in the 
range 22 to 48, also generally increasing with depth. A plot of 
plasticity index, Ip vs depth on Figure 4 shows that Ip is in the 
range 4 to 30. The average Ip generally increases from about 
10 to 20 from a depth of 20m to 30m and is approximately 
constant below this to the base of the stratum.  
 

 
Figure 2. Casagrande plasticity chart 

 

 
Figure 3. Plastic limit and liquid limit vs depth 

The natural moisture content, wn vs depth is plotted on 
Figure 5. The moisture content was typically in the range 17 
to 31%, generally increasing with depth from 15 to 30m and is 
approximately constant from 30m to the base of the stratum. 
Normally the moisture contents of a uniform stratum would be 
expected to reduce with depth due to the increase in effective 
stress. However this is not so for the Port Clay but it is 
consistent with the liquid limit and plasticity index variation, 
with higher plasticity clay found to be present at depth. 

Particle size distribution curves are presented on Figure 6. 
Almost 100% material from samples passed the *+,�m sieve. 

The composition of the Port Clay shows a significant silt size 
particle content and is in the range 50 to 80%.  

The bulk density was measured to be in the range 1.96 to 
2.27 Mg/m3. 

 
Figure 4. Plasticity Index vs depth 

 
Figure 5. Moisture content vs depth 

 
Figure 6. Particle size distribution   
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3 UNDRAINED�SHEAR�STRENGTH�

3.1 Testing�methods�

The undrained shear strength measured in unconsolidated 
undrained (UU) and consolidated undrained (CU) triaxial 
compression tests and interpreted from SPT and CPT field 
tests are presented. It should be noted that no single undrained 
shear strength, cu exists and the parameter is dependent on the 
mode of failure, strain rate, anisotropy and stress history. The 
cu value to be used in design therefore needs to consider the 
mode of failure expected. An additional factor to be 
considered is the effect of drilling/sampling disturbance. For 
the DPC the undrained shear strength determined from SPT’s 
and from unconsolidated undrained (UU) triaxial tests has 
been found to be adversely affected by sample disturbance 
giving unrepresentatively low values.  

3.2 UU�Triaxial�Tests�

The undrained shear strength measured in traditional UU 
triaxial tests are presented on Figure 7. Sampling was by 
U100 methods and from 102mm diameter triple barrel rotary 
coring. It can be seen that strengths as low as 40kPa were 
measured at depths of over 40m. This gives an undrained 
shear strength ratio cu/�'v that is less than 0.2 below 30m 
depth, which is lower than would be expected for a normally 
consolidated clay. The UU triaxial results are therefore 
considered to grossly underestimate the undrained shear 
strength, probably due to loss of suction pressures and 
softening during sampling. 
  

 
Figure 7. UU triaxial cu vs depth 

3.3 CU�Triaxial�Tests�
In order to overcome the loss in effective stress suffered by 
the soil during sampling, triaxial compression tests were 
carried out on specimens that were consolidated to their in situ 
stress condition. The undrained shear strength results of 
samples consolidated isotropically and anisotropically to 
different pressures are shown on Figure 8. The anisotropic 

tests were consolidated to give ratios of horizontal effective 
stress to vertical effective stress (K0) in the range 0.5 to 0.75. 
There is a considerable scatter in the results which is to be 
expected in samples consolidated to the different pressures.  

For a vertical effective stress range of approximately 200 
kPa to 400 kPa, which approximates in situ conditions, the 
CU triaxial tests give a lower bound undrained shear strength 
of 100 kPa. The average cu for the anisotropically 
consolidated tests is 180 kPa and is 230 kPa for the 
isotropically consolidated tests for the in situ stress range. 
 

 
 

Figure 8. CU triaxial cu vs vertical consolidation pressure 

3.4 SPT�
A plot of SPT N-values vs elevation are presented on Figure 
9. Values as low as NSPT = 7 were recorded, which using the 
relationship cu = 5 NSPT kPa from Stroud [3] gives a lower 
bound undrained shear strength of 35 kPa. The test results are 
considered to be affected by drilling disturbance due to high 
pore pressures in the silt and sand laminations.  

 
Figure 9. SPT N-values vs elevation 
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3.5 CPTu��
A typical profile of corrected cone resistance, qt and 
porewater pressure, u2 for the Port Clay is presented on Figure 
10. The presence of sand layers is indicated by the spikes in 
cone resistance and a corresponding reduction in excess pore 
pressure. The undrained shear strength can be obtained from 
CPTu’s in fine grained soil using the following equation: 
 
 su = (qt-�vo)/Nkt 

 

Where Nkt is an empirical cone factor and �vo is the total in 
situ vertical stress.  For a low plasticity fine grained soil with 
Ip = 20, Nkt is the range 13 to 18 from Aas et al. [4] for 
average undrained shear strength (i.e., the average of triaxial 
compression, triaxial extension and direct simple shear). 
Typical undrained shear strength profiles interpreted from 
individual CPTu tests at AQE and Ringsend are shown on 
Figure 10. These are based on Nk = 15 which is appropriate 
for comparison with average undrained shear strength. This 
gives cu to be typically in the range 100 to 160 kPa. The 
reduction in cu with depth below 34m that is evident on Figure 
11 for the Ringsend CPT is typical of the profiles for tests 
carried out at both Ringsend and AQE. 

The Nk factor for equivalent compressive undrained shear 
strength would be about 11 and this gives cu to be in the range 
135 to 220 kPa. This is noted to be similar to the strength 
range obtained for the anisotropically consolidated undrained 
triaxial tests of 100 to 265 kPa.  
 

 
Figure 10. Typical CPTu profile for DPC 

 
The ratio of undrained shear strength to vertical effective 
stress (cu/�'v) interpreted typical tests at AQE and Ringsend 
are presented on Figure 12. Typically cu/�'v is 0.3 to 0.6, 
reducing with depth. 
 

 
Figure 11. Undrained shear strength from CPT with Nkt = 15 

 

 
Figure 12. Undrained shear strength ratio cu/�}v vs depth from 

CPT  

4 �OVERCONSOLIDATION�RATIO�

Overconsolidation ratio (OCR) is typically defined as the ratio 
of maximum past effective consolidation stress and the 
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loading in oedometer tests. However due to sample 
disturbance it has not been possible to identify this for the 
DPC. Therefore an estimate of OCR has been made using 
CPTu profiles.  

The OCR can be interpreted from CPTu data using the 
following equation by Lunne et al. [5]: 
 

 OCR = 0.3(qt-�v0)/�'v0 (1) 

The calculated OCR vs depth for typical CPT probes carried 
out at AQE and Ringsend are plotted on Figure 13. This 
shows a trend of decreasing OCR with depth. Overall it is 
considered reasonable to assume that OCR is about 2 to 3 to a 
depth of 32m and is about 1.7 to 2.0 at lower depths.  
 

 
Figure 13. OCR (Lunne [5]) vs depth from CPT  

 
An alternative method for obtaining OCR, by Mayne [6] is 
given by the following equation and is plotted on Figure 14: 

 

 7�8 � �� 9 �
�:;<=>� ?@ABCDEFGH IJ�:KK

 (2)  
 
Where M is the slope of the critical state lines and is given by  

  L � � M NOP Q
�>NOP Q (3) 

 
This gives a higher OCR than Equation 1 and is about 6 at the 
top of the stratum reducing to 2 at the base.  

The OCR can also be estimated based on index properties 
and undrained shear strength. According to Ladd, et al. [7] 
OCR can be estimated using the normalised undrained shear 
strength from the equation: 

 
 7�8R:S � � T�UC VWXY �Z[ �UC VWXY �\[Y ] (4) 
 
Where (cu/�'v)NC is typically 0.22 for Ip = 20 and the 

average of triaxial compression, extension and direct simple 
shear. For (cu/�'v)OC of 0.3 to 0.6 this gives OCR = 1.5 to 3.5. 
This is consistent with the OCR obtained from Equation 1 and 
plotted on Figure 13.  

Relationships between cu/��v, OCR and Ip by Andresen et al 
[8] give cu/��v  = 0.4 to 0.7 for the OCR profile obtained from 
Equation 1 and 0.5 to 1.3 for the OCR profile obtained from 
Equation 2. Equation 1 therefore also gives a closer fit to the 
cu/��v  profile on Figure 12.  

It has therefore been concluded that for a depth range of 
about 20 to 40m the OCR of the DPC is considered to be in 
the range 1.7 to 3, reducing with depth.  
 

 
Figure 14. OCR (Mayne [6]) vs depth from CPT  

 

5 IN�SITU�HORIZONTAL�STRESS�RATIO,�K0�

The in situ horizontal stress can be estimated using the 
relationship between K0, OCR and Ip presented by Brooker 
and Ireland [9]. Taking the OCR profile given by Equation 1 
gives K0 = 0.6 to 0.75, reducing with depth.  

Kulhawy and Mayne [10] suggested the following 
relationship to estimate K0 from CPT measurements based on 
pressuremeter test results, although considerable scatter was 
reported so is considered by them to be only a guide: 
 
 R̂ � �:_ ?@ABEGHE`GH I  (5) 
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This gives K0 to be typically in the range 0.5 to 0.9, reducing 
with depth. This is generally consistent with the interpretation 
of K0 from the interpreted OCR range and the relationship by 
Brooker and Ireland [9]. 
 

 
 

Figure 15. K0 (Mayne [10]) vs depth from CPT  

 

6 CONCLUSIONS�

The Dublin Port Clay has been misinterpreted in the past as a 
normally consolidated post glacial clay due to its silt and sand 
laminations which make the stratum very susceptible to 
sample disturbance. This sample disturbance has also made it 
difficult to reliably identify a preconsolidation pressure from 
oedometer tests.  

The overconsolidation ratio has been interpreted from 
typical CPT profiles at two sites to be in the range 1.7 to 3, 
reducing with depth. This OCR range has been found to be 
consistent with undrained shear strength measured in 
consolidated undrained triaxial compression tests and also 
with values interpreted from the CPT’s, which typically 
classifies as stiff or very stiff in the range 100 to 200 kPa. The 
OCR is also found to be consistent with estimates for K0, 
which are considered to be typically range of 0.6 to 0.75, 
reducing with depth. 
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A novel triaxial testing procedure to model the action of lubricants in pipe 
jacking
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3� EXPERIMENTAL APPARATUS AND PROCEDURE 
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Interface shear testing in triaxial compression 
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Concrete test specimens 
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Pipe jacking lubricants 
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Interpretation of results and application of corrections 
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A systematic review of common correlations between unconfined compressive 
strength and point load index for Dublin Calp Limestone
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3� ROCK STRENGTH TESTS 

3.1 Uniaxial compressive strength test  
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3.2 Point load index test 
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4� TEST METHODOLOGY 
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3� MATERIAL PROPERTIES 
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Some geotechnical characteristics of a soft soil deposit along the Foyle Valley
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3.1 Index tests 
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3.2 Bulk density 
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3.3 Consolidation tests 
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3.4 Compression indices 
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4� YIELD STRESS 
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4.1 Laboratory methods 
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4.2 Field methods 
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5� UNDRAINED SHEAR STRENGTH 

5.1 Cone penetration tests 
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5.2 Piezoball methods 
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5.3 Unconsolidated Undrained triaxial results 
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5.4 Field vane results 
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2� NUMERICAL MODEL 

2.1 Model definition 
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Implications of geometrical variations on the pull-out capacity of plate anchors
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2.2 Coupled-Eulerian-Lagrangian approach 
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2.3 Soil condition 
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2.4 Plate anchor geometries 
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3� EFFECT OF SHAPE ON THE UPLIFT CAPACITY 
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Impact hammer testing on post-tensioned steel RHS sections; an investigation of the
“Compression Softening” effect
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2� LITERATURE REVIEW 

2.1 Frequency decreases with increasing pre-stress force 
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2.2 Frequency independent of pre-stress force magnitude 
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2.3 Frequency increases with increasing pre-stress force 
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3� METHODOLOGY 

3.1 Dynamic Impact Hammer testing 
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3.2 Signal Processing 
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3.3 Static 3 point bending tests 
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4� RESULTS 

4.1 Accelerometer Data 
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4.2 Static 3 point bending data 
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2.2 Methods of applying cable prestress 
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3� CALCULATI0N OF THE REQUIRED CABLE STRESSES 

3.1 Unit Load Method 
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3.2 Construction Stage Analysis 

2� �����$
 ��
 ���
 "�����
 ��
 ������������
 ����+
 ���

��� ����"����
���
"�"����
��
���
���*
���
 	���
���
�-����

����(�!��
 ��"���
 �����$
 ������������
 (����
 ��"�����$
 !���(

���
 ��"���
 ��
 ���
 �����
 �����)
E��
 ����
 ������+
 ����	���
"���
 !�

�������
 ���
 ���
 ����
 ��� 
 ��
 ���
 ������������
  ������)
 ���

����	���
 ����(�
 ���
 ���
 �����������
��
 ���
 ��������
 ��!��
 ���	

��������
���
�����"������
��
���
!���$�
���������
��
����
���$�

��
 ������������+
(����
 ���
 ����
!�
 ��" ����
(���
 ����(�!��

��"���)
 �����
 ���
 �(�
 "������
 ����
 ���
 !�
 ��� ���
 ���
 ����

����	����
 &
 !��*(���
 ����	���
 ���
 ���(���
 ����	���)
 �����

����	���
���
�����
�������
���
����$
�
 ������
���"���
����(���

 ��$��"
����
��
<I��)



:)�)�� ���*(���
������������
���	���

��
!��*(���
������������
����	���+
���
!���$�
������
��
���
�����

�����
 ���
 ����
 ��� 
 ��"�'��
 �
 ����������
 ���"���
 ��
 ��'����

�����
 ��
 ���
 ����
 ������������
 ��������)
 ���
 ����	���
 ������

(���
���
��������
���*
 ������
���
��!��
���	
��������
�  ����

���
 ���
 ����	
 �����������
 !���$�
 6:7)
 E��
 ����
 ����	���
 ��
 ��

����"��
 ����
 ���
 �$�
 �������
 �����"������
 ����
 ��
 ���� 
 ���

�����*�$�
 ��'�
 ��*��
  ����
 6,7)
 E��"
 �����
 ���
 !���$�
 ��

��������
 ��
 �$�
 �������
 �������+
 ���
 ������������
 �������

������$
 ��
 ����
 �  ����)
����$�
 ���"����
 ���
 ��"�'��
 ��
 ���

��'����
 �����
 ��
 ���
 ������
 ������������
 ��������+
 (����

����(�
 ���
 ��!��
 ��������
 ��������
 ���
 ����
 ���$�
 ��
 !�

����������
����$
�
"�����
����
��
���
I���
<���
%�����)
���

"�"����
���
�����������
��
���
���*
���
 	���
������
����
!�

����*��
��
����
���$�)
0���
���
����	���
��
��" ����
�
������

��
��������+
(����
*�� 
���
���*
���
 	���
 ������
���
������

(�����
����(�!��
��"���
���
����
��
���
������������
���$��
���

!���
�!������)


434



:)�)�� E��(���
������������
���	���

E��(���
 ������������
 ����	���
 ��
 ��"����
 ��
 ���
 !��*(���

������������
����	���
��
(���
 ��
���
 ������
���
(���
������

!�
 "��������)
 B�(�'��+
 ��
 ����
 ����	���
 ���
 !���$�
 ��

�����������
 ��
 ��� �
 ��
 ��
(����
!�
 ��
 ���
 ����
 ���������)
���

�������
 ��
 ���� 
 ���
 �����*�$�
 ������
 !�
 ��*��
 ����
 �������

�����$
 ���
 ������������
 ���$�
 ����	���
 6,7)
 1���
 ����	���
 ��

��" ����
 �
 ������
 ��
 ��!��
 ���	
 ��������
 (���
 !�
 �!������+

(����
(���
������	
���
��������
��"���
��
����������
���
��������

��
���*
���
 	���
�����$
����
���$�
��
������������)


�����
 ���
 �����'����$��
 ��
 !���
 ���"�
 ��
 ������������


����	���+
 (����
 ���
 ����
 ��
 �������������	
 �������)
 E��

�-�" ��+
 ��
 ���
 !�
 ���������
 ��
 ����"���
 ���
 �$�
 �������

�����"������
 ��������
 ��
 ���
 !�$�����$
 ��
 ���
 !��*(���

����	���)
 0���
 ����$
 ���
 ���(���
 ����	���
 "�����+
 ���

��������
 �����
  ������
 "�	
 ���
 !�
 �!������
 (������
 ���$�

����$��
 ��
 ���
 ��!��
 ������
 �����$
 ���
 �����
 ���$�
 ��

������������)
 E��
 �����
 �������
 !���
 "������
 ���
 �����

�������*��
 �����
 ���'��$����
 ��
 ���
 ��!��
 ��������
 ��
 ����

���$�
������
6,7)


4� LUSAS CABLE-STAYED BRIDGE MODELS 

4.1 Bridge template 
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4.2 Variable loadcases 
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5� DEVELOPING THE SPREADSHEET 

5.1 Advantages of a spreadsheet 
2��
 ��
 ���
 �� �����'�
 ������
 ��
 ���
 ������������
 ��������
 ��

�������	
 �
 �����!��
 ��������$
 ��������+
 �
 � ���������
 (��

���"��
 ��
 !�
 ��
 �  �� �����
 "�����
 ��
 �������*��$
 ���

������������)
 ��
 '����	
 ���
 � ���������@�
 �������
 �����$����

���
��'��� "���+
��
(��
�����������	
��" ����
(���
���
������

���"���
����	���
 �����"��
��
<I��)


435



5.2 Assumptions made 
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5.3 Factors to be considered 
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5.7 Calculation algorithm complications 
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6.2 Non-linear comparison 
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Xit computes the maximum tensile 
normal stress in the RHS and then applies this to the whole 
member cross sectionY
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Xbe 
capable of reaching the plastic moment (Mp) and maintaining 
the plastic moment for a suitable amount of plastic hinge 
rotation, to allow for redistribution of bending moments in a 
frameY
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4.2 Measuring devices 
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4.3 Material properties 
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5� FINITE ELEMENT ANALYSIS 
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5.1 Boundary conditions 
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5.4 Slidelines 
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6� PROPOSED DESIGN APPROACH 
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6.1 Design moment resistance Mj,Rd 
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6.2 Joint stiffness 
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6.3 Yield Lines 
���
��������
�������*��
�������
��
���
 ����
��
!�����$+
k5+

(����
��
$�'��
!	
��������
:)


:

�

>

3)�
m

tl
k peff� 
 
 
 
 9:;


(�����
 leff
a
���
��������
�������'�
���$��
���
��
����'�����
�&
���!
"����+

tp
a
���
 ����
����*����+

m
a
$��"�������
 ����
 �� ���	
9������
��
!���
��
����

��
����"�;)


F�������
���
�����"����$
���
	����
����
���$��+
 leff+
(��
��*��

���"
 #�:
 ���
 Joints in Steel Construction – Moment 
Connections 6A7)
 �����
 �����������
 ���$���
 (���
 ��" ����

(���
 	����
  �������
 ���"
 !���
 ��!������	
 ���
 ������
 ���"���

"�����)
E�$���
 ��
��������
 ���
 	����
 ������
 ���
 G����
 :)
���

��������
 �������'�
 ���$��
 ����������
 (��
 ����
 ����
 ��
 ���

������������)




E�$���
��)
/����
����
 ������
R
G����
:)


7� RESULTS 
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ABSTRACT:  The now superseded British Standards (BS) design code BS8110-1:1997 provided simplified rules for 
curtailment of reinforced concrete elements.  However, EN 1992-1-1 (EC2) does not provide any such rules and this has resulted 
in the simplified rules remaining applicable in most design practices as designers are reluctant to adopt the EC2 detailing rules 
because they are more complex when compared to BS.  This research focuses on the simplified rules as these are predominantly 
applied each day in design offices and investigates the validity of this approach.  The objectives were to compare the design 
codes used to produce RC drawings, namely BS 8110-1:1997 and I.S EN 1992-1-1 and demonstrate with worked examples the 
curtailment procedure in accordance with EC2 for solid slabs and beams.  
 
The analysis conducted consisted of producing worked examples for anchorage and lap lengths and comparing the design 
approach outlined in both codes.   Structural analysis models of continuous solid slab and beam elements were developed using 
proprietary analysis software.  Spreadsheet solutions for anchorage and lap lengths were developed using Microsoft Excel. 
Drawings and sketches were produced using AutoCAD to illustrate the curtailment process.   

 
Significant findings identify the bond condition and percentage of reinforcement at the lap location as significantly affecting 
anchorage lengths.  EC2 provides two design approaches for the curtailment process, namely the tensile force method and the 
shift rule method.  Both methods are explained within this research.  A comparison of curtailment methods from previous design 
codes confirms that the BS simplified curtailment rules remain relevant.  However, the anchorage and lap lengths produced in 
accordance with BS 8110 are not consistent with EC2.   

 

KEY WORDS: Reinforced Concrete; Reinforcement; Anchorage-length; Lap-length; Curtailment; Tensile Force Envelope; 
Shift Rule;  

1 INTRODUCTION�

The British Standards design code BS8110-1:1997 [1] 
contained a comprehensive set of simplified detailing and 
curtailment rules for reinforced concrete elements.  Tables and 
diagrams were produced making the detailing procedure a 
relatively quick and easy process.  However, BS8110 has now 
been replaced with I.S EN 1992-1-1 [2].  EC2 has revised the 
design process by introducing longer more complex equations 
for calculating reinforcement curtailment, anchorage and lap 
lengths.  This research aims to verify whether the BS 
approach complies with EC2. This research compares both 
BS8110-1:1997 and I.S EN 1992-1-1 and identifies 
similarities and differences.   

2 ANCHORAGE�LENGTHS�

Essentially the tensile force in a bar must be less than the 
concrete anchorage force, otherwise the anchorage fails.  Bars 
subjected to flexural (bending) forces must be anchored into 
the concrete [3].  EC2 has introduced three anchorage types.   
 
The Basic Anchorage length (lb,rqd) is the length of bar 
required to resist the maximum force in the reinforcement, 
assuming constant bond stress equal to the ultimate bond 
stress (fbd) [4].  This accounts for location of reinforcement 
and bar diameter.   

The Design Anchorage length (lbd) is the design length and is 
used to determine the curtailment length of reinforcement in 
concrete elements.  This accounts for bar shape and cover to 
reinforcement along with the effects of containment by any 
transverse reinforcement [5].   
 
The Minimum Design Anchorage length (lb,min) is also 
specified:   
 
For anchorages in tension it is the greatest of: 

• 0.3 times the basic anchorage length 
• 10 times the bar diameter 
• 100mm 

For anchorages in compression it is the greater of: 
• 0.6 times the basic anchorage length 
• 10 times the bar diameter 

 
The EC2 and BS anchorage lengths are shown in equations 1 
to 3. Equation 1 and 2 are similar but with two significant 
differences.  In the BS approach the design anchorage bond 
stress value (fb) is equated to the ultimate design anchorage 
bond stress (fbu) and the tensile stress in the bar is taken as the 
design yield value (i.e Characteristic yield strength (fy) 
divided by material partial safety factor (�m)).   
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However, in EC2 the ultimate bond stress (fbd) is dependent 
on whether good or poor bond conditions exist, and the bar 
size.  EC2 also recommends that the design tensile stress (�sd) 
of the bar at the start of the anchorage should be determined.  
The third equation applies several reduction coefficients to the 
basic anchorage length to determine the design anchorage 
length. 
 
BS 8110-1:1997 Design anchorage length:  

Length =   0.95. fy. Ø / (4.fbu)  (1) 
 
EC2 Basic anchorage length (lb,rqd):  

lb,rqd   =  (Ø/4) (�sd / fbd)  (2) 
 
EC2 Design anchorage length (lbd):  

lbd  = �1.�2.�3.�4.�5.lb,rqd     (3) 
 

Where the coefficients are: 
• Coefficient �1 - Shape of bars 
• Coefficient �2 - Cover to bars 
• Coefficient �3 - Transverse bars (not welded) 
• Coefficient �4 - Transverse bars (welded) 
• Coefficient �5 - Confinement by transverse pressure 
• Coefficient �6 - Percentage of lapped bars 

 
Design guidance on the coefficients is provided in Table 8 of 
EN 1992-1-1. 

3 LAP�LENGTHS�

Due to manufacturing restrictions and ease of handling, bars 
longer than 12m are not recommended for use on site.  
Consequently, reinforcement bars often need to be lapped.  At 
lap locations it is necessary to transfer the tensile or 
compression forces from one bar to the other, through the 
concrete so as to ensure no slippage of the reinforcement 
occurs [6].  The lapping of bars should be staggered and 
located away from areas of high stresses. 
 
