
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



INFLUENCE OF SPATIAL VARIABILITY ON WHOLE LIFE 

MANAGEMENT OF REINFORCED CONCRETE

BRIDGES

By

Omran M oham ed Kenshel 

BSc, MSc

Thesis subm itted  to the University of Dublin, Trinity College, 

for the Degree of Doctor of Philosophy

A ugust 2009

D e p a r t m e n t  Of  Civil,  S t r uct u ra l  & E n v i ro n m en ta l  E n g in ee r in g  
UNIVERSITY OF DUBLIN,  TRINITY COLLEGE 
DUBLIN,  IR ELAN D



DECLARATION

The  author  hereby declares that this thesis,  in w ho le  or in part,  has not been submit ted to 

any other  universi ty as an exercise for a degree.  Except  where  reference has been given in 

the text,  it is enti re ly the au th o r ’s own work.

The  author conf i rms  that the Library m ay  lend or copy  the thesis upon request ,  for 

acad em ic  purposes.

Om ra n  M o h a m ed  Kenshel

August  2009

l i b r a r y  D U B L I N

2



ABSTRACT

T h e  n u m b e r  o f  d e t e r i o r a t i n g  b r id g e s  d u e  to c h l o r i d e - i n d u c e d  co r r o s io n  i n c r e a s e s  an n u a l ly  

as  d o e s  the  cos t  o f  in sp e c t i o n ,  m a i n t e n a n c e ,  r epa i r  and  w h e r e  n e c e s s a r y  r e p la c e m en t .  

M e a n w h i l e ,  b u d g e t s  m a d e  ava i la b l e  to br id g e  o w n e r s / m a n a g e r s  for  r epa i r  a n d  m a i n t e n a n c e  

o f  these  b r id g e s  a re  r e d u c in g .  T o  o p t i m i s e  a n d  m a n a g e  the ir  b u d g e t  s p e n d ,  b r id ge  

o w n e r s / m a n g e r s  n e e d  to re ly  m o r e  o n  ra t iona l  d ec is io n  m a k i n g  m e t h o d s  r a th e r  than  on 

s u b je c t i v e  e n g i n e e r i n g  j u d g m e n t .  In th is  thes i s ,  the  a u th o r  ha s  d e v e l o p e d  a p ro ba b i l i s t i c -  

ba se d  m o d e l  w h i c h  a i m s  to p red i c t  the  l i f e t ime  p e r f o r m a n c e  o f  R e i n f o r c e d  C o n c r e t e  ( R C )  

s t r u c tu re s  e x p o s e d  to c h lo r i d e  c o r r o s i v e  e n v i r o n m e n t  and  c o n s e q u e n t l y  to o p t i m i s e  the ir  

l i fe t ime m a n a g e m e n t .

T h e  o p t i m a l  t im e  to r e p a i r / m a i n t e n a n c e  o f  d e t e r io r a t i n g  s t r u c tu re s  can  be  p re d ic te d  by 

re la t ive  c o m p a r i s o n  o f  the i r  se le c te d  p e r f o r m a n c e  c r i te r ia  to its c o r r e s p o n d i n g  ta rge t  l imit .  

T h e  pr oba b i l i s t i c  m o d e l  d e v e l o p e d  in this  thes i s  c o n s i d e r s  m o d e l l i n g  the  p e r f o r m a n c e  o f  a 

s t ru c tu re  aga ins t  c o r r o s i o n - i n d u c e d  d e te r io r a t i o n  in te rm s  o f  bo t h ;  its s u r f a c e  (v i sua l )

c o n d i t i o n  and  in t e r m s  o f  its sa fe ty .  T h e  s u r f a c e  co n d i t io n  is re la ted  to the  Se rv ic e a b i l i t y

L im i t  S ta te  ( S L S )  w h i l e  the  sa fe ty  is re la ted  to the  U l t i m a te  Limi t  S t a te  ( U L S )  o f  the

s t ruc tur e .  T h i s  a p p r o a c h  a l l o w s  for  a fair  c o m p a r i s o n  b e t w e e n  the  t i m e s  to

r e p a i r / m a i n t e n a n c e  p r e d i c t e d  in t e r m s  o f  S L S  and  U L S  to be m a d e .

T h e  m o d e l  d e v e l o p e d  in th is  thes i s  t a kes  into c o n s id e r a t i o n  the spa t ia l  va r i a b i l i t y  o f  the 

d e t e r io ra t io n  p ro p e r t i e s  w h i c h  ha ve  b e e n  n e g le c te d  in m a n y  r e l iab i l i ty  b a s e d  s tud ie s  

d e a l i n g  w i th  the se rv i c e  life p r ed i c t i on  o f  s t r u c tu re s  e x p o s e d  to c h l o r i d e - i n d u c e d  co r ros io n .  

T h e  thes i s  p r o v id e s  a si te sp e c i f i c  da ta  on  the Sc a le  o f  F lu c tu a t i o n  (0) ,  a p a r a m e t e r  w h i c h  is 

essen t i a l  for  spa tial  va r i a b i l i t y  m o d e l l i n g ,  fo r  tw o  key  de te r i o ra t i o n  p a r a m e t e r s ;  the  S u r fa c e  

C h l o r i d e  C o n t e n t  (C.v) and  the  D i f f u s io n  C oe f f i c i e n t  {Du,,,,). T o  o bt a in  v a l u e s  for  9, fo r  C , 

and  Da,,,„ the a u th o r  p e r f o r m e d  an e x p e r i m e n t a l  s t udy  on  45 c o n c r e t e  c o r e s  e x t r a c t e d  f ro m  

an a g i n g  s t ruc ture  ( F e r r y c a r r i g  b r id g e )  loc a t ed  in a m a r i n e  e n v i r o n m e n t .  I m p o r ta n t  

r e c o m m e n d a t i o n s  w e r e  m a d e  c o n c e r n i n g  the m e a s u r e m e n t  p la ns  to e n s u r e  a ccu ra te  

pr ed ic t i on  o f  the p a r a m e t e r  0 o f  the  tw o  in v es t ig a te d  prope r t i es .

For  the b e a m  s t ruc tu re  c o n s i d e r e d  in thi s w o r k ,  it w a s  fo u n d  that  the  in c lu s io n  o f  spa tial  

var iab i l i ty  is f u n d a m e n t a l  for  m o d e l l i n g  o f  the v i sua l  co n d i t io n  o f  the  s t r uc tu re .  In the  case  

o f  the p r e d i c t i n g  the sa fe ty  l i fe t ime p e r f o r m a n c e ,  the  in c lu s i on  o f  sp a t ia l  var ia b i l i t y  w a s
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found to influence the failure probability of  the beam only when the flexure resistance is 

controlling. When the beam failure probability was governed by its shear resistance, spatial 

variability had little effect on the predicted safety performance.

This thesis also investigated the effect of  pitting (localised) corrosion on the predicted 

safety performance of  the Reinforced Concrete (RC) beam girder considered, as opposed 

to the effect of  general (uniform) corrosion. It was found that pitting corrosion causes 

much more severe reduction to the beam shear resistance than to the beam flexure 

resistance. As a result, the beam failure probability was governed by the effect of  pitting 

corrosion on the shear links.

When comparing the times to first repair/maintenance predicted for the beam considered, it 

was found that the beam can achieve its intended design life in terms o f  SLS. However, the 

beam was considered unsafe (i.e. in terms of  ULS) after only a few years of  its 

construction as results o f  the severe effect of  pitting corrosion caused to the shear links. 

The load model used for assessing the safety of  the beam girder under consideration was 

based on the analysis of  site-specific Weigh-ln-Motion traffic data using Extreme Value 

theory.

Sensitivity analysis was performed in this thesis to measure the relative influence of  the 

considered random variables on the beam probability of  failure. It was found that the 

parameter that can have the most significant impact on the beam reliability is the Concrete  

Cover Depth (Cj). It was therefore recommended that accurate statistical information 

regarding this parameter should be obtained, particularly its 0 value, if the safety of  the 

considered structure is to be estimated with a reasonable accuracy.
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C hapter  1: Introduction

1.1 INTRODUCTION

Bridge s tructures  are a key com po nen t  o f  h ig hw ay  infrastructure and their long-term 

per fo rm ance in service  is clearly o f  great  social ,  env ironmenta l  and economical  

impor tance .  Whi le  traffic v o lum es  and loadings  are mount ing,  the n um ber  o f  deter iorat ing 

bridges  increases annua l ly  as does  the cost  o f  inspect ion,  main tenance ,  repair and 

replacement  (Costa and Apple ton  1999; Frangopol  et al. 2001; Stewar t  and Rosowsky 

1998a). For  example ,  in the Uni ted K ingd om ,  som e  40,000 bridges have failed to meet  the 

European Union re qu irement s  that by 1999 all European highw ays  mus t  be capable of  

carrying  44 ton vehic les  (Jeppsson and The la nd ersson,  2003).  In the Uni ted States,  nearly 

2 7 %  o f  the 594 ,000 bridges , listed in the inventory  in 2004,  are classi fied as deficient tor 

ei ther st ructural  or funct ional  reasons ( F H W A ,  2006) .  T he  given classi ficat ion impl ies  that 

these bridges  cannot  carry the increas ingly heavier  traffic loads  and have to be taken out ot 

use or be subjected  to we ight  restr ict ions.  The  es t imated cost  to mainta in ,  repai r or  replace 

the increas ing n um ber  o f  def ic ient  bridge s t ructures  const i tutes  a substantial  port ion of  the 

national budget  o f  m a n y  o f  the developed countries.  For example ,  the es t imated cost  in 

2001 to e l iminate  the increas ing num ber  of  def ic ient  bridges  in the Uni ted  States is about  

$80 bi ll ion (Estes  and Frangopol ,  2001) .  In 2002,  Japan  allocated app roxima te ly  13.5 

trillion yen that is about  21 .5%  o f  the total const ruct ion budget  to repai r and main tenance  

works  (Sancharoen et al.,  2006).  Th e annual  expendi ture  on main tenance  and repair on 

national bridges in England is in the order  of  €18 0  mill ion,  in France is abou t  € 50  mill ion,  

in N orw ay  € 30  mill ion  and in the Nethe r lands  is about  €1 0 0  mill ion (Li, 2004b).  It is 

therefore reasonable  to a ssum e  that wi th such huge expendi tures ,  any real ised and efficient  

per formance  predic t ion m e thod olog y can result in signif icant savings.

The vast  majori ty o f  the deter iora t ing Reinforced Concre te  (RC) bridges  located in marine 

envi ronments  deter iora te  due to chlor ide- induced corros ion (Mallet ,  2007) .  Ch lor ides  in 

marine env i ro nm ents  penetra te  the concre te  cover,  reach the imbedded re in fo rcement  and 

initiate corrosion.  A s  a result,  the re inforcement  cross-sect ional  area re duces  leading to 

deter iorat ion in the bridge load carrying capaci ty  (i.e. Ul t imate  Limit  State,  ULS).  

Meanwhi le ,  the expans ion o f  the corros ion produc ts  genera tes  pressure on the concrete 

surround ing the re info rcemen t  leading to cracking,  spal l ing and delam inat ion  ot  the 

concrete cover  (i.e. Serviceabi l i ty  Limit  State,  SLS) .  T he  visual  d a m a g e  caused by 

corros ion activity,  i.e. c racking,  spal l ing  and delaminat ion,  necess i ta tes  extens ive  and 

costly repai r /main tenance  and in some cases  replacemen t  to be implemented.
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To optimise and manage their budget spend while keeping bridges safe and functional, 

bridge owners/mangers need to rely more on rational decision making methods rather than 

on subjective engineering judgment. It is important that such methods should allow for the 

current and future condition of bridge structures to be predicted and, therefore, facilitate 

bridge owners/mangers to make optimal repair/maintenance or replacement decisions and 

hence optimise their budget spend. In traditional Bridge M anagement Systems (BMS), 

maintenance and repair o f deteriorating bridges is mainly planned based on the information 

obtained through visual inspections and the experience of local professionals (Vu and 

Stewart, 2005). One o f  the most severe limitations that have characterised the traditional 

BMS approach, as pointed out by Frangopol et al. (2001), is that bridge reliability (safety) 

is not directly incorporated in BMS and their ability to predict future deterioration of the 

structure surface and safety conditions is very limited. Becoming increasingly aware of 

these limitations, researchers/institutions have recognised that future B M S ’s will have to 

depend more on probabilistic and reliability-based methods (e.g. Val and Melchers, 1997; 

1998; Frangopol et a i ,  2001). Reliability-based BMS permits the inclusion of uncertainty 

of all parameters and models associated with the deterioration process. In addition, 

reliability-based BMS have the advantage of employing a rational indicator such as the 

Reliability Index (y9), defined in Chapter 3, which provides clearer and better defined safety 

performance criteria.

A major shortcoming in the work carried out to date in this regard (e.g. Akgul and 

Frangopol 2005a; Akgul and Frangopol 2005b; Enright and Frangopol 1998a; Val and 

Melchers 1997) is the neglect of the uncertainty associated with spatial variability of the 

deterioration parameters. Spatial variability work carried out to date has been mainly 

focused on predicting the lifetime visual (surface) condition of the corroding structure (e.g. 

Li et al. 2004; Vu and Stewart 2005). Another major shortcoming is the separate modelling 

of the surface condition (serviceability) based lifetime performance and the safety based 

(ULS) lifetime performance of the deteriorating bridge structures. Due to the common 

parameters (material, environmental properties, etc) positive correlations are expected 

between the two performance criteria. Therefore, it would be more appropriate if the 

surface condition and the load carrying capacity (Safety) performances are both predicted 

using the same approach and where possible the same physical/empirical deterioration 

models and parameters. The advantage of this approach allows fair and rational 

comparison between the times to first repair/maintenance intervention predicted in terms of
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both Safety and Surface  condi t ion per fo rm ance criteria.  Th e approach  will  also help 

ident ifying the mos t  important deter iorat ion parameters  and,  therefore,  provide  des igners  

o f  future gene ra t ion  o f  s tructures wi th clues  to des ign durable  and long las ting st ructures.

1.2 OBJECTIVES AND SCOPE

This  thesis focuses on three main  i ssues which can be considered as the pr im e objective of 

the research w o rk  carried out here in and these are:

(i) To  deve lop a probabi l i s t ic-based per fo rm an ce predict ion tool that can be used 

to predict  the opt imal  t ime for repai r /maintenance  in tervention o f  RC 

st ructures  exposed  to aggress ive  chlor ide en vi ronm ents  us ing a br idge or 

bridge  com ponen t  as an il lustrative example .

(ii) T he  proposed  model  should  take into considera t ion the inclusion o f  spatial 

var iabi li ty o f  the deter iora t ion m ode l s  involved in the es t imat ion  o f  t ime for 

repai r /maintenance  in tervention.

(iii) T he  proposed  probabil i s t ic-based model  should  consider  the dual  mode l l in g  of  

the Serviceabil i ty Limit State (SLS )  (i.e. deter iorat ion in the visual  condit ion) 

and the Ul t imate Limit  State (U L S)  (i.e. the deter iorat ion in the load carrying 

capaci ty)  o f  the inves t igated  s t ructu re /member .

In the context  o f  ach iev ing these pr ime objectives ,  the literature review has  revealed  some 

shortcomings ,  in the research preceded the w o rk  o f  this thesis,  which we re  ident i fied  as a 

secondary  ob ject ives  for this thesis to address:

1. Data on the Scale  o f  Fluctuat ion (0), a pa ram ete r  which  is nec es sary  for mod el l ing  

o f  the spat ial  variabi li ty o f  the deter iorat ion parameters,  hardly existed.  Ther efor e  it 

was  dec ided that an exper imen ta l  invest igation need to be p e r fo rm ed  to obtain 

values  for this parameter .

2. W h e n  assess ing the per formance o f  a g iven st ructure,  the corros ion ac tivi ty was  

often as sum ed  to have al ready started and the in l luence o f  the co rros ion initiat ion 

parameter s  on the lifetime safety pe rformance was  hardly assessed.  T h e  initiat ion 

stage and propagat ion stage o f  the deter iorat ion process  we re  rarely cons idered 

wi th in the sam e f ramework,  w hi ch  under mines  s tudying the influence  of  the
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corrosion  in itiation param eters  on the lifetime safety perform ance. T he developed  

m odel should  consider including  bo th  the initiation and prorogation  m odels.

3. D espite  the few and limited s tud ies  on the effect o f  pitting (localised) corrosion, 

w h ich  indicated  the severity  o f  this form  o f  corrosion on the load ca rry ing  capacity  

o f  co r ro d in g  structures, the effect o f  variability  o f  p itting corrosion on the safety 

p erfo rm ance  o f  s tructures has not been  not fully investigated. H ence, the developed 

m odel should  cons ider the effect o f  p itting corrosion on the lifetime safety  o f  the 

s tructure  under consideration .

4. T he  load m odels  used to assess the load ca rry ing  capacity  o f  co rrod ing  structures 

w ere  e ither overs im plif ied  or es tim ated  from conservative standards  or codes o f  

practises and not from  actual traffic data. In this thesis, it w as dec ided  that the load 

m odel shou ld  be  based on a realistic  site-specific load data for the uncertainty 

assoc ia ted  w ith  the load ing  to be considered .

T he au thor be lieves  that safe ty /condition  based  bridge m ain tenance is an attractive bridge 

m an ag em en t tool that perm its  optimal p lann ing  o f  bridge m anagem en t and facilitates 

bridge o w n e rs /m an g ers  in pos tpon ing  or reducing  costly  repair w orks. In the case o f  

limited funding , such  a tool will ensure  that the available fund ing  is a llocated to 

deter iorating  bridges  w h ich  are in m ost need o f  m ain tenance/repa ir  from the safety v iew  

point. For the sam e bridge structure, this approach will help pre-identify  the structural 

com ponen t  that if repaired the overall level o f  safety  o f  the bridge is ensured  to be above 

the m in im u m  requirem ent.  T he  m eth o d o lo g y  presented  in this thesis can be generalised  

and used as a tool by structural eng ineers  and asset ow ners /m angers  in assessing  other 

types o f  s tructu res  and help them  m ake  rational dec is ions with  regard to the op tim al time 

to the m ain tenance  and rehabilita tion o f  their structures.

1.3 THESIS LAYOUT

T he thesis  is o rgan ised  in eight chap te rs  and five appendices. C hap ter  1 provides an 

in troduction  to the problem  under investigation and highlights the general objectives  o f  the 

current w o rk  and indicates  the o rganization  o f  the thesis.

C hap ter  2 presen ts  the m aterial deter ioration  m odels  that can be used to describe  the 

p erfo rm ance  o f  R C  structures  exposed  to m arine  env ironm ents  and affec ted  by chloride- 

induced corrosion . T h ese  m odels  are presented  in such a w ay so they can be used to
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quantify the different stages of  corrosion-induced deterioration of  RC bridges and hence to 

predict the end of  the structure service life. The variability of  the key deterioration 

parameters  is discussed. The selected models will then be used in the subsequent  chapters 

to describe the structure’s lifetime performance where the impact of  the corrosion-induced 

damage on the structure performance can be quantified. In this chapter criteria used by 

bridge owners/managers/engineers for deciding on the time of  maintenance and repair 

were also discussed. This chapter also investigates the experiences and practices revealed 

by the literature to propose maximum allowable deterioration levels which can be used for 

predicting the optimal time to maintenance and repair intervention.

Chapter  3 describes a different type of  uncertainty that can affect the predicted 

performance of  a structural system. Methods for calculating the reliability index are 

described. Among these methods is the Monte Carlo (MC) simulation technique which is 

adopted by this thesis for the calculation of  the Prohahility o f  Failure (Ff) hence evaluating 

the temporal safety performance. In addition, the minimum allowable safety level specified 

by a number o f  international standards is discussed. This chapter focus on presenting the 

methods that can be used to incorporate the uncertainty associated with spatial variability 

into the reliability analysis. The Random Field (RF) theory which is the field o f  statistics 

that deals with the spatial variability model ling is discussed in detail. In this chapter, key 

parameters necessary for RF-based model ling are identified. The parameter  Scale of  

Huctuation (0) is given special attention being very important for describing the spatial 

variability of  a deteriorating property. The chapter also presents a review of  previous 

works that have dealt with spatial variability model ling in the subject of  RC corrosion. The 

review highlights a number of shortcomings and limitations. A m ong the most significant is 

the lack of  reliable data regarding the parameter  9 for key deteriorating variables identified 

in Chapter 2, the Surface Chloride C ontent (C^) and the D iffusion C oefficient {Dap,,).

Chapter 4 presents a background to the structure studied in this work (Ferrycarrig Bridge) 

to overcome the shortcomings indicated in Chapter  3 with respect to the lack of  reliable 

experimental data for RF modelling. The RC bridge selected is located in a marine 

environment  on the Wexford-Dublin road, Ireland. The experimental  work carried out 

mainly intends to obtain statistical information on the two parameters Cs and D„pp which 

have been identified in Chapter 2 to be key deteriorating variables and, therefore, of  a 

significant importance to service life modelling. The testing procedure and methods for 

determining chloride contents in the concrete sample are discussed in this chapter.  The
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experimental work also intends to provide measurements that will enable obtaining 

information on the parameter 0 for the two aforementioned deterioration variables.

Chapter 5 applies methods available in the literature to analyse the data measurements 

collected in chapter 4 to determine values of 9 for and Daj>p. Two methods are presented 

in this chapter, the M axim um  Likelihood Method (M LM ) and the autocorrelation Curve 

Fitting Method. The reliability of both m ethods is discussed. The Curve Fitting method 

requires the available data measurements to be increased; this led to introducing a 

statistical interpolation method called K riging. The kriging method is a statistical 

interpolation method that can be used to interpolate the data at locations where the 

investigated property was not measured, i.e. ‘m iss ing’ data points, for the purpose of 

increasing the number o f  observations to obtain a reliable prediction of the parameter 6. In 

this chapter, the 0 values obtained in this thesis is compared to the corresponding values 

obtained or assumed by other researchers. This chapter also proposes a procedure by which 

the number of m easurements and the optimal relative location can be used to achieve a 

reliable estimate for the parameter 0 for future field investigations.

Chapter 6 demonstrates how the RF-based probabilistic model used in this thesis is 

developed using a RC beam girder as an illustrative example. Formulation of the limits 

state functions which are essential for calculating the probability of failure and hence the 

reliability of the beam girder is discussed in detail. The model consists of two parallel 

stages; the first stage intends to predict the surface condition of the beam as a result o f  the 

progressing chloride attack. At this point the model is benchmarked against existing results 

from the literature. In the second stage, the model is further analysed to predict the lifetime 

safety performance of the RC beam girder under investigation. This chapter uses real 

traffic data to extract information regarding the m aximum load effect expected to be 

imposed on the beam girder under investigation. The chapter explains how Extreme Value 

(EV) theory can be used to estimate the maximum load effect from traffic data collected 

through the use of W ight-in M otion  system.

In Chapter 7, the statistical information obtained in Chapter 4 and 5 are used as an input 

parameters to the RF-based model developed in chapter 6. Results describing the 

performance of the investigated beam girder against corrosion are presented in this chapter 

in terms of both the Condition and Safety profiles. The influence of spatial variability on 

both profiles is discussed. The relative influence of the two types of corrosion (General and
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Pit ting) is also inves tigated.  C o m p ar i so n  between  the optimal  t imes  to main tenanc e  based 

on the condi t ion  and safety profiles are made .  Finally,  a sensi tivity analys is  is per fo rmed  in 

this chapter  to measure  the relative impor tance  o f  each of  the ra ndom var iables  f rom the 

safety v iew point.

Chap te r  8 presents  the s u m m ary  o f  the w o rk  carried  out  in this thesis and indicates final 

conclus ions  o f  the current  w ork  and r eco m m en d a t io n s  for future research.
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1.1 INTRODUCTION

Bridge structures are a key component of  highway infrastructure and their long-term 

performance in service is clearly of  great social, environmental  and economical 

importance. While traffic volumes and loadings are mounting,  the number of  deteriorating 

bridges increases annually as does the cost o f  inspection, maintenance,  repair and 

replacement  (Costa and Appleton 1999; Frangopol et al. 2001; Stewart and Rosowsky 

1998a). For example,  in the United Kingdom, some 40,000 bridges have failed to meet the 

European Union requirements that by 1999 all European highways must be capable of  

carrying 44 ton vehicles (Jeppsson and Thelandersson,  2003). In the United States, nearly 

27% of  the 594,000 bridges, listed in the inventory in 2004, are classified as deficient for 

either structural or functional reasons (FHWA,  2006). The given classification implies that 

these bridges cannot  carry the increasingly heavier traffic loads and have to be taken out of  

use or be subjected to weight restrictions. The estimated cost to maintain, repair or replace 

the increasing number of deficient bridge structures constitutes a substantial portion of  the 

national budget of  many of  the developed countries. For example,  the estimated cost in 

2001 to eliminate the increasing number of  deficient bridges in the United States is about 

$80 billion (Estes and Frangopol, 2001). In 2002,  Japan allocated approximately 13.5 

trillion yen that is about 21.5% of  the total construction budget to repair and maintenance 

works (Sancharoen et uL, 2006). The annual expenditure on maintenance and repair on 

national bridges in England is in the order of  €180 million, in France is about  €50 million, 

in Norway €30 million and in the Netherlands is about €100 million (Li, 2004b). It is 

therefore reasonable to assume that with such huge expenditures, any realised and efficient 

performance prediction methodology can result in significant savings.

The vast majority of  the deteriorating Reinforced Concrete (RC) bridges located in marine 

environments deteriorate due to chloride-induced corrosion (Mallet, 2007). Chlor ides in 

marine environments penetrate the concrete cover, reach the imbedded reinforcement  and 

initiate corrosion. As a result, the reinforcement cross-sectional area reduces leading to 

deterioration in the bridge load carrying capacity (i.e. Ultimate Limit State, ULS). 

Meanwhile, the expansion of  the corrosion products generates pressure on the concrete 

surrounding the reinforcement leading to cracking, spalling and delamination of  the 

concrete cover (i.e. Serviceability Limit State, SLS). The visual damage caused by 

corrosion activity, i.e. cracking, spalling and delaminat ion,  necessitates extensive and 

costly repair/maintenance and in some cases replacement  to be implemented.
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To optimise and manage their budget spend while keeping bridges safe and functional, 

bridge owners/mangers  need to rely more on rational decision making methods rather than 

on subjective engineering judgment.  It is important that such methods should allow for the 

current and future condition of  bridge structures to be predicted and, therefore, facilitate 

bridge owners/mangers  to make optimal repair/maintenance or replacement decisions and 

hence opt imise their budget spend. In traditional Bridge Management Systems (BMS),  

maintenance and repair of  deteriorating bridges is mainly planned based on the information 

obtained through visual inspections and the experience of  local professionals (Vu and 

Stewart, 2005). One of  the most severe limitations that have characterised the traditional 

BMS approach, as pointed out by Frangopol et al. (2001), is that bridge reliability (safety) 

is not directly incorporated in BMS and their ability to predict future deterioration of  the 

structure surface and safety conditions is very limited. Becoming increasingly aware of  

these limitations, researchers/institutions have recognised that future B M S ’s will have to 

depend more on probabilistic and reliability-based methods (e.g. Val and Melchers, 1997; 

1998; Frangopol ct al., 2001). Reliability-based BMS permits the inclusion of  uncertainty 

of  all parameters and models associated with the deterioration process. In addition, 

reliability-based BMS have the advantage of  employing a rational indicator such as the 

Reliability Index (fi), defined in Chapter 3, which provides clearer and better defined safety 

performance criteria.

A major shortcoming in the work carried out to date in this regard (e.g. Akgul  and 

Frangopol 2005a; Akgul  and Frangopol 2005b; Enright and Frangopol 1998a; Val and 

Melchers 1997) is the neglect of  the uncertainty associated with spatial variability of  the 

deterioration parameters.  Spatial variability work carried out to date has been mainly 

focused on predicting the lifetime visual (surface) condition of  the corroding structure (e.g. 

Li et al. 2004; Vu and Stewart 2005). Another major  shortcoming is the separate model ling 

o f  the surface condition (serviceability) based lifetime performance and the safety based 

(ULS) lifetime performance of  the deteriorating bridge structures. Due to the common 

parameters  (material, environmental properties, etc) positive correlations are expected 

between the two performance criteria. Therefore,  it would be more appropriate if the 

surface condition and the load carrying capacity (Safety) performances are both predicted 

using the same approach and where possible the same physical/empirical deterioration 

models and parameters.  The advantage of  this approach allows fair and rational 

comparison between the times to first repair/maintenance intervention predicted in terms of
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both  Safe ty  and Surface  condi t ion  per fo rm ance criteria.  T he  approach  will  also help 

ident i fy ing the most  important  de ter iora t ion pa ramete rs  and,  therefore ,  provide  des igners  

o f  future gene ra t ion o f  s tructures wi th  clues  to des ign durable  and long las ting  st ructures.

1.2 OBJECTIVES AND SCOPE

This  thesis focuses  on three main  i ssues  w hich  can be cons idered as the pr im e objective o f  

the research w o rk  carried out here in and these are:

(i) T o  deve lop  a probabil i s t ic-based per fo rm an ce predic t ion tool that can be used 

to predic t  the opt imal  t ime for repai r /maintenance  in tervent ion o f  RC 

s t ructures  exposed  to aggress ive  chlor ide en v i ro nm en ts  us ing a br idge  or 

br idge co m p o n en t  as an il lustrative example .

(ii) Th e proposed  model  should  take into considera t ion the inclusion o f  spatial 

var iabi l i ty o f  the deter iorat ion mode ls  involved in the es t imat ion o f  t ime for 

repa i r /main tenance  intervent ion.

(iii) T he  proposed  probabi l i s t ic-based model  should consider  the dual  mode l l in g  o f  

the Serviceabi l i ty  Limit  State (SLS )  (i.e. de ter iora t ion in the visual  condit ion) 

and the Ul t imate  Limit  State (U L S)  (i.e. the deter iorat ion in the load carrying 

capaci ty)  o f  the inves t igated  s t ructu re /member .

In the context  o f  ach ieving these pr im e object ives,  the li terature review has revealed  some 

shor tcomings ,  in the research p receded  the w o rk  o f  this thesis,  which were  ident i fied  as a 

secondary  obj ect ives  for this thesis to address:

1. Data on the Scale o f  Fluctuation (0), a pa ram ete r  which is necessa ry  for m ode l l ing  

o f  the spatial  var iabi li ty o f  the deter iorat ion parameters ,  hardly exis ted .  T here fo re  it 

was  dec ided that an exper im enta l  inves t igat ion need to be per fo rm ed  to obtain 

values  for this parameter.

2. W h e n  assess ing the per fo rm ance o f  a g iven  st ructure,  the corros ion  ac t ivi ty  was  

often  a s su m ed  to have a lready started and the influence o f  the corros ion initiat ion 

paramete rs  on the l ifetime safe ty  per fo rm ance w as  hardly assessed.  T h e  initiat ion 

stage and propagat ion stage o f  the deter iorat ion process  we re  rarely cons idered  

wi thin  the sam e f ram ew ork ,  wh ich  un dermines  s tudying the in l luence  o f  the
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corrosion initiat ion paramete rs  on the l ifetime safety performance.  Th e developed 

model  should  consider  inc luding both the initiat ion and prorogat ion models.

3. Despi te  the few and l imi ted s tudies  on the effect  o f  pit t ing (local ised) corrosion,  

wh ich  indicated the severi ty o f  this form o f  corros ion on the load carrying capaci ty 

of  co r ro d ing  st ructures,  the effect  o f  var iabi li ty o f  pi tt ing corros ion on the safety 

per fo rm ance o f  s t ructures has  not been not fully inves tigated.  Hence,  the developed 

model  should  consider  the effect  o f  pi tt ing corros ion on the lifetime safety o f  the 

s t ructure  unde r  considerat ion.

4. The  load mode ls  used to assess  the load carrying capacity  o f  cor roding st ructures 

we re  e i ther overs impl i f ied  or  es t imated from conse rvat ive  s tandards or codes  of  

pract ises and not from actual traffic data.  In this thesis,  it w as  decided that the load 

model  should  be based on a realist ic s i te-specif ic load data for the uncertainty 

associa ted wi th  the loading to be considered.

The  author bel ieves  that safe ty /condi t ion  based br idge mai ntenance  is an attractive bridge 

m anagem en t  tool that permits opt imal p lann ing  o f  br idge  m anagem en t  and facilitates 

bridge ow n e rs /m a n g e r s  in pos tpon ing  or reducing  cost ly  repai r works .  In the case o f  

l imi ted funding,  such a tool will  ensure that the available fund ing is al located to 

deter iorat ing br idges  w hich  are in most  need o f  maintenance/ repa i r  from the safety v iew 

point.  For the s am e  bridge st ructure,  this approach will  help pre-identi fy the structural  

com ponen t  that  if repai red the overal l  level o f  safety o f  the br idge  is ensured to be above 

the m i n im u m  requirement .  Th e met hodo logy  presented in this thesis can be general ised 

and used as a tool by  structural  engineers  and asset  ow ne rs /mangers  in assess ing other 

types  o f  s t ructures  and help them m ake  rational decis ions  wi th regard to the opt imal  t ime 

to the m a in tenance  and rehabi li tat ion o f  their structures.

1.3 THESIS LAYOUT

Th e thesis is organised  in eight chapters and five appendices .  Chap te r  1 provides  an 

in t roduct ion to the  p rob lem  under  inves t igat ion and highl ights  the general  object ives  o f  the 

current  w o rk  and indicates  the organ izat ion o f  the thesis.

Chap te r  2 presents  the mater ial  de ter iora t ion models  that can be used to descr ibe  the 

per fo rm ance o f  R C  s t ructures exposed  to mar ine  env i ro nm ents  and affected by chlor ide-  

induced cor ros ion.  Thes e  m od el s  are presented in such a w ay  so they can be used to
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quantify the different stages of  corrosion-induced deterioration of  RC bridges and hence to 

predict the end of  the structure service life. The variability o f  the key deterioration 

parameters  is discussed. The selected models will then be used in the subsequent  chapters 

to describe the s tructure’s lifetime performance where the impact of  the corrosion-induced 

damage on the structure performance can be quantified. In this chapter criteria used by 

bridge owners/managers/engineers for deciding on the time of  maintenance and repair 

were also discussed. This chapter also investigates the experiences and practices revealed 

by the literature to propose maximum allowable deterioration levels which can be used for 

predicting the optimal time to maintenance and repair intervention.

Chapter  3 describes a different type o f  uncertainty that can affect the predicted 

performance of  a structural system. Methods for calculating the reliability index are 

described. A m ong these methods is the Monte Carlo (MC) s imulation technique which is 

adopted by this thesis for the calculation of  the Prohahility o f  Failure (Pf) hence evaluating 

the temporal safety performance. In addition, the minimum allowable safety level specified 

by a number of  international standards is discussed. This chapter focus on presenting the 

methods that can be used to incorporate the uncertainty associated with spatial variability 

into the reliability analysis. The Random Field (RF) theory which is the field of  statistics 

that deals with the spatial variability model ling is discussed in detail. In this chapter, key 

parameters necessary for RF-based model ling are identified. The parameter  Scale of 

fluctuation (0) is given special attention being very important for descr ibing the spatial 

variability of  a deteriorating property. The chapter also presents a review of  previous 

works that have dealt with spatial variability model ling in the subject of  RC corrosion. The 

review highlights a number of  shortcomings and limitations. A m ong the most  significant is 

the lack of  reliable data regarding the parameter  0 for key deteriorating variables identified 

in Chapter 2, the Surface Chloride Content (Cs) and the D iffusion C oefficient {Dai,i>)-

Chapter 4 presents a background to the structure studied in this work (Ferrycarrig Bridge) 

to overcome the shortcomings indicated in Chapter  3 with respect to the lack of  reliable 

experimental data for RF modelling. The RC bridge selected is located in a marine 

environment  on the Wexford-Dublin road, Ireland. The experimental  work carried out 

mainly intends to obtain statistical information on the two parameters Cs and which 

have been identified in Chapter 2 to be key deteriorating variables and, therefore, of  a 

significant importance to service life modelling. The  testing procedure and methods for 

determining chloride contents in the concrete sample are discussed in this chapter.  The
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experimental work also intends to provide measurements  that will enable obtaining 

information on the parameter  9 for the two aforementioned deterioration variables.

Chapter 5 applies methods available in the literature to analyse the data measurements 

collected in chapter 4 to determine values of  0 for Q  and Dgp,,. Two methods are presented 

in this chapter,  the Maximum Likelihood Method (MLM) and the autocorrelation Curve 

Fitting Method. The reliability of  both methods is discussed. The Curve Fitting method 

requires the available data measurements  to be increased; this led to introducing a 

statistical interpolation method called Kriging. The kriging method is a statistical 

interpolation method that can be used to interpolate the data at locations where the 

investigated property was not measured,  i.e. ‘missing’ data points, for the purpose of  

increasing the number of  observat ions to obtain a reliable prediction of  the parameter  0. In 

this chapter, the 0 values obtained in this thesis is compared to the corresponding values 

obtained or assumed by other researchers. This chapter also proposes a procedure by which 

the number o f  measurements and the optimal relative location can be used to achieve a 

reliable estimate for the parameter  0 for future field investigations.

Chapter  6 demonstrates  how the RF-based probabilistic model used in this thesis is 

developed using a RC beam girder as an illustrative example.  Formulation o f  the limits 

state functions which are essential for calculating the probability of  failure and hence the 

reliability of  the beam girder is discussed in detail. The model consists of  two parallel 

stages; the first stage intends to predict the surface condition of  the beam as a result o f  the 

progressing chloride attack. At this point the model is benchmarked against existing results 

from the literature, in the second stage, the model is further analysed to predict the lifetime 

safety performance of  the RC beam girder under investigation. This  chapter uses real 

traffic data to extract information regarding the maximum load effect expected to be 

imposed on the beam girder under investigation. The chapter explains how Extreme Value 

(EV) theory can be used to estimate the maximum load effect from traffic data collected 

through the use of  W ight-in M otion  system.

In Chapter 7, the statistical information obtained in Chapter  4 and 5 are used as an input 

parameters  to the RF-based model developed in chapter 6. Results de.scribing the 

performance of  the investigated beam girder against corrosion are presented in this chapter 

in terms of  both the Condition and Safety profiles. The influence of  spatial variability on 

both profiles is discussed. The relative influence of  the two types of corrosion (General and
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Pit t ing) is also  inves tigated.  C o m p ar i so n  bet w een  the op t imal  t imes  to m ai n tenan ce  based 

on the condi t ion  and safety profiles are made.  Final ly,  a sensi t ivi ty  analys is  is per fo rm ed  in 

this chapte r  to measur e  the relative im por tance  o f  each o f  the ra ndom  var iables  f rom the 

safe ty  v iew point.

Chap ter  8 presents  the s u m m ary  o f  the w ork  carried out  in this thesis and indicates  final 

con c lus ions  o f  the current  w ork  and r e co m m en d a t io n s  for future research.

17



Chapter 2:

Corrosion-Induced Materials 

Deterioration Models



2.1 INTRODUCTION

C h apter  2: M ater ia ls  de ter iora t ion  models

'I'lie length of  service life of  F^einforced Concrete  (RC) structures in many standards is 

defined as “the period o f  t ime in which the structure maintains its design requirements of: 

safety, functionality and aesthetics without unexpected costs o f  maintenance” (Andrade et 

ai,  2006). The explicit definition of  length of  service life may have technical as well as 

legal implications. Therefore,  there is a need to develop a calculation method to aid in the 

making of  reliable predictions for the service life of  RC structures located in aggressive 

environments  in order to achieve cost effectiveness in whole life asset management .

For RC bridge structures, different deterioration mechanisms have been recognised, e.g. 

carbonation-induced corrosion, freeze/thaw, alkali-silica reaction, sulphate attack, etc. The 

majority of  RC bridge structures in marine environments,  however , are mainly affected by 

chlor ide- induced corrosion (Mallet, 2007). Furthermore,  for corrosion affected RC bridge 

structures in marine environments,  repairing costs due to concrete cracking and spalling 

exceed those from other forms of  deterioration by a substantial margin (Zheng ct al., 

2005). It is, therefore, RC bridge structures in marine environments deter iorating due to 

chlor ide- induced corrosion which will be the focus of  this thesis. However , the 

methodology to be presented by the research carried out can indeed be applied to other 

forms of  deterioration mechanisms or to material other than RC such as steel structures 

wood and masonry etc.

The primary objective of this thesis is to develop a rational method to predict the opt imum 

time to maintenance/repair of  deteriorating RC bridges located in marine environments.  

Central to achieving this objective is knowledge of  the existing material deterioration 

models which can be employed to describe the structure performance over  time. The main 

objective of  this chapter,  therefore, is to review and identify the most reliable material 

deterioration models  that have been reported in the literature to quantify the different 

corrosion-induced deterioration stages. This also includes assessing the variability of  the 

main parameters  involved in the description o f  the selected models and identifies 

shortcomings and possible research areas for further improvements.  The selected models 

will be subsequent ly  used to describe the lifetime performance of  the corroding structure 

where the relative impact of  each model/parameter  on the structure performance can be 

quantified. In the upcoming sections, the material deterioration models, variability of  the 

deterioration parameters  and the encountered research shortcomings will be presented.
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2.2 FORM ULATION OF SERVICE LIFE M ODELS

The material deterioration models often described in the literature in the context of 

structure service life model ling where each stage of  the deterioration process is quantified 

in terms o f  time and the sum of these t imes makes the total service life. For RC structures, 

it is postulated that during the hydration of cement  a highly alkaline pore solution (pH 

between 13 and 13.8), principally of  sodium and potassium hydroxides,  is gained 

(Bertolini, 2004). In this alkaline environment  a protective oxide layer, a few nanometres 

thick, is formed on the reinforcing steel bar embedded in concrete. In spite of  its attested 

protective property against mechanical  damage o f  the steel surface, the formed layer can be 

destroyed by carbonation of  concrete or by the presence of  chloride ions leading to the 

depassivation  of  the reinforcing steel. This stage of the service life of  RC structures 

affected by corrosion-induced deterioration is referred to as the Initiation  stage Figure 

2.1(a). The second distinguished service life stage begins when the steel reinforcement is 

depassivated and the corrosion process begins its activity and finishes when an undesired 

limit state is reached prompting a rehabilitation action to be taken. This stage is referred to 

as the Propagation  Stage.

M axim um  
accep tab le  

c o rro s io n  level

r3

0 .05  m m  c ra c k s  L

D ep assiv a tio n

T i m e
(year s )

T i m e
( ye a r s )

In i t i a t i on P r o p a g a t i o n
r,

S e r v i c e  l if e  o l  t l ie s t r u c t u r e

(a) (b)

Figure 2.1. (a) Tuut t i ’s simple model  o f  corrosion-affected structure service life, (b) 
Detailed service life model.

2.2.1 Serviceability-based service life formulation

Although other  SLS performance criteria, i.e. Vibration, Deflection etc, exist, they are not 

directly relevant when describing the service life of  the chloride affected structure.
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Therefore,  the serviceabi li ty-based service life formulat ion indicated here describes the 

service life of  the corroding structure in terms of  its surface condition and therefore is 

directly related to quanti fying its performance in terms of  the Serviceability Limit State 

(SLS) criteria. Tuutti  (1982)  presented a simplif ied ‘two-stage’ service life model for 

corrosion-affected RC structures, Figure 2.1(a). Ever since then, researchers have 

introduced several modifications to T uu t i ’s ‘two-stage’ model by subdividing the 

propagat ion stage into several sub-stages, Figure 2.1(b). The modification attempts were 

mainly motivated by the desire to provide practical engineering criteria which can be 

employed to quantitatively define the end of  the propagat ion stage, hence the end of  

structure service life.

Because it is the corrosion activity that directly leads to the structural deterioration ot its 

serviceabili ty and load carrying capacity, much of  the effort o f  improving Tut t i ’s model  

was directed towards the propagation stage (e.g. Bazant,  1979; Molina e! ciL, 1993; Liu and 

Weyers,  1998; Duracrete,  2()()0; Vu et a i ,  2005;  Bhargava et al., 2006b; El Maaddawy and 

Soudki,  2007). Tw o  distinct propagat ion sub-stages were recognised; (i) the generation ol 

corrosion-induced cracks also referred to as first or initial cracking, (ii) the propagat ion ot 

the crack to a maximum limiting width. In some cases, a third sub-stage maybe identilied 

when a change o f  the slope of sub-stage II is produced;  possibly due to an easier diffusion 

of  oxides through the generated crack (Alonso et a i ,  1998) leading to spall ing and 

delaminat ion of  the concrete surrounding the corroding reinforcements.

Sub-stage I, Figure 2.1(b), starts when depassivat ion of  the steel, due to the presence of  

chlorides or carbonation at the reinforcement  level, is confirmed and ends when a hair-size 

crack (typically assumed in the order o f  0.05 mm) appears on the surface of  the RC 

structure. The propagat ion Sub-stage II starts from when Sub-stage I ends and ends when 

the crack width reaches a maximum l imiting crack size often used as an indicator tor 

rehabilitation and repair intervention which maybe different from standard to standard and 

from agency to agency (Vu and Stewart,  2005). In general,  as will be indicated in Section 

2.5.1, the time period for Sub-stage 1 depends on several factors such as the cover  depth, 

bar diameter,  tensile strength of  the concrete,  corrosion current density among  others and it 

is expected to be comparat ively short, i.e. 2-5 years (Liu and Weyers,  1998). According to 

Alonso et al. (1998) Sub-stage I is controlled by the cover/diameter  ratio and the porosity 

of the concrete, whereas  sub-stage II and III are controlled mainly by the corrosion current 

density and the concrete porosity.
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W h a t  c o n s t i t u t e s  the  e n d  o f  s e r v i c e  life o f  an  R C  s t ruc tu re  a f f ec ted  b y  c o r r o s i o n  has  b e e n  

the  s u b je c t  o f  d i s c u s s i o n  for  se ve ra l  d e c a d e s .  For  e x a m p l e ;  severa l  a u t h o r s  ha ve  d e f i n e d  

the e n d  o f  s e rv i c e  l ife o f  an R C  s t r u c t u r e  as  the  t im e  w h e n  d e p a s s i v a t i o n  o f  the 

r e i n f o r c e m e n t  d u e  to the  p r e s e n c e  o f  a t h r e s h o l d  v a lu e  o f  c h lo r id e s  ta kes  p la ce  ( T h o f t -  

C h r i s t e n s e n ,  1997;  Ber to l in i ,  20 0 4 ) .  T h i s  c o n s i d e r a t i o n  has  b e e n  m a i n l y  m o t i v a t e d  b \ '  the 

d i f f icu l ty  in m o d e l l i n g  the  c o r r o s i o n  ac t iv i t y  a n d  its de te r io r a t i o n  m e c h a n i s m  ( C o s t a  and  

A p p l e t o n ,  1999) .  H o w e v e r ,  s o m e  g o o d  re su l t s  f ro m  n u m e r i c a l  m o d e l s  s u p p o r t e d  by  

e x p e r i m e n t a l  w o r k s  s h o w e d  tha t  it is p o s s i b l e  to p r e d i c t  the  t i m e  it t a k e s  f r o m  the s teel  

d e p a s s i v a t i o n  to the  a p p e a r a n c e  o f  c o r r o s i o n - i n d u c e d  v is ua l  c ra c k  on  the  su r fa c e  o f  the  

c o n c r e t e  ( S u b - s t a g e  1). T h e  end  o f  S u b - s t a g e  1 w a s  us ed  by  s o m e  r e s e a r c h e r s  (e.g.  L iu  and 

W e y e r s ,  1998 )  to d e f in e  the  e n d  o f  the s e r v i c e  life o f  the  s t ruc ture  and  h e n c e  the  t i m e  to 

first r e p a i r / m a i n t e n a n c e .  M o r e  r ecent ly ,  the  t i m e  for  the  c o r r o s i o n - i n d u c e d  ha i r  s ize  c r a c k  

d e v e l o p e d  o n  the  c o n c r e t e  s u r f a c e  to p r o p a g a t e  a n d  reach  a m a x i m u m  l i m i t in g  c r a c k  s ize 

(in the  r a n g e  o f  0 .3  to 1.0 m m )  w a s  m o d e l l e d  by  f i t t ing e x p e r i m e n t a l  resu l t s  to th eo re t ic a l  

m o d e l s  (e.g.  D u r a c r e t e ,  2 0 0 0 ;  V u  e t  ciL, 2 0 0 5 ) .  T h i s  a l l o w e d  for  fur the r  e x t e n s i o n  o f  the 

s e r v i ce  life o f  the  s t ru c tu re  that  c a n  b e  n u m e r i c a l l y  qu an t i f ied .

2.2.2 Strength-based service life formulation

T h i s  f o r m u l a t i o n  c o n c e r n s  the  s t ru c tu re  s e r v i c e  l i fe in t e r m s  o f  its load  c a r r y i n g  c a p a c i t y  

and  h e n c e  it is d i r e c t l y  re la ted  to the U l t i m a t e  L im i t  s ta te ( U L S )  p e r f o r m a n c e  c r i te r ia .  

D u r i n g  the  f o r m a t i o n  o f  the  ini t ia l  c ra c k  o n  the c o n c r e t e  su r fa c e  d u e  to s t r e ss e s  g e n e r a t e d  

by  the c o r r o s i o n  p r o d u c t  e x p a n s i o n ,  a n d  w h i l e  the c r a c k  is i n c r e a s i n g  in s ize ,  the 

r e i n f o r c e m e n t  c ro s s - s e c t i o n a l  a r ea  is r e d u c e d  d u e  to the o n g o i n g  c o r r o s i o n ,  as wi l l  be  

e x p l a i n e d  fur th er  in S e c t i o n  2 .5 .3 .  T h i s  p r o c e s s  has  a d i rec t  i m p l i c a t i o n  on  th e  load  

c a r r y i n g  c a p a c i t y  o f  the  R C  s e c t io n .  D e p e n d i n g  o n  the  l o a d i n g  i m p o s e d ,  the  r e m a i n i n g  

c r o s s - s e c t i o n a l  a r ea  o f  the  s tee l  r e i n f o r c e m e n t  wil l  re ach  a p o in t  w h e r e  the  s a f e ty  

r e q u i r e m e n t s  o f  the  R C  s t ru c tu re  wi l l  n o  l o n g e r  be  a c c e p tab le .  T h e  c o r r o s i o n - i n d u c e d  

r e d u c t i o n  o f  the  r e i n f o r c e m e n t  c r o s s - s e c t i o n a l  a r ea  h a s  b e e n  us ed  to m o d e l  the  t i m e -  

d e p e n d e n t  lo ad  c a r r y i n g  c a p a c i t y  o f  c o r r o d i n g  R C  s t ru c tu re s  m a i n l y  as a f u n c t io n  o f  the  

c o r r o s i o n  c u r r e n t  d e n s i t y  as wi l l  b e  e x p l a i n e d  in S e c t i o n  2.5.3.

It has  b e e n  r e c o g n i s e d  tha t  d e te r io r a t i o n  in the  load  c a r r y i n g  c a p a c i t y  o f  an  R C  s t r uc tu re  

a f fec t ed  b y  c o r r o s i o n  d o e s  not  h a p p e n  d u e  to the  re d u c t i o n  in the  r e i n f o r c e m e n t  c ro s s -
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sectional area alone. The deterioration of  the load carrying capacity and hence the structure 

safety can be further affected by (Palsson and Mirza, 2002;  Cairns et ai,  2005):

(i) loss of  bond between the steel reinforcement  and concrete as a result of  

longitudinal cracking caused by corrosion.

(ii) loss of  the concrete cross-section as a result of  corrosion-induced spall ing and/or 

delamination of  the concrete cover.

(iii) the loss o f  the ductility o f  the reinforcement  due to the uneven distribution of  the 

cross-sectional area along the length of  the reinforcing bar (as a result of  

localised corrosion) and the stress concentrations associated with the abrupt 

change in geometry of  the reinforcing bar.

Consideration of  these three factors in this thesis will be discussed in the remaining part of  

this section.

According to the available experimental  data, after the initiation of  corrosion the bond 

strength between reinforcement and concrete initially increases slightly due to the 

improvement in the friction between the s teel/concrete interface caused by the corrosion 

product (Auyeung  et ai,  2000). As soon as cracking o f  the concrete occurs, the bond 

strength decreases rapidly as corrosion propagates.  A typical relationship between the bond 

strength and the level of  corrosion (the percentage loss o f  the reinforcement  weight) 

obtained by number of  researchers from pullout tests are shown in Figure 2.2. The level of  

corrosion at which the bond strength start to decrease is still a mater of  disagreement  with 

values from 1-4% have been reported (Chung et a i ,  2004;  Bhargava et ai,  2007).

In a reliability-based study carried out by Val et ai,  (1998) on a deteriorating simply 

supported RC slab bridge affected by corrosion, they found that the complete loss of  bond 

between the reinforcement  and concrete due to corrosion-induced cracking had a relatively 

insignificant effect on the bridge reliability in flexure. The term ‘Rel iabi li ty’ is an indicator 

of  the structure safety and defined as the complement  of  the probability o f  failure and will 

be discussed in detail in Chapter  3. However ,  the loss of  bond between steel and concrete 

due to corrosion is still lacking reliable models that can be used for service life prediction. 

Furthermore,  loss of  bond and loss of  the concrete cross-sectional area are of  a complicated 

nature and therefore require further computat ional details that will add to the complexi ty  of  

the reliability problem to be formulated in this thesis. To  investigate the influence of  loss
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of bond on the reliability of  the corroding RC structures, the resistance model of the 

structure needs to be redeveloped from first principles where the mechanism of  loss of 

bond can be incorporated at the derivation stage of  the code formulas. This is another 

research area and worth further investigation but was considered beyond the scope of this 

thesis.

  Al-Sulaim ani et al [21]
 Cabrera [22)___________
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Figure 2.2 Bond strength versus percentage of  corrosion (Val et a i ,  1998)

Regarding the effect of  the corrosion on the mechanical property of  the steel 

reinforcement,  the mode of  failure of  corroding reinforcing bars is not clear. While many 

studies reported some reduction of  ductility of  the steel reinforcement due to pitting 

corrosion (localized form of  corrosion. Section 2.5.3.2), others found complete loss of 

ductility and fracture in the corroded bars after only 20% loss of  section (Stewart and Al- 

Harthy, 2008). Palsson and Mirza (2002) have also reported that when pitting corrosion 

reaches 50% of  the original bar section, bar behaviour  becomes very brittle. For the current 

study, the mode of  failure of  the corroded reinforcing bars is assumed to be yielding. 

Hence, reinforcing bar capacity is directly proportional to yield strength which is equal to 

the product of  the yield stress and cross-sectional area in which only the reinforcement 

cross-sectional area is affected by corrosion.

In light of  the above discussion, the impact of  loss of bond, loss of  the concrete cross- 

sectional area and the impact of  the change in the failure mode of  the corroding 

reinforcement bars due to the ongoing corrosion activity will not be considered in this 

thesis.
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D ue to the abs ence  o f  re liable predic t ive  m o d e l s  to descr ibe  sub- s t age  111, onl> mod el s  

w h ich  desc r ibes  the ini tiat ion stage.  Sub-s tag es  1 and II o f  the p rop aga t ion stage will  be 

d i sc ussed  further in the r e m a in in g  o f  this chapter .

It can  be seen f rom the previous  d is cuss ion that due  to the c o m m o n  deter iorat ion 

par am eter s ,  there exis ts  a pos it ive cor re la t ion  b e tw e en  the det er iora t ion o f  s t ructures in 

t e rm s  o f  SLS,  i.e. c racking,  and in terms o f  U L S ,  i.e. loads  ca rry ing  capaci ty.  For the 

s ervice  life o f  a co r ro d in g  s t ructure  to be ra t ionally  es t imated,  the SLS  and Ul .S based 

p e r fo rm an c es  need to be es t im ated  s im u l t an e o u s ly  so a val id  c o m p ar i so n  can be made  

b e tw e en  the t imes  to re pai r / m ai n te nan ce  in tervent ion predic ted  in terms o f  both  criteria.  

T h e  approach o f  dual ly  m o d e l l in g  the service  life o f  R C  s t ructures  wi th  respect  to S I ^  and 

U L S  has  been  a m aj o r  s h o r t co m in g  in the research carried  out  to date and therefore this 

task  has  been h ighl igh ted  as one  o f  the ob ject ives  o f  this thesis.  The  dual  mode l l ing  

co n cep t  in t roduced here,  its ad va n ta ges  and s igni f icance  will  be  e labora ted  further in 

C h ap te r  6.

It has  a l ready been es t ab l i shed  that this thes is  fo cuses  on R C  br idg e  s t ructures  deter iora t ing 

due  ch lo r id e - in duce cor ros ion.  T he  ini tiat ion s tage o f  this de t er iora t ion process  is mainly  

g o v e r n ed  by the avai labi l i ty  o f  chlor ide  ions on the concre te  surface  and the m echan i sm s  

by  w hi ch  chlor ide  ions  t ranspor t  through  the conc re te  cove r  and reach the re in fo rcement  in 

e n o u g h  quant i t ies  to initiate cor ros ion (Ber to l in i ,  2004).  It is, therefore ,  reasonable  to 

a s s u m e  that the pred ic t ion  o f  service  life o f  R C  s t ructures  e x p o s e d  to mar ine  en v i ro nm en ts  

and hence  the predic t ion o f  the t ime to mai n ten an ce/ repa i r  wi ll  be  inf luenced by the source  

o f  chlor ides  and ch lo r ides  t ranspor ta t ion  m ech a n i s m .  The  fo l low ing  sect ion wi ll  g ive  brief 

insight  into these tw o  factors.

2.3 CHLORIDE PENETRATION 

2.3.1 Sources of chlorides

T h e  p resen ce  o f  ch lo r ide  ions  in co nc re te  s t ructures  can be a t t r ibuted to m a n y  di fferent

sources.  In the past  for ex a m p le ,  in s o m e  cases ,  ch lo r ides  we re  ad d ed  to the fresh concre te

in orde r  to accelera te  the hydra t ion p rocess  especia l ly  in cold  count r ie s  (Nevi l le ,  1995;

A h m a d ,  2003) .  In s o m e  o ther  cases  they are or ig inated  f rom the use o f  sea d re dged  sands ,
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contaminated aggregates or contaminated mixing water, especially when saline water was 

used in the mix in coastal or marine construction (Ahmad,  2003). In countries with cold 

climates, a major  source of  chlorides may be the de-icing salts frequently applied over 

roads and highway bridges during the winter  seasons (Papadakis et a i ,  1996). However , a 

large number of  RC structures in costal areas, which are the focus of  this thesis, receive 

chlorides directly from sea water  in direct contact with air or mist rich in chloride salts. 

Significant chlorides were reported to have been carried by winds and deposited on 

structures as far as 3 km away from the sea costs (McGee, 1999). From the surface of  the 

concrete structure, chlorides dissolve in the water of  the pore system of  the concrete and 

penetrate inwards by any of  the mechanisms to be discussed in the following section.

2.3.2 Chlorides transportation mechanisms

Chloride ions can transport from the surface of  the concrete towards the reinforcements in 

several ways,  Bertolini (2004) has mentioned three major ways by which chloride ions can 

penetrate the concrete cover and reach the reinforcements:

1. Permeation;  due to pressure gradients

2. Capillary absorption; due to capillary action inside capillaries

3. Diffusion; due to concentrat ion gradients

If there is applied hydraul ic head on one face of  the concrete and chlorides (dissolved in 

water) are present,  permeat ion of  chlorides into the concrete cover may take place (Stanish 

et a i ,  2000). However,  the situation where a hydraulic head is maintained on highway 

structures is rare.

In the second mechanism,  due to the drying and wet ting cycles which concrete structures 

often undergo, the chlor ides ions will be drawn into the pore structure of  the concrete cover 

through capillary suction. It was postulated, e.g. by Stanish et a i  ( 2000), that the depth of 

drying is very small and therefore this mechanism will not by itself br ing the chlorides to 

the level of  reinforcement  unless the concrete quality is extremely poor  or the 

reinforcement  placed at very shallow depths. However,  it does serve to quickly bring 

chlorides to a closer  distance from the reinforcement  where then can penetrate further by 

diffusion.

26



Chapter 2: M aterials deterioration models

Of  the three transport mechanisms descr ibed above the most  familiar mechanism tor 

chloride ions penetrat ing through concrete as  considered by most  researchers is diffusion 

(Bentur  et ciL, 1997; Broomfield,  1997; Stanish et a i ,  2000;  Bertolini, 2004). As the pores 

of  the concrete remain saturated the chloride ion movement  is controlled by diffusion. The 

rate of  chloride penetration due to diffusion is quanti fied by the use of  the Diffusion 

Coefficient (D) which describes the quant i ty  o f  chlor ides  passing through a unit area per 

unit t ime (i.e. mm^/year,  cm^sec  or mVsec) . Therefore,  it will be assumed in this thesis 

that chlor ide’s transport through the concrete cover  happens solely due to diffusion which 

implies that the initiation stage can be quant if ied in terms of  the parameter  D.

The experience on RC structures subjected to chloride attack has shown that chloride 

penetration produces a profile in the concrete which can be approximated by Pick’s law 

of  diffusion (Collepardi,  et al. 1970; Collepardi ,  et al. 1972 ) Pick’s 2"̂  ̂ law of  diffusion is 

based on a theoretical relationship that descr ibes  the unidirectional non-steady-state flow in 

the -V direction as follows:

Equation is solved assuming that the concentrat ion of  the diffusing ions C, measured on 

the surface of  the concrete,  is constant throughout  the exposure time t, and is equal  to Cj, 

and that D  does not vary in time, concrete is hom ogeneous ,  so that D  does not vary through 

the thickness of  the concrete, and the concrete  has an initial chloride content  that is 

constant with time and is equal to C,.

Solving the above equation,  using these assumptions  as boundary condi tions led to the 

following common expression:

where: C{x, t) is the total chloride content (Cl% by mass of  cement  or concrete) at time t 

(years) of  exposure,  and at depth x (mm) from the surface of  the concrete;  Dapp the

dt dx  V ox ^
Equation 2.1

Equat ion 2.2

apparent diffusion coefficient (m m “/year); Cs is the surface chlor ide content (Cl% by mass
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o f cement or concrete); and C, is the in itia l chloride content (Cl% by mass o f cement or 

concrete), often neglected. D„pp and Cs are calculated by curve-fitting the experimental data 

obtained from structure or laboratory tests to Equation.

Figure 2.3 shows a typical chloride profile fitted to Pick’s 2"̂ * law of diffusion (Equation). 

In this figure it can be seen that chloride content decreases w ith increasing depths from the 

surface o f the concrete except for the outer region. This is because the concrete skin has a 

different matrix composition compared to the internal concrete due to phenomena such as a 

contact w ith the moulds, segregation o f aggregates or dielectric reaction between the 

concrete surface and chloride environment (Andrade et a i ,  1997). Moreover, chlorides at 

the outer layer o f concrete cover can often be washed out by the rain or by the cooling 

water used during the sample extraction operation. More discussion regarding such figures 

and the sensitivity o f the fitted parameters w ill be presented later in Section 4.4.1. Due to 

the expected variation in the environmental condition, concrete properties, etc, between 

structures and w ith in the same structure, it is expected that the shape o f such profile w ill 

also vary and hence the fitted parameters w ill vary accordingly.
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Figure 2.3 Typical Chloride content profile fitted to Pick’s 2"‘' law of diffusion

However, as indicated by Bertolini (2004), the assumptions regarding Pick’ s law are 

rarely met in practice and penetration o f chloride ions may not occur due to diffusion alone 

and other transportation mechanisms may contribute to the chloride penetration. For 

instance, when the concrete surface is dry, in itia l mechanism appears to be suction; salt
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water is rapidly absorbed by dry concrete. Another  example in which chloride penetration 

may be attributed to a mechanism other than diffusion, is when thermal or load-induced 

cracks are present on the concrete surface and their size is significantly large (i.e. greater 

than 0.1 mm),  in this case the transportation mechanism may become more dominated by 

permeat ion (Li, 2002). These observat ions have caused researchers to introduce several 

modifications to Pi ck’s 2" '̂ law as demonstrated by Liang e t  al. (2002). However,  the lack 

of  the statistical data for the input parameters  of  these models seems to justify the use of  

the simplified diffusion model given by Equation for service life predictions, provided that 

C.v and Dup,, are es timated from large number of  measurements  (Duprat , 2007). In statistics, 

a sample is considered large if the number  of  observations is greater than 30 (Ang  and 

Tang, 1975). The increasing sample size may give good information regarding variation 

across the sample;  however , for variation o f  propert ies in space (i.e. across structure), 

samples  may need to be taken at systematic locations to obtain information regarding 

spatial variation if such variation is to be considered. The importance of  consider ing this 

type of  variability (spatial variability) on the predicted service life of  a structure will be 

explained in detail in Chapter 3.

2.4 MODELLING TIME TO CORROSION INITIATION

The first step towards a practical quanti fication o f  the service life (as defined in Section 

2.1) of  an RC structure exposed to a chloride rich environment  is to predict the time it 

takes for the chloride ions to penetrate the concrete  cover and reach the reinforcement  in 

enough quantity to depassivate the reinforcement ,  and hence initiate corrosion. 

Traditionally,  the time for chloride ions to penetrate through the concrete cover  from the 

surface and reach a critical ( threshold) value Cc, at the level o f  reinforcement , has been 

model led using an expression de r i \ ed  from P ick ’s 2"^ law of  diffusion obtained by 

rearranging Equation and introducing Jc=C^ where C\/ is the reinforcement  cover  depth:

4D
(//)/>

e r f
C’ -C.
c-c

'  JJ
Equation 2.3

where T, is time to corrosion initiation (years); Dui,/, is in (mm^/year); C* C, and CV,-are in 

(Cl% per mass  of  cement  or concrete) and Q  is in (mm).

29



C hapter  2: M ateria ls  deter ioration  models  

Thus the time to corrosion initiation for reinforcement placed at any cover depth Q  

depends on:

(i) how fast chloride ions penetrate the concrete cover  represented by Da,,,,.

(ii) the chloride content  that is available at the surface of  the concrete structure, Cs

(iii) the critical chloride concentration needed for depassivation of  the steel

reinforcement, Ccr-

(iv) the initial chloride content that already existed in the concrete mix,  C,

It can be seen now that the uncertainties on the input parameters of  Equation Cs. Ccr, 

Ci and Cd) will influence the estimat ion of  the time to corrosion initiation and hence the 

predicted time to maintenance and repair o f  the RC structure. While C, is often neglected 

and C,i is not affected by the environmental conditions or type of  materials, only the first 

three parameters will be discussed in more details in the upcoming sections.

2.4.1 The diffusion coefficient {Dapp)

The Diffusion Coefficient  {Da,,,,) represents the concrete property towards its resistance to 

chloride ions penetration. It is influenced by the mix proport ions (water/cement  ratio, 

cement  type, the amount  of  the fine materials e.g. silica fume etc), curing, compaction,  

environment (e.g. relative humidi ty and temperature)  and time (Bertolini, 2004). The 

source of  chlorides (e.g. de-icing salts, airborne sea spray) doesn’t seem to have a 

significant influence on Da,,,, (Vu and Stewart  2000).

Sometimes, as in the case for some o f  the examples  which will be presented in this thesis, 

information on Da,,,, is not available to be used for the purpose of  service life prediction for 

a given structure with a given concrete characteristics.  Therefore,  several mathematical  and 

experimental  models  have been proposed to predict Da,,,, (e.g. Papadakis et a i ,  1996; 

Stewart and Rosowsky,  1998a; Thoft-Christensen, 2003; Han, 2007). Most o f  these models  

considered the impact  o f  t ime, water/cement ratio, curing temperature, relative humidity 

and concrete mixture on the predicted value and distribution of  Da,,,,. Several researchers 

have already reviewed the proposed models  and investigated their suitability by comparing 

them to an accumulated data of  Da,,p (e.g. Vu, 2003). Vu (2003) found that the exis ting 

Du,,,, data can be best descr ibed by the prediction model which was proposed by Papadakis 

el al. (1996)  as can be seen from Figure 2.4.
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2.4.1.1 Papadakis e /fl/. (1996) model

For the development o f this model, researchers applied d iffus ion  and adsorption theory to 

model chloride penetration into concrete. A  mathematical model that relates Da/,/? to the 

concrete properties was proposed considering interrelated mechanism o f both absorption 

and d iffus ion  o f chloride ions in concrete. The equation proposed to calculate is as 

fo llow s:

I )  =0 .15 -“ I’l'

1 + wc 

P.
1 + p  wc + —  ac  ̂

Pa

p .̂ w f - 0 .8 5  

1 + p̂ . wc
D. Equation 2.4

where /j(-and /j„ are the specific g rav ity  o f  cement and aggregates, respectively, and wc, ac 

are the water/cement ratio and the aggregate/cement ratio, respectively, and D ii:o  is the 

d iffus ion  coeffic ient o f chloride in an in fin ite  solution (=1.6 x lO'^ m“/s) at 25 "C. Da[,,, 

values determined by Equation found to be far more sensitive to the parameter wc than for 

example to ac considering that p, -andpa fa ir ly  constant.
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Figure 2.4 Influence o f water/cement ratio (wc) on the d iffus ion  coeffic ien t (V u , 2003).

Han (2007) noticed that the expression given by Equation was applied to fu lly  saturated, 

fu lly  hydrated O rdinary Portland Cement (OPC) concrete and curing  temperatures from  20 

to 25 "C, therefore he suggested that values obtained from  Equation may need to be
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modified by including factors that take account of humidity, ageing, and curing 

temperature that is different from the those used by the model developers. However , there 

was no reliable information/models with regard to the effect of  curing temperature and 

relative humidi ty that can be used for the purpose o f  probabilistic model ling intended for 

the current study. The influence o f  ageing however  has been reasonably covered in the 

literature and consideration of the impact of  this factor has been taken account of  in this 

thesis as will be seen from the following section.

In the current thesis, values and statistical information of  Dgpp will be determined from a 

real bridge structure exposed to marine environments  as will be shown in Chapter 4. The 

use of liquation will be limited to situations where Dap,, values for concrete characteristics 

other than that specified for the investigated structure are not available and need to be 

estimated. Using Equation to estimate Dapp will ensure that the natural positive correlation 

that exists between the Dapp and vvc parameters,  i.e. Figure 2.4, are maintained. For 

example,  concrete of  a high wc ratio is expected to have a high value of  Dapp when 

compared with concrete with a low wc ratio.

2.4.1.2 Tim e-dependent  diffusion coefficient

It can be seen from Equat ion that the time necessary to initiate corrosion is inversely 

proportional to Dapp and it is, therefore, o f  a great interest to obtain a good estimate of  Dapp 

for accurate prediction o f  the service life of  the RC structure. In many service life 

prediction studies, and due to lack o f  long term time-dependant data of  Dapp, the general 

practice was to assume that Dapp is constant over time (e.g. Val and Stewart,  2003). 

However , many research studies have shown that Dapp has a very strong time dependency 

attributed mainly to the continuing densification of  the concrete microstructure as a result 

of  the cont inuing hydrat ion of  the cement  (e.g. Mangat and Molloy,  1994; Costa and 

Appleton, 1999). The reduction of  Dapp with time was found to be more significant in 

concrete containing s lowly reacting puzzolans such as Pulverised Fly Ash (PFA) or 

Ground Granulated Blast Slag (GGBS)  than in OPC concrete (Thomas and Bamforth, 

1999). The effect of  time on the Dapp under different exposure conditions is shown in 

Figure 2.5 for results obtained by Costa and Appleton (1999). It is clear from the figure 

that Dapp is a property that tends to reduce over time due to the ongoing densification o f  the 

concrete composit ion.  The significance of  this reduction and its influence on the predicted
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t ime to cor ro s ion  initiat ion hence  on the predic ted  t ime to first mai n tenance  will  be 

inves t igated  in the rest o f  this section.
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Figure 2.5: A  typical  re la tion b e tw e e n  di f fus ion coeff ic ient  and t ime for concre te  
spec im en  ex p o sed  to var ious  env i ro nm en ta l  condi t ion s  (Costa  and A p p le to n  1999).

T he  fo l low ing  p o w e r  funct ion express ion w a s  p ro posed  by M anga t  and M ol loy  (1994)  and 

has been used by several  service  life m o d e l l in g  and reliabil i ty re sea rcher s  to desc r ibe  the 

relat ion b e tw een  Dapp and t ime (e.g. De Schut ter ,  1999; Duracre te ,  20 00;  Gol t e rm ann ,  

2003; Ferrei ra,  2004; Li, 2()04b; Polder  and de  Rooi j,  2005):

E qu at ion 2.5

where Dapp{t) is the d iffus ion coeff ic ient  af ter  exposu re  t ime o f  t (years) ,  and  Dappo is the 

reference di ffus ion coefficient at a re ference  year  to (years)  and m  is the  age  reduct ion

33



Chapter 2: Materials deterioration m odels  

factor which depends mainly on the mix proport ion of  the concrete material and can be 

determined by curve-fitt ing field or experimental  data of  Da,,,, collected over l ime to 

Equation.

The importance of  the ageing factor can be directly related to estimating r ,  and hence to 

estimat ing time to first maintenance/repair.  For example,  if the calculation of  r ,  is to be 

made based on a value of  Dapp which is obtained at a reference year to, the calculated r, 

value will depend on whether the reduction of  Da,)p over time were or were not considered. 

A key parameter  for the description of  this reduct ion,  as can be seen from Equation, is the 

ageing factor m.

Values and statistical information which have been proposed by different researchers for 

the factor m are listed in Table 2.1. Looking at the proposed values of  m, it seems 

reasonable to assume that m can be represented by a Normal distribution with a mean value 

ot 0.2, 0.4 and 0.6 for OPC, PFA and G G BS concretes  respectively with a coefficient of  

variation C0V=() .15.  The selection of  these values  was also motivated by the findings of  

McPolin et al. (2005)  who indicated, based on an experimental study, that OPC concrete 

showed little change in its diffusivity property over  time followed by PFA followed by 

GGBS concrete.

Table 2.1 values  and statistical dist ribut ion/parameters  proposed by different researchers 
lor the again factor m

Rel'crcncc Value o f  m Description
N okkcn et  al. ( 2 0 0 6 ) 0 .5 5 -0 .7 7 Based on 3 years laboratory data

Ferreira (2 004 ) Normal 
(H=0.37-0.60, C0v=0.07) Used for probabilistic m odelling

Li (2 0 0 4 b ) Beta
(H=0.5, C O V = O .I4 )

U sed  For probabilistic m odelling

Goltcrm ann (2 0 0 3 )
Constant

0 .75

For concrete with wc<().55 and 
exposed  to spray and atmospheric  
zone based on analysis  o f  1(12 
chloride profiles

B cn lz  (2 0 0 3 ) Normal 
(H=0,2 & 0.6 ,  C O V = 0 .2 5 )

U sed  for probabilistic modelling.  
0.2  for OPC and 0 .6  for PFA or 
G G B S

T h om as and Bamforth  
( 1 9 9 9 )

0.1 for O PC  
0 .7  for PFA  
1.2 for G G B S

Based on 8 years data

Costa and 
A pp leton  (1 9 9 9 ) 0 .3 6 -0 .6 0

Based on an experimental study o f  
52 concrete panels exposed  to 
marine environment for 3-5 years.
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The innuence o f age o f the structure at the time o f testing is demonstrated in Figure 2.6. 

Two cases are demonstrated; (a) when Dappo were obtained at a reference age ^r;=27 years 

(i.e. the age o f the bridge at the time when is obtained), and (b) when Dappo were

obtained at 28 days. The 27 years reference age and the corresponding Dappo value 

indicated in the Figure 2.6(a) are belonging to the bridge which was investigated in this 

thesis, see Chapter 4. h is evident from Figure 2.6(a) that as the factor m increases Dapp 

varies significantly throughout the exposure period. This case demonstrates how prior 

knowledge o f the concrete mix would inlluence predicting the lime variant Dapp and hence 

predicting Tj. On the other hand, as the factor m decreases, i.e. ///<().2, the change in Dapp 

over time becomes less dramatic. Figure 2.6(b) indicates a situation where a value of 74.05 

mm'/year is assumed to have been measured from a structure at 28 days and the reduction 

('•I l)(ii)p is predicted for three concrete mixes. It has to be noticed that the value ol Dappo= 

74.05 mni^/year was projected from Figure 2.6(a) for GGBS concrete for demonstrating 

purposes. This value was then assumed to have been measured from a structure o f 

unknown concrete mix at the reference age /^;=28 days. I f  this value is to reduce over time 

depending on the concrete mix (i.e. on tu), it can be seen that the reduction rate in Dap,, 

w ith time is higher i f  the concrete m ix was assumed to be made o f GGBS or PFA than it it 

was made o f OPC concrete. In this particular example, the reduction in Dapp over time alter 

27 years o f construction was 48%, 73% and 86% for OPC, PFA and GGBS concretes 

respectively.
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Figure 2.6 Inlluence o f the ageing factor and the reference time on the d iflusion 
coefficient measured at reference time (a) to=21 years, (b) /(;=28days.

For the work o f this thesis, the use o f constant or time variant Dapp w ill obviously depend 

on the type o f concrete mix assumed for the structure under consideration. However, some
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analysis will be carried out to investigate the implication of neglecting the time variant 

property of  Dapp on the estimating 7, hence on estimating the time to maintenance/repair 

intervention. In order to calculate T, based on the evidence that Dapp decreases over time, 

Dapp in Equation was often replaced by the t ime-dependent  expression given by Equation 

(e.g. Costa and Appleton,  1999; Ferreira, 2004; Li, 2004b). However,  this substitution is 

mathematically inconsistent as it was shown by Visser et al. (2002) and Luping and 

Gulikers (2007). Dapp is a function of  t ime that cannot be directly put into the error 

function solution, e r f  (*), without t ime integration. Having considered this common 

misunderstanding,  Visser et al. (2002) have proposed the following revised form of 

Equation:

C ( a-,/) = C , + ( Q - C , ) ■erf
y Equation 2.6

The use of  Equat ion for curve-fitting o f  a measured chloride profile requires a value m, 

before the relevant model  parameters ( Q ,  Dapp) can be determined. While mathematically 

it is possible to determine all parameters including m  by curve-fitting, for this procedure it 

is necessary to have multiple measured chloride profiles from the same structure taken at 

different points in time. Due to the lack of  time dependant data for Dapp for most cases, the 

sequential use of  Equat ion and Equation to find the ageing factor m seems justifiable (de 

Rooij and Polder, 2004). In the context of  this thesis, this means that Equation 2.2 can be 

used to curve-fit  the chloride profile to determine Dappo and Q  at time to and Equation 2.6 

to estimate T,.

By rearranging Equat ion,  the time to corrosion initiation can be calculated as follows:

T  =
c - \ - n

AD iipp V n  /

er f - I C - C  

C - C
Equat ion 2.7

The weakness  of  using a constant diffusion coefficient can be demonstrated by attempting 

to make predictions of  r ,  using Equation. Assuming that values of  Cj= 0.264 Cl% per mass 

of  concrete  and Dappo=\(^.3A mm^/year were obtained by curve-fitting Equation to a
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chlor ide  prof ile  ext rac ted  f rom a 27 years  old R C  s t ructure  (see profi le P3-N3 in T ab le  4.5).  

If the va lue  o f  Dap/, we re  as sum ed  to be  c o n s t a n t  th ro ughou t  the  e x p o s u r e  per iod and the 

value  is then used in predic t ing T, u s ing E q u a t io n ,  the analys i s  wi ll  y ield  the sol id  line 

(constant  Dapp) in Figure  2.7 ( a s su m in g  Cc,=0 .07 C l%  per  m a s s  o f  concre te ) .  U s in g  the 

t im e -d ep e n d an t  model ,  Equa t ion,  the  p re d ic ted  T, for d i fferent  conc re t e  cove rs  w a s  tou nd  

to be as indicated  by the dot ted  l ines for d i f fe rent  co nc re te  types,  it can  be seen that 

ignor in g  the t ime d ep e n d en cy  o f  the p a r a m e t e r  Dapp will  result  in a s igni f icant ly  

o v e r es t im a te d  T,, the error dep en d s  on the c o n c r e t e  qual i ty  to reduce  d i f fus iv i ty  o v e r  t ime 

seen by the impac t  o f  the age ing factor m.  A s  the ag e in g  fac tor  ap p r o ach e s  a value  that  is 

less than 0.2 (i.e. O P C  concre te s)  the re sul ts  ob ta ined  by the t im e -d ep e n d an t  m ode l  

a p p ro ac h e s  that  predic ted  by the t ime - i nva r i an t  mod el .  T h i s  is very  s igni f icant  obse rva t io n  

co n s id e r in g  the am o u n t  o f  publ ished  w o r k s  that  have not  taken into ac coun t  the  t ime-  

dep e n d en t  d i ffus iv i ty  proper ty  o f  the conc re te .  The refor e ,  in this thes is ,  it is po s tu la t ed  that 

if the mater ia l  o f  the inves t igated  s t ructure  w a s  m a d e  o f  O P C ,  then the  t ime- in va r ian t  

model  wi ll  be used in the ca lcu la t ion  o f  T,, o the rw ise  the t im e -d e p e n d an t  Dapp will  be 

considered.

160
C o n s ta n t Dapp

m=0.2 (OPC) 
m=0.4 (PFA) 
m=0.6 (GGBS)

140
eo
(U><

120

c
5 100

C 80

60
ou ;b s

40o4-*
0 )

i=

45 7525 35 55 65
C o n c re te  c o v e r  d e p th , C^ (mm)

Figure 2.7 T i m e  to corros ion  ini tiat ion as a func t ion o f  co nc re te  c o v e r  Cd for d i f ferent  
conc re te s  m ade  o f  d i fferent  mix tu res  us ing t im e - d e p e n d e n t  and constant  Di,pp

2 .4.2 Surface chloride content (Cs)

As indicated  in Sect ion  2.3.2,  C., is ob ta ined  by m a th em at ica l l y  cu rve -f i t t ing  E q u a t io n  to 

the prof ile o f  chlor ide  con ten ts  ob ta ined  f r om  chemical  ana lys i s  o f  the con c re t e  s am ple
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taken at incremental depths  from the concrete  surface, Figure 2.3. It is well documented in 

the literature (e.g. Bamforth,  1996; McGee,  1999; Bertolini, 2004)  that the value of Cs will 

vary from a structure to a structure and within a structure due to number of  factors among 

which

(i) the composi t ion of  the concrete.

(ii) the position o f  the structure with regard to the sea level and sea coast.

(iii) the orientat ion of  the structure surface with regard to prevailing winds and rain.

(iv) the chloride concentration in the environment  (i.e. source of  chlorides; de-icing 

salts, airborne salts, direct contact  with the sea water).

It has i lso been observed from various field data reported in the literature (e.g. Enright and 

Frangopol, 1998) that Cs exhibi ts the highest level of  variation among the random variables 

influencing the time to corrosion initiation. This is expected given that Q  is the variable 

that is most affected by the exposure condit ions which is inherently variable. Prior to 

revie\^ing some of  the measured Cs field data reported in the literature, it is important to 

distinguish between some o f  the major  condi tions that is shown to have a significant 

influence on this parameter.  The aim of  the review about to be presented in the following 

sub-sections is to study if it is justifiable to use statistical information for Cs from the 

literature as input parameters  for the probabi listic model to be developed in this thesis.

2.4.2,1 Cs in br idges exposed to mar ine environments

For marine structures, four  different exposure zones has been recognised (e.g. Bertolini, 

2004), The  influence o f  the structure being in one o f  these zones on the measured value of  

Cs will be briefly discussed next.

The subm erged zone:  due to the cont inuous presence of  water  in this zone, oxygen is not 

available and the risk of  corrosion is low. Therefore,  Cs rarely measured in such zones as 

the risk o f  corrosion in these zones considered to be negligible.

The splash a n d  the tidal zones:  both zones are often treated as one zone, concrete  

surfaces in these zones are exposed to cyclic wet ting and drying so that chlorides 

accumulates on the concrete  surface by process  o f  wet ting with seawater,  evaporation and 

salt crystallization (Val and Stewart,  2003).  Therefore it is expected that the deposited 

amount o f  chlorides will be in its highest concentrat ion at these zones. This  also results in a
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higher  values than Cj values measured From structures located in the atmospheric  zone 

as was confirmed by data collected by W ood and Crerar (1997) and Salta et al. (2008)  and 

plotted in Figure 2.8. However ,  it has been reported that for heights in excess  o f  4 m 

above sea water  level Cs does not change s ignificantly (McGee,  1999).

W ood et al (1 9 9 9 ) 

S alta  et al (2008 )
A tm ospheric  zone

S n i f a c t f  c h l o i i c l e  c o i i f e n f  C^ope i  o f  c e i i i e n f )

_______ I

Figure 2.8 Influence of  location above the sea level on the surface chlor ide contents 
measured at different locations above the sea level.

The atm ospheric  zone: in this zone concrete  is nol directly in contact with the sea water,  

chlor ides  are carried out to the concrete  surface by winds. The amount  of  chlor ides  

deposited on the concrete surface will depend on the speed o f  the wind and the distance o f  

the structure from coastline as well as the or ientat ion and sheltering of  the surface of  the 

structure (McGee,  1999).

Influence o f  distance f ro m  the coastline

As stated in the previous section, the distance of  the structure exposed to airborne chlor ides  

from the coast line have a significant impact  on the amount  of  chlor ides to be deposited on 

the concrete  surface, hence causing the measured  Cj  to increase. A typical drop of  the 

surface chloride concentrations with distance from the coast line is shown in Figure 2.9. As 

can be seen from the figure, the first 100 m from the coast line shows a high level of  the 

measured Cj values. As the distance increases beyond 100 m, the measured C.v value tends 

to decrease rapidly. Similar observat ions have been reported elsewhere (e.g. Meira et al., 

2007).

Some C.v data has been collected by Vu (2003)  and illustrated in Table  2.2 and Figure 

2.10(a) which both show the large scatter in the measured values.
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Figure 2.9 Influence o f the distance from the sea coast <n C^as concluded by McGee 
(1999) based on a fie ld study o f 1158 bridges in the Au tralian state o f Tasmania.

Table 2.2 Surface Chloride Contents Cs data for airboris chlorides (Vu, 2003)

Ucrcrcnce Cs kg/m ' |C1% per mass ofconcrctc*] Notes

Morinaga (1992) ().3|0.013] (mean)

Data from 46 specimens 
exposed to various sea 
environments in Japan

Browne (1982)
10 [0.4311 (fo r costal bu ild ing) 

5.76 [0.248](for offshore platform )

Sorensen and 
Maahn (1982)

3.4 to 10.2 [0.147 to 0.440| (meat)

Regression from fie ld data 
of the Langeland bridge 
(7.2 m above sea level in 

Denmark)

U ji el al. (1990)

1.5 [0.0651 (mean for 23 years)
1.7 [0.0731 (mean for 32 years)
5.6 [0.2411 (mean for 55 years)
3.8 [0.164j (mean for 58 years)

Offshore structures in 
Japan

Berkc and Hicks 
(1992)

3.7, 4.1, 3.4, 4.9, 2.8, 1.0 
[0.159, 0.177, 0.147, 0.211, 0.121, 0.l43[

Bridge decks in Kentucky, 
USA

* values in |] were converted to this units using concrete density -1320 kg /m '
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S u rface  Chloride C oncentration  (kg/m ^concre te) S u rface  Chloride C oncen tra tion  (kgyrr»3)

(a) (b)

Figure  2 .10 Scat ter  o f  data o f  Q  co l l ec ted  f rom br idges  e x p o s e d  to (a) A i rb or ne  
ch lo r ides ,  (b)  De- i c i ng  source  o f  ch lo r i de s  (Vu,  2003) .

2.4 .2 .2  Cs in b r idges  ex p o sed  to d e - i c in g  salts

For R C  b r idges  in cold  regions ,  d e - ic ing  sa l t s  (w h ich  con ta i n  s o d iu m  or  ca lc iu m  ch lo r ides)  

are f requent ly  appl ied  to free the roads  f r om  ice and sn o w .  For  ex a m p l e  the am o u n t  o t  de- 

icing sal t s  appl ied  to a typical  br idge  d eck  in the S n o w  Bel t s tates  o f  the  Uni te  States  is 

about  1.2 k g / m “ each win te r  season wi th  s o m e  br id ges  receive  as m u c h  as 4 .99  k g / n r  (Vu,  

2003) .  A s  such ,  the de - ic ing app l i ca t ion o f  sal t s  has  been  re cogn i sed  as a m a jo r  sou rce  ot 

chlor ides  w h ich  leads  to the co r r o s io n - in d u c ed  dete r io ra t ion o f  R C  br idge  s t ructures .  T h e  

level o f  ch lo r ide  a t tack wi th in  an R C  br i dge  var ies  f rom e lem en t  to e l e m e n t  (e.g.  decks ,  

co lu m n s ,  p iers  or abutmen ts ) .  For e x a m p l e ,  br idge  piers  m a y  be  e x p o s e d  to salt spr ay  t ro m  

pass ing  veh ic l e s  and d eck  soffi ts  m ay  be  e x p o s e d  to salt  w a te r  leak ing  t h ro u g h  joints in the 

deck.  T h i s  m e a n s  that  Cs var ies  e v e n  f rom locat ion to locat ion w i th in  the  s a m e  s t ructure  

c o m p o n e n t  w h ich  impl ies  that s o m e  par ts  o f  the b r idge /b r i dge  e l em e n t  w o u l d  det er iora te  

earl ier  and henc e  require  an earl ier  repai r  in tervent ion.

In his research,  Vu (200 3)  col l ec ted  a larger  n u m b e r  o f  data f r om  the l i terature and 

presented Figure  2 . 10(b) which indicates  the  sca t ter  o f  the Cs va l ues  o b t a in ed  f r o m  br idges  

subjected  to de - ic ing  appl ica t ion.  As  can be seen f rom the figure,  Cs ten ds  to be  u n i lo r m ly  

dis t r ibuted b e tw e e n  va lues  o f  0 .043 to 0 .2 5 9  C l %  per  m ass  o f  co nc re te  (1 to 6 kg/^m^) wi th  

som e va lues  re ach ing  as high as 0.9 C l %  (21 kg/m'^). Based on F igure  2 .10,  Cs v a lu e s  for 

the case  o f  de - ic ing  salts  ex p o sed  s t ru c tu re s  can be a s s u m e d  to ex hi bi t  a w i d e r  var ia t ion
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than C ,5 v a lu es  m easured  in the a tm o sp h er ic  m arine erv ironm ent. H o w ev er ,  there is no 

strong e v id e n c e  to su g g e s t  that the overa ll  m ea n  va lu e  3 f  C , is higher for any o f  the two 

cases .

2.4.2.3 Time-dependent surface chloride content

S o m e  field data co l le c te d  from severa l  in v e s t ig a t io n s  has sh o w n  the tendency o f  Cj t)  

increase non linearly  w ith  tim e w h ic h  s u g g e s t s  that the assum ption  o f  Q  b e in g  constart  

m ay not be valid . For e x a m p le ,  data c o l le c te d  from  15 bridge decks  in North A m er ica  were  

presented by  K assir and G h osn  (2 0 0 2 ) ,  F igure 2 .1 1 ,  c lea ' ly  s h o w s  that the average va lu e  c f  

Cs  increases o v er  t im e. Kassir and G h o sn  ( 2 0 0 2 )  proposed that this trend can be 

represented b y  an exp o n en tia l  function  o f  the form:

C , (?) =  Q  ( l - e ~ “' j  Equation  2 .S

w here  a  is a factor represents the rate o f  in creases  and can be obtained by cu rve-f it t in g  data 

o f  Cs c o l lec ted  o ver  tim e to E quation and / is the time e lapsed  s in ce  o f  the start o f  the 

a ccum ulation  o f  ch lo r id es  at the su rface  o f  the structure in (years).

Best fit 

■ Aw rage

— Mas

— Min

0 5 10 15 20 25

Time (years)

Figure 2 . 11.  T y p ica l  trend for surface  ch lor ide  in crease  w ith  tim e (K assir  and G h o sn ,  
2002).

A  m ore popular  e x p r e ss io n  for the descr ip tion  o f  the t im e-d ep en d en t Cs  is that p roposed  by  

C osta  and A p p le to n  ( 1 9 9 9 )  w h ic h  takes the f o l lo w in g  fo'm:
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n

Equation 2.9

where Q o  is the reference Cs value that is m easured  at reference year to, and n is a factor 

can be determined by curve-fi tt ing data o f  Q  col lected over  t ime to Equat ion.

While structures in tidal and splash zones expected to have their Cj built up quickly. Cs for 

s tructures exposed to airborne chlor ides  or seasonal  applicat ion of  de-ic ing salts is 

expected to take some time. The values reached and when it is reached will depend mainly 

on ( M e i r a e / a / . ,  2007)  :

(i) the height from the sea level.

(ii) the distance from the sea coast.

(iii) orientat ion of  the structure with regard to wind.

(iv) protection and sheltering o f  the s tructure surface from the rainfall.

According to Kassir ei al. (2002),  the time needed  for Cs to reach a constant value, will 

take between 10 to 15 years.

While there is some evidence that Q  varies with time, Bamforth (1996) , T hom as  et al. 

(1999) and McGee (1999)  among  others all advocate  that there is no tendency tor  values 

either to increase or decrease and therefore suggested that after the first six months  ot 

exposure it would be reasonable to assume a constant  average value o f  Cs for predictive 

purposes. Model l ing as a t ime-invariant property is a c om m on  pract ice a m o n g  many 

researchers in this field (e.g. Val et a l ,  1998; Akgul  and Frangopol,  2005;  Vu and Stewart,  

2005; Duprat,  2007). This  is understandable,  as  the predicted time to corrosion initiation is 

proportional to C,, assuming a high value will  reduce the estimated t ime to corrosion 

initiation warning and repair intervent ion would  be much earlier and hence unduly 

conservative.  Based on this, the t ime-dependent  Q  will not be considered in this thesis.

In a parametric  study carried out by Enright  and Frangopol  (1998),  they found that the 

mean value of  7', is more sensitive to the change of  C O V  o f  C, than to changes in C O V  ol 

any of  the other  main variables ( C j ,  C j ,  C , .r ,  D a m > ) -  This  means that for an accurate 

prediction o f  T, for a particular structure, the statistical parameters  of  the variable Cs is 

better es timated from the structure under  investigat ion or from structures that shares
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similar exposure conditions.  This approach has also been emphasised by a number oi other 

researchers. For example,  Akgul  and Frangopol  (2005) recommended that fcr the 

assessment  of  a particular exist ing structure, an appropriate approach is to determine the 

value of  the chloride ingress parameters with the aim of  customizing the values reported in 

the literature to the material characteristics and salt -exposure condit ions of  the considered 

structure.

It can be seen from the preceding review that parameter  Q ,  which is a key parameter for 

est imat ing T, and hence for estimating the time to maintenance and repair, is a highly 

variable property. It was shown that C, varies not just across samples  but also varies in 

space,  i.e. between locat ions within the same structure. This  is mainly due to the variation 

of  chloride concentrations sprayed on different parts of  the structure. Therefore, and based 

on the review study carried out here in with regard to the scatter of  the Q d a t a  reported in 

the literature, it was decided that for the probabilistic analysis to be performed in this 

thesis, the statistics and spatial variation information of  Cj will better be determined from a 

site specific investigation. Ferrycarrig Bridge was therefore selected to extract a suitable 

number  of  Cs data as will be seen in Chapter  4.

2,4.3 Critical chloride content (C„)

The critical ( threshold) chloride content  is one of  the key parameters  needed for 

determining T,. It is therefore important  to investigate the variability of  such an inportant  

parameter  considering the expected influence it would have on the uncertainty associated 

with the predicted time to maintenance and hence on the decisions to be made in this 

regard. Ccr represents the chloride ions concentrat ion that must  be present at the steel 

concrete interface for depassivation to occur  and corrosion to initiate. As discussed by 

Alonso et al. (2000), there are many variables that affect the Q ,  value. Among those 

variables  are: concrete mix proport ions,  cement type, C.^A content of  cement,  blended 

materials,  water/cement  ratio, temperature , relative humidity, pH level, steel surface 

condit ions, source of  chlor ide penetrat ion,  the availability of  oxygen at the steel nterface 

and m any  others. The great number  of  variables involved in the chloride- induced corrosion 

process  explains  the reason why the Ccr values  reported in the literature present such wide 

range o f  variability.

44



Chapter 2: Materials deterioration models

In addit ion to the influence of  the amount  of  var iables  involved,  Alonso et al. (2()()0) has

pointed out that the variation in the detection method used to define Ccr value are equal ly

blamed for the large scatter o f  Q ,  reported in the literature. For example;  some researchers

consider that depassivation is produced when a certain shift in the corrosion potential is 

produced;  others use the visual inspection and identify depassivation with the appearance 

of  rust spots on the steel surface whereas  some others choose to relate depassivat ion with a 

certain level in the corrosion current.

Numerous studies have been conducted to determine the Ccr value for different concrete 

mixes and under  various environmental  condit ions. As a result, a large scat ter  in the 

proposed values was reported in the literature as can be seen from Table  2.3. However ,  

most  o f  design code and national s tandards seems to agree to some extent  on the m ax im um  

permitted chloride content  value as can be seen from Table  2.4.

The values of  Cc, listed in Table 2.3, Table 2.4 and Table  2.5 (or the centre value whenever  

C,r was given in a range format) are all plotted in Figure 2.12 to show the dispersion o f  the 

means of  the collected data. Whenever  the data were given in a range format,  a mean  value 

was used. Normally,  35()-40() kg /m '  of  cement  are typical for bridge decks,  and deck 

concrete density was typically assumed to be 2,320 kg/nr^ (Cady and Weyers ,  1992). 

Akgul  and Frangopol  (2005)  used a cement  content  value of  16% to convert  data of  C „  

from Cl% per mass of  cement  to Cl% per  mass  of  concrete.  This  corresponds  very well 

with a value of  16.4% found from laboratory test ing on concrete samples  taken from 7 

crosshead beams  of  the then 24 years old Ferrycarr ig  Bridge as will be shown later in 

Chapter 4. Therefore,  whenever  the value of  Ccr was given in Cl% per  mass  o f  concrete  

units, the cement content  value of  16% was  used to convert  values  of  C „  to C l%  per  mass  

of  concrete units.

When the Ccr data listed in Table 2.3, Table  2.4 and Table 2.5 were plotted and fitted to the 

Lognormal distribution. Figure 2.13, a mean value and C O V  values o f  0.07 (C l% per  mass  

of  concrete) and 0.64 were respectively obtained.  The  obtained mean value corresponds  

very well with a value proposed by Polder (2005)  for probabi lis tic model l ing o f  service life 

prediction in which he indicated that about 0 .07 (Cl% per mass  of  concrete)  is a good 

estimate of  the value at which the probabi lity o f  corrosion is about  50%. The C O V  value of  

0.30 reported by Polder (2005) is smaller  than the value obtained here in (COV=;().64). 

This is understandable  since Polder (2005) recommendat ion  for the value o f  C O V
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proposed for concrete made o f  OPC whereas the data reported here covers w ide range of 

materials and test conditions. This value (i.e. C0v=0.64) is therefore too high to be 

assumed appropriate to model the variability o f  the parameter Ccr-

Table 2.3. Critical chloride values as reported by several authors (G lass and 
Buenfeld, 1997; Price and Emerson, 1997; Dhir and McCrthy, 1999; A lonso  et  a i ,  
2()()0; Oh et a l ,  2003; Bertolini, 2004).

M easured value o f  critical chloride

Date R eference
concentration

Cl% per m ass o f Cl% per m a ss  o f
concrete cem e n t

1 98 2 ! So rensen  and M aahn  
Fischer e t  al.

0 .0 6 0 .4 5
0 .3 -0 .4

188 4
V assie;  der ived  from U K  bridges 0 . 2 -1 .5 0
H anson  and Soren so n 0 .6 - 1 .4 0
Lukas; der ived  from Austrian br idges  and the 
f o l lo w in g  references:

1 .8 -2 .2

1985 -Richartz  
-V an  U aveer ,  U S  bridges  

-B r o w n e ,  D o m o n e ,  G eo h e g a n

0.5  
0 .4  

0 .8 -1 .0
198 8 T a k e w a k e  and M a stu m o to s 0 .03 -0 .1 0 .2 1 - 0 .6 9

Funahashi; based  on the f o l lo w in g  nine  
literature:

0 .0 2 5

-L e w is 0 .0 3
-H ausm ann 0 .0 0 9 -0 .1 2

-B erm an 0 .0 3 3
19 9 0 -Clear and Hay  

-Clear  
-Stratfall e t  al. 

-Cady  
-B r w o n e  

1 -P fie fer  e t  al.

0 . 0 2 5 - 0 .0 3 7
0 .0 2 9
0 .0 2 9

0 .0 2 5 -0 .0 5 5
0 .0 5 7

0 . 0 2 3 - 0 .0 3 8
1 G la ss  and B u e n fe ld  R e v ie w

-B am forth  and A n d r ew s 0 .4
1 - S c h ie s s l  and Raupach 0 .5 -2 .0

19 9 7 I -H enriksen  
1 -E lsener  and Bohni  

-L o c k e  and Sirnan  
-Tuutti

0 .3 -0 .7  
0 .2 -0 .5  

0 .6  
0 .5 -1 .4

Dhir R e v ie w
-K nofe l 0 .2

1 9 9 9 -P age  and Lambert  
-Everett  and T rea d a w a y  
-W e ig ler  and S e g m u l ler

1.5
0 .4
0 .4

A lo n s o  et al. R e v ie w
-G ouda  and Halaka 1 .2 1 -2 .4 2

-H ussa in  e t  al. 0 . 3 5 -1 .0

2 0 0 0
-S c h ie sse l  and Breit 0 .5 -1 .5

-T h o m a s  
-T h o m a s e t  al. 
-H ope  and Ip 

-Pettersson

0 .2 -0 .7  
0.5  

0 . 0 9 7 -0 .1 9  
0 .5 -1 .8

2 0 0 3 ‘ Oh e t  al. 0 .4 5 -0 .9 7
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T a b le  2.4: Permit ted  total ch lo r i de  content  o f  R C  ac co rd ing  to in ternational
gu ide l ines  (Ber i t ,  1998).

Permitted chloride  content  (m a x )

Country G uide lin e /y ea r Cl total

C r /c e m e n t  (% ) ClVconcrete  (k g /m ')

G erm a n y pr E N  2 0 6  ( 1 9 9 7 ) 0 .4

U K ' B S  8 1 1 0  ( 1 9 8 5 ) 0 .4

N o r w a y ' N S  3 4 2 0  ( 1 9 8 6 ) i  0 .4

France ' R I L E M T C  124 ( 1 9 9 4 ) 0 . 3 - 0 . 5

U S A
' A C I 2 2 2  (1 9 8 -^ 0 .2  ^

A C l  3 1 8  ( 1 9 8 9 7 0 .3  ’ ^

Australia A S  3 6 0 0  (1 9 8 8 )
— ________________________ ^ ------------- 1

' 0 . 1 5 - 0 . 6*China C N S  3 0 9 0  ( 1 9 9 8 )

*Reference (Liang ei al.,  2002)

T ab le  2.5. Statist ical  da ta for CV,- (C l%  per  m a s s  o f  conc re te )  used by di fferent  
re sea rcher s  in reliabil i ty based  analys is .

Ret'crcnec Distribution Mean COV (Range)

Akgul and Frangopol (2()05) Lognormal 0.037 0.15

Thoi't-Chrislenscn (1998) Normal 0.048 0.17

Polder and dc Rooij (2005) Normal 0.080 0.30

Enright and Frangopol (1998) Lognormal 0.040 0.10

Vu and Stewart (2005) Normal 0.103 0.20

Li (2004b) Normal 0.072 0.16

Good concrele Unil'onn 0.086 (0.065-0.108)

Dupral ^
(2007) Ordinary concrete 

' Poor concrete

Uniform

Uniform

0.065

0.043

(0.043-0.086)

(0.022-0.065)

’ Stewart and Rosowsky (1998b) Uniform 0.039 (0.026-0.052)

Val and Trapper (2008) Normal 0.080 0.20

Bcnlz (2003) Normal 0.050 0.10

Li and Melchers (2()05) Uniform 0.082 (0.078-0.085)

fib  Bulletin 34 (2006) Beta
------------

0.096
____________

0.25(0.032-0.32)

Note: when data in the original reference were given in (Cl% per mass o f  cement) or kg/m’ units. 
Cement/Concrete ratio=0.1fi and concrete density=2320 kg/nr’ where used for conversion to (Cl% per 
mass o f  concrete) units.
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As cai be seen from Table 2.5, a COV value between 0 10 and 0.30 is frequently used by 

resear:hers in the literature for service life prediction modelling. In this thesis and in light 

o f the proceeding discussion, it seems reasonable to assuTie a lognormal distribution w ith  a 

mean value o f 0.07 (C l%  per mass o f concrete) and C0v=0.25 to describe the variability 

o f theCcr parameter.

0 0.1 0.2 0.3
(Cl % per mass of concrete)

Figure 2.12. Scatter o f mean values o f CV,-

1 Histogram  

■ Lognormal plot •10 -

c
QJ
3

0 0.30.1 0.2
C (C l%cr per mass of concrete) 

(a)

0,59,5
C data

Lognormal plot

a-

0.01 ■ 4. 
0.005 • -

10

(Q  % per mass of concrete) 

(b)

Figure 2.13 (a) Histogram o f Car data collected from the literature (|i=0.07%, 
COV=0,64), (b) Lognormal probability plot fitted to the Ccr data.
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As indicated in Section 2.1, the main object ive of  this chapter  is to investigate the available 

deterioration models and the variability associated  with the key deterioration par.imeters 

employed  by these models. In the previous sect ion (Sect ion 2.4) these objectives were 

applied to the initiation stage of  the corrosion-induced deterioration process. In this section 

models  and parameters  descr ibing the propagat ion  stage (see Figure 2.1) will be 

investigated. The deterioration models  that are  available to descr ibe the propagation period 

can be divided into two distinct groups.  TIhe first group are those models  which are 

concerned with the formation o f  the corrosion-induced cracks on the surface of the 

concrete. These models therefore are more related to the SLS o f  the structure. The second 

group of  models  are those concerned with reduc t ion of  the cross-sect ional  area of  the 

llexure and shear  reinforcements due to the o n go ing  corrosion.  These models  therefore are 

directly related to the load carrying capaci ty and hence the ULS.  Both groups of  models  

however  are not independent  and they are c losely related due to the comm on  parameters  

they both employ to describe the corrosion-induced deter ioration of  the structure 

performance over time.

As brielly described in Section 2.2 and in terms of  the first group of  models ,  the literature 

recognises two distinct stages that aim to descr ibe  the propagat ion s tage (Alonsc) et a l ,  

1998). The first group of  models  try to descr ibe sub-stage I or the time period from which 

depassivation of  the reinforcement  has taken place due to the chlor ide attack up to the 

point where a hair size cracks appears on the concrete  surface. The  second group of  models  

try to predict the length of  Sub-stage II or the time period from when corrosion-induced 

hair size cracks start to propagate to reach a m ax im u m  crack width that can be considered 

as a critical.

Regarding the second group of  corros io n - induced  propagation models  which is o f  a direct 

concern to the load carrying capaci ty,  two dist inct  models  have been recognised.  T he first 

model  assumes a uniform loss of  the cross-sect ional re inforcement  that is subjected to 

corrosion activities and referred to as the General corrosion.  The  second assumes  that the 

corrosion is localized and causes far more loss o f  section at that specific location than 

generally caused by the uniform (general  corrosion) .  This  later form o f  corrosion referred 

to as the Pitting corrosion.
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The process o f  corrosion-induced concrete cracking can be described as follows: afttr 

corrosion has initiated, the reinforcement corrosion propagates in concrete and products 

expansive rust (mainly ferrous and ferric hydroxide, Fe(0H)2 and Fe(OH)3) that occupiesa  

much larger volume than the original reinforcement, see Table 2.6. This results in tie 

generation o f  radial pressure on the surrounding concrete at the interface between tie 

reinforcement and the concrete (Broomfield, 1997). Eventually, the generated stress(s 

exceed the tensile capacity o f  the concrete cover leading to cracking o f  the concrete cover

Table 2.6. Relative molecular weight and volumes o f  iron and its corrosion products 
(Bhargava ct a i ,  2003).

Name o f corrosion products

FeO FC304 FC2O3 Fe(O H )2 FeO (O H )3 Fe(0H)3.3H20

a 0.777 0.724 0.699 0.622 0.523 0.347

a 1.80 2.00 2.20 3.75 4.20 6.40

Note: a is the ratio o f  molecular weight o f  iron to the molecular weight o f  the corrosion products; a is 
the ratio of  volume o f  expansive corrosion products to the volume o f  iron consumed in the corrosion 
process.

A number o f  analytical models have been proposed to model the stresses required o 

initiate cracking o f  the concrete cover due to corrosion and the time it takes for the:e 

stresses to be generated (Bazant, 1979; Liu and Weyers, 1998; Pantazopoulou aid 

Papoulia, 2001; Wang and Liu, 2004; Bhargava et a i ,  2006a; El Maaddawy and SoudH, 

2007). A m ong all proposed models, models by Liu and Weyers (1998) and El Maaddavy 

and Soudki (2007) seem s to have generated wide acceptance among researchers in tbs 

field, therefore these two models will be described with some detail. Once a model f)r 

describing the time to first cracking is selected, it will be used within the probabilistc 

framework to be developed in this thesis for the prediction o f  the service life o f  tie 

structure under consideration hence for the estimation o f  the time to maintenance aid 

repair.

2.5.1.1 Liu and Weyers (1998) model

In this model, the concrete around a corroding reinforcing bar was treated as a thick-wallid 

cylinder (Bazant, 1979), which is subjected to internal pressure due to formation )f
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C hapter 2: M ateria ls deterioration  m odels  

corrosion products having larger volume than that of  the original steel. Stresses in the 

cylinder wall are calculated using the solution provided by isotropic linear elasticity theory 

and it is assumed that cracking occurs when the stresses reach the concrete tensile strength, 

Figure 2.14.

Porous zone 
Steel bar Concrete

(a) Corrosion initiated

Initial bar 
diameter

Attack .
penetraion

Rust

Cracks
front

(b) Concrete  cracked

Figure 2.14. Schematic of  corrosion induced concrete cover cracking

From the figure, the inner radius of  the hypothetical thick-walled cylinder a={D +2c/o)/2, 

and outer radius h-C d  +(/J> +2ci„)l2. Where D  is the bar diameter, d„ is the thickness of  

pore band around the steel/concrete interface, is concrete cover depth. It is assumed that 

until corrosion products have filled the porous zone no pressure develops between the 

reinforcing bar and concrete. According to Liu and Weyers (1998), if the concrete material 

can be considered as a homogenous elastic material with ( v c )  poison  ratio  and {E efj )  

effective tnodiiltis o f  elasticity  which is related to the m odulus o f  elasticity  of  concrete ( E c )  

and the creep coefficietu  of  the concrete { (p a )  via E e / f =  E c  /{l + cpcr )■ The radial stress (cr) at 

the concrete/rust products interface can be estimated as:

cr =
2E ,,dc j f  s

i l )  + 2 d j
^ir

(N/mm^)
Equation 2.10

where d^  is the thickness of  corrosion products needed to generate radial stresses, which 

was determined by equating the expression in Equation to the tensile capacity of  the 

concrete cover which is in turn was related to the tensile strength  of  concrete (f,) and as 

follows (Bazant, 1979):
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cr = - — ( N / m m M
D  + 2d„  ̂ ■

Equa t ion  2.11

By eq ua t ing  E qua t ion  and Equ at ion ,  ds foun d to be:

( m m ) E qua t ion  2.12

The  next  s tep w a s  to d e t e r m in e  the crit ical  a m o u n t  o f  rust pro du cts  that  is needed  to initiate 

the cracking,  Liu and W e y e r s  (1998)  es t im a ted  Wcr from:

w h e re  is the  cri t ical  m ass  o f  the  co rros ion  pro duc ts  needed  to induce c r ac k in g  o f  

conc re te  c o v e r  in (m g / m m ) ;  pms, is the densi ty  o f  the corrosion products ;  is the  densi ty  

o f  the parent  steel ;  Ws, is the m a s s  o f  co r ro ded  steel and it is re la ted to Wcr so that 

Wsi=alV,.r. W h e r e  a  is the ratio o f  the m o le cu la r  w e ig h t  o f  iron to the mo lecu lar  w e ig h t  o f  

the co r ro s ion  p roduct  and its va lue ,  w h ic h  d e p e n d s  on the type o f  the co rros ion  product ,  

can  be  o b ta in ed  f r om  T ab le  2.1. T h e  valu e  o f  d„ w a s  es t imated to be in the orde r  o f  12.5 

p,m. For m o r e  detai l s  on  the  mod el  see  (Liu  and W e y e r s ,  1998).

T he  t ime to first c r ack in g  w a s  then e s t im a ted  as fol lows:

w h e re  k,, is the rate o f  rust  p ro d u c t io n  w h ich  is re la ted  to the rate o f  the meta l  loss and is 

ex p r e s s ed  as a func t ion  o f  the co r ro s io n  rate ( w r )  |J.Aycm^ as fo llows:

E qu at ion 2.13

E qu at ion 2 .14

Eq ua t ion 2.15
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It can  be seen that according to L iu -W e y e rs ’s model,  that the time to first corros ion-  

induced  cracking,  Tis,, is mainly dete rmined  by the corrosion rate, tensile strength ot 

concrete ,  concrete cover  depth and the type o f  corrosion product.

2.5.1.2 El-Maaddawy and Soudki (2007) model

In this  model ,  the concrete  around a corroding  reinforcing steel bar is model led as a thick- 

wa l led  cyl inder  with the wall thickness equal to the concrete  cover.  Figure 2.14(a). The 

concrete  ring is assumed to crack when  the tensile stresses in the circumferent ia l direction 

at every part o f  the ring have reached the tensile s trength o f  concrete,  Figure 2.14(b). The 

internal radial pressure at the point o f  cracking is then determined and related to the steel 

mass  loss. Fa raday’s law was then employed  to predict  the t ime from corrosion initiation to 

corrosion- induced  cracking (Andrade ct a i ,  1993). The model  accounts  for the time 

required for corrosion products to fill the porous zone before they start inducing expansive 

pressure on the concrete surrounding the steel re inforcing bar.

The approach followed by the authors in their deve lopment  o f  this model  was  very similar  

to that o f  Liu and Weyers  (1998). How ever ,  E l -M aaddaw y and Soudki  (2007)  stated that in 

L i u - W e y e r s ’s model ,  the rate o f  steel mass  loss caused by corrosion was assumed  to 

decrease as t ime progresses.  The  rate o f  steel mass  loss was assumed to be directly 

proport ional  to the square root o f  the product o f  the corrosion current  and the t ime of  

corrosion exposure.  They found that for the same time of  corrosion exposure,  this 

assumption  significantly underestimates  the amount  of  steel weight  loss compared  with 

that obtained using Fa raday’s law. Underest imat ing the rate o f  steel loss caused by 

corrosion would  result in overest imat ing the t ime to corrosion cracking.  Based on this they 

have proposed the fol lowing alternat ive model ;

7 1 1 7 . 5 ( D  + 2 t / J ( l  + i;. +^i/) 2d E„
Equat ion 2.16

where  T/s, (years),  D, d„, v ,̂ Q , /;, E^ff, icorr, as defined in the previous sect ion (J„= 10-20 

| im),  ^  is a factor dependent  on D,  and c/„.

Equa t ion 2.17
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To com pare the two models, Tis, were calculated for a range of typically measured
, 2

corrosion rate values (from 0.1 to 10 |o,A/cm ) using the relevant input parameters listed in

Table 2.7. The results were plotted in Figure 2.15. It can be seen from the figure that for a 

low corrosion rate values, L iu-W eyers’s model produces more than twice as much longer 

Tis, period than that obtained from El-M aaddaw ay-Soudki’s model. However, although the 

ratio between the two results stays the same, as the corrosion rate value increases (i.e.

(j.A/cm^) Tjsi is significantly reduced that it doesn’t matter much which o f  the two 

models is used.

Table 2.7 Input parameters for calculating Tis, 
as used by (Liu and W eyers, 1998)

Parameter Units Value

C d mm 30

I ) mm ^ 1 6

d o |.im 12.5

Vc - 0.18

fc' MPa 25

/ ,= 0 • 5 3 ^ /^ MPa 2.65

£ c = 4 6 0 0 / ^ GPa 23

(Per - 2.0

p r u s t mg/mm'^ 3.6

P s l mg/mm'^ 7.85

a - 0.57

Although L iu-W eyers’s model have been used frequently by researchers (e.g. W ang and 

Liu, 2004; Vu and Stewart, 2005; Bhargava et a i ,  2006a; Sancharoen et ul., 2006; Val, 

2007; Kenshel and O'Connor, 2008) in the estimation o f  the time to crack initiation, 

Chernin and Val (2008) have recently criticized this model. They pointed out that in this 

model the value o f  do =12.5 |im used was determined based on the incorrect estimation o f  

kp (see Equation). According to Chernin and Val (2008) it seems that in the process of 

finding the value of do, the kp value was erroneously replaced by the value of 0 .098 

appeared in Equation. This mistake was not repeated in the derivation of El-Maaddaway- 

Soudk i’s model in which the value ofc/„ was found to range from 10 to 20 |im. When these 

values were used by (El M aaddawy and Soudki, 2007), results yielded by Equation were
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compared w ith the times to first cracking observed in a number o f accelerated corrosion 

tests w ith a good agreement observed.

40

0)>.
30

' El-Maaddawy and Soudki (2007) 
' Liu and Weyers (1998)

25 ’
O)

t 20
CDwU
(/}

10o
0)
E

0.1 101

Corrosion rate (|iA/cm )

Figure 2.15 Comparison between Liu-Weyers (1998) and El Maaddawy-Soudki (2007) 
Tjs, models.

Based on this discussion, El Maaddawy-Soudki’s model w ill be used in this thesis to 

estimate the time to first cracking.

2.5.2 Crack propagation models

For the crack propagation, (i.e. sub-stage II o f the propagation stage, Figure 2.1(b)), two 

distinctive models have been reported in the literature, the Duracrete (2002) model and Vu 

el al. (2005) model.

2.5.2.1 Duracrete (2000) model

The Duracrete final report (Duracrete, 2000) describes the propagation period as follows:

T =
P

A ,
+ Cl-,

'' C ^
k D  j is p i

(years)
Equation 2.18

where;
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= ( U [ 0 .4 8  + .( 1 9 6 "-’ ) n  E q i .a t ion2 .l9

where Tp is the propagation time years (i.e. Tp-Tjs, +Tcp) and the input parameters are as 

defined in Table 2.8. Typical values of the listed parameters can be obtained from Li et al. 

(2004).

Table 2.8 Input parameters for the Duracrete crack propagation model

V a r i a b l e D e f i n i t i o n

^ l i m Is th e  l i m i t i n g  c r a c k  w i d t h  ( 0 . 3 - 1 . 0  m m )

P a r a m e t e r  that c o n t r o l s  the  p r o p a g a t io n

« D T h e  p i t t i n g  fa c to r

« / ,  U 2 a nd  «  ) R e g r e s s i o n  p a r a m e te r s

h'orr m e a n  c o r r o s i o n  rate in ( m m / y e a r )

w , is  th e  w e t n e s s  p e r io d  o f  the  y e a r

/ispi is  th e  t e n s i l e  s p l i t t i n g  s t r e n g th  o f  c o n c r e t e  in M P a

f a , B a s i e  c o n c r e t e  c o m p r e s s i v e  s t r e n g th  in M P a

KtKf is  th e  a g e  o f  the  c o n c r e t e  at the  t im e  o f  i n s p e c t i o n  ( y e a r s )

Y , i s  a v a r ia b le  r e p r e s e n t i n g  a d d i t io n a l  v a r ia t io n  d u e  to  the  s p e c i a l  

p l a c i n g ,  c u r in g  a n d  h a r d e n in g  c o n d i t i o n s  o f  in s i tu  c o n c r e t e

Y j Is a v a r ia b le  r e p r e s e n t i n g  v a r ia t i o n s  d u e  to fa c to r s  n o t  w e l l  a c c o u n t e d  

fo r  b y  c o n c r e t e  c o m p r e s s i v e  s t r e n g th  ( e .g .  g r a v e l  t y p e  s i z e )

X Is a f a c to r  t a k i n g  in to  a c c o u n t  s y s t e m a t i c  v a r ia t io n  o f  in s i tu  

c o m p r e s s i v e  s tr e n g th  a n d  s tr e n g th  o f  s ta n d a r d  t e s t s

2.5.2.2 Vu et al. Model (2005) model

Vu et al. (2005) proposed an empirical model to estimate the period o f  time in which the 

corrosion-induced crack to propagate from a hair size (typically assumed in the order of 

0.05 m m ) and reach a m axim um  size of w^m (mm) (Sub-stage 11 in Figure 2.1(b)). The 

model is based on accelerated corrosion tests conducted in the laboratory involving eight 

RC slabs with 16 mm diameter reinforcing bars and varying water/cement ratios and cover 

depths. Assum ing a constant corrosion rate, the time it takes for the corrosion-induced 

crack to propagate from a hair size to reach a limiting width of wnm was estimated as 

follows:
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Equation 2.20
0.33 mm < < 1.0 mm

where;

ki,  ̂0.95 exp Cr(tXP)
\  c o rr

+ 0.3 Equation 2.21

where O i s  the reinforcement  cover  depth in (mm) and wc is the water/cement  ratio, icon- is 

the measured corrosion rate (|aA/cm") assumed constant  with time. A  and B  are empirical 

constants and kn is a rate o f  loading corrosion factor where /corr(exp) is the accelerated 

corrosion rate used in the experiment . The developers  of  the model  used an impressed 

corrosion rate of  100 |o,A/cm‘ in their testing therefore /corr(exp)=100 |o,A/cm^. A=65  and 

/^=0.45 for iv,in,=().3, A=l()() and / i=0.23 for wijm =1.0 mm. The factor kn was developed to 

allow for the high rate of  loading resulted from the use of  high corrosion rate in the 

accelerated corrosion tests.

As suggested by Liu and Weyers  (1998), the formation of rust products on the steel surface 

will reduce the diffusion of the iron ions away from the steel surface resulting in reduced 

corrosion rate with time. To take into account  the t ime-dependant corrosion rate, Vu and 

Stewart (2000)  proposed the following expression for determining the time to crack 

propagat ion Tc,,'.

T =<v
or...,

a .

t - 1  +
/I + 1 ,V  < / '  j Equation 2.22

('„, > 1 year, w,,,, <1.0 mm)

where is the time for a crack to propagate to a limit crack width in years for a time- 

invariant corrosion rate (can be calculated from Equation),  acp and Acp are constants for 

descr ibing the reduction of  the corrosion rate with time their proposed values  are a,p=().85 

and A(/,=-0.3.

Due to the lack o f  statistical information regarding the input parameters  for the Durarcrete

model , the time to crack propagat ion which was defined in Section 2.2 and again in the

current section, will be modelled using Vu et al. (2005)  model.  It has to be noticed that this
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model is only relevant in the case of  SLS service life model ling and therefore will only 

affect the time to first maintenance predicted in terms of surface condition of  the structure 

under consideration. However,  in terms o f  the ULS,  and as ment ioned earlier in Section 

2.2.2, propagation models are described as a function of the loss of  reinforcement cross- 

sectional area which is directly influences the load carrying capacity and hence the safety 

of  the structure. The propagation models which provide quantitative estimate the loss in the 

load carrying capaci ty over time thus of  a concern to the ULS will be discussed in the 

following section.

2.5.3 Loss of cross-sectional area models

As indicated in Section 2.2.2, two types of  corrosion, general and pitting, are possible. 

General corrosion affects the reinforcement  by casing a uniform loss of  its cross-sectional 

area. Pitting corrosion, in contrast to general corrosion,  concentrates over small areas of  the 

reinforcement. Models  quantifying of  the magnitude o f  such losses will be described here.

2.5.3.1 Due to general corrosion

As the corrosion process progresses, the cross-sectional area of  the reinforcement of  an RC 

member will be reduced leading to reduction of  the capacity o f  individual elements and by 

implication of  the structure as a whole. If the corrosion is assumed to be o f  a uniform type. 

Figure 2.16, the loss o f  reinforcement  diameter  can be described by the use o f  Faraday’s 

law of  electrochemical  equivalence (Andrade et a i ,  1993).

AD(/)/2 I

Figure 2.16 General (uniform) Corrosion

Faraday’s law indicates that a constant corrosion rate of  1.0 | iA/cm^ corresponds to a 

uniform metal loss of  bar diameter  of  0.0232 mm per year (or 1.0 |j,A/cm“=l  1.6 |a,m/year
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metal  loss o f  the bar  radial )  (A ndrad e et a i ,  1993).  If the corros ion rate is assumed to be 

constant  ove r  t ime, then the re m a in in g  cross-sect ional  area o f  corrod ing main  

re in fo rcement  af ter  t-years, A can thus  be  es t im a ted  as:

w he re  T, is the t ime to corros ion ini tiat ion (years) ,  «/, is the total  n um ber  re inforcing bars 

and Do  is the original  bar  d iameter  and  AD(/)  is the reduct ion o f  bar  d i am e te r  at t ime,  t.

2 .53 .2  Due to pitt ing corrosion

Pit t ing  ( local ized)  co rros ion  is very  in tense form o f  co rros ion  in w hich  a smal l  area ov er  

the re in fo rcement  length may  suffer  m u c h  gre at er  loss o f  sec t ion than the rest o f  the 

re inforc ing bar,  F igure  2.17.  For that reason,  the  m ea s u r em en t s  o f  the cor ros ion rate icrr  

cannot  be d i rec t ly  t rans lated into the loss o f  cross-sect ional  area o f  the co r ro d ing  bar  in the 

s am e  way  indicated by Equation.

A c co rd in g  to G on z a l ez  et al. ( 1 995)  the m a x i m u m  pene tra t ion depth  caused by pi tt ing 

corros ion  {Pmux) can  be 4 to 8 t imes o f  that caused  by genera l  corros ion.  Th i s  conc lus ion  

w as  der ived f rom results ob ta ined f rom tes tes  m ad e  on spec im ens  o f  125 m m  long and 

have a bar  d iameter  o f  8 mm .  T h e  co rros ion rate icon for genera l  cor ros ion can be  re la ted  to 

P,nax at any t ime t via the ratio R = Pnm xH ^av Pav  is the av erage  pene t ra t ion  depth  expected 

f rom general  co rros ion {Pav= AD/2).  T her efor e ,  the m a x i m u m  pi t t ing  depth  in ( m m )  at any 

t ime (t)  may  be es t im ated  as fo l lows (G o n z a l e z  et  a l ,  1995):

In orde r  to be able to use values  o f / ’ , „ „ ,v ( t )  to es t imate  the loss o f  cross-sect ional  area o f  the 

re inforc ing bar  due  to p i t t ing cor ros ion,  hence  es t im a t ing  the residual cross- sec t iona l  area 

o f  the re inforcemen t ,  an ass um pt ion  r ega rd ing  the shape o f  the pit has to be em pl oy ed .  

T w o  such conf ig ura t ion has been prov ided  by the  l i terature,  R odr i guez  et  al.  (1997 ) ,  Figure 

2 . 18(a), and Val  and Melch e rs  (1997) ,  F igure  2 . 18(b).

AD ( /)  = 0 . 0 2 3 2 { t - T . )  Equat ion 2.23

Equ at ion  2 .24
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Figure 2 .17 Reinforc ing  steel bar  af fec ted  by pi t t ing  corrosion (Reis et ciL, 2005)
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Figure 2 .18 Pit conf igura t ion  ac co rd ing to: (a) Rodr iguez  et al. (1996) ,  (b)Val  and 
M e l c h e r ( 1 9 9 7 )

T h e  residual  cross-sect ional  area o f  a s ingle cor rod ing  bar at any t ime t for both 

conf igura t ions  can be  ca lcula ted  as fol lows;

(a)

(b)

\ A t )  = <D„-Pi t ) )^/A

KAi) =

t tD I . .

4

0

<

Equa t ion 2.25

Equat ion 2 .26
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where;

Equation 2.27

a ,  = 2 arcsin ( « / D „ )

= 2 arcsin ( « /2 / ^ ( / ) )

Finally the remaining total cross-sectional area o f  the reinforcement  subjected to pitting 

corrosion, after (t-T,) years of active corrosion, As(t)  can be estimated as follows:

where ///, is the total number  o f  longitudinal reinforcement  bars.

As can be seen from the preceding presentat ion, estimat ing the residual reinforcement  

cross-sectional area in the case of  pitt ing corrosion is highly dependant  on the variation of  

the pitting factor R. This indicates that the uncertainty associated with est imating the end 

of  service life and hence the predicted time to first maintenance/repair for a structure in 

terms of  the ULS will depend significantly on the assumed pit sizes. Considering the 

limited research studies dealing with the effect o f  variability o f  pitting corrosion on the 

safety o f  corroding structures in marine environments  (Val, 2005), this thesis will consider 

investigating the influence of  variability and spatial distribution of  corrosion-induced pits 

(i.e. pitting corrosion) on the structure safety as one of  its objectives. More information 

regarding statistics and distribution of  corrosion pits will be given in Chapter 6. In this 

regard, this thesis needed to adopt a pit configurat ion for the calculation o f  the residual 

cross-sectional area of  the reinforcement . The hemispherical pit configurat ion proposed by 

Val and Melchers  (1997), Figure 2.18(b), was adopted. The reason for this was that, as 

shown by Figure 2.18(a), Rodriguez ct al. (1997)  configurat ion seems very conservative as 

a large proport ion of  the cross-sectional area of  the bar is discarded as a result o f  the 

simplified approach. On the other hand,  Val and Melchers  (1997)  configurat ion tends to 

calculate the exact area of  the pit.