Guidance on lap lengths and locations is provided in clauses 
3.12.8.9 to 3.12.8.15 of BS8110-1:1997.  The significance of 
reinforcement location within the concrete was addressed and 
subsequently critical locations were identified.  The solution 
was to increase the design lap length by a factor of 1.4 for 
reinforcement that was in the top of a concrete section [7] or 
in the corners where there is less confinement of the 
reinforcement [7].  Where laps occurred at both the top and 
corner of a member the design lap length was increased by a 
factor of 2.0.  The design lap length formula used in BS 8110-
1:1997 is given in equation 4:  

Length =   0.95. fy. Ø / (4.fbu)  (4) 
 
The EC2 design lap length procedure is similar to the 
anchorage length calculation in terms of using coefficients 
regarding bar shape, cover and confinement of transverse 

reinforcement.  However, the percentage of lapped bars (�6) 
in the section is now accounted for in equation 5. 
 
EC2 Design lap length (l0):  

       l0  = �1.�2.�3.�5.�6.lb,rqd            (5) 
 
EC2 considers lap lengths in terms of the following: 

• Main longitudinal reinforcement laps 
• Transverse reinforcement in the lap zone 

 
The arrangement of longitudinal bars needs to comply with 
Cl. 8.7.2 and figure 8.7 of EN 1992-1-1 as shown in Figure 1.   

 

 
Figure 1. Adjacent Laps – fig 8.7. 

 

The arrangement of transverse reinforcement in the lap zone 
needs to comply with clause 8.7.4 and figure 8.9 of EN 1992-
1-1 as shown in Figure 2 and Figure 3. 

 

Figure 2. EN 1992-1-1 - Fig 8.9 (a) 

 

Figure 3. EN 1992-1-1 - Fig 8.9 (b) 

 
 �
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4 CURTAILMENT�

Reinforcement in concrete is primarily provided to resist 
tensile and compression forces acting on the section. 
However, these forces reduce significantly away from areas of 
concentrated stresses. Therefore at some point along the span 
of the member the amount of reinforcement may be reduced.  
This reduction is termed reinforcement curtailment.  To 
determine the curtailment points, the theoretical point where 
the continuing bars provide sufficient tensile resistance must 
be identified.  Figure 4 demonstrates the curtailment 
procedure.  The diagram shows the end span of a continuous 
beam, the hatched area represents the resulting bending 
moment envelope from the applied loads.    

 
Figure 4. Typical beam curtailment diagram. 

 
BS provided simplified rules for the curtailment of 
reinforcement in beams and slabs.  The rules outlined in 
clauses 3.12.9 and 3.12.10 of BS8110 could be applied if 
certain loading arrangements and span lengths were achieved.   
 
Clause 3.12.9 states that except for end supports, in every 
flexural member each bar should extend beyond the point at 
which in theory it is no longer needed, for a distance at least 
equal to the greater of:  

• The effective depth of the member (d) 
• 12 times the bar diameter 
 

However in addition to the above, for a bar in the tension zone 
cl. 3.12.9.1 outlines other distances to consider: 
 
a) A tension anchorage length beyond the theoretically 

point where reinforcement is not needed. 
 

b) Distance to where the design shear capacity of the 
section is greater than twice the applied shear force.  

 
c) Distance to where the continuing bars provide twice the 

required area of reinforcement to resist the bending 
moment. 

Figure 5 shows a diagram of the curtailment process.  Firstly 
the theoretical termination points ‘x1’ and ‘x2’ are calculated 
by using the moment of resistance (MR) of the bars in the 
section.  Then the additional distance from that point is 
applied using option: a), b) or c).  Finally, the distances from 

either support to the curtailment points 1 and 2 (Cp1 and Cp2) 
are determined. 

 
Figure 5. BS8110-1:1997 Curtailment diagram. 

The use of these simplified rules meant that calculations 
identifying the exact curtailment points were unnecessary.  
Tension and compression anchorage and lap lengths were also 
simplified into tabular form and could be easily determined. 

EC2 does not provide any simplified rules for curtailment, 
section 9 of EC2 – Detailing of members and particular rules 
sets out guidance for beams, solid slabs, flat slabs, columns, 
walls and foundations.  This research focuses on beams and 
solid slabs.  Clause 9.2.1.3 of EC2 provides guidance on the 
curtailment procedure for tension reinforcement.  EC2 have 
introduced two new approaches for the curtailment process:  

1. Tensile Force Envelope; 
2. Shift Rule Method. 

 

4.1 Tensile�Force�Envelope�(TFE)�

Clause 9.2.1.3 (1) of EC2 states that sufficient reinforcement 
should be provided to resist the envelope of the acting tensile 
force.  This approach requires a tensile force envelope to be 
developed.  It accounts for loading combinations but also the 
additional force �Ftd resulting from concrete strut action.     
EC2 uses the variable strut inclination method for the design 
of shear reinforcement.  This method takes account of an 
additional tensile force being applied to the tension 
reinforcement due to the concrete acting as a compression 
strut at the angle ‘�’.  EC2 defines this additional force as 
‘�Ftd’.  The use of this variable strut inclination method may 
allow the designer to make savings on the amount of shear 
reinforcement provided in the section.  However, it is 
important to note that any initial savings in shear 
reinforcement may be negated by the necessity for additional 
anchorage and curtailment lengths.  Ultimately, the amount of 
shear reinforcement required in a section reduces as the angle 
of the concrete compression strut � decreases.  EC2 has set 
limits to the angle � of between 21.8° and 45° to ensure 
excessive crushing of the concrete does not occur. The 
designer must strike a balance between the two to achieve a 
practical solution.  For predominantly uniform loading the 
angle of 21.8° can be assumed for the compression strut angle 
� [8]. 
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The diagram shown in Figure 6 illustrates the tensile force 
method as outlined in EC2. 

 
Figure 6. Illustration of the curtailment of longitudinal 

reinforcement (Concise Eurocode 2 – Figure 12.1) 

 
In order to generate a tensile force envelope, equations 6, 7 
and 8 are necessary.   
 
Tensile force envelope = (MEd/z + NEd)       (6) 
 
Acting tensile force (Fs)  = (MEd/z + NEd) + �Ftd      (7) 
 
Resisting tensile force (FRs) = As provided (fyk/�s)         (8)  
 
where:  

 
MEd  =  Ultimate Limit State design moment, 
z  =  Lever arm (take as 0.9d), 
NEd  =  Axial loading, 
VEd  =  Ultimate limit State design Shear force, 
�Ftd  =  Additional tensile force due to strut action, 
As,provided =  Area of reinforcement provided in section, 
fyk     =  Steel reinforcement characteristic strength, 
�s   =  Partial safety factor for reinforcement, 
a1  =  For solid slabs:  al = d , 
      For beams:     al  = z (cot � - cot �)/2,   
lbd  =  Design anchorage length. 

 
The procedure to generate the TFE is as follows: 

 
1. Produce bending moment and shear force envelopes. 
2. Create spreadsheet and input bending moment and shear 

force values at equal intervals along the span.  
3. Generate tensile force envelope using equation 6.  
4. Calculate the additional tensile force (�Ftd) values using 

the following expression:  (0.5 x VEd (cot� - cot�)). 
5. Generate acting tensile force (Fs) using equation 7.   
6. Plot acting tensile force envelope to scale on a graph. 
7. Calculate resisting tensile force (FRs) using equation 8. 
8. Plot resisting tensile force values on the graph. 
9. The curtailment points occur at the intersection of (FS) 

and (FRs) plotted lines. 

Figure 7 demonstrates the curtailment process executed on the 
end span of a continuous beam.  The light shaded area 
represents the bending moment envelope.  The darker shaded 
area is the tensile force envelope.  The black curved line is the 
acting tensile force envelope and the horizontal lines indicate 
the resisting tensile force provided by the reinforcement. 

 

 
Figure 7. Typical TFE for end span of continuous beam 

4.2 Shift�Rule�Method�

EC2 provides an alternative option to producing a tensile 
force envelope for structural elements as outlined in clause 
9.2.1.3 (2) which is known as the “Shift Rule”.  
a) For members that require shear reinforcement, the 

additional tensile force �Ftd should be calculated in 
accordance with clause 6.2.3 (7); 

b) For members that do not require shear reinforcement, the 
additional tensile force �Ftd may be estimated by 
shifting the bending moment curve a  distance al = d in 
accordance with 6.2.2 (5) using the shift rule; 

c) The shift rule may also be used as an alternative for 
members that require shear reinforcement where the 
additional tensile force �Ftd may be estimated by 
shifting the bending moment curve envelope a distance 
al = z (cot � - cot �)/2; 

This shift rule can be used to estimate the additional tensile 
force applied to the reinforcement.  The distance the moment 
curve is to be shifted is different for beams and slab members.   

• Slabs:  al  = effective depth of the member (d) 
• Beams:  al  = z (cot � - cot �)/2 

In the case of beams with predominantly uniform loading, the 
formula above may be simplified to 1.125d, where‘d’ is the 
effective depth of the beam.  However, this simplification 
assumes that vertical links are used and that the concrete strut 
angle ‘�’ is 21.8°.  The Institution of Structural Engineers 
(IStructE) also provides guidance on the shift rule method, 
which states that the Designer should specify the curtailment 
length (lbd) + al [9].   
 
The procedure to execute the shift rule method is as follows: 
 
Step 1: Produce a bending moment envelope and calculate 
the theoretical termination points of the reinforcement as 
shown in Figure 8. The distance the bars should extend 
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beyond the termination points should be confirmed with the 
Designer (depending on approach; EC2 or IStructE).   

 

 
Figure 8. Step 1 (theoretical termination points) 

Step 2: Shift the moment curve horizontally to the left and 
right a distance ‘al’ as indicated in Figure 9.  The value of ‘al’ 
should be calculated in accordance with Cl. 9.2.1.3 (2) of 
EC2, ensuring that the value of the ULS maximum design 
moment (MEd,max) is not exceeded [2].  
 

 

Figure 9. Step 2 (Shift moment curve a distance al) 

Step 3:  Calculate the distances from either the face of 
support or centre line of support to curtailment points (Cp) 
Cp1 & Cp2 as illustrated in Figure 10. 

 
Figure 10. Step 3 (Determine distance from supports) 

5 SPREAD�SHEET�SOLUTIONS�

In the new design process there are six coefficients that 
require separate value inputs.  The inclusion of these 
coefficients has made producing a tabulated system more 
complex.  Therefore the use of a software solution is a far 
more effective tool.  Decisions on coefficient inputs may be 
changed at ease with instant results, allowing the design to be 
optimised.  Microsoft Excel was utilised to prepare the 
solutions for both anchorage and lap lengths.  Figure 11 is an 
image taken from the spreadsheet.  The spreadsheet was 
developed based on the formulae in sections 8 and 9 of 
Eurocode 2. The analytical explanations of the relevant values 
were taken from Table 3.1 of EC2.   

Figure 11. Spread sheet  

6 WORKED�EXAMPLE�

As part of the research, worked examples were produced in 
accordance with EC2 to demonstrate the curtailment 
procedure for a continuous one way spanning solid slab and a 
continuous beam respectively.  The shift rule method was 
used to determine the curtailment over the more complex 
tensile force method.   The spans and loading arrangement for 
the slab and beam selected comply with the rules outlined in 
Cl. 12.8.9 and Cl. 3.12.8.15 of BS8110-1:1997.  The structural 
analysis of the beam and slab was carried out using Staad-Pro 
which is proprietary software used for structural analysis and 
design.  A series of loading combinations was applied to the 
structural members in accordance with I.S. EN 1991-1-1.  The 
connections between beam and column were designed as 
simply supported.  No account for the redistribution of 
moments was included in the analysis.  The geometric 
properties are given in Table 1. 

 

Table 1. Slab & Beam details 

Element Span  
(m) 

Dimensions  
(m) 

UDL  
(kN/m2) 

Slab 5.0 0.2h x 1.0w 14.93 
Beam 6.0 0.65h x 0.25w  79.69 
 

Several critical locations were identified and formed the focus 
of the comparison exercise; the areas selected are as follows: 

• Anchorage of bottom bars at end supports, 
• Lap length of bottom bars at end supports, 
• Lap length of bottom bars at 1st interior support, 
• Curtailment of bottom bars at end support, 
• Curtailment of bottom bars at 1st interior support, 
• Curtailment of top bars at 1st interior support, 

The comparison results are listed in Tables 2 to 7. 
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Table 2. Anchorage of bottom bars at end support – measured 
from the face of support 

Element                     BS8110 (mm) EC2 (mm) 
Slab (12Ø+support width/2)  245 108 
Beam (12Ø+support width/2)  317 404 

 

Table 3.  Lap of bottom bars at end support 

Element  BS8110 (mm) EC2 (mm) 
Slab        400 200 
Beam        608 240 

 

Table 4. Lap of bottom bars at 1st interior support 

Element         BS8110 (mm) EC2 (mm) 
Slab N/A N/A 
Beam  (38Ø)  608 780 

 

Table 5. Curtailment of bottom bars at end support 

Element       BS8110 (mm) EC2 (mm) 
Slab 100% rebar (0.1L)   500 456 
Beam 100% rebar (0.1L)   600 492 

 

Table 6. Curtailment of bottom bars at 1st interior support 

Element        BS8110 (mm) EC2 (mm) 
Slab 100% rebar   (0.2L)  1000 1203 
Beam 100% rebar (0.15L)    900 1396 

 

Table 7. Curtailment of top bars at 1st interior support 

Element       BS8110 (mm) EC2 (mm) 
Slab 100% rebar (0.15L)   750 652 
Slab  50% rebar   (0.3L)  1500 1250 
Beam 100% rebar (0.15L)   900 745 
Beam   60% rebar (0.25L)  1500 1680 

7 DISCUSSION�

7.1 Anchorage�Lengths�

Table 8 outlines the key differences between each design 
approach.  Notably it is the design stress in the bars and the 
bond conditions that are significantly different. 

Table 8. Design approach key differences. 

Design considerations BS EC2 
Bond between reinforcement & concrete Yes Yes 
Contact Area Yes Yes 
Location of reinforcement in concrete No Yes 
Steel characteristic yield strength (N/mm2) 460 500 
Partial safety factors (�m and �s) 1.05 1.15 
Design yield strength (MPa) 438 435 
Design stress at anchorage location (�sd) 438 *T.B.C 
Anchorage length measured from Support 

centreline 
Face of 
support 

*T.B.C – To be calculated at start of anchorage point. 

7.2 Lap�lengths�

Both design codes consider the location of reinforcement 
within the member when calculating lap lengths.  However, 
the lap length calculation in EC2 also incorporates the 
percentage of reinforcement at the lap location.  This is the 
only significant difference between both design codes.  If lap 
locations could be staggered then small savings on materials 
could be achieved, but this is not always practical with short 
span members.   

7.3 Curtailment�

In the curtailment process both design codes provide 
comparable levels of information.  Nonetheless, there are 
some notable exceptions. EC2 has addressed the issue of 
partial fixity of simply supported members and recommends 
providing 25% of the mid-span reinforcement in the top of the 
section.  For bottom reinforcement at end supports, EC2 states 
that 25% of mid-span reinforcement should be provided. 
However, in the beam worked example it was revealed that 
50% of the mid span reinforcement was necessary at end 
supports due the stresses in the 25% initially provided 
exceeding the allowable design yield strength of 435 MPa.  It 
is interesting to note that this 50% is in line with the British 
Standards approach.   

8 CONCLUSION�

It is evident from the research undertaken that neither design 
code BS8110 or EC2 provide a comprehensive guide to 
detailing reinforcement.  What is clear is that engineering 
judgment and good communication between RC Detailer and 
Designer must be exercised to ensure decisions made by the 
Designer are understood and applied to reinforcement 
drawings. The IStructE provides additional guidance on 
detailing best practice but their approach would appear to be 
conservative.  The curtailment lengths calculated during this 
research to BS8110-1:1997, although somewhat conservative, 
do comply with EC2.  However, the anchorage and lap 
lengths produced are not consistent with EC2. The results 
obtained show the calculated lengths well in excess or below 
the equivalent EC2 design lengths. 
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ABSTRACT: The application of impermeable floor coverings on concrete floor slabs when the surface achieves a relative 
humidity of 75% is not necessarily ‘safe’ as it does not consider the effect of accelerated drying which can result in significant 
residual moisture remaining through the slab at the time of covering. Accelerated drying can result in long term problems such 
as blistering of vinyls and rising of tiles due to excessive moisture and vapour pressure build-up underneath. This paper presents 
the findings after an impermeable floor covering was laid on a number of concrete slabs on which accelerated drying was 
employed. The results from subsequent moisture and vapour pressure measurements show that they do not cause direct failure of 
the covering. Indeed, after a series of pull-off tests carried out on the covering adhered to concrete specimens, the vinyl could 
not be removed. It is therefore concluded that the types of problems such as delamination and blistering, are caused by more 
than the build up of moisture and pressure but by the effects of glue solubility, poor workmanship, and salts (efflorescence etc) 
in the moisture. 
 
KEY WORDS: Concrete floors; vinyl; adhesion; pull-off; vapour pressure 

 

 

� ������	
�����
Previous work in this area by the authors [1-4] has shown 

that when the concrete surface achieves a relative humidity 
(rh) of 75%, a residue of moisture exists through the depth of 
the slab, particularly so when accelerated drying is employed. 
BS 8203 [5] assumes that 75% rh is a safe value at which to 
apply floor coverings. However, this does not consider the 
effect of residual moisture through the slab at the time of 
covering and the long term problems that can occur. This 
residue of moisture is principally a function of the slab depth, 
w/c ratio and the drying environment and slowly equilibrates 
through the slab depth after the application of an impermeable 
covering. To investigate the effect of residual moisture on 
concrete floor coverings, rh and vapour pressure 
measurements were taken before and after application. The 
results demonstrate how moisture redistribution and vapour 
pressure build up under the impermeable covering following 
artificial drying with heaters and dehumidifiers. 

 
Moisture migration in concrete floors plays an important 

role in the timely construction and finishing of buildings 
including warehouses, sports halls and other leisure facilities. 
In the UK, more than 6 million square metres of floors are 
constructed each year [6]. 

 
It is commonly believed that the build-up of vapour 

pressures and moistures are the main, even sole, cause of 
long-term problems to impermeable floor coverings such as 
delamination and blistering. Pull-off tests carried out on a 
number of concrete specimens with impermeable coverings 

will show that they, on their own, are not responsible for the 
problems mentioned above, at least not in the short term. It is 
concluded that they may also be due to glue solubility and 
moisture salts which combine to affect its ability to adhere the 
covering to the concrete. 

 
This offers a real insight into the effect of premature laying 

of impervious coverings on concrete floors and how moisture 
builds up and ultimately leads to long-term problems.  
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The effect of on-going moisture migration following sealing 

of concrete floors and the long-term moisture and vapour 
pressure build-up is the cause of significant costs and 
inconvenience for clients and users. However, these issues 
may also occur as a result of poor laying practices, such as 
laying the covering on a dusty floor surface and with trapped 
air bubbles between the floor and the covering. Even if the 
dust and air bubbles are removed, problems such as 
inadequate glues, poor glue application and coverage and 
general poor workmanship can also lead to long-term issues. 

 
When the covering was applied to the slabs for the tests 

here, it was firmly pressed down onto the concrete to ensure 
that no air pockets could develop between the covering and 
the concrete. If air bubbles are created at the time of covering, 
they may lead to future problems, as a single bubble can be 
spread by users walking on the covering and a larger area can 
be affected [7]. This causes the air bubble to spread and 
enlarge as it attaches to other nearby bubbles since air is 
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assumed incompressible in this situation. The existence of 
such bubbles can have further implications other than simply 
spreading over the surface. Since a void now exists between 
the concrete and the surface, evaporation from the surface will 
continue and moisture will accumulate within it over time, 
particularly if a large residue of moisture exists deep in the 
concrete at the time of covering. It has been shown [8] that 
conditions like these can cause the trapped moisture to squirt a 
meter into the air when burst and some floor manufacturers 
require that a heavy roller be passed over the covering a 
number of times to reduce this risk of multiple trapped air 
bubbles. 
 

� �����������������������

 �������	��
�����3.1

 
Concrete was manufactured with two w/c ratios (0.5 and 

0.6) and a fixed water content of 195kg/m3. The w/c ratios 
used were chosen as they represent the more typical range 
used in floor construction. Following a number of trial mixes, 
the final proportions were determined so that an average 
slump of 75mm was achieved. The mix proportions are 
summarised in Table 1. 
 

Table 1. Mix proportions 

Slab 
No. 

w/c 
ratio 

Mass of Ingredients (kg/m3) 
Water CEM 

I 
FA CA 

10mm 20mm 
1 0.5 195 390 706 353 706 
2 0.6 195 325 787 348 695 

 
FA – Fine aggregate; CA – Course Aggregate 
 

 �
������3.2

The cement type was CEM I grade 42.5 supplied by Irish 
Cement. The fine aggregate used was medium graded sand 
and the coarse aggregate (10 and 20mm) was pre-washed 
limestone with a maximum size of 20 mm. Before mixing, the 
water content of the sand was assessed using a Speedy 
moisture content apparatus and the free-water content added 
to the concrete was adjusted accordingly. 

 

 ���	�
���������	����3.3

The concrete was manufactured using a pan mixer. Three 
slabs (700x700x150mm) and 12 concrete cubes 
(150x150x150mm) were manufactured. After mixing, the 
concrete was poured, in 50mm thick layers, into the timber 
moulds which had a release agent applied to ease de-moulding 
the following day. The concrete was vibrated on a vibrating 
table until no more air bubbles were visible on the surface. 
Curing of the concrete was provided by surrounding with with 
damp hessian and placing under polythene for 24 hours to trap 
moisture evaporating from the surface. 

 
Each slab was drilled to depths of 15, 40, 65, 90, 115 and 

135mm using a 15mm drill bit so that the rh at the depths 
could be monitored over time. Plastic tubes (Figure 1) were 

inserted into these holes and, with the arrangement of the 
rubber bung, an average rh reading was recorded 
approximately 5mm above the base. The four sides and base 
of the concrete slabs were then sealed with an impermeable 
epoxy paint to ensure drying took place in one direction only, 
namely upwards. Each face had three coats applied. Figure 
2(a) shows a prepared slab prior to drying. 

 
The slabs were transferred to a sealed control room to dry 

artificially where the average ambient temperature and 
humidity were 39.50C and 15.5% respectively. When the slabs 
reached a rh of 75% on the surface, they were covered with an 
impermeable floor covering (Figure 2(b)). 

 
The covering, a standard floor vinyl with a sponge back, 

was applied using evo-stick super acrylic adhesive glue. 
Before application, the surface was gently ‘smoothed’ using a 
wire brush to remove all bumps with the resulting dust 
removed using a hand-brush and a heavy-duty industrial 
hoover. In addition, the heater and dehumidifier in the control 
room were turned off for 48 hours before the covering was 
applied and the door of the control room was left open to 
allow the heat to escape, as the manufacturer required that the 
vinyl was applied in normal conditions. The vinyl was cut into 
square pieces (720x720mm) and left for 24 hours to become 
acclimatised to the environment in which they would be kept. 

 
The glue was applied with a V-notched trowel with serrated 

edges at 15mm intervals at an angle of 600 in accordance with 
the glue manufacturer’s recommendations. When the glue 
became ‘tacky’ to touch, the covering was applied by laying it 
over the central area of the slab, removing it for a few 
moments and then re-laying it using direct pressure ensuring 
the covering was adhered evenly to the concrete surface. The 
holes for the humidity tubes, pressure gauge and lifting eyes 
were carefully cut out using a Stanley knife. Any cuttings 
made on the covering were sealed using silicone to ensure that 
the concrete surface was totally impervious to moisture loss 
and vapour pressure build up. The extra 10mm on all four 
sides was removed. Figure 2(b) shows a typical covered slab. 

 
After the slabs were covered, the vapour pressure just under 

the covering at the centre of the slab, was monitored as shown 
in Figure 3. The vapour pressure was measured using PDCR 
81 pore pressure gauges which are regularly used in soil 
mechanics. These probes are capable of measuring small 
changes in pressure and consist of a ceramic filter suitable for 
rugged construction. The standard specification for the gauge 
ranges from 1-35 bar (100-3500 kPa) and must be used in an 
airtight environment. 

 
A rubber bung was used to cap the plastic tubes. The pressure 
gauge was inserted into the rubber bung and placed into a pre-
drilled hole in the centre of the slab to a depth of 15mm. The 
pressure is measured as a function of the difference in voltage 
between the input and output. 

 
As part of the vapour pressure measurement a Datascan 700 

apparatus was used to record the voltage output. The Datascan 
apparatus is a series of intelligent measurement and data  
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Figure 1. Plastic tube used to measure the rh in the slabs 

 
 

 
 
 
 
 
 
 
 
 

 

(a) (b) 
 

Figure 2. Prepared concrete specimens 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Set-up used to measure pressure under the covering 

collection units developed for the industrial and scientific 
sectors [9]. 

Data measurement is made through measurement processor 
modules that contain an A/D converter microprocessor with a 
battery backup and power supply, along with a RS232 link 
capability to a host computer. The measurement processor 
used here is version 7221 that provides eight analogue inputs 
including channel excitation, as shown in Figure 4. A typical 
Datascan installation is shown in Figure 5 with the complete 
set-up in Figure 6. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. 7221 Measurement Processor 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Typical Datascan installation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Complete vapour measurement set-up. 
 

The 150mm concrete cubes were also allowed to dry in the 
artificial environment and sealed at the same time as the 
concrete slabs. The impermeable covering was applied to the 
top of the cube in an identical manner as to the slabs. These 
cubes were to be used to pull the vinyl off the concrete to 
assess the pull-off strength of the vinyl, as shown in Figure 7. 
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(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Figure 7. (a) Tensile testing apparatus and (b) schematic of the 
test set-up 
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�
Figures 8-9 show the rh profiles in the two slabs previously 
dried in the control room after the impermeable covering was 
applied. As may be seen, the initial rh profiles with depth are 
non-linear which is due to the more onerous drying regime in 
which they were dried. The measured rh at 60mm, or 40% of 
the slab depth gives a good estimate of the long-term 
equilibrated rh. For example, in Figure 8(a), the measured rh 
at 60mm on sealing is approximately 81.5% at 251-days. In 
Figure 9(a), the measured rh initially at 60mm is 81% and at 
240-days, the point of equilibrium, is 82%. The results give 
credence to the ASTM proposals to measure the rh at 40% of 
the depth for single face drying [10]. 
 

 �	������������������
����4.2

�
Figure 10 shows the increase in vapour pressure underneath 

the covering for the two slabs. It is clear that slab 2 (w/c = 
0.6) has a greater vapour pressure than slab 1 (w/c = 0.5) on  

 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Figure 8. Experimental results for slab 1 showing the rh 
profiles (a) through the depth and (b) over time. 

 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Figure 9. Experimental results for slab 2 showing the rh 
profiles through the depth (a) and over time (b). 

 
average, approximately 250Pa over the 210-days. This is 
hardly surprising since slab 2 had a greater residue of 
moisture remaining in it at the time of covering. 
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Figure 10. Experimental measurement of the vapour pressure 
increase in the slabs. 

 
The importance of these tests is that along with an 

increasing build-up of moisture under the covering (see 
Figures 8-9), there would be a corresponding increase in 
vapour pressure and the combination of the two is partially 
responsible for the floor covering damage and problems 
mentioned above. This is particularly true for those slabs 
artificially dried where the vapour pressure is much higher 
than would be naturally. However, it is unlikely that, alone, 
the pressures here are likely to cause the problems reported 
earlier. 
 

The maximum pressure recorded is approximately 
10,500Pa, or 0.01MPa, which appears to be a small pressure 
in practical terms and corresponds to a vertical force applied 
under the covering, for the 700x700mm surface area, of 
5.15kN. However, this force was not enough, in this instance 
to lift the vinyl as no damage was observed in the control 
room specimens. 
 

It would be more likely in this instance that if damage did 
occur, it would be the combination of poor workmanship, 
poor glue strength or air bubbles being present at the time of 
covering and the effect of moisture build-up that would be the 
likely cause of any damage. Also, the possibility of salts in the 
migrating moisture reacting with the glue may also contribute 
to potential damage. 
 

 ���������
��
��4.3

�
In order to assess what force is required to physically lift the 

covering, a number of pull-off tests were undertaken. This 
involved casting 12No. 150x150x150mm concrete cubes with 
w/c ratios of 0.5 and 0.6 (to match those above) and 
measuring the force required to pull off a 100x100mm piece 
of vinyl directly (see Figure 7) using a Denison tensile testing 
machine. The covering was applied in the same manner as it 
was to the concrete slabs. The mixes were designed with the 
same slump and compressive strength as before and were 
made in an identical manner as the slabs used for the drying 
experiments. After mixing, they were compacted in the 
moulds in two layers and cured for 3-days in a water-bath 
with an average water temperature of 200±20. After curing, the 
cubes were air dried for the requisite number of days 

and then covered with the vinyl on one face as directed by the 
supplier. 

 
The pull-off tests were conducted at 3, 28 and 56-days with 

the covering being applied 1-day prior to each test to 
investigate the effect the drying had on the pull-off loads 
required to remove the vinyl. The results from the tests are 
shown in Table 2 and Figure 11. As shown, the cubes with a 
w/c ratio of 0.5 have a greater pull-off force required as there 
is more cement than in those cubes with a w/c ratio of 0.6. 
Also, over time, the pull-off force increases for both w/c ratios 
as the cubes dry more and the glue adheres better to the drier 
concrete. The average tensile stresses exerted to remove the 
vinyl in Table 2 are 0.234MPa, 0.244MPa and 0.252MPa for 
the tests at 3, 28 and 56-days respectively. Comparing these to 
the measured vapour pressures in Figure 10 (0.01MPa), it is 
clear that they were not high enough to cause the vinyl to 
blister or rise from the concrete. 

 
The results above show that sealing concrete when a 

significant amount of residual moisture exists deep in the 
concrete leads to a build-up of vapour pressures and moisture 
underneath over time. However, these problems alone are not 
responsible for delamination and blistering which are so 
common. Therefore, it is proposed here that the influence of 
the vapour pressures and moisture accumulation (including 
efflorescing salts) under the covering can cause solubility of 
the glue. This is an area which requires further research. 
 

Table 2. Pull-off results 

Age 
(days) 

Cube No. w/c 
ratio 

Pull-off 
force (kN) 

Tensile 
stress (MPa) 

3 

1 0.5 5.26 0.234 
2 0.5 5.34 0.237 
3 0.6 5.20 0.231 
4 0.6 5.24 0.233 

Age 
(days) 

Cube No. w/c 
ratio 

Pull-off 
force (kN) 

Tensile 
stress (MPa) 

28 

5 0.5 6.00 0.267 
6 0.5 6.19 0.275 
7 0.6 5.40 0.240 
8 0.6 5.58 0.248 

Age 
(days) 

Cube No. w/c 
ratio 

Pull-off 
force (kN) 

Tensile 
stress (MPa) 

56 

9 0.5 6.35 0.282 
10 0.5 6.30 0.280 
11 0.6 5.90 0.262 
12 0.6 5.92 0.263 

 
 

�
Figure 11. Pull-off test results 
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The above demonstrates that the vapour pressure alone is 

unlikely to cause delamination. However, in conjunction with 
the moisture resulting in a reduction in the glue’s ability to 
adhere the covering to the concrete, the likelihood of long-
term problems to the covering will be increased. As instances 
of covering failures are common with significant costs 
associated, it is proposed that further research be conducted. 
This should in the form of assessing the effect of efflorescing 
salts over time on the adhesive bond between the concrete and 
covering. XRD analysis could be used to monitor the creation 
of efflorescing salts over a similar time frame as shown here 
(> 250 days). 
 

� 
��
�	������
 

The results show that monitoring the moisture condition at 
the surface only is inadequate as damage to floor coverings is 
due to moisture and vapour pressure build-up as a result of 
residual moisture deep in the concrete at the time of covering. 
Surface moisture measurement offers little insight into the 
moisture condition deep in the slab.  
 

While the internal moisture and vapour pressures under the 
covering are unlikely to cause delaminations, it is proposed 
that further research be carried out to monitor the effect that 
glue solubility and efflorescing salts have on the bond 
between it and the concrete. 

 
The authors [1-4] have shown that forced drying leads to 

significantly larger residues of moisture deep in the concrete 
while the surface of the slab appears quite ‘dry’ on sealing. 
Only by measuring the rh at various depths in the concrete (or 
at least at 40% of the depth as suggested by the data presented 
here and as recently adopted by ASTM) at suitable intervals 
will one observe the actual moisture profile in the concrete 
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Combined chloride and carbon dioxide ingression in concrete exposed to cyclic 
wetting and drying
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1.2 Carbonation 
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1.3 Interaction of chloride ingression and carbonation 
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2� EXPERIMENTAL PROCEDURE 

2.1 Specimen preparation 
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2.2 Curing and preparation 
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2.3 Exposure regime 
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2.4 Testing 
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3� PRESENTATION OF TEST RESULTS 

3.1 Chloride and pH profiles 
���
��
"����
����
����!��
��������
 �������
���
5�+
5E
���

FF��
 �- ����
 ��
 ��������
 ���	
 ���
 ��������
 ���
 ���!��

���-���
���
���(�
��
E�$���
>
&
E�$���
=
��
�����
!���
���
!���*

�����
��� ����'��	
�����
(���
���
��
"����
��������
���
���!��

���-���
 B
���(�
��
�
������
!���*
����)
�����$�
���
��� ��

��
 ���
  �������
 �����+
 ���
 $������
 �����
 ��
 �
 ��$�
 �������

�������������+
 �����(��
 !	
 �
 �� +
 (���
 ��
 ��������
 ��
 �

"�-�"�"
�������������+
��
��������$
�� ���
�� �����$
��
���

"�-��
 ���
 ���������$
 �� ���
 (���
 ���������$
 �- �����

���������K
 !�����
 �
 �����
 $������
 ��������
 ��(����
 O���
 ��

 ������
��
���
"�-��)
����
 ������
��
��
(����
!�
�- �����
���"

���
�-������
 �����$
������)

���
��������
���
���!��
���-���
 �������
���
�-��!��
�
$������

��� 
��
�������������
!��(���
�&�>
""
(����
���������
(���

���
��������
��
 B
��'��
��
�����
�� ���)


70

75

80

85

90

95

100

0 2 4 6 8 10 12 14 16 18 20

Re
la

tiv
e 

Hu
m

id
ity

 (%
)

Time (Days)

PC 10mm PFA 10mm

GGBS 10mm CO2 max

��!��
�)
%�-
����$�
����
��
�- ���"����
��
	����
�":
��
��������
9"���
��
*$;


�"8� ������
 5�
 5E
 FF��
 ������
$$��$���

9"�-
��"";


E���
$$��$���

9"�-
�"";


0����
9�-��)

��2�
(����;


B�� ���M
5�
 :=�
 &
 &
 ��:>
 4�=
 �A>


B(+� :�M
5E
 �>:
 ��A
 &
 ���4
 4�:
 �A�


..C'� >�M
FF��
 �A,
 &
 �A,
 ��:�
 4�>
 �A>




459



4� DISCUSSION 

4.1 Chloride profiles 
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2.1 Test Series 1 – Analysis of Concrete Dust Samples from 
Brow Head Quarry 
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Analysis of Test Series 1 Results 
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2.2 Test Series 2 – Analysis of Concrete Dust Samples from 
Exposed Concrete on the Mizen Bridge Foundation 
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Analysis of Test Series 2 Results 
��"����
 ��
 ���
 ����������
 ��������
 !���$�
 "�"!���+
 ���

��������
  �������
 ��
 ���
 ����������
 ���
 ������"
 (���
 �� ��)


���
 ��������
  ������
 ���
 ��" ��
 �
 ���(�
 �
 ��������
 ��

���������
�����
��
���
�-������
�������)

����
"�	
!�
�����!����

��
 ��������
 �������$
 ���
 ��
 ���
  �������
 ��
 ��$�
 ��'���
 ��

!��*$�����
 ���������)
 
 $���
 ���
 ��$�
 ��������
 ��'���
 ���

��" ���!��
 (���
 �����
 ����
 (���
 �����
 ��
 ���
 ����������

��������
 !���$�
 "�"!���
 (���
 ��
 �'���$�
 ��
 �):�M
 ���

�)3>M
��������
�������
���
��" ���
�
���
�
��� ����'��	)

��
��

����
�����
 ����
 ���
�'���$�
��������
 ��'���
(���
"���
��$���

����
�����
��������
��
���(
B���
S����	)




2.3 Test Series 3 – Recreation of Mizen Bridge 1908 
Concrete Mix 
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square inch (aperture of 334 μm) shall not exceed 3 per cent. 
Residue on sieve 180 x 180 = 32,400 meshes per square inch 
(aperture of 141 μm) shall not exceed 10 per cent 6�:7)
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XSea sand, if used should be free
from salt, or concrete will effloresce. In marine reinforced 
concrete construction, this objection does not apply and sea 
sand is almost invariably used” 6�37)
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Sources of Concrete Constituents

Water Fine Aggregate Coarse 
Aggregate Cement

Typical Mix Design per m³ of Concrete
254 kg 545 kg 1098 kg 423 kg

1 ���

(����


I�(�����

�����	��'�
����
 <�"������
 �#%
�


2 ���

(����


0�����

�����	��'�
����
 <�"������
 �#%
�


3 5���!��

(����


I�(�����

�����	��'�
����
 <�"������
 �#%
�


4 5���!��

(����


0�����

�����	��'�
����
 <�"������
 �#%
�


5 5���!��

(����


��""������

����
 <�"������
 �#%
�


466



Analysis of Test Series 3 Results 
�������
 ��
 ����
 ������
 :
 �������
 ���
 ��""������
 ��
 ��!��
 :)

���
�����(��$
�!���'������
���
"����&




 ���
 ���
 ��
 ���(����
 ���
 ��������
 �����"������


�����	��'�
 �����
 ����
 9�������
 �
 ���
 �;
 ����������

���
 ��������
 �������
 9�)�AM+
 �)4�M+
 �)�4M
 ���

�):�M;K


�
 ���
 ��$���
 ��������
 ��������
 ���
 ���
 ������
 ��
 $�'��$

��(��
 ���" �
 (���
 ���" �
 ��
 >>
 ""
 ���
 4>
 ""

��������
 ���
�������
�
���
�
 ��� ����'��	
���
���" �

��
�-����
��
���
""
��������
���
��"�����$
!������K


�
 ���
 "�-
 ���������$
  ���!��
 (����
 ���
 ��������

�����"������
 �����	��'�
 �����
 ����
 ���
 ��������

��������
!���(
���
��"��
��
�),M
���
��������
���
(���

�����
��
��
#�
��4&�
6�>7K


2
 ���
��������
�����"������
��������
9�������
�
���
�;

���
 ��$���
 �A
 ��	
 �����$���
 ��
 �A),
�D""r
 ���
 :�)4

�D""r
 ��� ����'��	
 ��" ����
 (���
 ���
 ��$����
 '����

��
�:)4
�D""r
���
���
��"�����$
!������)







��!��
:)
����
������
:+
����
�������)




Batch
No.

Test Results

Concrete 
Slump 
(mm)

Average 
Concrete 

Cube 
Compressive 

Strength 
(N/mm²) at 

28 days

Average 
concrete 
density 
(kg/m³)

%
Chloride 
Content*

1 >>
 �A),
 �:��
 �)�A
N

�)4�


2 4>
 :�)4
 �::�
 �)�4
N

�):�


3 ���
 ��)3
 �:��
 �)��
N

�)�=


4 ��>
 �:)�
 �:��
 �)��
N

�)��


5 �:�
 ��)>
 �:A�
 �)��
N

�)��


i
��������
�������
!	
(��$��
��
��"���
9�A)�M
��"���
�������
!	

(��$��
��
��������;






0���
 ���������
 ��
 +
 �
 ���
 �+
 ������"
 ��������+
 �����"

��������
���
!����"
��������
��'�
���
!���
����
(���
��������

��
�����������$
��"�-�����
6�,7)
 
0���
����������
��
��!���
�

���
:
��
��
�����
����
���
��$�
��������
��'���
��
�������
�
���

�
 "�	
 ��'�
 �����������
 ���
 ���
 ��
 ���
 ��������+
 ��������$
 ��

��(��
���" �
���
��$���
��" �����'�
�����$���
��
�A
��	�)




3� DISCUSSION  
��
 �������$
 ����
 ������
 :+
 �
 ��"���
 �������
 !	
 (��$��
 ��

��������
(��
����������
��
�A)�M)

��
��
 ����!��
��
��&����!����

��������
 ����
 ���"
 ���
  ��'����
 �������
 ��
 �3A3
 ���
 ����+


(����
����"��
��"���
��������
��
��M
���
�,M
��� ����'��	

(���
����)



���
������!�����
��������
��'���
$�'�
�'���$�
'�����
��
�)4>M+

�)�,M
���
�),�M
���
���
�������
�������
���
��
�3A3+
����
���

����
��� ����'��	)


��" ������
��
�����
'�����
(���
�����
��

��!��
 :
 ���������
 ����
 ���(����
 ���
  ����!�	
 ��������

�����"������
 �$$��$����
"�	
��'�
!���
 ����
 ��
 ���
���$����

!���$�)

��
"�	
����
!�
 ����!��
����
�
��$���
(����
��
��"���

�����
 ����
 ����
 ����
 ��
����
 ������
 :
"�	
 ��'�
 !���
 ����
 ��

�3�A
��
�����
��
��������
���
��������
���" 
��
�����'�
�
"���

(��*�!��
 ��������)
 
 ����
 ������
 :
 ����
 ���
 �������
 ���

���������
  ������
 ��
 ���
 ������
 �$$��$����)
 
 ���
 ���
 ��

���(����
 ���
"�����
 ����
 ��
 ���
"�-
(����
 �������
 ���
 ���

��$�
 ��'���
 ��
 ��������
 ��
 ���
 ��������
 ���
 ����
 ���
 ������"

��������
  ������)
 
 ����
 ��
 �������
 ��  �����
 !	
 ����
 ������
 �

�������
���
���
�!���'�����
��
�
(����
 ������
��
 ���
��������

!���*���
9E�$���
3;)









E�$���
3)
�������
��
��������
!���*���
(���
 ����!��
����&��

���������
���(�
��
�����
��
(����)



��
 ��
(����
�����$
 ����
 ��
 �-�"����$
 ���
 ��������
 �������
 ���

���(
 B���
 S����	+
 ���
 �'���$�
 !��*$�����
 ��������
 ���

��" ��
�
(��
�)�AM)
 
����
��" ����
(���
(���
 ���
������$�

��
 �)��M
 ���
 �)�=M
 ���
 ����
 ������
 :+
 �����
 :)
 
 ����

��"������	
 ��$$����
 ����
 ��������
 �����"������
 ���
 ����
"�	

��'�
!���
����
��
���
���(
B���
S����	
��������
"�-)



3.1  Modelling of Chloride Ingress 
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ABSTRACT: Wastewater facilities are primarily constructed using concrete. Supplementary cementitious materials (SCM) such 
as Ground Granulated Blast Furnace Slag (GGBS) are being used in increasing quantities for technical, environmental, 
economic and aesthetic reasons. It has been shown that GGBS can increase the durability of concrete in wastewater 
environments. However, recent research has not demonstrated that this increase in durability is sufficient to prevent 
biodeterioration associated with acidic wastewaters. The literature has shown that the pH may vary from 1 to 5, leading to 
complex deterioration mechanisms that are not fully understood. The aim of this research is to investigate whether GGBS can 
increase the durability of concrete when subjected to acidic solutions. An experimental programme has been designed to 
compare performance of concretes manufactured using varying cementitious binders when subjected to acidic environments. 
Specimens were assessed for strength and deterioration, and the influence of mix parameters such as GGBS content. Three 
different concrete mixes were selected for the tests and the performance was monitored over a 52 week test duration to allow 
assessment of binder performance. The research showed the major role the pH of the solution plays in the deterioration of the 
concrete. It was also shown that CEM II has the highest neutralising effect on the acid.  

KEY WORDS: Concrete durability; Concrete testing; Sulfate attack. 

1 INTRODUCTION AND BACKGROUND 
There exists a significant challenge internationally to provide 
durable wastewater treatment infrastructure. This is against a 
backdrop of infrastructural damage being reported in Belgium 
[1] USA [2], Germany [3], Japan [4] and Denmark [5]. In the 
USA, the annual investment to provide adequate wastewater 
infrastructure is estimated at $21 billion. This compares to an 
annual cost of $25 billion for the operation and maintenance 
of wastewater infrastructure [6]. The state of South Australia 
has an estimated budget of A$48 million per annum for 
maintaining existing wastewater infrastructure [7]. Although 
these structures are designed for a life span of up to 100 years, 
some are showing evidence of serious deterioration after less 
than 10 years in service [7].  

The aim of this research is to investigate the effect that 
different types of cementitious binders have on the durability 
of concrete in wastewater treatment facilities subjected to 
sulfuric acid attack. The foremost prerequisite for durable 
concrete is that it is dense and impermeable to liquids and 
gases and possesses a high resistance to the penetration of 
ionic species [8]. Sulfuric acid attack is a combined acid-
sulfate reaction. The dissolution effect is caused by the 
hydrogen ion and the corrosive effect is caused by the sulfate 
ion [9]. Ionization is the separation of a chemical into ionic 
species. This is what occurs in wastewater treatment facilities 
where sulfuric acid is broken down as; H2SO4 � H+ + HSO4

- 

and HSO4
- �. H+ + SO4

- . The SO4
- ion can then react with 

components of the cementitious binder to form gypsum and 
ettringite.  These compounds are very expansive and lead to 
tensile stresses and the formation of cracks and spalling [1].  

Research on this topic has dated back to 1945 [10]. Progress 
had been made in understanding the attack mechanisms, the 

bacteria present and where the most vulnerable concrete 
occurs. However, little progress has been made to establish a 
cost effective solution to the problem. It is the structural 
engineer’s responsibility to specify the concrete in wastewater 
treatment plants. From the estimated costs quoted previously, 
it is obvious that concrete specified based on design 
approaches using “XA3” exposure classes [11] is not adequate 
to deal with the harsh environment it is exposed to. The 
structural engineer has little choice but to specify this 
exposure class. A move to performance-based design that 
could be incorporated into a revised version of EN 206-1 [11] 
is required. 

2 CHEMICAL & MICROBIOLOGICAL REACTIONS  
Research has found that the corrosion of pipes and tanks in 
wastewater treatment facilities occurs just above the 
waterline. In 1945 Parker [10] was the first to discover that 
bacteria (Thiobacillus) was involved in the biogenic sulfuric 
acid corrosion process. Bacteria cannot grow on concrete 
surfaces as concrete exhibits a pH that is too high, in the range 
11-13 [2]. When anaerobic conditions occur in raw sewage 
influent, sulfates are converted into sulfides (such as hydrogen 
sulfide) by the sulfate-reducing bacteria [7]. Hydrogen sulfide 
is released just above the water level due to turbulence and a 
pH decrease [12]. Elemental sulfur is produced when this gas 
reacts with oxygen and this is then deposited on the walls of 
the sewer structures. In the slime layer coating these walls, at 
a pH of around 4, aerobic sulfur-oxidizing bacteria 
(Thiobacillus sp.) metabolize the sulfur to sulfuric acid [1]. 
These can further reduce the surface pH to 1 or 2 and calcium 
sulfate is formed when sulfuric acid reacts with the free lime 
[Ca(OH)2] in the concrete. The reaction is given in equation 1: 
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 Ca(OH)2 + H2SO4  � CaSO4 + 2H2O [1] 

Calcium sulfate is subsequently hydrated to form gypsum 
(CaSO4·2H2O). An increase in volume by a factor of 2.2 is 
associated with this reaction [1]. Gypsum can be identified by 
its white, mushy appearance which has no cohesive properties 
and has the consistency of “cottage cheese” [2]. If the pH is 
high enough the gypsum reacts with the calcium aluminate 
hydrate (C3A) to form the less soluble but more expansive 
reaction product ettringite [10]: 

3CaSO4.2H20 + 3CaO.Al2O3 + 26H20 � 

 (CaO)3 (Al2O3) (CaSO4)3.32H20 [2] 

An increase in volume by a factor of up to 7 is associated with 
this reaction [12]. The flow of sewage accelerates the process 
by removing the degraded material. 

There is evidence that using high proportions of polymer 
modified binders will reduce the attack from sulfuric acid [7]. 
However, at this time these materials are too expensive for the 
large scale surfaces associated with this problem; in this 
context the potential benefit of investigating different types of 
SCMs such as GGBS merits investigation. 

3 PREVIOUS RESEARCH 
Extensive research has been carried out into methods to 
reduce biogenic acid corrosion. The effects of polymeric 
materials [1], water/cement ratio [12], types of aggregates [7], 
cement type and SCM [7] & [14], have all been investigated. 
There are three types of tests that can be carried for sulfuric 
acid corrosion; microbial simulation tests, chemical tests and 
exposed in-situ tests. 

Accelerated tests can be performed by increasing the 
concentration, increasing the temperature, using larger contact 
surfaces or by means of continuous wetting and drying cycles 
[15]. Most researchers increase the concentration to 1–5% 
sulfuric acid. The pH of the solution can be kept at a certain 
value by titration or by replenishing the solution at regular 
intervals. Mass loss and compressive strengths are the most 
commonly used parameters investigated. 