Equat ion 2.28
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As can be seen from most  o f  the re la t ions  and  models  g iven in Sect ion 2.5,  the corros ion 

rate is a key par am et er  for the p lot t ing  o f  the  propagation s tage and for det ermina t ion  o f  

the residual cross-sect ional  area o f  both,  the  f lexure and shea r  re in fo rcements  and hence 

the residual capac i ty  o f  the dete r iora t ing s tructura l  member .  Usually  the corros ion rate is 

governed by the availabi l i ty o f  w a te r  and ox ygen  at the steel concre te  interface,  the 

concrete qual i ty and cover ,  tem per at u re  and humid i ty  (Vu and Stewar t ,  2()()0). A ndrade 

and Alonso (1 99 6)  have a c cum ula ted  and s tudied corros ion rate data m easured  in the 

laboratory and on site. 'I 'hey obse rved  that va lues  o f  the m easur ed  cor ros ion rate that is 

be l ow  0.1 |o,A/cm^ are ins igni ficant and d oes  not seem to have a major  ef fect  on the service 

life o f  the st ructure.  T hey also  co nc lu ded  that  va lues  between 0.5 to 5 |^A/cm^ causes  about  

5 to 25% loss o f  cross-sect ional  area o f  the re inforcement  dur ing 20 -50  years of  active 

corros ion.  Values  b e tw een  0.5 to 5 | iA /cm"  have been frequent ly m easu red  on site wi th 

values  in ex cess  o f  10 |aA/cm^ rarely repor ted  (Gonza lez  et ciL, 1995; A n d ra d e  and Alonso,  

1996; Rodr iguez  et a i ,  1997; A lo n s o  et a i ,  1998).  Based on their observat ion s ,  A ndra de  

and Alonso (1996)  p ropos ed  a c lass i f ica t ions  o f  the corros ion rate levels,  s h o w n  in Table  

2.9. Simi lar  c lass i f ica t ions  p ro posed  by other  researchers  are also indicated in the sam e 

table.

Regarding the var iabi l i ty o f  icorr Enr ight  and Frangopo! (1998a)  prov ided s o m e  stat ist ics on 

icon based on m eas u rem en t s  p e r fo rm ed  onsi te .  T he  informat ion they p rov ided  are g iven in 

Tab le  2 .10 w here  can be seen that the m easu r ed  values  are consis tent  wi th  those  reported 

by Andra de and A lo n so  (1996) .  H o w e v e r ,  wh i l e  these s tat ist ics (m ea n  value,  s t andard  

deviat ion and the d ist r ibut ion type etc)  are useful  in descr ib ing  the ra n d o m  nature o f  

informat ion re ga rd ing  sy s tem a t ic  spat ial  var ia t ion  has  not been reported  (V u  and Stewar t ,  

2005) .

Co ns id e r i ng  the im por tance  o f  icorr as the key pa ramete r  w h ich  can influence the rate by 

which the r e in force ments  cross-sect ional  area is reduced,  several  a t t em pts  have  been  m ad e  

to predict  the co rros ion rate w h e re  field data on the paramete r  are not avai lable .  In this 

regard,  for a typical  en v i ro n m en t  o f  an am bi en t  relat ive humidi ty  o f  7 5 %  and tempe ratu re  

o f  20 "C, Vu and Stewar t  (2000)  sugges ted  an empirica l formula  for the es t imat ion  o f  

corros ion rate at the start o f  the  cor ros ion activi ty icorr(\y T h e  pro po sed  m od el  relates the 

corros ion rate to w c  and Q  as fo l lows:
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3 7 .8 ( 1 - w c ) '
'-(I) Equation  2 .29

A c c o rd in g  to D upra t  (2007), resu lts  o b ta in ed  from  E q ua tion  fo u n d  to be in agreem en t w ith  

co r ro s io n  rate m easu rem en ts  o b ta in ed  from  ex p e r im en ts  p e r fo rm ed  by G onzales  et al. 

(1 9 9 5 )  and w ith  the average  co r ro s io n  rate field  m easu rem en ts  su g g es ted  by E n n g h t  and 

F ran g o p o l (1 9 98a) ,  sh o w n  in T ab le  2.10.

T ab le  2.9. R ep o r ted  co rros ion  rate c lasses

Corrosion rale, icorr ( |iA /cm“)

Classification Dhir et ul. 

(1994)

(Andrade and 

Alonso, 1996)

Brooml’ield

(1997)

Middleton & 

Hogg (1998)

Law et al. 

(2004)

Negligible ■ <0.1 <0.1 - < 0.2

Low 0.1 0.1-0.5 0.1-0.5 0.1-0.2 0.2-0.5

Moderate 1.0 0.5-1.0 0.5-5 0.2-1.0 : 0.5-1.0 j

High 10 >1.0 >5 >1.0 >1.0

T ab le  2 .10  E xpec ted  co r ro s io n  rate (/(„/•,) v a lues  based  on  data  
from  ex is t in g  b ridges  (E n r ig h t  and  F rangopo l,  1998a).

m m /y ea r (nA/cm") ; C O V
i

0 .013 0.5 0.1

0 .025 LO 0.2

0 .076 1 3.0 : 0.3

0 .127 ‘ ^ . 0 ' 0 .4

0 .254 10 ! 0.5

M ean w h ile ,  and  as ind icated  by Liu and  W ey ers  (1 9 98) ,  there is s tro n g  ev id en c e  to suggest  

that co r ro s io n  rate reduces  over  t im e due  to the fo rm a tion  o f  rust p ro d u c ts  w h ich  slow  

d o w n  the d iffus ion  o f  irons aw ay  from  the steel su rface .  T o  acco u n t  for the t im e -d ep en d an t  

reduction  o f  the co rros ion  rate, Vu and  S tew ar t  (2()()0) su g g es ted  that co r ro s io n  rate values 

o b ta in ed  from  E quation  can be m o d if ied  so that the co rros ion  rate t im e -d ep e n d en t  can be 

o b ta in ed  as follows:
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K o r r { i )  K-orr{\ ) Equat ion 2 .30

w here  acp and Xcp are constants  and their va lues  are as given in Sect ion 2.5.2.2.

Vu anc Stewar t  (20()0) corros ion rate model  has been used by several  other researchers  to 

predict  the life t ime safety pe rformance o f  RC structures (Duprat ,  2007;  Stewar t  and 

Mul lar i ,  2007; Val,  2007;  Stewar t and Suo,  2009).

In a redl case assessment,  it is highly des irable that values o f  icon are obtained from site 

specific m easu rem en ts  taken from the s tructure that is under invest igat ion.  Ho we ver ,  in 

many cases, as in this thesis,  field data on /(.„„■ measurements  may not be available,  

therefore,  Equat ion and Equat ion m aybe  used to es timate the icon for a given st ructure wi th 

a set of environmen ta l  condi t ions  and mater ial  properties.  In this thesis,  Vu and Stewar t  

(2000)  corros ion rate model  will  be used to produce values o f  icon that correlate well  with 

the concrete qual i ty and the chosen cove r  depth  used for the considred structure.  Care  will 

have to taken when  em ploy ing  Equat ion and Equat ion so that produced values  o f  

correspond well  wi th the co m m o n ly  field measured icon data reported by the literature. The 

Icon produced in the way expla ined in this section will then be used to es t imate  the 

propagation stage and hence the end o f  service life of  the s tructure under considerat ion.  It 

is, therefore,  obv ious  that neglect ing the var iabi li ty of  the icon will influence the est imated 

t ime to mai n tenance  and repair.

2.6 CRITERIA FOR REPAIR AND MAINTENANCE

The  service life o f  a s tructure w as  def ined in Sect ion 2.1. The models  that can be employ ed  

to quanti fy each s tage  o f  the deter iorat ion s tages  for s tructures affected by chloride- 

induced co rros ion we re  descr ibed in the proceed ing sections.  Ho we ver ,  the end o f  service  

lite of a br idge  or  its com pon en t  cannot  be determined accurately unless the end o f  service 

lile is clear ly def ined.  Th e lack o f  quant i fy ing def in it ion  to the end o f  service life hinders 

the en g i n e e r ’s abi li ty to evaluate  and priotorise bridges/bridge  co m ponen t s  for 

main tenanc e/ repa i r  based on cost  requirements .  Tradit ional ly,  maintenance  and repai r is 

carried out  in o rde r  to ensure  that the s tructure is able to fulfil som e  des ign re quir ement s  

throughout  its l i fet ime (Engelund,  1997).  Th e most  important  o f  these requ irements  is to
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ensure that the bridge load carrying capacity  does not deteriorate below a certain level 

often characterised by a reliability perform ance indicator which was introduced in Section 

2.2.2 and will be further discussed in C hapter 3. However, usually in practice, lepair or 

replacement of concrete structures is prim arily  based on visual inspection that records the 

signs of deterioration such as cracking, spalling  rust stains etc (Li et ai,  2004). Therefore, 

the time for maintenance can be related to the surface condition o f  the structure, e g. when 

a given percentage of the surface o f  the structure shows signs o f  deterioration. This 

criterion is more related to the visual condition o f  the structure than to its ability to carry 

the imposed loads. The following sub-sections are dedicated to discuss these criteria. 

Criteria related to the load carrying capacity o f  the structure and hence to its ULS will be 

discussed in Chapter 3.

2.6.1 Corrosion initiation criteria

Repair of RC structures exposed to chloride environm ents can be deemed necessary if the 

chloride content at the level o f  reinforcement exceeds the Ccr value and thus corrosion is 

expected to start soon after. For exam ple, W eyers (1998) used criteria by which wlien 30%  

of the reinforcement steel have initiated corrosion (i.e. Ccr is exceeded at the reinforcement 

level) then repair action must be taken. Similarly, Li (2004b) referred to criteria in which if 

20% of the concrete area have shown that it has corrosion initiated, then repair may have to 

be considered. Li (2004b) anticipated that if 20%  of  the concrete surface area has its 

corrosion initiated, this is maybe an equivalent to saying that 1% of the concrete surface 

area has shown a sign of corrosion (i.e. cracks). This is inline with the 0 .5 -L 5 %  criterion 

which is being used in the Netherlands to decide on the repair of RC structures affected by 

chloride-induced corrosion (van Beek et ai,  2003). However, this criterion may be 

considered too conservative as corrosion initiation in itself does not affect the load carrying 

capacity immediately. In addition, for a large RC structure/com ponent, even the active 

corrosion at a single location may not affect the structure load carrying capacity as such. 

Therefore these criteria can be used to alert engineers/bridge ow ners to plan for 

repair/maintenance intervention for the future but no imm ediate action is expected to be 

undertaken. In this thesis an average value o f  25%  (i.e. an average value between the two 

values proposed by W eyers (1998) and Li (2004b)) will be used to define the time to first 

repair if the criterion o f  corrosion initiation is to be used.
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2.6.2 Percentage of delaminated/spalled surface area criteria

As already mentioned in the previous section, for many agencies the criteria for time to 

repair/maintenance intervention is presented in terms of percentage of  concrete surface 

area that is shown some corrosion-induced visible damage (i.e. cracking, delamination, 

spalling). Based on a survey response of  30 bridge and material engineers regarding 

maintenance t reatments for bridge decks,  according to Weyers et al. (1991), the survey 

responses indicated that the overlay of  the entire surface of  the bridge deck is appropriate 

when 2% to 4% o f  the deck surface has suffered from spalling. Based on the same survey 

results, another  study showed that it is likely that the end of  the functional service life for 

concrete bridge decks is reached when the percentage of  the whole deck surface area that is 

delaminated, spalled and patched with asphalt ranges from 5.8% to 10% or that of  the 

worst  traffic lane ranges from 9.3% to 13.6% (Fitch et al., 1995). Based on the results of  

the survey, Fitch et al. (1995) found that this level varies from engineer  to engineer and 

agency to agency then he suggested that delaminat ion of  10% to 20% of  a bridge deck area 

can be assumed to constitute a maximum  acceptable level of  deterioration for SLS.

It has to be mentioned that there have been cases where RC crosshead beams were 

replaced because the corrosion has caused 50% delaminat ion of  the concrete surface area 

(Reid, 2009). It was considered that if the crosshead beam was repaired with conventional 

repair methods this would had resulted in 90% removal of  the concrete surface area which 

was deemed to be both costly and impractical for that particular case. Another reason for 

the replacement  was that the reinforcements were severely damaged.

In the Netherlands,  practical experience of  the engineers involved in inspection, 

maintenance and repair of  concrete bridges stated that bridges are repaired when 0.5 to 

1.5% of  the surface area of  the bridge exhibits a visual sign of  corrosion related concrete 

damage (van Beek et al., 2003).

It can be seen that there is a lack of  agreement  among  institutions, practical engineers and 

researchers on the value of  the percentage of spalled, delaminated or cracked surface area 

which can be used as a criteria to define the end of  service life of  the structure and thus the 

time for repair/maintenance intervention.

66



2.6.3 Crack width criteria

C hapter  2: M ateria ls  de ter ioration  m odels

Cracks in concrete structures can have negative effects on important parameters  such as 

permeabi lity,  rate of  chloride ingress and thus on protection against reinforcement  

corrosion.  Thus  in many cases, the criteria for time to repair intervention are given in terms 

of  the maximum  corrosion-induced crack width.  There maybe a variety o f  opinions o f  what  

may constitute a maximum acceptable cracks width for a concrete structure. For example 

most design codes and standards, such as the American Concrete  Institute ACl  318 (1999), 

the British Standard BS 8110:1 (1997) and the Canadian Standard C S A  A23.3 (1994), 

prescribe the maximum accepted crack width up to 0.4 mm for concrete structures 

(Newhook et a l ,  2002; Li et a i ,  2008). A maximum crack width between 0.3 and 0.4 mm 

deemed to be appropriate for durability LS by ACl  209 (1978) whereas  a limit crack width 

of  0.8 mm has been recommended by Sakai et al. (1999)  for serviceabili ty (aesthetics) 

requirements.

Experimental  results indicated that cracks due to reinforcement  corrosion were joined 

together to create longitudinal cracking at crack widths  between 0.3 and 0.5 mm (Vu et a i ,  

2005). Andrade et al. (1993) suggested that the service life of  a structure may be 

considerably reduced only if crack widths  in excess o f  0.3-0.5 mm are not repaired. This  is 

in line with the previously mentioned maximum accepted crack widths  recommended by 

varies standards. Clearly, the m ax imum  acceptable limit for crack width depends on a 

number of  factors including the local regulation, the owner  policies and the intended 

function of  the structure, in general,  for the purpose of  service life model ling,  it may be 

reasonable to consider  the maximum  crack limit of  1.0 mm caused by corrosion activity as 

limiting serviceabili ty intervention criteria. Thus  for this thesis the end of  the crack 

propagat ion stage (Sub-stage 11 indicated in Figure 2.1), the end of  the s tructure service life 

in terms of  serviceabili ty requirements  will be considered to have been reached when the 

width o f  corrosion-induced crack reaches 1.0 mm.

Based on the preceding review, the criteria proposed in this thesis for serviceabili ty 

requirements maybe is better expressed as the surface area of  the RC structure (A,f%) that is 

experiencing corrosion-induced crack greater than 1.0 mm in size. In order  to be able 

predict this proportion; the structure needs to be hypothetically discretised into small 

sections, then each section is checked if it has experienced the maximum allowed crack 

width at any point in time. Eventual ly,  the number  of  cracked elements  (sections) is
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counted and the proport ioned to the total number  of element to determine A^%. Such 

procedure is possible by employing the Random Field theory which will be discussed in 

Chapter  3.

2.7 CONCLUSIONS

The main objective o f  this chapter was  to review the a\ai lable deterioration models and 

identify the appropriate models that can be used to model the service life of  a corroding 

structure and thus for estimat ing the opt imal  t ime to maintenance and repair. Part of  the 

task was to investigate the variability associated with the key deterioration parameters 

employed by these models. RC structures in chloride environments  undergo two 

recognised deterioration stages, Initiation  and Propu'^ution. While there is a wide 

acceptance to the use of  Picks 2"‘̂ law of  diffusion to estimate the initiation stage, the 

propagat ion stage has been subjected to extensive research. Two sub-stages have been 

recognised for the propagat ion stage, crack initiation and the crack propagation.

The key parameters to describe the initiation stage are the D^pp, C\, Ccr, Q a n d  C,. The two 

variables Dapp, Q  have been shown to vary significantly with mean values differ from a 

structure to a structure, within a structure and from an environment  to another. It was 

decided, therefore, that the statistical information of  both parameters are to be obtained 

from a real a structure exposed to a marine environment . Ferrycarrig Bridge was, therefore, 

chosen to study the variability of  the two parameters  which were shown to be highly 

structure-dependant  Dapp, Cs, as will be seen in Chapter  4.

The t ime-dependant  property o f  Dapp needs to be considered if the original material 

properties were not made from OPC concrete. The investigation carried out showed that 

the time to corrosion initiation is highly affected if Dapp was considered to vary over  time 

for concretes made of  PFA or GGBS. Values for the ageing factor m which allows for the 

inclusion of  the reduction of  Dapp with time were proposed so that m=0.2, 0.4 and 0.6 for 

OPC, PFA and GGBS respectively.

Another  key parameter  for the estimat ion of  the initiation period is C(.,. Again this 

parameter  also showed a great variation. The wide scatter was attributed to the different 

methods by which this parameter  is measured.  It may be accepted that for the same 

material type and the same environmental condition,  the variation of  this parameter  is
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reduced. Based on the collected data, a Lognormal  distribution with a mean value o f  0.07 

(Cl% per mass  o f  concrete) and C0v=0.25 were proposed for probabilistic model ling 

intended for this thesis.

For the propagation stage, several models  were  reviewed. Most  of  these models were 

mainly function of  ico,r, f c ’ Jind Cd- T w o  models  were chosen to represent the 

propagat ion stage. El -Maaddaway and Soudki  (2007)  model  was  selected to estimate the 

time to first cracking. For the second Sub-stage of  the propagat ion, Vu et al. (2005) model  

was selected. This  model is to descr ibe the t ime period from the formation of  the hair size 

crack until the size of  the corrosion-induced crack reaches a 1.0 mm size.

Following the initiation of  corrosion and during the formation of  the cracks, the 

reinforcement  cross-sectional area is being reduced by two mechanisms;  by General 

(uniform) corrosion or by pitting (localised) corrosion.  The pitt ing corrosion is more severe 

and causes the loss of  the reinforcement  cross-sect ional  area of  several orders of  magni tude 

as that caused by general corrosion. Both mechanisms  will be considered in this thesis with 

investigating the effect of  variability o f  the corrosion-induce pitt ing on the structure safety 

was highlighted as on of the tasks to be considered in this thesis. The pitting configurat ion 

proposed by Val and Melchers (1997) will be used to relate the loss o f  the reinforcement  

cross-sectional area caused by pitt ing corrosion to that caused by the general  corrosion.

The literature has also shown the importance o f  the corrosion rate {iorr) as the main 

parameter  affecting the model ling of  the propagat ion stage. It is desirable that values of  

this parameter  are obtained from site specific measurements ,  however,  in the case when 

such data are unavailable, the model  proposed by Vu and Stewart  (2000)  can be used. The 

corrosion rate values predicted by the proposed model  should be used in light o f  the 

typically measured values in real s tructures which have been reported to range from 0.1 to 

10 |j,A/cm".

The criteria by which RC structures exposed to chloride- induced corrosion are repaired 

were investigated and found to differ from engineer to engineer  and from agency to 

agency. However ,  for serviceability requirements,  the percentage of  the surface area that 

shows sign of  corrosion related damage  seems an appropriate quantitative indicator. For 

example,  if the damage was defined such that corrosion is to be initiated, then the repair of  

the structure may be deemed necessary if 25% of  the surface area has indicated corrosion
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initiati)n. On the o ther  hand,  if the d a m a g e  w a s  def ined such that a s ignif icant ly  large 

cr acks (>1.0  m m  w id e )  to appe ar  on the conc re te  surface ,  the indicat ion for the t ime to first 

repai r  n ay  be that w h e n  1.5% o f  the surface  area o f  the st ructure s how ed  cracking o f  that 

size,  l i e  de t ermina t ion  o f  these  p er cen tag es  can be  made by us ing the Ran dom  Field (RF) 

theo ryw hich will  be  d i scussed  in C h ap te r  3.
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3.1 INTRODUCTION

Chapter 3: Random Field theory

In C h a p t e r  2,  m o d e l s  that  h a v e  b e e n  p r o p o s e d  b y  v a r i o u s  r e s e a r c h e r s  to d e s c r i b e  the  

d e t e r io r a t i o n  p r o c e s s  o f  R e i n f o r c e d  C o n c r e t e  ( R C )  s t r u c tu r e s  e x p o s e d  to c h l o r i d e  i n d u c e d  

c o r r o s i o n  w e r e  d i s c u s s e d .  In the  p r o b a b i l i s t i c  a p p r o a c h ,  the in he re n t  var ia b i l i t y  o f  the 

m o d e l  p a r a m e t e r s  is c o n s i d e r e d  b y  d e s c r i b i n g  e a c h  m o d e l  p a r a m e t e r  as  a r a n d o m  v a r ia b l e  

c h a r a c t e r i s e d  b y  its P r o b a b i l i ty  D e n s i t y  F u n c t i o n  ( P D F ) .  H o w e v e r ,  b y  m o d e l l i n g  e a c h  

p a r a m e t e r  as a r a n d o m  v a r i a b l e  w i t h  a s p e c i f ie d  P D F  m e a n  ( | i )  a n d  s t a n d a r d  d e v i a t i o n  ( a ) ,  

the  spa t ia l  va r i ab i l i ty ,  i .e. the  f l u c tu a t i o n  o f  p r o p e r t i e s  in sp a c e ,  o f  the  m o d e l  p a r a m e t e r s  is 

ig nor ed .  It m a y  b e  a c c e p t e d  that  s o m e  m o d e l  p a r a m e t e r s ,  s u c h  as the y ie ld  s t r e n g t h  o f  the 

r e i n f o r c i n g  s tee l ,  w o u l d  e x h ib i t  ve ry  l i t t le spa t ia l  va r i a b i l i t y  d u e  to the  h igh  q u a l i t y  c o n t r o l  

tha t  is i m p l e m e n t e d  b y  the  m a n u f a c t u r e r .  H o w e v e r ,  m a n y  m a te r ia l  a nd  g e o m e t r i c a l  

p ro p e r t i e s ,  e.g.  c o v e r  d e p t h ,  d i f f u s io n  c o e f f ic ie n t ,  are e x p e c t e d  to s h o w  c o n s i d e r a b l e  spa t ia l  

v a r ia b i l i t y  d ue  to the e ffect  o f  e n v i r o n m e n t a l  c o n d i t i o n s  and  the  i n c o n s i s t e n c y  o f  the  

w o r k m a n s h i p .  N e g l e c t i n g  s u c h  s o u r c e s  o f  u n c e r t a i n t y  is d e m o n s t r a t e d  in thi s  th e s i s  to h a v e  

a s ig n i f ic an t  i m p a c t  o n  th e  e v a l u a t e d  sa f e ty  a n d  a s s u m e d  w h o l e  life d u ra b i l i t y  p e r f o r m a n c e  

o f  the  s t ruc ture .  I n v e s t ig a t i n g  the  m a g n i t u d e  o f  th i s  i m p a c t  ha s  b e e n  o n e  o f  the  m a i n  

o b j e c t i v e s  o f  thi s thesis .

T h i s  c h a p t e r  d e s c r i b e s  the  f u n d a m e n t a l  c o n c e p t  o f  the t h e o r y  tha t  fac i l i t a tes  th e  i n c l u s i o n  

o f  spa t ia l  var i ab i l i ty  in the  a s s e s s m e n t  o f  a s t r u c tu ra l  s y s t e m .  T h e  a r ea  o f  k n o w l e d g e  tha t  

d e a l s  w i th  m o d e l l i n g  spa t ia l  v a r ia b i l i t y  is k n o w n  in s ta t i s t i c s  as R a n d o m  Fie ld  ( R F )  

T h e o r y .  F or  that  re a son ,  the  t e r m s  R F  a nd  Sp a t ia l  V a r i a b i l i t y  a re  u s e d  s y n o n y m o u s l y  in the 

l i te rature .  Pr i or  to i n t r o d u c i n g  the R F  th eo ry ,  a b r i e f  d e s c r i p t i o n  o f  the  d i f f e r e n t  t y p e s  o f  

u n c e r ta in ty  and  p r o b a b i l i s t i c  a s s e s s m e n t  a p p r o a c h  in a s t ruc tu ra l  s y s t e m  wi l l  be  p r e s e n t e d  

to p r o v i d e  b a c k g r o u n d  to R F - b a s e d  m o d e l l i n g .

A l s o ,  in thi s c h a p te r ,  c a s e s  f r o m  the  l i t e ra ture  w h i c h  h a v e  dea l t  w i th  the  i m p a c t  o f  

in c l u d i n g  spa t ia l  v a r ia b i l i t y  o n  m o d e l l i n g  the  l i f e t i m e  p e r f o r m a n c e s  o f  R C  s t r u c t u r e s  

a g a in s t  c o r r o s i o n  wi ll  be  p r e s e n t e d .  S h o r t c o m i n g s  a n d  p o s s i b l e  w o r k s  tha t  c a n  lead  to 

fu r th e r  i m p r o v e m e n t s  o f  the r e s e a r c h  ca r r i e d  ou t  in thi s  re g a rd  wi l l  th en  be id e n t i f i e d  to  be  

a d d r e s s e d  in thi s thes is .
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General ly ,  uncer ta in ty in a st ructural  sys tem  can be c lassi fied into three types ,  these are; 

inherent  uncer ta in ty,  statistical and mode l l in g  uncer ta in t ies  (H a id a r  and M ahadevan ,  

2()()0b). T h e  uncertain ty  associa ted wi th  spat ial  var iabi l i ty may  in p r inciple  be c lassi fied as 

inherent  uncertainty.  Al ternat ively ,  it m ay  be v i ew e d  as a four th type  o f  uncer ta in ty  due  to 

its di fferent  m od el l ing  approach.  T he  af o rem en t io n ed  types o f  uncer ta in t ies  can be 

cons idered as o f  a quant i ta t ive type. Qua l i ta t ive  uncer ta in t ies  are those  w h o  may  co m e  

from; (1) the def ini t ions  o f  certain pa ramete rs ,  such as the def ini t ion  o f  st ructural  

per formance;  qual ity;  skill; exper ience  o f  w o rk e r s  or env iro nmenta l  im pac t  o f  projec ts,  (2) 

hum an  errors or  (3) def in it ions  o f  the in ter re la t ionships  a m o n g  par am et er s  o f  the problem.  

Qual i tat ive  types  o f  uncertainty are often dealt  w'ith us ing m e thods  o ther  than reliabil i ty 

analys is  (i.e. Fuzzy Set Theo ry )  w hich  will  not be considered in this thesis.  A br ief  

descr ipt ion o f  these quant i tat ive uncer ta in t ies  wi ll  be presented next.

3.2.1 Inherent uncertainty

Inherent  uncer ta in ty arises wh en  a repeated  obser va t ion o f  the sam e physica l  quant i ty  does  

not give the sam e value,  due to l luc tuat ions  in the env i ro nm en t ,  test procedure ,  

ins t ruments ,  obse rver  etc. Th is  type o f  unce r ta in ty  is often  reduced by col lec t ing  a large 

n um ber  o f  data measurement s ;  this provides  go o d  informat ion about the var iabi li ty o f  the 

measured quan t i ty  and establ ishes  a quant i f iable  level o f  conf idence  in the value  used in 

the des ign/assessmen t .  However ,  in man y  cases  the nu m b er  o f  data m eas u re m en t s  to be 

col lec ted to reduce  this type o f  uncer ta in ty  is l imi ted  by the availabil i ty o f  resources  such 

as m on ey  and t ime.

3.2.2 Statistical uncertainty

As men t ion ed  earlier,  the n um ber  o f  data m e as u r em en t s  m ay  not be  large en ough  to 

provide the precise informat ion that is needed to describe the var iabil i ty  o f  the physical  

quanti ty o f  interest.  In addi tion,  di fferent  s am ple  data sets will usual ly produce  di fferent  

statistical es t imators .  This  type o f  uncer ta in ty  is c lassi fied as the Statist ical  Uncer tainty.  

Statist ical  Uncer ta in ty  can be incorporated  into a rel iabi l i ty-based analys is  by t rea ting the 

statistical pa rameter s  (i.e. mean (f.i) and s tandard  devia t ion ( a )  or  par am et er s  descr ib ing  the
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PD F) as r and om  var iables.  Alternat ively ,  the reliabil i ty analys is  is repeated several  t imes 

us ing different values  o f  the parameters  to inves t igate the sensit ivity.

3.2.3 Modelling uncertainty

C ompu ta t iona l  mode ls  at tempt  to imitate the essential  character is t ics  o f  a par ticular 

s y s t e m ’s beha v iour  through the use o f  ideal ised mathemat ica l  formulat ions  or numerical  

procedures.  In the process ,  some aspects  o f  the sys tem behav iour  are ei ther ignored or 

s impl if ied.  For example ,  the effect  o f  correlat ion  be tw een  som e  o f  the var iables  may be 

ignored due to the lack of  under s tanding  o f  such correlat ion.  In another  example ,  for 

s impli f ica t ion,  l inear equa t ions  are used to descr ibe  some behav iour  that is actual ly 

nonlinear .  Such  s impl i f ica t ions  will  then lead to d i fferences  in the results be tween  the 

com puta t ional  predic t ion and the actual behaviour  o f  the response  sys tem. This  is known 

as the Model  Uncer ta in ty  or the M od el l ing  Error.  T o  include this form of  uncer ta in ty in a 

probabil i st ic  assessmen t ,  past  exper iences  or m easu r em en ts  quant i fy ing the d i fference  

bet w een  the computa t ional  and the actual (exper imenta l )  results can be used to deve lop  a 

statistical descr ip tion o f  the model  er ror  (Haidar  and M ah ad ev an ,  2()()0b). Th e model  error 

is typical ly included in the analysis as an addi t ional  r ando m var iable descr ibed by its PDF 

type (i.e. Normal ,  Logn orm al ,  etc) and dist ribution parameters ,  i.e. and o.

3.2.4 Spatial variability

Mater ia l  and geom etr ica l  proper t ies  wi th in  a s t ructura l com ponen t  are often considered 

h o m o g en eo u s  (perfec t ly  correlated) (e.g. Val and Melchers ,  1997) or r ando mly  dist ributed 

(spatial ly uncorre la ted)  while in reali ty such proper t ies  usual ly exhibi t  som e  limi ted spatial 

correlat ion.  Figure  3.1. That  is to say, two samples  taken very close to each other can have 

highly  correlated  proper t ies  and as the d is tance  sepa ra t ing the two samples  is increased,  the 

correlat ion  o f  thei r propert ies  will  decrease.  O nce  the essential  character is t ics  o f  such 

f luctuat ion are obta ined,  the uncertain ty  associa ted wi th spatial variabi li ty o f  the property 

o f  interest  (i.e. surface  chlor ide content ,  concre te  com pre ss iv e  s trength,  cover  depth ,  etc) 

can be  accounted for by  divid ing the s tructure surface  into n um ber  o f  e l emen ts  (Vu and 

Stewar t ,  2005).  Each e lemen t  will  be ass igned a value  for each o f  the model led  propert ies  

so that the corre lat ion  between di fferent e l emen ts  will  depend on the d is tance separa t ing 

them.  Th e s ize o f  each e lement  (hence  the n u m b er  o f  e l em ents  required)  will  depend on the 

intens ity o f  the spatial  f luctuat ion o f  the model led  property.
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I — •—  Spatially correlated
L — —  Random (uncorrelated)

— '—  Constant (Perfectly correlated)
'( f )

X

TD

2.5 5 7.5 10
Distance along the space (m)

Figure 3.1: Schematic representation o f spatial variability o f a physical property.

3.3 PROBABILISTIC APPROACH

In the context o f structural engineering, the purpose o f adopting a probabilistic approach is 

to develop models which can be used to help decision makers (i.e. structure owners, 

designers and consultants) to make optimal decisions regarding management o f their 

network o f assets by providing consistent/robust tools for the structure performance. 

Probabilistic models are generally based on physical models o f the problem (i.e. Load vs. 

Resistance) and facilitate the inclusion o f the uncertainty associated w ith the chosen 

models/model parameters. For example; Figure 3.2 shows two histograms for time to 

corrosion initiation T, and time to crack propagation Tc .̂ In this particular example, it can 

be shown that both T, and Tc,, fo llow  a lognormal distribution and that the mean value o f T/ 

is twice as much as Tcp. Furthermore, T, has greater variability around its mean value than 

Tcp. It is, therefore, more useful to present these two results in this way rather presenting 

them as single deterministic values.

3.3.1 Reliability analysis

Reliability o f an engineering system refers to the probability o f survival or the complement 

o f probability o f failure (Melchers, 1999). The concept o f a 'L im it State (LS)’ is used to 

define 'Fa ilure ’ in the context o f structural re liab ility  analysis. The term 'Failure’ in the 

re liability analysis does not necessarily imply structural collapse, but in most cases it refers
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to a situation when the performance of the structure exceeds a predefined limit. For 

example; if the LS to be considered is the initiation o f  reinforcement corrosion, then 

‘Failure’ in this case may be defined as when the chloride content at the reinforcement 

depth exceeds a critical value. Thus the ‘L S’ is a boundary between desired and undesired 

performance o f  a structure as indicated in Figure 3.3 (Nowak & Collins 2000). In a 

standard case, when the LS function is not time-dependent, it may be written as (Melchers, 

1999):

Z = G { R , S )  = R - S Equation 3 .1

where: Z is the LS margin, G is the LS function, R is the random variable representing the 

resistance and 5  is the random variable representing the corresponding load effect or 

action.

H=78, C 0v= 0 .99 ^=39, COV=0.45

V)c
0)
Q

0.030.015
DTi Data 
■ Lognormal fit

1 = 1  Tcp Data 
 Lognormal fit0.025

0.020.01

c  0.015^

0.010.005

0.005

200 300 400 500 50 100 150 200100
Data (years) Data (years)

(a) (b)

Figure 3.2 Histograms for:(a) time to initiation 7, and (b) time to crack propagation Tcp.
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Figure 3.3 Limit state Concept
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R  and S  may be functions of other variables, deterministic or random. Both R  and/or 5  may 

also be functions of time as schematically shown in Figure 3.4.

Z{t )  = R { t ) - S { t ) Equation 3.2

R, S

R(l)

t( yearsj
tl

Figure 3.4 Schematic representation of  time-variant reliability problem (Stewart and 
Rosowsky,  1998a)

If in the LS functions Z < 0, then the failure state is reached. The probability that the LS 

has been violated (Z<()) is referred to as the probability of  failure (Pf) and can be obtained 

by solving the following equation (Melchers, 1999):

where: X is the vector of  all relevant basic variables, (7(X) is the LS function which 

expresses the relationship between the LS and the basic variables, /x(x) is the joint PDF for 

the n-dimensional vector X of basic variables.

In structural reliability, the probability of  failure Pj  is also represented by the reliability 

index (fi), which is expressed by (Melchers, 1999):

Equat ion 3.3
(;(x)<()

Equation 3.4

where 0 ( . )  is the standard normal distribution function.
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3.3.2 Calculation of the probability of failure (//)

The region of  integration (7(X)<0 denotes the space of  LS violation. Theoret ical ly,  the 

solution to Equat ion can be obtained through one of  the following three methods 

(Melchers,  1999):

1. Direct analytical integration

2. Numerical  Integration, such as s imulation methods

3. By t ransforming the integrand into a multi-normal joint PDF for which some 

special results are readily available.

Except for some special cases, the integration of  Equat ion over the failure domain G(X)<0 

cannot be performed analytically (Melchers,  1999). In addition, the LS equation contains 

functions of  the basic variables that are too complicated for calculus to be used in the 

evaluation of  their integrals. Methods 2 and 3 in this case become very practical choices 

for the evaluation of  the failure probability. One common technique o f  type 2 methods is 

Monte Carlo (MC) simulation. As for type 3 methods, there are several classical 

techniques such as the First Order Second Moment  method (FORM) and the Second Order  

Reliability Method (SORM),  etc. These methods have been described in detail in many 

classic references (e.g. Ang  and Tang, 1984; Melchers, 1999; Haidar and Mahadevan, 

2()()0a).

The reliability problem which incorporates RF models (i.e. takes into considerat ion the 

uncertainty associated with spatial variability) usually results in a large number o f  random 

variables as will be shown in the course of  this chapter. Furthermore, many of  the involved 

model parameters  are statistically and/or physically dependant,  t ime-dependant  and their 

mathematical  models are of  a nonlinear nature. Consequently,  the LS function and the 

failure domain cannot  be easily expressed or approximated by an analytical model  that can 

be practically solved using type 1 or type 3 methods (Papadrakakis and Lagaros, 2002; Vu 

et a i ,  2005). For small scale problems FO RM  and SORM  have been proved very efficient. 

However , as the number of  random variables increases and the problem becomes more 

complex,  MC simulation based methods are found to be more reliable in particular when 

the resulting LS margin,  Z, is not normally distributed (Papadrakakis and Lagaros,  2002). 

MC simulation has been used by number of  researchers to solve reliability problems where 

spatial variability is considered and has been demonstrated be a very powerful  tool (e.g. Li,
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2004b; Vu et a i ,  2005). Therefore, the MC simulation method was chosen to solve the 

reliability problem to be formulated in this thesis. The basic principle o f  the M C method 

will be described in the following section.

3,3.3 Monte Carlo (MC) simulation

MC simulation is a technique which involves random sampling of  variables to artificially 

produce a large number of  experiments (or solutions of  an algebraic equation)  and observe 

the results. In the context  of  structural reliability analysis, this means,  each basic random 

variable is randomly sampled from a specified PDF (Normal , Lognormal,  Gumbel ,  etc). 

The LS function (7(X) is then checked; if the LS is violated (i.e. G{X)  < 0), then the system 

has failed. The experiment  is repeated many times, each time with a randomly chosen 

vector of  values for the involved basic random variables. If N  trials are performed,  the 

probability of  failure is approximated by:

The ability of  Equation to accurately estimate the probability of  failure depends on the 

number of  simulat ions N.  Theoretically, the estimated /^/will reach the true value as N ^ c o .  

However , the number of  s imulations N  that can be performed will be limited by the speed 

of  the computer processor  that is used. It has been reported (e.g. by Haidar and 

Mahadevan,  2000a) that the probability of  failure obtained using MC simulat ion is almost 

the same as that obtained from the FORM method when the number of  s imulation is 

relatively large. One has to accept that there should be a ‘Trade-off’ between the accuracy 

desired and the time it takes for the computational  problem to be solved.

3.3.4 Target reliability (fir)

For the calculated probability of  failure to be of  significant engineering value it has to be 

compared to criteria by which the performance o f  the structural system under  investigation 

can be rated. The criterion introduced to fulfil this requirement is known as the Target

N
Equation 3.5

where the expression / ; [ G ( X ) < 0 ]  denotes the number of  trials n for w h ic h (7 ( X )  < 0 .
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Reliability (f ix).  Values for the minimum acceptable target performance level, [i\, for the 

design/assessment of different types o f  structure components have been explicitly specified 

by various national and international codes (e.g. ISO 2394, 1998; EN 199():2()02, 2002). 

These values were derived by a process of probabilistic calibration to different design 

codes. The specified [i\ values were intended to be applicable to a wide range of structural 

components. In most cases the selection of a target performance value depends on 

parameters such as importance of the structure, possible failure mode, etc. Table 3.1 

presents values of the allowable maximum probability of failure specified by ISO code 

(ISO 2394-1998).

Table 3.1 Lifetime target Probability of Failure (/'/) according to ISO 2394 
(1998).

Relative costs of Consequence of failure
safety measures Small Some Moderate Great
High 0.5 10-' H)-- 10-'
Moderate 10-' 10-- 10-^ 10-'
Low 10-- 10-^ ]()■" J()-^

The target reliability (jij) indices specified by the Eurocode are given in Table 3.2. These 

values refer to a situation where the LS function is time-variant. Table 3.3 provides 

definitions for the reliability classes indicated in Table 3.2. The P\ values are specified for 

structures with High, Moderate, and Lx)w consequence for loss of human life. Once the 

structural probability of failure (or P) is computed, it can be compared with the P\ value 

specified in Table 3.2 for the considered LS and the consequence determines compliance 

or violation.

Table 3.2 Minimum acceptable safety levels specified by Eurocodes (EN 
1990-2002)

Minimum acceptable values (/?i )

Reliability Class 1 year reference period 50 year reference period

(=associated / / ) (=associated Pf)

CC3 (RC3) 5.2(1.0x10-^) 4.3 (8.5x10''’)

CC2 (RC2) 4 .7 (1 .3 x H r '0 3.8(7.2x10-")

C C l (R C l) 1 4 .2 (1 .3 x 1 0 ") 3.3(4.8x10'^)
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T a b l e  3 .3  Rel ia b i l i ty  c la s s e s  s p e c i f ie d  by  E u r o c o d e s  ( E N  1 9 9 0 : 2 0 0 2 )

C o n s e q u e n c e  Cl a ss  
(R e l i ab i l i ty  C la s s )

D e s c r i p t i o n E x a m p l e s  o f  b u i l d i n g s  
a n d  civi l  e n g i n e e r i n g  
w o r k s

C C 3  ( R C 3 )  

C C 2  ( R C 2 )

C C l  ( R C l )

H ig h  c o n s e q u e n c e  for  loss  
o f  h u m a n  life 
M e d i u m  c o n s e q u e n c e  for 
loss  o f  h u m a n  life 
L o w  c o n s e q u e n c e  fo r  loss  
o f  h u m a n  life

G r a n d s t a n d s ,  p u b l i c  
b u i l d i n g s
R es i d e n t i a l  a n d  of f ice  
b u i l d i n g s
A g r i c u l t u r a l  b u i l d i n g s  
(i .e.  p e o p l e  d o  not  
n o r m a l l y  en te r )

3.4 CONCEPT OF RANDOM FIELD (RF) THEORY

In a c l ass ica l  re l iab i l i ty  an a ly s i s  p r o b l e m ,  the  b a s i c  m o d e l  p a r a m e t e r s  a re  r e p r e s e n t e d  as 

s ing le  v a lu e  r a n d o m  va r i ab le s  in w h i c h ;  for  e x a m p l e ,  a va r i a b le  s u c h  as the  S u r f a c e  

C h lo r id e  C o n t e n t  (C .v) is a s s u m e d  to h a v e  m a n y  v a lu e s  that  v a ry  a r o u n d  its c o r r e s p o n d i n g  

m e a n  v a lu e ,  v a r ia t i o n  a c ro s s  s a m p l e s ,  i n d e p e n d e n t  o f  the  a r ea  u n d e r  c o n s i d e r a t i o n ,  its 

v a r i a t ion  in sp ace ,  h o w e v e r ,  is o f te n  not  c o n s i d e r e d .  T h e r e  a re,  th e r e f o r e ,  tw o  ty p e s  o f  

r a n d o m  var iab i l i t y  n e e d  to be  c o n s i d e r e d ;  v a r i a t i o n  ac ro s s  s a m p l e s  ( r a n d o m  v a r i a b le s )  and 

v ar ia t ion  o v e r  s p a c e  ( spa tia l  va r ia b i l i t y ) .  M a n y  e x i s t i n g  s t u d i e s  (e.g.  V al  an d  M e l c h e r s ,  

1997;  Va l  et  a i ,  1998;  F r a n g o p o l  e t  ciL, 2 0 0 1 ;  D u p r a t ,  2 0 0 7 )  h a v e  n e g l e c t e d  the  r a n d o m  

spa t ia l  va r i a t i o n  w i t h i n  a s t ruc tu re  o r  a s t ru c tu re  c o m p o n e n t  and  ta k e  the  s t ru c tu re  or  

m e m b e r  as p e r f ec t l y  c or re la ted  w i t h  r e s p e c t  to the  m o d e l l e d  p a r a m e t e r s .  T h i s  m e a n s  that 

the ma te r i a l  and  g e o m e t r i c a l  p r o p e r t i e s  a re  t r ea t ed  as b e i n g  h o m o g e n e o u s  a c r o s s  the 

s t ruc ture ,  in this  w a y ,  the  resu lt  at o n e  p o in t  m a y  be  a p p l i e d  to the  en t i re  s t r u c tu r e  or  its 

m e m b e r .  In the  c o n t e x t  o f  m a i n t e n a n c e ,  s u c h  a m o d e l  w o u l d  o n ly  s u g g e s t  a total  r ep a i r  o r  

r e p l a c e m e n t  s t r a te g y  o f  the s t r uc tu re  or  m e m b e r ,  t h e r e b y  r u l i n g  out ,  for  e x a m p l e ,  the  use  o f  

local  repa i r  as a p o s s ib le  r ehabi l i t a t io n  o p t io n .  A n  a l te rn a t iv e  a p p r o a c h  is to treat  r a n d o m  

va r ia b le s  as R a n d o m  Fields  ( R F )  ( V a n m a r k e ,  1983) .  In thi s a p p r o a c h ,  the R F  is 

r e p re s e n te d  by  seve ra l  r a n d o m  v a r i a b l e s  c o r r e s p o n d i n g  to se ver a l  lo c a t i o n s  w i t h i n  the 

s t r uc ture ;  t w o  r a n d o m  v a r ia b le s  w h o s e  l o c a t i o n s  a re  s e p a r a t e d  by  a s h o r t e r  d i s t a n c e  a re  

e x p e c te d  to ha ve  h ig h e r  co r r e la t i o n  th a n  tw o  r a n d o m  v a r ia b le s  w h o s e  lo c a t i o n s  are 

se p a ra te d  b y  a lo n g e r  d i s tance .  T h e  m e t h o d  in w h i c h  th i s  c an  be  a c h i e v e d  in v o l v e s  

s u b d i v i d i n g  the  s t ru c tu re  into a se r ie s  o f  e l e m e n t s  a nd  a s s i g n i n g  a r a n d o m  v a r ia b l e  to ea ch  

e le m en t .  T h e  s ta t i s t ica l  co r re la t i o n  b e t w e e n  a n y  pa i r  o f  r a n d o m  v a r i a b l e s  d e s c r i b i n g  

v a r io u s  e l e m e n t s  c an  be r e p r e s e n t e d  th r o u g h  the use  o f  s o m e  fo rm  o f  m a t h e m a t i c a l
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function. Methods used for discretisation of  the structure into RF elements and means for 

specifying the statistical correlation between elements  will be presented next.

3.4.1 RF discretisation methods

The RF model ling requires the discretisation of  the corresponding RF into sets of  spatially 

correlated random variables. Therefore,  the structure/structure member is divided into 

small elements in which spatial variation within an element is neglected. If the space of  

interest is of  a large surface area (e.g. slab deck or large abutment wall) then the spatial 

variability can be represented by the use a Two-Dimensional  RF model. In the case of  a 

beam element  (e.g. girder, crosshead beam) a One-Dimensional  RF model may be more 

appropriate. Several methods have been proposed for the discretisation of  RF into random 

variables (Der Kiureghian and Ke, 1988; Matthies et a i ,  1997). These methods may be 

classified based on their approach into three methods: (i) the Midpoint method, (ii) the 

Spatial Averaging method and (iii) the Series Expansion method. Due to their popularity 

among researchers, only the first two methods will be described with detail in the 

upcoming sections.

3.4.1.1 The midpoint  method

Introduced by Der Kiureghian and Ke, (1988), in this method the value of  RF over an 

element  is represented by its value at the centre (midpoint) of that element. If the random 

variable was defined based on values at the nodes of  the element rather than at its centre, 

the method is referred to as the Nodal-point method.

Assuming  the RF X(^)  is represented over the element  i by a value taken at the centre of  

that e lement . Figure 3.5, so that:

A-,=Z{s,.) Equation 3.6

where s, is the location of  the centre of  the element. The mean of  the resulting random 

variable A', is obtained as follow:

Equation 3.7
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The correlation between any two elements i and j  separated by distance t  can be obtained 

from the autocorrelation function p(r) as follow;

The covariance between two midpoint values X, and Xj for the RF A'(s) is expressed in 

terms o f  the autocorrelation function as follow:

where o is the standard deviation of  the RF X(s)  which measures the intensity o f  the 

iluctuation or the degree by which A'(.v) deviates from |j. Figure 3.5.

The following advantages and limitations of  the Midpoint method have been pointed out 

by M a t t h i e s e r «/., (1997):

1. The autocorrelation function is only a function of  the distance between the 

centre o f  elements therefore the autocorrelation matrix can be easily computed

2. The resulting autocorrelation matrix is Positive Definite, a matrix is said to be 

Positive Definite  if all of  its ‘e igenvalues’ are positive (Wothke, 1993); this is 

important due to the fact that the autocorrelation function will need to be 

decomposed when generating random variables that are spatially correlated as 

will be shown in Section 3.4.4.

3. The size of  each element  has to be small enough to ensure that random 

properties are constant within an element, in other words the element  size has to 

be smaller in comparison to the length where strong correlation between 

elements persist. This leads to a larger number of  RF elements, hence an 

increase in the number of  random variables resulting in a larger CPU 

computational  time.

4. All RF elements need to be of  an equal shape and size.

5. The method tends to over-represent the variability of  the RF within each 

element.

Equat ion 3.8

Equat ion 3.9
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X { s ) T

^ ( . S V )

Space

Figure 3.5 Sample function of  Random Field ^"(8) with fixed mean |x, and standard 
deviation o.

3.4 .1 .2  T he  spatial  average  m ethod

In this method, suggested by Vanmarcke (1983), the random variable is defined for each 

element  using the local average of  the random variable over an element. Consider the one ­

dimensional RF A'(s) in relation to two spatial segments S  and S ' as indicated in Figure 3.6, 

the RF for an e l e m e n t ; is given by;

where S  is the averaging interval. The expected value of  A', is not affected by the averaging 

operation:

where is the mean of  the RF A'(s). The variance of  the moving average process X, will be 

expressed as follows:

where y(S) is defined as the variance function  of  A"(s), which measures the reduction of  the

Equation 3.10

Equation 3 .1 1

V A r [ X ^ ] ^ a f = r { S ) a ^ Equation 3.12

point variance under local average. The variance function is dimensionless  and is 

characterised by the following property:
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y { S ) > { )

X{0)  =  1

7 (-5 ) = / (5 ) = /(|5 |)
Eq ua t ion 3.13

where  the cova r i an ce  between any two local spat ial  averages  A', and Xj  has been given by 

V anm arc ke  and Grigor iu  (1983)  as fo llows:

Equat ion

3.14

where  the spatial  intervals  S;,  S 2 and 5? are as def ined in Figure 3.6.

X{s)

.> ^ \A /\/ \A A /V \/\ / \ / \A /v /y v v x

5'

S o

S2

Figure 3.6 Defin i t ion  o f  d istances  to com pute  the covar iance  between  spatial  averages  
( V an m arck e  and Grigor iu,  1983)

111 contrast  to the Midpoint  method,  the spatial  ave raging  metho d tends to under - represent  

the var iabi li ty wi th in  each e l em ent  (D er  Kiuregh ian and Ke, 1988). T he  di ff icul ties  

involved in this metho d can be su m m ar i s e d  in two majo r  points  (Mat th ies  el a i ,  1997):

1. T h e  appr ox ima t ion o f  the non- rectangu lar  e l em en ts  may lead to a non-posi t ive  

def ini te autocorre la t ion  matrix.

2. T h e  dist r ibut ion function o f  the r ando m var iable A", is di fficult  or  even 

imposs ib le  to obtain except  for Gauss ia n  RFs.

The advantage  o f  the method however ,  is that  it yields  accura te results even w h e n  a coarse 

mesh ( larger e l em en ts  s ize) is used (D er  Kiu regh ian  and Ke, 1988).
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3.4.2 Models for the variance and the autocorrelation functions

The variance function y{S) is related to the autocorrelation function p{x) as follows 

(Vanmarcke, 1977):

Equation 3.15

Vanmarcke (1977)  presented several models  of  the autocorrelation function and the 

corresponding variance functions;

M ode l  (I):  The Triangular  autocorrelation function;

P(z-) =
111
a

f o r  I r  |< « 

f o r  I r  |> a
Equation 3.16

Its variance function is;

r i S )  =

k S j
] - ■

3S

fo r  S  < Cl 

f o r  S  > a
Equation 3.17

M o d e  (2): The Exponential autocorrelation function;

p ( r )  = exp Equation 3.18

Its variance function is;

7(S) = 2 1 + exp Equation 3.19
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M odel  (3): Autocorrelat ion function associated with a second order Autoregressive 

process;

p{^) =
k l  

1 + ^ •exp f k n
c

V

Equation 3.20

Its variance function is:

c
2 + exp

V J S
1 - e x p Equation 3.21

M odel (4): The Gaussian (Square exponential ) autocorrelation function:

p ( r )  = exp
r  I 

d
Equation 3.22

Its variance function is:

+ exp - 1
d

Equation 3.23

A comparison between the proposed four models in terms of  both the autocorrelation 

function and the variance function is shown in Figure 3.7 for 0=2.0 m. As can be seen from 

the figure and as stated by Karimi (2001), there is no evidence to suggest the superiority of  

one particular model over the others in representing the actual computed correlation 

coefficients; each model  therefore can be made to produce a reasonably good fit to the 

actual computed correlation coefficients.

3.4.3 The scale of  fluctuation (0)

Vanmarcke (1977)  observed that y(S) becomes inversely proportional to S  at large values 

of  5  for each model  and named the proportionality constant as the Scale o f  Fluctuation  0:

0 = lim S y { S )  Equation 3.24
s —

As S  becomes relatively large, S  —> co the variance function will take the following form:
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0
y { S)  = — Equation 3.25

S

 Triangular
 Exponential

Second order 
Gaussian

0.8r

0.4

0 .2 -

T (m)

(a)

 T riangular
 Exponential

Second order 
 Gaussian

0,8

0
0 5 10 15 20

S/O

(b)

Figure 3.7 (a) The autocorrelation models plotted against the lag distance (0=2.0 m)

(b) Variance functions plotted against the normalised averaging interval .SV0 (0=2.0 m).

Therefore, for S much larger than 0, the 0 value can be estimated from the product o f y{S) 

and S as schematically indicated by Figure 3.8. For the four models listed earlier w ith 

regard to the autocorrelation function and its corresponding variance function, the previous 

observation was applied and the scale o f fluctuation was determined in terms o f the model 

parameters (by employing Equation) as follows:

M odel (\ ) : 0 = a

Model (2): 0 = 2/?

Model (3): 0 = 4c

Model (4): 0 = \[n d

One necessary condition for the existence o f the scale o f fluctuation can be defined by 

considering and rearranging Equation as follow :

Equation 3.26
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3

 Triangular
 Exponential
 Second order
 Gaussian

20
S/0

Figure 3.8 Alternative representation o f the variance function and y(S) indicating condition 
for 0.

11'the defin ition o f 0 given by Equation is applied, the condition for 0 to exist is fu lfilled  

when:

lim  — f'' T p [ z ) d T  ={)  Equation 3.27
■S'— > c o  5

From Equation and Equation the scale o f lluctuation 0 can now be defined as:

Q = 2 ^  p { T ) d z  Equation 3.28

Which also means that 0 is equal to the area under the correlation function p{r).

In a physical sense, the scale o f lluctuation (0) represents the distance w ith in  which the 

material property shows relatively strong correlation from point to point (Vanmarcke 1977, 

1983). For two points that lie w ith in the distance 0 the corresponding values o f the material 

property are like ly to be either both above or both below the mean |i. In other words, the 

distance over which the material property is like ly to stay either above or below its mean 

value is in the order o f 0. Materials w ith a large value o f 0 have very uniform properties 

across space, while materials w ith a small value o f 0 have more random properties across 

space.
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For a cont inuous  record of  data,  such as that can be obtained from a Cone Penetrat ion Test  

(C P T )  o f  soil proper ty over the depth,  V anm arc ke  (1977) has proposed a s imple  but 

approximated method o f  det ermining the scale of  f luctuation;

0 = O.8J Equat ion 3.29

In which d  is the average  distance between intersect ions of  the fluctuating property and its 

mean  as show n in Figure 3.9;

_
d = - Y ^ c i , Equation 3.30

While  such a s imple  approximat ion  method may be a good start ing point wh en  dealing 

wi th a cont inuous  record of  data,  the me thod w ou ld  not be useful when only  a smal l set of  

data points is available,  which is often the case for RC related data. Therefore ,  more 

r igorous  and practical  est imation methods  are required.  Other proposed methods  for the 

es t imation o f  9 will be covered in detail in Chap ter  5 wh en  data on key deteriorat ion 

parameters  are made  available from the exper imenta l  work carried out as part of  the this 

thesis.  Chap ter  4.

M ean (ii)

ft
■c

3

Figure 3.9 Ap prox im at ion  o f  the fluctuation scale o f  soil property (Vanm arke  1977)
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3.4.4 Generation of random variables for RF modelling

T h e  Midpo in t  met hod  described in Sect ion 3.4.1.1 is chosen  for the s tudy o f  this thes is  to 

model  the R F  due to its ease o f  compu ta t ion  and,  numerica l ly  stable results and its 

appl icabil i ty  to Gauss ian  and non -Gauss ian  RFs (Vu and Stewar t,  2005).

It can  be seen that the RF var iable can be character ised  by its m ean  (|j.), s tandard  devia t ion 

(a )  and the autocorre la t ion  function,  /?(r). T he  m ean  and s tandard  devia t ion o f  the RF 

var iables  can be obta ined preferably from samples  taken across  the inves t igated  area o f  the 

s tructure or f rom data  that were  col lec ted f rom a s tructure o f  a s imi lar  nature.  Data  on the 

pa ram ete r  0 arc very  scarce in the l i terature. Hence,  such a paramete r  is essential  for 

desc r ib ing  the autocorre la t ion  function and hence for m ode l l ing  the spatial var iabil i ty  o f  

the invest igated property.  W h e n e v e r  reported,  data on 9 for RC propert ies were  ei ther 

as sum ed  based on eng inee r ing j u d g m en t  (Vu  and Stewar t,  200 5)  or co m p u ted  f rom poor  

and l imi ted site m ea su rem en ts  (Li, 200 4b )  as will  be indicated in Chapter  6. For this 

reason,  co m p u t in g  9 for the ident if ied key deter iora t ion parameter s  (see Chap te r  2) from 

m easu rem en t s  taken from a real st ructure has  been highl ighted as a principal ob ject ive  o f  

this thesis.

W h e n  the M C  s imulat ion technique is used,  the non-corre la ted  s tandard  Gauss ian  field is 

obta ined  through a procedure  consis t ing  o f  two steps:

1. r and om  num bers  uni formly dist ributed between  0 and 1 are genera ted  and s tored in 

a vector  U . (Note that the n um ber  o f  e lemen ts  o f  vector  U is equal to the n u m b er  of  

RF  e lements) .

2. in the sec ond  step,  the non-corre la ted  s tandard  Gauss ian  field is obta ined wi th:

Y = ( t ' ( U )  Equat ion  3.31

where  0 ( . )  is the  s t andard  normal  dist ribut ion function.

'I'he randomly  gene ra ted  var iables  (vector Y) are non-correla ted;  therefore ,  they need to be 

t r ans fo rmed in such a way so that the resul t ing vector  possesses  a certain correlat ion 

be tw een  its e lemen ts .  Therefore ,  a t rans format ion opera t ion is needed to conver t  the 

gene ra ted  uncor re la ted  rand om  var iables into correlated  ra ndom var iables .  Th e
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transformation process can be carried out using decomposition matrix to be described in 

Sections 3.4.4.1 and 3.4.4.2.

The procedure for generating correlated RFs can be described as follow:

1) Assign an index to each location o f  the target observation.

2) Generate matrix r  where r,y is the distance between point i and point / .

3) Com pute the autocorrelation matrix p  from matrix t  using one of the

autocorrelation functions p(i)  listed in Section 3.4.2.

4) Decompose matrix p  into matrix C so that;

where both Choleski decomposition and the Eigen decomposition will be 

introduced in Section 3 .4 .4 .land 3.4.4.2 respectively.

5) Generate the uncorrelated Gaussian RF Y (as by Equation)

6) Calculate the correlated Gaussian RF V:

p  = C C ‘ (Choleski decomposition) Equation 3.32

or

p  = 0 A 0 ^  (Eigen decomposition) Equation 3.33

V = C - Y Equation 3.34

or

V=0A''^0 Equation 3.35

3.4.4.1 Choleski decomposition method

Let p  be the matrix o f  correlation coefficients:

* P \ 2  ■ ■ ■  P\n

P l \  1 ■ ■ ■  P i n
Equation 3.36P  =

Pn\

Since p  must be symmetric and positive definite, it can be factored into matrices that are 

the transpose o f  each other (see Equation). W here C is a lower triangular matrix and its
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transpose C '  is an upper matrix. Tiie procedure of  how to compute C is found in the 

literature (e.g. Nash, 1990; Weisstein, 1999) and is summarized as follow (Li, 2()04b):

C l  1 -  P i  1 -  1 Equat ion 3.37

Q i = A i ( f o r 2 < / < ^ ) Equat ion 3.38

1̂ i - \  Y ' "
Q =  Pu~lL̂ fk ( f o r 2 < i < A( ) Equat ion 3.39

V k=\

= Pij- IL C>kCjk / C ji {for 1 < y < / < /7)/ Equat ion 3.40
V k = \ )l

Cy=0 (for7>«) Equat ion 3.41

3.4.4.2 Eigen decom position method

Also called the ‘Mode l ’ decomposi tion (Gomes and Awruch,  2002), the Eigen 

decomposit ion takes the form indicated by Equation, where A is the diagonal matrix 

containing the eigenvalues in descending order and the corresponding eigenvectors 

forming the columns of  a matrix 0 .  Equat ion is valid when 0  is nonsingular;  a square 

matrix is considered nonsingular if its determinant  is nonzero (Weisstein,  1999).

Many computer mathematical applications such as M A T L A B  are now equipped with built- 

in functions that compute the decomposi tion matrices which allows users to compare the 

different decomposition methods or verify their results in the case of  self-written 

computational  codes.

3.4.5 Size of RF element

In general, when the reliability problem is formulated in terms of  RF, the two following 

question need to be addressed (Haidar  and Mahadevan, 2000b):

1. Should all the random variables be considered as RFs (spatially variable)?

2. If a random variable is considered as a RF, what is the best RF element  size to be 

used?
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T h e  a n s w e r  to the  f ir st  q u e s t i o n  c an  be  m a d e  t h r o u g h  s e ns i t i v i ty  an a ly s i s ,  the  v a r i a b l e s  that  

h a v e  i n s ig n i f ic a n t  i n f lu e n c e  on  the  e v a l u a t e d  p r o b a b i l i t y  o f  fa i lure  c a n  be  m o d e l l e d  as 

r a n d o m  v a r i a b l e s  w h e r e a s  v a r i a b l e s  tha t  h a v e  a s ig n i f ic a n t  i m p a c t  o n  the  resu l t s  m a y  need  

to b e  m o d e l l e d  as a RF.  F o r  e x a m p l e ,  M a h a d e v a n  an d  H a i d a r  ( 1 9 9 1 )  r e c o m m e n d e d ,  b a s e d  

o n  r esu l t s  o f  l im i te d  n u m b e r  o f  n u m e r i c a l  e x a m p l e s ,  tha t  o n ly  r a n d o m  v a r i a b l e s  o f  a 

se n s i t i v i t y  in d e x  ( w i th  re sp ec t  to a c h a n g e  in the  c o m p u t e d  sa fe ty  i n d e x  [i, E q u a t i o n )  e qu a l  

o r  g r e a t e r  than  0 .3  s h o u l d  be  c o n s i d e r e d  as  r a n d o m  va r i ab les .  S u c h  c o n s i d e r a t i o n  s h o u l d  

resul t  in m i n i m i s a t i o n  o f  the  c o m p u t a t i o n a l  cos t  w h i l e  m a i n t a i n i n g  a su f f ic i en t  l evel  o f  

a c c u r a cy .

T h e  s i ze  o f  R F  e l e m e n t  to be  c h o s e n  d e p e n d s  on  the  m a g n i t u d e  o f  the  s ca l e  o f  f lu c tu a t i o n  

an d  the  r e l a t i ve  c o r r e l a t i o n  c o e f f ic ie n t  b e t w e e n  t w o  a d ja c e n t  e l e m e n t s .  In o r d e r  to c h o o s e  a 

m e a n i n g f u l  s i ze  o f  R F  e l e m e n t ,  the c o r r e l a t i o n  co e f f lc ie n t  b e t w e e n  t w o  a d ja c e n t  e l e m e n t s  

s h o u l d  b e  sm a l l  e n o u g h  a n d  c o n s i d e r e d  s ta t ic a l ly  i n d e p e n d e n t  for  th o s e  t w o  e l e m e n t s .  T h e  

la rger  the  e l e m e n t  s iz e s  the  lo w e r  the  co r r e la t i o n  c o e f f i c i en t  b e t w e e n  t w o  a d j a c e n t  

e l e m e n t s .  T w o  a d ja c e n t  e l e m e n t s  are s a id  to be p e r f ec t l y  c o r r e l a t e d  if  th e  c o e f f ic ie n t  o f  

co r r e l a t i o n  is e qua l  to 1.0, i.e. e l e m e n t  s ize  is v e r y  s m a l l ;  th ey  a re  c o n s i d e r e d  to be 

u n c o r r e l a t e d  i f  the  c o e f f i c i en t  o f  co r r e l a t i o n  is e q u a l  to zero ,  i.e. v e r y  la rge  e l e m e n t  size.  