De Belie et al. [13] carried out chemical tests using three 
different types of cements; CEM I 42.5 HSR/LA, CEM I 52.5 
HSR/LA and blastfurnace slag cement CEM III/B 42.5 
HRR/LA and two types of aggregates; gravel or porphyry 
(inert) and limestone (reactive). The pH of the chemical test 
was 0.9-1.0 (0.5% sulfuric acid). Concrete cylinders were 
subjected to 10 attack cycles. Each cycle lasted 5 days and 
consisting of rotating the samples in and out of the solution. 
After each cycle, they were then dried in air and brushed. The 
change in radius was recorded before and after brushing. The 
reason for this was to differentiate between a sample that 
undergoes large expansion, followed by equally large material 
loss by brushing and a sample that shows little expansion and 
material loss. If the samples were only measured after 
brushing, both types would show the same change in radius 
whereas the first one is more prone to degradation. The 
change in surface roughness was also measured. The solution 
was changed for each cycle. The pH of the solution increased 
from 0.9 to 1.6. The aggregate type had the greatest influence 
on the degradation of the concrete. The limestone aggregate 

outperformed the inert aggregates by neutralizing the acid. 
The reason given for this was the higher CaO content of the 
limestone aggregates (43-46%), compared with the gravel or 
porphyry aggregates (1-8%). Even though the pH of the acid 
increased to only 1.6, it is believed that a microenvironment 
with higher pH is created near the concrete surface by the 
limestone aggregates. The lowest water/cement ratio 
performed the best due to the lower water absorption values. 
The Portland cements outperformed slag cement. The CaO 
content of Portland cements (62-64%) is higher than the slag 
cement (48-49%). 
Chang et al. [7] carried out chemical tests on six concrete 
mixes; four using calcareous limestone aggregates and two 
using siliceous aggregates. The cements used were: Portland 
cement, GGBS, two ternary cements containing slag and silica 
fume or pulverised fly ash (PFA) and silica fume. The 
samples were immersed in 1% sulfuric acid solution for 168 
days. The pH was kept between 1.27 and 1.35 by weekly 
refreshing of the solution. The change in mass was recorded 
(samples were brushed), visual inspections were undertaken 
and the samples were tested for compressive strength. The 
samples were also examined under scanning electronic 
microscopy. The limestone aggregates outperformed the 
siliceous aggregates. The calcium carbonate in the limestone 
aggregate acted as a sacrificial medium near the concrete 
surface to neutralise the acid concentration and decrease the 
rate of deterioration of concrete subjected to acid attack. The 
cement types were ranked in the following order: (1) the 
ternary cement containing 7% silica fume and 33% PFA, (2) 
the Portland cement, (3) the ternary cement containing slag 
and silica fume, (4) GGBS. Chang et al. [7] considered load 
bearing capacity tests to be more reliable than mass change 
measurements. 

O’Connell et al. [14] carried out chemical tests on six 
concrete mixes; 100% CEM II/AL, 50% CEM II/AL + 50% 
GGBS, 30% CEM II/AL + 70% GGBS, 100% CEM I, 30% 
CEM I+ 70% GGBS & 100% SRPC. Following the procedure 
recommended by Chang [7], the samples were immersed in 
1% sulfuric acid (pH {1.5) for 168 days. The change in mass 
was recorded (the samples were brushed), visual inspections 
were undertaken and the samples were tested for compressive 
strength. The samples were also analysed using X-ray 
diffraction. The procedure was repeated but the second time 
the samples were not brushed. For both sets of results the 
GGBS outperformed all other mixes regardless of the binder 
type. However, the difference was not significant and the 
research concluded that none of the samples were capable of 
resisting the sulfuric acid attack at such a low pH value.  

4 TESTING 

4.1 Aggregates 
Based on evidence from previous research, limestone 
aggregates were chosen for the experimental programme. 
Chang et al. [7] and De Belie et al. [13] showed that 
limestone aggregates improve the durability of the concrete 
subjected to sulfuric acid when compared to siliceous 
aggregates. For this reason 20mm single sized limestone 
aggregate, 10mm single sized limestone aggregate and 
limestone sand were used. The aggregates were graded and 
conformed to I.S. EN 12620:2002 [16].  
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The mix portions were adjusted to best fit inside the upper 
and lower boundary limits, chosen based on industry best 
practice. Figure 1 shows the combined grading of the 20mm 
limestone, 10mm limestone and the sand and the upper/lower 
boundary limits. 

 

 
Figure 1. Combined Grading Curve. 

4.2 Binders and mix design 
Six mix designs were prepared. Table 1 gives a summary of 
the binder proportions: 

Table 1. Binder Proportions (%). 

 CEM I CEM II/A-L GGBS SRPC 
Mix 1 0 100 0 0 
Mix 2 0 50 50 0 
Mix 3 0 30 70 0 
Mix 4 100 0 0 0 
Mix 5 30 0 70 0 
Mix 6 0 0 0 100 
 

IS EN 206-1:2002 [11] sets out the main parameters for the 
mix design. For exposure class XA3 (>3000 mg/l and ^ 6000 
mg/l a7b�B; pH ^ 4.5 and > 4) the water/binder (W/B) ratio is 
0.45 and the binder content is 360kg/m3. Moisture content 
tests were carried out on the 20mm single sized limestone 
aggregate, 10mm single sized limestone aggregate and 
limestone sand. The free water content was calculated and the 
mixes were adjusted accordingly. 0.03m3 of each mix was 
prepared, making 20 cubes measuring 100mm. 

4.3 Mixing, Curing & Drying 
A rotating drum mixer was used to mix the concrete. Slump 
tests were completed in accordance with IS EN 12350-2:2009 
[17]. The samples were cast using standard 100mm cube 
moulds and compacted on a vibrating table. 20 cubes were 
manufactured for each mix type. The cubes were covered in 
plastic sheeting and protected against shock, vibration and 
dehydration for approximately 20-24 hours, at which time 
they were demoulded. After removal from their moulds, the 
cubes were cured in water at a temperature of 20 (± 2) °C for 
28 days. 

4.4 Test Procedure 
The purpose of this research is to investigate the effects of 

biogenic sulfuric acid deterioration on concrete, a biological 
phenomenon in wastewater treatment plants. As this is a 
difficult process to replicate in a laboratory environment and 
for practical reasons it is more suitable to mimic the corrosive 
effect using a purely chemical process. The active biofilm 
layer just above the waterline is crucial to the biological 
deterioration process. Previous research carried out by 
Monteny et al. [1] and Beeldens et al. [18], partially 
submerged the samples in sulfuric acid. O’Connell et al. [14] 
recommended fully submerging the samples in sulfuric acid as 
there was no bacteria in their research and hence no biofilm.  

No standardized procedure for testing the resistance of 
concrete to sulfuric acid attack is currently available. Chang 
[7] determined that immersing the cubes in 1% sulfuric acid 
solution at pH { 1.5 for up to 168 days provides the optimal 
balance between actual conditions and the need to accelerate 
the reaction process. After following this process, O’Connell 
et al. [14] determined that none of the tested samples could 
adequately address these exposure conditions. 

For this experimental programme it was decided to adjust 
the pH recommended by Chang et al. [7] and increase the 
duration to 52 weeks. The mixes were immersed in solutions 
with a pH of 2 and a pH of 3. 

Two cubes of each mix were crushed in accordance with I.S. 
EN 12390-3:2009 [19] after 28 days to provide baseline 
strength data. Of the remaining 18 cubes for each mix, six 
were placed in a solution of pH2, six in a solution of pH3 and 
the remainder were left in the curing tank. The cubes were 
removed from the acid tanks for assessment; once a week for 
the first four weeks and every second week thereafter.  

Up to week 15 the samples were blotted with a paper towel 
and weighed. The samples were then brushed until all the 
loose material was removed. The samples were then blotted 
with a paper towel and weighed again. It was imperative that 
consistent brushing was undertaken for all specimens so a 
reliable comparison can be made. O’Connell et al. [14] 
recommended brushing until the water run-off was clear. For 
this experiment, no milky white run-off was present so 
brushing stopped once the loose material was removed.  

The pH of the solutions was determined each week. The 
solutions were titrated back to a pH of 2 and 3 respectively at 
the time of assessment and the volume of acid required was 
recorded. The solution was refreshed in week 4, week 10 and 
every fifth week thereafter. The pH was measured using a 
calibrated digital pH meter.  

5 RESULTS 

5.1 Mass loss of concrete specimens in pH2 
Figure 2 shows the percentage mass loss of each of the six 

mixes exposed to a sulfuric acid solution of pH2 for 52 weeks. 
The mass loss varied from 12.9% for Mix 6 to 16.1% for Mix 
3. 
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Figure 2. Mass loss of concrete cubes exposed to a pH2 

5.2 Mass loss of concrete specimens in pH3 
Figure 3 shows the percentage mass loss of each of the 6 

mixes exposed to a sulfuric acid solution of pH3 for one year. 
The mass loss varied from 1.2% for Mix 6 to 2.7% for Mix 3. 
 

 
Figure 3. Mass loss of concrete cubes exposed to a pH3 

5.3 Compressive strengths of the mixes immersed in pH2 
and pH3 

To compare the result of each of the six mixes, they are 
graphed together. The percentage strength of the concrete 
immersed in acid is measured against strength of concrete in 
curing tank (See Figure 4 & Figure 5) 

Two cubes of each mix were crushed after 28 days in the 
curing tank. These results are the compressive strengths at day 
0. Six cubes of each mix were placed in the following; water, 
a solution of pH2 and a solution of pH3. Two cubes were 
crushed on day 60, two on day 182 and the final two on day 
364. 

 
 

 
Figure 4. Compressive strengths of samples immersed in pH2 
relative to the strengths of samples immersed in water for the 

same duration 

 
Figure 5. Compressive strengths of samples immersed in pH3 
relative to the strengths of samples immersed in water for the 

same duration 

5.4 Volume of acid added to the solutions 
The solutions were titrated back to a pH of 2 and 3 

respectively at the time of assessment and the volume of acid 
required was recorded. The solution was changed in week 4, 
week 10 and every fifth week after that. Figure 6 & Figure 7 
show the percentage of mass loss versus the volume of 10% 
sulfuric acid added to the six mixes immersed in the pH2 and 
pH3 solution respectively. 
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Figure 6. Percentage mass loss versus volume of acid added 

for cubes immersed in pH2 solution 

 
Figure 7. Percentage mass loss versus volume of acid added 

for cubes immersed in pH3 solution 

6 DISCUSSION 

6.1 Mass loss 
The samples exposed to the pH2 solution experienced 

substantial mass loss, between 12.9% and 16.1% over the 
course of the experiment. The three mixes containing GGBS 
performed worse than those without, with SRPC performing 
the best. The samples exposed to the pH3 solution 
experienced very little mass loss; between 1.2% and 2.7%. 
The ranking order for both sets of results was identical. 

The largest change in mass occurred after the solution was 
changed. Titrating back to the reference point of pH2 or pH3 
did not have the same influence in terms of mass loss. 

6.2 Compressive strength 

The samples exposed to the pH2 solution, lost on average 
57% of their strength relative to the control samples that were 
left in the curing tank. The two 70% GGBS samples were 
ranked second and third, however the 30% GGBS sample 
performed the worst. The samples exposed to the pH3 
solution lost an average of 24% of their strength. 

6.3 Volume of acid added 
The volume of acid added is dependent on the neutralisation 

capacity of the sample. The volume of acid added is directly 
related to the mass loss. It can clearly be seen from Figure 6 
that the more acid that was added, resulted in a higher mass 
loss. The three mixes containing CEM II had the highest 
volume of acid added to the solutions. This indicates that that 
the CEM II has the highest neutralising effect on the acid.  

For the pH3, see Figure 7, the 100% CEM II mix had 
substantially more acid added than the other five mixes. This 
again indicates that CEM II has the highest neutralising effect 
on the acid. 

7 CONCLUSIONS AND RECOMMENDATIONS 
The question posed for these experiments was whether 

GGBS could increase the durability of concrete when 
subjected to acidic solutions. Based on these results, there is 
no evidence to suggest that there is a major difference 
between the mixes.  

The pH of the solution plays a major role in the durability of 
concrete. On average the mixes immersed in pH2 experienced 
a mass loss of seven times that of the mixes immersed in pH3. 
The strength loss of the mixes in pH2 was on average 56% 
compared to 24% for the mixes immersed in pH3.  

The results indicate that CEM II had the highest neutralising 
effect on the acid. This is most likely due to the buffering 
capacity of the additional limestone in CEM II.  

The recommendations are to repeat the test procedure but to 
change the solution on a weekly basis rather than every 5 
weeks. This will result in the same acid being added to all the 
mixes.  
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Influence of compressive loading on chloride ingress through concrete
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ABSTRACT: The presence of cracks in a structure can be unsightly, may cause a loss in serviceability, or can lead to structural
failure in more serious cases. Visible cracks provide an indication of the structural degradation and are an important factor when 
diagnosing the condition of a concrete structure. However, the identification and quantification of cracks is often a tedious, 
subjective and error prone task for visual inspectors. This paper presents an image processing approach to efficiently and 
objectively detect cracks. The approach employs a percolation based method which is applied to locations in the image where 
there is a large gradient, suggestive of edges or surface irregularities such as cracks. A new classification criterion is introduced 
which considers the pixel intensity values on either side of a crack. Detected regions that match the expected shape of a crack 
yet have disparate sides are rejected based on the assumption that they represent non-harmful edge boundaries.
The proposed technique is applied to images of a crack in an underwater setting. The performance of the technique is examined 
for varying conditions of turbidity and lighting. There were three set levels (low, medium, high) for each parameter. The 
influence and relative importance of these two environmental conditions which affect the crack detection process have been 
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"�thod as part of 
the Receiver Operating Characteristic (ROC) analysis. The technique is also extended to conventional, above water, images of 
cracks suffering from a variety of challenges that may be encountered during an inspection.

KEY WORDS: Crack Detection; Image Processing; Underwater; NDT; Lighting; Turbidity. 

1 INTRODUCTION 
A wide range of civil structures such as bridges, pavements, 

pipes, columns, etc. are affected by cracks. The detection of 
cracks is a costly yet crucial task for establishing a safe 
infrastructure network. Traditional monitoring methods often 
rely on regular visual inspections which require inspectors to 
travel to the location of a structure in order to determine its 
current state. As part of the inspection, observed cracks are 
often mapped, counted, quantitatively measured and 
photographed. Even with great diligence, measuring the true 
extent of cracks remains a difficult task for inspectors as their 
assessment is often subjective in nature and prone to error. 

Adopting an image processing based approach to 
automatically count and quantify the length and width of 
cracks can enhance inspections, and in turn, lead to significant 
monetary savings or more frequent inspection cycles. Image 
processing methods use inexpensive and readily available 
equipment (i.e. a standard digital camera), and they do not 
require the inspector to undertake extensive training. 
Furthermore, advances in camera technology mean that rich 
detailed imagery of damaged components can be acquired. 
Additionally, visual inspections almost always capture 
photographs to include in the inspection report to corroborate 
the inspector’s comments; however, these photographs are 
rarely exploited to their fullest potential in either a qualitative 
or a quantitative fashion. The primary limitations of image 
processing methods are the lack of penetration below the 
surface of the material and the requirement of good visibility 

and lighting conditions. Physical properties of the identified 
cracks, such as the length and width, may be extracted with 
knowledge of a real world scale. Possible ways of determining 
the scale factor include practical approaches such as placing 
an object of known dimensions alongside the crack or by
using a stereo system to obtain 3D information. A calibrated 
stereo-rig which consists of two cameras viewing the scene 
from two slightly different vantage points is capable of 
providing a fully scaled metric scene reconstruction at the 
expense of greater algorithmic complexity and the 
requirement of an additional camera.  Placing an object of 
known dimensions in the scene and reading the corresponding 
pixel dimensions in the acquired imagery is a straightforward 
solution, yet it may not suffice if the images are affected by 
linear perspective whereby far away objects appear smaller 
than objects that are closer to the camera. This issue limits the 
usefulness of known objects to only a local area in the vicinity 
of the known object, beyond which the scale loses meaning. 
This problem can be countered by having two or more known 
objects in the scene which provides scale factors at various 
points in the image. Interpolating between these points 
provides an improved estimate of the scale factor throughout 
the image that takes into account the effects of linear 
perspective. The quantitative nature of the data obtained from 
image analysis is important and naturally lends itself to 
numerous applications.

Given the pervasive nature of cracks and shortcomings of 
visual inspections, attempts to automate the crack detection 
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process have received a lot of attention. This has lead to the 
development of wide range of techniques such as wavelets 
[1], neural network approaches [2], statistical filters [3], and 
percolation based methods [4]. Zou et al. [5 ] have addressed 
the issue of challenging scene conditions by creating a robust 
three step algorithm involving shadow removal, tensor voting 
to create a crack probability map, followed by graph 
modelling. Wang and Huang [6] conducted a comparison of 
crack detection methods and identified percolation-based 
methods as being particularly suited to detecting ambiguous 
cracks. However, they also recognised that conventional 
percolation based methods are computationally expensive 
given that they operate on a local basis at each pixel location 
in the image. The percolation based method proposed in this 
paper addresses this issue by firstly applying the Sobel 
operator [7]. The Sobel operator gives an approximation of 
the image gradient. Sharp gradients usually correspond to 
object boundaries or surface irregularities, such as cracks. 
Thus, confining the percolation process to places with a large 
gradient magnitude leads to a concise search space which in 
turn leads to considerable computational savings.  

While image based crack detection techniques are beneficial 
in terms of efficiency and convenience, knowledge of their 
performance levels for a host of operating conditions is 
crucial. This paper primarily considers underwater inspections
of concrete structures, which often experience the lowest 
visibility due to poor light and/or turbidity. The effect of 
turbidity and lighting conditions has previously been 
investigated by [8] for detecting area based damages such as 
corroded regions. However, the extraction of cracks which are 
characterised by their fine, almost one dimensional structure 
follows a different methodology than that of area based 
damages and therefore requires separate consideration. The 
study has also been extended to consider above surface cracks 
in scenes suffering from a variety of challenges, such as bright 
spots, difficult viewing angles, road markings/ tyre marks, and 
low-contrast monochromatic scenes, all of which may mislead
the crack detection algorithm. Receiver Operating 
Characteristic (ROC) analysis was used to assess the 
performance of the technique in the presence of such
variability.

The methodology of proposed technique is discussed in the 
following section. Section 3 presents the images analyzed in 
this paper. Section 4 evaluates the performance of the 
proposed crack detection technique for the different operating 
conditions. Section 5 concludes the paper.

2 METHODOLOGY 

2.1 Percolation based Crack Detection 
Cracks are generally characterised by their narrow shape 

and their lower brightness in comparison to the surroundings. 
Percolation based methods take both of these characteristics 
into account.

The term 'percolation' refers to the natural phenomenon of 
fluids permeating through a porous material. This ideology is 
adapted for the purpose of crack detection, whereby the 
central pixel in a local window acts as the source of the fluid. 
The fluid  gradually spreads outwards, favouring darker pixels 
which represent paths of less resistance, until it reaches the 

boundary of the window. At this point, the diffusion pattern of 
the fluid is analyzed. Cases where a narrow or linear path has 
been traced out are indicative of cracks, while irregular or 
radial diffusion patterns typically correspond to the non-
cracked background.

The methodology of the proposed percolation based 
technique  is illustrated in Figure 1.

Figure 1. Methodology flowchart.

The proposed method is described as follows with reference 
to Figure 1:

Step 1: The input is a colour or greyscale image, A. The 
Sobel operator is applied to this image which gives an 
approximation of the image gradient. The output from this 
operation is a binary image, where white pixels represent 
locations that have a large gradient. In the case of colour 
images, the average gradient magnitude from the three colour 
channels is used. 

Step 2: This binary image identifies points in the image 
where performing percolation would be relevant whilst 
overlooking points in the image where cracks are unlikely to 
be present. This cuts down on the computation time 
considerably. It is not essential that the entire crack is detected
with the Sobel operator. Partial detection should be sufficient 
as the window will likely overlap with non-detected portions 
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of the crack. The detected pixels from this step are considered 
for percolation.

Step 3: A window of size w by w is centred on each 
detected pixel from the binary edge image. The pixel at the 
centre of the window, pc, is the seed point of the percolated 
region, Rp. It has an intensity value of A(pc). Neighbouring 
pixels are added to the percolated region if they are equal to, 
or below, the Threshold, T, which is defined as:

max(mean( ), min( ))p nT R R� (1) 

where Rn denotes pixels neighbouring the percolated region 
Rp. Essentially, T assumes the maximum value between either 
the mean intensity value of pixels already in the percolated 
region, or the minimum intensity value of the pixels 
neighbouring the percolated region. This ensures that there 
will always be at least one pixel added to the region following 
each iteration. Taking the mean intensity of the pixels in the 
percolated region is a meaningful action as it reduces the 
effect of outliers which could set the threshold to be 
unreasonably high, and it also allows the seed points obtained 
from the Sobel operator stage to be only loosely located near 
the dark crack for percolation to succeed. If the seed point is 
located just outside the crack, the percolated region should 
gravitate towards the interior of the crack and continue to
proceed along the crack line.  

Step 4: The process outlined in step 3 is repeated until the 
percolated region, Rp, reaches the boundary of the window. 
Percolation ceases and the resulting percolated shape is fed 
into the classification stage.

Step 5: The first stage of the classification phase involves 
evaluating the shape of the percolated region. This is done by 
calculating the circularity parameter C. The circularity is 
defined as: 

2

4.
( . )

count

width

PC
P"

� (2) 

where Pcount is the total number of pixels in the percolated 
region and Pwidth is the maximum width of the percolated 
region. C can take values in the range 0 to 1. A value close to 
1 corresponds to a circular shape, while a value close to 0 
corresponds to a line segment that could represent a crack.
With this in mind, percolated regions having a circularity 
lower than an arbitrary threshold are retained.

The second part of the classification phase involves 
checking the pixel intensity values on either side of the 
percolated region in order to discount cases where the 
perceived crack has an increased likelihood of being a false 
alarm, perhaps arising from some innocuous line boundary in 
the scene. This is achieved by dilating the percolated region in 
a perpendicular direction on both sides by a distance, d, and 
comparing the mean of the intensity values from the original 
image, A, on both sides, S1 and S2 respectively. A value of 20 
pixels was taken as d throughout this paper. If the difference 
between the mean of the pixel values from both side, denoted 
as k, is greater than a preselected threshold than the percolated 
region is rejected. k is expressed as:

1 2

1 2
1 1( ) ( ) ,  
S S

k A u A v u S v S
n n

� � - -. .  (3) 

where 
1Sn is the total number of pixels on one side of the crack 

while 
2Sn is the number of pixel on the other side.

step 6: Retained percolated regions from the classification 
stage are added to the binary output image. 

2.2 Error Analysis 
The performance of the proposed crack detection technique is 
evaluated through the use of performance points in the ROC 
space. The ROC space allows for a convenient means of 
characterizing and comparing the performance of NDT 
methods in various conditions [9] and has been recently 
expanded to image detection [10]. For any NDT, the 
Detection Rate, DR, along with the accompanying 
Misclassification Rate, MCR, or alternatively known as 
Probability of Detection (PoD) and Probability of False Alarm 
(PFA) in the field of probability space and decision theory, are 
determined by comparing the detected cracks with a visually 
segmented image. The visually segmented image is created by 
a human operator who must manually identify the cracks in an 
image. This visually segmented image acts as the control as it 
is assumed it shows the true extent of cracking. The visually 
segmented image only needs to be created when it is wished 
to gauge the performance levels of the technique under 
scrutiny.  The DR and MCR are represented as a percentage 
between 0% and 100%. Each (MCR,DR) pair formed a 
coordinate in the ROC space. The DR and MCR are defined 
as:

c

Card(E)DR
n

/ with  !1gE = g ;0-1 �  (4) 

Card(F)MCR
n

/ with  !1gF = g ;0-1 � �  (5) 

where Card(.) indicates the cardinal of a particular set,  
 !1, ...= ,n1 , n is the total number of pixels in the image, nc

denotes the number of cracked pixels and g0 is an instance 

label vector, where 1g0 � corresponds to correctly identified 

cracked pixels, i.e. true positives, and 1g0 � � corresponds to 
incorrectly detected pixels and undetected damaged pixels, i.e. 
false negatives and false positives. F gathers situations of 
incorrectly detected pixels and undetected damaged pixels 
while E gathers the correctly detected ones. 

3 DATA ANALYSIS 

3.1 Underwater Crack Detection 
The proposed crack detection technique is demonstrated on 

a cracked concrete specimen in an underwater setting (Figure 
2) for varying controlled levels of turbidity and lighting. The 
quality of these photographs is assumed to be chiefly affected 
by luminosity, sharpness (focus accuracy), contrast and noise. 
These quality factors are directly related to the on-site 
operating conditions, of which lighting and turbidity are the 
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most influential. Turbidity is defined as the cloudiness in a 
liquid caused by the presence of suspended solids. These 
suspended solids scatter and absorb light and therefore reduce 
visibility. The level of turbidity may be exacerbated by 
interference during the inspection process, such as from a 
mechanical source like a boat or human contact with the river 
bed, which may aggravate and disturb sediment. Lighting also 
plays a pivotal role for achieving good visibility. Ambient 
light may be sufficient for near-surface inspections, however, 
it is unlikely to be sufficient at greater depths at which point 
artificial light sources become necessary. These artificial light 
sources may introduce luminous complexities such as ‘bright-
spots’, whereby areas of high light intensity may be focused at 
a spot which may fool the crack detection algorithm. In this 
paper, three levels for turbidity were chosen (0 NTU (clear 
water), 6 NTU, and 12 NTU) and three lighting levels were
used (100 Lux, 1000 Lux, 10000 Lux).

Figure 2. Cracked concrete specimen under vary lighing and 
turbidity conditions. Columns: Low, Medium, High Light. 

Rows: Low, Medium, High Turbidity.

3.2 Above-Water Crack Detection 
Although underwater scenes generally provide some of the 
poorest visibility levels, interpreting images from above-water 
scenes can also be severely affected by some adverse 
conditions. It is thus important that the  influence of some of 
the more common challenges for crack detection should be 
investigated.  Figure 3 shows three image of cracks, each 
presenting one or more challenges, namely, (1) Road 
markings, (2) illumination complexities (i.e. bright-spots), (3)
monochromatic scene with vague cracks.

Figure 3. Cracks in a conventional above-water setting.

4 RESULTS 
This section presents and discusses the results obtained 

following application of the crack detection technique on the 
underwater and above water images. The results for the 
underwater concrete specimen for changing lighting and 
turbidity levels is shown in Figure 4. 

Figure 4. Detected cracks corresponding to the images in 
Figure2.

The results in the case of the above-water images are shown 
in Figure 5. 

Figure 5. Detected cracks for the above-water images in 
Figure 3.

The performance of the crack detection technique applied to 
both the underwater and above-water images is quantified in 
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Table 1 and the associated performance points are plotted in 
the ROC space in Figure 6. 

Table 1. Performance of the crack detection technique. 

Image Condition (DR) (MCR) �2
Underwater cracks
1 Low Light, Low Turbidity 89.8% 1.7% 0.10
2 Medium Light, Low Turbidity 87.4% 2.5% 0.13
3 High Light, Low Turbidity 62.6% 1.5% 0.37
4 Low Light, Medium Turbidity 76.3% 2.5% 0.24
5 Medium Light, Medium Turbidity 86.6% 3.7% 0.14
6 High Light, Medium Turbidity 68.6% 4.2% 0.32
7 Low Light, High Turbidity 80.0% 21.3% 0.29
8 Medium Light, High Turbidity 94.0% 26.8% 0.27
9 High Light, High Turbidity 78.1% 4.2% 0.22
Above-water cracks
1 Road markings 73.0% 0.4% 0.27
2 Illumination complexities 69.2% 0.9% 0.31
3 Monochromatic scene 78.1% 0.6% 0.22

Figure 6. Evaluation of crack detection technique through the 
use of performance points in the ROC space.

4.1 Underwater Crack Detection 
It may be observed from the detected regions in Figure 4 

that the ability of the detection technique is strongly related to 
the degree of clarity in the original images (Figure 2). 
Unsurprisingly, images that feature poor visibility conditions 
produced poor performance levels, while on the other hand, 
images featuring clear and sufficiently lit scenes produced 
quite good detection results. 

At the same time however, the results suggest that an overly 
bright light source can be harmful to the detection accuracy. 
The nature of underwater lighting means that an overly bright 
light source will induce a bright-spot at the centre of the light 
beam which will gradually fall-off, resulting in a non-uniform 
scene. It is this non-uniformity in lighting which the camera

cannot effectively compensate for. An example of this can be 
seen in Figure 4(3) where the strong lighting creates a bright 
area on the surface of the specimen. This washes out some of 
the detail, thereby preventing a portion of the crack from 
being detected. 

A clear trend that emerges from analysis of Table 1 is that 
the misclassification rate increases with increasing turbidity. 
However, the relationship does not appear to be linear.
Instead, there is a gradual increase in MCR values from the 
low to the medium turbidity levels, while there is a 
pronounced increase between the medium and high turbidity 
levels. This suggests that as the turbidity approaches the 
operating limits there is a rapid deterioration in performance. 
This is especially evident for the high turbidity images in 
Figure 7 (7 and 8) where there is a high degree of false 
positives contributing to high MCR values in comparison to 
the lower turbidity levels. 

An exception to the decline in performance associated with 
increasing turbidity and excessive lighting is in Figure 4(9). In 
this case, the high turbidity partially mitigates the high 
lighting through absorption and diffusion which limits the 
formation of a bright spot. 

Overall, the best results are obtained for the low and 
medium light levels at the lowest turbidity, and the medium 
lighting level at the medium turbidity level (Figure 4, images
1, 2, and 5).

4.2 Above-Water Crack Detection 
Analysis of the results in Table 1 and the corresponding 

performance points in the ROC space (Figure 6) reveal that 
each image performs quite consistently in spite of the varying 
challenges faced in each image. The first image (Figure 3(1)) 
demonstrates the usefulness of employing the classification 
criteria which rejects 'cracks' having dissimilar sides.  It may 
be observed from the image of the detected cracks (Figure 
5(1)) that there are very few false positives, even though the 
boundary between some road markings bears a resemblance to
a crack (fine structured and darker than the surroundings).

The bright spot in Figure 3(2) has a deleterious effect on the 
detection accuracy as the crack remains partially undetected 
coinciding with this spot. This suggests that attempts to 
minimize the glare through careful choice of camera viewing
angle/position during the on-site image acquisition stage
would be worthwhile.  

The cracks in Figure 3(3) appear quite vague at certain
places. There are also numerous instances of staining on the 
floor which may mislead the crack detection algorithm. As
such, it may be expected that the DR would suffer and there 
would be a high MCR, however the DR remains reasonably 
high and the MCR remains low. This may be attributed to 
percolation based methods which have been recognised as 
being well suited for detecting ambiguous cracks [6].

These results demonstrate the applicability of the crack 
detection technique to a wide range of scenarios. 

5 CONCLUSION 
A percolation based method for detecting cracks is proposed 

in this paper and applied to series of images under a host of 
varying conditions. The proposed method offers greater 
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efficiency than other percolation based methods, whilst still 
achieving good results, as the search space for cracks is 
confined to places where there is a sharp image intensity 
gradient as found by the Sobel operator. Furthermore, a new 
set of criteria is developed for the percolation stage and for the 
subsequent classification of the percolated regions. 

Understanding how the operating conditions affect the 
performance of an image based crack detection technique is of 
great practical importance. This paper examines the effect of 
two parameters; turbidity and lighting, for an image 
processing based NDT tool for underwater structural health 
monitoring purposes. These parameters affect the underwater 
visibility which is crucial for an image based NDT to succeed.
The influence and relative importance of these two 
environmental conditions have been investigated, and the 
NDT’s sensitivity has been assessed through the use of
performance points in the ROC space.

Although environmental conditions such as turbidity are 
generally uncontrollable in practice, lighting can be easily 
adjusted. Even in conventional above-water settings, 
consideration should be given to the lighting conditions in 
order to avoid bright spots. It is readily attainable to have 
appropriate lighting conditions which are conducive to 
structural health monitoring and damage detection. The results 
from this study may facilitate an inspector when deciding on 
the appropriateness and implementation of an image 
processing based crack detection technique, under a given set 
of environmental circumstances. 

The 
-� method was used to measure performance. The 
performance levels obtained by the percolation based method 
shows that it remains effective even in less than optimal 
conditions.  
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2.2 Project partners 
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2.3 Construction focus of Science Bridge 
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3� RESEARCH AIM 
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4� RESEARCH BACKGROUND 
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5� METHODOLOGY 

5.1 Materials 
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5.2 Mixture proportions 
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5.3 Consistence and compressive strength testing 
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5.4 Water penetration depth testing 
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5.5 Autoclam testing 
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6� RESULTS  

6.1 Fresh and hardened properties 
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6.2 Concrete permeability/sorptivity testing 
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6.3 Moisture contents 
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7� DISCUSSION 

7.1 Permeability vs. strength relationships 
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7.2 Water permeability vs. penetration depth relationships 
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7.3 Autoclam vs. water penetration depth relationships 
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ABSTRACT: A wide range of Design Guidelines and Standards (CP2, BD30/87, BD37/01, BS8002) have evolved to reflect 
the various forms of retaining wall used in practice.  Each new standard reflects changes in engineering understanding of soil 
structure interaction and how traffic loads are applied to the various structure types.  Traditionally, traffic loadings, irrespective 
of the underlying design code, have been modelled using standard surcharge pressures.  These surcharges are converted into 
horizontal thrusts by the application of a suitable coefficient of earth pressure, which reflects wall stiffness and the anticipated 
wall movements. The work of Shave et al.  rejects the traditional surcharge model, stating that ‘the uniform pressure method of 
BD37/01 does not realistically represent the distribution of pressures on walls due to vehicle loading’. They further suggested 
that the traffic ‘pressures should be more concentrated towards the top of walls’. However, interestingly, many historic retaining 
walls still remain standing.  To investigate Shave et al.  rationale, this paper reviews the implications of PD6694-1 on the design 
of gravity retaining walls.  This study compares wall thrust forces generated by the new standards for a range of wall heights 
with Terzaghi’s simplified line load model, Culmann’s wedge analysis, CP2 and the now redundant surcharge method. In 
addition, a parametric study was undertaken to investigate the implication of PD6694-1 on the design of walls.  The variables 
included the strength of the backfill, the height of the wall and the offset distance ‘a’ between the ‘lines of action’ of the strip 
load and the retained face.  A review of PD6694-1 suggests that there are anomalies regarding the application of the new traffic 
models, which is significant for wall design. This new method does not consider the use of wall friction and the use of the 
analogous virtual face when assessing the thrust intensity on walling elements. 
  
KEY WORDS: Retaining Wall, Earth Pressure, Traffic Loading, Surcharge Model, PD6694-1 (PD), & Normal Vehicle Model. 

 
1 INTRODUCTION & BACKGROUND TO PD6694-1 

 
The need to retain material to create a level platform for 
agriculture or protective purposes has been common practice 
for centuries. Thus, from a societal perspective retaining 
structures irrespective of their construction forms (gravity, 
embedded etc.) are an integral part of work that historically 
military engineers, and in more recent time civil engineers, 
design and construct.  One of the key problems that has 
hindered development is the assessment of the earth pressure 
that exists within the retained mass.  Unlike traditional 
engineering materials like steel, concrete and timber, the 
nature of soils (fine and coarse grained) and their respective 
behaviour (short and long term) adds a depth of complexity to 
the design process. This must be fully understood by the 
designer, for a safe and sustainable structure to be developed.  
Traditionally, the design process has been governed by plastic 
analysis with designers opting for either a lower bound 
solution or an upper bound solution. Critical to the respective 
methods is the approach adopted regarding the boundary 
between the fill and the retaining surface and the ability to 
develop a frictional interface. The nature of this ‘wall friction’ 
has a radical effect on the magnitude and orientation of the 
resultant soil thrust.  Incidentally, the inclusion of the wall 
frictions adds significantly to the complexity of the 
assessment process.  As a result there is almost universal 
adoption of the Rankine method [1], where a smooth wall with 
no wall friction has become the standard design.  The result is 
an oversized wall which has typically large reserves of 
strength.  However, such oversizing cannot continue, given 

the current drive for economical designs and sustainable 
construction. As our engineering understanding of the earth 
pressure associated with retaining structures has evolved, a 
number of design methodologies have become popular 
(Rankine 1857 & Coulomb 1776) [1].   CP2 [2] was the first 
UK attempt to quantify the engineering assessment of earth 
pressures.  This standard allowed the use of both approaches 
for design purposes.  At that stage, the design methodology 
was underpinned by global Factors of Safety which worked 
reasonably well.  While the work of Akroyd [3] subsequently 
asserted that CP2 [2]  was antiquated in its approach to wall 
design, it did however provide a uniform basis for design and 
recognised the influence of external loading (traffic 
surcharges, railway loading etc.) on both the stability and 
operation of walling systems.  
   
The subsequent replacement BS8002 [4] was a radical 
departure from CP2 [2].  It was the first real attempt to bring a 
limit state philosophy to soil mechanics (Bolton [5]), where 
both the in service and failure limit states were addressed.  
Perhaps the most radical part of the new standard was the use 
of structural equilibrium at both limits states and the concept 
of a Mobilisation Factor (M) which must be applied to both 
undrained and drained soil properties.  Like its predecessor 
CP2 [2], it specified loading levels for the influence of 
external loading on walling systems.  It also retained the use 
of a uniform surcharge as the means of representing traffic 
loadings.  This same ethos was adopted by BD37/01[6] 
(Highway Loading), the bridge loading standard where the 
normal traffic loading (HA) and abnormal traffic loading (HB) 
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were represented by standard surcharges.  While BS8002 [4] 
was heralded as a breakthrough within the profession, there 
remained many engineers that stuck with the familiarity of 
CP2 [2]. This resulted in design and checking problems on 
projects that were adopted by public bodies.  The situation 
was complicated by the failure of the Highways Agency to 
update BD30/87 [7] which advocated a strange combination 
of CP2 [2] and BS8002 [4] when designing retaining wall and 
bridge abutments.   With the formal adoption of Eurocodes as 
the means of design in April 2010, all publically procured 
works must now conform to these new standards.  The 
Highways Agency and Professional Institutions such as the 
Institution of Civil and Structural Engineers have prepared the 
UK for this ‘phase shift’ in our approach to design.  In the 
majority of cases, the transition has been relatively smooth 
and the majority of dominant structural forms e.g. bridges & 
buildings are being designed to the new standards.  Many 
publications have been made available on the new codes and 
much of this work has focused on problems such as earth 
pressure assessment for integral bridge design, whereas the 
design of retaining walls has largely been ignored due to its 
perceived simplicity.  Thus the new standards have been 
adopted and taken ‘as given’ despite the radical nature of the 
change associated with Eurocode 7 [8] and the new traffic 
loading model (Normal Vehicle BSEN 1991-2:2003 [9] & its 
associated National Annex [10]).   Thus the traditional 
surcharge model which has, been successful to date, with few 
recorded failures has been replaced with a vehicular loading 
arrangement. The work of Shave et al. [11] asserts that the 
‘validity of the BD37 surcharge loading is somewhat 
questionable’.  In many respects, this could be viewed as a 
valid argument, but the replacement model is cumbersome, 
difficult to apply, is based on a methodology designed for 
relatively flexible walling systems, and, leaves many 
questions unanswered in terms of application.    

 
2 NORMAL VEHICLE ASSESSMENT MODEL 
 
Clause NA2.32 of the UK National Annex (NA) to BS EN 
1991-2 [10] defines the vehicular model (See Figure 1) which 
must be used for the design of wing and retaining walls. The 
arrow labelled ‘1’ in the diagram shows the direction of travel.  
Hereafter this vehicle shall be referred to as the Normal 
Vehicle (NV).  For bridge design reference should be made to 
Clause 7.6 of PD6694-1 [12] where this model is used instead 
of Load Model 1 (Shave et al. [11]).  The total weight of the 
vehicle is 320kN, which equates to an equivalent surcharge of 
19.61kPa before the application of associated factors.  The 
basic arrangement is subject to an Overload Factor (OF) of 
1.5.   Only the NV is subject to this factor and is reflective of 
the inherent variability of the recorded traffic masses on the 
UK road networks (Atkins Highway & Transport [13]). 
Finally, the new code has included a Dynamic Amplification 
Factor (DAF) to account for the real nature of traffic loading.  
Rattigan et al. [14] defined the DAF as the ratio between the 
maximum load effect when a bridge is loaded dynamically, 
and the maximum load effect when the same load is applied 
statically to the bridge.  The DAF ranges from 1.4 at ground 
level to 1.0 at a depth of 7.0 m below ground level.   

 

 
Figure 1 Vehicle model for Normal Traffic extracted from NA 

to BS EN 1991-2 
 
Shave et al. [11] have noted the conservative nature of this 
approach compared with Canadian practice, which reduces the 
DAF to unity at a depth of 1.5m. The UK NA [10] permits 
detailed modelling to moderate the profile; however, most 
practitioners will use the suggested values. The NV is 
permitted within three notional lanes, with the axles of the 
vehicle in lane three being factored by a value of 0.5.  The 
restriction of the vehicle to the notional lanes is similar to the 
HA and HB surcharge approach of BD37/01 [6]. For design 
situations, consideration shall be given to a single vehicle in 
each lane or a convoy of vehicles in each lane.  In the convoy 
or ‘traffic jam’ case the DAF is reduced to unity and a 
maximum space of 3m is permitted between vehicles within 
the convoy. Laterally a minimum distance of 1m is permitted 
between vehicles. In all cases, the placing of the NV within 
the notional lanes longitudinally and transversely must ensure 
the maximum effect on the structure.  However, what is 
somewhat surprising is that the PD gives no guidance on 
erring vehicles like the Accidental Wheel Load case of 
BD37/01 [6]. Therefore, beyond the limits of the notional 
lanes, only pedestrian loading (Load Model 4) and the Load 
Model 2 (LM2) case (Clause 4.3.3 BSEN1991-2 [9]) apply on 
the verge or footway.  Presumably, the application of LM2 
would be as per Clause 7.6.3 of the PD but without the use of 
an Overload factor.   
 
3 PD6694-1 TRAFFIC SURCHARGE MODEL  
 
Clause 7.6.3 of the PD outlines a suggested model for the 
assessment of lateral thrusts generated by NV and Special 
Vehicles (SV) on non-bridge abutment structures.  The model 
is a derivative of one of the suggested methods of assessing 
vertical live loading e.g. line loads etc. in CIRIA C580[15].  
The suggested method in the PD has been amended to allow 
for the suggested axle configurations in the NA to EC1 Part 2 
[10], the notional lane widths and the influence of the friction 
angle of the material (Shave et al. [11]).  Figure 2 outlines the 
general format of the method that is used as part of the 
analysis. The parameters shown in the diagram are explained 
in the next section.  The same clause suggests that the method 
is applicable to other loading forms e.g. patch or wide strip 
loads provided the variable action can be replicated using the 
superposition of a series of parallel line loads.  Perhaps the 
most interesting comment in Clause 7.6.3 of the PD is a 
passing mention of undefined ‘short walls’ subject to local 
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effects.  Presumably a ‘short wall’ is a structure which is 
shorter than the loaded length of the NV, SV or other variable 
action impacting on the wall. The PD suggests two analysis 
methods that can be used to assess the influence of external 
actions on a retaining structure.  Each will be addressed in 
turn.  
  

 
Figure 2 Basic Line Load Model extracted from PD6694-1 [12] 

 
4.1  MODE 1 ACTIONS REMOTE FROM THE WALL  

 
Figure 3 shows the mechanism for assessing the wall thrust 
for a semi-infinite strip load, where the line of application is 
not close to the wall. Thus for a > H tan(45 + ª’d/2),  where 
‘a’ is the offset distance from the wall to the line of action of 
the wheel, ‘H’ is the height of the wall and ª’d is the design 
effective stress or drained friction angle (constant volume) of 
the retained material.  The total thrust per m run on the wall 
resulting from the Mode 1 case is  
 

Thrust = QL tan(45 - ª’d/2) kN/m  (1) 
 
where (45 - ª’d/2) is the standard Rankine earth pressure 
coefficient which assumes a wall friction (�) = 0 (Azizi [16]). 
The term QL is the magnitude of the line load, where QL = 
Qtot/(L+2a) , where Qtot = weight of the vehicle  and L is the 
length of the vehicle.  Once the distance ‘a’ is less than a 
value of H tan(45 + ª’d/2), then the Mode 2 method shown in 
Figure 4 applies. 
  

 
Figure 3 Mode 1 Model extracted from PD6694-1 [12] 

 
4.2 MODE 2 ACTIONS CLOSE TO THE WALL 
 
Figure 4 deals with the situation where a < H tan(45 + ª’d/2). 
Shave et al. [11] suggested that the application of the Mode 1 

method, in this case, was unrealistic and that the Mode 2 
method was a rational alternative.  In the Mode 2 case, the 
angle ¥ is adjusted to match the geometry of the situation. 
Thus the total thrust on the wall per m run can be assessed as 
follows;  

  Thrust = QL tan(¥ - ª’d) kN/m  (2)   
 
In this instance ¥ = tan1(H/a).   
 

 
Figure 4 Mode 2 Model extracted from PD6694-1 [12] 

 
4.3  COMPARISON OF MODES 1 & 2 
 
Comparing the two modes of assessment confirms that the key 
factors for the assessment of the thrust on a structure are wall 
height (H), friction angle of the material (ª’d) and the offset 
distance (a). Interestingly, the influence of wall friction is 
ignored despite the work of Clayton et al. [1] and O’ Sullivan 
et al. [17] proving its veracity.  Figure 5 illustrates the 
relationship between the two assessment modes for a range of 
wall heights over a typical range of backfill strengths.  For the 
purpose of this analysis, only the overload factor was included 
in the vehicle loading assessment (QL) and a minimum 
footway width of 1.8m assumed.  Wheel 1 is located 2.0m 
from the wall and wheel 2 is located 4m from the wall. At this 
stage, the DAF has been omitted for ease of understanding.  
As detailed in the PD, a comparison of the two modes is 
undertaken and where (¥ - ª’d), is the smallest value, this is 
the governing criteria.  Note ¥ is either tan-1(H/a) or (45 + 
ª’d/2) as stated above.  Figure 5 reveals a number of 
interesting observations.  At shallow depths of wall (~ 1.5m) 
the new NV model, has no impact on the wall design 
irrespective of the backfill strength. While most Technical 
Approval Authorities view walls less than 0.9m as exempt 
from technical approval, a normal prerequisite surcharge load 
of 10kPa (BS8002 [4]) would typically apply. Akroyd [3] did 
suggest this value is too high for a ‘low wall’. However, the 
new traffic model will result in many minor walls being built 
which have minimal spare capacity in the event of accidental 
loading (Load Model 2 EN1991 Pt 2 [9]) on the footway. In 
many cases, these low walls are constructed from brittle 
materials (brick or block) using rules of thumb, with 
minimum quality control, thus making them vulnerable in the 
event of unexpected loadings.   What is also interesting is the 
influence of increasing material strength on the wall thrust and 
the magnitude of the loading.  Poor quality backfill will result 
in significantly higher wall thrust irrespective of the design 
situation and this is before the application of partial loading 
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factors, associated with Eurocode 7 [8].  In general, the new 
NV will result in significantly higher lateral thrusts on the 
wall, compared with traditional UK practice.  This is further 
developed in the next section of the paper. 

 
Figure 5 Comparison of Mode 1 & 2 thrust for a range of wall 
height 
 
5 PARAMETER SENSITIVITY 
 
As part of this study, it was necessary to determine how 
different input values for the PD method influence the lateral 
thrust on the wall.  For this study it was decided to adopt a 
standard wall with a 1.8m wide footway with a carriageway 
width of 5m.  Within the study, the primary variables were the 
wall height (H), the offset distance (a) and the strength of the 
back fill (ª’d). In this case, both the DAF and the OF factors 
were applied to the analysis. The NA to BSEN1991-2 [10] is 
not specific in relation to the application of the DAF. Shave et 
al. [11] have suggested two alternative methods of applying 
the DAF. For the purpose of this study, an average DAF was 
applied to line loads associated with Modes 1 and 2; this was 
deemed reasonable given that the thrust on the wall is 
significantly above the values associated with BD37/01 [6] for 
the common range of walls.  Based on a study of Figure 5 and 
the recommendation of BS8002 [4] Clause 4.3.1.2, a height 
range between 2 – 8m was considered typical for conventional 
gravity walling systems.  The method of application was as 
per the PD [12] with ‘a’ being assessed from the retained face. 
Thus the impact of wall friction (�) was ignored, despite its 
almost universal acceptance within soil mechanics (CIRIA 
C580 [15] & EC7 Part 1 [8]). Figure 6 shows the relationship 
between the two wheels of the NV and the impact the DAF 
has on the magnitude of the wall thrust. In this case the ª’d 
chosen was 30o.  The graph clearly demonstrates that the 
inclusion of the DAF dramatically increases the magnitude of 
the thrust from the NV between 1 and 7m.  
 
The relationship between wall height and the resulting thrust 
for both conventional surcharges and the new Eurocode NV 
are shown in Figure 7.  The results demonstrated that in 
conventional situations for walls up to 2m, the old design 
approach was satisfactory, irrespective of the surcharge 
intensity. Interestingly, improving the strength of the backfill 
raises the height of wall, which is not directly impacted upon 
by the new NV model. Therefore the traditional surcharge 
model was satisfactory for design purposes up to a maximum 
of almost 2.5m.   Beyond a wall height of ~10.5m the new 
model stops imparting thrust to the wall, hence affording 

potential engineering savings. However the height is 
prohibitive for conventional gravity structures.  This point of 
no loading is a function of axle configuration/location and the 
strength of the backfill material. Considering an average wall 
height of 5m, for the suggested strength ranges, this means the 
new traffic model thurst being on average 1.75 times higher 
than the 10kPa surcharge of BS8002 [4]. 

 
Figure 6 Relationship between wheel configuration and the wall 
thrust with and without the DAF. 
 

 
Figure 7 Relationship between wall thrust and height comparing 
the NV and traditional surcharge values.    
 
If the same comparison is made for the 16 and 20kPa HB 
surcharges (BD37/01 [6]) then the ratio of (BS/PD) is 1.10 
and 0.8775 respectively. Therefore, retaining structures 
supporting ‘A’ and ‘B’ class routes were potentially designed 
for comparable loading intensities provided the backfill 
strength was greater than 27.5o.  However this ignores the 
application of the partial factor sets associated with Design 
Approach 1 (DA1) in EC7 Part 1 [8].  
 