D e r  K i u r e g h i a n  and  Ke ( 1 9 8 8 )  and  E n g e l u n d  ( 1 9 9 7 )  s u g g e s t e d  tha t  the  s ize  o f  e l e m e n t  

s h o u l d  b e  in th e  r a n g e  o f  o n e - f o u r t h  to h a l f  o f  0. If  the  e l e m e n t  s iz e  is v e r y  la rge ,  thi s  l eads  

to an u n d e r e s t i m a t i o n  o f  the  in f lu e n c e  o f  r a n d o m  va r i ab i l i ty ,  m e a n w h i l e  to o  sm a l l  e l e m e n t s  

s i ze s  lead  to a la rger  n u m b e r  o f  R F  e l e m e n t s ,  h e n c e  an i n c re a s e  in the  n u m b e r  o f  r a n d o m  

v a r ia b le s  r e s u l t in g  in a la rge r  C P U  c o m p u t a t i o n a l  t ime .  It c a n  be  s e e n  t h e r e f o r e  that  the 

s e le c t i o n  an  a p p r o p r i a t e  R F  e l e m e n t  s iz e  is a m a t t e r  o f  ‘T r a d e - o f f ’ b e t w e e n  the  a c c u r a c y  

de s i re d  a n d  the  c o m p u t a t i o n a l  t i m e  in v o lv e d .

3.5 RF IN CORROSION OF REINFORCED CONCRETE

A s  in d ic a te d  in S e c t i o n  3 .4 ,  R F  is a m o d e l l i n g  t e c h n i q u e  w h i c h  fac i l i t a te s  the i n c l u s i o n  o f  

the  u n c e r t a i n t y  a s s o c i a t e d  w i t h  spa t ia l  v a r ia b i l i t y  o f  p r o p e r t i e s  i n v o l v e d  in the a n a l y s i s  o f  a 

s y s t e m  p e r f o r m a n c e .  E v e r  s in c e  V a n m a r c k e  ( 1 9 7 7 )  p u b l i s h e d  s o m e  w o r k  o n  the 

a p p l i c a t i o n  o f  R F  to soi l  p r o p e r t y  and  la te r  in 1983 p r e s e n t e d  a c o m p r e h e n s i v e  r e v i e w  o f  

the  h i s to r i ca l  d e v e l o p m e n t  o f  the  th e o r y  b e h i n d  th e  m e t h o d ,  the  R F  m e t h o d  h as  fo u n d  its 

w a y  to m a n y  e n g i n e e r i n g  d is c ip l i n e s  i n c l u d i n g  F lu i d  m e c h a n i c s .  So i l  an d  G e o t e c h n i c a l  

m e c h a n i c s  a n d  m o r e  r e c e n t l y  to S t ru c tu ra l  e n g i n e e r i n g .  H o w e v e r ,  the lack o f  re l iable
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experimental  data on the parameter  0 tor the key deterioration parameters,  which is 

necessary for model ling their spatial variability, has been the main cause behind the 

scarcity of  research works in the area of  RC concrete structures (Vu and Stewart,  2(K)5). 

For this reason, obtaining site specific measurements  on the parameter  9 has been 

identified to be one of  the principal object ives for the work of  this thesis. This section will 

focus on present ing the limited RF related works that have been carried out in the subject 

of  RC structures affected by chlor ide- induced corrosion.

3.5.1 Engelund (1997), Engelund and Sorensen (1998)

Engelund (1997) and Engelund and Sorensen (1998)  implemented RF theory to evaluate 

the probability of  the onset o f  corrosion in a RC concrete pier of  a costal bridge. Key

variables such as the apparent diffusion coefficient {Dai,,,), the surface chloride content

(Cs), the critical chloride content (Ca) and the concrete cover  depth (C,/) were all 

considered as a spatially variable and thus model led as RF. The authors investigated the 

probability that corrosion has been initiated in a 1x1 m RC area representing a portion of  a 

bridge pier located in a Danish marine environment.  Applying the RF principles discussed 

earlier in this chapter,  the authors divided the 1x1 m “ area into small and equal RF 

elements so that the element size was smaller  than 'A 0 assumed for the property

investigated (0 = 0.35 m). By comparing the probability that corrosion has initiated in a

Ix l  m RC area to that initiated somewhere on the entire structure thus they concluded that 

the mean value for the time to corrosion initiation was found to be about 40% higher for 

the first case. This  suggests that the size of  the given structure plays an important role in 

the estimation o f  the probability of  the onset of  corrosion at any arbitrary location in the 

structure. The drawback of  the work carried out by Engelund (1997) and Engelund and 

Sorensen (1998) with respect to spatial variability model ling is that the values for 0 were 

not extracted from measurements  obtained from a real structure. A second drawback was 

that the propagation period was simplified by assuming it follows a Normal  distribution 

with a mean value of  15 years and COV o f  0.25 and assumed independent  for each RF 

element. This means that the propagat ion period was not predicted as a function of  the 

material properties and the environmental condit ions assumed for the case study and 

therefore the predicted lime to maintenance may not be considered reliable.
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Karimi (2001) has presented a historical record of  studies from different engineering 

disciplines on the application o f  RF theory and estimated the scale of  fluctuation of  Cj 

from data collected from three different crosshead beams located in a coastal area. For the 

scale of  fluctuation of  the variable Dai>p. Karimi (2001) assumed its value based on 

suggest ions by Engelund and Sorensen (1998) as will be indicated in Section 5.3.4. Karimi 

(2001) then used the obtained values of  the 6 to generate spatially correlated data as a part 

o f  the reliability analysis that aimed to estimate the probability of  the onset of  the

corrosion. He found that the probability of  the onset of  corrosion was significantly

underest imated when C, and Dapp were treated only as random variables and not as RFs 

(spatially variable).

The drawback of  the research carried out by Karimi (2001) with respect to the parameter  0, 

is that 0 for the variable C,s were determined based on only 3 sets of  data. Furthermore, the 

parameter  0 for Dap,, was not estimated from the same sets of  data, instead, the value

suggested by Engelund and Sorensen (1998) was used. Clearly, the results of  the RF

analysis that does not consider  reliable estimate o f  the parameter  0 may themselves suffer 

the same lack of  reliability.

3.5.3 Li et al. (2004) and Li (2004b)

Li et al. (2004)  and Li (2004b) used RF methods to estimate the probability of  the onset of  

corrosion and the percentage of  the structure surface that showed sign of  distress which can 

be the initiation of  corrosion or the appearance of  corrosion-induced cracks with a 

specified size limit. They applied three levels of  spatial correlation of  the variables which 

were considered as spatially variable; Low Correlation, Median Correlation and Full 

Correlation. They then applied a number o f  different repair strategies to assess the impact 

of  each strategy on the t ime-dependant  damaged surface area of  the structure. Li (2004b) 

however , wrongly gave the term the scale of  f luctuation (also called by Li the Correlation  

Length)  to the model  parameter  d  (see Equation). Although this had no significant impact 

on his findings, clearly this has caused some confusion among researchers who they tried 

to quote and compare values of  the fluctuation scale for spatially variable properties 

obtained by different authors, as discussed in Chapter 5. Li (2004b) also concluded that if 

the RF element  size is less than c//2 (d=Q/^n) largely variable and unstable results were
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obta ined.  (Li used the Midpoint  met hod  and the G auss ia n  Aut ocorre la t ion  to speci fy  the 

correlat ion coeffic ient  be tween the RF  e lements) .  Li (2(K)4b) es t imated  the scale o f  

t luctuat ion for two var iables;  Cj and D„pp based on l imi ted  n um ber  o f  data points  obta ined 

from widely  and i rregularly spaced locat ions  wi th in  the inves t igated  Ne the r land s -based  

bridge st ructures .  As  a result ,  a w ide  r ang e o f  0 values  w e re  obta ined as wi ll  be s how n  in 

Chap ter  5. It has  to be  men t ioned that the data used by Li (2()04b) we re  not ext rac ted  wi th  

the intent ion o f  es t imat ing  the p a r am ete r  9, the impl ica t ion o f  this will  be expla ined  in 

more  detail  in C h ap te r  5.

3.5.4 Stewart (2004)

Stewar t  (2004)  appl ied  RF  m e thodo logy  to inves t igate  the effect  o f  spat ial  var iabi l i ty o f  

pi tt ing corros ion on the reliabil i ty o f  a s im p ly  sup po r t ed  R C  beam.  T he  analys is  considered 

var ious  beam spans ,  code  der ived values  for live to dead  load ratios,  bar  d i am eter s  and 

num ber  o f  bars in a g iven cross-sect ion.  Stewar t  found  that probabi l i t ies  o f  failure 

cons ider ing  spatial  var iabi l i ty o f  p i t t ing corros ion  w e re  up to three t imes  h igher  than 

probabil i t ies  o f  failure obta ined f rom a non-spatial  analys is  (e.g. probabi l i t ies  o f  failure 

based on the m id -s pan  l imit  s tates only).  He then co nc lu ded  that the inc lus ion o f  spatial  

var iabi li ty o f  p i t t ing  corros ion can lead to s ignif icant  dec reases  in s tructura l reliabil i ty for 

t lexural  R C  m em ber s .  It has to be  m en t io n ed  that S tewar t  (2 004)  a s su m ed  values  o f  the 

scale o f  f luctuation o f  0=3.5 m (d=2A) m)  for all the R F  var iables  based on  the l imited 

w ork  pub l i shed by the earl ier  researchers.

3.5.5 Karimi et al. (2005)

Karimi  et al.  (2005)  s tudied the sens i t iv ity  o f  the probabi l i ty  o f  onset  o f  chlor ide - in duced

corros ion to the spatial  var iabi li ty o f  the d i ffus ion coeff ic ient  Dam> us ing a 5 m long RC

beam as an example .  T h e  beam w as  divided  into 4, 6, 8 and 10 RF e l em en ts  and for each

case the probabi l i ty  o f  onset  o f  corros ion  w a s  eva lua ted  us ing M C  s imulat ion .  T h ey  found

that as the n u m b er  o f  R F  e l emen ts  increased,  the fa ilure probabi l i ty  tended to co nve rg e  to a

limi t ing value.  H ow ever ,  as the sca le o f  t luc tuat ion reduced,  the n u m b e r  o f  the RF

elements  used in the analys is  must  be increased s igni f icant ly  for this c o n v e rg en c e  to occur.

For  exam ple  for 9=2.5 m,  the n u m b er  o f  R F  e lem en ts  w as  100 for the co n ve rs ion  to occur ,

and as 0 w'as reduced to 0.1 m, the conve rs ion  did not take place wi th the s am e  n u m b er  o f

RF  e lements .  It is r e co m m en d ed  that such an appr oach  be em p lo y e d  to es t imate  the
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number o f  RF elem ents that should be used w hen RF based m odelling is performed. This 

also indicates that as the scale o f  fluctuation becom es larger, a smaller number o f  RF 

elements will be required, hence less computational effort as a result. They also found that 

by neglecting the spatial variability associated with Dapp, the estimated probability o f  onset  

o f  corrosion is significantly underestimated. Furthermore, the probability o f  onset o f  

corrosion was found to be very sensitive to the correlation parameters assumed for Dapp-

3.5.6 Vu and Stewart (2005)

Vu and Stewart (2 0 0 5 )  used RF theory to predict the likelihood and extent o f  RC concrete 

corrosion-induced cracking. In their work they developed a m ethodology by which the 

probability that a certain percentage o f  a concrete surface will be subject to corrosion- 

induced cracking at any time during the service life can be quantified. They treated the 

concrete cover ( O ) ,  water cement ratio wc,  corrosion rate density icnrr, chloride diffusion  

coefficient {Dapp) and the surface chloride content (C^) as spatially variable. Any other 

variable that depends on any o f  the earlier variables were also considered as spatially 

variable. In their conclusion they have demonstrated that the spatial variability o f  C 4 has 

lesser contribution to the final results than the spatial variability o f  the concrete  

com pressive strength (which was treated as a dependant variable on the wc  ratio) and Q .

The surface area o f  the considered concrete structure w as divided into N  statistically 

independent areas o f  s ize Aj,  each o f  which was subdivided into k  number o f  square RF 

elements o f  s ize A as shown in Figure 3.10. The performance o f  the single independent 

area was obtained from RF analysis using the Midpoint Method and the Gaussian (Square 

Exponential) Autocorrelation Function (Equation) to generate the correlation coefficients  

between elements. Vu and Stewart (2005) then suggested that the damage for the larger 

area (A) can be obtained from the summation o f  the damages o f  the N  independent areas 

(A, ) .

Vu and Stewart (2 005) also proposed a formula by which the probability that at least x %  o f  

the concrete surface area has cracked at time T years:

■I*./.. ('■)
... .

Equation 3.42
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where O (.) is the standard normal cumulat ive distribution function, (?’) and (7’)

are the mean and standard deviation of  the proport ion of  the concrete surface with crack 

widths  exceeding the limit crack width at time T  (years) for an independent  area A, 

respectively and both can be obtained as follows:

>00% Equat ion 3.43
j = i  X

and

 ( n  = J l [ ^ -  ('■)]' Equation 3.44

where Ly and Tcpj are the time to corrosion initiation and time to crack propagat ion of

element  /, respectively (i.e. Equat ion 2.3 or 2.7 for L, and Equation 2.22 for Tcpj).

I I  2

independen t  Area 
(k=Ai/A2)

Total Area A 
(N=A/Ai)

A i

A n

Figure 3.10 Discretisation of  total and independent  area (Vu and Stewart 2005)

3.5.7 Darmawan and Stewart (2007)

Darmawan and Stewart (2007) investigated the inlluence of  including spatial variability of  

pitting corrosion on the reliability of  a prestressed concrete bridge girder. The limit states 

considered were flexural strength and serviceabili ty (i.e. mid-span deflection). By
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inc luding the spatial  var iabi l i ty o f  pi t t ing corros ion in the reliability analys is ,  they s h o w ed  

that the probabi l i ty  o f  s trength  failure had increased by 10% when  com p ar ed  wi th  a m i d ­

span sectional  analys is  a s su m in g  pi t t ing corros ion  and by about 2 0 %  when  a s s u m i n g  

genera l  corros ion,  Figure 3.11(a).  T h e  co m p ar i so n  between a spatial  and a mid -sect ion 

analys is  for the serviceabi l i ty  LS, Figure 3.11(b) ,  show ed  that the effect  o f  the spat ial  

var iabi l i ty o f  pi t t ing corros ion  is m ore  s igni f icant  on the serviceabil i ty  LS (i.e. m id -s pan  

def lect ion).  Th i s  was  at t ributed by the author s  to the reduction on the be am  s ti ffness  as a 

result  o f  the concre te  crack ing  caused by the p i t t ing- induced loss o f  s trands .
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Figure 3.11 Probabi li ty o f  failure for a spatial  and a mid-sect ion analysis,  (a) s t rength 
probabil i ty o f  failure (b) serviceabi l i ty probabil i ty o f  failure ( D a rm aw a n  and Stewar t ,  
2007).

3.5.8 Val (2007a)

Val (2007a )  fol lowed the sam e approach descr ibed by Stewar t  (2004)  and studied the 

effect  o f  corros ion o f  re inforcement  on the flexural and shear s trengths o f  an RC beam.  

Pit t ing and general  corros ion were  both considered with  different  corros ion rate values  

ranging from 0 to 3.0 ^xA/cm represent ing di f ferent  intensities o f  corros ive  environments .  

Val (2007a)  par ticularly focused on  the inf luence o f  pit ting corros ion o f  the shear links on 

the pe rf o rm ance  o f  the beam in shear.  He ignored the initiation period and as sum ed  that the 

10 m long RC  beam,  which he used to demonst ra te  his approach,  had a l ready been 

subjected  to corros ion activity.

By including the spatial  var iabi li ty o f  material  and geometr ica l  proper t ies Val (2007a )  

inves t igated the possibil i ty o f  the be am  failure at a n u m b er  o f  cross sections.  He found that
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the  r e d u c t i o n  o f  s h e a r  re s i s ta n c e  d u e  to c o r r o s i o n  o f  s t i r rups ,  in p a r t i c u l a r  that  c a u s e d  by  

p i t t i n g  c o r r o s i o n ,  had  a m a j o r  a d v e r s e  e f fec t  o n  the  b e a m  rel iab i l i ty .

3.5.9 Research shortcomings

F r o m  the  revievv' o f  the  l i m i t ed  p u b l i s h e d  w o r k s  on  the  in f lu e n c e  o f  spa t ia l  va r i a b i l i t y  on 

the  p e r f o r m a n c e  o f  R C  s t r u c tu r e s  a f f e c te d  by  c h l o r i d e  c o r r o s i o n ,  the  f o l l o w i n g  p o i n t s  c an  

be  o b s e r v e d :

1. T h e  a b s e n c e  o f  da ta  o n  the  sc a le  o f  f lu c tu a t i o n  o f  m a j o r  a n d  k e y  ma te r ia l  

d e t e r i o r a t i o n  p a r a m e t e r s .  T h e  a v a i l a b l e  d a t a  w e r e  o b t a i n e d  f r o m  the  a n a l y s i s  o f  

c h l o r i d e  p ro f i l e s  m e a s u r e d  at l o c a t i o n s  tha t  w e r e  no t  p l a n n e d  ini t i a l ly  for  this  

p u r p o s e s .  T h e  a v a i l a b le  da ta  on  the  sc a le  o f  f l u c tu a t io n  w e r e  too  l i t t le to be 

c o n s i d e r e d  s ta t i s t i c a l ly  suf f i c i en t .

2.  T h e  a v a i l a b l e  l i t e rature  in d ic a te d  that  f o c u s  w a s  m a i n l y  g i v e n  to the  e s t i m a t i o n  o f  

the  p r o b a b i l i t y  o f  c o r r o s i o n  in i t i a t ion  o r  p r e d i c t i n g  th e  p e r c e n t a g e  o f  the  s t ruc tu re  

that  e x h i b i t e d  s o m e  level  o f  c o r r o s i o n - i n d u c e  d a m a g e  (e.g.  S L S )  w i t h  little w o r k  on  

the  e f fec t  o f  spa t ia l  v a r ia b i l i ty  o n  the l oad  c a r r y i n g  c a p a c i t y  (e.g.  U L S )  w i t h  the 

e x c e p t i o n  o f  S t e w a r t  ( 2 0 0 4 ) ,  D a r m a w a n  a n d  S t e w a r t  ( 2 0 0 7 )  a n d  V a l  (2()07a).

3.  W h e n  the  U L S  w a s  c o n s i d e r e d ,  in all c a se s ,  the  in i t i a t io n  p e r i o d  w a s  i g n o r e d  and  

the s t r u c t u r e  a s s u m e d  to h a v e  s t a r te d  its c o r r o s i o n  ac t iv i ty .  T h i s  s i m p l i f i c a t i o n  m a y  

ha ve  a c o n s i d e r a b l e  in t l u e n c e  o n  the  e s t i m a t e d  re l iab i l i ty  o f  the  s t r u c t u r e  u n d e r  

in v es t ig a t i o n .  In the  c o n t e x t  o f  spa t ia l  var iab i l i ty ,  a R F  e l e m e n t  w o u l d  h a v e  its 

c o r r o s i o n  s ta r t ed  w h e n  the c h l o r i d e  c o n t e n t  in that  e l e m e n t  r e a c h e s  a c r i t i ca l  va lue  

(C’c ) ,  h e n c e  d i f fe re n t  R F  e l e m e n t s  wi l l  h a v e  d i f fe ren t  t i m e  to c o r r o s i o n  in i t ia t ion.  

T h e  s i m p l i f i e d  a p p r o a c h  s u c h  as that  us ed  by  S te w a r t  ( 2 0 0 4 ) ,  D a r m a w a n  and  

S te w a r t  ( 2 0 0 7 )  and  Va l  ( 2 0 0 7 a )  w o u l d  s u g g e s t  that  all R F  e l e m e n t s  w o u l d  start  

c o r r o d i n g  at the  s a m e  l im e ,  a n d  the  spa t ia l  va r i a b i l i ty  o f  the  c o r r o s i o n  rate 

p a r a m e t e r  ( /««, )  is m o d e l l e d  i n d e p e n d e n t l y  f r o m  the t i m e  to c o r r o s i o n  in i t ia t ion .  

C l e a r l y  thi s  l e ads  to m i s r e p r e s e n t i n g  the  p r o b a b i l i t y  o f  fa i lu re  b y  not  i n c l u d i n g  the 

spa t ia l  v a r ia b i l i t y  o f  the v a r i a b l e s  i n f l u e n c i n g  the  t im e  to c o r r o s i o n  in i t i a t io n  in the  

pr oces s .

4.  In the  v e r y  f e w  o c c a s i o n s  w h e n  the  i n f lu e n c e  o f  spa t ia l  v a r ia b i l i ty  o f  the  ma ter ia l  

p r o p e r t i e s  o n  the  load  c a r r y i n g  c a p a c i t y  w a s  i n v e s t i g a te d ,  c o d e - d e r i v e d  or  

d e t e r m i n i s t i c  load  m o d e l s  w e r e  e m p l o y e d .  T h i s  i m p l i e s  that  the  u n c e r t a in ty
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associa ted  wi th  load ef fect  (the S  part o f  the bas ic  reliabil i ty prob lem ) had not been 

proper ly  considered.  A  bet ter  app ro ach  is to use load m ode l s  that are der ived from 

real traffic data.

3.6 CONCLUSIONS

In this chapter  the fundamenta l  concept  o f  RF  theory  and its appl ica t ion to st ructural  

eng inee r ing w e re  descr ibed.  Br ief  descr ip t ion o f  di fferent  types  o f  uncertainty,  

probabi l i s t ic approache s  and reliabil i ty m e thods  we re  g iven at the start o f  the chapter.  

Sources  o f  spat ial  var iabi li ty in R C  s t ructures  w e re  also h ighl ighted.  T w o  m a jo r  RF 

discre ti sa tion m e thods  which are fundamenta l  wi th in  the pr ocedure  o f  R F  reliabil i ty based 

model l ing  w e re  expla ined in detail  inc lud ing  advantages  and d isadvan tages  o f  both 

methods .  As  a result ,  the Midpoint  met hod  w a s  selected.  In this chapter  the role o f  the 

autocorre la t ion funct ion,  var iance  funct ion and the scale o f  f luctuat ion wi th relat ion to RF 

model l ing  we re  demonst ra ted .

Th e chapter  also presented the major  publ ished w or ks  which have dealt  wi th m odel l ing  the 

influence o f  spat ial  var iabi li ty on the pe r fo rm ance  o f  RC s tructures  exposed to chloride-  

induced corros ion  envi ronmen t .  A  n u m b er  o f  s ignif icant sho r t com ings  o f  the available 

li terature w e re  highl ighted.  A m o n g  these sh o r t com ings  was  the scarci ty o f  informat ion 

regarding the scale  o f  f luctuation (9), which is an essential  for m od el l ing  spatial  var iabi li ty 

o f  a physica l  quant i ty ,  for key deter iorat ing param eter s  such as and Da,,p.

Based on the f indings  o f  this chapter,  the fo l lowing  w e re  ident if ied as impor tant  object ives  

for the w ork  to be  carried out  for the current  thesis.

•  Perform an exper imen ta l  s tudy us ing site specif ic  data to es t imate  values  for the

pa ram ete r  9 par t icular ly  for tw o  o f  the m os t  influent ial  de ter iora t ion param eter s  (C^

and Dapp) as ident ified in Chap te r  2. S ignif icant ly ,  a real br idge,  Ferrycarr ig  Bridge 

di scussed in Chapter  4, w as  available for measur em en t .

•  In contras t  to the majori ty o f  publ ished w o rk  wi th respect  to spatial  variabi li ty 

m ode l l in g  in the field o f  R C  corros ion,  the w o rk  to be per fo rmed  in this thesis will  

focus  on the effect  o f  spatial  var iabi l i ty on both,  the surface  condi t ion  o f  the 

s t ructure as well  as on the load ca rry ing capaci ty  o f  the assessed st ructure.  It was
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also decided that both the cor ros ion ini tiat ion and the co rros ion  propagat ion be 

cons idered  in the probabi l i s t ic  mode l  to be developed.

•  It w as  dec ided that for a reliable m ode l l in g  o f  the load ef fect  to be  considered,  the 

es t imat ion  o f  the load ef fec t  in this thes is  will  have  to be  m a d e  based on realist ic 

traffic d a t a - d e r iv e d  load models .  Th is  will  be d iscussed in C h ap te r  6.
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4.1 INTRODUCTION

C h apter 4: E xperim en ta l work

C h ap te r  3 h ighl ighted the impor tance  o f  inc luding the uncer ta in ty  associa ted  wi th  spatial 

var iabi l i ty (R an d o m  Field, RF)  of  the deter iorat ion var iables in service  life m o d e l l in g  of  

s t ructures  ex posed  to chlor ide - induced cor ros ion environment .  Fur thermore ,  the 

in format ion presented in Cha p te r  2 wi th regard to the parameter s  used to mode l  mater ia l  

deter iorat ion due to chlor ide ingress,  have  s how n  widesp read  var ia t ions ,  in par t icular  the 

Surface  Chlor ide  Content  (Cj) and the Dif fus ion Coeff ic ient  (Dupp)- Th is  indicates  that 

there is a need to rely more  on site specif ic statistical  data if a reliable serv ice  life 

pe r fo rm anc e  predic t ion is to be m ade  for a par t icular  s tructure or a g ro up  o f  s t ructures  o f  

the s am e  condi t ion .  The  statistical informat ion necessary  for any analys is  that  in tends  to 

con s ider  spatial  variabi li ty is: the m ean  value  (|j),  s tandard  devia t ion (a) ,  and the Scale  of  

Fluctuat ion (9). Whi le  data on the first two statistical parameter s  and o)  for C ,  and Dapp 

m ay  be avai lable  in the li terature for use wi th cau t ion due to their w idesp read  var ia t ion ,  

data on 0 is very scarce (Vu and Stewar t  2005).  Th is  is due to the lack o f  k n o w led g e  wi th 

regard to the in l luence o f  spatial var iabi li ty  o f  the concre te  materia! proper t ie s  on the 

predic t ion o f  st ructure service life pe rform ance.  In the few exis t ing  spatial  v a r ia b i l i ty -  

based  pu b l i shed  works ,  va lues  for the sca le  of  f luctuation o f  the deter iorat ion var iables,  

we re  a s s u m ed  ei ther based on widely  spaced and l imi ted data points  (i.e. Li, 2()04b),  or 

ent i re ly based on eng inee r ing exper ience  (Vu  and Stewar t,  2005).  T he  main  ob jec t ive  o f  

the tes t ing  under taken in this thesis w a s  to obtain  site specif ic data on the scale of  

f luctuat ion and statistical paramete rs  for C,  and var iables.

In the ex pe r im en ta l  study,  va lues  for Cj  and D„pp were  dete rm ined by cu rve  f i t t ing F i c k ’s 

2"^ law o f  d i ffus ion to expe r im enta l ly  ob ta ined chlor ide  prof iles as d iscussed  in Sect ion 

2.3.2.  T h e  chlor ide  profiles were  obta ined from 45 concre te  cores  ext rac ted  f rom the 27 

yea r  old Ferrycarr ig  Bridge; a Reinforced Conc re te  (R C ) br idge located  in a mar ine  

en v i ro n m e n t  on the Wexfo rd -D ub l in  N i l  road in the south east  coast  o f  Ireland,  Figure 

4.1. T he  concre te  cores  were  extracted  f rom the br idge crosshead bea m s  pr ior to its 

rehabi l i ta t ion which took place in the s u m m e r  o f  2007.  Five chlor ide prof i les  and hence  

five values  for each variable,  C,  and Dapp, were  ob ta ined  from each cr osshead b e a m  face. 

At the end o f  this chapter  the statistical pa rameter s  for Cs and D^pp, i nc luding  their 

stat istical  d ist r ibut ion type,  will  be presented.  T hes e  will  be used as input  pa ram ete rs  for 

the reliabil ity based model  to be deve lo ped  in Chap te r  6. T he  dis tances  b e tw e e n  the
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locations o f the extracted cores were recorded so the fluctuation scale o f both variables can 

be studied using methods to be described in Chapter 5.
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Figure 4.1 Ferrycarrig Bridge; (a) Map view, (b) Photograph indicating piers locations

This chapter provides details o f Ferrycarrig Bridge, results from previous inspection 

reports, the testing procedure for the chloride content determination using Potentiometric 

titration as well as a detailed discussion o f the results obtained from the 45 chloride 

profiles. A t the end o f this chapter, the fo llow ing information w ill be presented; (i) 

statistical parameters (|o„ a and probability distribution types) for Cs and Dapp variables to 

be used as input parameters for the RF model which w ill be developed in Chapter 6; (ii) 

data on Cs and Dapp accompanied by distances between their locations (w ith in the 

crosshead beams) so the parameter 9 for both variables can be determined using methods
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to be discussed in Chapter  5. Due to the lack of  actual field data on the parameter  6 for C, 

and Duf,!, properties, the data to be obtained from the current experimental  work is very 

significant with respect to predicting the lifetime performance o f  deteriorating structures.

4.2 HISTORY OF FERRYCARRIG BRIDGE  

4.2.1 Structure description

Ferrycarrig Bridge carries the N 11 National Pr imary road over the River Slaney at 

Ferrycarrig in County Wexford on the south east coast o f  Ireland, Figure 4.1(a). The bridge 

was constructed in 1980 and is located about 3.5 km away from the nearest main coast line. 

Its east side is in direct contact with the estuary part o f  the river. The bridge consists of  

eight spans of  precast, prestressed beams with a reinforced in-situ concrete infill, supported 

on intermediate piers with abutments at both ends. The bridge is continuous over all the 

piers except the middle pier where an expansion joint has been provided in the deck. The 

bridge has an out-to-out width o f  15.8 m and its eight spans are regularly spaced at 15.7 m 

which makes up an overall bridge length of 125.6 m. The bridge piers are made up of  two 

separate concrete walls capped by reinforced concrete crosshead beams on which the 

bridge deck and the precast beams rest as shown in Figure 4.2. The bridge crosshead 

beams are 1.2 m deep, 1.0 m wide and 15.24 m long. Figure 4.2(b). The size of  the 

crosshead beams makes them an ideal choice for the study of  one-dimensional  fluctuation 

properties of  the concrete deterioration variables due to their relatively large length/height 

ratio. In 2004 the bridge was subjected to its first Special Inspection following the findings 

o f  an earlier Principal Inspection which was carried out in the year 2002 (Counihan et al., 

2005). With regard to the volume of  traffic, the Special Inspection report indicated that, on 

average, the bridge carries an annual daily traffic of  9127 vehicles of  which 91% are light 

vehicles and 9% are heavy vehicles.

4.2.2 Bridge environment

Due to its location at the River Slaney and being in direct contact with the estuary part of  

the river, the bridge has been exposed to an atmospheric  marine environment  with high 

concentrat ions of  both wind borne and river borne chlorides. The inspection report ruled 

out the possibility of  the extensive use of  the de-icing salts being the main source of
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chlorides. It is likely that using salt for road de-icing purposes would not have been very 

common practice up until the mid 1990’s (Enright and Frangopol, 2000). This would tend 

to indicate that most  of  the chlorides would have originated from the atmospheric marine 

environments  and are not from the use of  de-icing salts. This was confirmed by the fact 

that the level of  chloride concentrat ion determined during the special inspection survey 

carried out in 2004 on the bridge deck and infill concrete, were too low to be attributed to 

the extensive use o f  de-icing salts (Counihan et a l ,  2005).
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4.75 m4.75 m
15.24 m
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(b)

Figure 4.2 Ferrycarrig Bridge, (a) Elevation view, (b) Cross section A-A

The results presented by the special inspection report (i.e. Counihan et al., 2005) indicated 

that all the concrete powder samples  collected during the inspection survey, with the 

except ion o f  few, showed a distinct concentrat ion gradient decreasing rapidly through the 

depth of  the concrete, as it will be shown later in Section 4.2.3.1. This would suggest that 

the measured chlor ides have been introduced from an external source and are not part of
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the original design mix and hence are not chemical ly bound within the concrete matrix. 

This  means that the chloride ions are available to move freely towards the reinforcement  

and cause the initiation of  corrosion. These findings were later supported by evidence from 

the chloride analysis results obtained from the current experimental  study as will be seen 

from Section 4.4.

4.2.3 Condition of the bridge

In 2002, a Principal Inspection of  the bridge was undertaken in accordance with the 

Eirspan Bridge Management  System procedures (Counihan et a i ,  2005)  adopted by the 

National Road Authority (NRA) of  Ireland. All bridge components  were visually examined 

with all defects noted. In general, the bridge was found to be in fair condit ion with few 

significant defects recorded. An exception to this was the crosshead beams and the south 

abutment  where extensive cracking was observed.  These cracks varied in width from 

hairline to 3.5 mm with the larger cracks being located at the exposed ends of  the 

crossheads. The cracking was found to form a definite pattern, but on initial inspection 

could not be attributed to any specific structural or deterioration mechanism.  There was 

extensive staining and leaching of the concrete associated with this cracking, Figure 4.3. 

Due to the presence of  extensive cracking in the crosshead beams, a Special Inspection of  

the substructure was deemed to be required. Some of  the relevant findings of  the Special 

Inspection report will be presented in the following sections.

4.2.3.1 Bridge special inspection results

Following the recommendation of  the Principal Inspection report, a Special Inspection of  

Ferrycarrig Bridge was carried out in the year of  2004. This was the first detailed 

inspection to be carried out on the bridge since its construction. The  aim of  the Special 

Inspection was to determine the cause and extent of  cracking, leaching and staining on the 

crosshead beams and abutments. With more detailed survey information available, the 

Special Inspection report re-established that water staining, leachates and algae growth 

were observed on all crosshead beams and were concentrated on the outer cantilever 

exposed section of  the crossheads. Figure 4.3. The unexposed internal sections of  the 

crosshead beams were found to be relatively dry. The report also indicated that the most  

severe deterioration of  the bridge is coincident with the un-waterproofed footways which
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we re  ex p o se d  to the ex t re m es  o f  the weather .  S o m e  observat ions  and test resuUs p rov ided 

by the Specia l  Inspect ion report  are d i scussed next.

rosshead bea m s

Figure 4.3 Cracking,  leaching and s ta in ing on the crosshead beams.

Crack mapping survey

Substant ia l  c rack ing  o f  the conc re te  in the cr osshead bea m s  w as  obser ved and m easur ed  to 

range bet w een  0.1 m m  and 3.5 mm. The  c rack ing  w a s  found not to fo l low the line o f  the 

re inforc ing bars w h ich  w o u ld  suggest  that re in fo rcement  corros ion w a s  not the cause  o f  the 

cracking.  A  nu m b er  o f  50  m m  d iameter  cores were  ext rac ted f rom the face o f  the 

crosshead b ea m s  to det er m in e the depth  o f  the cracks .  The cores  we re  dri l led to a depth  o f  

90 m m  and found that the cr ack ing  did not  taper  and was  evident  for the full depth  o f  the 

core.  Initially, it w as  tabula ted  that the restraint  provided by the tubular  steel pi les to the 

shr inkage o f  the in-situ concre te  in the pier  cros sheads  in the t ransverse d i rec t ion could  be 

a poss ib le  source  o f  the obse rved  cracking.  At  this stage,  a determin is t i c  st ructural  

a s sessment  o f  the br idge  w as  performed.  Finite Elem en t-b ased  det erminis t ic  as se ssm ent  o f  

the br idge  w a s  carried out for two purposes :  (a) the ca lculat ion o f  u l t imate  load effec ts  for 

su p e r im p o sed  dead  and live loads  in o rde r  to de te rm ine the u l t imate  load ef fec ts  on the 

s tructure  and (b) the ca lcula t ion o f  the serviceabi l i ty  and w o r k in g  load ef fec ts  for 

su p e r im p o sed  dead loads,  l ive loads,  creep  and shrinkage,  t emperatu re  and di fferent ial

110



C h apter 4: E xperim en ta l work

se t t lement .  The  latter w a s  used to deve lop an u nder s ta nd in g  o f  the poss ib le  reasons  for 

deve lo pm e n t  o f  c r ack in g  observed  at the pier  cros shead  beams.

T h e  creep and sh r i nkage  analys is  o f  the s t ructure  conc lu de d  that the obser ved  c r ack in g  in 

the pier  crosshead b e a m s  was  due to a lack o f  re in fo rcement  to resist the Serviceabi l i ty  

Limit  State (S L S )  s t resses  (shr inkage,  thermal ,  creep) .  In addi t ion,  there w as  insufficient 

re inforcemen t  to resist  the appl ied  Ul t imate Limit  Sta te (U L S)  torsional  mom en ts .

Concrete dust samples

A n u m b e r  o f  concre te  dust  sam ples  were  taken f rom the bridge for chlor ide  ion and ce ment  

content  analysis.  T h e  dust  sam pl es  were  ext rac ted  us ing a 25 m m  d iameter  m aso n ry  bit and 

were  col lec ted in sea lable  p last ic bags.  Th e dust  sa m ples  we re  collec ted at dep ths  o f  5-30 

m m ,  30-55 m m  and 5 5 -8 0  m m  from 22 di fferent locat ions  wi th in  the cr os shead bea ms .  T he  

chlor ide  content  va lue  at these depths  sh o w ed  s igni f icant  var ia t ion  in par t icular  at depths  

c loser  to the conc re te  surface,  as can be seen f rom Figure 4.4. Thi s  w a s  expected 

con s ide r in g  that the concre te  zone  c loser  to the surface  is more  af fec ted,  than the internal  

zones ,  by en v i ro n m en ta l  factors k n o w n  to inf luence  the concent ra t ion o f  ch lo r ide s  in 

concrc te  such as the w a s h - d o w n  effec t  caused by the  dr iv ing rain as wi ll  be  d i scussed  in 

Sect ion 4.4.1.
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W hile  mat hem at ica l l y  poss ible,  it is not very  mean ingful  to obtain the values  o f  Cs and 

Dapp by cu rve  fit t ing to P i c k ’s 2"̂ * law us ing only  three data points o f  chlor ide  con ten ts  as 

such result  wi ll  not  be  ve ry  reliable.  A no the r  se tback wi th  regard to m ak in g  benef ic ia l  use 

o f  the reported  chlor ide content  data is that  the dust  samples  were  ext rac ted  f rom a 

m a x i m u m  o f  two locations  per  crosshead b ea m  face,  w hich  are not enou gh  data points  to 

provide  informat ion on the f luctuation behav io u r  o f  the chlor ide content  at di fferent depths  

a long the beam.  Th i s  is a good exam ple  o f  h ow  spatial  var iabi li ty has not been  recognised 

as a poss ib le  source  o f  uncertain ty  by the current  assessment  and tes t ing  eng inee r in g 

pract ices.

T h e  report  has  also indicated that the m ore  ex posed  west  facing surfaces  o f  the crosshead 

b ea m s  exh ibi ted  h igher  chlor ide  content  than the east  fac ing ones;  this w as  expected  given 

the br idge  or i enta t ion wi th regard to the prevai l ing  south wester ly  w in d s  as will  be 

d i scussed in Sect ion 4.4.5.  As  for the ce ment  content ,  the result o f  the chemica l  analys is  

indicated that  the c e m e n t  content  in the concre te  dust  samples  taken from the crosshead 

b ea m s  w a s  found to be around  16.4%. Thi s  value  suggests  that a h igher concre te  s trength 

than that specif ied  for the crosshead be a m s  concre te  w as  used.  T h e  concre te  specif ied on 

the available  d ra w ings  for the crosshead b e a m s  w a s  o f  grade  30 w hich  is typical ly 

produ ced  us ing cemen t  content  in the order  o f  14% (C ou ni han ct a l ,  2005).

Carhonation siin’ey

A s  indicated in Sect ion 2.2, the protec t ive fi lm around the re inforcement  can be  des t royed 

by the p resen ce  o f  chlor ides  or carbonation.  Therefo re ,  in m an y  inves t igat ion pract ices  the 

depth  o f  carb on at ion  front  w ou ld  be de te rmined  to es tabl ish if the b re a k d o w n  o f  the 

protec t ive  fi lm w ou ld  have been caused by ca rbonat ion,  chlor ides  or both  (Ber tol ini ,  

2004).  For the Ferrycarr ig  Bridge,  the ca rbon at ion  penetra tion depth w a s  m easu red  at 

several  locat ions  in the bridge,  mainly  in the v icini ty  o f  the holes dril led for the dust  

samples .  T he  concre te  surface  was  chipped aw ay  at four locat ions  around  each hole to 

ex p o se  the ‘ f r esh’ hardened concre te  as required by the carbonat ion depth  test procedure  

(B S  1881:201,  1986).  The  broken  surface  w a s  then cleaned wi th an air p u m p  and bottle 

brush and sprayed  wi th  the chemica l  indicator Pheno lphthale in .  In this test,  noncarbona ted  

areas  o f  the concre te  turn purple whi le  ca rbona ted areas remain colourless.  T h e  m a x im u m  

penetra t ion depth  w a s  m easur ed  as a d is tance  f rom the concre te  surface  to the boundar y  o f  

the unco loure d zone  at each locat ion aroun d the hole.  In general  the level o f  carbonat ion 

penet ra t ion w e re  found to be very  low and well  b e low  the typical  cover  to re info rcemen t
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with  a m a x i m u m  measured  penetra t ion o f  17 m m  det er m in ed  in the cros shead  be am  in Pier 

6. Based on these results,  the risk o f  cor ros ion due to ca rbona t ion - i nduced depass iva t ion 

for the bridge condi t ion  (at the t ime)  w as  ruled out.

Covenneter sutyey

A cove rm e te r  w as  used to locate and record the depth  o f  cove r  and assess  the spac ing  and 

s ize o f  re inforcement .  T he  recorded results o f  the cov e r  meter  sh o w e d  that the 

re in fo rcement  cove r  was  ranging from 22 -63  m m  with  an ave rage  cover  o f  48  mm .  For the 

pres tressed precas t  bea ms  however ,  the survey indicated  that the co v e r  to the shear l inks 

var ies  f rom 0 to 25 m m  with an ave rage  cove r  depth  o f  17 mm .  Thi s  w a s  well  be l ow the 

values  specif ied on the drawings  o f  the pres t ressed bea m s  o f  33 mm. Thi s  indicates that the 

cov e r  depth  ( O )  depends  highly on the qual i ty  o f  the w o r k m a n s h ip  and var ies  s igni ficant ly 

wi th in  the s tructure or its co m p o n en t  (spatial ly var iable)  w h ich  impl ies  that the t ime to 

corros ion initiat ion (T,) also spat ial ly var iable.

4,2.4 Bridge rehabilitation (2007)

Based on the f indings  o f  the Special  Inspect ion and the Structural  A ss e s s m en t  reports,  the 

rehabi l i tat ion  o f  Ferrycarr ig Br idge w a s  d eem ed  to be necessary.  A contrac t  w a s  aw arded  

to a qual i fied  contrac tor  to carry  out  the fo l low ing  tasks:  (i) extens ive  concre te  repai r to all 

c r osshead beams,  (ii) re -wate rp roof  the exis t ing  br idge  deck  including  footways ,  (iii) 

replace the exis t ing  bearings at the central  pier  and (iv) repaint  the exis t ing  parapet  sys tem. 

With  regard to the crosshead beams,  each w a s  ass igned a d i fferent  repai r  s t ra tegy wi th  a 

mon i to r in g  sys tem to be installed so that  thei r relat ive ef f ic i ency could  be  s tudied.  Prior to 

the repai r and ins t rumenta t ion w o rk  w hich  took place  in the s u m m e r  o f  2007  and to obtain  

field data to achieve the object ives  h igh l ighted  in Chapter s  2 and 3 for this thesis,  70 

concre te  cores  (50 m m  in d iameter )  w e re  ext rac ted  f rom Ferrycarr ig  br idge  7 crosshead 

beams.  T en  concre te  cores,  five from each face,  we re  ext rac ted  wi th  thei r coordinates  

wi th in  the crosshead beam  face recorded so that the Huctuation proper t ies  o f  the 

deter iorat ion var iables o f  interest can be s tudied in the future.  T he  p ro ced ure  used for the 

concre te  cores  process ing,  concre te  g r i nd ing and chlor ide  dete rm in a t ion  will  be descr ibed 

in the u p co m in g  section.

Adjacent  to the locat ions  o f  the ext rac ted  cores ,  concre te  dust  sam ples  (s imi lar  to those 

taken from the br idge in 2004)  we re  taken for chlor ide  content  analysis.  In total,  60  holes
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w e r e  dr i l l e d  fo r  the  p u r p o s e  o f  t a k in g  du s t  s a m p l e s  at th ree  m a j o r  d e p th s  ( 0 - 3 0  m m ,  30 -5 5  

m m  and  5 5 - 8 0  m m )  for  c h l o r i d e  c o n t e n t  d e t e r m i n a t i o n .  T h e  dus t  s a m p l e s  w e r e  se a le d  in 

p las t ic  b a g s  a n d  sen t  to a s p e c i a l i s e d  a c c r e d i t e d  la b o r a to r y  for  p ro c e s s in g .  T h e  a v e ra g e  

v a l u e s  o f  the  c h l o r i d e  c o n t e n t s  are p lo t te d  in F i g u re  4.5 a l o n g s i d e  the  resu l t s  o b t a i n e d  f rom  

the tes t s  c a r r i e d  out  in 2 0 0 4  (i.e. the  a v e r a g e  v a lu e s  in F i gu re  4.4) .  A s  c an  b e  s e e n  f rom the  

f igure ,  the  v a r ia t i o n  o f  the  d a t a  is l a rger  in the c a s e  o f  the  2 0 0 7  test  resu l t s  as  c o m p a r e d  

w i t h  tha t  o f  the 2 0 0 4  resu l t s .  T h i s  c o u ld  be  a t t r i bu ted  to the la rger  s a m p l e  s i ze  in the  case  

o f  th e  f irst  ( 2 2  s a m p l e s  in 2 0 0 4  vs.  6 0  s a m p l e s  in 200 7) .

05-30 30-55 55-80

Depth from the concrete surface (mm)

F i g u r e  4 .5  A v e r a g e  c h l o r i d e  c o n te n ts  at t h r ee  d i f fe re n t  d e p t h s  u n d e r t a k e n  in 2 0 0 4  (22  
s a m p l e s )  and  in 2 0 0 7  ( 6 0  s a m p l e s ) .

T o  in v e s t i g a te  w h e t h e r  th ere  is a s ig n i f ic a n t  d i f f e r e n c e  b e t w e e n  the a v e r a g e s  o f  the 

c h l o r i d e  c o n t e n t s  ( 2 0 0 4  vs .  2 0 0 7  test  resu l t s )  for  e a c h  de p th ;  a s ta t i s t i ca l  t - test  w a s  

p e r f o r m e d  ( A n g  and  T a n g ,  1975) .  T h e  null  h y p o t h e s i s  that  th er e  is a s i g n i f ic an t  s tat is t ical  

d i f f e r e n c e  b e t w e e n  the  t w o  a v e r a g e s  w a s  no t  r e je c t ed  (at  a s ig n i f i c a n c e  level  o f  a  =  0 .0 5)  

for  all th ree  d e p t h  r a n g e s  w i t h  a s i g n i f i c a n c e  v a l u e  ( p - v a l u e )  o f  0 .7 2 ,  0 . 4 0  and  0 .1 9  

r e s p e c t i v e l y  ( i f  p - v a l u e  > a ,  the  nul l  h y p o t h e s i s  c a n n o t  be re jec ted ) .  T h i s  m e a n s  that  the 

d i f f e r e n c e  b e t w e e n  the  a v e r a g e  o f  the  d a ta  c o l l e c t e d  in 2 0 0 4  a nd  the  da ta  c o l le c t e d  in 2 0 0 7  

is no t  s t a t i s t i c a l ly  s ig n i f i c a n t  for  a n y  o f  t he  th ree  de p th s .  F u r t h e r m o r e ,  a P a i r e d  t - test  ( A n g  

a n d  T a n g ,  1975)  w a s  p e r f o r m e d  to i n v e s t i g a t e  if  t he  i n c re a s e  in the c h l o r i d e  c o n t e n t s  at all 

th r ee  d e p t h s  d u e  to the e f fe c t  o f  age  o f  the s t ru c tu re  at the  t i m e  o f  te s t ing  is s ign i f ican t .  T h e  

resu l t  o f  the  Pa i re d  t- test  i nd i ca t ed  tha t  th i s  i n c rea se  is not  s ta t i s t i ca l ly  s ig n i f i can t  at a
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significance level o f  a  = 0.05 (p-value =0.145). This implies that the observed increase in 

the average chloride content values may not be attributed to the effect of  t ime as the main 

inlluencing factor. This is expected, since a significant change in the chloride content  at a 

certain depth from the surface of  the concrete is usually observed either at a very early age 

of  the structure when the rate of  chloride penetration is typically high, or when the time lag 

between the two tests is more than just a few years.

in addition to the concrete cores extracted for the purpose of  chloride analysis and the dust 

samples which were taken at the indicated three major depths from varies locations within 

the crosshead beams, another 14 concrete cores (one from each crosshead face), 100 mm in 

diameter,  were extracted to establish the compressive strength of  the concrete. The 

compressive strength test results. Table 4.1, showed that the crosshead beams have an 

average concrete compressive strength of  69 MPa. The measured strengths may initially 

indicate that the crosshead beams concrete are of  higher strength than what was originally 

specified (/c’(28 days)=30 MPa). However , it is expected that the concrete strength would 

increase over time, e.g. Al-Khaiat and Fattuhi (2001) showed that the 30-years strength of 

OPC concrete was 2.3 times the 28-days strength which is closely inline with the current 

case. The measured concrete strengths can be useful indicator of  the concrete quality with 

respect to its resistance to chloride penetration. For example,  Dapp found to be inversely 

proportional to the concrete compressive strength; because concrete with higher strength 

has smaller  pore volume and size due to their low water/cement  ratio and/or  higher 

cementi tious material contents so that chlorides penetrate at a much slower rate (Jau and 

Tsay, 1998).

4.3 SAMPLE PREPARATION AND CHLORIDE ANALYSIS

The 50 mm diameter  concrete cores were diamond drilled from the 7 crosshead beams 

using a drill mounted bit. The concrete cores were immediately sealed in plastic bags to 

avoid moisture evaporation, stored and later brought  to the Trinity Col lege Dublin (TCD) 

Civil Engineer ing laboratory for processing and chemical  analysis. Some of  these cores 

have suffered mechanical  damage during (before or after) the extraction process and it was 

not operat ional ly possible to use them for chloride profile determination. Furthermore,  if 

one or more of  the cores were damaged, the other cores belonging to the same crosshead 

beam face were also excluded from the testing program, as it was already decided that 4 

data points or less will not be reliable enough to carry out the scale of  fluctuation analysis.
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Eventual ly ,  on ly  45 cores  out o f  the 70 cores  were  ident ified and later processed for 

chloride prof ile det ermina t ion  at the T C D  laboratory.

Initially,  the cores  we re  p lanned to be dri l led a long  the crossheads  at about  the sam e 

dis tance  f rom the bo t tom  soffit  o f  the crosshead beams ,  however ,  this was  not a lways  

m an ag eab le  due  to on-s i te  operat ional  difficult ies.  T he  dis tances between  the cores  

locat ions,  thei r locat ion wi th regard to both ends  o f  the crossheads  and wi th regard to the 

soffit  o f  the cr ossheads  we re  recorded in the m an n er  sh ow n  in Figure 4.6. T he  exact  

locat ion for each core is indica ted in figures p lot ted in A p pend ix  B. For ident if icat ion,  all 

cores were  m arked  to indicate their locat ion and orientat ion wi th respect to the crosshead 

beam  surface  they w e re  extracted  f rom.  For this purpose ,  the fo l lowing sym bol iz in g  

procedure  w a s  adop ted  for  the cores  marking;  Pi-Nj  and Pi-Sj.  W here  P s tands for ‘P ie r ’, i 

is for the pier  (crosshead)  n u m b er  ( i = l :7 ) ,  N for Nor th  face,  S for South face,  and j is for 

the core n u m b e r  wi th in  the sam e crosshead face,  (j = l :5).  In Figure 4.6;  the nota t ions  dis (j, 

j+1 )  refer to the hor izonta l  d is tance  between  core j and core j+1 in metres.

Tabl e  4.1 C o m pre s s ive  s trength  o f  concre te  
cores ext rac ted from Ferrycarr ig  br idge  in 2007

Core extracted from Compressive strength

crosshead beam (MPa)

P l-N 76 !

P l-S 73.5 1

P2-N 85 :

P2-S 65

P3-N 56
i

P3-S 73
i

P4-N 67.5

P4-S 66

1^-N 70.5

P5-S 67.5

P6-N 62
1

P6-S 67

P7-N 68.5

P7-S 71.5
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beam  N o . i
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Figure 4.6 Cores symbolizing system.

As a result of  excluding the group of  sound concrete cores that were taken from the same 

crosshead beam face if they were less than 4, concrete cores which were taken from 

crosshead beam faces P l-N ,  P5-N, P5-S, P6-N and P6-S were not analysed for chloride 

contents.

4.3.1 Concrete sample powdering

Upon arrival to the TCD Civil Engineering laboratory, each concrete core was sliced into 

approximately 8 mm thick slices using an angle grinder with a 2 mm thick dry-cut 

diamond blade, Figure 4.7. As recommended by the Eurocode (EN 14629, 2007) , the outer 

few millimetres of  the concrete cores were discarded, this was recommended due to the 

fact that the surface layer of  the concrete would generally have a different composit ion and 

texture matrix compared to the internal concrete for number of  reasons which were given 

by Andrade et al. (1997) and will be discussed later in Section 4.4.1. Therefore,  the first 5 

mm of each core was excluded from the chloride analysis. The concrete slices were dried 

in an oven at 105 "C over night, as required by the EN 14629 standard. The concrete slices 

were then crushed using a manual Jaw Crusher  to break them into smaller segments  that 

are of  a suitable small size for the machine used for the grinding operat ion (Disc Mill 

grinder). Figure 4.7. The crushed concrete samples  were finally ground into powders using 

the Disc Mill grinder, which took about 30 to 40 seconds to pulverise each sample so all its 

particles could pass through the 1.18 mm sieve as required by the EN 14629 standard for 

acid-soluble chloride determination adopted for the current analysis. It has to be noticed 

that the s ieving operation were carried out only a number of  times to establish the time 

needed to achieve the aforementioned target maximum particle size. Finally, each concrete 

sample would weigh between 18 to 25 g which allowed for repetitive testing when it was 

required. The slicing, crushing and grinding operat ions were carried out in a span of  2
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w o rk in g  days  for each  set o f  cores  that w ere  taken  from  the sam e crosshead  beam  face. 

Each set o f  conc re te  cores  w ere  p rocessed  w ith in  the sam e  2-days sess ion  to m in im ize  

hand ling  erro r w ith in  the sam e g ro u p  o f  profiles  to be ana lyzed  for the de term ina tion  o f  the 

scale o f  f luc tua tion  o f  Cs and Dapp (p ro files  from  the sam e crosshead  beam  face).

Concrete  core  sl ic ing using 
A ngle g r inder  (left) with 2 mm 
thick d iam ond  blade

C ru sh ing  o f  concre te  slices 
using m anual Jaw  crusher 
(Right)  after be ing  dried at 105 
"C over  night

D
The grind ing  unit and the 
concre te  sam ple  are being 
c l im bed  to the m other Disc 
Mill for v ibra tion  (30-40  sec)

U

C rushed concrete sam ple  are being 
placed into the gr ind ing  unit

I  ̂ 1

E m pty in g  the concre te  p ow der 
from the gr ind ing  unit using  a 
dry and clean  paint brush and 
s to ring  the po w d er  sam ple  in a 
sealed p lastic bag

Figure 4 .7  C oncre te  p ow der p repara tion  process.

W h en  the sam p le  pow ders  w ere  ob ta ined  for all eight increm ental depths  for the five cores 

ex tracted  from  the sam e crosshead  face, they w ere  s tored  in sea lab le  p las tic  bags  to avoid 

any a tm o sp h er ic  in terference and the ch lo ride  ana lys is  w o u ld  have usually  been  carried  out 

the fo l lo w in g  day. T he  ch lo ride  ana lysis  o f  the 8 x 5 concre te  po w d er sam p les  in most 

cases  took  3 to 4 w o rk in g  days. At the early  s tage o f  the ch loride  analysis , a dup lica te  test
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was carried out for each concrete sample.  Later; when the necessary expertise was acquired 

and a high level of  confidence regarding the error associated with sample handling was 

established, the duplicate test were carried out only for one or two samples  out of  the 8 

samples  taken from the same concrete core.

4.3.2 Acid-soluble chloride determination

The acid-soluble  chloride test a ims at extracting the bound and free chlorides from the 

concrete sample (total chloride content) as opposed to the water-soluble chloride test which 

only targets the chloride ions that are free in the concrete pores (Free chloride content). 

The fact that whether it is only the free chloride ions that cause the corrosion to initiate or 

part of  the bound chloride could be freed under certain condit ions is still a matter of  debate 

among researchers (Glass et a i ,  1996; Glass and Buenfeld, 1997; Mohammed and 

Hamada,  2003). It was tabulated that bound chlorides may participate in corrosion 

initiation when the pH level required to sustain passivation of  the reinforcement  (i.e. 

pH>12.5) is reduced. However , as indicated by Reddy el a i  (2002), most of  the bound 

chlorides will be released by a relatively small reduction in the pH level (i.e. pH=l 1). The 

release of bound chloride at a relatively high pH value suggests that the corrosion risk 

presented by bound chlorides may be very similar to that presented by free chlorides in 

concrete (Reddy et a i ,  2002). This  seems to justify why the total chloride content (the 

acid-soluble chloride) has been widely used for service life prediction. Therefore,  the acid- 

soluble chloride determination method was used in this study to determine the chloride 

content across the concrete cover region (chloride profile).

With regard to methods of  extract ing the total chloride from a concrete sample for chloride 

content determination,  different codes and material testing standards offer different sample 

preparation procedures  and test protocols.  Table 4.2 summarises some of  the most popular  

test methods provided by international standards and the major  differences between their 

test protocols. However , recent advances in ion analysis technology (the use of  chloride or 

silver ion selective electrode for Potentiometric titration) has not been recognized by all 

standards, therefore, and due to the availability of  the new technology in the TC D Civil 

Engineer ing laboratory, it was decided that it would be more appropriate if the test 

protocol which recognizes this new technology should be used for the sample preparation. 

The test protocols recommended by the Eurocode (EN 14629) for Potentiometric titration 

was therefore used in this study for the sample preparation and determination of  chloride
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content .  T h e  M et ro h m  m ad e  (785 D M P  Ti t r i no)  appara tus  w a s  used to carry  out the 

ch lo r ide  content  analys is .

4.3.3 Potentiometric titration

in P o te n t iomet r ic  t i trat ion,  the s t andard  Si lve r  Ni t rate (the titrant),  is added incrementa l ly  

at a speci f ied  d o s in g  rate. T h e  t i trat ion proced ure  is then moni to red  by o b se r v in g  the 

change  o f  the potent ia l  be tw e e n  the  ind icat ing  e lec t rode and a sui table reference e lec t rode 

( the two  e lec t rodes  are avai lable  as one  co m b in ed  e lec t rode in the appara tus  sys tem used in 

this s tudy).  As  the s t andard  si lver  ni trate is added  to the s am ple  solution that conta ins  

chlor ides ,  the change  in the chlor ide  ion act iv ity pro du ces  a cha nge  in the obse rved  

potential .  T h e  equ ival ence  point  o f  the t i trat ion occurs  w h e n  the change in the obser ved  

potent ia l  per  incremen ta l  v o lu m e  o f  the ad ded  titrant is at a m a x i m u m .  Th e results o f  the 

d et er m in ed  chlor ide  content  are readily avai lable  f rom the co m p u te r  con ne cted  to the 

appa ra tu s  or  d i rec t ly  f rom the appa ra tus  in terface  screen.  T he  s teps  o f  sam pl e  prepara t ion 

and the chlor ide  ext rac t ion used in this s tudy are desc r ibed in A p p e n d ix  A; De te rm inat ion  

o f  Chl o r i de  Conten t  by P o te n t iomet r ic  Tit rat ion.

T ab le  4.2 M aj or  s teps  for s am p le  prepara t ion ac co rd ing  to di fferent mater ia l  s tandards.

Method
Sample  
s ize (g)

Sample  
must pass  

s i eve s ize <  
(tim)

Added  
Nitrate 

Acid  (ml)

Added  distil led 
water (mi)

Boi l ing
duration

(minutes)

RILEM T C 1 7 8 1 160 50  (1:2) 2

BS 1881:124 5 150 10 (1.4) 50  cold + 50  hot 4 - 5

EN 14629 1 - 5 1180 10 (5 mol/1) 5 0  cold + 50  hot 3

N T  B U IL D  208 5 1000 10 (conc. ) 20  cold + 50  hot N o  boi l ing

A A S H T O  T-2 6 0 3 3 00 3 (conc. ) 10 cold + 40  hot 1

A S T M  C l  152 5 - 10 315 2 5 ( 1 : 1 ) 75 Just to boil
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T o  m ake  sure that the t i tration appa ra tus  sys tem  was  w o r k in g  proper ly ,  i.e. the true 

chlor ide  concent ra t ion w as  be in g  det ec ted ,  the sys tem  had to be ca l ibrated  and  checked  

agains t  a s tandard  solut ion wi th  a k n o w n  chlor ide  concentra t ion.  Th i s  check  w a s  carried  

out  every  t ime an analys is  w a s  pe rformed ,  in par t icular  w h e n  the s i lver  nitrate ( the t itrant) 

was  b e in g  replaced or  w h en  the appa ra tus  had not been  used for so m et ime .  For that reason,  

a s tanda rd  concre te  sam pl e  wi th  a k n o w n  chlor ide co nc en tra t ion produc ed  for this purpose  

by the S wed i sh  Nat ional  T es t ing  and Resea rch  Insti tute (S N T R I )  w a s  used.  It has  to be 

not iced that the chlor ide content s  o f  the s tandard  sam ples  ( labelled  on the p ro du c t  bot t les)  

were  d e te rm in ed  in the S N T R I  labora tory  us ing the A A S H T O  T -2 6 0  m e thod  for acid- 

soluble chlor ide dete rm ina t ion.  T he  advan ta ge  o f  us ing  a s tandard  concre te  s am ple  wi th  a 

know n  chlor ide  concent ra t ion over  for e x a m p le  the use o f  a normal  S o d iu m  Chlo r ide  

solut ion o f  a know n  concent ra t ion is that wi th  the s tandard  sam ple  the process  o f  sample  

prepara t ion and chlor ide ext rac t ion (A p p e n d ix  A)  can be appl ied  and any source  of  

handl ing  er ror  that results in a s igni f icant  chan ge  in the expe cted  results can be ident if ied.

At the earl ies t chlor ide  analys is  test trials o f  the current  expe r i m en ta l  s tudy,  a M anua l  

Fil tration (M F) pr ocedure  w a s  used;  as a result ,  the er ror  ob ta ined  ranged f rom 12% to 

4 7 .5 %  d ep en d in g  on the s am ple  chlor ide  content ,  as can be seen f rom Figure  4.8. 

How e ver ,  as soon as this large d i f fe rence  in the results be tw een  the T C D  lab resul ts  and 

the chlor ide  content  label led on the p roduct  bot t les  w a s  obta ined,  the t ime c o n s u m i n g  and 

ineff icient  M F  procedure  w a s  replaced by a V a cu u m  Fil trat ion (V F)  pr oced ure  and 

excel lent  results were  im media te ly  obta ined.  T h e  V F  reduced  the er ror  to no m or e  than 

6 .3%  in its ex t re me case as can be seen f rom T ab le  4.3.  The  i m p ro v em en t  in the resul ts  for 

the case o f  us ing V F  can be exp la ined  by the ef ficient  w a sh in g  o f  the conc re te  sample  

which a l l ow ed  most  o f  the chlor ides  to be w ash ed  out (us ing hot d is ti l led wa te r)  f rom the 

conc re t e  sam ple  to the g lass beake r  for ti tration.  Th i s  had been  very  d iff icul t  to achieve  

wi th in a pract ical  t ime f rame in the case  o f  MF. D ue  to the very  smal l  var ia t ion  wi th in  the 

sam e sam ple ,  it w as  di fficul t  to s h o w  this var ia t ion  on the re levant  f igure.  Figure  4.8; 

therefore T ab le  4.3 w as  presented to s h o w  the var ia t ion  wi th in  the sam p le  for both  results 

ob ta ined f rom both laboratories.

The  ca l ibra t ion agains t  the s t andard  concre te  sam ple  not on ly  bene f i ted  c h e ck in g  the 

accuracy o f  the sys tem used for det ec t in g  the chlor ide  concen tra t ion in the concre te
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sample ,  but  also a l l owed the ac id-soluble  chlor ide  determinat ion  metho d used in this s tudy 

(EN 14629) to be c h eck ed  agains t  a d i fferent  met hod  o f  the s am e  pr inciple but from a 

di fferent  mater ia l  s t andard  ( A A S H T O  T-260) .  T he  results sh ow n  in Figure 4 .8  and Table  

4.3 indicate that both m e th o d s  g ive  the s am e  results  wi th an error that does  not exceed ± 

6.3%.

^ 1 reo to
O)
o
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0) wo

8 0.1
O 
CO </)
<0
E
w0) a
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0 1  2 3 4 5 6 7 8

Sample number

Figure 4.8 T C D  lab resul ts  vs.  S tandard  sa m ple  chlor ide  concentra t ion  (S N T R l )  and the 
ef fect  o f  M F  and V F  on the det ermined chlor ide  content  results.

Table  4.3 T C D  lab results vs S tandard  sample  chlor ide 
contents  ( C l%  per m as s  o f  concrete) .

Standard sample TCD Lab Mean to mean

(AASH TO  T-260) (EN 14629) error (%)

0.039 ± 0.0017 0.039 ± 0.001 0.0

0.040 ± 0.0029 0.038 ± 0.001 -5.0

0i)42 ± 0.()02 r ().04T± ().()() 1 -2.4

^ d l O l  ± 0X)021 "”(hl05"± O.OO] +4.0*

0.117 ±0.0034 0.117 ± 0.001 0.0

0.127  ± 0 .0022 0.l"l9 ± 0.002 -6.3

0.366  ± 0.0133 ......0 .3 6 ¥ ±  ().(K)2 ^ * +0.5

-♦ -T C D  Lab resu lts VF 
- H - S tandard sam ple 
-Jk-TCD Lab resu lts MF
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4.4 FERRYCARRIG BRIDGE RESULTS

4.4.1 Chloride profile curve fitting

The values of  chloride contents at each incremental depth from the core surface were 

determined as described in Section 4.3.3 and expressed as a percentage of  Chlor ides (Cl%) 

per mass of  concrete. The values were then plotted against depths from the core surface to 

give the chloride profile (Bertolini, 2004). The variables Cs and Dgpp were estimated by 

curve fitting the measured total chloride profiles to the analytical solution o f  Pick’s 2"‘* law 

of  diffusion given by Equation 2.2, (Bertolini, 2004). The curve fitting was performed 

using the non-linear Least Square regression method which is commonly  used for this 

purpose (Thomas and Bamforth, 1999). Although the process of  curvc fitting to the 

measured chloride profiles seems straightforward,  the choice o f  data points to be excluded 

as outliers from the fitting process can have a significant iniluence on the outcome of  the 

obtained C.v and Dapp results as will be shown in the following discussion.

Chloride profiles obtained in this study and in previous literature (e.g. Andrade et ai,  

1997; Sandberg et ai,  1998; McPolin et ai,  2005; Meira et ai,  2007)  tend to show that the 

outer region of  the concrete contains less chloride nearer to the surface than slightly deeper 

in the concrete. This is because the concrete skin has a different matrix composit ion 

compared to the internal concrete due to phenomena  such as a contact with the moulds,  

segregation of  aggregates or dielectric reaction between the concrete surface and chloride 

environment (Andrade et ai,  1997). Moreover ,  chlorides at the surface of  cover concrete 

can often be washed out by the rain or by the cooling water  used during the sample 

extraction operation. The thickness of  the outer region to be discarded depends on the 

distance between the incremental measurements  (e.g. the thickness of  the concrete slices). 

Due to operational reasons, and to avoid excessive fracture of  the concrete slice and hence 

loss of  sample; the minimum concrete slice thickness which can be obtained by the angle 

grinder configuration used in this study was 8 mm. Use of  the profile grinder apparatus, to 

extract concrete powder from concrete cores at incremental depths  of  1-2 mm, was not 

possible in this case due to the relatively small diameter of  the concrete cores (i.e. < 50 

mm) and due to its time consuming nature considering the large number of  concrete cores 

to be tested.
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The appropriateness of  the fit for each chloride profile was demonstrated by the Regression 

Coefficient {R~) which indicates the goodness of  the fit, the closer to 1.0 for the R~ value 

the better the fit. As a result, sometimes the first, the first two, and in fewer cases the first 

three data points close to the concrete surface needed to be excluded from the fitting 

procedure. This is because they are inconsistent with the nature of  the remaining points of  

the chloride content data, i.e. they are outliers with regard to the shape of  the expected 

decreasing chloride profile through the depth of  the concrete as explained in Section 2.3.2. 

If such outliers were not excluded from the fitted data, this will adversely affect the fit 

results and the value of  the regressor variables (i.e. Cy, Danp) with consequences for 

model ling the time to corrosion initiation using inappropriate values for the input 

parameters.  The chloride profiles and their Pick’s law theoretical solution best fit for all the 

45 concrete cores are plotted in Appendix C.

4.4.2 Initial chloride content (C,)

The Initial Chloride content, C„ is often assumed to be zero when the chloride profile is 

fitted to Pick’s 2"‘* law of  diffusion. However , this is sometimes not the case (Polder and de 

Rooij, 2005), chloride measurements  at the tail of  the chloride profile may be considerably 

higher and for a better fitting result, C, may need to be assumed to be non-zero. In the 

current study this was confirmed by the chloride content results obtained from concrete 

powders taken from depths of  120 mm from nine randomly selected concrete cores. An 

average value of  0.011 (Cl% per mass of  concrete) was obtained. This value is identical to 

the average chloride content reported in the Special Inspection report for depths 55-80 mm 

and only slightly lesser than the 0.012% average value obtained from similar range of  

depths during the 2007 rehabilitation testing programme as shown by Figure 4.5. 

Furthermore, an average C, value of a similar magni tude (0.010 Cl% per mass of  concrete) 

has been reported by Polder and de Rooij (2005) based on data from field investigation 

carried out on six marine structures in the Netherlands.

Figure 4.9 shows a curve fitting procedure on chloride profile measurements of  core P3- 

S4. The corresponding obtained parameters are presented in Table 4.4. It can be seen from 

the visual observation of  the figure that the curve looks better fitted ( ignoring the first point 

on the chloride profile as an outlier) when C, is assumed to be non-zero (i.e. Fit-2) than 

assuming C,=0 (i.e. Fit-1). This has been confirmed by the improvement  of  the R~ value 

from 0.926 (for Fit-1) to 0 .997 (for Fit-2). Further, both fits were assessed by plotting the
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95% confidence lim its, the wider interval between the upper and lower bounds associated 

with Fit-1 indicates there is higher uncertainty to predict a new value o f chloride content 

out side the range o f data. On the other hand, the interval is much reduced in the case o f 

Fit-2.

0.2
- ^ P 3 S 4  
—  Fit 1 
 Fit 2

S? 0.05

6020 30 40
Depth (mm)

50

(a)

0.20.2
—  Pick's (Fit 2)

95% prediction bounds 
■ P3S4

 Pick's (Fit 1)
95% prediction bounds 

■ P3S4 £ 0.15

i? 0.05iS 0.05

20 30 40
Depth (mm)

50 60 70 50 60 7020 30 40
Depth (mm)

(b)

Figure 4.9 (a) Chloride profile for core sample P3-S4 fitted assuming C,=() (Fit-1) and C, 
>0 (Fit-2), (b) Fit with 95% prediction bounds.

Table 4.4 Fitting parameters obtained from Fit-1 and 
Fit-2 o f Figure 4.9

Variable Fit-1 Fit-2

C(C1%) 0. 089% 0.128%

’ C,(C1%) 0.0% 0.012%

Dapp (mm'/year) 19.88 7.13

R' 0.926 I  0.997
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Due to the lack o f  information regarding the original material  propert ies used for the bridge 

const ruction,  the source o f  C, can not be explained.  It is general ly accepted howeve r  that 

up until late 1970s,  concrete technology still had not fully recognized the scale o f  dam age  

wh ich  could result from using chlor ide contaminated material  in the re inforcement  

concre te  const ruct ion.  For example ,  the A C l  C o m m i t t ee  201-1977  were am o n g  the first to 

re com m end  l imi tat ions on the presence  o f  chlorides  in reinforced concre te  (Gaynor l ,  

1987). Therefore ,  l imi tat ions  on the use o f  chlor ide con tam inated concrete mix ingredients 

were  not as strict as it is nowadays ,  hence  it is reasonable  to as sume that the C, found in the 

current  s tudy m a y  have or iginated from the mixing wate r  or from the aggregate  used in the 

original concre te  mixes.  However ,  it is wor th  m ent ioning though that the average  value  o f  

C , = 0 . 0 1 1 (C l%  per mass  o f  concrete)  is still less than the m a x im u m  acceptable value  stated 

by most o f  the s tandards listed in Table  2.4 which ranges from 0.03 to 0.06 (C l%  per mass  

o f  concrete) .

The  choice  o f  whe the r  or not to neglect  C, will have  a signi ficant  influence on the 

det ermined values  o f  the deter iorat ion var iables  Cj and Dapp as can be seen from Table  4.4. 

Howe ver ,  a l though choos ing Fit-2 over  Fit-1 has resulted in 4 4 %  increase and 64%  

decrease  in Cs and Dapp respect ively,  this is not a qui te true reflection o f  the influence of  

the choice  o f  fit on the result of  the predicted t ime to corrosion initiation. Th e reason for 

this is that for a g iven chlor ide profile,  at a certain point  in t ime, the best  fit results in a 

coupled Cs and Dapp. Therefore,  any change  in one o f  the parameters  will  be co m bined  by 

the change  in the other;  and the cha nge  in the predic ted  chlor ide content  at any point  in 

t ime at the level o f  the re inforcement  will not be as high as such.  For example ,  us ing Cs 

and Dapp va lues  obtained from Fit-1 and Fit-2 fit t ing procedures,  to predict  the chloride 

content  at cove r  depth o f  50 m m .  Figure 4.9(a),  af ter  27 years  of  service life (using 

Equat ion 2.2),  have  resulted in 2 2 %  increase in the predicted  chlor ide content  f rom Fit-1 to 

Fit-2.  On the o ther hand,  when  the cover  depth w as  a ssum ed  45 mm, only  0 .8% decreases  

f rom Fit-1 to Fit-2 w as  observed.

After  s tudying all the chloride profiles (in App end ix  C)  in a s imilar  way to the s tudy o f  the 

chlor ide profile presented in Figure 4.9,  it was  found that a bet ter  fit was  achieved wh en  

the C, was  not neglected (i.e. C,>()). Therefore ,  all chlor ide  profiles obtained in this study 

were  fitted us ing the Least Square method as sum ing that C,>(), hence C„ Cs and Dapp were 

all treated as a fit t ing parameters  in the curve fitt ing process.
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The mean value and the standard deviation (or coefficient o f variation) as well as the 

parent probabilistic distribution o f the C,, Q  and D„p,; were estimated from 40 chloride 

profiles out o f possible 45 chloride profiles. The remaining 5 profiles were excluded from 

the analysis for one o f the fo llow ing two reasons:

(i) The chloride profile did not show a typical decreasing profile that can be fitted to 

P ick’s law o f diffusion, as in the case o f P4-N1, P2-N1 and P3-S2, Figure 4.10.

( ii)  The chloride profile was excluded because its chloride profiles were interrupted by 

the presence o f steel bars that were unintentionally cut during the concrete cores 

extraction, as in the case o f P2-S1 and P2-N4, Figure 4.11.

The excluded (outliers) chloride profiles w ill be discussed in the fo llow ing section.
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Figure 4.10 Outliers chloride profiles for cores P4-N1, P2-N2 and P3-S3
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Figure 4.11 a) Chloride profiles for cores  P2-S1 and P2 -N4 show ing dis turbed trend due 
to the affect o f  the presence  o f  steel bars,  b) C ompar ison  o f  chloride prof iles P2-S1 and 
P2-N1 and chlor ide profiles obta ined from the same crosshead beam face.

4.4.3 Outliers chloride profiles

The  chlor ide profiles obta ined from concre te  core samples  P4-N1,  P2-N1 and P3-S2,  

Figure 4.10,  did not show the decreas ing  chlor ide content  typically dem ons t ra ted  by 

chlor ide profiles obtained from concre te  st ructures exposed to external  chloride 

penet rat ion.  T he  chlor ide content  values  obta ined in the cover  zone of  these cores  are in 

fact very  low as com par ed  wi th chloride contents  obtained from ne ighbour ing cores  for the 

sam e depths.  Cons ide r ing these cores were located at the non protected canti lever part of  

the crosshead beams  and di rect ly underneath  the unwaterproofed footpath,  it is highly 

likely that the very high levels o f  water  penetra tion have caused the chlor ides  to be
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repeatedly  w ashed  out  over  t ime. It w a s  then not poss ib le  to fit these chlor ide  prof iles  to 

P i c k ’s 2"*̂  law equat ion.

T h e  chlor ide profi les obta ined from conc re te  core  sam pl es  P2-S1 and P2 -N 4  are s h o w n  in 

Figure 4 . 1 1(a); as indicated in the figure,  both  have conta ined  a steel  bar  at depths  o f  40 

m m  and 45 m m  respect ively.  T h e  steel bars w e re  14 m m  in d i am e te r  w h ich  sugges ts  that 

they we re  cut f rom the shear  l inks o f  the crosshead  beams.  Interes tingly ,  the presence  of  

steel bars at the afor em en t ioned  depths  had af fec ted  both chlor ide  prof iles  as a w ho le  and 

not on ly  the chlor ide  con ten ts  at depths  adjacent  to the re info rcemen t .  Pe rhaps  the chlor ide 

ions have been a t t racted  by the p resence  o f  iron and that can be exp la ined by the h igher 

chlor ide  content  at depths  near the location o f  the steel  bar  as co m p a red  to the chloride 

content  o f  concre te  sam ples  taken at the  sam e dep th  f rom the n e ig hbour ing  cores as can be 

seen from Figure 4.11.(b) .  Due  to thei r inconsi s t ency wi th  the rest of  the results,  Cj  and 

values  obta ined from the two chlor ide  prof i les  wi ll  be exc luded from the ca lcula t ion 

o f  the average ,  s tandard  deviat ion,  and the es t imat ion  o f  the sca le  o f  f luctuat ion o f  both 

var iables  to be carried out  in Chap ter  5.

4.4.4 Statistical analysis of data results

T he  results obta ined for all three var iables,  Cs, 'dnd C„  are l isted in Table  4.5.  T he  data

presented in this table provides  very valuab le  in fo rmat ion  wi th  regard to both r and om  and 

spatial  var ia t ion o f  three o f  the most  impor tant  deter iora t ion var iables.  R egard in g  spatial 

var iabi li ty,  the unique impor tance  o f  the data pre sen ted  in T ab le  4.5 can be at t r ibuted to the 

fact that such data are hardly ever  repor ted  in the l i terature in c o m p a n y  wi th  the d is tance  

separa t ing  the s am ple  locat ions  wi th in  the e x p e r im en ted  st ructure.  A s  indicated by a 

nu m b e r  o f  researchers  (e.g. Li, 2()04b; Vu and Stewar t ,  200 5) ,  the absence  o f  such 

informat ion hinders  a t tempts  to character ise  the spatial  var iabil i ty  o f  the deter iorat ion 

var iables.

The data presen ted  in Table  4.5 for var iables  Cs, Dapi> and C, w a s  fitted to statistical 

d is t r ibutions  to de ter m in e their stat istical  propert ies .  It can be seen f rom Figure  4 .12 that 

data obta ined  for all the three var iables  can be  a s su m ed  to have c o m e  f rom a Normal  

d ist r ibut ion ( t runcated  at zero value).  T h e  sui tabi l i ty o f  the d i s t r ibut ions  to the fitted data 

was  further asse ssed by plott ing  the data  on a Probabi l i ty  p lo t t ing  pape r  w he re  l inearity 

conf i rms  the appr op r ia tenes s  of  the a s s u m ed  dist r ibut ion.  Figure 4 .12(b).
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T a b le  4 .5  Initia l c h lo r id e  c o n te n t  (C ,),  S u r f a c e  c h lo r id e  c o n te n t  ( Q )  a n d  D if fu s io n  
c o e f f ic ie n t  (D„pp)data o b ta in e d  f rom  c u r v e  f i t t in g  to  45  c h lo r id e  p ro f i le s .

Pier face
Core

num ber
C, ( C l%  per m ass o f  

concrete)
Cs ( Cl% per mass o f  

concrete) (m m 7 y ea r )
P I -S l 0.011 0.202 7.58

Pier 1 
South

P1-S2 0.011 0.416 3.09
P I -S3 0.012 0.31 4.29
P1-S4 0.009 0.183 9
P1-S5 0.009 0.189 7.63

P2-N1* - - -

Pier 2 
North

P2-N2 0.01 0.226 10.45
P2-N3
P2-N4

0.012
0.011

0.238
0.242

9.57
27.24

P2-N5 0.01 0.169 10.21
P2-S1 0 0.281 24.36

Pier 2 
South

P2-S2 0.004 0.143 14.9
P2-S3 0.006 0.186 6.81
P2-S4 0.011 0.148 7.61
P2-S5 0.008 0.12 12
P3-N1 0.013 0.279 6.67

Pier 3 
North

P3-N2 0.007 0.228 13.78
P3-N3
P3-N4

0.005
0.005

0.264
0.205

16.34
16.03

P3-N5 0.015 0.543 10.32
P3-S1 0.01 0.259 14.33

Pier 3 
South

P3-S2* - - -

P3-S3 0.011 0.12 13.84
P3-S4 0.012 0.128 7.13
P3-S5 0.012 0.446 6.91

P4.N1* - - -

Pier 4 
North

P4-N2 0 0.225 13.73
P4-N3 0.013 0.262 11.13
P4-N4 0 0.105 15.7
P4-N5 0.02 0.122 7.326
P4-S1 0.013 0.053 10.25

Pier 4 
South

P4-S2 0.015 0.076 5 .250
P4-S3 0.021 0.086 14.41
P4-S4 0.013 0.032 2.03
P4-S5 0.016 0.043 22.82
P7-N1 0.017 0.076 9.52

Pier 7 
North

P7-N2 0.003 0.512 13.9
P7-N3 0.007 0.326 9.84
P7-N4 0.007 0.285 14.15
P7-N5 0.014 0.383 8.17
P7-S1 0.013 0.238 8.15

Pier 7 
South

P7-S2 0.013 0.175 8.46
P7-S3
P7-S4

0.015 
O.Ol 1

0.296
0.209

6.78
9.16

P7-S5 0.011 0.196 10.73
* C h lor ide  profi le s  w h ic h  w ere  not p o ss ib le  to fit to P ic k ’s law  due to their unusual trend.
B o ld  c h a r a c t e r s  indicate  that v a lu es  w ere  determ ined  from the ana lysis  o f  ch lor ide  prof i le s  w h ic h  were  
co n s id ered  outl iers  due to the in t luence  o f  the p resence  o f  s teel  bars ( see  Sec t io n  4 .4 .3 ) .
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The Chi-Square statistical hypothesis tests were performed to confirm, for each variable, i f  

the data comes from a Normal/Lognormal distribution. From statistics, the hypothesis is 

accepted i f  the Chi-Square v a l u e , i s  less than the critical Chi-Square,Xo  ̂value obtained 

from the relevant table for a specified significant level a (Ang and Tang, 1975).
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Figure 4.12 (a) Histograms, Probability Density and (b) Probability plots o f C^, Dap,„ and 
C„

The results o f the Chi-Square test. Table 4.6, confirmed that the data, for all three 

variables, can be assumed to have come from a Normal distribution for a significance level 

a = 0.05. W hile the hypothesis that the data comes from a Lognormal distribution were 

rejected for both variables, Cs and C,, the hypothesis was accepted for w ith preference 

to the Normality assumption. This is indicated by observing that the difference between 

and Xo values. Table 4.6, is smaller in the case o f the Normal distribution than in the case 

o f the Lognormal distribution.

Table 4.6 Chi-Square goodness o f fit test results for Cs, Dai>i> înd C, data.

Variable
Chi-Sc|uarc test < xl, Rcjcct Hypothesis

Normal Lognormal Normal Lognormal

c , 2.21 < 11.07 11.13 >9 .49 No Yes
1.64 < 7.81 1.69 < 9.49 No No

c, 2.89 < 9.49 25.42 > 7.81 No Yes
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T he  literature tends to report  that data for Cs and fol low a Lognormal  dist ribut ion (e.g. 

Vu and Stewar t,  2000;  Duprat ,  2007) .  H ow ever  no statistical evidence  was  provided to 

indicate the super iori ty  o f  the Lognormal  dist ribut ion over  the Normal  dist ribution.  

Perhaps  researchers  favour  the Lognormal  dist ribution over  the Normal dist ribution 

because  such var iables cannot  physica lly  have a negative  value,  and it would  be easier  to 

ensure  that a negative value  will  not be genera ted  w h e n  a rando m data for the var iables  are 

s am pled  from a Lognormal  dist ribution.  However ,  m an y  m od ern co m pu ter  s imula t ion 

packages  (i.e. M A T L A B - 2 0 0 6 a )  have made it possib le to genera te  data from a Normal  

dist ribution that is t runcated  at a des ired  m in im u m  or m a x i m u m  value  wi thout af fec ting the 

statistical propert ies o f  the parent normal  distribution.

T h e  mean  value  and the coefficient  o f  var ia t ion  (C .O .V)  final results for all three var iables  

are presented in Table  4.7. It can be seen from the table that the Cs have the largest 

var ia t ion  a m o n g  the three parameters  wi th a coefficient  o f  var ia t ion  value  o f  0.56. 

Ho we ver ,  this value  is consistent  wi th the published data which ranges  from 0.50 to 0.83 

reported  for s t ructures in marine env i ro nm ents  (e.g. Vu and Stewar t,  2000; Duprat,  2007) .

Tab le  4.7 Statist ical  propert ies o f  Cj,  Da,,p and C, variables.

Variable Distribution (H. o) C.O.V

Cv (Cl % per mass of  concrete) Normal (0.218, 0.121) 0.56

Dupp (mmVyear) Normal (10 .25 ,4 .13 ) 0.40

C, (Cl % per mass o f  concrete) Normal (0 .011 ,0 .005) 0.45

4.4.5 Influence of the bridge orientation on C, and Da,,p

T h e  average  values  o f  the chloride penetra tion parameters  Cs and for each crosshead

face w e re  ca lcula ted and plot ted in Figure 4 .13 to inves tigate if there is a signi ficant  

d i f ference in the results obtained f rom the north faces and the south  faces.  T he  figure 

show s  that there is a notable increase for the results obta ined from the north face as 

co m pared  to those obta ined from the south face for both var iables,  Cs and for all

tested cr os sheads  (the north face o f  crosshead beam No 1 w as  not tested for the reasons  

g iven in Section 4.3).  Th e noted increase w as  in the range o f  28 -2 0 8 %  for the case o f  Cs 

and in the range of  9 -2 8 %  for the case  o f  Da,,p. A  statistical t-test analys is  conf i rmed that 

this increase  is statistically signi ficant  for both  var iables at a s igni f icance level a=0.05 with 

a p-va lue  o f  0 .007  and 0 .008 for Cs and Dapp respect ively.  It is postula ted that this can be

132



C hap te r 4 : E xpe rim e n ta l w ork

attributed to one or a combination o f the two fo llow ing reasons; the north side is more 

exposed to the area o f the river that is in direct contact w ith the open sea, i.e. the estuary, 

which naturally has a higher chloride concentration than the main river waters. This 

positioning o f the crosshead beams allows the north faces to receive more airborne 

chlorides than the slightly sheltered southern faces. The second explanation is that the 

southern face o f the crossheads directly faces the prevailing wind (windward face); they 

act as obstacles to the wind, decreasing their speed and creating turbulence behind the 

crosshead, as a result more chlorides end up deposited on the leeward side o f the 

crossheads (the north face) than the windward side. In addition, the surface chlorides on 

this windward faces can be reduced by the wash-down effect caused by the driving rain. 

The phenomena explained in this section have also been reported in a study carried out on 

Hadsel Bridge in Norway (Bamforth, 1996). The survey o f the Hadsel Bridge showed that 

the Cs values measured on the leeward face were more than six times higher than those 

measured on the windward face. Vu (2003) studied the literature data o f Q  in which the 

source o f measured data w ith regard to the direction o f the wind were given (i.e. windward 

or leeward). He then concluded that Q  value measured on the leeward face o f the structure 

maybe expected to be 3.5 times that measured on the windward faces.
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Figure 4.13 Effect o f bridge orientation on (a) Cs and (b) Dap;,-

These results may carry a significant importance for the service life prediction and 

maintenance planning at the very early stage o f the structure design. For example; studying 

the structural orientation and its position w ith regard to the direction o f the prevailing 

winds or the exposure to the source o f airborne chlorides, may give some insight on which 

side o f the structure, or structure component, should have a particular protection to delay
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the deterioration process on that side (i.e. larger concrete cover or applying surface 

coating),  or should be prioritized for special inspection.

4.5 CONCLUSIONS

A chloride analysis was performed on a total of  45 concrete cores extracted from nine 

crosshead beam faces o f  Ferrycarrig Bridge. The aim of  the testing was to obtain site 

specific statistical information, which is not available in the literature, on the two most 

important  deterioration parameters  that concerns the initiation stage of  the structure service 

life Cs and Da,,p. This  chapter provided background information on the bridge under 

investigation with a particular emphasis  on the exposure condit ion,  the level and the cause 

o f  the deterioration of  the crosshead beams from which cores where extracted. The 

chlor ide analysis was carried out using a sample preparation protocol adopted by the EN 

14629 standard for the acid-soluble chloride determination using Potentiometric titration. 

The  method and the apparatus  used were calibrated using a standard sample with a 

predetermined chloride concentrat ion.

The  Cj and Da,,,, results obtained from the current experimental  study showed that the 

crosshead beams of  the bridge under investigation have a very good resistance to chloride 

penetrat ion as can be seen from the average value of  Dap,,. The results showed that data 

obtained for both variables Cs and Da,,,, follow a Truncated Normal distribution. The 

current study also showed that initial chloride content  C, does exist and cannot  be 

neglected. Neglect ing C, can result in inaccurate estimat ion of  Cj and Dg,,p parameters  

which will consequent ly affect the estimated time to corrosion initiation. The C, data 

results were also found to follow a Truncated Normal  distribution. A m ong  the three 

parameters ,  the Cs parameter  exhibi ts the highest variation with a coefficient of  variation of 

0.56; where Da,,p and C, have a coefficient o f  variation of  0.40 and 0.45 respectively which 

is consistent with the literature. Accord ing  to a proposed exposure class classification 

system put forward by Bamforth (1996), the range of  Q  values obtained in this study, 

correspond to Mild to Moderate  exposure.

The  results also showed that there is a significant increase (up to 3 times higher) in the 

average values for both parameters Q  and Da,,p obtained from the north side face 

(windward)  of  the crosshead beams as compared with results obtained from the south side 

face ( leeward)  due to crosshead orientation with regard to the prevai ling wind.  Particularly

134



Chapter 4: Experimental work

for the var iab le  Q ,  the w in d w a r d  s ide o f  the c rossh ead  b e a m s  s h o w ed  va lues  for Cs up  to 3 

t imes  h igher  than those m easur ed  on the leeward  sides.  T h es e  f indings  can be used to 

ident ify the area o f  the s t ru c tu re /com ponen t  that  shou ld  be  pr iori t ized for specia l inspection 

or extra prot ec t ion as early  as the de s ign s tage  and could  in this contex t  form the bas is  o f  

pe r fo rm an ce -b ased  des ign.

C.i and Dap,, data o f  specia l  interest  to spatial  var iabil i ty  m o d e l l in g  have been obta ined from 

an ag ing s t ructure  located  in mar ine  en v i ro nm en ts .  T h e  data,  w h ich  will  be analysed in the 

fo l lowing  chapte r ,  are o f  a unique im por tance  as they have  been  taken  at f requent  dis tances  

from nine di f ferent  cr ossh ead  faces  and sho uld  prov ide  va luab le  info rmat ion  wi th  regard to 

the l luc tuat ion proper t ie s  o f  the deter iora t ion var iables .  T h e  stati st ical  par am et er s  obta ined 

f rom this ch ap te r  will  be used,  in conj unct ion  wi th  the sca le o f  f luctuat ion to be det er mined  

in Chap te r  5, as an input  for the spa t i a l - tem poral  rel iabil ity based mode l  w hi ch  is 

dev e lo pe d  in C h a p te r  6.
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5.1 INTRODUCTION

C h a p ter  5: Estimation o f  the Scale  o f  Fhictiiation

In C h a p t e r  3 the  f u n d a m e n t a l  c o n c e p t s  o f  R a n d o m  Fie ld  ( R F )  t h e o r y  h a v e  b e e n  d i s c u s s e d  

a nd  the  i m p o r t a n c e  o f  the  S c a l e  o f  F l u c t u a t i o n  p a r a m e t e r ,  6, w a s  h ig h l i g h t e d .  A s  d i s c u s s e d  

in C h a p t e r  3 a n d  at the  s tar t  o f  C h a p t e r  4,  t h e r e  is a s c a r c i t y  o f  a v a i l a b l e  d a t a  o n  th e  

p a r a m e t e r  0 for  m o s t  o f  the  d e t e r i o r a t i o n  r e la te d  v a r ia b le s .  F or  th i s  r e a s o n ,  sp a t ia l  

va r i a b i l i ty  o f  the  d e t e r i o r a t i o n  v a r i a b l e s  has  b e e n  r a r e ly  c o n s i d e r e d  in r e l iab i l i ty  b a s e d  

a s s e s s m e n t  o f  d e t e r i o r a t i n g  R e i n f o r c e d  C o n c r e t e  ( R C )  s t ruc tu re s .

T h e  e x p e r i m e n t a l  w o r k s  ca r r ie d  o u t  in C h a p t e r  4  w e r e  e s s e n t i a l l y  a i m e d  at d e t e r m i n i n g  0 

v a l u e s  u s i n g  s i te  s p e c i f i c  d a ta  for  t w o  o f  the  m o s t  i n f l u e n c i n g  c o r r o s i o n  d e t e r i o r a t i o n  

v a r i a b l e s  C,s a n d  Dai,/,. T h e  a im  o f  th i s  c h a p t e r  is to  a n a l y s e  the  d a ta  p r o v i d e d  b y  C h a p t e r  4  

to e s t i m a t e  0 for  b o t h  va r i ab le s .  T h e  i m p o r t a n c e  o f  the d a t a  p r o v i d e d  by  C h a p t e r  4  is tha t  

the d a ta  for  b o th  v a r i a b l e s  w e r e  r e p o r t e d  w i t h  the  c o r r e s p o n d i n g  l o c a t i o n  w i t h i n  e a c h  o f  the  

c r o s s h e a d  b e a m  face s .  L o c a t i o n s  (o r  d i s t a n c e  b e t w e e n  s a m p l e s )  a re  r a r e ly  r e p o r t e d  in the 

l i t e ra ture  w h i c h  h i n d e r s  a n y  a t t e m p t  to  o b t a in  i n f o r m a t i o n  r e g a r d i n g  the  sp a t i a l  f lu c t u a t i o n  

o f  the  i n v e s t i g a t e d  p ro p e r t i e s .  In a d d i t i o n  to its s i g n i f i c a n c e  as b e i n g  t a k e n  f r o m  a real  

s t r u c t u r e  l o c a t e d  in a m a r i n e  e n v i r o n m e n t ,  it is i m p o r t a n t  to  p o in t  ou t  tha t  th e  d a t a  w e r e  

c o l l e c t e d  f r o m  n i n e  d i f f e r en t  c r o s s h e a d  b e a m  faces .  T h e  s i g n i f i c a n c e  o f  th i s  c an  be 

a p p r e c i a t e d ,  g i v e n  tha t  the m o s t  re l i ab le  a n d  m o s t  r e f e r e n c e d  e s t i m a t i o n  o f  0 for  C’v a n d  

Ihii>p v a r ia b le s ,  to da t e ,  w e r e  b a s e d  o n  a set  o f  d a ta  tha t  w a s  t a k e n  f r o m  th ree  c r o s s h e a d  

b e a m  fa c e s  ( R a m a c h a n d r a n  e t a l., 2 0 0 1 ) .

T h e  0 v a l u e s  to  b e  e s t i m a t e d  f r o m  t h e  c u r r e n t  a n a l y s i s  wi l l  b e  c o m p a r e d  to t h o s e  r e p o r te d  

in the  l i t e ra tur e  a n d  r e c o m m e n d a t i o n s  wi l l  be  m a d e  o n  the  v a l u e  o f  0 to  b e  u s e d  as  i n pu t  

p a r a m e t e r  for  th e  R F  m o d e l  w h i c h  wi l l  be  d e v e l o p e d  in C h a p t e r  6.

r h e  use  o f  0 v a l u e s  b a s e d  o n  s i te  s p e c i f i c  d a ta  w i l l  h a v e  a s i g n i f i c a n t  c o n t r i b u t i o n  to the 

qu a l i t y  o f  the  r e s e a r c h  w o r k s  that  a t t e m p t  to i n c l u d e  the  e f fe c t  o f  spa t ia l  v a r ia b i l i t y  o f  the  

c o n c r e t e  p r o p e r t i e s  in r e l i a b i l i t y - b a s e d  s e r v i c e  l ife m o d e l l i n g .  It is a n t i c i p a t e d  that  the  

f i n d in g  o f  the  c u r r e n t  e x p e r i m e n t a l  s t u d y ,  w i t h  r e g a r d  to the  e s t i m a t e d  v a l u e s  o f  the  

p a r a m e t e r  0 for  th e  i n v e s t ig a t e d  p r o p e r t i e s ,  wil l  h ig h l i g h t  the i m p o r t a n c e  o f  a d e q u a t e  p r e ­

s e l e c t i o n  o f  the  lo c a t i o n  a nd  the  n u m b e r  o f  m e a s u r e m e n t s  to b e  t a k e n  f r o m  s t r u c t u r e s  o n c e  

s u c h  o p p o r t u n i t y  b e c o m e s  a v a i l a b l e  to r e s e a r c h  e n g i n e e r s .  T h e  j u s t i f i c a t i o n  o f  m a k i n g  

m u l t ip l e  m e a s u r e m e n t s  for  a p a r t i c u l a r  d e t e r i o r a t i o n  v a r i a b l e  at o n e  c o n t i n u o u s  s i d e  o f  the
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st ructure/st ructure component  and recording the distance between their locat ions can only 

be made  when the influence of  the spatial variabil ity o f  that variable on the prediction of  

life time performance is established; this will be discussed in Chapter  7.

5.2 SPATIAL FLUCTUATION OF CHLORIDE CONTENTS

T o  demonstrate  the degree of  physical  fluctuat ion of  chlor ide contents at different depths  

o f  the concrete cover  a long the crosshead beams,  the results of  the chlor ide contents 

obtained from crosshead P I S  was  plotted against the distance from the left end of  the 

crosshead as shown in Figure 5.1. Similar  plots for results obtained from crossheads 2, 3, 4 

and 7 are provided in Appendix B. It can be seen from this figure, and from the similar  

figures in Append ix  B, that the chlor ide content at a certain depth from the concrete 

surface is not a constant  property along the beam. This  is, as discussed in Section 3.2.4, 

due amongst  other things to the inconsistency of  workmanship,  the inconsistency o f  the 

concrete mix proport ions, and the variation of  the exposure conditions.  However ,  the 

t luctuation intensity of  the chlor ide content  a long the beam decreases  gradual ly  as the 

typical re inforcement  depth is approached,  i.e. at depths  >35 mm. This may indicate that 

the largest proportion of  the chloride content  variation along the beam can be att ributed to 

the exposure condi tion rather than to the inconsis tency in the workmansh ip  or the original 

material properties.

It is anticipated that the fluctuat ion pattern would be described in more detail as the 

number  of  measurements  a long the beam increases,  for example;  if more concrete cores 

were drilled and the distance be tween  their locat ions were reduced. However ,  this is not 

a lways operat ional ly  or  economical ly  feasible. For  example,  the number of  concrete  cores 

that can be extracted from an individual  s tructure may be restricted to a very small number  

and only to specific locations that are not considered structurally critical by the owner . 

Furthermore,  the budget necessary for extract ing and processing a sufficient number  of  

concrete  cores  may not be available.

The methods used in this thesis to calculate 0 for and Dupp from the data collected in 

Chapter  4 will be descr ibed in the fo l lowing section.
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Figure 5.1 (a) Chlor ide content  of  five concrete  cores  at different depths obtained from 
Crosshead P l -S  (b) Location of  the concrete cores  extracted from Crosshead PI - S.

5.3 ESTIMATION THE SCALE OF FLUCTUATION (0)

As mentioned in Section 3.4.3, the parameter  0 of  a spatially variable property can be 

obtained from a record of  observations (data measurements )  in which the distance between 

the location of  these observations are already recorded.  To determine a value for the 

parameter  6 for a spatially variable property from a digitised record consist ing of  k 

observations, an analytical model  that descr ibes  the correlat ion coeff ic ients between any 

two observations separated by distance x needs to be employed.  The Autocorrelat ion 

Funct ion (ACF),  introduced in Section 3.4.2, is a mathematical tool by which the spatial 

correlat ion between observat ions can be measured.  As discussed in Section 3.4.2, several
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Chapter 5: Estimation o f  the Scale o f  Fluctuation  

analytical models  have been proposed to descr ibe the correlat ion behaviour  between 

observat ions as a funct ion of  the separating distance. For convenience,  the AC Fs  which 

were proposed by Vanm arcke  (1977,  1983) and presented in Section 3.4.2 have been 

reproduced in Table  5.1 in addit ion to some  other  ACFs  found in the literature.

Table  5.1 Autocorrelat ion Functions (ACF)  and the corresponding Scale of  
Fluctuat ion (0).

A C F  N a m e A C F  M o d e l
S c a l c  o f  

f luc tua t ion  9
R c fc r c n c e

T r iangu l ar
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Squ are
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Pi ^ )  =
1

0
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p ( r )  = exp 

P(^)  =

V b
2h

( V a n m a r c k e ,

19 8 3 )

( V a n m a r c k e

19 8 3 )

r r  i r h
4c

( V a n m a r c k c
1 +  — ■ e x p -----

c I 1 9 8 3 )

p ( r )  = exp

p ( r )  = exp
V

d

cos

\fn d

V

 ̂1 1A 
r  1sm -2.2 uJ

- 2.2
/ I  I \r

/

( V a n m a r c k e

19 8 3 )

( K i m ,  2 0 0 5 )

( G o m e s  and  

A w r u c h ,  2 0 0 2 )

V /

T w o  major  procedures  have been reported in the l iterature for the estimat ion o f  0 for a 

spatially var iable property f rom a digitized record o f  data. In the first procedure, reported 

by Li (2()04b), the M ax im um  Likelihood Method (M L M )  is used in which  different values 

for the model  parameter  of  the proposed A C F  model is assumed and the value that 

maximises  the corresponding  M L  function is taken as the model parameter ,  in the second 

procedure, proposed by Vanmarke  (1983),  a proposed A C F  model  ( from Table  5.1) can be 

adjusted to provide the best fit to the actual sample correlat ion coeff ic ients  pExp(x) thereby 

providing est imates  o f  the corresponding  model parameter  (i.e. «, h, c, d, e or  / i n  Table
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5.1). For both procedures,  the resul ting scale o f  the fluctuat ion 9 can be est imated from the 

theoretical relationships between  0 and the model  parameters  as descr ibed in Table 5.1.

It is noted that both procedures require the use of  the analytical A C F  model ,  i.e. p( j ) .  The 

choice o f  which of  the analyt ical  models  listed in Table  5.1 to use would depend on how 

best the proposed A C F  model  fits the correlat ion coeff ic ients calculated from the measured 

data pHxpCt). The procedure for calculating/j| .;xp(x) will be discussed in Section 5.3.2.1.  In 

most cases,  a large number  of  data points taken at f requent  distances  are not available to 

produce a distinct pattern ofpi.;xp(x) s imilar to that illustrated in Figure 5.2. Therefore,  the 

choice o f  an analytical model  for />(x) is somewhat  arbitrary. However ,  the Square 

Exponent ia l  A C F  model ,  A C F  #  4 in Table  5.1, also known as Gaussian ACF,  has been the 

most  f requently used by researchers  in the field o f  reinforced concrete (Engelund and 

Sorensen,  1998; Gom es  and Awruch ,  2002;  Li ei al., 2004;  Vu and Stewart ,  2005;  Kenshel  

and O'Connor,  2009) . Therefore  the Gaussian A C F  was used in this thesis to determine 

values  for the parameter  0 and for the generation of  spatially correlated data as will be 

shown in Chapter  6.

ACF # 1 
ACF# 2 
ACF # 3 
ACF# 4 
ACF# 5 
ACF # 6

4 6
Lag distance, T(m)

10

Figure 5.2 The  autocorrelat ion funct ions (ACF)  fitted to experimental 
correlat ion coeff icients o f  C.i data generated using 0=3 m.

The associated model  parameter  c/, which is related to 0 as descr ibed in Table  5.1 and is 

referred to by some researchers as the Correlation Length,  for C\ and Di,i>p variables  can be 

obtained using the M L M  or the Curve  Fitt ing method.  Both methods will be applied to the 

data collected in Chapte r  4 in the upcoming sect ions for the estimation o f  the paramete r  0.
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5.3.1 The maximum likelihood method (MLM)

The  steps for the estimat ion of  the paramete r  d,  hence 9, using M L M  as reported by Li 

(2()04b) are descr ibed as follow:

1 -

2 -

3-

4-

5-

For each variable  Cs and there is k  number  o f  observat ions x,, ( /=1 , 2, .......... , k)

Find the mean (|ix) and s tandard deviat ion (Ox) of  the k  observat ions;

Normal ize  the k  observat ions:  «,= (xrl^xVox;

Assume a value for the paramete r  c/;

Calculate the correlat ion matr ix  \ p ]  where  each element/j,y represents the correlat ion 

coeff ic ient  be tween  every pair t i j )  of  the k  observat ions by measur ing  the real 

distance be tween  each two observat ions  (e.g. locat ion of  concrete  cores) and using 

Equation # 4 in Table  5.1.

Transform the dependent  /^-values into independent  i -vakies by t ransformation 

matrix [C] introduced in Section 3.4.4.1 {k is the number  o f  observat ions) :

0 0 ' '̂ 1

»2 Q , C.2 0 2̂

0

^*2

Equation 5.1

7- Solve for [v] so that:

[.] = [c]-'H

8- The  Likel ihood funct ion

Equation 5.2

' = n \ ] 2 j z
exp exp- Equat ion 5.3

Let /., = , find d  which  maximise  L,  that is to say L, is minimal .
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In this m e t h o d  the c o r r e s p o n d i n g  h k e l ih o o d  v a lu e s  (L\ )  for d i f ferent  a s s u m e d  v a lu es  for  

the m o d e l  p a r a m e te r  d  are  p lo t ted  in Figure  5.3 (N o r th  faces)  and Figure  5 .4  (S o u th  faces)  

for bo th  var iables ,  Cv and Dt,pp- In s o m e  c r o s s h e a d  face cases ,  the n u m b e r  o f  o b s e r v a t io n s  

were  r e d u c ed  f rom five to four  e i ther  b ec au s e  (i) the  chlo r id e  prof i le  co u ld  not  be  fi t ted to 

P i c k ’s 2"^ law equa t ion  (E q u a t io n  2.2),  and hen c e  resul ts  for Cj  and w e re  not  

o b ta ined ,  or  (ii) the ob ta ined  va lues  for the tw o  fi tted var iables  w e re  co n s id e r ed  ou t l ier s  for 

the re a so n s  indicated  in Sect ion 4.4.3.  T h e  re sul ts  for  the two var iabl es  that  w e r e  r e d u ced  

to four  o b se rv a t io n s  are those  ob ta ined  f rom c r o s s h e a d  b ea m  faces  P2 -N ,  P2-S ,  P3 -S  and  

P4-N.

P2-N [d(C^)=0-0.75 m, d(D^pp)=0-0.7 m ] P3-N [d(C^)=0-1.05 m, d(D^pp)=0-1.15 m ]

4.5
app

_r 3.5

2.5

Correlation Length d (m)

5.5!
app

-i” 4.5 r

3.5

Correlation Length d (m)

P4-N [d(C^)=2.5 m, d(D^pp)=0-1.2 m ] P7-N [d(C )=0-1.2 m, d(D )=0-0.9 m ]app '

5.5‘4.5 app app

r  3.5

2.5 3.5

5
Correlation Length d (m) Correlation Length d (m)

Figure  5.3 T h e  l ike l ihood  val ues  (L | )  ver sus  the  Corr e la t ion  L eng th  (d)  for  C.v, and Dapp 
for p ier  c r o s sh e a d s  North  faces,  P2-N,  P3-N,  P 4 - N  and P-7N.
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P1-S [d(C^)=2.1 m, d(D^pp)=3.3 m ]

5.5^
app

r  4.5

Correlation Length d (m)

P2-S [d(C^)=0-1.1 m, d(D^pp)=0-1.0 m ] P3-S [d(C^)=0-0.95 m, d(D^pp)=2.2 m ]

4.51 app

_i^ 3.5 [

2.5

Correlation Length d (m)

4.5
app

j- 3.5

2.5^

Correlation Length d (m)

P4-S [d(C^)=0-0.9 m, d(D^pp)=0-0.9 m ] P7-S [d(C^)=0-1.1 m, d(D^pp)=2.3 m ]

4.5r app

j- 3.5 f

2.5

Correlation Length d (m)

5.5 app

3.5

Correlation Length d (m)

Figure  5 .4  T h e  l ike l ihood  v a lu e s  {L\ )  v e r s u s  the C or re la t ion  Leng th  {d)  for  Cs,  and Dapp 
for p ier  c r o s sh e a d s -S o u th  faces  P l - S ,  P2-S ,  P3-S,  P4-S and P-7S.

It is ex p e c t ed  that  the sca le  o f  f luc tua t ion  re sul ts  ob ta ined  f rom the  ana lys is  that  is based on 

five o b s e r v a t io n s  w o u l d  be  co n s id e r ed  m o r e  re l iable than the results  o b t a in ed  f rom the 

ana lys i s  based  on four  o b se r v a t io n s .  T h i s  is b e c au se  the m o re  o b s e r v a t io n s  (data  points) 

ava i l ab le  the bet ter  the in fo rm a t io n  r e g a r d in g  the i luc tuat ion o f  the inve s t iga ted  p rope r t y

1 4 4
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will  be. T h e  es t im at ed  d  (and 0) va lues  are  s u m m a r i s e d  in T a b le  5.2.  T o  di s t ingu ish  

b e tw e en  the results  that w e re  ob ta ined  based  on  four  and five o b s e rv a t io n s ,  the  s econd  are 

typed wi th  a bold font in T ab le  5 .2  w h e re a s  the results  ob ta ined  base d  on the analys i s  o f  

four o b s e rv a t io n s  w e re  typed wi th  a regular  font,  it has  to be m e n t io n e d  that  conc re te  co re s  

taken  f rom  c ros she ad  bea m  faces  P l - N ,  P5-N,  P5-S,  P 6 -N  and P6-S w e re  not  p ro ces sed  for 

the r eas on s  g iven in Sec t ion 4.3 and thus  resul ts  for the a f o r e m e n t io n e d  c ro s sh e ad  b e a m  

faces  are not de te rm in ed .

T a b le  5 .2  Resul ts  o f  pa r a m e te r s  d  and 9, for C ,  and Da,,i> va r ia b le s  (V a lu es  
wi th  bold  fonts are bas ed  on ana lys is  o f  5 obs er vat ions ) .

Surfacc Chlor ide  Content ,  I Diffusion Coef ficient ,
Pier facc

d  (m) 0 (m) t / ( m ) 9 (m)

Pl -S 2.1 3.72 2.3 4.1

—
P2-N 0 - ().<S 0 - 1.3 0 - 0.7 0 - 1.2

P2-S 0 - 1.1 0 - 1.9 0 - 1.0 0 - 1.8

P3-N 0 - 1.1 0 - 1.9 0 - 1.1 0 - 2.0

P3-S 0 - 0.9 0 - 1.7 2.2 3.9

1—
P4-N 2.5 4.4 0 - 1 . 2 0 - 2 . 1

P4-S 0 - 0.9 0 - 1.6 0 - 0.9 0 - 1.6

P7-N 0 - 1.2 0 - 2.1 0 -  0.9 0 - 1.6

P7-S 0 - 1.1 0 -  1.9 2.3 4.1

A s  can be  seen f rom T ab le  5.2,  the M L M  w a s  not  able  to captu re  a d is t inc t  va l ue  for the 

p a r a m e t e r  0 For C.s and Dapp for mos t  o f  the c r o s sh e ad  beam  cases .  A s  such ,  results  o f  0 

w e re  o b ta in e d  in a r ang e forma t  wi th  the  ex c ep t io n  o f  0 for C.v f rom P l - S  and P4-N  and  0 

for Dupp f rom  P l - S ,  P3 -S  and P7-S.  T h e  re ason for the m e th o d  fa i l ing  to p ro d u c e  a s ingle  

va lue  for 0 w a s  a t t r i but ed to the f o l lo w in g  fac tors ;  (i) the l imi ted  n u m b e r  o f  obse rva t io ns ,  

i.e. da ta poin ts  are too  few to de sc r ib e  the l luc tua t ion o f  the inves t igated  prope r ty ,  (ii) the 

in l lu e nce  o f  the grid d is tance  b e tw e e n  o b se r v a t io n s ,  i.e. da ta po in ts  are  w id e ly  s p aced  and 

there fore  co u ld  not g ive  e n o u g h  in fo rm a t ion  to de sc r ib e  the spatial  l l uc tuat ion  o f  the 

inves t iga ted  prope r ty ,  or  (iii) the in l lu ence  o f  the s hape  o f  data l luc tuat ion  ac ross  the bea m  

(i.e. the o rd e r  o f  the obser vat io ns ) .  Each on e o f  these poss ib le  r easons  w a s  inves t igated  

c losely  as wi ll  be s h o w n  next.
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5.3.1.1 Influence o f  the num ber  o f  observat ions

Initially, the reason for the M LM  failure to capture a single value for 0 was attributed to 

the limited num ber  o f  observat ions (i.e. k  in steps 1-9) which are being used to calculate 

the m ax im um  l ikelihood funct ion, a reason which has also been pointed out by Li (2004b).  

However ,  this cannot  be the case as the results for Cy from P3-N, P4-S and P7-N and for 

Dai>i> from P7-N,  P4-S and P3-N all have five observat ions but a single value for 0 could 

not be obtained as apposed to the cases of  P l - S  for Cs, P l - S  for Dupp and P7-S for Dapi> 

which also had five observat ions but single values  o f  0 were obtained.  Furthermore, P4-N 

for Cs and P3-S for D^pp both had four observat ions and the M LM  produced single 0 values 

o f  4.4 and 3.9 for both variables respectively,  Table  5.2. Therefore  the number  of  

observat ions obtained here was  ruled out as the possible  cause for the instability of  the 

MLM.

5.3.1.2 Inlluence o f  the grid distance be tween observat ions

The inl luence o f  the grid distance between the data samples  has also been invest igated as a 

possible cause o f  the method inconsistency. Grid dis tances be longing to samples  that were 

taken from several  other  crosshead faces (P3-N,  P7-S and P7-N) were assumed to have 

been the grid distance for the data o f  Dapp collected from P l -S  for which a distinct value of  

d=2.3  m (0 =4.1 m) was already determined,  as shown in Figure 5.5. This  means that cl 

and 0 were est imated again for the Dapp data collected from P l -S  but this t ime the grid 

distance of  P3-N,  P7-S and P7-N were employed  instead o f  the original grid distance of  

P l -S .  These grid dis tances  were randomly  selected from among  those which have five 

observat ions so the results o f  those which have s imilar  grid distances  can be compared.  

Est imat ion o f  the model  paramete r  d  and hence 0 was  then carried out by following steps 

1-9 out lined at the start of  this section. As can be seen from the figure, grid distance of  P l -  

S and P3-N are a lmost  identical,  and yet there is a large difference between  the d  values 

obtained in both cases  (2.3 m compared  with 1.6 m). The  grid distance of  P7-N,  which is 

not very different  f rom the grid dis tance o f  P l - S  and P3-N,  has resul ted in d  values  that 

ranges from 0-0.4 m. This  demonst rates  that the calculated d  values  are more influenced by 

the data than by the grid distance between  their locations and hence the grid distance 

between the observat ions could not be identified as the reason for the instability o f  the 

MLM.

146



Chapter 5: Estim ation o f  the Scale o f  F luctuation

10 ^
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Distance between core locations (nU

Figure 5.5 The corresponding t l  estimated using M L M  fo r D a p , ,  data obtained from  P l-S
em ploy ing  grid  distances belongs to other cores (P3-N , P7-S and P7-N).

5.3.1.3 Influence oT the shape o f  spatial fluctuation o f  data

The previous sub-sections have demonstrated that the number o f observations and the grid 

distance between observations could not be the reason (o r the o n ly  reason) fo r the 

in s tab ility  o f  the M L M  and its fa ilu re  to capture a d is lin c l value fo r 6. G iven the 

importance o f  the parameter 0 for the re lia b ility  analysis to be carried out in this thesis, it 

was decided that the reason fo r the irregu la rity  o f the M L M  should be identified  before the 

method can be accepted to calculate 0 values. Therefore, the focus was then shifted to 

investigate the in iluence o f the shape o f  data tluctuation  across the beam (i.e. the order o f 

the observations) as a possible cause fo r the irregu la rity  o f  the M L M . To do this, the d  

values were calculated using d iffe ren t orders o f the same observations w h ich  were taken 

from  the same crosshead beam face (i.e. measurements made at location 1 is replaced by 

measurements made at location 3 and that o f location 4 is replaced by 2, etc, Table 5.3). By 

changing the order o f the observations, the statistics o f the set o f observations, i.e. the 

mean (|i) and the standard deviation (a ), are kept unchanged and hence e lim ina ting  the 

influence o f  the data statistics as a possible cause o f  the inconsistency o f  the M L M . As can 

be seen from  Figure 5.6, when data collected from  P7-N were used as an illus tra tive  

example, the calculated d  values were found to vary from  0 to 3.2 m depending on the 

order o f the data observations em ployed. Due to the strong corre la tion between data 

separated by distances that are sm aller than 0 (i.e. as explained in Section 3.4.3, data w ith  a 

large 0 v alue are expected to lie e ither above or under the mean value o f  the data) it may be 

accepted that the shape o f the data Huctuation across the beam w ou ld  in iluence the
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determined d  values.  However ,  this still could not explain why the MLM has failed to give 

a single value for the model  parameter  d  for some  of  the cases (i.e. Order  1 and Order  5) 

where the order  o f  the data was changed as indicated in Figure 5.6.

Table 5.3 Da,,,, data measurements  obtained from crosshead beam face P7-N 
randomly rearranged in several orders to obtain values for 0 using the MLM.

D,,,,,, (mm-/year)

Location Order I* Order 2 Order 3 Order 4 Order 5 Order 6

P7-N1 9.52 13.9 14.15 8.17 9.52 9.84
P7-N2 13.9 14.15 L3.9 9.52 14.15 9.52
P7-N3 9.84 9.52 9.84 9.84 8.17 14.15
P7-N4 14.15 8.17 9.52 13.9 13.9 13.9
P7-N5 8.17 9.84 8.17 14. LS 9.84 8.17

* T h e  ( ir ig in a l  o r d e r  o f  the  data

P7-N1 P7-N2 P7-N3 P7-N4 P7-N5
1 ♦ V

14

12

10

8
O rd er 1, d=0-0.9 rr 

■♦-O rder 2, d=3.2 m 
— O rder 3, d=2.65 m 

O rder 4, d=2.7 m

6

4 I

2 j -* -O rd e r 5, d=0-0.8 m
- o  O rder 6, d= 1 .65 m

0 2 4 6 8 10 12

D istance betw een co re  lociilion.s (ni)

Figure 5.6 The  corresponding d  value est imated using M LM  for Dy,,,, data obtained from 
P7-N with data  being randomly rearranged in several orders.

Based on the preceding analysis and discussion,  the M L M  in the form given in this section 

was cons idered inconsistent  and, therefore, their results could not be relied on to draw a 

final conclusion on the values o f  the parameter  9 for the two deterioration variables under  

invest igat ion ( Q  and Du,,p). it has to be mentioned that the MLM was  used by some 

researchers,  i.e. Li (2()04b), to propose values o f  9 for variables Cs and Da,,,, but no 

invest igat ion such as that performed here was  performed to investigate the reliability o f  the 

method and its applicabi li ty to a small set o f  data points. This raises doubts about the
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reproducibi li ty and repeatability of  the methods used to produce the scarcely reported 0 

values  and hence on the reliability o f  0 values  reported in the literature.

5.3.2 Curve fitting of p ( t ) method

According  to Vanmarcke  (1983), if there are sufficient data measurements ,  and an 

analytical model  for p ( t)  has been chosen,  the nonl inear  regression methods, such as the 

Least Squares  method, can be used to es timate the parameters  o f  the chosen model  (i.e. d  

in the case o f  Gaussian ACF). By curve-fi tt ing the analytical model p(r)  to the correlat ion 

coeff ic ients determined from the experimental data p[-,xp('c), the value for the model  

parameter  d  which produces the best fit can be obtained.  The values for 0 can then be 

obtained in terms of  the model  parameter  d, as given in Table  5.1, The method used to 

calculate />exp(t) will be described in the fol lowing section.

5.3.2.1 T h e  e x p e r i m e n t a l  c o r r e la l io n  c o e f f i c i e n t s pExpĈ )

Cons ider  n(u) number  of  data observat ions of  random variable Z(u) with mean m  and 

standard deviat ion o, the A utocovariance  Function  C(r)  for any separation distance t  and 

the corresponding experimental  correlat ion coefficients piHxp(r) are given by Ramachandran 

ct al., (2001)  as follows:

Where /:{} denotes  the expectation of  the expression {}, and Z(u+x) is the magnitude  o f  

the variable Z at distance x away from Z(u). Hence, for C., and Dapp data sets collected in 

Chapter  4, Equation and Equat ion can be used to plot the experimental correlat ion funct ion 

/ îixp(T). However ,  the number of  data sets collected in this study, and in most  studies 

related to the two investigated variables,  were not sufficient to a llow plotting a complete 

and clear  trend of/jhxp(t) as can be seen from Figure 5.7. in this figure, Ph:xp(x) for C,v data 

obtained from P l -S  were plotted and an attempt was  made to obtain the best fit us ing the 

Gaussian A C F  model . If the correlat ion coeff icients were determined for different lag 

intervals, most  important ly for lag intervals that correspond to the decl ining part o f  the

Equat ion 5.4

Equation 5.5
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analytical ACF model, i.e. more/j|.;xp(T) values for the lag interval <3.0 m in Figure 5.7, a 

better fit can be obtained. Therefore, some statistical interpolation method must be used to 

estimate the ‘ m issing’ data i f  a reliable estimate o f 0 is to be obtained using the curve 

fitting  method. The term ‘m issing’ in this context refers to data at locations where it should 

have been measured, and therefore, needs to be predicted so a reliable estimate o f  0 can he 

obtained. The interpolation method should ensure that the spatial statistics (variab ility) o f 

the original data remain unaffected. In the current study, the measured Q  and Dap,, data 

w ill be used to predict values o f the same variables at other required locations in order to 

increase the number o f data measurements. The technique by which this can be carried out 

is well known in the field o f M in ing Engineering, Geology and more recently in 

Hydrology and Soil sciences and is referred to as Kri^inf> in recognition o f the pioneering 

work o f the M in ing engineer Danie Krige in the year 1951 (Goovaerts, 1997). The 

technique w ill be introduced in the fo llow ing  section.

Gaussian ACF

0

Q.

I +

0 2 4 6 8 10 12
Lag distance, x (m)

Figure 5.7 Actual correlation coefficients /Ji;xp(t) fitted using the Gaussian autocorrelation 
function (ACF) for C, data collected from  PI-S.

5 .3 .2.2 K rig ing

Consider the problem o f estimating the value o f property z at any unsampled location u 

using z-data available over the concrete slab area in which number o f data measurements 

o f  the same property has been obtained from locations a =1, 2, ..., 6., Figure 5.8. Most 

interpolation algorithms (such as inverse distance squared, splines, radial basis functions, 

triangulation, etc) estimate the value at a given location as a weighted sum o f data values at
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surrounding locations. In most cases, they assign weights according to functions that give a 

decreasing weight w ith increasing separation distance. On the other hand, K rig ing assigns 

weights according to a data-driven weighting function, rather than an arbitrary separation 

distance-driven function. The kriging approach and term inology described by Goovaerts 

(1997) are employed here to describe K rig ing approach o f evaluating the ‘m issing’ data. 

Or the additional data required for obtaining a reliable estimate o f 0.

Z(U2)

z(u)=?
2.0

Z(U6)
Z (U 4 )

Z (U l)
.0

0

;

8.02.0 3.0 .■s.o 0.0 7.04.0

(m)

Figure 5.8 Concrete slab w ith measurements o f z-data taken at m ultiple locations except 
at location u where it needs to be predicted.

The basic form o f kriging estimator is;

" ( “ )

Z * ( u ) - / ; / ( u ) =  X  Equation 5.6
a=l

where:

Xu(u) is the ‘ k rig ing ’ w'eight assigned to datum z(Uu) for estimation location u; where the 

same datum w ill receive different weights for different estimation locations, ///(u) and 

/«(Uu) are the expected values (means) o f the random variable Z(u) and Z(Ua). //(u) is the 

number o f data points in local neighbourhood used for estimation o f Z (u ).

%

'I’he estnnation error was defmed as a random variable Z (u)-Z(uu). The goal was then set 

to determine weights, that m inimize the variance o f the estimator:



f j | ( u )  = V a r | z  ( u ) - Z ( u ) |

C h a p ter  5: Estimation o f  the S ca le  o f  Fhictiiation

Equat ion 5.7

Under the unbiasedness  constraint;

£{z*( u) - z (u) }  = 0 Equation 5.8

The RF Z(u) is decomposed into residual and trend components ,  Z(u)=/^(u)+w(u),  with 

residual component  treated as a RF with s tationary mean of  0 and a s tationary covariance 

(a function of  lag, i ,  but not o f  position, u):

The residual covariance funct ion is generally derived from the input scm ivariunce  function  

^(r) as follow:

The kr iging method in its simplest form assumes  the mean //;(u) to be known and constant 

throughout the study area so that m{u)= m  where m is the mean of  the sample data. Only 

this form o f  kriging will be discussed here. For more complex form of  kriging, the author  

recommends  the classic books by Cressie (1993) and Goovaerts  (1997)  for further reading.

If m{u)=m  then Equation can be rearranged to obtain the following expression:

/ • { K ( u ) ! = 0

Cov | / ^ ( u ) , / ? ( u  + r)}  = £ ' | / ^ ( u ) / ? ( u  + r ) | = C / ^ ( r )
Equation 5.9

Equation 5.10

a= \

n(u)
Equat ion 5.11
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♦ * 
This is the unbiased estimate,  since E { Z  (u)-Z(u)}= m-m  =0. The  estimation error, Z (u)- 

Z(u) can be considered as a linear combinat ion of  random variables  representing residuals 

at the data points, u„, and the estimat ion point,  u:

Z * ( u ) - Z ( u ) =  Z * ( u ) tn Z  (u) - ■m

Equat ion 5.12

a  = \

where / ^ ( U u ) = Z ( U a ) - w  and / ^ ( u ) = Z ( u ) - a; ; .  Using rules for the variance of  a linear 

combinat ion o f  random variables, the error variance is then given by:

(T/"-(u) = Var j / ^  (u ) |  + Var  | / ^ ( u ) |  -  2Cov | /^  ( u ) , / ^ ( u ) |

"(u)//(u) //(u) Equation 5.13

« = 1 ;; = 1 0 = 1

To minimize the error variance given by Equation,  we take the derivative o f  the above 

expression with respect to each of  the kr iging weights  and set each derivative to zero. This  

leads to the following system of  equations:

/ l ( u )

X  (u )C / ;  -  u,^) =  C/^ [u ^  -  u,^) ;  a  = 1 , . . . , a ; ( u )  Equat ion 5 . 1 4
;? = l

The system Equation of  //(u) linear equations is known as the system of  equations or the 

simple kr iging system.