Figure 8 shows the relationship between the two wheels of the 
NV and the impact the DAF has on the magnitude of the wall 
thrust, with the variation of ‘a’, the offset value. In this 
example, a wall height of 4.0m was chosen and the ª’d of the 
backfill material is 27.5o. For the purpose of understanding, 
the NV has been allowed to come within 0.2m of the edge of 
the structure; this equates to half the width of the contact area.  
As expected the new model confirms that the proximity of the 
axle configuration to the retained face has a significant impact 
on the wall thrust.  As the individual wheels of the respective 
vehicles increase in distance from the retained face, their 
impacts dramatically reduces.  Effectively, once the ‘a’ values 
of an individual wheel exceeds a value of H tan(ª’d), there is 
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no impact on the structure.  This would account for the tailing 
away of the Vehicle 1 curve shown in Figure 8.  A point of 
particular interest is the impact of the wheels of the NV, if it is 
allowed to mount the kerb.  In this case the thrust increases by 
a factor of 1.69 across the width of the verge.   
 

 
Figure 8 Comparison of Mode 1 & 2 thrust with the variation of 
‘a’ with and without the DAF. 
 
To further understand the influence of the offset distance ‘a’ 
on the value of the wall trusts, it was decided to vary the 
strength of the backfill material used in Figure 8.  The same 
height of wall was used to facilitate the comparison.  Backfill 
strengths of 35o and 42.5o were adopted which were deemed 
reflective of stone quality in Northern Ireland (Touahamia et 
al.) [18].  The results of the analysis are shown in Figure 9.  
As expected, with the improvement of the backfill strength the 
magnitude of the thrust on the wall reduced. At the edge of the 
verge/footway, there was approximately a 31% reduction in 
thrust between the respective friction angles.  The diagram 
also compares the results of the new traffic model with the 
traditional surcharge loads associated with BS8002 [4] 
(10kPa) and the HB values (16 & 20kPa) used in BD37/01 
[6].  To avoid congestion within the figure, the results are only 
shown for respective surcharges used in conjunction with a 
35o friction angle. The results show the new models reducing 
the level of thrust on the wall when compared with the 
traditional UK practice with increasing values of ‘a’.  
Whereas, if the NVs are permitted, to ‘mount the kerb’, then 
the values of thrust increases significantly.  A similar 
magnitude of thrust would result, if a designer adopted the use 
of a virtual wall (Simpson [19]) at the back of a conventional 
stem cantilevered retaining wall.  The PD traffic model does 
not provide guidance on the use of virtual wall and its 
potential effect on the magnitude of wall thrust. Interestingly 
in overall terms the PD [12] suggests the use of a cautious 
value of � in any analysis.  Comparing the results of the NVs 
at the kerb line, for a 35o friction angle, with the traditional 
design surcharges, the 20kPa model yields almost identical 
results. However the 16 & 10kPa models yield values which 
are ~ 19% and 49% smaller, respectively.     
 
6 COMPARATIVE ANALYSIS 
 
To allow working engineers to evaluate the impact of 
EN1991-2 [9], the associated NA [10] and the PD on the 
design of conventional retaining walls, it was necessary to 
compare the results of the new standards with a range of 

historic design methods.  The methods adopted for this part of 
the study were CP2, Culmanns method and the Terzaghi [16] 
simplified strip analysis [20].  Figure 10 shows the simplified 
analysis suggested by CP2 (Clause 1.443) for the assessment 
of line loading.  The model was based on the work of 
Terzaghi and was deemed acceptable given the ‘unwieldy’ 
nature of a wedge analysis (McMenamin [21]).    
 

 
Figure 9 Relationship between wall thrust and the variation of 
‘a’ comparing the NV and a traditional surcharge values.    
 

 
Figure 10 CP2 [1] Simplified Line Load Analogy 

 
Based on a study of arching action within soils and using a 
modified Boussinesq analysis, Terzaghi suggested the 
formulas shown in Figure 11 for the assessment of pressure 
distributions behind rigid unyielding walls (Puller [20]). To 
allow ease of comparison of each method, the magnitude of 
the strip loads applied to each wall was as per Clause NA2.32 
of the National Annex to BS EN 1991-2 [10].  A number of 
the comparative methods allow for the implications of wall 
friction (�) within the analysis.  Where possible, this has been 
included and presented in the comparison (See Tables 1 & 2).     
 

 
Figure 11 Terzaghi Simplified Strip Analysis Model [20] 
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Table 1 Comparison of Wall Thrust with historic 

assessment methods 
 

 
Table 2 Comparison of NV Thrusts with historic 

surcharge values 
 
Both CP2 and the Culmann assessment provide similar results 
which are lower bounds to the PD method. However, if the 
OL & DAF factors were removed from the PD results, the 
results should be very similar.   Both the Terzaghi [20&21] 
analyses and the PD model yielded comparable results aside 
from the very small wall (2m). However, a limitation of the 
Terzaghi analogy is there is no direct allowance for the 
backfill strength, despite calibration against field results.  
Comparing the PD with CP2 and the wedge analysis, the new 
method is inconsistent for shallow wall depths and thereafter 
produces thrusts significantly greater than those suggested by 
traditional methods.  Ignoring the simplicity of the CP2 
method (40o line of application), the comparison with the 
Culmann analyses, clearly shows the new method is returning 
higher thrusts than established/historic methods.   Incidentally 
the inclusion of a model factor described in Cl. 4.7 of the PD 
and the partial factor set associated with DA1 combination 2 
would further elevate the thrust intensity. In Table 2, a 
comparison is drawn between the new normal traffic model 
and the traditional surcharge models used in the UK. The new 
model performance is poor for walls up to 2.5m (Figure 7).  
However, when compared with walls designed to BD37/01 
[6], the model provides comparable results for mid height 
walls (5m) for the 16kPa surcharge.  For higher walls, the old 
assessment method yields higher results.  In terms of the 
10kPa surcharge suggested by BS8002 [4], Shave et al. [11], 
assertion is correct that the new model provides a ‘more 
realistic and also more onerous’ results.  However, as this 
paper has suggested the new traffic model needs refinement 
when considering smaller domestic type walls.  
 
7 CONCLUSIONS 
 
Based upon this initial review of PD6694-1 [12], the authors 
are of the opinion that the new traffic loading model is more 
onerous for the design of gravity retaining structures.  This 
will have direct financial and environmental impact on future 
retaining wall design which adopts this methodology.   This 

preliminary work has uncovered a range of small wall heights 
(domestic) which potentially could fall outside the area of 
influence of the new loading model, thus affording limited 
reserve capacity in the event of an overloading case.  This 
hypothesis will be further developed in a paper currently 
under preparation for future publication.  The new PD does 
leave some questions unanswered regarding the use of virtual 
walls, vehicles leaving the notional lanes and the possibility of 
using wall friction on the virtual face to reduce the magnitude 
of the wall thrust.   Finally, there is the possibility that 
engineers using this new traffic surcharge methodology will 
focus on the intricacies of the traffic model, rather than the 
fundamental soil mechanics that underpin the design of 
walling systems.  Therefore more work is needed to explore 
the impact of PD6694-1 [12] on design and education of those 
unaccustomed to Eurocode design.          
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Vibration based seismic damage identification procedure for a steel concentrically 
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4.2 Reconstruction of displacement response from 
acceleration signal 
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4.3 Verification of damage identification strategy 

4.3.1 Identification of brace member buckling 
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4.3.2 Identification of brace member yielding
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ABSTRACT: The current research programme was designed to extend the understanding of steel plated concrete for use in new
construction activities.  This is achieved by assessing the behaviour of two structural forms of walls to in-plane static and impact
loading.  These two forms include: (i) a steel plated concrete composite (S-P-C) and; (ii) a conventionally reinforced
(C-R) wall. Research works undertaken into the area of concrete impact resistance demonstrate that the impact resistance of
concrete is improved when utilizing alternative reinforcement techniques.  This is in comparison to conventional reinforcement
systems.  In S-P-C, the conventional reinforcement is replaced by external steel plates.  Advantages are obtained from the
systems inherent robustness, derived from the composite action obtained between the steel plates on the outside and the
hardened infill concrete core on the inside.  Epoxy resin was deployed to provide a shear transfer mechanism, and to achieve
composite action between the steel plates and concrete core.  Static testing was deployed to assess the elastic behaviour of the
walls under constant loading.  Impact testing was performed by dropping impact loads (weights) onto the wall.  Experimental
results were obtained under static loading through deflection and strain measurements, impact loading results were obtained by
observations of deflections, crack distributions, failure modes and ultimate load capacities of both systems.  This study
demonstrated that S-P-C provides for a stiffer construction form with reduced overall deflections to that of a conventionally
reinforced concrete system.  The S-P-C system sustained higher magnitudes of loading in both experiments.  The system
demonstrated a reduced and more even distribution in crack development, indicating an increase in energy absorption
characteristics and stiffness of the C-R system.

KEY WORDS: Steel plates; Conventional reinforcement; Impact loading; Static loading; Cracking.

1 BACKGROUND
External steel plate bonding involves attaching reinforcement
to the external faces of concrete members.  The success of the
system is dependent on the method of shear transfer used
between the concrete and steel [1]. Whilst the use of anchored
shear connectors is commonplace, epoxy resins are also
deployed in retrofitting construction activities. The technique
of strengthening concrete structures by bonding steel plates to
the external faces, using epoxy adhesive, was pioneered in the
late 1960s [2, 3].

The use of carbon fibre and fibre reinforced polymer (FRP)
strengthening systems are commercially available [4, 5].
However, these are not covered within the context of the
current research and no technical, practical application or
economic comparisons are made.

2 STEEL-PLATED-CONCRETE
Concrete as a construction material is extensively used in
structures. It provides protection for life, property and the
environment. S-P-C is a robust form of construction in which
composite action can be achieved in a number of ways, such
as: the use of shear studs, overlapping shear studs,
overlapping J-hooks; bi-steel welded stud systems and; epoxy
resin plate bonding [6]. Applications include beams in
common structures, wall panels, tunnels and aircraft hangars
to name but a few [6].

Retrofitting of reinforced concrete using external steel
plates has been applied to both beams and slabs in bridge and

building  construction  over  the  decades.  In  the  UK,  the  load
carrying capacity of a number of concrete bridge structures
have been increased by the technique of bonding steel plates
with the use of epoxy adhesive [7].  This technique can be
applied with a minimal increase in the cross-sectional
dimensions of the bridge member.

In new S-P-C composite construction the conventional
reinforcement is replaced by external steel plates.  The main
advantage of this is its robustness, derived from the composite
action obtained between these steel plates on the outside and
the concrete core on the inside. The scope of the current
research programme was to investigate the behaviour of two
different structural forms of walls: a conventionally reinforced
wall  and  an  S-P-C  wall.  It  was  considered  that  the  S-P-C
system would fully utilise the properties of both the steel and
concrete, making it a more efficient, robust and durable
system, which would performing better under variable loading
conditions.

An experimental study was carried out using one of each of
the two systems. These were then subjected to static and
impact in plane loading. The main conclusion from this
preliminary study was that the S-P-C composite system
possesses a higher degree of stiffness and thus a greatly
reduced degree of deflection, when compared to the
conventionally reinforced wall. Other noteworthy design
parameters such as strain development, crack patterns and
their effects are also improved and discussed within this
paper.

Resistance of Plated Concrete to Impact Loading

Dr David Dunne1, Dr David Collery2, Dr Philip McKenna3
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3 EXPIREMENTAL MODEL
The model depicted in Figures 1 and 2 and detailed in greater
detail elsewhere [6], consists principally of two walls of the
same size 900mm × 40mm × 300mm.  One is conventionally
reinforced with the second containing a S-P-C form of
construction, consisting of two external plates as
reinforcement. The reinforcement is illustrated in Figure 3.
Both walls were cast into a specially designed concrete block
(Figure 6), which provided a rigid foundation for testing the
model.

The conventional reinforcement consisted of 6mm diameter
mild steel plain bar.  Allowing for a 280 anchorage into the
anchor block, the walls were 1180mm long, placed
longitudinally in the block and spaced at 23mm centres.
Additionally, two horizontal reinforcement bars were placed
at the top and bottom of the wall in their tensile and
compressive zones. Finally, 6mm diameter link bars at 50mm
centres and at lengths of 260mm were placed at staggered
centres either side of the main horizontal steel. These acted to
vertically fasten the reinforcement together.

The second form of reinforcement to be employed was that
of steel plates. Placed on both sides of the externally
reinforced wall, these measured 1180mm × 0.7mm × 300mm
in size.

There was also reinforcement required for the concrete
block which consisted of a steel cage of eight links of 10mm
diameter steel bar.

The final element in the steel reinforcement was the
addition of four reinforcing plates along the top of each wall,
50mm × 40mm × 10mm in size. Each plate had two number
100mm lengths of 6mm diameter steel bar welded to their
base.  These  plates  which  can  be  seen  in  Figure  1  and  in
greater detail elsewhere [4], were placed at four number
loading locations along the top of both walls. Their purpose
was to distribute the applied loads and to reduce local damage.

Figure 1. Shear walls cross sections.

4 MATERIAL PROPERTIES AND TEST PROCEDURES
The material properties were chosen to be representative of
full size structures.  The apparatus required to perform the
concrete property testing was a Denison cube crushing
machine and an Avery tensile testing machine was used to
obtain the steels tensile properties. The standard testing setups
and apparatus for the concrete and the steel can be seen in
Figures 4 and 5.

40
mm900mm

30
0m

m

Figure 2. Reinforcing plate locations.

Figure 3. Wall steel bar and plate reinforcement.

4.1 Concrete and steel

Concrete
Two different grades of concrete were used. The concrete
used in the restraint block was a standard RMC Ready-Mix
design C50/60 grade concrete. Secondly, the concrete in the
walls was a specially designed micro-concrete mix 1:2:6
(water:cement:aggregate), with a w/c ratio of 0.40. Two cubes
and  two  cylinders,  one  from  each  wall,  were  tested  for
strength development at designated periods up to the day of
testing as outlined in Table 1. The average of two test results
is presented.

Figure 4. Concrete property testing arrangement.

Steel
Tensile testing of the steel bar and plate reinforcement was
performed by an Avery testing machine. Two standard 0.7mm
grade S275 mild steel plate and 6mm sections diameter bars
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were tested. Reinforcing steel test properties are provided in
Table 2.

Figure 5. Steel plate and bar property testing arrangement.

Table 1. Concrete properties.

Day
Strength

Concrete
fcu fct Ec

(kN/mm2)(N/mm2)
7 48.0 Not Tested 31.1
28 52.0 Not Tested 32.4

44 Not
Tested 3.9 Not

Tested
Test day 54.0 4.0 33.1

Table 2 Steel properties.

Steel

Materials fy
(N/mm2)

Es
(kN/mm2)

6.0 mm bar 490.0 Not
Tested

0.7 mm  plate 373.5 225.0

4.2 Epoxy resin
A two part cold cure epoxy resin, commonly used for
structural bonding purposes in the UK, was employed to
attach the steel plates to the concrete surface.

4.3 Instrumentation
Strain  in  the  steel  plates  was  measured  through  the  use  of
linear strain gauges. These gauges were attached either side of
the steel plates. A single dial indicator gauge was employed to
record end wall deflections, to an accuracy of 0.01mm. Penny
and Giles LVDT transducers were used to measure mid-span
and end-span wall deflections under static loading. The mid-
span and end-span test locations can be seen in Figure 6.

4.4 Static and impact testing methods

The static and impact testing apparatus is shown in Figures 6
and 7.

The static testing procedure consisted of a number of
weights 1, 2, 5 and 10 kilograms applied manually to the walls
at designate impact locations. These locations were located at
the end and quarter points along the wall where 10mm thick

steel loading plates were located as indicated in Figures 1 and
9-13 respectively. The measurements consisted of deflection
from the transducers and the dial gauge positioned beneath the
front of each wall and strain readings from the strain gauge.

Figure 6. Static and impact test setup.
The main piece of equipment required in the impact test was

an impactor. This consisted of a cylindrical steel section of
2.5kg weight which was manually placed onto a threaded bar.
This allowed incremental increase in weights to be applied.

The first steel section had a domed end as this impacted the
wall. The remaining sections were cylindrical in shape,
100mm long and 63.5mm in diameter as can be seen in Figure
7.
 A  hook  located  on  the  top  of  the  bar  allowed  a  rope  to  be
threaded and a pulley mechanism to be employed. Finally, a
guidance tube was used to guide the impactor over the loading
plate locations. The testing mechanism layout is illustrated in
Figure 6.

Figure 7. Impactor and weight sections.

5 RESULTS AND DISCUSSION
Plots of the deflection readings for both systems are shown in
Figure 8. The load cycles represent the load values from 1kg
up to  40kg.  It  is  clear  from the  figure  that  the  deflections  of
the  S-P-C  wall  are  considerably  lower  to  that  of  the  C-R
system as well as linear over the span.

The conventionally reinforced wall demonstrated a greater
mid-span deflection and greater end-span deflection. The
main  finding  from  the  presented  graph  is  that,  under  static
loading  the  stiffness  of  the  S-P-C  wall  is  much  greater
compared to the conventionally reinforced wall and that over
the range of applied loadings its behaviour can be more or less
described as linear.
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5.1 Strain:Static Testing
Table 3 outlines the static loading increments utilised in the
study. Strain readings for the S-P-C shear wall demonstrated
that  the  top  of  the  wall  was  in  tension  and the  bottom of  the
wall  in  compression  under  loading.   This  can  be  seen  in
Figures 8 for loading cycles one and three. These figures also
illustrate that the action of elastic deformation is taking place,
with strain increasing gradually under increased loading and
in a linear order. Furthermore, strain in both plates was similar
which,  infers  that  the  epoxy  resin  bonding  gave  an  even
distribution of strain built up in the steel plates under static
loading. These findings are similar to those of Barnes et al [8].
The values were of a small magnitude signifying that the
plates were grossly under stressed and very stiff.

Table 3. Static loading increments.

Load cycle
Wall type, Ultimate Load

(kg)
S-P-C C-R

1 25 5
2 57 10
3 76 20
4 - 30
5 - 40

Figure 8. Deflection of both walls and strain in steel plates
under static loading cycles 1 and 3 (left - right).

5.2 Crack inspection: Impact testing
All reinforced concrete structures possess cracks in order for
reinforcement to function properly, however it is important to
limit the developments of these cracks during service in order

to achieve serviceability requirements. Table 4 outlines the
impact loading increments utilised in the study. Each load was
dropped from incremental impact heights which varied from
1.0m - 3.0m.
 Throughout the experimental procedure, it was evident that
although extensive cracks were developing in the S-P-C wall,
it was still structurally sound. The widths of the cracks
remained visually small until the ultimate failure mechanism
developed. At failure the behaviour was somewhat brittle.
This can be attributed to the early peeling and onset of
separation of the plates near the base of the concrete wall to
the anchor block location as discussed below.
 With respect to the conventional wall as the load increased
large deflections were observed and accompanied by wider
main cracks. Throughout the experiment the S-P-C system
possessed a visible resistance to the effects of impact loading
with little deflection.

Table 4. Impact loading increments.

Load cycle
Wall type, Ultimate Load

(kg)
S-P-C C-R

1 5.0 5.0
2 7.5 7.5
3 10.0 10.0
4 15.0 -
5 17.5 -

Steel plate separation, reduction in shearing, small
deflections and increased ultimate strength were the
characteristics at failure as observed by
Oh et al [9]. All of these mechanisms were observed in this
study. In particular, at an early stage the onset of peeling
initiated by local buckling of the plates near the base, where
high compressive stress occurred, were observed. It was
evident from the experiment that extensive cracking of the
tensile zone of the wall took place. This can be attributed to a
high tensile stress build-up at the top of the wall caused due to
a confinement of stresses. The observed defects are presented
in Figures 9, 10 and 11 for the conventionally reinforced wall
and 12 and 13 for the S-P-C system.

As noted, plate buckling was also visible from an early
stage. This would imply that there was an unsatisfactory
transfer of shear from the concrete core to the epoxy. The
ultimate failure was attributed to the plate peeling
accompanied by concrete rip-off as the contact area of
concrete with the steel plate was reduced, Figure 13.

In the main, the core observations from the study were: (a)
early peeling of plates initiated by the local buckling of the
plate on the compression side is a real possibility; (b) as the
peeling progresses, the plate-concrete composite action is
reduced and appears to be controlled by brittle behaviour of
the concrete and; (c) it is clear that preventing early buckling
of plates near the base is a very important consideration in the
design of S-P-C walls.

S-P-C 40Kg

S-P-C 30Kg

S-P-C 20Kg

S-P-C 10Kg

S-P-C 1Kg

 C.R. 1Kg

 C.R. 10Kg

 C.R. 20Kg

 C.R. 30Kg

 C.R. 40Kg
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Figure 9. Crack pattern after 2.5kg impact loading cycle.

Figure 11. Crack pattern after 10.0kg impact loading cycle.

Figure 13. Crack pattern after 17.5kg impact loading cycle.

Figure 10. Crack pattern after 5.0kg impact loading cycle.

Figure 12. Crack pattern after 5.0kg and 7.5kg impact
loading cycle.
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6 CONCLUSION
Reinforced concrete is designed at ultimate limit state (ULS).
Subsequent checks of deflection and minimum crack width
control are undertaken at serviceability limit state (SLS).
Whilst noting that these checks are less onerous, the use of
higher strength materials puts forward the notion of issues
whilst in service [10].

Reinforcing steel is critical to the successful attainment of a
reinforced concrete (RC) elements in-service capacity.  Where
two RC elements were investigated, the following conclusions
are drawn from the preliminary study.

(i) S-P-C offers an enhanced overall economical structural
system with a reduction in construction time, due in the main
to a reduced, less complicated cross-section. A direct
consequence of the omission of conventional reinforcement.

(ii) S-P-C reinforcement was found to be an inherently
stronger and more robust system than the conventional
reinforcement.

(iii) Plated elements can resist large degrees of static and
impact loading through composite action.

(iv) Failure of the S-P-C system was due to the initiation of
local buckling of the plates in the highly compressed area of
the wall. The progress of peeling reduced the composite
action causing concrete to fail in a brittle manner.

(v) S-P-C is a system highly suitable for tall buildings and
other structures where robustness against impact and terrorist
activities are the main design considerations.

7 CONCLUSION
The authors would like to acknowledge the University of
Dundee, Civil Engineering Department and retired reader of
Structural Engineering, Dr. Nutan Subedi for their support in
undertaking this research.
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Titanic’s Dry Dock is located on the north eastern shore of Queen’s Island, home of Belfast’s once prestigious shipbuilding 
industry, which now forms part of the area now known as ‘Titanic Quarter’. Titanic’s Dry Dock is a ‘scheduled monument’ 
designated by Northern Ireland Environment Agency.  

Titanic’s Dry Dock remains a highly significant maritime artefact and, together with the Pump-House, is of considerable value 
which serves as a reminder of the facilities put in place to construct one of the world’s most famous icons the ‘Titanic’. 

CEI Collins Engineers Ltd (Collins) was appointed by the Northern Ireland Science Park (NISP) to undertake an underwater 
inspection of the Titanic’s Dry Dock gate and the outer quay walls. The inspection determined that the Dry Dock gate was in 
serious condition with substantial steel section loss in some locations and areas of severe corrosion evident. 

Collins then reviewed a total of nine different upgrade options to protect both the steel and caisson gate and the dry dock as part
of an overall economic appraisal. Each option was chosen on the basis that it would preserve the integrity of the dry dock but 
not adversely affect the heritage of the overall structure. Each option was discussed with the Built Heritage Department of the
Northern Ireland Environment Agency along with other stakeholders and interested groups. 

The preferred option involved the installation of a new concrete structure in the outer dock gate position. 

Collins was retained by Northern Ireland Science Park to provide assistance with the lodgement of the planning application and 
to provide both engineering and CDM coordinator services for the implementation phase of the project. 

This paper discusses the evaluation of options considered and the construction of the concrete outer defence structure.  

KEY WORDS: Caisson; Alexandra Dock; Cofferdam; Concrete; Inspection; Culverts; Dry Dock; Insitu Concrete; 

1. INTRODUCTION 

The Titanic’s Dry Dock is actually called Thompson Dock. 
It was officially opened on the 1st April 1911. The first ship to 
enter the Dry Dock was the Olympic – the sister ship of the 
Titanic and the Britannic. At the time the dock was the largest 
dry dock in the world. This structure along with the Pump 
House are of high historic importance as part of the wider 
story of shipbuilding on Queen’s Island and the intertwined 
story of Titanic’s life .  