Because of  the constant mean,  the covariance funct ion for Z(u) is the same as that for the 

residual component :

Ci{{r) = E[ R[ u ) R[ u  + T)]
Equation 5.15

= E [ [ Z { i i ) - n i ] - [ Z { u  + T ) - m ] }  =  C { T )

So that the s imple kriging system can he written directly in terms o f  C ( t ):
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n { u )

^  X ,^ (u )C (u „ - u , ^ )  =  C ( u q ,  - u , ^ )  a  =  1 , . . . , « ( l i )  Equation 5 .16
;;=1

Using matrix notation, the simple krig ing system (Equation) can be expressed as;

KA.(u) = k Equation 5.17

where K is the n(u) x n(u) matrix o f covariances between data points:

K =

C ( u , - u | )  C ( u | - u „ ( , ) )

C ( u „ ( , ) - U | )  C ( u „ ( , ) - u „ ( , ) )

Equation 5.18

A.(u) is the vector o f simple krig ing weights for the surrounding data points, k is the vector 

o f covariances between the data points and the estimation point:

?.(u) =
Equation 5.19

k =

C(u ,  - u )

Equation 5.20

I f  the covariance model C(x) is permissible (the data covariance matrix is positive definite) 

and no two data points are collocated (i.e. u„ u^ for a ^  rj) then the krig ing weights can be 

solved by rearranging Equation:

> i ( u ) = K ' k Equation 5.21

Once the krig ing weights (?i) are determined, the krig ing estimate can be computed from 

Equation so that:
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Equat ion 5.22
a=l

where:

/ , ( u )

Equat ion 5.23
a=l

5 . 3 . 2 . 3  M o d e l l in g  the s e m iv a r io g r a m  y(T)

The Scm ivariance  Function  y(i) used in Equat ion can be obtained empir ical ly  from a set o f  

data points as follows:

where }'i,xp(T) denotes  the empir ical  semivuriance function, N {\)  denotes  the number  o f  

pairs o f  data that are separated by a lag distance x. When the semivariance funct ion is 

plotted against the corresponding  lags, the plot is referred to as the semivariogram. In 

practice, data may not be sampled  at regular intervals and estimat ing the empirical  

semivariance function (Equation)  can be very tricky due to the need to pool data into lag 

bins.

When performing kriging  to predict the ‘m is s ing ’ data, the empirical  semivariogram, 

yi :xp(T) ,  needs to be replaced with an acceptable analytical semivariogram model , y (T) .  The  

reason for this is that the kr iging algorithm needs access to semivariogram values  for lag 

distances other  than those provided by the empir ical  semivariogram. Therefore,  several 

analytical semivariogram models  have been proposed as a function of  the lag distance. 

Parameters  o f  the analytical model  can be obtained by curve-fi tt ing o f  the proposed 

analytical semivariogram model  to the empirical  semivariogram. Five such analytical 

models  are listed in Table  5.4 with models  number  2, 3 and 4 being the most  f requently 

used. The parameters c and r in the models  listed in Table  5.4 are the model parameters 

that need to be estimated so the selected semivariogram model  can be character ised.  In 

geostatislics,  c is referred to as the Sill  and r as the Practical R ange  as illustrated by Figure

Equation 5.24
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5.9.  Both parameters are obtained by curve  fitting the proposed analyt ical  semiv ariog ra m  

mode l  to the empir ica l  (exper imental )  s em iv ar ia n ces  y[-,xp(T). Figure 5 .9  demonstrates  that 

the va lues  o f  }'i;xp(T) in the r region fits c l o s e l y  wi th the analytical  mode l  o f  y(T). B e y o n d  

the Ra n ^ e  region,  the yi.xp(i) s h o w s  s ignif icant  scatter w hi ch indicates that w e a k  correlat ion  

exis ts  b e tw een  data too  far apart. Su ch behavio ur  is typical  for most  semivar iog ram plots  

o f  natural properties (Go ovaerts ,  1997) .

Table  5 .4  Proposed analytical  semiva riogr am  m o d e l s  (G oovaerts ,  1997).

Name Semivar iogram model y ( T )

I Nugget  cffcct model y [ r )  =

2 Spherical  model

3 Exponential  model

4 Gaussian  model

5 Power  model

|() i f r  =  () 

c o therwise

c ■ 1.5 - 0 . 5

y ( r )  = c -  

r { r )  = c-

1 - e x p

1 - e x p

- 3 r

V y .

X ( r ) = c  • with 0 < co < 2

i f  r < r 

otherwise

u
CO

I I

o
0.8 -

^  0.6 -
oToc
.2
w 0.4 -  
>

0 .2 -  ;

i Range,  r

l O

2000 4000 5000 80*30 10000

L a g  distance,  t (m)

Spherical model

O YBxp(x)

Figure 5 .9  Ty pi ca l  semiv ar io gra m plot obtained from porosi ty data, ( B o h l i n g ,  20 0 5 ) .
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Figure 5.9 indicates that the fitting procedure hence the estimated model  parameters  (r and 

c) are control led by the semivariances  which corresponds to lag distances within the Ranf>e 

region. The significant o f  this is that data measurements  should be taken at lag distances 

that are less than the Range  region if a better fit to the analytical semivariogram model  to 

be obtained. This  issue will be discussed further in Section 5.4.

The decis ion on which of  the analytical semivariogram models should be selected is 

subjective. Sometimes the number o f  data pairs is very small,  therefore, the produced 

yiixp(T) iiiay be noisy (i.e. widely and unsystematical ly scat tered)  and it would be difficult 

to distinguish which of  the available analytical models  would fit the experimental  

semivariogram best. Subject ive judgement  is often used in such cases to choose between 

the models.  In the current study, the Gaussian semivariogram model was chosen due to its 

popular  use by researchers (Goovaerts ,  1997).

in the current study, initially, the experimental semivariogram was determined for each Q  

and Dui,p data set belonging to each crosshead face. The experimental  semivariogram of  

both variables  for P l - S  are indicated in Figure 5.10. As can be seen from the figure, the 

experimental  semivariogram is quite noisy; this is mainly due to the small number  of  data 

pairs that are separated by the same lag interval (plus or minus lag tolerance). For example,  

as indicated in Figure 5.11, the first semivariance value (point #  1) was based on four pairs 

of  data in which their corresponding lags ranged from 2.87 m to 3.48 m. The  second 

semivariance value (point # 2) is based on three pairs of  data in which their lags ranged 

from 6.29 m to 6.34 m. The third semivariance value (point # 3), in both graphs, was 

determined based on two lag distances  that were 9.28 m and 9.77 m. The last semivariance 

value (point # 4) in the figure was  based only on one pair o f  data.

If data were taken at regular grid locations, semivariance values can be est imated for each 

corresponding lag interval rather than for a window o f  lag intervals that are within an 

acceptable lag tolerance. The acceptable lag tolerance refers to the range of  lags that can be 

represented by a middle lag value and often estimated based on subjective judgment  

(Goovaerts,  1997). Furthermore,  as the number  of  data pairs increases, more square 

differences (see Equation)  will be used for calculat ing the semivariance value and the less 

noisy the semivariogram becomes.  This  kind of  analysis reveals details that are o f  extreme 

practical importance for future planning o f  data sampling that aims to investigate the
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spatial v a ria b ility  parameters. S im ila r graphs were plotted in Appendix E fo r Q  and 

data collected from  all other crosshead faces.
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Figure 5.10 Sem ivariogram s constructed using data collected from crosshead beam P l-S  
for (a) C.V and (b) (the in d iv id ua l sem ivariogram ).
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Figure 5.11 Square differences o f  data separated by lags ( t )  v s . corresponding lags ( t ) 

calculated fo r Cs data obtained from  P l-S .

To indicate the im portance o f  having su ffic ien t data points fo r each lag distance, 

semivariance values were estimated from  Cs and D„pp data for all crosshead beams faces 

assuming that all data belonging to the same crosshead face and the corresponding 

sem ivariogram s were then constructed as shown in Figure 5.12. By assuming that a ll data 

have come from  the same crosshead beam face, the number o f data points that correspond
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to each lag interval increases and, as a result, the semivariogram becomes  less noisy. For 

example,  the experimental  semivariances  indicated in Figure 5.12 are scattered closer to 

the analytical Gaussian model  as compared with those indicated in Figure 5.10. The 

semivariograms  obtained in this way (the uveraf’e semivariogram) may be considered as an 

approximation for all the individual semivariograms.  The fitting parameters  of  the 

‘ave rage ’ semivariogram may be used to construct  a semivariogram that is representative 

o f  the data spatial dependence for all crosshead beam faces.
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12

10

8

4

2
O E xperm ental 
 G a u ss ia n  Model

0
14

Lag d is ta n ce , t (m)

(b)

Figure 5.12 Semivariograms constructed using data collected from all tested crosshead faces 
for Cs (a) and (b), (the average semivariogram).

I ’he semivariogram parameters ,  c and /•, which were obtained from lilting the ‘average’ 

experimental semivariances  to the analytical Gaussian semivariogram model ,  were then 

used as an input to the analytical semivariance function employed to perform kriging 

interpolation. The complete  set of  the interpolated data (obtained by kriging) was 

superimposed on the actual data for both variables, and Du,,p, for all eight crosshead 

faces as can be seen from Figure 5.13(a) to Figure 5.20(a). It can be noted that results of  

P2-N were excluded because there were only three data points. Parameters d ,  and hence 0, 

were then determined by fitting the Gaussian A C F  to the actual (experimental)  correlation 

coefficients,  /Ji;xp(T), calculated from the complete  set of  data for both variables, Cs and 

l^app, Figure 5.13(b)  to Figure 5.20(b). It can be seen from these figures that the 

interpolated data forms a smoothly Huctuating curve that passes through the original 

(actual) data for all crosshead cases. It is, therefore, reasonable  to assume that as the 

number o f  the original observations increases, more reliable prediction o f  the ‘miss ing’ 

data can be achieved. The spatial statistics of  the original data was maintained when
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predicting the new data due to the use o f krig ing interpolation. It can be noted from Figure 

5.13(b) to Figure 5.20(b) that the predicted data are spatial correlated and the correlation 

decreases as the distance separating the samples increases. This proves that the predicted 

data are spatially correlated. The second observation that can be made from these figures is 

that the number o f data measurements at lag distances corresponds to the declin ing part o f 

the Gaussian AC F is more significant than measurements made at distances beyond the 

correlation region. This is because the first can contribute to im proving the goodness o f the 

fitted AC F model and hence better and more reliable estimate o f  the parameter 0. 

Therefore, more measurements should have been made w ith in  these lag intervals i f  a 

reliable prediction o f the fitted parameters to be obtained. However, it is not always 

possible to know in advance what m ight be the length o f correlation region for a certain 

property. For this reason, the analysis performed in this chapter provides sign ificantly 

important inform ation regarding the correlation length (and 0) expected for Cs and D„pi, and 

their dependant variables and hence helps for planning future fie ld measurements intended 

for measuring 0 as w ill be seen from the discussion o f Section 5.4.
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Values for the model  parameter  d  estimated using parameters  of  the individual 

semivariogram and parameters  of  the sernivariogram that have been constructed using data 

from all crosshead faces (the average  semivariogram) are listed in Table 5.5. It can be seen 

that the difference in the estimated d  values between the two cases is not very large, with 

the exception of  P3-S for Depp. More discussion on the values presented in Table 5.5 will 

be provided in the coming sections.

5.3.3 The scale o f  fluctuation for Cs

The values o f  9 obtained from the current s tudy for Cs, which are presented in Table 5.5, 

ranges from 1.8 m to 3.7 m with an average of  2.8 m {d= 1.0 to 2.1 m and d  average =1.6 

m). These values correspond to using r and c parameters  determined from employing the 

individual  semivariogram models. When r and c were determined from employing the 

average  semivariogram models,  0 was found to range from 1.9 m to 3.5 m with an average 

value of  2.7 m { d -  1.1 to 2.0 m and d  average =1.5 m). The value reported by Karimi 

(2001) for 9, which was determined using the Curve Fitting method,  was  based on the 

analysis of  Cs data collected from three crosshead beams exposed to de-icing source of  

chlorides. For one of  the three crosshead beams,  the reported values o f  9, Table 5.6, were
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estimated using 11 samples collected over a length of  15 m. The number of  samples and 

the size of  area by which the samples were collected from, were not provided in the 

original reference for the other two crosshead beams.  Both values, the average value (i.e. 

0=2.7 m) and the value proposed by Karimi (2001), compare well as the later is within less 

than one standard deviation of  the first.

Table 5.5 The model parameter,  d,  for Q  and variables (Values with 
bold fonts are based on analysis of  5 observations).

. 1 
Pier lace d{ Q) for C'v in m (6) for D,,/,,, in m

i *  * * * *

Pl-S 1 2.K3.7) ! 2.0(3.5) 2.1(3.7) 1.7(3.0)

P 2 -N ' ' ' - I - -

P2-S ' f.6(2.8) 1 1.5(2.7) iT272.T)^^" i)79(T76) ' j

P3-N
- - - - - - - - - - - - - - - - - - - - - - - - - - - -  4 -

P3-S !

1.0(1.8) 1.1(1.9)
1

1.7(3.0) 1.1(1.9) I

I .5(2 .7) ^  1.3(2.3) 2 .7 (4 .8 ) 1.4(2.5) '

P4-N  : 1.9(3.4) ! 1.9(3.4) 1.0(1.8) 0 .8 (1 .4 )  !

P4-S 2.oT3.5) I.5(2.7T^ i.oTT.8) (>.9(1.6)

P7-N \ 2 { 2 . \ ) i.iTr.9) 0^(1.6) 0.9(1.6)

P7-S 1.7(3.0) 1.4(2.5) 1.8(3.2) 1.3(2.3)

A verage 1.6(2.8) 1.5(2.7) 1.6(2.8) 1.1(1.9)

S tandard  devia tion 0 .4 (0 .6 ) 0 .3 (0 .6 ) 0 .6 (1 . ! ) 0 .3 (0 .5 )

* d  values  es t imated based on pa ramet ers  ol the in d iv id u u l s emivar iogram.  
** d  values  es t imated based on pa ramet ers  o f  the a vera g e  semivar i ogram.

Table 5.6 Results for the Scale of  Fluctuation reported in the literature.

S cale  o f  l luctuation, 9 (m ) 

Rcl'crcncc i_______________________________________
c .

K cnshel (2009) 2.7 1.9

Karimi (2001) 1.96 0.35

E ngclund  (1997) 1.8 (^/=1.0) 0.2-0.5

C ase  1 0 .2 (r/=0.1) 0 .7 (J={).4)

C a se  2 0 .7 -89  (c/=0.4- 50) 0 .7 -8 9 (J= 0 -5 0 )
*Li (2004b)

C a se  3 0 -177  (f/=0-100) 0-255 ( J = 0 -1 4 0 )

C a se  4 3.5 (^/=2.0) -

* Li (2004b) wrongly gave the name 'the scale of fluctuation’ to the parameter d
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Li (2004b)  col lec ted  Q  and Da,,p data from four di fferent cases  for the s tudy o f  9, Figure 

5.21.  In the first case,  Li (2004 b)  es t imated 0 for both  var iables  Cj and D„pp, based on six 

data points col lec ted  f rom two rows  wi th in  1.5 m x 0.5 m concre te  slab,  three from each 

row,  the d i s tances  b e tw een  sam ple  locat ions  w e re  0.5 m in the longi tudinal  d irec t ion and 

0 .2 m in the t ransverse di rect ion.

In the second case,  the analys is  w a s  carried  out  on data collec ted from an ag ing br idge  at 

locat ions  that  are w idely  spaced.  The  distances  bet w een  core locat ions  in this case,  as 

indicated in Figure 5.21,  were;  90  m, 0.5 m,  135 m and 0.5 m respect ively.  In the third 

case,  the data for both var iables we re  col lec ted  f rom locat ions  that are also widely  spaced,  

with  the d is tance  sepa ra t ing the six sam ples  bei ng 0.5 m, 36 0 m, 0.5 m, 90  m, 0.5 m 

respect ively.  Us ing  the M L M ,  Li (2004b)  found that d  value  ranges  from 0.4 m to 50 m for 

both  var iables  for the second  case and between  0 to 100 m for C,  for the third case.  

Clearly,  the spac ing  be tw een  the cores  locat ions  in both cases  make the results less 

reliable,  as w a s  ack n o w led g ed  by Li (2 00 4b )  w h o  con c luded that the dis tance between  the 

samples  has to be  in the range o f  0.5 m to 10 m for the param eter  0 to be reliably es t imated 

from the sam ple  data for the propert ies  o f  interest.

In the fourth case,  Li (2004b)  es t imated values  for d  for var iable C ,  based on the analys is  o f  

chloride con ten ts  at three di fferent concre te  depths ,  na m ely  at 0 -1 0 m m ,  10-30 m m  and 30- 

50  mm. Th e chlor ide  con tents  were  obta ined from sam ples  that we re  taken f rom a six year 

old tunnel  that had been exposed to a chlor ide  envi ronment .  A total o f  twelve sam ples  were  

taken at locat ions  as indicated  in Figure 5.21.  T he  value  for d  es t imated by Li (2 0 04b)  from 

this case for C^, w hi ch  have been  indicated in Tab le  5.6,  was  based on the analys is  o f  the 

chloride con ten ts  at depth  0 -10  m m. It can  be seen that the f luctuat ion pa rameter s  

es t imated in the four th case does  not represent  the f luctuation pa rameter  o f  the var iable  C,.  

Th is  is due  to the fact that C ,  is inf luenced by the chlor ide prof ile through out  the cover  

region and can not be  represented by the chlor ide  content  at the outer  region alone.  

Fur thermore ,  s imi lar  to the proceed ing  two cases ,  the d i s tances  be tw een  sam p le s  are very  

large, therefore ,  any es t imat ion o f  the fluctuation pa ram eter s  that are based on such large 

d is tances bet w een  sam pl es  cannot  be considered as reliable.

Based on the avai lable  l iterature,  the value  o f  0 for C,  can be as sum ed  to be in the range o f  

0.2 m to 3.5 m.  Table  5.6. The  results o f  the pa ram ete r  0 for the  var iable  Cs based on the 

fluctuation analys is  o f  the chlor ide  prof i les  obt a ined  f rom the eight  cr osshead faces
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considered in the current study are within this range, therefore it can be assumed that 0 for 

C_s is in the order of  2.7 m.
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Figure 5.21 Concrete cores arrangements  that have been used by Li (2004b) for the 
study o f  0 for Q  and Dapp, distance between samples  is in (mm) except  for Case 4 in 
meters.

5.3.4 The scale of fluctuation for Da,,,,
The values o f  0 reported by Karimi (2001) for the variable D^pp was not based on the 

analysis of  the field data in the same way the 0 \ a lu e  for was estimated. The 0 value 

indicated in Table 5.6 for D^pp was proposed based on the suggest ions by Engelund and 

Sorensen (1998) that the spatial variability o f  Dapp is closely associated with the 

microstructure of  the concrete and that the 0 of  such variable exhibits a random spatial
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f luctuation at interval lengths  o f  about  0.2 m to 0.5 m. T he  average o f  the two values  was  

then used by Karimi  (2001)  to represent the 9 for as indicated in Table  5.6.

T he  values  o f  0 for Dapp which have been reported  by Li (2004b)  we re  0.7 m (cl=i)A m) 

from Case  1, 0.7 to 89 m {d=()A to 50  m)  from case  2 and 0-255 m (<:/=()-140 m) for case 3. 

Whi le  0 values  reported by Li (2 00 4b )  from Case  s tudy 2 and 3 cannot be conside red  

reliable for the sam e reasons  indicated in the previous  section wi th respect  to Cs, the value 

reported from Case  I is wi thin the range suggested  by Engelund and Sorensen (199 8)  and 

later adopted by Karimi  (2001) ,  Table  5.6.

Th e results o f  pa rameter  0 o f  obta ined from the current  s tudy,  and presented in Table  

5.5,  range from 1.6 m to 4.8 m (c l-0 .9  m to 2.7 m)  whe n  the inclivitliial sem ivar iogram  

parameter s  we re  used.  When  \.ht A v e r a g e  sem ivar iog ram  parameter s  we re  used,  0 found to 

range from 1.4 to 3.0 m ( J= 0 .8  to 1.7 m). T he  value  o f  0=4.8 m { d -2 .1  m)  m ay  be 

cons idered as an out l ier if compar ed  wi th the rest o f  the results.  If this is the case,  the 

average  value  o f  0, w h e n  the ind iv idua l  sem iva r i og ram  model  parameters  w e re  used,  

b eco m es  2.5 m,  about  3 2 %  higher  than that ob ta ined when  the average  s em ivar iogram  

pa ramete rs  we re  used (0=1.9 m).

It can be noticed that the average 0 value  for obta ined from the current  s tudy is about 

five t imes that reported by Engelund and Sorensen (1998)  and Li (2004b) .  Whi le  the value 

reported  by Li (2004 b)  from Case  s tudy 1 w as  es t imated wi th the M L M  which have been 

show n  to be inconsis tent ,  Engelund  and Sorensen  (1998)  have not sh ow n  how  they have 

es t imated their value.  Furthermore ,  in his reliabil i ty based analysis,  Li (2004b)  finally 

ignored that  value  and  used a value  o f  0=3.5 m (d -2 .i )  m) for both var iables and C,. 

Therefore ,  it w ou ld  be reasonable to as sume that the value  est imated from the current  s tudy 

is wi th in  the m in im u m  and the m a x i m u m  value  that had been reported  in the l i terature wi th 

regard to var iable

C ons ide r ing the available l i terature est imates  o f  the  param eter  0 for Da,,,„ and based on the 

pr eceding  discussion,  the value  es t imated from the current  s tudy can be regarded as the 

most  reliable to the t ime o f  wri t ing  this thesis.  Value  o f  0=1.9  m (c/=l. l  m)  for D^pp will be 

used as an input for the RF  model  to be developed in Chap te r  6.
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5.4 RECOMMENDATIONS FOR SAMPLING LOCATIONS

The procedure for model l ing the semivariogram from the available field data has 

highlighted the importance o f  sampling at frequent distances rather than from arbitrary 

locations when investigating the parameter 0. The implication o f  not sampling at frequent 

distances has been presented in Sect ion 5.3.2.3.  As  explained in the relevant section,  

sampling at frequent intervals will  ensure that multiple semivariance values for the same  

lag interval are obtained. Therefore,  there will  be no need to pool lags that have close  

values together when constructing the semivariogram model  from the sampled data.

Based on the current investigation, for the purpose o f  obtaining a distinct semivariogram  

model  that can be fitted by the proposed analytical mode,  a minimum o f  two lag intervals 

have to be smal ler than the expected p r a c t ic a l  range  parameter, r. From the current 

investigation, value for r can be assumed to be in the order o f  /-=1.81 m for the case o f  Cs 

and / = 1.14 m for the case o f  Dupp ‘is already indicated in Figure 5.12.  Arrangement for the 

samples  location and the distances between them proposed for future work are show  in 

Figure 5.22.  The value o f  X] is found to be better between 0 .2-0 .5  m and X2 between 0.4-  

0.8 m. To further explain the usefulness o f  speci fying values  within the range already 

given.  Table 5.7 indicates the frequency o f  each possible lag interval that corresponds to 

chosen X|=0.3  m and X2=0.7 m. This arrangement was des igned to produce as many lag 

intervals within the expected range o f  sample correlation which will  help in describing the 

mounting part o f  the semivariogram model .  Figure 5.23.  The number o f  samples  proposed 

here should be taken as a minimum. It has to be kept in mind that some samples  may not 

yield any results that can be used in the analysis,  as a result, the frequency that corresponds  

to som e  lag intervals will  be reduced and hence a ‘noisier’ semivariogram plot will  be 

obtained. If resources allow,  more sample  pairs should be taken. As the number o f  sample  

pairs increase, the frequency that corresponds to the same lag interval wi ll  also increase 

and as result a smoother semivariogram plot will  be obtained.

The measurement planning procedure proposed here can be em ployed  when the 

instrumentation o f  new and existing structures is performed. For example ,  instrumentation 

o f  structures should be des igned in a way  not only to provide statistical information o f  the 

related deterioration parameters but also to provide information which is necessary for the 

model l ing o f  their spatial variability.
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Figure 5.22 Proposed sample locations for investigating the scale of fluctuation.

Table 5.7 Frequency of lag intervals correspond to choosing X|=0.3 m, X2=0.7 m

Lag, T (m) 0.3 0.7 1.0 1.3 2.0 2.3 3.0 3.3 4.0 4.3

Frequency 5 4 8 4 6 3 4 2 2 I

* Expermental 
"" — Gaussian model

Sill, c

Range, r

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Lag distance (t ), m

Figure 5.23 Schematic representation of the possible semivariogram plot that can be 
achieved by using sampling configuration as proposed by Figure 5.21 and Table 5.6.

5.5 CONCLUSIONS

The main objective of the experimental work carried out in this study was to estimate 

values for the scale o f lluctuation, 0, o f Q  and Dap/, variables from data collected from an 

aging structure exposed to marine environment. Once 0 values for the two deterioration 

variables are estimated, they w ill be used as input parameters to generate spatially 

correlated data as part of the RF model which w ill be developed in Chapter 6. Two 

estimation methods have been applied to the data collected in Chapter 4 for the two
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investigated variables. Eight groups of  results each consist ing o f  four or five observat ions 

were analysed using the M LM  described by Li (2()04b) and the Curve Fitting to p ( t ) 

Method proposed by Vanmarcke  (1983). The M LM  was found to be inconsistent and did 

not yield a unique value for the investigated fluctuation parameter  in most  cases.

The curve fitting method (Vanmarcke,  1983) requires the ‘missing’ data to be predicted. 

The Kriging  method (Ramachandran  et uL, 2001)  of  statistical interpolation was proposed 

to predict the missing data at locations where samples  were not taken. Unlike most  of  the 

ordinary interpolation algorithms which assign weights  according to funct ions that give a 

decreasing weight  with increasing separation distance between the data samples,  Kriging  

assigns weights  according to a data-driven weight ing function. The theory and the concept 

of  the method were presented in Section 5.3.2.2. The method has been used in other  fields 

of  science such as Min ing Engineer ing, Geology and more recently in Hydrology and Soil 

sciences. Its use however  in the field of  structural engineering is almost non existent with 

the except ion of  work by Ramachandran et al. (2001)  and Karimi (2001). To use Kriging  

for the prediction o f  the missing data, knowledge of  the associated semivariance models 

which describes the spatial correlation between data is essential. Parameters  of  such model 

can be obtained from curve fitting a proposed analytical model  to that obtained from the 

experimental ly collected data as discussed in Section 5.3.2.3.

Values of  0 for the two investigated deterioration variables obtained using the curve-fitt ing 

method have been compared to values  reported in the literature. When compared to the 

literature, the 0 value obtained from the current study for the variable C,v, was found to be 

1.3 times that reported in the literature. As for the 0 value obtained from the current 

study was found to be 5 t imes that reported in the literature. Based on the investigation 

carried out in the this chapter  with respect to the estimat ion methods,  the number  of  sample 

data, distance separating samples  and the number of  group of  samples  that have been used 

by other researchers for the estimat ion of  0, the results obtained from the current  study for 

both variables and in particular for Dapp, can be regarded as the most  reliable up to the date 

of writing this thesis. The  means and standard deviations o f  the parameter  0 obtained from 

the current study for C,  and variables are summarised in Table 5.8.
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T ab le  5 .8  M e a n  and s tand ard  devia t ion o f  the Scale  o f  Fluctuat ion 0 
(in m)  o b ta in ed  f rom the current  s tudy for Q  and Dapp-

V ariab le M ean S tandard  devia t ion

c . 2.7 0.6

Dapp 1.9 0.6

Finally,  b a se d  o n  the  ob ta ined  0 val ues  for both  var iables ,  and Dapp, s a m p le  locat ion for 

future ex p e r im en ta l  inves t igat ion o f  the f luc tuat ion prope r ty  o f  these tw o  var iab le s  have 

been p ro posed .  T h e  p ro p o se d  a r r an g e m e n t  for s a m p l i n g  locat ion w as  des igned  in such a 

w a y  so  that  a d is t inc t ive  expe r i m en ta l  s em iv a r io g r am  plot  can be  ob ta ined  f rom  the 

m i n i m u m  poss ib le  n u m b e r  o f  sam ple  data.  T h e  p r oposed  s am pl ing  p ro c ed u re  a im s  to 

i m p ro v e  the  qual i ty  o f  the  empi r ica l  s em iv a r io g r a m  plot  by  achieving;  (i) h ighe r  f r equency  

for the s a m e  lag in terval  w h ich  wi ll  reduce  the  var iabi l i ty  o f  the s e m iv a r i a n c es  that 

co r re sp o n d  to the s a m e  lag  interval  and therefore  resul ts  in m u ch  s m oo the r  s em iv a r io g r am  

plot;  (ii) m ore  lag in tervals  wi th in  the expected range o f  s am ple  corre lat ion  w h ic h  will  help  

in d e sc r ib in g  the m o u n t i n g  part  o f  the s e m iv a r io g r am  mode l .  T he  m eas u r em e n t  p l an n in g  

p ro ced u re  p ro p o sed  here  can be e m p lo y e d  w h e n  in s t rumen ta t ion  o f  s t ructures  is carr ied  out 

(i.e. by  H e a h h  M o n i to r in g  Sys te m  o rgan isa t ions )  so that da ta  obta ined can be o f  a full 

u sef u lness  for pr e sen t  and fu ture assessment .
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6.1 INTRODUCTION

C hapter 6: D evelopm ent o f  the RF -hased m odel

As explained in Chapter  2, Reinforced Concrete (RC) structures in chloride environments 

undergo a series of  deterioration stages that affect both the visual condition of  the structure 

as well as its load carrying capacity and hence its safety. The surface condition of  the 

structure during its lifetime may be termed as the ‘Condit ion’ profile whereas the lifetime 

performance of  the structure with regard to its load carrying capacity may be referred to as 

the ‘Safety’ profile (Frangopol et al., 2001; Neves and Frangopol, 2005). Due to the 

common parameters associated with the limit states evaluation (material properties, 

environmental and exposure conditions, geometrical arrangements, etc.), positive 

correlations are expected to exist between the level of deterioration for both profiles 

(Condition and Safety) at any given time during the life of the structure. Therefore, it 

would be more appropriate if both profiles were predicted using the same approach and 

where possible the same physical/empirical deterioration models and parameters. The first 

major objective of  this chapter is to develop a stochastic model that allows investigation of  

the possibility of such integration using a hypothetical RC structure affected by chloride- 

induced corrosion as an illustrative example.

The lifetime performance of  the structure in terms of its ‘Condit ion’ profile can be 

represented by the proportion of  the concrete surface area that is showing signs of 

corrosion-induced damage (A^%). This damage may be defined in terms of  the area of  steel 

bars where corrosion has been initiated, the appearance of  cracks with a specified limiting 

width on the surface of the structure or in terms of  surface spalling of the concrete cover 

due to the ongoing reinforcement corrosion. Existing works which considered the structure 

or its components as homogenous (not considering the spatial variability of  the random 

variables) could not predict Ax% over time (i.e. A^%  is either 0% or 100%). This is because 

the available methods do not require that the surface of the assessed structure/component 

to be discretised into number of  elements of  an appropriate size so the percentage of  A^%  

can be computed as discussed in Chapter 3. The concept of  computing A,^% was made 

possible by using the Random Field (RF) theory introduced in Chapter 3. A number of 

researchers (e.g., Engelund,  1997; Li, 2004b; Malioka and Faber, 2004; Vu and Stewart, 

2005; Kenshel and O'Connor,  2009) have shown that by applying RF theory, it is possible 

to predict the percentage of  the surface area of  the structure that is affected by chloride- 

induced corrosion at any given year during the structure service life provided that models 

to compute times for different deterioration stages are available.
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As w a s  m en t io n ed  in C h a p te r  3, the p ro ced u re  o f  u s ing  R F  to pr ed ic t  A ^ %  at any g iv en  

yea r  invo lves  the d iscre t i sa t ion  o f  the s t ructure  or  s t ructura l  c o m p o n e n t  into smal l  e l e m e n ts  

and t rea t ing the  ra n d o m  var iab les  (mate r ia l  proper t i es ,  ge om et r ic a l  d im e n s io n s ,  etc. ) w i th in  

each e l e m e n t  as a spat ia l ly  constant .  T h e  s ta t i s tica l  co rre l a t ions  b e tw e e n  the r a n d o m  

var iab les  for di f ferent  R F  e lem e n ts  are spec i f i ed  bas ed on the co r re la t ion  cha rac te r is t ic s  

p rov ided  by  the Scale  o f  F luctuat ion  (0) an d  the A u to co r re l a t i o n  F unc t ion  p(x)  

( V a n m a r c k e ,  1983).  S u c h  co rre la t ion  cha rac te r is t ic s  have not b e e n  ava i la b le  in the 

l i terature w h ic h  requi red  the ex tens ive  ex p e r im en ta l  w o r k  (C h ap te r  4)  and the  s tat is tica l 

analys i s  ( C h ap te r  5)  to be  pe r fo rm ed  to p ro v ide  the una va i l ab le  i n fo rm a t ion .  O n c e  s uch  

in fo rm at ion  w a s  o b ta in ed  and the s tochas t i c  R F  is def ined,  the M o n te  Car lo  ( M C )  

s im u la t i on  te chn ique ,  exp la in e d  in Sect ion  3.3.3,  can  be  used to r a n d o m l y  gen e ra te  v a lu es  

o f  the r a n d o m  var iab les  for each o f  the d is cre t i s ed  R F  e lem en t  fo l l o w in g  the p ro c ed u re  

w h ich  w a s  desc r i bed  in S ec t ion  3.4.4.

T h e  R F  based  s tochas t ic  m ode l  d e v e lo p e d  in this ch ap te r  has the  ad v a n ta g e  o f  u s ing  site- 

spec i f i c  mate r ia l  and dete r iora t ion  prope r t i e s  w h i c h  w e re  col l ec ted  f r om  Fer ryca rr ig  Br id ge  

(C h ap te r  4 an d  C h ap te r  5) as input  par am eter s .  T h e  m ode l  w a s  ini tial ly a im ed  at predic t ing 

ba se d  o n  w o r k s  carr i ed  out  by Li et al. ( 2 0 0 4 )  and  by V u  and S te w ar t  (2 0 0 5 )  and  w a s  

fur ther  d e v e lo p e d  here to predic t  the loss in the  load ca rry ing  ca pac i ty  (S afe ty  prof i le)  o f  

the co r ro d in g  s t ructure  us ing  the Rel iabi l i ty  Index (fi) as a p e r f o r m a n c e  indicator .  T h e  

ef fec t  o f  p i t t i ng  co r ro s ion,  a p h e n o m e n a  d i scu ssed  in Sect ion 2 .5 .3 .2,  w a s  a lso taken  into 

con s ider a t ion .  T h e  s ec o n d  m a jo r  o b jec t ive  o f  th is  ch ap te r  is to apply  the pr incip les  o f  RF  

theo ry  d i scussed  in C h a p te r  3 to m o d e l  the ‘C o n d i t i o n ’ prof i le  and inves t igate  h o w  spat ial  

var iabil i ty  in f l uen ces  the  ‘S a f e t y ’ prof ile.

O n c e  the m a x i m u m  ac cep tab le  su rf ace  area  d a m a g e  Axmax% (d i scussed  in S ec t ion  2.6) or  a 

m i n i m u m  target  re liabi l i ty index P \  (d i scussed  in Sect ion 3 .3 .4 )  is reached ,  then the  two 

prof i les  (C o n d i t io n  & Safe ty)  can  be used to de te rm in e  the  o p t i m u m  t ime to first 

re p a i r /m a in te n an ce  in tervent ion.  T h i s  a p p r o ach  p ro v ides  a ra tional  tool by  w h ic h  two  

di fferent  cr i ter ia  ca n  be appl ied  to d e t e r m in e  the  o p t i m u m  t ime to first r e pa i r / m a in te nance  

as i l lus t ra ted in Figure  6.1.  T h e  f igure  sch e m a t ic a l ly  i l lus tra tes the a p p r o ach  fo l low ed  in 

this thes is to predic t  the t ime  to first r e p a i r /m a in te n an ce  in tervent ion.  It a lso s h o w s  how 

mater ia l  prope r t i es ,  de t er io ra t ion  m o d e l s  and s tat is tica l p a r am ete r s  can all be  sha red by the 

tw o  predic t ion mode ls ,  the C o n d i t i o n  and the Safe ty .  T he  cr i ter ia used for  d ec id in g  the 

t ime to first repai r  based on the  cond i t ion  s tate ( T r i g )  is the Axmax, whi le  the cr i ter ia used to
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decide on the time to first repair based on the safety state ( T r i s )  i s  controlled by /3j. The 

approach developed in this chapter, which has not been considered before in the literature, 

offers an opportunity where the Serviceability Limit State (SLS) and Ultimate Limit State 

(ULS) related performance criteria are being dually modelled for the purpose of  

investigating the optimum time to repair/maintenance intervention.

Structural Lil'etime P e lr o m a n c e

C o n d it io n  ( t ) S a fe ty  (/ )

L o s s  o f  F le x u re  &  
S h e a r  s t r e n g th s

P r o p o r t i o n  o f  d a m a g e d  
s u r f a c e  a re a  A x  %

M a te r i a l s
P r o p e r t i e s

D e te r io ra t io n
M o d e l s

A  xrnax % Sta t is t ic a l
P a r a m e te r s

T i m e  (y e a r s )

O p t i m u m  t im e  to  fi rst  r e p a i r / m a i n t e n a n c e  | 
( T m c  o r  T i n s )  i

Figure 6.1 Optimum time for repair/maintenance intervention flowchart.

For the ‘Safety’ profile to be realistically modelled, a probabilistic modelling of  the load 

effect based on real traffic data should be considered. In this chapter real truck load data 

obtained from a Weight in M otion(W IM )data  collection system was analysed using 

Extreme Value (EV) statistics to obtain the maximum load effect for the remaining 

‘serviceable life’ of  the structure. This is another addition to the work done to date with 

regard to the service life modelling of  corrosion affected RC structures. In previous works,  

researchers used either codified deterministic load effect models or predictive probabilistic 

models that are not based on real traffic data. EV statistics and its application to predicting 

the maximum load affect of  highway bridges will also be discussed in this chapter.
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6.2 CONDITION PROFILE MODELLING

Modell ing the Condit ion profile for an RC structure is necessary due  to the fact that the 

criterion most ly used by researchers,  local agencies,  assessment  engineers ,  etc. to decide 

on the t ime and the type o f  the repair /maintenance intervent ion is directly related to the 

condi tion state. For example,  and as discussed in Section 2.6, maintenance  and repair o f  

corroding RC structures is often decided when a certain percentage i4xmax% o f  the s tructure 

surface area has shown signs of  corrosion related damages.  Values  o f  these percentages 

were found to vary s ignificantly f rom agency  to agency  and from engineer  to engineer.  

However ,  based on the review carr ied out  in Section 2.6 and in terms o f  init iat ion of  

corrosion as the damage  type, a value o f  Axmax = 25%  was  proposed  for the w ork  o f  this 

thesis,  and in terms o f  the appearance o f  1.0 m m  wide cracks as the damage  type, a value 

o f  i4xniax =1.5% was proposcd.  It is, therefore,  important  that the Cond it ion profile is 

model led accurately for these performance  indicators to be identified for a given  structural 

assessment  case.

It was shown in Chapter  3 that RF model l ing is a powerful  tool that can be used to predict 

the deter ioration of  the surface condit ion of  the corroding s tructure  over  t ime.  To  

demonstrate  applicat ion of  RF  theory to the field o f  RC structures, a hypothetical  RC  T- 

beam girder  was considered and assumed to have been exposed to chlor ide attacks since its 

construction. Fol lowing the RF  approach  descr ibed in the literature (e.g., Engelund,  1997; 

Haidar  and Mahadevan,  2000;  Malioka and Faber,  2004;  Vu and Stewart ,  2005)  which  was 

further explained in Chapter  3, the beam surface was  discretised into num ber  o f  small 

e lements .  The  discretisat ion o f  the beam will be discussed later in Section 6.2.1. The 

chlor ide- induced deter iorat ion models  discussed in Chapter  2 were then employed  to 

descr ibe the deteriorat ion process  o f  the concrete  surface condit ion with t ime for each 

individual  RF  element .

As discussed in Section 2.2 and indicated by Figure 6.2, four dis t inguished phases  o f  the 

deterioration process  were recognised. However ,  due to the lack o f  quant if ication models  

that can be used to descr ibe the fourth s tage (Time to concrete  spall ing Tsp), only the first 

three stages were considered in this thesis. The  three recognised deteriorat ion s tages  are: (i) 

the corrosion initiation stage (r, ) ,  (ii) the crack initiation stage (first cracking)  {T\si) and 

(iii) the crack propagat ion s tage {Tcp). The  propagat ion period (7),) thus consis ts o f  T\si and 

Tcp. Models  descr ibing each o f  the deter iorat ion s tages  have already been discussed in
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Chapter 2 and will be briefly revisited in the upcoming sections to show how they have 

been employed in the current model for the formulation of the limit states considered.

Spalling

1.0 mm cracksco
0.05 mm cracksO

Depassivation
C (@ C d)>C cr

Time
T, Tut Tcp Tsp (years)

Tp

Figure 6.2 Initiation and propagation stages.

6.2.1 Structural discretisation

The hypothetical RC beam used in this study to demonstrate the influence of considering/ 

neglecting spatial variability on predicting the optimal time to first repair/maintenance 

intervention was taken from Enright and Frangopol (1998a). The RC T-beam highway 

bridge is located near Pueblo, Colorado and is designated as "Colorado Highway Bridge L- 

18-B G \  The bridge consists of three 9.1 m simply supported spans where each span has 

five girders @  2.6 m centres. The cross-section of the beam girder is shown in Figure 

6.3(a). It is assumed in this study that the considered beam girder is exposed to chloride 

ions penetration from all three exposed surfaces as indicated in Figure 6.3(b).

It was already explained in Section 3.2.4 that in an RF model, material and geometrical 

properties are considered not to be perfectly correlated (i.e. spatially constant) within a 

structure or a component, but rather vary across the structure with some limited field 

correlation. For this spatial variation to be considered and for the extent o f  damage to be 

predicted, the structure surface needs to be discretised into a number of small 

square/rectangular elements so values for the random variables can be assigned for each
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RF e lem e n t  wi th co rre la t ion  b e tw een  the e l em e n t s  taken  into ac count  d u r in g  the  ra n d o m  

v ar iabl es  gene ra t ion  process .

2 D.,v 
8 D..M

(a)

. hi

CilV

(C)

i
C t I M  2

•  • -

CilMl

CilMl
lO v

(h)

Cl

I 2.6 m I 2.6 m |  2.6 m j 2.6 m j

(d)

Figure  6.3 (a) R ei nforc ed  conc re te  bea m  cross-sect ion,  (b) chlor ide  at tack,  (c)  
re in fo rc emen t  detai l s,  (d)  g i rde r  spac ing.

In the b ea m  gi rder  u nde r  con s ider a t ion ,  for the  two ver tical  s ides  o f  the b eam ,  a T w o -  

D im en s io n a l  R F  mod el  that  w o u ld  take into ac coun t  the f luc tuat ion o f  the ra n d o m  

var iab les  in bo th  d i rec t ions  can be used.  If  the  f luc tuat ion  o f  ra n d o m  var iables  in one  

di rec t ion o f  the b e a m  (e.g.  the t ransve rse  d i rec t ion)  can be  neg lec ted  c o m p a r e d  wi th  the 

longi tudinal  d i rec t ion,  a s im p le  O n e - D i m e n s i o n a l  m o d e l  can be  appl ied ,  in the  cur rent  

case ,  in the  O n e - D i m e n s i o n a l  R F  m ode l  the b e a m  is d iscre t i sed  into st rips  ( r ec tangu la r  

e l em en ts )  o f  a w id th  Ax (m )  and a height  that  is equa l  to height  o f  the b e a m  w e b  (hw) as 

s h o w n  in Figure  6 .4(a) .  In the T w o - D i m e n s i o n a l  R F  m ode l  the ver tical  faces o f  the  b e a m  

were  d ivided into mul t ip le  equal  s e g m e n t s  w i th  a ver tical  s ize A y  = h j k y  (m )  w h e re  k y  is 

the n u m b e r  o f  R F  e lem e n ts  speci f led  for the ver tical  d i rec t ion.  Figure  6.4(b).  T h e  s a m e  

m e s h in g  pr inciple  coul d  be appl ied  to the  b o t to m  face  o f  the b eam ;  h ow ever ,  due  to the 

re la t ive ly  s m a l l e r  w id th  o f  the b eam  b o t to m  (hw=OA m )  as co m p a r e d  wi th  the  length o f  the 

b e a m  (9 .6  m),  on ly  O n e -D im e n s io n a l  m e s s i n g  m o d e l  w a s  cons ide red  for the b o t to m  face,  

Figure  6 .4(c) .  T h e  s ize o f  the RF  e l e m e n ts  wi l l  be  d i scu s sed  in Sec t ion  6.2.1.2.
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Ax
1

A y = / l H '  (m)
, i= i ,i=2

i
J = kx

9.1 m

b) 1- D i m e n s i o n a l  RF

Ay=/lM /ky (m) j __

Ay=/jM /ky (m)

,1 = 1 j=2 J = kx

j = k y

▲
9.6 m

▲

a) 2 - D i m e n s i o n a l  RF-
Ax

. 1 
Ay=/)«  (m) ^

c )  1 - D i m e n s i o n a l  RF  ( be a m bo t to m)

Figure 6.4 Discretisation of  the beam into k number of RF elements.

6.2.1.1 The autocorrelation function

The role of  the autocorrelation function in RF modelling was demonstrated in Section 3.4.2 

and Section 5.3. Several types of  autocorrelation functions that have been reported in the 

literature were discussed in the aforementioned sections.

,i=i J = k x

The autocorrelation function is needed to specify the correlation coefficients between any 

two neighbouring RF elements separated by distance, t . To date, no specific 

autocorrelation function has been favoured for the type of  analysis that is similar to the one 

carried out in this study. However, the Square Exponential autocorrelation function. 

Equation 3.21, is the most frequently used by researchers in field of RC corrosion (Li et 

a i ,  2004; Malioka and Faber, 2004; Vu and Stewart, 2005) and therefore was used in the 

current thesis for the analysis o f  0 as indicated in Chapter  5 and will also be used in this 

chapter to generate the correlation coefficient matrix. The Two-Dimensional form of the 

Square Exponential autocorrelation function is expressed as follows;

180



p ( r )  = exp fkJ \ 2
r i M  ^

2

I J

Chapter 6: Developm ent o f  the RF-hased model

Equat ion 6.1

where  cl̂  and dy are the model  parameters  (correlation lengths) for a Two-D im ensiona l  RF 

in X and y direction respect ively which is related to 0 through the relation 0 = Vto/ (see 

Section 3.4.3), and Zx = xj+i - x,, Ty= yj+i - y, is the distance be tween  centre o f  e lements  j and 

j+1 in x and y directions respectively,  if a One-Dimensiona l  RF  model  is considered the y 

component  is neglected.

From Equation,  it can be observed that the degree of  correlat ion be tween  the RF  elements  

is dependant  upon two main parameters ;  correlat ion length (d), hence 0, and the distance 

( t )  which is directly dependant  on the element  size Ax and Ay. In order  to obtain an 

appropriate  d  value for a RF  variable (i.e. a random variable that is a lso a spatially 

variable),  data sets consis t ing of  sample measurements  taken at f requent  distances  are 

needed. In practice, as discussed in Chapter  5, such measurem ents  are rarely taken at 

f requent  distances; consequent ly ,  data on d  are scarce and usually assumed based on 

engineer ing judgment.  However ,  in the current  study values for the paramete r  d  for two 

key deter iorat ing variables,  namely the Surface Chloride Conten t  (C^) and the Diffusion 

Coeffic ient (Dai,,,), were obtained fol lowing  extensive experimental  (Chapter  4) and 

numerical /stat ist ical  analysis  (Chapter  5). The values o f  the paramete r  d  were determined 

for both variables by perfo rming spatial  correlat ion analysis on the data  col lected from the 

ageing  RC Ferrycarr ig Bridge as shown in Chapter  5.

Based on the spatial correlat ion analysis  performed in Chapte r  5, values  o f  d  (hence 0) 

were found to be as indicated in Table  6.1. Due to the posit ive correlat ion between Da/,,, 

and other  concrete properties such as the concrete  compressive s trength (/c’), water /cement  

ratio (vvc) and the corrosion rate density  (/c„,r(i)), it was reasonable  to assume that these 

later var iables  have s imilar l luctuat ion propert ies as that o f  their associated variable.  Dap/,. 

Therefore ,  all variables which are dependan t  on or related to Dai,,, were assumed to have 

the same 0 value as that found for Da,,,,. For all other RF  var iables ,  values  o f  0 that have 

been used by other  researchers in the field (e.g. Li et a i ,  2004;  Vu and Stewart ,  2005) 

indicated in Table  6.1 will be used.
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Table 6.1 The Scale o f  fluctuation (9) and the corresponding 
Correlation Length { d )  to be used in the analysis.

Variable 0 ( m ) d  (m) Reference

c .  ; 2.7 1.5 Kenshel,  (2009)

D a p p , f c  ? WC, icorr(\) 1.9 1-1 Kenshel,  (2009)

Other RF variables 3.5 2.0
Li e t a l , ( 2 0 0 4 )&  

Vu and Stewart  (2005)

6.2 .1 .2  S ize  o f  the random field e lement

As discussed in Section 3.4.5, the size of  the discretised RF element to be chosen depends 

on the parameter  0 of  the random variable of  interest and the calculated correlation 

coefficients between the two neighbouring elements. If the size of  the RF element  is too 

large, this implies that the random variable is constant  within each element according to 

the Midpoint  method, which may results in underestimat ion of  the effect o f  spatial 

variability o f  the random variable particularly when the value o f  0 is small relative to the 

RF element  size. On the other hand, a small e lement  size leads to the generation of  a very 

fine mesh that causes the random variables in e lements  close to each other to have high 

correlation with each other resulting in numerical difficulties in the decomposi t ion of  the 

correlation coefficient matrix discussed in Section 3.4.4 (Gomes and Awruch, 2002). 

Therefore,  the RF  element  size has to be chosen in such a way to avoid high correlations 

among the random variables specified for neighbouring elements.  A number of  proposed 

element  sizes were discussed in Section 3.4.5 where an elements  size between 'AB and '/20 

was recommended.  In Chapter  7, a sensitivity analysis will be performed to define the 

opt imal  e lement  size for the beam example under  consideration.

6.2.2 Formulation of SLS for the condition profile

Following the generation of  the RF  mesh (i.e. beam discretisation), the desired LS 

functions needs to be formulated and evaluated at the centre of  each RF element . The 

properties assigned to the centre of  the element  are representative of  the whole element  

according to the ‘Midpoin t ’ discretisation method discussed in Section 3.4.1.1. Only one 

LS is considered here for the Condit ion profile model ling;  for example,  an element  will be 

considered to have failed if the crack size initiated in that element due to chlor ide- induced 

corrosion has exceeded W|jm (mm). The proportion of  concrete surface,  A^%,  which
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exhibi ted  a m a x i m u m  crack width  \V|jm ( m m )  wi ll  then be es t imated by co u n t in g  the 

n u m b e r  o f  RF  e lem e n ts  w h ich  have viola ted the co r re sp o n d in g  LS. T h i s  LS w a s  se lec ted  

based on the fact that the p e r fo rm ance  cr i ter ion of ten  used by br idge  o w n e r s / m a n a g e r s  to 

def ine  the end o f  the service life o f  a dete r io ra t ing R C  br idge  is re la ted  to the ex ten t  o f  

co r ro s ion- indu ced  crack  d a m a g e  obser ved  on the su rface  o f  the s t ructure  surface  (Li,  

2()04b).  T he  t ime to repai r /m aintenance  in tervent ion w as  taken  to occ ur  w h e n /4 x %  re aches  

a threshold  value  ofy4xmax%-

On ce the des i red  LS is formulated ,  it will  later be eva lua ted  at the centre  o f  each R F  

e lement  each t ime a s ingle  rea l izat ion o f  Mon te  Car lo  (M C )  s im ula t ion is performed.

T he  cr ack  width  LS function,  G^{t) ,  can thus  be  expr es sed  as fo llows:

w here  w{t)  is co r ro s ion- ind uced  crack wid th  at t ime t. For  com puta t iona l  conven ie nce ,  the 

abov e LS function,  G„(/ ),  can also  be expressed in terms of  t ime,  that is to say  the LS will  

be v io la ted  w h e n  the t ime e l apsed s ince cons t ru c t ion  to the occ u rr ence  o f  m a x i m u m  

l imi t ing crack  wid th  {Ti+ Tp) is less than the t ime /.

6.2.2.1 Calculalion o f  Ax(/‘)%

T h e  propor t ion o f  the concre te  surface  wi th cr ack  w id ths  ex c e ed in g  wii,,, at t ime t for  a 

s ingle M C  s imulat ion real isa tion can be ca lcu la ted  acco rd ing  to Stewar t  and Mul lard  

(2 006)  as fo llows;

( ? ) < ( ) ;  w here  ( / )  =  w ( / ) -  w,, Equa t ion  6.2

whe re E qu at ion 6.3

x l O ( ) %
k

Equ at ion  6.4
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w h e r e  n[] d e n o t e s  the n u m b e r  o f  R F  e l e m e n ts  that  sat i sfy the inequal i ty  (7, +7'^) <  t. T h e  

re sul ts  o f  E q u a t i o n  wi ll  be in the fo rm  o f  a Probabi l i ty  Densi ty  Function ( P D F )  that 

c h a n g e s  its s h a p e  and  p a r a m e te r s  wi th  t ime.  T h e  annua l  m ean  va lue  o f  A ^ %  can then be 

in fe r red  f ro m  th e s e  P D F ’s to re p re se n t  the  C o n d i t i o n  prof i le  as schemat ic a l ly  s h o w n  in 

F ig u re  6.5.  T h e  a d v a n ta g e  o f  h a v in g  the  results  in the fo rm  o f  a h i s togram or a P D F  a l low s  

the  re su l ts  o f  A ^ ( t ) %  to be  pr e sen ted  in t e rm s  o f  fract iles  o ther  than the m e a n  ( 5 0 %  

frac t i le) ,  i.e. the  1 0 %  and 9 0 %  fract iles .  It is s igni f icant  to note that  the P D F  of .4x( t )% m ay  

not  h av e  a n o rm a l l y  d is t r i buted  s h ap e  s im i l ar  to that  p re sen ted  in Figure  6.5 at year  60,  in 

tha t  case ,  the  c h o ice  o f  the  m e a n  v a lu e  to represent  the  average  annua l  va lue  m ay  be 

m i s l e a d i n g  (K e n s h e l  and O 'C o n n o r ,  2009 ) .  T h i s  i ssue wi ll  be  d i scussed  fur ther in Sect ion 

7.3 o f  C h a p t e r  7.

100
- ■  90  %  

—  50  %  

10 %80

t= 30  years
40

20 t= 60 vears

0 25 50 75 100
Time (years)

Figure  6.5 In f lu ence  o f  t ime on the  propo r t ion  o f  d a m a g e d  su rfa ce  area

6.3 SAFETY PROFILE MODELLING

A s  the  p r o p a g a t io n  s t age  starts,  the  cr os s- sec t ion al  area o f  longi tudinal  r e in fo rcem en t  o f  

the  R C  b e a m ,  w h ic h  p ro v id es  its f lexura l  capaci ty ,  wi ll  be reduced  d u e  to the o n g o i n g  

co r ro s ion  ac tivi ty,  l e ad ing  to ru p tu re  at the cri t ical  cr os s-sect ion o f  the R C  b ea m .  S imilar ly ,  

the shea r  l inks,  w h ic h  p ro v ide  the  b ea m  wi th  a substant ia l  propor t ion o f  its shea r  capaci ty ,  

lose s o m e  o f  thei r  cross- sec t iona l  ar ea  as co r ro s ion  progresses .  C o n s e q u en t ly ,  the s t ructura l  

safe ty  o f  the  R C  b e a m  wil l  be r e d u c ed  o v e r  t ime.  In this thesis,  the s t ruc tu ra l  safe ty  o f  the 

co n s id e r ed  R C  b ea m  gi rd er  is d e t e r m in e d  wi th  respect  to the Hexural  an d the shea r
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st rengths  although other  effects (e.g. torsion, fatigue, etc) can equal ly  be considered.  

Models  describing the flexure and shear  capacit ies and their deterioration over  t ime due to 

the chloride- induced corrosion will be covered in this section. These models  are vital for 

fo rmulat ing the LS funct ions which will be employed  to es timate the Probabi li ty  o f  Failure 

( / / )  and hence the Reliability Index (fi), which indicate the performance of  the structural 

safety of  the assessed beam at any given time during its service life. The relationship 

between Ffund  are as given by Equation 3.4. Before proceeding to descr ibe the models  

used for determination o f  the residual t lexure and shear  capaci ties of  the RC beam due to 

general  and pitting corrosion,  the resistance models  will be presented first.

6.3.1 Beam flexure and shear resistance models

As mentioned in Section 6.2.1, the RC T-beam girder  forms a component  of  an RC bridge 

deck that is located in the North American  state of  Colorado;  the bridge is l ikely to have 

been designed according to an American  Standard (i.e. A A SH TO) .  Therefore ,  the t lexure 

and shear  capacities of  the beam under  invest igat ion at any sect ion (i.e. centroid of  each 

RF element)  were calculated using formulas  provided by A A S H T O - L R F D  (1994).  Since 

the codif ied t lexure and shear capaci ty were developed for determinist ic  design and 

assessment practices, they are often referred to in the original document  as the ‘N om ina l ’ 

capaci ty,  in which a specified factor of  safety (<1.0) is mult ipl ied by to determine the 

‘Ul t im ate’ capacity.  Here, due to the probabi lis tic usage of  these formulas,  no factors of  

safety will be applied; hence the term ‘Ul t im ate’ capacity will be used throughout .

6.3.1.1 F lexura l  res is tance  m o d e l

In A A S H T O - L R F D  (1994),  the computa t ion o f  the tlexural capaci ty is based on the 

W hi tney’s rectangular  approximation.  Figure 6.6(a),  o f  the parabol ic  stress distribution 

(W ang  and Salmon,  2002) . In order  to determine the t lexure capaci ty o f  an RC T-beam 

section, the depth of  the idealized rectangular  stress block {a) that replaces the parabol ic 

stress block must  be determined. Figure 6.6 shows the two cases where a < /?/ (the flange 

thickness o f  the T-beam),  and where a > hf, respectively. To determine if a < lif, the 

distance x show n  in Figure 6.6(b) (the distance from the extreme compression fibre to the 

neutral axis NA) must be found. The  distance x can l-)e obtained from equal ing the forces 

acting on the sect ion in Figure 6.6(c) and it is as follows:
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4 /,-0.85,
x = ------------------------ -̂--------------- ; a = rj^\ Equation 6.5

c K

I f  X < hf, then a < hf and x should be recalculated w ith  hw = hf. The value o f rj] is given in 

Table 6.2.

a/2

N A

/\v
• • • •

a =f ] ] X
i

L C = 0.85 f . ' h  a

T = Asfy

(a)

A c tu a l  

p a ra b o lic  stress

E q u iv a le n t  

re c ta n g u la r  stress

hf
0.85 / .

Y //////////// /// ///////////M  fv  . "TZg   0 .85/ c ' 6/ «

(c)

O . H 5 t j i f , ' { b f - b . ) h f  

0 .85 /c '  0 .8 5 / . '

>

■ A . fy

0 .8 5 / c ’ /3„ a

- A . f y

Figure 6.6 Flexural capacity o f RC T-beam section w ith  tension reinforcement only; (a) 
forces on the section for rectangular RC section (b) a is in the flange, (c) a is in the web 
after Barker and Puckett (1997).
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Table 6.2 Values for rj\ given in (Barker and Puckett, 1997).

7, = 0.85 For / ;  <28M Pa

V, = 0.65 For / ;  >56M Pa

//, -0 .8 5 -0 .0 5  ( / ; - 2 8 ) / 7 For 2 8 MPa < /;' <56M Pa

The computation for the flexure capacity at any time M „(r) o f a T-section can be carried out 

for the two cases (assuming only the reinforcement cross-sectional area is reducing w ith 

time due to the effect o f corrosion, no bond loss or anchorage slip is considered as 

discussed in Section 2.2.2) as follows:

Case 1: a <// f .  Figure 6.6(a).

2xO.S5

Case 2: a > I l f , Figure 6.6(b).

Equation 6.6

(0 = [ A (0 />■ - / ,  ( 0 - K)h, A (0 /, - f c (0(^ - K )

2x0.85/:. (/)/.,,

d . r r  ----

Equation 6.7

where all variables involved in the formulation o f Equation and Equation are defined in 

Figure 6.6 and Table 6.3.
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Table 6 .3  R andom  variables for the RC T -beam  girder.

V ariab le
(un its )

Description Distribution
(Mean,
COV) Reference

^oM  ( m m )
Initial diameter of  tlexure 
reinforcement

Lognormal (35.8, 0.02) Enright (1998)

Dov (m m )
Initial diameter of shear 
reinforcement Lognormal (12.7, 0.02) Enright (1998)

( / ) ( m m ^ )
Time-dependanl cross- 
sectional area of tlexure 
reinforcement

Lognormal Eq. 2.28 -

A  ( O ( m m ^ )
Time-dependant cross- 
sectional area of shear 
reinforcement

Lognormal Eq. 2.28

d^„ (m m ) Effective depth of tlexurc 
reinforcement Lognormal (687, 0.03) Enright (1998)

C.IMI (m m )
Cover depth of flexure 
reinforcement , layer 1 Lognormal (50, 0.10) Enright (f998)

Cm 2 (m m )
Cover depth of tlexure 
reinforcement , layer 2 Lognormal (L37, 0.10) Enright (1998)

Cjv  (m m ) Cover depth of shear links Lognormal (38.1, 0.10) Enright (1998)

bj (m m ) Effective flange width Fixed 2600 Enright (1998)

b ^ { m m ) W eb width of the beam Fixed 400 Enright (1998)

hf  (m m ) Ffange thickness Fixed 190 Enright (1998)

K  (m m ) W eb height Fixed ^  600 Enright (1998)

.v (m m ) Shear links spacing
. . . .

Lognormal (100, 0.15) Enright (1998)

/ , ( M P a )
The specified Steel 
reinforcement yield 
strength

Lognormal (460, 0.12) Enright (1998)

/c.(MPa)
The specified 
(characteristic) 28 days 
concrete compressive 
strength

Lognormal (40, 0.18) Enright (1998)

/ c ( 0 ( M P a ) Time-dependant 
compressive strength Lognormal Eq. 6.12 -

6.3.1.2 Shear resistance model

Similarly, the tim e-dependant ultimate shear resistance o f  the beam at any g iv en  section  is 

calculated by s im p ly  com b in in g  the contributions o f  concrete and shear links to the shear 

resistance o f  the section  provided by A A S H T O -L R F D  (2 0 0 4 )  as fo llow s:

V', =  K. +  Equation 6.8
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1 I— ^  ̂  ( 0  f  (I , r
K, ( 0  = -  ̂' J f A O  K ^ c f f  +  Equation 6.9

where all parameters in Equation have been defined in Table 6.3. Equation was derived 

from an expression that is based on the variable-angle truss model for a uniformly loaded 

beam in which the beam is treated as a truss with a diagonal crack in which the local 

stresses at the crack (indicated in Figure 6.7) must be in equilibrium. In the original 

derivation of Equation the vertical forces acting on the diagonally cracked section were set 

to be in equilibrium, the distance between the tension and the compression reinforcement, 

c/,„ were approximated by d e f f  and the angle <p was taken as (p = A 5 °  whereas V d  was 

experimentally related to f c  so that V c i = V 6 ^  f c '  (MPa).

5  .S’

c/i 'COl (f)

Figure 6.7 Shear strength of  RC section with shear reinforcements after Barker and 
Puckett (1997).

6.3.2 Modelling the concrete compressive strength

In design, the characteristic strength ( f c k ) ,  rather than the mean strength, is used (i.e. /c’= 

f c k  in all previous code-provided equations). This strength is defined as the level below 

which only a small proportion (usually 5%) of  all the results are likely to fall (Narayanan 

and Beeby, 2001). When concrete is ordered, it is a concrete with some specified 

characteristic strength that will be asked for. To ensure this, the producer has to provide a 

concrete with an average strength that is well above the specified characteristic strength. 

The amount by which the average exceeds the characteristic value depends on the 

effectiveness of  the producer’s control methods. Eurocode 2 (EC2) relates the concrete
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m e a n  c y l i n d e r  c o m p r e s s i v e  s t r e n g th  to the  s p e c i f i e d  c h a r a c te r i s t i c  s t r e n g th  for  c o n c r e t e  u p  

to 5 0  M P a  as fo l l o w s :

f c y i  ~  f c k  ( M P a )  E q u a t i o n  6 . 1 0

B e a r i n g  in m i n d  that  p o o r  c o n c r e t e i n g  wi l l  resu l t  in lo w  c o n c r e t e  c o m p r e s s i v e  s t r e n g th s ,  

S te w a r t  ( 1 9 9 7 )  i n t r o d u c e d  a w o r k m a n s h i p  r e d u c t i o n  f a c to r  ( k w )  that  wil l  t ak e  in to  a c c o u n t  

the  i n f lu ence  o f  w o r k m a n s h i p  q u a l i t y  (i .e.  c u r i n g  a nd  c o m p a c t i o n )  on  the ac tua l  s t ru c tu re  

c o n c r e t e  c o m p r e s s i v e  s t re n g th .  B a s e d  o n  w o r k e r  p e r f o r m a n c e  s u r v e y  da ta ,  S t e w a r t  ( 1 9 9 7 )  

p e r f o r m e d  a p r o b a b i l i s t i c  a n a ly s i s  in w h i c h  he th en  p r o p o s e d  that  the  ac tua l  c o n c r e t e  

c o m p r e s s i v e  s t r e n g t h  m e a n  (ji) a n d  c o e f f ic ie n t  o f  v a r ia t i o n  ( C O V )  o f  the  a s s e s s e d  s t ru c tu re  

m a y  b e  re la ted  to the  c o m p r e s s i v e  s t r e n g t h s  o b t a i n e d  f r o m  the  s t a n d a r d  test  c y l i n d e r s ,  

w h i c h  a re  c u r e d  a nd  c o m p a c t e d  u n d e r  s t a n d a r d  c o n d i t i o n s ,  as  fo l low:

E q u a t i o n  6.1

T h e  s ta t is t i cal  p a r a m e t e r s  for  k y j  w e r e  d e t e r m i n e d  for  th r ee  c o n c r e t e  q u a l i t y  c l a s se s ;  Poor ,  

Fai r  and  G o o d  a n d  a re  p r e s e n t e d  in T a b l e  6 .4.

T a b l e  6 . 4  S ta t i s t i ca l  p a r a m e t e r s  fo r  b y  S t e w a r t  (1 9 9 7 )

Worker
performance

Minimum curing times

3 days 7 days

Mean COV Mean COV

Poor 0.53 0.078 0.53 0.078

Fair 0.72 0.078 0.87 0.06

Good 1.0 0 1.0 0

T o  a l l o w  for  the  i n f l u e n c e  o f  t i m e - d e p e n d a n t  inc re a se  in c o n c r e t e  c o m p r e s s i v e  s t r en g th  to 

be  c o n s i d e r e d  in the  c u r r e n t  a na ly s i s ,  the  p a r a m e t e r / c ’, w h i c h  r e p r e s e n ts  the  2 8  c o n c r e t e  

c o m p r e s s i v e  s t r e n g t h  in E q u a t i o n ,  E q u a t i o n  and  E q u a t i o n  c a n  be  r e p la c e d  b y  a t i m e-  

d e p e n d a n t  c o m p r e s s i v e  s t r e n g t h  / c ’(0-  T h e  f o l l o w i n g  e x p r e s s i o n  p r o p o s e d  b y  A C l  2 0 9  

( 1 9 7 8 )  h as  b e e n  us ed  in re l ia b i l i t y  b a s e d  a s s e s s m e n t  o f  c o r r o d i n g  s t r u c tu r e s  (e.g.  S t e w a r t
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and Rosowsky, 1998a) and therefore it was used here in to model  the evolution of  concrete 

compressive strength with time.

/< ( 0 “  Equation 6.12
y + (x)t

where t is the time elapsed since the beam construction in days, y=4.G and (0=0.85 for 

moist  cured Ordinary Portland Cement  (OPC).

6.3.3 Model error of the resistance models

Based on a study conducted on 1146 RC beams aimed at comparing experimental  shear 

strengths with those obtained from predictive models  provided by a number of  national 

s tandards and codes (e.g. ACl,  AA SH TO ,  BS 8110 and EC2),  Som o and Hong (2006)  

found that predicting the shear capaci ty of  a RC beam with shear  links using Equat ion, 

may lead to underest imat ion of  the shear  capacity of  the RC beam. They recommended a 

model  error (bias factor) with a mean value of  1.3 and a coefficient of  variation that is 

larger than 0.3 to account for the uncertainty associated with the use of  the predictive 

model  proposed by codes and s tandards used for estimat ion o f  the shear capacity. No 

s imilar experimental-based study has been reported in the literature with regard to the 

flexure capacity. However ,  based on s imulat ion of  moment-curvature  relationship 

performed by Tabsh and Nowak (1991)  a mean model  error of  1.14 and a coefficient of  

variation of  0.13 were proposed to account  for the uncertainty associated with the flexure 

resistance model  determined according to AASHTO.

6.3.4 Loss of flexure capacity

As indicated in Section 2.5.3, two forms of  corrosion mechanisms were identified to cause 

the reduction in the reinforcement  cross-sectional area. These are the General  corrosion 

and the Pitting  corrosion. The calculat ion of  the residual cross-sectional area of  the 

reinforcement  due to any o f  the two types of  corrosion was already explained in the 

aforementioned section of  Chapter  2. It was shown that in the case of  general corrosion,  

the corrosion rate {icon) can be used to estimate the loss of  reinforcement  diameter by the 

use of  Faraday’s law o f  electrochemical equivalence which indicates that a constant
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corrosion rate o f  1.0 |j.A/cm‘ corresponds to a uniform loss of bar diameter of 0 .0232 mm 

per year (Andrade et a i ,  1993).

If the corrosion rate is assumed to be constant over time, then the remaining cross-sectional 

area of corroding longitudinal reinforcement after t years of construction can be estimated 

from Equation 2.23. If the corrosion rate was assumed to be a time-variant. Equation 2.30 

may be used to estimate values for the corrosion rate parameter in Equation 2.23. The 

mean value o f  the constant corrosion rate at the start o f  corrosion activity (i.e. icorr(i) ) were 

estimated from Equation 2.29 for concretes with different Durability Design Specifications 

(DDS) and presented in Table 6.5. The three types, i.e. Poor/Fair/Good, were introduced 

by Vu and Stewart (2000) to describe RC structures with different characteristics with 

regard to chloride ingress resistance. The two main parameters identified to make the 

difference between Poor/Fair/Good quality concrete were/c*’ and C,j. As can be seen from 

the table, the proposed corrosion rate values, which was calculated as a function o f  fck' and 

C,/ according to Equation 2.29, correspond well with the typically measured values from 

real structures reported in Section 2.5.4.

Table 6.5 Proposed corrosion rate value based on the Vu and Stewart 
(2000) Durability Design Specifications.

Concrete quality fey, (fc-n Q ^ c o r r ( l )
1 C orrosion level

(D D S) MPa mm |iA/cm^

Poor 35 (28) 25 7.1 High

' Fair t 47 (40) 50 2.1 Moderate

Good 53^ 46^   ̂ : ~~75 ; Low

For pitting corrosion, the pit configuration given by Val and Melchers (1997) and 

discussed in Section 2.5.3.2 was used to estimate the area of the pit and hence the residual 

cross-sectional area o f  the corroding bar. Therefore, Equations 2.26-2.28 were used to 

calculate the overall residual reinforcement cross-sectional area for a given beam section 

(i.e. at the centre of each RF element) at any given year after corrosion has been initiated. 

The m axim um  pit depth at any time t, /^max(0> related to the average penetration depth 

/^av(0 caused by the general corrosion through the relation given by Equation 2.24. In the 

given relation, Pmax(0 depends on the factor R  introduced in Section 2.5.3.2 (/^=/’ma.x// âv)- 

In general, the factor R  is frequently reported in the range o f  4 to 8, however, in the 

following section the probabilistic property o f  this factor will be discussed in more detail.
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6.3.4 .1 Probabi l i s t ic  m ode l  o f  p it t ing  corros ion

Because pitting corrosion causes a loss of  the cross-sectional area of  the reinforcement  that 

is several orders o f  magni tude greater than that caused by general corrosion (/^=4-8), it is 

expected that pitting corrosion will have a significant influence on the safety of  the 

corroding structure. Therefore,  the variability associated with the maximum pitting depth 

needs to be accurately quantified. In this regard, Stewart and Al-Harthy (2008)  conducted 

an accelerated corrosion tests on reinforcing bars with diameters of  16 mm ( 0 1 6 )  and 27 

mm ( 0 2 7 )  embedded in concrete slabs with the intention to characterise the pitting 

statistics, the results of  which are indicated in Table 6.6. They concluded that the 

m ax imum  pitting depth can be model led using EV distribution type 1 (Gumbel  EVD). To 

predict the distribution for the maximum  pit depth for a bar length or surface area (.4) other 

than the ones used in their experiments,  the researchers suggested that Gumbel  statistical 

parameters  can be modif ied as follows:

A — A H In
S..

, S = Equat ion 6.13

where and <5„ are Gumbel  parameters obtained from plotting the corrosion test results for 

reinforcing bars o f  surface area A„ on Gumbel  probability paper. The  evaluation of  pitting 

statistics was carried out in terms of  the pitting factor R which implies that the predicted 

distribution has to be truncated at value o f /^=  1.0 as the f a c t o r i s  physically impossible to 

be less than 1.0. Hypothesis  test showed that the differences in pitting factor for 0 1 6  and 

0 2 7  steel bars are statistically significant, the pitting factors for 0 2 7  were found to be 

higher than those for 0 1 6  which is in line with Equat ion.  The applicability of  Equation to 

steel bars greater than 0 2 7  has not been confirmed.  However ,  in the present analysis for 

the lack of  data on the statistics of  the factor R, Equat ion were used to extrapolate the 

Gumbel distribution parameters required for randomly generating values of  factor R  using 

parameters  given by Stewart and Al-Harthy (2008) for steel bar  of  0 1 6  (A„=5.56, ^o= l-16). 

As indicated in Table 6.6, the pitting factor R is expected to increase with the increase of 

the bar diameter.  This observat ion was supported by a statistical hypothesis test performed 

by the relevant authors on their results to conclude that the difference between values of  R 

for both bar diameters were statistically significant.
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Table 6.6 Statistics o f  pitting corrosion obtained from accelerated corrosion tests 
performed by (Stewart and Al-Harthy, 2008).

Specim en W:orr

(|xA/cm^)
Length
(m m )

Diam eter
(m m )

Tim e
(D ays)

No. o f  
Sam ples

Pitt factor 
R

G umbel
parameters

1 Mean cov
Specimen-1 160-185 100 16 78 32 6.2 0.18 5.56 1.16

Specimen-2 125-150 100 27 1 78 32
t  ■ ■ 

7.1
1

0.17 6.55 , 1.07

By applying Equation the Gumbel parameters for factor R  were found for the bar 0 3 5  used 

for the flexure reinforcement with a length that is equal to the RF element size o f  310 mm 

(corresponds to using 31 One-Dimensional RF elements used for the calculation of the 

safety profile as will be described in Chapter 7). The Gumbel parameters for this case were 

calculated using the parameters for 0 2 7  (from Table 6.1) because they produced a higher 

value than that produced by parameters o f  0 1 6  so therefore are more conservative 

(^35=7 .9, <535=1.07). Similarly, for the shear reinforcing bars the properties corresponds to 

0 1 6  were used because the two bars are more related in terms of size, the Gumbel 

parameters in this case were found to be (/li2=6 .8 , (5i2=1.16) considering the bar length to 

be approximately equal to that o f  the beam web high

6.3.5 Loss of shear capacity

As shear links are generally located much closer to the concrete surface than the flexure 

reinforcements, they tend to be the first steel to experience the full corrosive effect of the 

chloride environm ent and are likely to be more heavily damaged than the flexural steel. 

Moreover, the relative effect of pitting on the reinforcement cross-sectional area seems to 

increase with the decrease o f  the bar diam eter (Enright and Frangopol, 2000b; Val and 

Stewart, 2003) which indicates that shear reinforcement is more vulnerable to corrosion 

attack since shear reinforcement bars generally have smaller diameter than the flexure 

reinforcement bars. This is particularly true for structures where a significant amount of 

shear resistance is provided by the shear links (e.g. the support zone o f  a simply supported 

RC beam). The reduction in the stirrups cross-sectional area caused by both general and 

pitting corrosion can eventually lead to a sudden failure as shear failure is generally 

perceived to be o f  a brittle type (Higgins et al., 2003).

The estimation of residual cross-sectional area of the shear links after {t-T)  years o f  active 

corrosion is similar to that o f  the flexure reinforcement and therefore can be estimated in
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the s am e  m an n e r  us ing the sam e fo rm ulas  indicated  p revious ly  for the f lexure  case.  T he  

co rros ion  rate and the t ime var iant  corros ion  rate m ode ls  e m p lo y e d  for m o d e l l in g  the t ime- 

d ependan t  loss o f  the beam  t lexure  capaci ty ,  indicated  in Sect ion 6.3.4,  are equal ly  

appl icable  for m odel l ing  the t ime-dependant  loss o f  the shea r  l inks cross-sect ional  area and 

hence  the t ime -d epend an t  shea r  capac i ty  o f  the beam.

6.3.6 Formulation of the ULS functions

In o rde r  to ca lcula te  the annual  failure probabi l i t ies  o f  the b eam  under  cons ide ra t ion  and 

hence its safe ty  profile,  a l imit  s tate function,  w h ich  d ep e n d s  on a set  o f  bas ic  r ando m 

var iables  (see Sect ion 3.3.1),  in terms o f  each failure m o d e  needs  to be formulat ed .  T w o  

ULS func t ions  were  conside red  for the b ea m  p ro b lem  at hand;  the f lexure  and the shear  

limit states.

6.3.6.1 Flexure  failure LS

T he  co r re spond ing  LS function for b ea m  failure in f lexure  at any given t ime {t) d u r i ng  the 

service life o f  the beam  (7m(/) is as fo l lows:

where:  M„(/) is the u l t imate be n d in g  m o m e n t  capac i ty  o f  the R C  section at t ime t (years)  

and can he  ca lcula ted  ac co rd ing  to the re levant  des ign code,  in this case  M „(0  es t imated as 

in Sect ion 6.3.1.1,  and M/,(0 is the induced b en d in g  m o m e n t  at the s am e  section at the 

same year  and it will  be es t imated later f rom Sect ion  6.3.7.

6.3 .6 .2  S hea r  failure LS

For the b ea m  failure in shear,  the LS func t ion Gv{t) is expr es sed  as fo llows:

G,„ ( / ) < ( ) ;  where  ( / )  = ( / ) Equat ion 6.14

Equat ion  6.15

where:  K„(/) is the u l t imate shear  capac i ty  o f  the R C  section at t ime t and can be ca lculated 

according  to the re levant  des ign code,  V„it) is es t imated  from Sect ion 6.3.1.2,  and Vb{i) is
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the induced shea r  force  at the s am e  sec t ion at the s a m e  year  and will  be es t im ated  f rom the 

fo l lowing  section.

6.3.7 Load modelling using extreme value (EV) theory

In t radi tional  s t ructura l  assessmen ts ,  the ex t r e m e  load effect  (e.g. induced b en d in g  m o m en t  

or  shear)  is ca lcu la ted  us ing cons e rv at ive  de te rm in is t i c  loading  m ode l s  p rovided  by 

s tandard/cod e speci f ica t ions  ( O 'C o n n o r  and O'Br ien ,  2005) .  T h e  de te rm in is t i c  loading 

m ode l s  have been der ived  based on pract ical  expe r i ence  or in som e  cases  f rom model  

ca l ibra t ion s tudies  (e.g. ,  O 'C on no r ,  2001) .  In both  cases  the par am et er s  o f  the mode l  are 

selec ted  in such  a w a y  so that they will  over ra te  the predic ted  m a x i m u m  load ing  ef fec ts  

w hich  a broad  range o f  s t ructures  m a y  be  ex pect ed  to exper i en ce  du r ing thei r de s ign life. 

T h e  re qu ir em en t  that  the determin is t i c  mod el  sho uld  be  appl icable  to a w ide  range o f  

br idge  s t ructures  often  results in conse rvat ive  dete rm ini s t ic  load models .  Th i s  approach  

m ay  be ac cep tab le  w h e n  used for the des ign o f  new  s t ructures ,  how ever ,  w h e n  such 

conse rvat ive  dete rm ini s t ic  load m ode l s  are used for the as se ssm ent  o f  ex i s t ing  br idge 

s tructures ,  the result  m ay  lead to un necessa ry  r ep lacement  or  repai r o f  the inves t igated  

s t ructure .  T h i s  i ssue w a s  h ighl ighted in C h ap te r  3 as a m a jo r  sh o r tco m in g  in the research 

carried out  in the field o f  spat ial  var iabi l i ty m o d e l l in g  o f  R C  corros ion.  Sect ion 3.5. A 

preferable  ap p roach  in the case o f  s tructura l  as se ssm en t  is to rely m ore  on the s i te-speci fic 

t raffic data for  the det er mina t ion o f  the m a x i m u m  load ef fects .  S ite-speci f ic  t raf fic data can 

be obt a ined us ing  the W e ig h t - in - M o t io n  t ech nique  ( W I M )  w h ich  will  be d iscussed  in the 

u p c o m in g  sections .

It has  to be  m en t io n ed  that the load m o d e l l in g  is out  o f  the s cope  o f  this thesis;  the details  

w h ich  will  be pre sen ted  in the u p c o m i n g  sect ions ,  are onl y  to pro v ide  an insight  on 

m e th o d s  used to gene ra te  the E V s  load ef fec ts  f rom s i te-speci f ic  traffic data ob ta ined  us ing 

W I M .  T h e  E V s  load ef fec ts ,  i.e. M/,(/) and Vh{t), are those w h ic h  will  be used for predic t ing 

the safe ty prof i le  o f  the bea m  un der  considera t ion.

6.3.7.1 Weigh-in-M otion  (W IM)

W e ig h - in -M o t io n  ( W I M )  is the process  o f  taking we igh t  m eas u r em en t s  o f  t rucks  t ravel l ing

at a full h ighw ay  speed wh i le  cross ing  the  mon i to red  br idge.  T h e  m eas u r em en t s  are often

m ade  us ing sensors  e m b e d d e d  in the p a v e m e n t  or  s train g au g e s  at tached to the sofitt  o f  the
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br idge deck w hich  can provide  m eas u r em en t s  on  s t resses in the br idge  dec k  and hence  the 

we ig h t  o f  the  t ruck and its axles  ( D e m p s e y  and  O ’Brien,  1995; O ’C o n n o r  and Eichinger ,  

2007) .  T he  traffic data is usually  col lec ted  over  a shor t  per iod (several  da ys /w e eks ) ,  this 

impl ies  that the recording  per iod m ay  be too short  to g ive  re liable in fo rmat ion  on the 

traffic How. Therefo re ,  M on te  Car lo  ( M C )  s imula t ion is used to increase  the a m o u n t  o f  

data that  is recorded (e.g. f rom one w e e k  data to 10 w e e k s  data) us ing the info rmat ion 

p rov ided  by the traffic data  col lec ted  over  a shor t  per iod throu gh  the W I M  system.

The  W I M  traffic records  used in this s tudy for the M C  s im ula t ion w e re  p rov ided  by 

O 'C o n n o r  (2001) .  The  W I M  data w e re  re corded d u r i ng  a 7 -d ays  m o n i to r in g  per iod in 1997 

on a main  m o to rw ay  that  is co nne c t ing  Paris fo Lille in France .  A  total o f  8 6455  t rucks  

were  recorded ,  w here  only  t rucks  that w e ig h e d  > 3 5 0 0  kg w e re  cons ider ed  for the analys is .  

T he  M C  s imula t ion w as  pe r fo rm ed  by the a fo rem en t io n ed  au tho r  for br idges  wi th  var ies 

span lengths  rang ing  f rom 5 m to 200  m. T h e  ap p roach  a d op ted  by O 'C o n n o r  (200 1)  to 

predic t the m a x i m u m  load ef fec ts  needed for the current  s tochas t i c  model  wi ll  be desc r ibed 

in the u p c o m in g  sections.

6 .3 .7 .2  M on te  Carlo ( M C )  s im ulat ion  o f  traffic data

As indicated in the previous  section,  M C  s im ula t ion  a ims  to increase  the  a m o u n t  o f  traffic 

data w h e n  the per iod o f  t ime is re la t ive ly  short  for  W I M  records  to p ro vi de  representa t ive  

in format ion  on traffic loading.  M C  s imula t ion can also  be used to genera te  di fferent 

loading scenar ios ,  i.e. co ngested  f low,  free f low and f low fo l low ing  an accident  and or  lane 

closure .  Tha t  may  not have  been cap tu red  dur i ng  the short  per iod o f  moni tor ing .  M C  

s imula t ion o f  traffic requires k n o w le d g e  o f  the mat hem at ica l  m ode l s  that descr ibe  the 

traffic character is t ics ,  these m ode l s  m a y  be b roke n  into tw o  m ai n  ca tegor i es  (O 'C o n n o r  and 

O'Br ien,  2005);

1. T h o s e  descr ib ing  the traffic as a whole ,  i.e. p ropo r t ion o f  the vehic les  in each  lane, 

propor t ion o f  vehic les  in each veh ic le  class,  vehic le s  spac ing ,  etc.

2. T h o s e  de sc r ib ing  the vehic les  wi th in  each class,  i.e. gro ss  vehic les  we ig h t  ( G V W ) ,  

axel weight ,  vehic les  ge om et ry ,  speed,  etc.

Th e most  impor tant  m ode l s  m en t ioned  in points  1 and 2 will  be ex p la i ned  next.
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Vehicle proportions and classification

Before  the M C  gene ra t ion o f  the t raffic record  can be performed,  vehic le s  need  to be 

c lass i fied into di f ferent  ca tegor ies ,  i.e. based on the n u m b er  o f  axles  and axle sp ac in g  and 

conf ig ura t ion  so  that the propor t ion o f  each c lass  o f  vehic les  can be d e te rm in e d  through a 

traffic co un t ing  exerc ise  or f rom avai lable  W I M  reco rds  (O 'Connor  and O'Br ien ,  2005).  

Tab le  6.7 i l lust rates the  vehic le  c lass i f ica t ion sys tem  em p lo y e d  by O ’C o n n o r  (2 001)  in his 

ca l ibra t ion s tudy  for the normal  load m o d e l  o f  the E C l  Part 3. T h e  s am e  c lass i f ica t ion 

sys tem  w a s  used to gene ra te  the traffic data used in the current  s tudy to d e te r m in e  the 

m a x i m u m  load ef fec t  on  the bea m  g ird er  u nde r  considera t ion.

Inter-vehicle spacing and vehicle speed

Dur ing  the p rocess  o f  gene ra t ing the t raf fic f low,  it w as  necessary  to speci fy  the  statistical  

d is t r ibution o f  the in ter -vehic le  sp ac in g  (i.e. h ea d w ay )  and the vehic le  speed.  O 'C o n n o r  

and O'Br ien  (2005)  used a G a m m a  dis t r ibut ion  for the m od el l ing  o f  the in ter -vehicle  

spac in g  and a no rm al  d is t ribution to m ode l  the vehic le  speed.

Tab le  6.7 V ehic le  c lass i f ica t ion sys tem  (O 'C o n n o r  and O'Br ien ,  2005).

2-Axle .VAt Ic 4-Axle S-Axle A-Axle

A l l A12 A22 A113 A 123

A i n A I I 2 A I22 A I 2 I 2

A l l - l l  A l l - 1 2

A 1 2 -1 1

Vehicle characteristics

W h e n  g en e ra t ing  the traffic f low us ing M C  s imulat i on ,  the r ando m va r ia bl es  o f  the  vehic le  

character is t ics  w i th in  each vehic le  c lass  such as gross  weight ,  axle we ight ,  axle  spac ing,  

length,  spee d  e tc  need to be accura te ly  desc r ibed.  Pa ramete rs  o f  the stat ist ical  d is t r ibution 

o f  the a fo rem e n t io n ed  character is t ics  can be  ob ta ined  f rom the W I M  records .  Figure  6.8
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demonstrates  the distribution of  the gross vehicle weight  (GVW ) for class A 1 13 defined in 

Table  6.7. The bi-modal  distribution shown in Figure 6.8 is a s imple combination of  two 

normal  distributions, the first mode describes the partially loaded trucks, whereas  the 

second descr ibes the fully loaded trucks. The PDF of  the bi-modal distribution takes the 

following form:

=  + ' N[m̂  ,(7-,) Equat ion 6.16

where:

.(T,) exp
2cr.-

2 A
Equat ion 6.17

The distribution parameters and p -̂ , reflect the characteristics of  the two modes and 

corresponding populat ion properties.
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Figure 6.8 Gross weight distribution class A 1 13 (O'Connor and O'Brien,  2005).

Traffic f low  simulation

When model ling traffic flow using s imulat ion methods,  depending on the number of  lanes, 

different traffic flow scenarios may be considered, i.e., j ammed,  f ree-flow or mixed flow. 

For two lane short span bridges (span<3() m), such as that considered in this thesis, the
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j am med  and free-f low scenarios are the most  important  ( O ’Connor  2001). The  same 

reference has showed that for two lane short span bridges, the maximum load effects will 

be induced by free-f lowing traffic as the s tructure is too short for significant jammed 

queues o f  vehicles to form and cause a m ax imum  load affect. This  is explained by the 

effect o f  consider ing the dynamic load o f  the moving  vehicle through the inclusion of  the 

Dynamic Amplif icat ion Factor (DAF) when considering the free-f lowing scenario in the 

traffic s imulat ion. In the j am med  scenario,  the vehicles  are assumed to move too s lowly to 

induce any s ignificant  dynamic  effects.

6 .3 .7 3  Prediction o f  the extreme load effects

Having generated the desired amount  o f  traffic data, which is often larger than that 

or iginally obtained from the W IM  record, the resulting load effect data, i.e. bending 

moment  and shear force, is obtained using influence lines/surfaces technique. The 

calculated bending moments  and shear  forces then is fitted to an EV distribution such as 

Gumbel  type I distribution or Weibul l  (Gumbel  type 111) distribution using probability 

paper. The  selection of  the appropriate distribution is based upon linearity of  the data 

plotted. In the present  study, the M C simulat ion was carried out to generate 4 weeks  of  

traffic data, based on the information provided by the 7 days W IM  record. The data is 

obtained from the s imulat ion were extrapolated to determine the extreme load effects for a 

desired reference period of  100 years (i.e. the bridge design life).

Return period (R^

For the extrapolat ion to be performed, the desired reference period will have to be 

expressed in terms of  ‘Return Period’ Rp. The Return Period is a statistical tool by which 

the reference period (i.e. the structure design life 7) is l inked to a specified probabi lity o f  

exceedance to account for the effects o f  model  and statistical uncertainty inherent in a 

process, which employs  measured data recorded over a l imited period to determine 

characteristic effects (O'Connor,  2001). Furthermore,  specifying a return period greater 

than the reference period, may ensure that the future traffic growth in some way been 

accounted for. The  return period related to the design life o f  the structure as follows:

T
R p = — ; ( ) < a « l . ( )  Equation 6.18

a
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Where (1-a) is the specified fractile. For example to predict the characteristic extremes 

during a structure design life of  7=100 years with a 0.9 frcatile (1-a,  «=0.10),  from 

Equat ion a return period /^|.= 1()00 is needed.  However ,  in the case o f  assessment  of  

exis ting bridge structure, the remaining service life o f  the structure is less than the design 

life; therefore, the calculation o f  Rp should consider this issue to avoid overest imat ion of  

the EV load effect. For example,  if the structure to be assessed is a 25 years old, and the 

intended design life is 100 years, Rp should be determined only for the remaining 75 years 

(7'=75 years).

The use o f  the influence line/surface

The m ax imum  load effects to be considered in this case study are the mid-span moment  

and the shear  force at the support for a s imply supported beam. To evaluate the bridge 

behaviour  under  varying load scenarios,  influence lines/surface can be employed.  In 

structural analysis,  the load effect produced by the live load (i.e. vehicle load) in a given 

part o f  the structure varies with the position o f  the live load on the structure. In the present 

case, the bending moments  and shear  force (load effects) values were obtained using the 

intluence lines approach. Tw o  influence line funct ions were defined; the bending moments  

and shear  forces at points a long the bridge due to a unite axel load moving  along the 

bridge. The intluence line functions used in the s imulat ion are presented in Table 6.8.

Influence o f  data sample

When dealing with EV problems,  a critical step in the estimation process is the selection of  

the fraction of  the sample data to be used. Accord ing  to Castil lo (2005),  the main reason 

for using a small fraction o f  the sample data and not the whole sample data is that the 

parent populat ion of  the data generally does not follow an EV model  as can be observed 

from Figure 6.9(a). However ,  it is known that the tail behaves as one EV tail, 

asymptotical ly.  The two most  important  factors affecting the selection of  the fraction o f  the 

sample data to be used for the fitting process  are the sample size and speed o f  convergence.  

Castil lo (2005) has proposed a fraction of  2V/7 to be used for sample data of  size n, for a 

medium and high speed of  convergence and for a low speed of  convergence even a lower 

value e.g. V/j may be used. In the current  procedure,  o f  the data sample was used. To 

illustrate the behaviour  of  the tail, the upper V/z fraction of  the truck load data was plotted 

in Figure 6.9(b). It can be seen from the figure that the linearity of  the data has improved 

which allows for better fitting to the selected EV distribution than for example when  the 

whole n data is used.
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Table 6.8 Influence lines used in M C simulat ion.

Descript ion o f  the influence line Influence line representation

Bending m oment  of  a s imply supported 
span

M = x / 2  for 0 < x < L I 2  
M= LI4-XI2 for 1 / 2  < x  < L

1  ^

Shear  force o f  a s imply supported span 

V= 1-x/L for 0 < x < L

1
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X
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Figure 6.9. Example  of  truck load data fitted to Gumbel  1 EVD,  (a) Total data ( / i ) (b) 

Fraction ( ' Jn ) o f  the data,

Choice o f  EV Distribution (EVD)

As stated earlier, the EVs of  load effects may be model led using a Gum be l  type 1 or 

Weibul l ex treme value dist ribut ion (EVD).  A  Weibull  distribution results when  the 

m ax imum  values  are sampled from a parent  f requency distribution having a finite upper  

bound.  On the other  hand, the Gumbel  1 dist ribut ion results when the m ax im um  values  are 

sampled from a parent distribution with no upper  bound.  Both Gumbel  1 and Weibul l 

distribution are expressed mathematically  as fol low respectively:

Cj [ x ) = exp -exp
- { x - X )

0 0  < X < oo; <5 > 0 Equation 6.19
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Equation 6.20

The parameters o f both distributions can be estimated using the Least Square method or the 

Maximum Likelihood method (O'Connor, 2001). As the tail region is o f prime importance 

in the extrapolation, the W eibuil distribution is considered more appropriate in this case as 

it can be seen from comparing Figure 6.10 w ith Figure 6.11. The defin ition o f the x and y 

axes o f the W eibuil and Gumbel probability plots are indicated in Table 6.9. Where p  is the 

plotting position and in the current analysis was calculated according to the fo llow ing 

equation (Castillo, 2005);

Figure 6.10 W eibuil EVD approximation to midspan moment extremes for simple span

Equation 6.21

where N  is the number o f sample data used for the fitting  procedure (e.g. N - ^ n )  and n is 

the total recorded/simulated data.
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Figure  6.11 G u m b e l  1 E V D  ap p r o x im a t io n  to m id s p an  m o m e n t  ex t r em es  for s im p le  span 
o f  9 m.

T ab le  6 .9  Def in i t ion  o f  the  x and y axes  probabi l i ty  plots o f  the W e ib u l l  and 
G u m b e l  1 E V D .

E V  d is tr ib ut ion T1

W e ib u l l - l 0 g [ - l 0 g ( / 7 ) ] - l o g ( A - A - )

G u m b e l - l o g [ - l o g ( p ) ] X

T h e  m a x i m u m  load effec t  ( E x t r e m e  Va lu e )  results  ob ta i ned  from data fi t ted to Weibu l l

d i s t r ibut ion and  ex t ra pola ted  for d i f ferent  re turn per iods  ( reference  per iods  o f  25,  50,  75

and 100 yea rs)  for m o m e n t  and shea r  to be  used for the current  ana lys is  are s u m m a r i s e d  in

T ab le  6.10.

T ab le  6 .10  T h e  m a x i m u m  load ef fec t  ( E x t re m e  Va lues)  results  ob ta ined  
f rom  the  s im u la te d  data fi t ted to W e ib u l l  d i s t r ibut ion and ex t ra pol a t ed  for 
d i fferent  re ference  per iods .

Reference period EV for Bending Moment EV tor Shear Force

(years) (kN.m) (kN) i

25 1975 434

50 1993 438

75 2027 : 446 i

100 2062 ' 453
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63.1 A  Girder dislribution factors ( G D F )

Having determined the m aximum load effect for the desired return period, the value of  the 

moment/shear  obtained from the extrapolat ion does not represent  the m ax im um  bending 

moment/shear  acting on a single RC beam girder; this value thus far represents the 

predicted maximum moment/shear  induced by the presence of  the heaviest t rucks on the 

bridge deck as a whole in the longitudinal direction. The proport ion o f  this value that is 

resisted by a single RC beam girder can be determined by mult iplying the obtained value 

by a specified GDF. In the current study, the G D Fs  for both t lexure and shear in interior 

girders are provided by A A S H T O -L R F D  (1994)  and presented respectively as follows:

For M ultip le  lanes loadin}^:

C D F ' '  = 0 .075  +
v2900y

Equat ion 6.22

GDF'' = 0.2 +
5

3600 VI0 7 0 0 ;
Equat ion 6.23

For Single  lane loading:

GDF"'  = 0 .0 6
s  ( s  Y ' " ' ’  (

L

0.1

v4300y \  J
Equat ion 6.24

GDF"' = 0 .3 6  +
7600

Equat ion 6.25

where S  is the girder spacing (mm);  L is the span length (mm);  ts is the thickness of  the slab 

(mm) {ts=hj in Figure 6.3 in this case),A:^, = / ; ( / + j , n is the modular  ratio

(/;=/:'girdcr/^-deck), /  is the moment  of  inertia of  the girder  (mm"*), Agirder is the girder cross- 

sectional area (mm") and f'g is the distance between the centres o f  gravity of  the girder  and 

the slab (mm).
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For the beam girder  example under  considerat ion,  the mean values for the G D Fs  were 

calculated for the two loading cases (multiple and a single lane loading) and the result are 

presented in Table  6.11.

The GD Fs  presented in Table 6.11 are the mean values that any beam girder  can have, 

however,  several experimental and finite e lement  analysis studies, (e.g., Kim and Nowak,  

1997; Eom and Nowak,  2001),  has confirmed that the GDFs  predicted using Equation are 

somewhat  conservat ive for short span br idges as can be seen from Figure 6.12. 

Furthermore,  Eom and Nowak (2001)  suggested,  based on field testing and finite element  

analysis,  that for s imply supported bridges the A A S H T O - L R F D  GD Fs  for one lane loading 

(Equation and Equat ion 6.25) is more realistic for es timat ing the design load effect.

Table  6.11 Girder  distribution factors (GDF).

Loading scenario Calculated G D F

Bending
Tw o lane loaded 0.761

One lane loaded 0.558

Shear
Two lane loaded 0.866

One lane loaded 0.702

AASHTO LRFD
AA.SHTO X R F D ' AASHTO Standard

Mean
M«x
Mean ± Sid.Dev,

Mean
Max
Mean ± StdDcv.

G ir 4 tr  N u n  ber
G irder N um ber

Figure 6.12 Measured G D F ’s for moments  vs. G D F ’s calculated using A A S H T O  
standard and A A S H T O  LRFD for (a) 10 girders and (b) 6 girders bridges (Kim and 
Nowak,  1997).
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The uncertainty in the GDFs  may be expressed in terms of  the model  error (bias factor). 

For G D Fs  based on simplified code methods such as that provided by A A S H T O - L R F D  

(1994),  a normally distributed bias factor with a mean value of  0.93 and coefficient of  

variation of  0.12 were reported in the literature for the case of  bending (Nowak et al., 

2001). No such information was reported with regard to G D F  for shear, therefore, the bias 

factor mean and coefficient variation for the bending moment  G D F ’s are assumed to be 

valid for the case of  shear.

6.3.8 Calculation of  the reliability index m

Having defined the individual LS funct ions and assigned the probability distribution to the 

set of  basic random variables and the correlat ion coefficients between the RF  elements ,  the 

failure probabi lity for each element  with respect to each failure mode can be determined 

for each year of  the structure service life. It has to be noted that when calculat ing the 

probabi lity of  failure (P/) for each period over  the service life of  the structure, the 

discretised periods have to be long enough for the correlation between periods to be 

negligible (Durprat , 2007). For example,  Durprat  (2007)  mentioned that for an industrial 

warehouse loading, the length of  independent  periods can be estimated at 2 years. 

Structural assessments  o f  br idges are often based on a limited reference period of  2-5 years 

and after the end of  this period the bridge is normally re-assessed as its structural capacity 

is likely to change (Vu and Stewart , 2000).  Thus,  it would be more logical and appropriate 

to compare probabilit ies of  failure for relatively short reference periods. However,  too 

short discretised periods, i.e. one year long, can result in a very long computational  time. 

Therefore,  in the present study, due to the lack of  reliable data on the correlat ion between 

incremental  periods, and for the sake of  simplicity,  the probability of  failure will be 

assumed independent  for each incremental  t ime period of  5 years which is within the 

figures indicated by Vu and Stewart  (2000).  The procedure followed in this thesis to 

calculate the t ime-dependent  reliability (Safety Profile) of  the beam girder  under  

investigation as follows:

For a series reliability system consists o f  k  RF elements,  the critical limit state occurs when 

the actual load effects exceeds the resistance at the mid-point (centre) of  any element . The 

critical moment  and shear  limit state for a One-Dimens ional  RF  model  consis ting of  k 

e lements al any year t. can be expressed as follows:
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Eq ua t ion 6 .26

Eq ua t ion 6 .27

w h e r e  { X  ) and <7,' '(A')are the f lexure  and shea r  LS func t ions  respect ively,  /?"(/ ,  ) and 

( r j  are the  d is t r ibut ion  for m o m e n t  and  shea r  res is tance  re spect ively ,  for e l em e n t  j  

eva lu a ted  at its cent r e  at t ime ( / ) a n d 5 ) ' ( / , ) i s  the co r re s p o n d in g  load ef fec ts  at the

centr e  o f  the s a m e  R F  e lem e n t  due  to the load ac t ing  at t ime

T h e  annua l  p roba b i l i ty  o f  failure o f  the  b ea m  in te rm s  o f  ben d in g  m o m e n t  ( f lexure) o r  in 

t e rm s  o f  shea r  can  be  co m p u t e d  r e spec t ively  as fo l lows:

T h e  total annua l  p robabi l i ty  o f  fa ilure o f  the  be a m  then can be ca lcula ted  by c o m b i n i n g  the 

pro ba b i l i ty  o f  fa i lure  o f  the b eam  in m o m e n t  and in shear.

In genera l ,  and as ind ica ted  by S te w ar t  (2004) ,  i f  it is a s s u m e d  that m  load events  Sj  o cc u r

w i th in  the t ime interval  (0 ,7 )  at t imes  w h e re  / = 1 ,2 ,3 , ...... ,m,  the c u m ula t ive  probabi l i ty  of

fa ilure  any t ime d u r in g  the t ime interval 0  to T  for m  ev en ts  is:

Equat ion  6 .28

Eq ua t ion 6 .29

Equat ion 6 .30

Equat ion  6.31

w here :

Pr [g,^ ( A ' ) > o ]  = 1 -  P r [ G , "  [ X ) < 0 wG,; '  ( X ) < o] = 1 -  I )  ( / )  Equat ion 6 .32
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If the failure events are assumed independent  events,  then Equat ion can be approximated 

by:

Equat ion 6.33
1=1

where ( /)  is obtained from Equat ion.

The reliability o f  the s tructure is then assessed by using the condit ional  probability of  

failure which integrates the survival period o f  the structure prior to the time at which the 

reliability is estimated (Vu and Stewart , 2()()0; Duprat,  2007). To  calculate the condit ional  

probability that the beam will fail in t subsequent  years given that it has survived T  earlier 

years, the following expression can be used:

where P f { T  + / )  and ( 7 )  are calculated using Equation.

Finally, the probability o f  failure can then be translated into safety reliability index /? 

through the relationship given by Equation 3.3 { p  = - O  ' )).

This  section provides further c lar ifying information regarding some  of  the assumptions that 

have been made during the model  development:

• In the Midpoint  discretisation method,  random variables  are considered constant  for 

a single RF  element  and represented by a value that is evaluated at the centre o f  that 

element; this implies that when corrosion is initiated in a RF element  all reinforcing 

bars in the same layer in that e lement  are assumed to start corroding roughly at the 

same time.

Equat ion 6.34

6.4 IMPORTANT ASSUMPTIONS
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•  T h e  m a x i m u m  pi t t ing depths  for each bar  (or shea r  l ink) or  for d if ferent  bars  wi th in  

an e lem en t  are t rea ted  as s tat ist ical ly independe n t  (uncorrela ted).  Thi s  is because  o f  

the  lack o f  k n o w led g e  on statistical  corre la t ion  be tw een  the corrosion pits.

• Af ter  co r ro s ion- indu ced  concre te  c rack ing  has  taken place,  the beam section is still 

a s su m ed  to be physica l ly  sound  w h e n  eva lu a t in g  the section m o m e n t  and shear  

capacit ies ,  and only  co r ro s ion- induced  reduct ion  o f  the re info rcemen t  cross-  

sec tional  area is taken into account.  In addit ion ,  bond s trength  be tw een  concre te  

and re in fo rcement  are a s su m ed  not  to be af fec ted  by corros ion; therefore .  Equat ion,  

Equa t ion 5.11 and Equat ion were  used th roug ho ut  the l ifetime o f  the beam to 

es t imate  f lexure  and shea r  capaci ties .

• If a ra n d o m  var iable  is a s su m ed  to be  also R F  (i.e. spat ial ly var iable) ,  all var iables 

w h ich  depend  on that RF  will  also be cons idered as a RF. For exa mple  

w a te r / cem en t  ratio (wc)  and di ffus ion coeff ic ient  (Dap/,) are dependan t  var iables  on 

the conc re te  co m p res s iv e  s trength  (/c’), therefore ,  they are also spat ial ly var iable.

• A l th o u g h  several  m e c h a n i s m s  exist  as d iscussed in Sect ion 2.3.2,  chlor ides  

penet ra t ion through the concre te  cove r  in the current  case  w as  as sum ed  to happen 

solely due  to d iffus ion.  Fur thermore ,  the p re sence  o f  cracks  (e.g. due  to load- 

induced st resses,  shr inkage  or  corros ion  product  expa ns io n )  o f  a size larger than 0.3 

m m ,  m ay  ex p o se  the re in fo rcement  to the di rect  influence o f  the envi ronm ent .  

W hi le  it is recognised,  this s i tuat ion has not been cons idered in the present  analys is  

and its cons idera t ion is be yond  the scope o f  this thesis.

6.5 MODEL BENCHMARKING

In orde r  to b e n c h m a rk  the R F-based  reliabil ity mode l  deve lope d  in this chapter ,  results 

obta ined  us ing this model  we re  co m pared  to results publ ished  by Vu and S tewar t  (2005).  

Therefo re ,  for the com par i so n  to be reliable,  all mode l  input  pa ramete rs  we re  adjus ted  so 

that all data used to predict  the t ime-var iant  surface  d am ag e d  surface  area Ax{t)%  (i.e. 

condi t ion  profi le)  are ident ical  to that used in the af o rem en t ioned  publ ica t ion.  Th is  requires  

that the s am e  concre te  surface  g eom et ry  should  be used.  Vu and Stewar t  (2 00 5)  presented 

results o f  Ax{t)%  for three cases  rep resent ing Poor,  Fair and G o o d  D D S concre te  s t ructures  

(see Sect ion  6 .3.4 for def in i t ion o f  DDS ).  T h e  three types  o f  concre te  qual i ty w e re  

in t roduced to descr ibe  R C  s t ructures  wi th  d if ferent  character is t ics  wi th regard to chlor ide  

ingress re s is tance  as funct ion o f  t h e / c ’ and Cd as can be seen from Table  6.12.
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Table 6.12 Durabili ty Design Specif icat ions sueeested by Vu and 
Stewart (2005).

DDS jV  (MPa) Q ( m m )

Poor 25 25
Fair 40 50

Good 46 75

The benchmark ing results are shown in Figure 6.13. It can be seen from the figure that the 

results o f  the current model agree to a large extent with the results of  the benchmark model 

for Good DDS concrete. For Fair DDS concrete, a 13% decrease,  8% decrease and 5% 

increase were observed for the case of  vviin,=0.05 mm, 0.3 mm and 1.0 mm respectively 

after 120 years of  service. The results however  show a significant difference for concrete 

with a Poor DDS (almost 30% increase for all vviim cases after 120 years). Poor DDS 

concrete is expected to suffer a higher percentage of  damage  after the same period of  time 

when it is compared with Fair or Good DDS concrete, as a result, a higher associated 

margin error is also expected.

^  ion

Current study

Vu c / a / . ,  ( 2 0 0 5 )  ■ ■ -

 III ■  ■ ■    G o o i c t ' -

10 20 30 40 50 60 70 80 90 100 110 120
Time (years)

Figure 6.13 model  results (colourful) versus results publ ished by Vu et uL, (2005) 

(black).

It has to be mentioned that the results produced using the RF model  developed in this 

thesis and those provided by Vu and Stewart  (2005) in terms of  the condit ion profile (i.e. 

Ax(/)% in Figure 6.13) are both produced by employing  the same RF principles discussed 

in Chapter  3. If the same input parameters (e.g. structural, environmental,  statistical 

parameters,  etc) were used, both models  are expected to yield the same results. However ,
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s impl i f ica t ions  du r ing the dev e lo p m e n t  o f  each model  and the code  wri t ing  appr oach  used 

by the deve lope rs  o f  each mode l ,  as well  as the com pu ta t iona l  rou nd -off  er ror,  are all 

expected to con tr ibute  to the m arg in  er ror  found above.  Due to the lack o f  s imi lar  

exper imenta l  results to be used for com par i son ,  there w a s  no ev idence  to suggest  that one  

o f  the two m o d e l s  is m ore  accura te  in predic t ing the condi t ion  prof ile than the other.  

H owever ,  the results obta ined us ing the RF  mode l  deve lope d  in this thesis is m or e  

conse rva t ive  w h e n  c o m p a r e d  wi th  prof i les  produced  by the b en c h m a rk  mode l  except  for 

the case o f  Fai r D D S  concre te  w h e n  vwiim = 0 .05 m m  w he re  the b en c h m a rk  mode l  results at 

/=1 20  years w e re  sl ightly m or e  conse rvat ive  (1 3 %  increase).

H av ing  b en c h m a r k ed  the results ob ta ined  us ing the RF-based reliabil i ty model  deve lo ped  

in this thes is  in terms o f  the condi t ion  prof ile,  the mode l  can no w be used to produc e 

results in terms o f  both,  the cond i t ion  and the safe ty  prof i les  o f  the beam girde r  under  

considera t ion  us ing the input data  p rov ided by C h ap te r  4 and Chap ter  5. T h e  results 

p roduced us ing the R F - b a s e d  reliabil ity model  deve lo ped  in this thesis will  be  p resented 

and d iscussed in C h ap te r  7 wi th  the a im o f  predic t ing  the op t imal  t ime to 

r epai r /maintenance  in tervention.

6.6 CONCLUSIONS

T h e  pr ime object ive  o f  the w o rk  carried out in this chapte r  is to deve lop  a probabi l i s t ic-  

based model  to serve  as a rational tool that can help  br idge  ow ne r s /m a n g e r s / en g in ee r s  in 

their decis ion rega rd ing the op t imal  t ime for re pai r / m ai nt enance  in tervent ion o f  their 

s tructures.  T o  ac hieve  this object ive ,  a m e th o d o lo g y  to predict  the l ifet ime p e r fo rm an ce  o f  

a g iven s t ructure  or a n e tw o r k  o f  s t ructures  in te rm s  o f  its visual  cond i t ion  and in terms o f  

its load ca rry ing  capac i ty  w a s  deve lope d .  T he  s t ructure  l i fet ime pe r fo rm ance  in terms o f  its 

visual  condi t ion  (i.e. re la ted  to S L S )  is te rmed  in this thes is  as the ‘C o n d i t i o n ’ profile.  On  

the o ther  hand,  the s t ructure  l i fet ime p e r fo rm ance  it te rms o f  its load ca rry ing capac i ty  (i.e. 

related to U L S )  w a s  t e rm ed  here  in as the ‘S a fe ty ’ profile.

A c o m p re h en s iv e  spat ia l / temporal  reliabil i ty based model  w as  then deve lo ped  to predict  

both prof i les  (C on di t ion  and Safety) .  A co r ro d ing  R C  beam  girder  w as  used as an 

i llust rative ex a m p le  in w h ich  ex is t ing  chlor ide - indu ced  corros ion  mater ia l  de te r iora t ion  

m od el s  d i scussed in C h ap te r  2 w e re  em p lo y e d  in con junc t ion wi th  the R andom  Field (RF)  

theory di scussed in C h ap te r  3. E m p lo y in g  the RF  pr inciples ,  d iscussed in C h ap te r  3, to
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Facilitate the inclus ion o f  the spat ial  var iabil i ty  o f  the dete r iora t ing  par am et er s  in the 

deve lo ped  model ,  has been identi fied as the s econ d main  object ive  o f  this chapter .

T h e  RF-based model  w a s  first deve lo ped  to predic t  the C ond i t i on  prof ile o f  the R C  beam 

girder  which w a s  a s su m ed  to have  been  ex p o sed  to a corros ive  mar i ne  en v i ro n m en t .  At 

this point ,  the model  w as  b e n c h m a rk ed  agains t  pub l i shed  results o f  a s imi lar  m od el  w hi ch  

had been deve loped us ing RF  pr inciples  expla ined in Chap ter  3 to predic t  the cond i t ion  

prof ile o f  a g iven st ructure.  T he  m ode l s  produc ed  very  s imi lar  results  for the case  o f  G o o d  

D D S  concre te .  For the case o f  Fai r D D S  concre te ,  the mode l  d eve lo ped  in this thes is was  

con se rva t ive  by about  13% for the o u tm os t  case,  i.e. at t - \ 2 0  years.  For Poor  D D S 

concre te  the current  model  was  cons e rv at ive  by about  3 0 %  for the o u tm os t  case,  i.e. at 

t - \ 2 0  years.  It was  conc lude d  that these marg in  er ror  are ac cep tab le  co ns ide r in g  the 

d i f ference  in the m ode ls  d e v e lo p e r s ’ c o m p u te r  p r o g r a m m i n g  approach ,  poss ib le  

s impli f ica t ion,  and the ro und -of f  error.  The re  w a s  no ev idence  to b ack  any o f  the m o d e l s  to 

c laim that it is more  accura te  wi th the lack o f  s imi la r  expe r imen ta l  data.  It w a s  therefore  

con c luded that the mode!  deve lo pe d  in this thes is  is capable  o f  p red ic t ing  the cond i t ion  

profile wi th reasonable  ac cu racy  wi th  reference  to the b en c h m a rk  model .

Ha v in g  ben c h m a rk ed  the RF-based m ode l  d eve lo ped  in this chapter ,  it w a s  co nc lu ded  that 

the develo ped model  can now  be used to pro du ce the Con di t ion  and Safety prof i les  us ing 

the s i te-specif ic data col lec ted  in C h ap te r  4 and Chap ter  5. T h e  mod el  w a s  fur ther  

deve loped  to predict  the Safe ty  prof ile (i.e. l i fet ime reliabil ity) o f  the cons ider ed  beam  

girder.  Thi s  is the first t ime that such an a t tem pt  has  been m ade  to predict  the C on di t i on  

and Safety prof i les  o f  the sam e s t ructure  us ing  the s am e  dete r iora t ion  m odel s /paramete rs ,  

thus ach iev ing  one  o f  the pr ime objec t ives  s tated  in C h ap te r  1 o f  this thesis.

A not he r  addit ion  to the w o rk  bei ng  carried  out  in the contex t  o f  spat ial  var iabi l i ty 

mode l l ing  o f  deter iora t ing R C  s t ructures ,  it is the first t ime when  the m a x i m u m  load effect  

used for the ca lculat ion o f  t ime -d ependan t  rel iabil ity (safe ty  profi le) ,  we re  det er m in ed  

from the analys is  o f  site speci f ic  W I M  data us ing  EV  s tatistics.  Th i s  ensu res  that  the 

uncertain ty  associa ted  wi th the m a x i m u m  load affect  due to traffic loading  is be i ng  

accoun ted for whi le  avoiding  the use o f  conse rv a t ive  determin is t i c  load m o d e l s  w h ich  may  

lead to unnecessa ry  rep lacement  or  repai r  o f  the inves t igated  s t ructure .  By e m p l o y i n g  a 

s i te-specific load model  instead o f  us ing  a conse rv a t ive  code model ,  the objec t ive  out l ined 

in Chap te r  3 in this regard is achieved.
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7.1 INTRODUCTION

Chapter 7; Analysis & Discussions

T h e  R an d o m  Field (R F)-ba se d probabi l i s t ic  mode l  d eve lo ped  in C h ap te r  6 can be used to 

p ro duce  results o f  s ignif icant  impo r tance  to br idge  o w n e rs /m a n g e r s  s ee k in g  to opt imise  

thei r budget  spend  th rough predic t ing the op t ima l  t ime to first br idge repai r /m ain tenance .  

By pred ic t ing  the opt imal  t ime to first and s ubsequen t  re pa i r / m ai nt enance  o f  det er iora t ing 

s t ructures ,  br idge  o w n e rs /m a n g e r s  can op t im i se /m an a g e  thei r budgets ,  a l locate  resources  to 

those in most  need and plan  re pa i r / m ai n te nance  w ork s  for years ahead.  A s  indicated in 

C h ap te r  6, the t ime to re pai r /main tenance  in tervent ion can be predic ted  in terms o f  the 

Serviceabi l i ty  Limit  State (S L S )  related criteria,  i.e. ‘C o n d i t i o n ’ profile,  or  in terms o f  the 

Ul t imate  Limit  State (U L S)  related pe r fo rm ance  criteria,  i.e. ‘S a fe ty ’ prof ile,  see Figure  

6.1. T he  main  object ive  o f  this chap te r  therefore  is to com p are  the predic ted  t imes  to first 

r epai r /maintenance  in tervent ion o f  the co r ro d ing  R C  s t ructure  d e te rm in ed  based on 

cond i t ion  and safety prof i les (i.e. SL S  vs. ULS) .  T h e  d ev e lo pm en t  o f  the RF-based 

s tochas t ic  mode l  w a s  carried out in te rm s  o f  a pract ical  ex a m p le  o f  an R C  T -b e a m  girder  

exposed  to mar ine  env iro nm ent .

O n e  evident  ad van ta ge  w h ich  charac ter ises  the resul ts  to be  prov ided in this chapte r  is that 

both the SL S  and ULS pe r fo rm ance  indicators  (Cond i t io n  and Safe ty  prof i les)  were  

dete rm ined  us ing the sam e mater ia l  proper t ies ,  de t er iora t ion m o de l s /pa ram e te r s  and RF 

parameters .  Th is  a l lows a fair and val id co m p ar i so n  be tw een  the t imes  to first repair 

in tervent ion to be det er m in ed  from both  criteria,  in addi t ion ,  most  o f  p re v ious  w orks  o f  the 

service  life probabi l i s t ic  m o d e l l in g  o f  R C  s t ructures  af fec ted  by ch lo r ide - induced  corros ion 

have cons ider ed  the two major  cor ros ion s tages,  ini tiat ion and p ropagat ion ,  separa te ly .  For 

example ,  they a s su m e  that the t ime to corros ion  ini tiat ion (Tj) is zero  and all bars w ou ld  

start co r ro d ing  at the s am e  t ime (e.g. Li, 2()04b). In real ity how ever ,  re inforc ing bars or 

di fferent par ts  o f  the s am e  ba r  start  co r ro d ing  at d i f ferent  t imes  due to the f luctuation o f  the 

paramete rs  inf luencing the onset  o f  cor ros ion.  Thi s  s impl i f ica t ion w a s  indicated  in Chapter  

3 as be ing on e o f  the sho r t com ings  o f  the previous  s tudies  that have co ns ider ed  the effect  

o f  spatial var iabi l i ty o f  input  pa ramete rs  on the p e r fo rm ance  o f  RC s t ructures  affec ted by 

ch lo r id e - in du ced corros ion.

Also  in C h ap te r  6, the term concre te  Durabi l i ty  De sign Speci f ica t ion (D O S )  w a s  

in t roduced based on previou s  w orks  o f  Vu and S tewar t  (2()()0) to descr ibe  RC s t ructures  

with  di fferent character is t ics  wi th  regard  to chlor ide  ingress  resistance.  T h e  two main
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paramete rs  ident ified to make the difference be tween  Poor, Fair and Good quali ty  concrete  

were the compressive  strength ( f y)  and the reinforcement  cover  depth {C^). Other  

paramete rs  which are dependant  on any of  the two parameters  would also vary depending  

on the DD S considered.  In this chapter,  the three proposed DDS categories ,  i.e. 

Poor/Fair /Good,  are used to demonstrate the inf luence o f  concrete quali ty on the predicted 

results o f  the Condit ion and the Safety profiles.

The  discussion provided in this chapter  takes the fo l lowing sequence:

1. The influence o f  the Scale of  Fluctuation (0) on the spatial fluctuation o f  the time to 

damage  initiation is demonstrated in Section 7.2.

2. Predict ion of  the time to repair/maintenance in terms of  the Condition profile of  the 

beam under  considerat ion is discussed in Section 7.3.

3. Predict ion of  the time to repair /maintenance in terms of  the Safety profi le  of  the 

beam under  consideration is performed in Section 7.4.

4. In Section 7.5, Comparison between the t imes to repair/maintenance of  the beam 

under  considerat ion predicted in terms of  both,  the Condit ion and Safety,  profiles is 

discussed.

5. The sensitivity^ o f  Safety profiles towards the input random variables  is the 

discussed in Section 7.6.

In due course of  this chapter  and in the context  of  the above mentioned tasks, the following 

are discussed in detail:

1. The influence o f  spatial variability and its model parameters ,  on the condi t ion and 

safety lifetime performances o f  the beam structure under considerat ion.

2. The influence o f  the G eneral and Pitting corrosion  and variabil ity of  the corrosion 

pits on the lifetime safety performance  o f  the beam structure under considerat ion.

7.2 INFLUENCE OF THE SCALE OF FLUCTUATION ON SPATIAL 

FLUCTUATION OF THE TIME TO CORROSION INITIATION

To demonstrate the role o f  spatial variabil ity in predicting the damage  character is tics  for 

the RC beam girder  under  considerat ion,  r ,  was  used as an indicator. Consequent ly ,  T, was 

determined for varies values of  the parameter  c/, the results of  which are show n  in Figure 

7.1-Figure 7.4.
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All graphs in Figures 7 .1 -Figures 7.4 were produced using the input data listed in Table 6.3 

and Table 6.4. The predicted values o f  7, were plotted for one Monte  Carlo (MC)  

realisation for values o f  d  ranging from 0 to 5 m (ci-0,  0 .5,  2 and 5 m) to indicate 

(graphical ly) the inl luence o f  c/ on the predicted l luctuation o f  T, a long the beam. It can be 

seen from Figure 7.1,  where d - O  m, that all properties involved in the calculation o f  T, and 

7] l luctuate rapidly and randomly along the beam (spatially random or uncorrelated).  This  

state is equivalent to saying that all properties,  including are spatially uncorrelated. This  

is a special case,  for example ,  <:/=() m means that there is no correlation between the 

generated data along the beam for the same RF variable. The  input parameters in this case  

can be generated randomly from the speci f ied PDF distributions without having to apply  

the mathematical transformation (Matrix decom posit ion)  which  is necessary to convert the 

randomly generated data into a spatially correlated data as indicated in Sect ion 3 .4 .4  and 

illustrated by Table 7.1. The el iminat ion o f  the matrix decompos it ion  step results in a less  

computational  time which can be useful in the case when the RF mesh is very dense and 

require massive  computational  effort.

Table 7.1 Simpli fied procedure o f  generating RF variables

R a n d o m l y  gen era ted  data o f  a 
RF var iab le

Sp at ia l l y  corre lat ed  data o f  a 
R F  var iabl e

)

)

}

A p p l y i n g
Matr ix _______ ______

i 10 IS n  2s X  »  «o d e c o m p o s i t i o n S 10 IS »  2S 30 »  40

On the other hand, when the parameter d  was  assigned values  that are greater than zero,  

e.g. Figure 7.2, Figure 7.3 and Figure 7.4,  more organised shapes o f  all properties and T, 

were produced, indicating that they exhibit som e  degree o f  correlation along the beam 

(spatially correlated). The graphs s h o w  that the correlation between the predicted values of  

Ti for different RF elements  a long the beam (spatial correlation o f  T,) is strongly dependent  

on the value o f  c/ used for the generation o f  the RF variables (i .e.,  random variables that are 

also spatially variable).  From Figures 7 .2-7 .4 ,  it can be observed that the fluctuation 

intensity o f  T, a long the beam is inversely proportional to d.  This is expected as when  

d ^  0 0  this suggests  that the beam deterioration parameters are hom o g en eo u s  along the 

beam which impl ies that the calculated T, is constant a long the beam. Therefore,  the 

fluctuation o f  T, along the beam is expected to decrease as the value o f  d  increases until 

reaches a constant state for very large values  o f  c/ (i.e. d »  the beam length).  This  is also a 

special case in the context o f  RF model l ing.  For example ,  when  t/-> o o , this is equivalent to
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saying tfiat properties are constant along the beam and therefore the traditional re liab ility  

approach which considers the whole structure as homogeneous, as discussed in Section 3.4 

and by Kenshel and O'Connor (2009), is applicable and the structure safety may be 

evaluated at sections where they are considered to be structurally most critical.

The fact that different parts o f the beam w ill have different 7, values implies that different 

parts o f the beam w ill initiate corrosion-induced damage (e.g. cracking, severe loss o f 

reinforcement cross-sectional area) at different beam ages. From the structure safety 

v iewpoint, this also means that structurally critica l parts o f the structure, i.e. midspan for 

flexure and end supports for shear in the case o f the sim ply supported beam under 

consideration, can be exposed to a higher levels o f chloride attack than the rest o f the 

beam, for example, as a result o f salt water leaking through deck jo ints. Therefore, 

considering the different sections o f the structure (i.e. RF-based m odelling) is more 

realistic scenario than for example considering the entire structure as one homogenous 

element. This would have been impossible to illustrate i f  spatial variab ility  was not 

considered. Further discussion in this regard w ill be given in Section 7.4.1.
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Figure 7.1 Influence o f neglecting the spatial variab ility  on the time to corrosion 
in itia tion, d = 0  m (0=0 m) (Spatia lly Random or Uncorrelated).
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Figure 7.4 Influence o f the Scale o f Fluctuation on the time to corrosion in itia tion, c/=5.0 
m (6=8.9 m).

The influence o f 0 on the spatial variab ility  o f other damage characteristics, e.g., the time 

to first cracking or the time to crack propagation (Tcp) is sim ilar in principle to that 

demonstrated for the case o f 7',.

7.3 PREDICTION OF THE CONDITION PROFILE, A^t)

To predict the time for repair/maintenance intervention based on the surface condition o f 

the structure, the condition profile , i.e. A^(t) needs to be predicted. As indicated in Section 

6.2.2.1, the proportion o f the surface area o f the beam (A^%) that is exhibiting a specified 

damage characteristic, i.e. crack w id th  o f 1.0 mm or greater, is obtained in the form o f a 

Probability Density Function (PDF), in general, i f  the shape o f the annual A^%  PDF 

approximated to be o f  a ‘N orm a l’ d istribution, the mean value o f A^,% can be represented 

in terms o f the 50% fractile (the average), as was schematically shown in Figure 6.5 and as 

discussed by Kenshel and O'Connor (2009). The condition profile can then be plotted by 

connecting the mean values o f the annual /\x%  PDFs. However, as can be seen from Figure 

7.5, the annual PDF o f  A^%  for most years is demonstrated to be highly ‘non-N orm al’ , the 

shape o f the d istribution is skewed either to the left (positive ly skewed) as in the early 

years o f the structure service life  or to the right (negatively skewed) as in the late years o f
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the Structure service  life. T h i s  b e h a v io u r  is ex p ec ted ,  for  ex a m p l e ,  at an ear ly  ag e  o f  the 

s t ructu re  service  life (i.e. /< 3 0  years)  it is h ighly  l ike ly  that  the s t r u c t u r e ’s su rf ace  w o u l d  

not s h o w  s igns  o f  co r r o s io n - in d u c e  c rack ing ,  spec ia l ly  for  Fai r  or  G o o d  D D S  co nc re te s ,  

thus  very  smal l  v a lu es  o f  A ^ %  (i.e. A ^ % < \ 0 %  as indi cated  in Figure  7 .5)  are  e x p e c t e d  to be 

o b t a in ed  m o re  f r equen t  lead ing  to a s k e w e d  s h a p e  o f  the  co n s t ru c te d  PDF.  T h e  s a m e  

pr inciple  ap pl i es  to the s t ruc tu re  at a ve ry  late age  (i.e.  t>H() yea rs )  w h e r e  it w o u l d  be 

r e aso n ab le  to exp ect  that  mos t  o f  the s t ru ct u re  su rfa ce ,  if not r epa i re d ,  w o u l d  exh ibi t  

co r ro s io n - in d u ced  c r a c k i n g  o f  s ize  1.0 m or  g re at er  l e ad ing  to m o re  f r equen t  h igh A ^ %  

va lues .  T h e r e fo r e ,  the  m e a n  val ue  is not  the p ro p e r  m e a s u r e m e n t  o f  the  cent r a l  t e n d e n c y  

(the av e rag e )  o f  the q u an t i ty  u n d e r  inves t igat ion,  i.e. Ax%.