Olympic Liner in the Dry Dock 

2. BUILDING OF THE DRY DOCK 

The dock was built by Belfast Harbour Commission and 
then leased to Harland & Wolff. It was purpose built for a 
commission for three large ships (Olympic, Titanic and 
Britannic) received from the White Star Line. White Star Line 
had decided they wanted to compete with the Cunard Line for 
the North Atlantic route between Britain and America. The 
need for the dry dock was first realized in 1903 as nowhere in 
Ireland, Great Britain or in fact the world had the facilities to 
handle such large ships. The plans for the dock were drawn up 
by Mr Redfern Kelly who was a Harbour Engineer.  

The Works for the Dry Dock were issued in 2No Tenders. 
The first was for the ‘Construction of a Graving Dock and 
Other Collateral’ with tenders having to be lodged on or 
before 31st August 1903. The second was the tender for 
‘Caisson, Folding Bridge for New Graving Dock, Co Down’. 
This was issued on 23rd June 1904 with Tenders having to be 
lodged on or before Monday the 25th July 1904. Extract from 
second tender: 

All Tenders submitted for this work are be accompanied by 
fully detailed Drawings and Specifications thoroughly 
descriptive of the design proposed, and also by a detailed 

Preservation of Titanic’s Dry Dock 
1 Mervyn Watley,2 Gerry Hennity

1Director of Corporate Real Estate & Facilities, Northern Ireland Science Park, Queen’s Road, Belfast, BT3 9DT 
2 Regional Director, CEI Collins Engineers Ltd, Northern Ireland Science Park, Queen’s Road, Belfast, BT3 9DT 

email: m.watley@nisp.co.uk, ghennity@collinsengr.com 
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Schedule showing how the amount of the Tender has been 
arrived at. 

Some people may say that at present there are some very 
tight schedules to make but how they came up with Drawings 
and Specifications in such a short turnaround with no CAD or 
computers is a miracle.  

During the build of the Dry Dock the shape of Queen’s 
Island would be changed as the lough had to be dredged and 
deepened and the reclaimed land was used to expand the 
island creating new space for two huge slipways over which a 
massive gantry would stand.  

At the same time as the new Dry Dock was being 
constructed a new Pump House was also being built to replace 
the existing Pump House. This new Pump House served both 
the new Dry Dock and also the Alexandra Dock which is 
adjacent to the Thompson Dock. Up to 500 men were 
involved in the construction of Thompson Dock.  

The Dry Dock was also one of the first major structures 
which used steel, much stronger then wrought iron which was 
used to construct other dry docks up to that point and is of 
considerable technical importance. Given the scale of the 
project and the difficult ground conditions, the construction of 
the dock was a considerable feat of engineering on reclaimed 
land.  

Extract from the Original Tender Documentation: 
‘The entire structure and workmanship of the Caisson shall 

be such that no water shall find its way through any part , or 
under any circumstances, and generally, the workmanship in 
the Caisson shall come under the highest class of the best 
shipbuilding work. If mild steel be used, it shall be the best 
mild steel, of British manufacture, and made according to the 
Siemens-Martin process, and it shall be of the same quality, 
and shall be subject to testing under the same conditions, as 
are required by the Admiralty.’ 

The Thompson Dock was named after the Chairman of the 
Harbour Commission Robert Thompson whilst the Alexandra 
Dock was named after Princess Alexandra who cut the first 
sod. Alexandra Dock is currently where the HMS Caroline is 
docked. 

At the time of the building of the Titanic there were over 
200 different trades/crafts/professions on Queen’s Island.  

The process of building each vessel was standard. They first 
constructed the ship’s hull on a slipway by riveting steel 
plates onto a skeletal ribbed structure, with the keel as the 
backbone. The engines and propeller shafts were not fitted at 
this stage as they may have become damaged as the ship was 
launched from the slipway. Following the launch, the ship 
would be towed to a fitting out quay. This is where the engine, 
electrics, plumbing and furnishings were put on board. 
Thompson Dock was primarily used to fit the propellers, to 
paint the hull, and remove any launch fittings still attached to 
the hull while the vessel was mounted onto keel blocks. The 
dock was also used to repair, to clean and to repaint vessels 
after time at sea.  

When the work was completed the dock would be flooded 
by opening the sluice gates. The water level would then be the 
same level inside outside the dock allowing the vessel to sail 
into the Belfast Lough.  

Record drawings indicate that at high tide level the gate 
retained some 12 metres of seawater and is of massive 
proportions, displacing some 1900T of water. When 
operational the water pressures were equalized on each side of 
the gate and it could then be winched by chains into the 
caisson chamber to allow passage of vessels into or out from 
the dock.  The gate formed a water tight seal against the dock 
walls by means of full height timbers fixed to each extreme 
corner and bearing against the vertical face of Mourne Granite 
masonry blocks set into the dock wall. The width of bearing at 
each vertical timber is of the order of 0.2 – 0.25 metres at the 
upper region.  

The Dry Dock can hold up to 21 million gallons of water 
(95,467,890 litres) which approximately equates to 172 
swimming pools or 560,000 baths. This water could be 
drained in 1 hour 30 minutes.  

When completed the dock statistics were: 

Description  Size  
Feet / Inches  

Nominal length of dock on floor 850ft 
Length if caisson be placed against outer 
quoins 

887 ft 6ins 

Width of dock on floor  100ft  
Width at entrance of dock 96ft 
Width of coping level  128ft 
Width at lowest altar course 104ft 6ins 
Depth of dock floor at centre below level 
of high water of ordinary spring tides 

37ft 3ins 

Top of keel blocks below level of high 
water of ordinary spring tides 

32ft 9ins 

Height of top of blocks above floor 4ft 6ins 
Level of entrance sill above dock floor at 
centre of dock 

2ft 

Bottom of dock floor at sides of dock 
below coping level 

43ft 6ins 

Thickness of dock floor at centre 17ft  

Dry Dock with Vessel on Keel Blocks  
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3. THE PRESERVATION OF THE DRY DOCK 

In November 2004 NISP commissioned a study to close off 
and protect the existing Thompson Dock and Gate from the 
influences of the sea. The proposals were then tabled to the 
Belfast Harbour Commissioners Estates Department.  

The options were: 

1 Cathodic protection of the existing gate 

2 Proposal No1 – propped double sheet piled wall 
reinforced with concrete 

3 Proposal No2 – reinforced concrete retaining 
structure 

4 Proposal No3 – double sheet pile wall infilled with 
concrete and stone filling 

5 Proposal No4 – sheet piling with tie backs to anchors 

6 Proposed new gates 

7 Flood the dock with tidal water  

At that stage Thompson Dock was considered by 
Environment and Heritage Service (EHS) as a potential World 
Heritage Site and this was one of the reasons that the study 
recommended further investigation of Option 6 as this was the 
only option which would fully preserve the existing dock 
structure, while maintaining the dock as originally constructed 
and replicating the original appearance.  

The report commented on the condition of the dock and gate 
and noted there were several points where significant vertical 
cracking had been observed in the dock walls and where water 
was percolating through. The position of the leakage was 
consistent and was at or near the third step above the near 
vertical internal dock face. This coincided with the top of the 
brick wall/permanent shutter outside the concrete walls. The 
leakage and the resulting growth of moss was more evident on 
the land face because there was no exposure to the sun, but 
there was likely to be a greater rate of leakage from the 
Victoria Channel side because the structure and sea protection 
there had deteriorated and been repaired.  

As a scheduled monument, NISP worked with Northern 
Ireland Environment Agency (NIEA), formerly EHS, to 
develop and assess options for securing the structure of the 
Dry Dock. The key NIEA heritage principles were: 

- The intervention should cause no damage to the 
existing structure  

- The intervention should be reversible, should 
someone either for commercial or tourism reasons 
want to operate the dock and pump-house again and 

- The intervention should match the site outlook, 
aesthetically. 

After due consideration, it was decided that a new outer 
defence structure in the position of the existing outer gate 
otherwise known as the Titanic slot was the preferred 
solution. This solution would effectively retire the 100-year 
old steel structure from the attacks of the sea. It would enable 
the metal to be protected in perpetuity, while allowing public 
access to the Edwardian technology and craftsmanship of 
what effectively was a similar construction piece of 
engineering to Titanic itself – made with sheet steel plating, 
hot-riveted to a steel frame structure. The solution would be 
aesthetically pleasing, being of a similar scale and finish to 
what the gate would have looked like in the outer position and 
so enable this element of heritage intervention to be brought 
into the interpretation story. Very importantly this new 
defence structure in the outer position could be reversible, 
albeit it with difficulty, should it ever be decided to bring the 
dock into operational use again. Concrete was determined to 
be the most suitable material for the new defence structure to 
avoid having to maintain and ultimately replace another steel 
structure in the future.    

Modern staircases were to be included within the scheme to 
allow the public to go down into the bottom of the dock. All 
stakeholders were really enthused about the proposals as 
access to the bottom dock would really compliment the new 
Titanic Belfast visitor attraction which was planned to open in 
early April 2012. It was noted that the NISP was acting for the 
greater good in progressing this plan, as for its own purposes, 
flooding the dock would have sufficed. 

Thompson Dry Dock and Alexandra Dock 2010 

CEI Collins Engineers Ltd (Collins) were instructed to 
undertake an inspection of the Thompson Dry Dock Gate in 
2011 by NISP, as the last inspection had been carried out in 
2003. The Dry Dock Gate was discovered to be in serious 
(near critical) condition with 81% steel section loss and severe 
corrosion evident. It was considered that without immediate 
intervention measures, the corrosion would reach a critical 
point where the gate could no longer withstand the water 
pressure, thus leading to flooding of the Dry Dock. The 
flooding of the Dry Dock would also inevitably lead to 
flooding of the Pump House basement, which is a listed 
building.  It was evident that, if the gate was to be retained for 
posterity with a high degree of authenticity and the threat of 
flooding of the Dry Dock was to be removed, then a suitable 
replacement structure would need be installed on the seaward 
side of the existing gate. This would allow the existing gate to 
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be cleaned and refurbished in a manner that would allow it to 
retain its authenticity.  

Inspection of Existing Caisson Gate 

A recommendation was also made to seal the culverts to the 
Pump House to protect its subterranean structure, as the water 
ingress rate around and through the existing caisson gate 
structure increased, the existing pumping struggling to keep 
the Dry Dock free of water. Consideration was also to be 
given to installing submersible pumps in the main sumps of 
the Dry Dock floor to facilitate direct pumping into Belfast 
Lough via a discharge pipe laid in a gulley, up the personnel 
access stair/ramp and trenched across Clarence Wharf in an 
attempt to retain a Dry Dock free from water.  

A load restriction was recommended on the dockside over 
the caisson gate recess chamber, due to the significant 
deterioration observed on the longitudinal support beams. It 
was recommended that NISP should consider making this area 
a permanent vehicle free zone.  

Collins could not state exactly when an irreversible collapse 
would occur, but informed NISP that if measures were not 
taken in the short term NISP should consider flooding the Dry 
Dock to equalize the pressure on either side of the existing 
gate.  Whilst this would prevent a catastrophic failure of the 
gate it would not prevent its ongoing deterioration, 
particularly in the intertidal zone. In addition marine growth 
would form on the base and walls/steps of the Dry Dock and it 
would then potentially have an adverse effect on the existing 
settlement cracks which were clearly visible in the walls of 
the Dry Dock.  

Collins were subsequently instructed to undertake a 
technical report/ feasibility study for Thompson Dock / Gate; 
a total of nine options were considered and Budget Costs were 
estimated.  

Option appraisal and statutory approval 
The appraisal options ranged from  

1  Flood the Dry Dock in a controlled way 
2  Flood the Dry Dock and aerate the water 
3 Repair the existing steel caisson gate 
4  Fill the Dry Dock gate and caisson chamber with 

 concrete and allow the gate to corrode away 

5 Fabricate and install a new Dry Dock gate 
6  Construct a defence structure at the outer gate 

 position 
7 Construct a defence structure beyond outer gate 

 position 

Collin’s commission included an underwater inspection to 
further assess both the condition of the existing caisson gate 
and the existing concrete infrastructure around the mouth of 
the Dry Dock. This survey indicated that the Dry Dock 
structure was in very good condition for its 100 year old age. 
Considerable silt deposits were observed on the outer apron 
which was not surprising as the Dry Dock had not been used 
for over 10 years. 

Accordingly, NISP sought statutory planning and scheduled 
monument approvals for the proposed outer concrete structure 
and obtained both.  NISP also commenced the application for 
the Marine Licence, taking it to the stage where the successful 
Contractor had only to provide their details and construction 
method statement to NIEA to allow the Marine Licence to be 
granted for the works.    

Meanwhile, a grant for £1.5m to cover all necessary works, 
against a Central Procurement Directorate (CPD) produced 
cost-estimate of a similar amount, was sought and obtained 
from Department of Education (DE) and others. In accordance 
with the terms of that grant, a full government style 
procurement process was undertaken by NISP. The Contractor 
proceeded to seek the Marine Licence.   

4. TENDERING OF NEW DEFENCE STRUCTURE 
TO TITANIC’S DOCK & PUMP HOUSE 

The preferred option agreed with NIEA was Option 5 and it 
was decided to proceed to prepare documentation for a Design 
and Build tender. The tender was for the provision of a new 
outer defence structure at the outer Dry Dock or Titanic gate 
location. This new outer defence structure would allow the 
original gate to remain insitu without the need for the original 
to be repaired for functional use. This new defence structure 
would also support a pedestrian walkway across the top, thus 
allowing safe access around the dock head and providing 
significant views up and down the Dry Dock and adjacent 
Musgrave Channel.  

Within the Tender Documentation there was information 
regarding significant design assumptions and suggested work 
methods, sequences and/or other control measures. The details 
included a method of obtaining a waterproof seal between the 
new and existing structures. The tenderers were also made 
aware that Collins had prepared a Dive Inspection Report that 
confirmed that the granite wall only extended downward for a 
distance of approximately 3. 6 metres between the outer gate 
position and the seaward extremity. And beneath the masonry 
was a rough faced concrete wall which had slumped in places, 
leaving large voids which needed to be infilled. Also from 
historical drawings the depth on the concrete apron appeared 
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to be a uniform thickness. Due to a build-up of silt on top of 
the concrete apron, it was not possible to assess its condition. 
However, there did not appear to be any evidence of structural 
problems with the concrete apron within the inward section of 
the Dry Dock. 

The details of how the new structure would be connected to 
the existing dry dock required to be approved by the Heritage 
section of the NIEA. 

Tenderer’s price was to include making good of the existing 
structure, cutting out from adjoining structures, cutting out 
wall plugs, preparing existing surfaces, making good and 
extending existing finishings and decoration, preparing to 
receive finishes etc. 

The section for the insitu concrete asked for construction 
joints, leveling off the top surfaces with a tamped finish at the 
junctions or horizontal and vertical members for additional 
formwork and the casting where required of a continuous 
upstand section of the vertical member at the same time and 
integrally with the horizontal member. 

The shortlisted tenderer was allowed to undertake some site 
investigation i) to determine the lengths of sheetpiles required 
for the cofferdam, ii) to take some samples to determine the 
waste category of the silt in front of the caisson gate and iii) to 
take some cores to determine the strength of the existing 
concrete walls. 

A borehole was taken at the mouth of the existing dock and 
this showed soft to very soft silty clay with traces of timber 
until a depth of just over 5 metres when a stiff brown clay was 
encountered. Very strong sandstone was encountered at a 
depth in excess of 25 metres. 

The Waste Acceptance Criteria testing of the silt showed 
some exceedances for Arsenic, Selenium, Chlorides and 
Dissolved Solids. It was considered however that overall the 
silt could be considered as non-hazardous. 

5. CONSTRUCTION OF NEW CONCRETE 
DEFENCE STRUCTURE 

The primary aim of the project was to conserve Titanic’s 
dry dock and to safeguard the structural integrity of the 
Scheduled Monument. It was therefore important to agree 
protection measures prior to any of the main temporary or 
permanent works commencing on site. A pre-works 
photographic survey of the entire site was undertaken to 
identify any existing structural defects. It was agreed that 
heavy plant and machinery were not to be used inside 
restricted zones and the existing Dry Dock structure would be 
protected against superficial damage. Floating plant was used 
for the piling works to minimise point loads on the Dry Dock 
side and to reduce damage caused by heavy piling equipment. 
No materials or plant were permitted to be stored or work on 
or in close proximity to the steel caisson gate in order to 
prevent damage or its unintentional collapse. 

Protection measures were also agreed for the caisson gate 
chamber, mooring bollards,, flushing chambers, cobble setts 
and kerbs, and other quay furniture.   

The contractor obtained approval from Belfast Harbour 
Commissioners (BHC) to utilise a plough dredger to lower a 
plough onto the silt and then drag the silt and to deposit it 
adjacent to the Dry Dock at an agreed location.  

The temporary works consisted of a sheetpile cofferdam 
which was constructed from 3 No steel box trusses spanning 
37.5 metres between the ends of the existing Dock walls, 
installing 3 No. double pile caps and steel H-piles and driving 
a sheet pile wall against the truss structures.  

The trusses were 3.75 metres deep by 3.75 metres in height 
and were formed from Universal Column sections with fully 
welded joint connections and were pre-fabricated off site and 
assembled on Stormont Quay and then transported across the 
Musgrave Channel by barge. 

Once the sheet piling was complete, a non-porous bag was 
inserted down the last two profiled voids of the sheet pile wall 
for the entire height of the wall.  These bags were then filled 
with C25/30 with a maximum 10mm aggregate. This 
effectively inflated the bag to form a seal between the piles 
and the dock wall, Divers inspected the bags as they were 
being filled to ensure that a seal was maintained 

Dewatering behind the temporary works was then carried 
out to allow work to commence on the Permanent Structure. 
The Contractor liaised with NIEA to establish the Discharge 
Consent requirements. Two high lift 3’’ pumps were used and 
discharged into a suitably sized silt buster to separate all 
solids from water to minimise turbidity in the water column at 
the discharge point. All silt was removed and disposed of in 
line with the Site Waste Management Plan (SWMP). The 
material was temporarily stored adjacent to the Dry Dock, 
where it was allowed to drain before being transported offsite. 
This helped maintain the adjacent road network in a clean 
condition, which would not have been the case had the 
material been taken offsite when wet. 

In order to ensure that the forces being exerted on the Dry 
Dock by the cofferdam were not causing damage to the 
structure a monitoring regime was agreed, which included 
monitoring various elements of the structure. It was also 
agreed that bracing consisting of a steelwork frame would be 
installed across the void in the wall formed by the caisson gate 
chamber. Strain gauges were fitted to some of the horizontal 
struts across the opening and were monitored by Queens 
University Belfast over the initial tide cycles. This monitoring 
continued until it was demonstrated that there was negligible 
loading being applied to these struts via loading on the Dry 
Dock from the cofferdam.    

After dewatering was complete, coring was carried out of 
the existing apron to confirm the strength and overall 
thickness of the concrete apron.  
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Dewatering of Cofferdam 

A concrete strength of around 35 N/mm2 was determined by 
testing which is considerably higher than would have been 
expected for 100 plus year old concrete.  

The new concrete outer defence structure is approximately 
32 metres long by 2.5 metres wide and 13 metres in 
height..The wall reinforcement was designed to “BS 8007: 
Design of concrete structures for retaining aqueous liquids” in 
order limit crack widths in service to below 0.2 millimetres 
and a total of 14 No. concrete pours were used to form the 
new defence structure. 

A Concrete Design Mix was used with a basalt aggregate 
and a high percentage (50 – 70%) Ground Granulated 
Blastfurnace Slag to help reduce the heat of hydration and 
thus minimize early thermal cracking. Cast in thermocouples 
were used to monitor the temperature gradient across the 2.5 
metre wide pours and additional insulation was applied as 
necessary. An example of some of the thermocouple 
monitoring is shown in the graph below.  

Thermocouple Recording Graph for Pour ‘8’  

The last pour was on 12 December 2012 and the structure 
was left to cure until late January 2013. Then the outer face 
was fitted with steel plates to a level between MLWS on the 
seaward face to replicate the aesthetics of a caisson gate to 
shipping traffic. Water was then allowed against the new 
structure in a controlled manner before the cofferdam was 
removed by the end of March 2013 and taken off site by April 
2013 when the works were finally completed.  

6. THE DRY DOCK GOING FROM STRENGTH TO 
STRENGTH 

The new concrete outer defence structure allows the visitor 
a full circulatory path around the Dry Dock and the 

galvanized access stairs allows access to the floor where the 
overall size of the Dock can be fully appreciated in safety. 

Both the Dry Dock and the caisson gate have been 
preserved and the Scheduled Monument is protected for the 
people of Belfast and for all visitors who wish to gain the full 
Titanic experience.  

Since the refurbishment of Thompson Dock it has played 
host to several Events. Some examples of these events are: 

Rock ‘N’ The Dock. This was a very special floodlit tour of 
Titanic’s Dock and Pump-House rounded off with some of 
Northern Ireland’s top musicians playing in the Pump-House. 
This event marked the official opening of the new access to 
the bottom of the Dock. Ticket holders had exclusive floodlit 
access to Titanic’s Dock and Pump-House. 

GTI NI Titanic Dubs 2012. The Dock played host to over 
200 cars of all shapes and sizes with cars surrounding the 
Dock. The event also had a DJ, remote control car racing, boat 
rides and a number of waterski and wakeboard demos. 

James Cameron the Director of ‘Titanic’ the movie visited 
the Dry Dock in September 2012 and was quoted as saying ‘ 

 ‘Without a doubt this was the highlight of my Titanic 
experience in Belfast’  

Director James Cameron on the Floor of Thompson Dock 

‘Belfast has made a list of Europe’s top 10 travel 
destinations on rise. The dock where the Titanic was built is 
among must-see attractions listed by influential travellers’ 
website Tripadvisor. The company recognized destinations 
that have seen the greatest increase in positive feedback and 
interest from travellers’ year on year.’ 
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ABSTRACT: Waterways Ireland is responsible for managing and maintaining Ireland’s navigable inland waterways, as 

established under the British-Irish Agreement in December 1999. As part of this cross-border role, Waterways Ireland manage 

and maintain weirs and an array of other structures on its seven major waterways in order to fulfil their mission of providing a 

high quality recreational environment on the waterways in their care.  Currently, there are approximately 59 weirs over the 1,000 

kilometres of waterways and their associated branches. The weirs were originally constructed, in conjunction with locks, to alter 

the flow of rivers to make the rivers navigable, to prevent flooding and to measure discharge.  The primary tasks associated with 

management of Waterways Ireland’s inland waterway structures include the collection of inventory data and the regular 

determination of structure condition and strength via examination and assessment. This is then followed up with the repair, 

maintenance, rehabilitation and replacement of structures where necessary, allowing Waterways Ireland to manage its health and 

safety responsibilities.  Dive examinations at river weirs can be high risk. If the Inspector considers there is enough visible 

evidence of the condition without a dive survey then an above water examination may suffice. The inspector will consider any 

historical records, evidence from low and high flow conditions, whether the weir is flowing smoothly, any crest subsidence and 

whether there is excessive turbulence downstream or on the downstream face, which could indicate loss of face material, holes 

or scour.  This paper discusses the techniques involved in the examination of the vast array of historic weirs on Ireland’s 

navigable waterways, the typical defects found, the condition rating and priority rating system adopted and the preservation 

methods utilised to bring the structures back to their original condition. The paper also discusses the environmental 

considerations associated with the rehabilitation works.  Applicable Topic Areas: structures, materials. 

 

KEY WORDS: Waterways Ireland; Weir; Underwater Examination; Condition; Repair; Birds; Flora; Fauna. 

 

1.0 INTRODUCTION 

Waterways Ireland manages and maintains weirs, sluices, 

locks and other structures on its seven major waterways.   

 

Currently, there are 59 weirs located on the 1,000 kilometres 

of waterways and their associated branches.  Figure 1.1 shows 

an overview of the Inland Navigable Waterways. 

 

Waterways Ireland initiated an asset management programme 

for their river assets.  This included a detailed examination 

programme for the weirs.  As part of this process, the weirs 

were assigned a condition rating in accordance with Table 3.1. 

 

To allow Waterways Ireland to prepare long term financial 

budgets for the maintenance of the weirs, preliminary repair 

recommendations were included in the examination reports 

along with associated outline repair costings.  This paper also 

evaluates the environmental impact of the works. 

 

2.0 EXAMINATION 

An examination involves visual and tactile techniques in 

examining a weir, both above and below the waterline. An 

examination can be undertaken with the use of diving 

equipment and / or by careful wading. If the inspector 

considers there is enough visible evidence of the structure’s 

condition without a diving survey, then an above water 

examination will suffice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Figure 1.1 Waterways Ireland map 
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The examination of a weir normally consists of a Level I and 

Level II examination as defined below: 

 

Level I Examination: A Level I examination includes a visual 

examination of the entire weir. It is detailed enough to detect 

obvious damage or deterioration. A Level I examination also 

includes limited probing of the substructure and adjacent 

channel bottom. 

 

Level II Examination: A Level II examination is a detailed 

examination which requires areas of the weir to be cleaned of 

marine or aquatic growth. Level II examinations are intended 

to detect and identify damaged and deteriorated areas.  The 

thoroughness of cleaning is governed by what is necessary to 

determine the condition of the underlying material.  After 

cleaning, damaged areas are measured, and the extent and 

severity of the damage documented. 

 

Some situations create difficulties for both diving and wading, 

e.g. fast river flow.  In situations such as this, temporary dam 

measures are normally implemented to allow for examination.  

Many weir structures do not include adjacent de-watering 

facilities.  In either scenario, sandbags can be utilised for such 

temporary damming. 

 

 

 

 

 

 

Figure 2.1 Examination of weir with assistance of temporary 

damming 

 

The examination approach is decided by the team when on 

site at each location.  The approach will depend on the flow 

conditions, historical records and the ‘Toolbox Talk’. A 

‘Toolbox Talk’ is given by the Dive Supervisor / Lead 

Engineer-Diver at the commencement of each examination, to 

all members of the team.  Points discussed within the team 

include:  

 

- Objective and plan of proposed works 

- Hazards and work environment 

- Individual responsibilities of personnel 

- Operational equipment and materials 

- Access and egress 

- Conflicting activities and vessel schedules (if 

applicable) 

- Emergency equipment and procedures 

 

If diving is required, it is performed using full commercial 

surface supplied diving equipment.  A suitable dive boat can 

also be utilised when required to gain access to each structure. 

When examining upstream, due to the inherently dangerous 

environment associated with weirs, a solid platform is 

preferable when undertaking diving operations. 

Figure 2.2 Underwater examination of downstream portion of 

weir by diving, with evident water penetration through the 

weir 

 

The current examination programme is a baseline survey.  The 

extent of defects detected and risk analysis will determine the 

examination interval. 

 

3.0 CONDITION RATINGS 

As part of the condition examinations, Waterways Ireland 

uses a condition rating system ranging from 0 (Excellent 

Condition) to 5 (Unsafe / Failed Condition).  Refer to Table 

3.1 below for details: 

 

Condition Assessment Ratings 

 

Rating Description 

 

0 Excellent Condition 

The structural element is of recent construction 

and exhibits no signs of deterioration. 

1 Good Condition 

The structural element exhibits no significant 

deterioration or defects.  Minor defects / 

deterioration noted to not more than 5% of any 

structural element. 

2 Fair Condition 

The structural element is intact and its load 

carrying capacity is considered to be unaffected.  

Moderate defects / deterioration noted to not more 

than 30% of the structural element. 

 

3 Poor Condition 

Advanced deterioration or numerous moderate 

defects noted to the structural element with the 

load carrying capacity and / or functionality of the 

element considered to be affected. 
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4 Critical Condition 

Advanced deterioration and significant defects 

noted to the structural element with the 

functionality and / or load carrying capacity of the 

element considered to be significantly reduced 

with local failures possible. 

5 Unsafe Condition 

Localised failures observed with future and 

widespread failures of the structural element likely 

to occur.  Structural integrity of the structure is 

compromised. 

 

Table 3.1 Condition Assessment Ratings 

 

In addition, a critical rating is assigned where a breach is 

noted in the weir, or where scour is noted in the channel 

bottom contributing to extensive undermining of the weir. 

 

All the weirs have been examined and evaluated to date for 

their condition.  Table 3.2 below gives a summary of the 

ratings assigned to those weirs. 

Table 3.2 Weir Condition Rating 

 

4.0 REPAIR WORKS 

There are two types of maintenance. Firstly operational 

maintenance. A relatively small amount of operational 

maintenance is undertaken. It is generally limited to repairing 

obvious damage and clearing detritus. The second is major 

maintenance.  Typically defects are scour pockets and 

undercutting of the downstream apron. 

 

Before any maintenance work is carried out it is important to 

consult with the various stakeholders, especially when major 

maintenance is required. The consultation will include: 

 

1. Exploring the opportunities for upgrading benefits, e.g. 

Waterways Ireland is currently looking at the possibility 

of small scale hydroelectric generation at weir locations. 

2. Avoiding or reducing adverse impacts on any particular 

stakeholder, e.g. Fisheries are looking to upgrade fish 

passes when Waterways Ireland are working at the weirs. 

3. Establishing rights and responsibilities, e.g. checking 

with neighbours and landowners for access to the site. 

4. Identifying risks and safety issues, e.g. temporary works 

and plant to be used. 

5. Dealing with concerns and expectations before they 

become issues, e.g. the increasing number of canoeists 

also increases the demand for consideration of canoe 

ramps. 

 

Key design issues will include: 

1. Fish passes, types and location. 

2. Cofferdam details, e.g. stone, puddle clay, piles, rubber 

dams. 

3. Flood protocols – what happens in a high flow event. 

4. Hydrological changes. 

5. Archaeology, what studies are needed. 

 

There are various repair options available for dealing with 

wash-out of joint material, voids, undermining and scouring 

of weirs, which are discussed below. 

 

4.1 Re-pointing of Weirs 

Re-pointing of masonry weirs is preferably done in the dry.  

For pointing in a wet / dry range, 1 part natural cement is 

normally mixed with 3 parts natural hydraulic lime mortar 

(NHL) along with well graded sharp sand. 

 

Where pointing underwater cannot be avoided, a neat 

proprietary product is required which will set quickly.  This is 

normally mixed with a retarder with a working time of 1-2 

minutes.  The product is mixed to a putty-like consistency 

before being placed underwater. 

 

4.2 Rip-rap Construction 

Rip-rap should, where possible, be laid so that the stones pack 

into a close interlocking layer with the size of scour 

minimised.  Where laid on geotextile, great care is needed not 

to damage the geotextile.  Ideally, the first layer of stone 

should be placed to give as much contact with the surface of 

the geotextile as possible. 

 

A common problem encountered during the construction of 

rip-rap is quality control of the size and gradation of stone 

used.  Various methods have been developed for quality 

control of stone for rip-rap.  At its most basic, a stockpile 

should be visually examined to check minimum, maximum 

and average stone sizes.  In addition, it is often useful to 

weigh stones to obtain an example of each of the three sizes 

(minimum, maximum and average), which can be set aside for 

comparison against stockpiles.  Where large quantities of 

stone are used, examination can involve sorting several 

truckloads of stone into piles of three or four different stone 

sizes.  Each pile is then weighed and compared with the total 

sample weight, thus giving the proportion of the total stone in 

each size category.  A representative stone in each pile can 

then be weighed to define the typical weight that each pile 

represents. 
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An alternative method is to monitor as-placed rip-rap gradings 

using surface sampling techniques.  This involves measuring 

the size of stones exposed on a constructed section of rip-rap 

to give a representation of the plan area occupied by different 

stone sizes.   

 

Another problem is that the stones can segregate during 

loading at the quarry, or during handling and placing, giving a 

different as-laid grading to that at the quarry.  Careful 

quarrying, loading and placing practices are needed to avoid 

this.  The stone may need to be remixed before placing to 

reduce segregation. 

 
 

Figure 4.1 Typical Scour Repair Option for Weir 

 

4.3 Grout-filled bags and mattresses 

Bags and mattresses filled with cement grout or concrete can 

be a cost-effective method for infilling voids.  The bags may 

either be filled with a dry mixture that hydrates and hardens 

on contact with water, or grout can be pumped into the bags.  

In the past, the fabric used was hessian, but today synthetic 

fabrics such as polyester and polypropylene are used.  The 

fabric acts as a shutter to retain the grout and form the shape 

of the voided area.  Mattresses (and less commonly bags) can 

also be laid on stable slopes and beds. 

This type of scour protection is used particularly in 

underwater conditions and for temporary repairs.  It is often 

used to form a concrete apron underwater, with the mattresses 

being filled from floating or land-based plant using tremie 

pipes.   

 

The revetment is essentially an impermeable and inflexible 

revetment.  Where a build-up of hydrostatic pressure could 

occur, the weight should be sufficient to avoid uplift or 

allowance should be made for pressure relief.   

 

The main mode of failure with this type of protection is 

undermining, leading to gradual collapse of individual 

compartments.  Vulnerability is greatest where lateral or 

vertical channel movement can be expected, in which case 

flexible mattresses or bags may be a better alternative. 

 

4.4 Flexible bags and mattresses 

Alternatives to rigid grout-filled systems are flexible filled 

systems.  Flexibility can be introduced to grout-filled 

mattresses by suitable connectors at joints and, to a certain 

extent, between pockets, by the use of continuous seams 

within a mattress.  These mattresses can be strengthened with 

cables. 

Bags and mattresses can also be filled with sand or locally 

won fill to provide a more flexible revetment than grout-filled 

systems, and where cement or rock is too costly or not readily 

available. 

 

Whereas concrete grout-filled mattresses remain a robust 

protection system after the fabric bags deteriorate or are torn, 

sand-filled mats rely on the retention function of the fabric to 

be secure and are therefore less robust.  Above water, the 

effects of ultraviolet deterioration and potential vandalism 

have to be taken into account.  Below water, damage by 

dredging and abrasion has to be considered.  Care must be 

taken to avoid damage during construction. 

 

Sand-filled mats have been found to withstand velocities of 

typically 2.5 m/s.  For protection against higher velocities, 

large sand-filled bags or cement and concrete grout-filled bags 

and mattresses should be used. 

 
 

Figure 4.2 Typical Undermining Repair Option 

 

4.5 Access 

All repair works require access to the site to allow the 

movement of plant, labour and materials, and to facilitate the 

removal of any waste from the site.  In the context of river 

works, sites are often difficult to access and may incur 

negative environmental impacts.  Access requirements should 

therefore be investigated early in the planning process so that: 

 

 The design can be adapted if necessary to suit any 

restrictions on access (physical or environmental) 

 Negotiations with affected landowners and other 

interested parties can be started in good time 

 Enabling works, such as tree pruning or footpath closure 

can be organised in advance of the works starting on site.  

Such works may be season-dependent – this should be 

considered early on in the planning process. 

 

4.6 Temporary Works 

Temporary works are those required as an essential part of the 

construction works (or demolition works), but which will 

generally be removed as the construction progresses.  Some 

temporary works may be left in place to form part of the 

permanent works – for example, sections of steel sheet piling 

used for a cofferdam can remain to form upstream and 

downstream cut-offs. 
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In the context of work on a weir temporary works might 

include: 

 

 Temporary diversion of the river to allow construction of 

the weir in dry conditions 

 Cofferdams in the river to allow work to progress on the 

weir in stages 

 Access road across a field that will be removed on 

completion of the work 

 Temporary bridge or ford across the stream to facilitate 

access to both banks 

 Temporary fish passage 

 

These works can have significant environmental impacts and 

therefore should be considered in the development of the 

design to ensure that adverse impacts are minimised, and that 

beneficial environmental opportunities are recognised and 

taken up. 

 

It must also be remembered that temporary works in the river 

will have to function in varying flow conditions, and may be 

exposed to large floods.  Information on the flow conditions in 

the river should therefore be made available to those 

responsible for designing and constructing the weir. 

 

4.7 Sequence and Timing 

The best time for carrying out engineering works in a river is 

normally in the summer (i.e. when flows are at their lowest), 

but this is often the time when adverse environmental impact 

is likely to be greatest, and recreational use at its highest.  For 

minimum impact on fish, construction in the autumn and 

winter is probably the best option.  A compromise is often 

therefore required.  With proper planning and consultation it 

is possible to minimise the impacts without unduly 

compromising the engineering operation (or greatly increasing 

costs).  Particular seasonal activities to avoid include: 

 

 Angling, especially organised events and competitions 

 Navigation and boating (from Easter to Autumn) 

 Bird and mammal breeding 

 Fish migration, spawning and ova development 

 

4.8 De-watering 

Most repair works require de-watering to expose the structure 

and give reasonably dry conditions.  In its simplest form, this 

might involve sandbagging off part of the weir crest to do a 

patch repair.  For more extensive repairs, the construction of 

an earth or sheet pile cofferdam to isolate part of the structure 

is required.  There are also proprietary portable dam systems 

formed from structural frames and an impermeable membrane 

that can be used to effect a temporary closure of a stream to 

allow remedial works to go ahead.  For major works, the 

temporary diversion of the river or stream may be considered, 

allowing unrestricted access to the weir.  However, such a 

diversion would itself require a temporary weir structure as 

well as a channel diversion, to ensure that the diversion was 

stable for the duration of the works. 

 

 

5.0 ENVIRONMENTAL IMPACT 

5.1 Desktop review 

Historic examination reports are studied / reviewed in advance 

of field work to identify locations that would be affected by 

proposed repair works. A desktop review is carried out to 

identify features of ecological importance within the study 

area. Potential sites of conservation interest are identified 

prior to the field survey by an examination of Ordnance 

Survey (OS) maps. 

 

Special Areas of Conservation (SACs), Special Protection 

Areas (SPAs), Natural Heritage Areas (NHAs), proposed 

Natural Heritage Areas (pNHAs), and records of protected 

species in the vicinity of any proposed works are identified in 

advance of the field surveys.  

 

During the preparation of an ecological assessment, direct 

consultation is undertaken with the following statutory bodies 

and non-governmental organisations: 

 

 Inland Fisheries Ireland; 

 National Parks and Wildlife Service; 

 Bat Conservation Ireland. 

 

5.2 Field Survey - Habitats and flora 

A field survey and ecological site walkover is undertaken at 

each of the proposed works sites to establish the character of 

each site and environs and to identify what ecological 

constraints, if any, are present. A botanical survey of each 

location is undertaken, during the optimum botanical survey 

season. Information is recorded in relation to the primary 

habitats directly affected by and adjacent to the proposed 

repairs works following the Heritage Council publication 

‘Best Practice Guidance for Habitat Surveying and Mapping’ 

(Smith et al., 2011), taking account of the National Roads 

Authority (NRA) (2009) ‘Ecological Surveying Techniques 

for Protected Flora and Fauna during the Planning of 

National Road Schemes’. A list of the dominant and notable 

plant species is taken for each habitat type, including 

protected species and non-native species.  

 

Aquatic and riparian habitat assessment is carried out at each 

of the proposed repair works sites; the identification of 

Floating River Vegetation habitats is carried out visually at 

each proposed works site and a species inventory obtained. 

 

The presence and location of non-native invasive flora, is also 

assessed during the ecological surveys. 

 

5.3 Field Survey - Fauna 

Faunal surveys for specific species follows the methodology 

set out in the NRA (2009) ‘Ecological Surveying Techniques 

for Protected Flora and Fauna during the Planning of 

National Road Schemes’. 

 

Otter surveys undertaken at each site follow the methodology 

set out in the NRA (2009) and also guidance published by 

English Natura (Chanin, 2003). 
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With regard to aquatic fauna, a sweep/kick net is used to 

sample the biota of the substrates, in-stream vegetation, 

submerged bank-side vegetation and undersides of 

overhanging clay banks.  

 

An assessment of the usage of each site by lamprey and 

salmonids include a visual assessment of the river section with 

regard to suitable spawning habitat. 

 

An inventory of fauna recorded, or likely to occur within each 

site, is prepared to include mammal species (including bats), 

breeding bird species (and potential for wintering birds) and 

invertebrate species recorded during the aquatic and terrestrial 

site surveys. The presence of non-native invasive fauna, 

principally aquatic, is assessed during the ecological surveys.  

 

5.4 Appropriate Assessment 

A Stage 1 Appropriate Assessment (i.e. a Screening Report to 

inform Appropriate Assessment) is required for proposed 

repair works to weirs if located within a Special Protection 

Area (SPA) or Special Areas of Conservation (SAC). 

 

SPAs and SACs both form part of Natura 2000, a network of 

protected areas throughout the European Community.  

Designated Natura 2000 sites within a 15km radius of the 

proposed repair works are assessed.  The context of 

Appropriate Assessment is with regard to Council Directive 

92/43/EEC on the conservation of natural habitats and of wild 

fauna and flora – ‘The Habitats Directive’. The Birds 

Directive (2009/147/EC) seeks to protect birds of special 

importance by the designation of Special Protection Areas 

(SPAs), whereas the Habitats Directive does the same for 

habitats and other species groups within Special Areas of 

Conservation (SACs), which are currently designated as 

candidate Special Areas of Conservation (cSAC) in Ireland.  

 

The Appropriate Assessment Stage 1: Screening exercise can 

result in one of three conditions: 

 

 An Appropriate Assessment is not required i.e. where the 

plan / proposal is associated with the management of the 

site; 

 There is no potential for significant effects i.e. 

Appropriate Assessment is not required; 

 Significant effects are certain, likely or uncertain i.e. the 

project must either proceed to Stage 2: Appropriate 

Assessment or be rejected. 

 

5.5 Considerations prior to undertaking the works 

The timing of the proposed works need to take account of the 

breeding season of crayfish, as well as spawning seasons at all 

of the works sites; with sensitive periods avoided. 

 

Any alteration to or construction of new fish passage solutions 

at proposed works sites require a detailed design and 

assessment provided by qualified hydraulic engineers and 

fisheries biologists to ensure that the measures imposed are 

suitable for all fish.   

If proposed works are not completed before the next bird 

breeding season, a bird survey is normally recommended to be 

carried out in the vicinity of proposed works areas. 

 

To ensure lampreys and white-clawed crayfish are not killed 

or displaced by proposed works it is not unusual for them to 

be translocated from affected areas prior to the works and 

removed to other parts of the river.  

 

It is normally recommended that an Environmental 

Management Plan be drawn up prior to any works taking 

place. This details the extent of proposed repair works at each 

site including any associated works e.g. access, fish pass 

proposals, silt / debris removal. This Management Plan 

provides a framework and parameters for the Method 

Statement to be prepared by the contractor appointed for the 

works, limiting / avoiding the potential for ecological impacts. 

 

6.0 CONCLUSION 

Weirs, as important assets in controlling river levels and 

supporting important habitats, require periodic examination 

and on-going maintenance to ensure the integrity of the 

structures.  Typical defects are scour and undermining. 

 

A limited amount of operational maintenance is undertaken on 

weirs in good condition. Major maintenance is undertaken as 

the condition of the weir begins to deteriorate.  As over two-

thirds of the weirs examined to date are in poor or worse 

condition, significant funding is needed to return these 

structures to their original condition. In doing so, it is vital 

that the surrounding natural environment is not adversely 

affected and opportunities are taken when major maintenance 

is occurring to explore benefits such as hydroelectric 

generation, replacement fish passes or canoe ramps. 

 

REFERENCES 
 
[1] Charles Richard; Rodney Day; Jeremy Purseglove; Mott MacDonald 

Ltd and University of Hertfordshire on behalf of Environment Agency 

River Weirs – Good Practice Guide – Section B2, 2003. 

[2] Ecofact Environmental Consultants, Ecological Assessment: Proposed 

Repair Works to Weirs / Sluices on the Barrow Navigation, July 2013. 
[3] Ecofact Environmental Consultants, River Barrow Navigation – 

Proposed Repairs to six weirs / sluices on the River Barrow - Screening 

for Appropriate Assessment July 2013. 
[4] May, R W P; Ackers, J C; Kirby A M, Construction Industry Research 

and Information Association, Manual on scour at bridges and other 

hydraulic structures. 
[5] Smith et al, Best Practice Guidance for Habitat Surveying and 

Mapping, 2011. 

[6] NRA, Ecological Surveying Techniques for Protected Flora and Fauna 
during the Planning of National Road Schemes. 

522



Author Index 

Al-Sabah, S. A. 131 

Allen, B. 439 

Amato, G. 51 

Archbold, P. 205 

Backus, J. 317, 457 

Bai, Y. 149, 445 

Baily, E. 229 

Barrett, R. 167 

Barry, J. 433 

Basheer, M. 149, 295, 475, 487 

Borthwick, A. 7 

Boyle, D. 193 

Browne, T. 241 

Brownjohn, J. 131 

Bruton, D. 301 

Cahill, F. 21 

Cahill, P. 39, 45 

Cantero, D. 125 

Casey, P. 409 

Causer, E. 379 

Cleland, D. 173 

Colford, B. 1 

Coleman, Donogh 445, 469 

Coleman, Daniel 81 

Collery, D. 333, 505 

Collins, T. 241 

Connaire, A. 259 

Connolly, L. 137 

Corbally, R. 21, 179 

Daly, A. 21 

Deegan, P. 217 

Devlin, B. 511 

Doherty, C. 173, 185 

Doherty, P. 363, 421 

Dolan, D. 69 

Donnelly, A. 311 

Dousti, M. R. 327 

Duffy, L. 15 

Dunne, D. 333, 505 

Dunne, H. 57 

Enright, B. 111 

Fallah, S. 345 

Farrell, E. 339, 397 

Farrell, K. A. 351 

Farrell, N. 339 

Favai, P. 179 

Ferrara, L. 227 

Finnegan, W. 253 

Fleming, M. 409 

García-Taengua, E. 217 

Gavin, K. 345, 363, 421 

Ghosh, B. 481 

Gilbert, R. B. 301 

Gill, D. 339, 397 



Gillen, K. 517 

Glennon, C. 75 

Goggins, J. 161, 229, 253, 321 

González, A. 125 

Green, C. 295 

Grimes, J. 385 

Grimes, M. 311, 385 

Hajdukiewicz, M. 161, 321 

Hajializadeh, D. 33 

Hamill, G. 247 

Hanniffah, M. R. M. 7 

Hanley, C. 51 

Hao, T. Y. 487 

Harte, A. 63, 69, 75, 87, 99, 105, 259 

Harvey, J. 517 

Heanen, A. 173 

Hennity, G. 511 

Hester, D. 131 

Hodge, D. 373 

Holmes, N. 451, 457 

Hughes, D. 317 

Hyde, C. 167 

Jackson, N. 39, 45 

Jalilvand, S. 421 

Kattsardi, V. 7 

Keenahan, J. 117 

Kenna, F. 205 

Kennedy, K. 277 

Kieran, P. 229 

King, D. 321 

Kinnane, O. 155, 385 

Kissane, P. 155 

Kolakowski, P. 179 

Laefer, D. 351, 357 

Leahy, C. 111 

Leen, S. 167, 259 

Long, A. 457 

Long, M. 415 

Lydon, M. 27, 173, 185 

Ma, Q. 149 

Magee, B. 487 

Malekjafarian, A. 199 

Mathewson, A. 39, 45 

McCabe, B. 229 

McConnell, E. 93 

McCracken, C. 27 

McCrum, D. 27, 499 

McGroarty, C. 357 

McIntosh, J. 143 

McKenna, T. 367, 445 

McKenna, P. 333, 505 

McManus, P. 273 

McMenamin, P. 493 

McNally, C. 469 

McNulty, P. 27 

McPolin, D. 63, 87, 93, 97, 105, 457 

McQuaid, G. 265, 283 

McRobert, J. 247, 289 



Millar, P. 265, 277, 283 

Minehane, M. 235 

Mitchell, R. 277 

Mohammed, A. K. 311 

Mohammed, O. 125 

Moore, T. 317 

Murphy, J. J. 57, 85, 433, 439, 463 

Nanukuttan, S. 149, 289, 295, 475, 487 

Newell, S. 311 

Noble, D. 427 

Nogal, M. 427 

Ní Choinne, M. 137 

O'Byrne, M. 481 

O'Ceallaigh, C. 63, 99 

O'Connor, A. 21, 33, 137, 427 

O'Donoghue, P. 167 

O'Donovan, R. 235, 463 

O'Flynn, B. 193 

O'Halloran, S. 259 

O'Keeffe, B. 235 

O'Murchu, O. 357 

O'Neill, C. 63, 105 

O'Riordan, B. 445 

O'Rourke, B. 367, 373, 463, 469 

O’Brien, E. 33, 111, 117, 179, 199 

Orr, S. 493 

Orr, T. 403 

Paine, K. 333 

Pakrashi, V. 39, 45, 51, 427, 481 

Pattarini, A. 217 

Pavia, S. 155, 211, 223 

Prendergast, L. 363 

Quigley, P. 415 

Raynor, D. 415 

Reape, S. 167 

Reilly, C. 403 

Richardson, M. 367, 469 

Robinson, D. 27, 185 

Ruane, K. 57, 235, 379, 391, 433, 463 

Ruta, C. 415 

Ryan, D. 247 

Schoefs, F. 481 

Scully, S. 167 

Shinnick, D. 391 

Sikora, K. 63, 87, 105 

Smyth, W. 247 

Solan, B. 493 

Solera, S. 415 

Sonebi, M. 217, 317 

Soutsos, M. 143 

Staino, A. 499 

Swan, C. 7 

Strong, A. 273 

Taylor, P. H. 7 

Taylor, S. 27, 93, 105, 173, 185, 217 

Twomey, C. 373 

van Loo, H. 179 

Walker, R. 211 



Walsh, D. 391 

Wang, J. 475 

Ward, C. 289 

Watley, M. 491 

West, R. 303, 311, 327, 385, 451 

Withworth, J. 493 

Woershing, H. 193 

Woodward, D. 265, 273, 277, 283 

Wu, Z. G. 487 

Yang, C. 149 

Žnidarič, A. 179 

 



 


	0-2 Intro Pages
	3-4_CERI 2014 Org and Sci Comm Members
	5_List of Sponsors
	6_CERI Preface
	paper index
	proceedings rough updated 3.pdf