8 5 9 5  y . .
80 years

Figure  7.5 E v o lu t io n  o f  Ax% wi th  t ime ( for  Fai r  conc re te  and d - \ . 5  m,  A =0 .48 m,  O n e -  
D e m e n t io n a l  R F  model) .

Bec a use  the m e a n  v a lu e  can  eas i ly  be  af fec ted  by out l ie rs  and e x t r e m e  data,  w h e n  

m e a s u r in g  the centra l  t e n d e n c y  o f  a g iven  s k e w e d  di s t r ib ut ion  the m e d i a n  valu e  is often  

used  in such ca se s  ( A n g  and T a n g ,  1975).  In the con tex t  o f  the  cu rrent  s tudy,  the 

ap p ro p r i a t en e s s  o f  us in g  the m ed ian ,  to m e a s u r e  the  m e a n  val ue  o f  Ax%, can be  c h e c k e d  by 

a s s u m i n g  all R F  va r ia b le s  to be h o m o g e n o u s  ac ro s s  the b ea m ,  i.e. c ons tan t  a lo n g  the beam.  

T h i s  can be ach ie v ed  by c h o o s i n g  a very  large  valu e  o f  r/ to represent  the spat ial  var iabil i ty  

o f  each  R F  var iabl e  (d  »  the b e a m  length) .  By se lec t in g  a large va lue  o f  i/, the gen e ra ted  

R F  var iab les  wi l l  be cons tan t  a lo n g  the b ea m  (for  the s a m e  M C  real isa t ion) .  H ence ,  the

221

lOOOOp

8000
toooo o

c  6000

s- g- 4000
£ ^ 2000
1 « < » 0

^  2000
0

8000- 

^60001 

i  4000j

C  3000 

g-2COO 

,000

2000^
I

> n150oI 

D  'OOOt

> ,1 5 0 0

§ 1000
cr
d>

i  500

2500-

ao)ot~ S' '
c is o o t

1000

500

> .1500 

3  ’000

>00* [~ 
a

5 15 25 35 45 55 ^  75
"1  A x %

5 15 2S 35 45 55 65 75 85 95
A x %

S ’ S 2 S 3 6  45 S5 66 75 B 596  6 0  v e a r S
A x %  ^

m
5 15 25 35 45 55 65 75 85 95

A x %
50 years

25 35 45 56 65 75 85 95 a / \40 years

5 15 25 35 45 55 65 75 85 95
A x %

4 12 20 28 36 44 52 60 68 76
A x %

30 years 

20 years
10 20 30 40

A x % 10 years

0 vcars

70 years



Chapter 7: Analysis &  D iscussions

beam is expected to behave as one homogenous element, for example, A^% is either 0% or 

100%. I f  the average o f Ay.% PDFs were represented in terms o f the mean instead o f the 

median, the expected 0%-100% results o f Ax% could not be obtained, as can be seen from 

Figure 7.6 (the dash lines). For the two investigated DDS concrete (Poor and Fair), the 

figure shows that on ly  when the average o f A^% PDFs was represented in terms o f the 

medians, the expected 0-100% results (the continuous lines) were achieved. This means 

that the mean values (i.e. L i et a i ,  2004; Vu and Stewart, 2005) cannot be considered 

accurate in representing the average Ay%,  i.e. the condition profile . Therefore, for the 

purpose o f this work, the condition pro file  for the beam girder under investigation w ill be 

presented in terms o f the median.

100 ;

Poor Poor
Mean
Median

60

40

20 Fair Fair

20 40
Time (years)

60 80 100

Figure 7.6 Ax% represented in terms o f its mean and its median for Poor and Fair DDS 
concrete w ith  d ~  oo.

It worth m entioning that none o f the previous studies which have used RF m odelling 

methodology to predict the condition pro file  for a corroding RC structure, e.g. Li (2004b) 

and Vu and Stewart (2005), have investigated the va lid ity  o f using the Mean instead o f the 

Median to estimate the average o f Ax% and by doing so they have assumed that Ax% PDFs 

to be ‘N o rm a lly ’ distributed.

7.3.1 Influence of the scale of fluctuation (0)

Before using the values o f  6 obtained in Chapter 5 in the analysis to be earned out in this 

chapter, the influence o f the parameter 0 on the predicted condition profile  y4x(t) was
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i rvestigated.  For  convenience,  the investigation was  carr ied out  in terms o f  the paramete r  d  

which is related to 0 as indicated in Table  5.1 (i.e. 6=Vt/). Values  for d  ranging  from 0 to co 

were assumed  and the results of  the condi tion profile were plotted in terms of  the A^% 

medians, Figure 7.7. The condit ion profile in this case was plotted in terms o f  the 1.0 mm 

crack size cri ter ion for a Fair DDS concrete . This  means  that A^% was  expressed such that 

the proportion o f  the concrete surface area that have corrosion-induced cracks widths  in 

excess o f  1.0 mm.

Figure 7.7 shows that as d  increases,  the t ime to initiate the corrosion dam age  increases  

(the horizontal  part of  the curves  in Figure 7.7 with a zeroAx%) .  For very large values  o f  c/, 

e.g. d  > 50 m, the profi le becomes  s teeper  and moves  towards fulfilling the condit ion o f  

0 ' 'o-I00% as explained earlier. By assum ing  that d  ~ oo, it is suggested that the RF 

variables are hom ogenous  across the beam which implies  that the beam should behave as a 

ore  homogenous  element  and therefore is expected to either exhibi t 0%  or 100% damage  

level th roughout  its service life as indicated at the start of  this section.

100 ■   — ,

90 

80 

70 

60 

X 50 
<

4 0 - 

30 

20 

10

0*
0

Figure 7.7 Influence o f  the correlation length {d) on the predicted condit ion profile 
(expressed in terms of  the Median)  for concrete  with Fair DDS.

Figure 7.7 also indicates  the s ignificance o f  cons ider ing the spatial variabil ity o f  the 

deteriorating var iables  when predict ing the time to damage initiation and hence the 

possible t ime to first repair /main tenance  intervention. Assuming  that the time of  first 

repair/maintenance intervent ion was  to be made  based o n / lx %  has reached value o f  1.5%,
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as suggested in Chapter  2, if spatial variability were not considered, the time to first 

intervent ion was found to be 95 years after the beam construction.  Meanwhile,  if the 

spatial variability were considered,  for a very small d  value (e.g. cl ~  0), the time to first 

intervent ion was about 32 years after the beam construction.  As d  increases, the time to 

first repair also increases within the range o f  32 to 95 years. It can be seen therefore that by 

including the uncertainty as.sociated with spatial variability, the time to first repair/ 

maintenance intervention can be much shorter  than that predicted when spatial variability 

associated uncertainty is ignored. For br idge owners/mangers ,  this indicates the 

s ignif icance of  consider ing the uncertainty associated with spatial variability in any 

structure performance prediction tool.

Figure 7.7 also shows that for a conservat ive assessment  it might  be reasonable to use a 

zero value for d  to obtain a conservative estimate for the time to damage initiation or the 

time for a specified value o f  Ax% (i.e. Axmax%) to be reached. This  means that the matrix 

decomposi t ion step needs not to be included which reduces the computat ional time reduces 

significantly.

Figure 7.7 also shows  that if /4xmax in terms of  the 1.0 mm criterion, was assumed 

to be 50%, the influence of  the parameter  d  becomes  insignificant. This  means that for a 

prel iminary upper  limit assessment  by which Axmax=50%, the analysis can be carried out 

with the randomly generated spatial data which requires less computational  time when 

compared  with the spatially correlated data as explained earlier.

7.3.2 Influence of the RF element size

For the RF analysis (analysis that considers  spatial variability), the opt imal  size of  the RF 

element  (A) needs to be specified. In Section 3.4.5, the s igniflcance of  the RF element size 

was discussed. It was stated that the element  size should not be too large as this will lead to 

underest imat ion of  the influence of  spatial variability by assuming that deterioration 

properties are constant  within the same RF element . For a property to be considered 

constant  within an RF element , physical ly,  this assumption is only reasonable if the RF 

element size is relatively smaller  than 0, i.e. A<l /2  0 as suggested by Der Kiureghian and 

Ke (1988)  and Englund (1997), see Section 3.45. On the other hand, if the element  size 

was too small,  numerical  difficulties associated with decomposi t ion of  a large 

autocorrelation matrix arise.
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Resul ts  o f  the cond i t ion  profile for Fair D D S  conc re te  are s h o w n  in Figure  7.8 for Ax=2.4, 

0 .96 ,  0.48,  0.32,  and 0 .24 m w hi ch  co r re sp o n d s  to us ing 4, 10, 20,  30  and 4 0  On e-  

D im ens iona l  RF  e l emen ts  respect ively .  T h e  effec t  o f  c h o o s in g  a small  O n e -D im en s io n a l  

R F  e lem e n t  w id th  can be observed  from the cond i t ion  profi le b e c o m i n g  sm oo the r .  T h e  

reason for the cour se  t rend pr od uc ed  in the case  o f  the larger  e l em en t  s ize can be expla ined 

as fo l lows;  e.g. if the case  w here  4 R F  e lem e n ts  we re  used,  the avai lable  a l ternat ives  are 1, 

2, 3 or  4 e lem en ts  can fail (i.e. to have a crack s ize >  1.0 m m )  out  o f  poss ib le  4. Th i s  

co r re sp o n d s  to 2 5 % ,  5 0% ,  7 5 %  or 100% as it is ev ident ly  seen f rom the re levant  figure.  

T h e  con di t ion  prof ile  therefore b ec o m e s  s m o o t h e r  as the n u m b e r  o f  R F  e lem e n ts  increases  

(hence  the size o f  each RF e l em ent  decreases )  as m or e  poss ib le  f rac t ions  o f  the p er cen tag es  

g iven ab ove  b e c o m e s  available.

60
—■— A = 2 .4 mX

50 —  A , =  1 . 2 m

--------A = 0 .8  mX
4 0 - ------ A = 0 .4 8  mX

A = 0 .3 2  mX

X GJ O --------A = 0 . 2 4  m
< X

10 I

I  I
O a a w a s B w e i Fr f —■

0 20 40 60 80 100
Time (years)

Figure 7.8 Inf luence o f  the e lement  size (Ax) on the predic ted  condi t ion  prof ile for Fair 
D D S  and a sca le  o f  f luctuat ion 9=1.3 m.

A n o th e r  obser vat ion can be m ade  f rom Figure  7.8 that  Ax% co n v e rg es  rapidly w h e n  the 

e lement  s ize Ax< 0.32 m. i.e. prof iles  produ ced  by Ax=0.32 m and Ax =0.24 m are a lm os t  

identical .  Th e re fo re ,  the op t imal  size w as  used for the ana lys is  w h ich  w a s  carried out  for 

the re m a in in g  o f  this chapter  w as  Ax= 0.32 m for O n e -D im e n s io n a l  RF  model  w hi ch  

co r re sponds  to us ing 30 O n e-D im en s io n a l  RF  e lements .
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7.3.3 Influence of the RF meshing configuration

In the p re v io u s  sec t ion,  the  inf luence  o f  the R F  e lem en t  s ize w a s  inves t igated  for a One-  

D im e n s io n a l  m e s h i n g  conf igura t ion.  In the m ode l  d e v e lo p m e n t  p ro ced ure  d iscussed  in 

C h a p t e r  6, O n e - D i m e n s i o n a l  and T w o - D i m e n s io n a l  m e s h in g  conf igura t ion s  we re  

p ro p o s e d .  Sec t ion  6.2.1.  T h e  in t luence  o f  us in g  O n e -D i m e n s i o n a l  or  T w o - D i m e n s io n a l  RF 

m o d e l  on the  resul ts  o f  the  con di t ion  prof i le  w as  also inves t igated .  Figure  7.9 presents  

re sul ts  o f  the  cond i t ion  prof i le  for Fai r D D S  co ncre te  w i th  the ver tical  side o f  the beam 

w a s  h y p o the t i ca l ly  d iv ided into k y = l ,  2 and 3 R F  e l e m e n ts  so  that  A y  = h j k y  m w h e r e  is 

the  he ight s  o f  the b e a m  w e b  in m as indicated  in Figure  6.3 and Figure  6.4,  ky is the 

n u m b e r  o f  R F  e lem e n ts  in the ver tical  d i rec t ion o f  the b eam .  T h e  n u m b e r  o f  R F  e lem e n ts  

in the  ho r izon ta l  ( lon g i tudina l )  d i rec t ion w a s  fixed at 30  (i.e. Ax = 0 .32 m).  As  can be seen 

f rom  the  gr aph ,  a lmos t  no c h a n g e  in the results  can be  ob ser ved.  T h i s  sugg es ts  that the 

height  o f  the  b e a m  w e b  (/?„■ = 0.6 m)  is too smal l  re la t ive  to 0 (0=1.3 m in this case)  for the 

R F  var iab le s  to s h o w  any i m p r o v em en t  in the predic ted  result  o f  the cond i t ion  profile.

6 0  r
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Figure  7.9 Inf luence  o f  R F  m e s h in g  co nf ig u ra t ion  ( O n e -D im e n s io n a l  and T w o -  
D im e n s io n a l )  on  the  predic ted  cond i t ion  prof ile.

W h e n  the co m pu ta t iona l  t imes  w e re  c o m p a r e d  for the three m e s h i n g  cases ,  it w as  found 

that  if the n u m b e r  o f  ver tical  R F  e lem en ts  w a s  d oub led  or  tripled so did the co m puta t iona l  

t ime wi th  a lm os t  no im p r o v e m e n t  o b s e rv ed  for the p redic ted  co nd i t ion  prof iles .  T he  

co m p u ta t i o n a l  t imes  associa ted  wi th  each o f  the m e s h i n g  conf ig u ra t ion  w e re  re corded and
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are shown in Table  7.2. As expected, the computational  t ime increases as the size of  the RF  

element  decreases  due to the increase in the number o f  random variables to be generated 

and due to the increases in the size of  the autocorrelat ion matrix need to be decomposed .  

I 'herefore,  it was decided that the One-Dimensional  RF meshing configurat ion is sufficient 

to accurately represent the spatial variability of  the beam propert ies with = 0.32 m for 

the plott ing of  the condit ion and the safety profiles. For convenience,  and to ensure that 

there would be a RF element  represent ing the exact midspan of  the beam when  calculating 

the safety profile, an odd number of  RF elements  had to be used, thus 31 RF e lements  (i.e. 

Ax = 0.31 m) were used instead o f  30.

Table 7.2 Computat ional  t imes which correspond to choosing 
different RF meshing configuration.

RF meshing  
(No .  o f  Horizontal e l ements  x 

No.  o f  Vertical  e l ements )

Computat ional  time*  
(minutes:  seconds)

1-D ( 3 1 x 1 ) 07 :10
2 -D  (31 x 2) 13:17

2 - D  (31 x 3) 18:03
♦ I he  m a c h i n e  u s e d  w a s  Del l P r e c i s io n  ’H a d O  In le l (R )  C:ore( T M )2  Q u a d  C P U  Q 6 7 0 0  @  2 .6 6  G H z  a n d  
7 < ) . 1 G l i o f  R A M .

7.3.4 Influence of the concrete DDS

The condi tion profile was plotted for the three DDS concretes which were proposed in 

Section 6.3.4. Figure 7.10 shows that for the concrete with a Good DDS there was  a 

negligible damage  for the 100 years of  service life. For the concrete with a Poor  DDS 

however , 20% o f  the surface area of  the beam will exhibit  corrosion-induced cracks o f  1.0 

mm wide or greater within only 6 years of  the beam construction. For concrete  with a Fair 

DDS, the 20% damage is reached just after 63 years of  the beam construction.  This  means 

that there is 50% probability that 20% of  the beam surface area will exhibi t corrosion-  

induced cracks o f  size 1.0 mm or greater after 63 years of  construction.

To indicate how Ferrycarr ig Bridge condit ion profile fits within the condit ion profiles for 

the three proposed concrete  DDSs,  the properties obtained from the bridge were used with 

the mean values o f / ^ ’, O ,  and the Diffusion Coefficient  (Da,,,,) being the key parameters  

that were replaced by those obtained from the experimented bridge. The condit ion profile 

showed that Ferrycarrig Bridge can be classified to have DDS category comparably similar  

to that of  the concrete with Fair DDS in terms of  its resistance to chlor ide- induced damage.
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This corresponds well w ith the results o f the inspection report o f the bridge summarised in 

Chapter 4 which indicated that signs o f corrosion were not observed on the face o f the 

crosshead beams.

1

80
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X<
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Ferrycarrig

63 years6 years
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40
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60 80
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Figure 7.10 Influence o f D urability Design Specifications (DDS) on the predicted 
condition profile  in terms o f w/,m=l.() mm criterion.

7.3.5 Influence of the damage criterion

As explained in Section 2.6, the criterion for the onset o f maintenance and repair in 

practice is usually based on a maximum acceptable proportion o f the surface area o f the 

inspected structure showing signs o f corrosion-induced damage. The damage criterion, to 

be considered when assessing structures which should be repaired or maintained, varies 

from agency to agency and from engineer to an engineer. For example, the damage 

criterion may be given in terms o f the in itiation o f corrosion (the chloride content at the 

level o f reinforcement is exceeding the critical chloride content CV), Criterion 1 in Table 

7.3. A lternatively, the damage criterion may be given in terms o f the appearance o f hair 

size cracks on the concrete surface. Criterion 2, or in terms o f the appearance o f 

significantly large corrosion-induced cracks, on the concrete surface, Criterion 3. In the 

current chapter, the condition profile was predicted in terms o f all three damage criteria o f 

which the results are presented in Figure 7.11.
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Table 7.3 Definitions o f criterion used for plotting the 
condition profiles

Criterion name Criterion del'inition

Criterion 1 Cl%  at C,/ level > C „%

Criterion 2 0.1)5 mm < u’lim < 1.0 mm

Criterion 3 -0 nim

Criterion 3 
Criterion 2 
Criterion 1

7 0^

60 r

50

X<
; Ax=25%

33 years 

43 years

10060
31 years j | ^ g  (years)

8020

Figure 7.11 Influence o f Damage criterion on the proportion o f the damaged surface area 
A^%  for concrete w ith Fair DDS.

I'he implication o f selecting one o f the three criteria listed in Table 7.3 is evident in Figure 

7.1 1. For example, i f  the condition profile was predicted in terms o f Criterion 1, the 25% 

lim it, which was proposed in Section 2.6.1, is reached at approximately 31 years for 

concrete w ith Fair DDS. I f  the condition profile was predicted in terms o f Criterion 2, the 

same lim it would be reached after just about 33 years for the same DDS concrete. 

Meanwhile, i f  the condition profile was predicted in terms o f Criterion 3, the 1.5% lim it 

which was proposed in Section 2.6.2 for this type o f damage would be reached at about 43 

years after the beam construction. A t this time (/=43 years), the beam would have 41% o f 

its surface area initiated corrosion or 38% covered w ith hair-size corrosion-induced cracks.

It can also be observed from Figure 7.11 that the condition profile plotted based on 

Criterion 2 does not d iffe r significantly from the condition profile predicted based on
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C ri t e r i on  1. T h i s  is d u e  to the fact  that  the t ime to first c r ack in g  is c o m p ar a t iv e ly  shor t  

w h e n  c o m p a r e d  to the  t ime to c rack  p r o p a g a t io n  as ex p la ined  in Sect ion  2.2.1.

W h e n  us in g  the  F e rr yca rr ig  Br i dge  D D S ,  the  t ime to first m a in t e n an c e  in terve n t ion  

p re d ic ted  in t e rm s  o f  Cr i ter ion 1 w a s  foun d to be  about  47  years  af ter  the  b ea m  

cons t ru c t i on .  T h i s  is eq u iva len t  to 5 %  o f  the b ea m  su rf ace  area s h o w i n g  c o r ro s io n - in d u ced  

1.0 m m  w i d e  cr acks .  C r i te r ion 3. T h e  re la t ion  b e t w e e n  the levels  o f  d a m a g e  in t e rm s  o f  

b o th  cr i ter ia  is o f  s igni f icant  pract ica l  im p o r t a n c e  for  en g inee rs  conce rn ed  w i th  the 

pr ed ic t io n  o f  the  s t ru ct u re s  ser vice  life. For ex a m p l e ,  it is m u ch  eas ie r  to eva lu a te  the 

p e r cen tag e  o f  the  d a m a g e d  su rfa ce  area  in t e rm s  o f  the v is ible cracks  than in t e rm s  o f  the 

in i t ia t ion  o f  co r ro s ion .  T h e  later r e q u i r e m e n t s  im p ly  that  conc re te  dust  s a m p le s  need to be 

t ak en  at the re in fo rce m e n t  d ep th s  for c h e m ic a l  analy s i s  to inves t igate  if the ch lo r ide  

co n ten t s  at these  levels  have  e x c e e d e d  Ccr- T h i s  is both  cos t ly  and t ime c o n s u m i n g  p ro c es s  

and thus  m a y  not  be  pract ica l .  T h e  a l t ernat ive  is to p e r fo rm  rout ine  inspect ion and ev a lu a te  

the  s t ructu re  based  on the  v i s ib le  s igns  o f  the co r ro s ion  ac tivi ty such rust s ta ins  or  the 

a p p e a r a n c e  o f  co r r o s io n - in d u ce d  c r ack s  on  the  su rf ace  o f  the s t ructure.

T h e  ch e m ic a l  ana lys is  o f  the co n c re te  co res  ex t ra c ted  f ro m  Fe rr yca rr ig  br idge  (see C h a p t e r  

4)  s h o w e d  that ,  27 yea rs  af ter  the b r id g e  co n s t ru c t io n ,  on ly  2 out  o f  40 co nc re te  co res  

( a bou t  5 % )  h ave  indicated  that  ch lo r id e  con ten t s  at Ci i=40 m m  had ex c eed e d  the cri t ical  

ch lo r id e  co n ten t  (Ccr=0.07 C l %  per  m a s s  o f  conc re te ) .  T h i s  m a y  indicate  that  abou t  5 %  o f  

the re in f o rc e m e n t  has  its co r ro s ion  ini tiated .  In t eres t ingly ,  Figure  7.12 s h o w s  that the  s a m e  

p e r cen tag e  ( 5 % )  o f  the  su rf ace  area  o f  the  b e a m  u n d e r  cons ide ra t ion  is expected  to have its 

co r ro s io n  ini tiated af ter  26 years  w h ic h  m a t c h e s  c lo se ly  wi th  the Fer ryca rr ig  Br idge.  T h e r e  

is there fo re  a s t ro n g  ev id en c e  to su g g es t  that  the  m ode l  d eve lo ped  in this thes is w a s  able  to 

accu ra te ly  predic t  the  ext en t  o f  d a m a g e  {Ay% )  in t e rm s  o f  Cr i t er ion  1 for the F e rr yca rr ig  

Br idge.

If the  co nd i t ion  prof i le  w a s  d e f in ed  in te rm s  o f  Cr i ter ion 3, the t ime to first 

r e p a i r /m a in te n a n ce  in terve n t ion  is p re d ic ted  to be a b o u t  42  years .  T h i s  is still in l ine wi th  

the  f i nd ings  o f  the in spec t ion  repor t  w h ic h  w a s  ca rr i ed  out on  the br idge  pr ior to its 20 0 7  

s u m m e r  renovat ion  w h ic h  repo r ted  that  no co r r o s io n - in d u ced  c racks  we re  o b se rv ed  on the 

su rf ace  o f  the  c r o s sh e ad  bea ms .
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Figure 7.12 Iiinuence of Damage criterion on the proportion of the condition profile for 
Ferrycarrig bridge DDS.

Considering the objective outlined in Chapter 1 with regard to comparing the time to first 

repair/maintenance obtained in terms of the condition profile (i.e. SLS) with that obtained 

in terms of the safety profile (i.e. ULS), the later needs to be determined first. This is the 

task of the following section.

7.4 PREDICTION OF THE SAFETY PROFILE, fi{i)

To predict the time to first repair/maintenance for a given structure from the safety 

viewpoint, the safety profile, which is presented in terms of the Reliability Index (Jj) 

introduced in Chapter 3, needs to be plotted. The advantage of using ^  as a safety 

performance indicator is that it can be directly compared to the minimum (Target) 

Reliability Index (Ji\) recommended by the design codes for the ULS. For example, as 

indicated by Table 3.2, the Eurocode (EC2) recommends that the actual reliability index at 

the end of the design life-cycle of 50 years should remains greater than a minimum 

acceptable value o ip \  =3.8 for the ULS for structures with a medium consequence for loss 

of human life. The procedure describes the calculation of the annual f i values and hence the 

Safety profile was discussed in Section 6.3.8.

Two cases of the beam deterioration were considered; (i) due to general corrosion and (ii) 

due to pitting corrosion. The loss of the beam resistance and thus its safety with time was
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estimated in terms of  the loss o f  its reinforcement  flexure and shear cross-sectional area for 

both cases (i.e. due to general and pitting corrosion). The loss of  the reinforcement  cross- 

sectional area due to pitting corrosion was related to that caused by the general corrosion 

through the pitt ing factor (R) which was treated as a random variable with a mean value 

depends on the diameter  and the length o f  the reinforcing bar as explained in Section 

6.3.41. Before proceeding to the results of  the safety profile calculated for the beam under 

investigation, the importance of  spatial variability model ling in the context of  calculating 

fi([) will be explained with the help o f  the simulated data.

7.4.1 Role o f  spatial variability  in the predicted safety profile

To demonstrate  how spatial variability is expected to influence the safety profile of  the RC 

beam under considerat ion, two cases were considered, in the first case, the deterioration 

properties were assumed to be constant a long the beam which is equivalent to the state of  

full spatial correlation (i.e. d ~  oo). This is also s imilar to the conventional  structural 

reliability analysis which tends to evaluate the failure probability of  the Limit State (LS) 

only at sections within the structure where the highest load effect is expected to occur 

(Darmawan and Stewart,  2007). For example,  for a simply supported beam, these sections 

are the midspan for the flexure LS and the end support  for the shear LS. In this way,  spatial 

variability is ignored and the failure probability is determined based on evaluating the LS 

functions at a single RF  element.

In the second case, the spatial variability of  the deteriorating properties a long the beam was 

considered. Each RF element  was considered as an individual component  and its individual 

failure probability was used to form a system reliability problem for the whole beam. In 

this case, the governing LS was not always violated at sections (i.e. centre of  RF element) 

within the structure where the highest load effect is induced as ment ioned earlier. Other 

sections a long the beam may experience the LS violation first as will be shown later.

A MC realisation for each of  the two cases was plotted for the two failure modes (flexure 

and shear) considered for estimating the combined (Total) reliability o f  the beam under 

investigation. Figure 7.13. On the figure, the load effects induced on the beam (i.e. Mi, and 

Vh) were also indicated. Both the induced load effect and the beam resistance in terms of  

flexure (M„) and shear (\/„) were calculated at the centre of  each RF element  a long the 

beam using Equat ion 6.6/6.7and Equation 6.9 respectively. It is clear that for the first case,
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as a result o f using homogeneous material/geometrical and environmental properties along 

the beam (No spatial variability NSV), the calculated resistance model is also 

homogeneous along the beam. This means that the LS function is ensured to be violated at 

locations w ith in the beam that are structurally critical, i.e. section 1 in Figure 7.13.
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Figure 7.13 Role o f spatial variability (SV) on the predicted re liab ility  o f the RC beam (a) 
in terms o f the bending moment (b) in terms o f shear.

On the other hand, if  the spatial variab ility (SV) o f the deterioration properties were taken

into account when determining the beam resistance, fluctuating resistances were obtained.

Having a fluctuating resistance along the beam increases the chances that the LS violation
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at locations within the beam other than those predefined to be structurally the most critical. 

For example,  in this particular M C realisation, section 2 of  the beam is shown to be the 

part of  the beam where the LS is more likely to experience the LS violation when 

compared with the conventional  midspan/end-support critical sections (section I). This 

demonstrates  clearly the advantage of  considering spatial variability over  the traditional 

reliability approach when calculat ing the safety profile of  a given structure.

Another observation can be made from Figure 7.13(b) that in addition to the exhibited 

fluctuation of  the shear  resistance due to the natural fluctuation of  the material properties 

a long the beam, other forms of  irregularity may also be accounted for. For example,  an 

extensive presence of  chlorides (e.g. due to leakage of  water  from the expansion joints) or 

increased diffusivity and/or  very low cover depth as a result o f  a poor workmanship at 

certain parts o f  the beam can lead to faster chloride penetrat ion and/or higher corrosion rate 

and hence to a higher loss of  reinforcement  cross-sectional area. It is possible therefore that 

the significant drop in the shear resistance at the part of  the beam which is represented by 

RF elements number 17 to 25 Figure 7.13(b) can be assumed to have been caused by one 

of  the aforementioned reasons. The  influence of  such phenomena  is only possible by 

considering different parts of  the structure when model ling the reliability profile o f  a given 

structure, i.e. RF based reliability model ling.

7.4.2 Influence o f  pitting corrosion

Investigating the influence of  pitting corrosion and the influence of  variability and spatial 

distribution of  corrosion-induced pitt ing on the safety of  structures exposed to chloride 

attack has been severely neglected in previous reliability studies (e.g. Vu and Stewart,  

2()()0). For this reason, this task has been highlighted, i.e. in Chapter  2 and Chapter 3, to be 

one o f  object ives of  this thesis. This object ive will be addressed in this section.

In the current analysis,  the deterioration of  the beam girder over  time was estimated 

considering two forms of  corrosion;  (i) due to general (uniform) and (ii) due to pitting 

corrosion. As discussed in Section 6.3.4 and by Kenshel and O'Connor (2009), in the case 

of  general corrosion, the deterioration occurs  due to the reduction of  the cross-sectional 

area of  the reinforcement .  In the case o f  pitting corrosion,  the maximum pitting depths was 

specified through the use of  the factor R which relates the maximum pitting depth to the 

average penetrat ion caused by the general corrosion. The  analysis carried out in this thesis
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as su m es  statistical  independence b e tw een  the p i t t ing  depths  tor each R F  e lem e n t  and 

bet w een  re inforc ing bars  wi th in  the s am e  RF  e lement .  T h e  conc ep t  o f  h av in g  fully 

corre la ted  or  totally independe n t  pi t t ing  depths  is i l lust rated by Figure  7.14.  In the first 

case,  (a) fully correlated ,  for the s am e  M C  real isa t ion; all co r ro s ion - i nduced  pits w o u ld  

have the s a m e  depth .  In the second  case,  (b)  independen t ,  total i n d ependency  b e tw e e n  pits 

dep ths  w a s  as sum ed  resul t ing in d i fferent  p i t t ing  depths  to be gen e ra ted  for each 

re inforc ing bar  wi th in  the s am e  RF  e lement  or  for the sam e bar  e x p a n d in g  a long  di fferent 

e lements .

Figure 7 .14 A s ingle re inforc ing bar  and bea m  cross-sect ion s h o w i n g  (a) Fully  corre la ted  

and (b) Inde penden t  co rros ion- indu ced  pi t t ing  depths .

In reality,  there may  exist  s o m e  corre la t ion  b e tw een  the pi tt ing dep ths  o f  the ne ig h b o u r in g  

re info rc ing  bars  or  be tween pit t ing dep ths  o f  the sam e bar. How ever ,  it is h ighly  unl ikely  

that all co r ro s ion- indu ced  pits wou ld  have the sam e depth  value  (fully co rre la ted  pi t t ing 

depths)  at the sam e stage o f  the co rros ion activity.  Therefo re ,  and due to the lack o f  the 

statistical da ta  to descr ibe  the likely cor re la t ion  be tw een  pits depths ,  the p i t t ing  factors  

(hence pi t t ing  depths)  were  ra n d o m ly  ( indepe ndent ly )  gene ra ted  f r om  the G u m b e l  

d is t ribution as descr ibed in Sect ion 6.3.4.1.
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The subject of  invest igat ing the possible correlation between corrosion-induced pits 

requires an experimental /field study and therefore is outside the scope of  this thesis. 

However ,  initial results obtained from the analysis carried out in this chapter indicated that 

the t ime-dependant  loss of  cross-sectional area due to pitt ing corrosion was not affected by 

modell ing pitt ing depths  as fully correlated or totally independent.

7.4.2.1 Inlluence of  pitt ing corrosion on the beam  resistance

The results indicating the influence of  general and pitting corrosion on the beam flexure 

and shear performances were plotted in terms of  the residual reinforcement  cross-sectional 

area, Figure 7.15(a), and in terms o f  the residual resistance. Figure 7.15(b). It is clear from 

both graphs that pitting corrosion did not cause the flexure reinforcement cross-sectional 

area to reduce significantly when compared with the case of  general corrosion. It was only 

after 85 years o f  service that pitting corrosion starts to become slightly more critical than 

general corrosion. For example,  after 100 years, it can be observed that pitting corrosion 

reduced the cross-sectional area o f  the flexure reinforcement  by about 7%, versus 5% 

reduction caused by the general corrosion. In terms of  resistance, the same proportions of  

losses apply. These percentages correspond to about 40% increase in losses caused by 

pitting corrosion over that caused by the general corrosion in terms of  both, cross-sectional 

area and resistance.

As observed,  the overall loss of  the beam flexure resistance as a result of  pitting corrosion 

after 100 years o f  service was only about 7%. This  loss may not be very significant, for 

example,  it has been reported in the literature that if the loss o f  the structural resistance was 

less than 10-20% the safety of  the structure is not considered to be significantly affected 

(Stewart  and Mullard, 2007). In some other cases, the literature report that it is only when 

30% of  the reinforcement  resistance have been lost, the corroding structure would be 

considered unsafe and therefore would require an immediate action (Li, 2004a).

The small percentage losses of  the t)eam flexure cross-sectional area and hence the beam 

resistance in terms of  flexure can be attributed to a number of  reasons among which:

(i) High T, values as a result of  the larger C,i provided to the llexure reinforcement  

which implies that the corrosion activity starts at a late age.
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( i i )  The small i c „ , r  values as a result o f the increased value in accordance w ith  

Equation 2.29.

( i i i )  Due to the large bar diameter which makes the proportion o f the corroding 

reinforcement insignificant when compared w ith  the orig ina l bar diameter. This 

is line w ith  s im ila r remarks by Stewart and A l-H a rthy  (2008) who indicated that 

the relative effect o f p itting  on the cross-sectional area o f the re in forc ing  bar 

reduces w ith  increasing bar diameter.
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Figure 7.15 Predicted beam deterioration versus time in terms o f (a) reinforcement cross- 
sectional area and (b) beam resistance.
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However ,  the significance of  these losses can only be reasonably assessed if the 

uncertainty associated with imposed load is taken into account  as will be discussed in the 

following section.

In the case of  shear,  pitt ing corrosion showed to be more critical than in the case of  Hexure. 

For example,  after 50 years of  service,  the loss of  the shear links cross-sectional area 

caused by pitt ing corrosion was 41% higher than that caused by the general corrosion 

versus  0%  in the case o f  flexure. In terms o f  shear  resistance, the loss caused by pitting 

corrosion (after 50 years o f  service) was 55% higher than that caused by general corrosion 

versus  0%  in the case of  flexure. If the reference age was 100 years, the overall losses of  

the beam shear  resistance caused by both pitt ing and general corrosion were 36% and 28% 

(as compared with 7% and 5% for flexure) respectively. This  indicates that the relative 

effect o f  pitt ing corrosion on the reinforcement  cross-sectional area and hence on the beam 

resistance, seems to increase with the decrease of  the bar  diameter,  this is inline with the 

literature (e.g. Enright and Frangopol ,  2000b; Val and Stewart,  2003;  Stewart and Al- 

Harthy, 2008).

The slight increase in the normalized resistance observed at the early age of  the beam 

indicated in Figure 7.15(b), which is more notable in the case o f  shear, was attributed to 

the evolut ion o f  the compressive strength, i.e. in accordance with Equat ion 6.12.

7 . 4 . 2 . 2  Inf luence  o f  p i l l ing  corrosion  on the safety  profi le

For the results indicated earlier with regard to the percentage losses of  the reinforcement  

cross-sectional area and the beam resistance to be of  a practical engineer ing value, the 

influence of  both forms o f  corrosion had to be expressed in terms of  a performance criteria 

which takes into account  the uncertainty of  loading imposed on the structure. Therefore,  

for both failure modes,  flexure and shear, and for each o f  the two forms o f  corrosion, 

general and pitting, the annual reliability indices corresponding to the beam annual failure 

probabilit ies were calculated for 100 years o f  the beam service life (in 5 years increments).  

The results are indicated in Figure 7.16 for two cases; (a) spatial variability was not 

considered (b) spatial variability was considered. The  influence o f  pitt ing corrosion on the 

safety profile will be discussed in terms of  F lexure  versus  Shear  and spa tia l variability  

versus no spa tia l variability  analysis.  The results o f  /?(t) indicating Flexure, Shear and
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Total were produced employing Equat ions 6.28, 6.29 and 6.30 respectively in Equations 

6.31 and 6.34 as discussed in Section 6.3.8.

The reason for not having a complete trend that shows  the values  for the reliability indices 

at the very early age is that probability of  failure is too small (i.e. Pf ~0)  to be captured by 

the M C simulat ion method with a number of  i terations that are feasible to performed using 

commercial ly  available computers . The number o f  iterations were used to perform the 

reliability analysis carried out in this thesis was 1,()()(),()()() iterations for each incremental  

year. The entire analysis to produce one safety profile would normally take about 48 hours 

to complete.  Since the focus o f  this thesis is to show the relative influence of  spatial 

variability with reference to the No spatial variability scenario and the relative influence of  

pitt ing corrosion as compared with the general  corrosion case, the 1,()()(),()()() i terations 

were considered to be sufficient. Furthermore,  with this number o f  s imulat ion iterations, it 

was possible to produce stable results of  the safety profile in which the target reliability 

can be clearly identified (i.e. =3.8).

Flexure vs. Shear

Figure 7.16 indicates that the beam reliability decreases  with time. This  is due to the 

reduction o f  the cross-sectional area of  flexure and shear reinforcements.  For both cases, 

general and pitt ing corrosion, the reduction of  the beam reliability over  time can be seen to 

be governed by shear rather than by flexure for both spatial and no spatial analysis. 

Because o f  their relatively smaller  cover  depths, C,i, than the main flexure reinforcements,  

shear links are expected to have a shorter  T, period (according to Equation 2.1) and a higher  

value of/'cwT (according to Equat ion 2.29). It is therefore expected that shear  links are more 

vulnerable to corrosion attack than the flexure reinforcement . Furthermore, the shear links 

have a smaller  diameter  (than flexure reinforcements)  which implies that the percentage 

loss in the cross-sectional area is more prominent  in the case of  shear  than in the case of  

flexure. This  agrees well with the literature (e.g. Val, 2005)  which indicates that the 

influence o f  shear  failure on the beam reliability increases when higher diameter bars are 

used for the longitudinal (flexure) reinforcement .

Figure 7.16 indicates the severe influence that pitting corrosion can impose on the beam 

reliability, particularly when the reliability of  the beam is governed by the shear LS. This 

agrees well with the literature, for example,  the results shown by Figure 7.16 confirms the 

concluding remarks by Val (2005)  who  indicated that reliability of  the corroding RC
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structures may be significantly overestimated i f  p itting corrosion o f the shear Hnks was not 

considered. It can therefore be concluded that the reduction o f the beam shear resistance 

due to p itting corrosion has a major effect on re liab ility  o f the beam under consideration.
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Figure 7.16 Influence o f General (G) and Pitting (P) corrosion on the beam safety profile 
for (a) No spatial variab ility  (NSV) and (b) spatial variab ility  (SV).
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Spatial Variability vi-. No Spatial Variability

To investigate the iiiiluence o f considering spatial variab ility on the safety profile o f the 

beam girder under consideration, results presented in Figure 7.16 for flexure and shear 

were re-plotted on a single graph, Figure 7.17. The first observation can be made from this 

new figure that spatial variab ility has no influence on the predicted re liab ility  indices in 

terms o f shear for both cases general and pitting corrosion. This means that the violation o f 

the shear LS was governed by the end support RF element (i.e. section 1 in Figure 7.13(b)) 

where the induced shear force is expected to be at peak.

— o—  Flexure (G) NSV
^  ̂ — »—  Flexure (P) NSV
g — e—  Flexure (G) SV

! — • —  Flexure (P) SV
1 |_| D Shear (G) NSV

A Shear (P) NSV
0 .5  — B— Shear (G) SV

• — * —  Shear (P) SV ^
0 "  ■ ^  i  .  - 1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  :  .  .  .  - i

0 10 20 30  40  50  60  70 80 90  100
Time (years)

Figure 7.17 Time dependant Flexure and Shear reliability indices for General (G) and 
Pitting (P) corrosion, considering Spatial variability (SV) and No spatial variability 
(NSV), Reproduced from Figure 7.16(a) and (b).

The second observation which can be made from Figure 7.17 is that the influence o f spatial 

variability on the beam re liab ility in terms o f flexure is more evident in the case o f pitting

corrosion than in the case o f general corrosion. For example, after 50 years o f service, the

inclusion o f spatial variability (SV) has caused the flexure failure probability predicted in 

terms o f pitting corrosion to increase by 12% over that predicted for the case when spatial 

variability was not considered (NSV). In the case o f general corrosion, the increase in the 

flexure failure probability was only about 2% for the SV scenario. After 100 years of 

service, the inclusion o f spatial variability has caused the flexure failure probability 

predicted in terms o f pitting corrosion to increase by 40% in comparison with the NSV 

scenario. In the case o f general corrosion, this increase was only 7% for the SV scenario. It
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can be c o n c lu d e d  there fore  that  i gno r i ng  spat ial  var iabil i ty  can lead to overes t im a t ion o f  

the bea m  reliabil ity,  m o re  ev iden t ly  in the case  o f  p i t t ing  cor ros ion,  w h e n  the reliabil ity o f  

the b eam  is g o v e r n ed  by the  f lexure  m o d e  o f  failure.

T h e  reason w h y  the inf luence  o f  spat ial  var iabi l i ty  s h o w ed  to be m ore  s ignif icant  in the 

case  o f  f lexure  than in the case  o f  shea r  w a s  at t r ibuted to the fact that the critical zone  by 

w h ich  the LS ex p e r i en ce s  v io la t ion is w id e r  in the case  o f  f lexure than in the case  o f  shear.  

For ex ample ,  for  the 31 R F  e lem ents ,  there w e re  m ore  e lem en ts  that are likely to govern  

the f lexure  LS than e lem e n t s  w h ich  are l ikely to gove rn  the shea r  LS. To suppor t  this 

conc lus ion,  a h i s tog ra m  w a s  const ruc ted ,  Figure  7.18,  to show  the f requency  o f  RF  

e l em en ts  that  has  g o v e r n ed  the LS for the  tw o  failure m odes ,  f lexure and shear.  Figure 7.18 

s h o w s  that  the  g o v e r n in g  LS  is not  a lw a y s  at the m id sp an  in the case  o f  f lexure or at the 

end suppor t  in the case  o f  shear.  H o w e v e r ,  the f igure s h o w s  that the midspan  RF  e lement  

(R F  #1 6 )  has  g o v e rn ed  the  LS about  2 5 %  o f  the t imes . T h e  re m a in in g  7 5 %  we re  shared by 

all o ther  e l e m e n ts  wi th  the e l em ent  adjacent  to the m idspan  e lement  have higher  propor t ion 

than those  fur the r  away .  M ea n w h i le ,  in the  case  o f  shear,  the end suppo r t  e lement  (R F  #1)  

has  gov e rned  the shea r  LS about  4 7 %  o f  the t imes . It is clear  that the re ma in ing RF 

e lem en ts  in this case  g o v e rn e d  the LS viola t ion fewer  t imes  than that in the case  o f  f lexure.  

Th i s  expla ins  that  w h y  the  inf luence  o f  spat ial  var iabil i ty  on the reliabil ity o f  the beam  is 

expected  to be  m o re  p ro m in en t  in the case  o f  t lexure  than in the case o f  shear.
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Figure  7.18 Dis t r i but ion  o f  spat ial  pos i t ion  o f  g o v e rn in g  l imit state af ter  50  years o f  service  
due  to p i t t ing  cor ro s ion for (a) Flexure  (b) Shear .

Figure  7.19 ( r ep ro d u ce d  f r om  Figure  7 .16)  s h o w s  the safe ty  prof ile pred ic ted  in terms o f  

the c o m b in e d  (Tota l )  reliabi l i ty for  genera l  (G)  and pi t t ing  (P)  co rros ion wi th  the inclus ion
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of spatial variability (SV) and without spatial variability (NSV). The figure indicates that 

the influence of spatial variability is not significant because (as explained earlier) the 

combined safety profile in this case is governed by shear rather than flexure. However, it is 

evident from the figure that pitting corrosion has a stronger effect on the beam reliability 

than general corrosion. For example, after 50 years of service, the combined reliability of 

the beam due to pitting corrosion was 1.16 verses 2.35 due to the general corrosion. Thus, 

it can be said that after 50 years of service, the reduction in the beam reliability due to 

pitting corrosion is 51% higher than that caused by general corrosion.
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Figure 7.19 The safety profile presented in terms of the combined (Total) probability of 
failure (reproduced from Figure 7.16(a) and (b)) for General (G) and Pitting (P) with 
Spatial Variability (SV) and without Spatial Variability (NSV).

if  the safety profile is shown to be governed by pitting corrosion, as in the current case, the 

assumption which neglects the effect of loss of bond between the reinforcement and 

concrete as a result of excessive cracking or spalling can therefore be justified. For 

example, since pitting corrosion is localised, it is less likely to cause the disruption of the 

concrete cover and hence no reduction is expected for the bond strength around the pits 

(Val and Melchers, 1997).

When compared with the target reliability specified by EC2 for the ULS, the beam safety 

has violated the [ i j  just afler 11 years of the beam construction in the case of pitting
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corrosion and after 25 years in the case general  corrosion.  Based on this result, if the time 

to first repair /maintenance intervention is to be decided based on the ULS criteria and only 

the general corrosion was  considered this would result in overest imat ing the time for 

intervent ion by about  14 years. At this t ime (t=25 years),  the beam failure probability 

would have exceeded the target failure probabi lity by about  41%.

As  indicated at the end of  Section 7.3 and in the context  of  the pr ime object ive of  this 

thesis, the t ime to first repair/maintenance intervent ion determined based on the safety 

pe rformance (i.e. ULS)  will have to be compared with those predicted in terms o f  the 

condi tion profile (i.e. SLS).  This is the subject  o f  the following section.

7.5 TIME TO REPAIR/MAINTENANCE INTERVENTION

One of  the main object ives  of  this thesis was to develop a rational decis ion-making tool to 

assess the t ime to first repair /maintenance intervent ion by relative comparison of  each 

performance profile to its corresponding target performance as specified by the relevant 

codes o f  pract ice or  as required by the s t ructure’s owner/manager .  In this regard, the results 

presented earlier, in terms of  the condit ion profile (Sect ion 7.3) and in terms of  the safety 

profile (Sect ion 7.4), were used to infer the opt imal  t imes to first repair /maintenance 

intervent ion for the beam case under invest igat ion. Figure 7.20.

60
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Figure 7.20 Times  to first repair/maintenance based on (a) SLS criteria (b) ULS criteria.

Figure 7.20(a) indicates that if the decision on the t ime to first repair /maintenance is to be 

made in light of  the predicted condi tion profile (i.e. SLS) and criteria related to it, the time

244



Chapter 7: A nalysis <& Discussions

to first repair/maintenance intervention can be expected at about  47 years  o f  the beam 

construct ion if Criterion 1 is to be considered (i.e. y4xmax=25%). If Criteria 3 is o f  interest 

(i.e. /4xmax= 1-5%), the time to first repair/maintenance would be required after about  42 

years of  construction. Criterion 2 was neglected because it is closely related to Criter ion I 

as explained in Section 7.3.5. The results indicate that both criteria are c losely related with 

the difference between the predicted t imes to first repair is only 5 years. Furthermore,  if the 

intended min imum designed service life of  the structure is taken as 50 years (Li, 2004b) , 

then the results shows that the beam cannot  meet  its intended design service life. However ,  

failing to meet the design service life was only by 3 years in terms o f  Cri terion 1 and by 7 

years  in terms of  Criterion 3; the later is more relevant to practical engineers  concerned 

with making  decis ions regarding repair/maintenance as discussed in Section 7.3.5. It is 

therefore accepted to assume that the beam structure under  considerat ion and under  the 

specified environmental  c i rcumstances have almost maintained the intended design service 

life in terms of  the visual condi tion criteria (i.e. in terms of  SLS).

Meanwhile ,  if the decision on the time to first repair /maintenance is to be made based on 

the safety profile (i.e. ULS) and its related [i\ as specified by the relevant  code o f  practice 

(i.e. fi\= 3 .S  as per ihe EC2),  the lime lo first repair/mainlenance was found to be about  25 

years of  the beam construction in the case of  general corrosion.  Figure 7.20(b). When 

pitt ing corrosion was considered,  the time to first repair/maintenance would  be required 

after only 11 years of  the beam construction. In both cases, the beam has failed to maintain 

its intended design service life (50 years) by a significant margin.  The case is more critical 

when consider ing pitting corrosion which is in contrast  with what  some  researchers  (e.g. 

Vu and Stewart , 20()0) had postulated. The view of  the mentioned researchers  was  that 

pitt ing corrosion would not significantly inl luence the structural capacity of  the corroding 

structure because it is unlikely that many bars will be affected by pitting. The  results 

presented in this thesis, Figure 7.20(b), have shown that pitting corrosion is more critical 

than general  corrosion from the safety viewpoint  and hence from the safety-based bridge 

(and br idge networks)  management  viewpoint .

'I'he result indicates that the time to first repair /maintenance,  which was  determined based 

on the predicted beam condi tion profile considering Cri terion 3 (42 years),  are longer  than 

the t imes to first repair/maintenance predicted in terms of  the Safety profile by 31 years 

and 17 years for general and pitting corrosion respectively. Criterion 3 was chosen to 

represent  the condit ion profile in the current compar ison because it is more relevant to
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pract ica l  en g inee rs  than Cr i ter ion 1 as exp la i ned  in Sect ion 7.3.5.  It can  be seen therefore  

that  the  dec is ion  on the t ime to first  r ep a i r /m a in te n an ce  in terven t ion  can be g o v e rn ed  by 

the  safe ty  cr i ter ia o f  the s t ructure  ra ther than by the c o m m o n l y  pract iced and t radi t ional ly 

used visual  cond i t ion  criteria.

M o re o v e r ,  if the p e r f o r m a n c e  cr i ter ia to be cons ide red  do  not  take into account  pi t t ing 

c o r ro s io n  (i.e. p i t t ing  co r ro s ion  is not  re levant  w h e n  m o d e l l in g  the condi t ion  profi le)  the 

pred ic ted  t ime to first r ep a i r /m a in te n an ce  in terven t ion m ay  be  too pe rmiss ive .  For 

e x a m p l e ,  if the dec is ion  is g o v e r n ed  by  the safe ty cr i teria co n s id e r in g  genera l  cor ros ion,  

the  b e a m  u nder  cons ide ra t ion  w o u ld  have  bee n  sch ed u le d  for repai r  14 years  later than it 

shou ld .  If the dec is ion  on first repai r  is g o v e r n ed  by the  visual  condi t ion  cons ider in g  

Cr i t e r i on  3, the b ea m  w o u ld  have been schedu le d for repai r  31 years  later than it should .  It 

has  to be  m en t io n e d  that the  v io la t ion o f  the target re liabi l i ty spec i f i ed  by the cod e does  not 

im p ly  an im m e d ia t e  co l l apse  o f  the s t ructure ;  it on ly  m e a n s  that  the s t ructure  und er  the 

cu r rent  load ing/de te r ior a t ion  cond i t ions  does  not mee t  the ac cep tab le  ( target ) safe ty cri teria 

and,  therefore ,  ac t ion has  to be  m a d e  to br ing its safe ty  to an ac cep tab le  level.

T h e  results  pre sen ted here  indicate  that the t ime to first repa i r / m a in te nance  o f  chlor ide  

af fec ted  br idge  s t ructu res  shou ld  cons ide r  the re liabi l i ty /safe ty  o f  the s t ructure  (i.e. U L S )  

an d  shou ld  not  on ly  co n s id e r  the surface  (v isual )  co n d i t io n  (i.e. SLS) .  Thi s  v iew po in t  have 

been  sha red  by  o the r  re sea rc her s  (e.g.  Enr ight  and F ra ngopo l ,  2()()0a; O noufr iou  and 

F ra ngopo l ,  20 0 2 )  w h o  ca l led  for the need that re p a i r /m a in te n an ce  o f  dete r io ra t ing br idge  

s t ruc tu res  sho uld  be bas ed  on the  safe ty  ra ther than on the  visual  condi t ion  o f  the br idge 

e l em en ts .

It has  to be  s t ressed that the resul ts  pre sented  in this thes is ,  w h ich  indicated that the t ime to 

re p a i r /m a in te n a n ce  is g o v e r n e d  by  the s t ructure  Sa fe ty  and not  by its su rface  condi t ion ,  

shou ld  not be gene ra l i sed .  For  ex a m p l e ,  if the s a m e  s t ru ctu re  w a s  asse ssed us ing di fferent  

(but  low er )  t raf fic load data ,  the op t ima l  t ime to first  r ep a i r /m a in te n an ce  m ay  be  g o ver ned  

by  the cond i t ion  prof ile results  ra ther  than by the Sa fe ty  prof ile.  T h e  analys is  pe r fo rm ed  in 

this thes is shou ld  be  v i ew e d  such that  it only  ind icates  the im por t ance  that the t ime to 

re p a i r /m a in te n a n ce  o f  b r id g e /n e tw o r k  o f  b r id ges  shou ld  be m ad e  based  on the relat ive 

c o m p a r i s o n  b e tw e en  the U L S  and S L S  re la ted cr i ter ia and not on sub ject ive  ju d g m en t .
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In order  to assess the relative importance of  each random variable involved in the 

calculat ion o f  the safety performance o f  the RC beam under  considerat ion,  a sensitivity 

analysis  was performed. The sensitivity analysis  helps identifying which of  the random 

variables has the greatest inlluence on the calculated beam reliability. In this thesis, the 

sensi tivi ty of  the reliability results (Safety profile) were assessed by recording the change 

in the reliability indices that corresponds to increasing the mean value (|i) or the value o f  

the standard deviat ion (a)  o f  the model led random variable by 10% (O'Connor et a i ,  

2004) . The results of  the sensitivity analysis  are presented in terms of  both general  and 

pitt ing corrosion and for t ime periods of  t - 2 5 ,  50 and 75 years of  the beam age. Figure 

7.21 and Figure 7.22.

It was found, as .seen from Figure 7.21 and Figure 7.22, that the single most  important  

parameter  which has the greatest impact  on the reliability index is the mean value of  O .  

For example,  in this case of  general corrosion,  the mean value of  C,/ =50 mm was increased 

by 10%; as a result, changes of  +0.7, +0.49 and +0.39 in the value o f  y5 were noted for 

;=25, 50 and 75 years respectively. In the case of  pitting corrosion,  the corresponding 

changes in the value of  were +0.42, +0.32 and +.29 for t=25, 50 and 75 respectively.

The  figures also indicate that the mean value of  the specified concrete  compressive 

s trength (J'ck'), the beam effective depth (c4.//), the Model  Error (ME) of  the girder 

dist ribut ion factor M E(GDF) ,  ME of  the corrosion rate (icon), ME of  the beam shear  

resistance (V„) all have comparatively s imilar inlluence in magnitude on the change o f  

1 lowever,  ME{GI)F)  and M £(/««■,) have an adverse affect on (i in contrast with f ck \  and 

ME(\/„). All other random variables, which have been identified in Table 6.3, are shown to 

have minor  influence on the predicted reliability for both general and pitt ing corrosion 

cases.

it can also be seen from both figures that the reliability indices and hence the safety profile 

is more sensitive to the change in the mean  value o f  the model led parameters than to the 

change in their standard deviation.
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Figure 7.21 Change in P for 10% increase in the value o f the mean (^) and the standard 
deviation (o) o f the modelled parameters (General corrosion).
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deviation (a) of the modelled parameters (Pitting corrosion).
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It is also observed from the f igures  that the rel iabili ty indices, for both general and pitt ing 

corrosion,  are insensi tive to the changes  in the mean or standard deviat ions values  of  the 

M E specified for the beam t lexure resis tance ME(M„). This  is expected cons ider ing that 

the safety profi les have been shown,  i.e. in Sect ion 7.4, to be governed by shear  rather than 

by f lexure for the beam case under  considerat ion.  Th is  situation can change for structural 

cases  where  the failure probabi l i ty  (hence rel iabi li ty) is governed by flexure.

The  s ignif icance o f  the sensit ivi ty analysis pe rformed in this chapter  can be seen by its 

ability to pinpoint  which  o f  the deter iorat ion var iables  has to be model led as spatially 

variable by cons ide r ing  its influence on the predicted reliability. For example,  a variable 

which is shown to have a considerable  impact  on the reliability, the uncertainty associated 

with its spatial  variabi li ty should not be ignored and therefore should be model led as RF 

(i.e. spatially variable).  The  basic  requi rements  for consider ing  the spatial variabil ity o f  a 

RF  variable is know ledge  o f  its 0 value which  has to be de termined accurately from 

expe rimental ly  collected data  using m ethods  presented in Chapter  5. Thus,  based on the 

results presented here with respect  to the sensi t ivi ty o f  the safety profiles to the mean value 

o f  Cfj, 0 for this parameter  should be es t imated accurately if the uncertainty associated with 

this impor tant  deter iorat ion pa rameter  is to be fully considered.

7.7 CONCLUSIONS

The main object ive  o f  this chapter  is to compare  the predicted t imes to first 

repai r /maintenance intervent ion o f  a s tructure  dete rmined  based on condit ion and safety 

profi les  (i.e. SLS  vs. ULS).  In this context ,  results presented in this chapter  indicate that if 

only the general  corros ion is considered,  the decis ion o f  t ime to first repair /maintenance 

intervent ion can be governed by the safety criteria o f  the structure rather than by the 

c o m m o n ly  pract iced and t radi tional ly used visual  condi t ion criteria. For example,  for the 

beam case cons idered  in this thesis,  the t ime to first repair/maintenance,  which was  

predicted in terms  o f  the beam  condi t ion profi le,  are found to be 42 years  as compared  with 

31 years  and 17 years predicted in terms o f  terms o f  the Safety profi le for general  and 

pi tt ing corrosion  respectively.  Therefore ,  it w as  conc luded  that if the performance  criteria 

to be cons idered  for dec id ing on the t ime to first repair /maintenance do not take into 

account  pi t t ing corrosion,  i.e. condi t ion  profi le,  the predicted time to first 

repai r /maintenance intervent ion may  be too permissive.  These f indings s trongly points to
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the necess i ty  o f  h a v in g  a b r i dge  m a n a g e m e n t  s y s t e m  tool  that  co n s id e r s  l i fet ime safe ty  o f  

the s t ructure  as v iabl e  indi ca to r  for m a i n t e n a n c e  and repai r  in terve nt ions .

In p rev io u s  w o r k s ,  re sea rc he rs  used the M e a n  to d esc r i be  the cen t ra l  t e n d e n c y  o f  exp e c t e d  

d a m a g e  p ro p o r t i o n  in this chap ter ,  h o w e v e r ,  it w a s  s h o w n  that the M e d ia n  is m o re

re liable cent ra l  t en d en c y  m e a s u r e m e n t  tool.  T h i s  ch a p te r  has  a lso d e m o n s t r a t e d  h o w  

co n s id e r in g  spat ia l  var iab i l i ty  sh o u ld  be e x p e c t e d  to have s o m e  in t lu e n c e  on  the life t ime 

rel iabil ity ( the  S a fe ty  prof i le)  o f  c o r ro d i n g  R C  s t ructures .

rh e  in l lu ence  o f  the Scale  o f  F luc tuat io n  (9),  w h i c h  de sc r ib e s  the deg r ee  o f  spat ial  

co rre la t ion  o f  a spec i f ied  proper ty ,  on  the p re d ic ted  co n d i t i o n  o f  the  s t ructure ,  w a s  also 

inves t igated .  It w a s  fo und  that  as  0 increases ,  the  t im e  to first r e p a i r /m a in te n a n c e  p redic ted  

in t e rm s  o f  S L S  a lso increases .  T h e r e fo r e ,  it w a s  co n c lu d e d  that  s tud ie s  that have  not  

ca lcu la ted  the 0 based  o n  a s i t e- spec i f i c  data ,  thei r  p re d ic t io n  o f  the t ime to first 

r e p a i r /m a in te n an ce  m a y  inherent  a co n s id e r ab le  er ror.

in the co n tex t  o f  safe ty  prof i les ,  spat ial  var iab i l i ty  has  s h o w n  to be  onl y  impor tan t  if the 

re liabil ily o f  the  s t ru ct u re  w a s  g o v e r n e d  by  the  f l exure  LS.  In th is  case ,  the inf luence  o f  

spat ial  var iab i l i ty  on the re liabi l i ty o f  the b e a m  w a s  m o re  ev id en t  in the  case  o f  p i t t ing  

co r ro s ion  than in gene ra l  co r ro s ion.  For the ca se  w h e n  the re liabi l i ty  o f  the  s t ructure  is to 

be g o v e r n e d  by  the shea r  LS,  as in the  cu r re n t  e x a m p le ,  re sul ts  s h o w e d  that spat ial  

var iabi l i ty  has  in s igni f ic an t  inf luence .  T h i s  w a s  e x p la in e d  by d e m o n s t r a t i n g  that the  end 

supp or t  R F  e l e m e n t  has  g o v e r n e d  the LS  4 7 %  o f  the  t imes  as o p p o s e  to 2 5 %  by  the 

m id sp an  e l e m e n t  in the ca se  o f  f lexure.

The  re d u c t io n  o f  the b ea m  re liabi l i ty o v e r  t ime w a s  s h o w n  to be  g o v e r n e d  by sh ea r  for 

both spat ia l  an d  n on  spatial  ana lys is .  T h i s  w a s  a t t r ib u ted  to the fact  that  the shea r  l inks  are 

often  p laced  at re la t ive ly  sm a l l e r  c o v e r  dep ths ,  C,/, than the m a in  f lexu re  r e in force ments .  

The sh ea r  l inks  are  there fo re  exp e c te d  to have a s h o r t e r  T, pe r io d an d  a h i gher  value  o f  

Th i s  in d ica tes  tha t ,  for  the cu r re n t  b ea m  case ,  sh ea r  l inks  w o u l d  h ave  su ff e re d  larger  c r o s s ­

sec t i o n a l / r e s is t an ce  losses  than the  f lexure  r e in f o r c e m e n t  at the s a m e  point  in t ime.

l"or the  tw o  types  o f  co r ro s ion  s tudied  in this thes is,  gene ra l  and pi t t i ng  co r ro s ion ,  results  

s h o w e d  that  p i t t i ng  co r ro s io n  pot ent ia l ly  has  far m o r e  ag g r e s s iv e  ef fec t  on  the rel iabi l i ty o f  

c o r ro d in g  s t ru c tu re s  than gene ra l  co r ro s ion .  T h e  re sul ts  a lso su g g es t  that  p i t t ing  co r ro s ion
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affects shea r  res is tance far m o re  severe ly  than it wou ld  affcct  f lexure resistance.  T he  

l i terature repor ts  that m an y  o f  t o d a y ’s deter iora t ing  RC br idge st ructures ,  inc luding the 

br idge  taken as an e x a m p le  in this thesis,  de ter iora te due  to corros ion caused by chlor ide-  

contaminated  w a te r  leak ing th rough the deck joints.  Th is  m eans  that m ore  intense form of  

deter iorat ion can take p lace in locat ion w he re  high shea r  st resses are expected (e.g. beam 

girders  at the supports ),  it w as  therefore  conc lu ded  that p i t t ing  corros ion at location o f  high 

shea r  s tresses can have m a jo r  impac t  on the re liabil ity/safety o f  st ructures .  Th us  for the 

safety as se ssm ent  o f  R C  b ea m s  in corros ive  mar i ne  (or de- ic ing  sal ts) env iro nments ,  the 

effect  o f  p i t t ing co rros ion o f  shea r  l inks on shea r  resis tance  should  be considered,  

o therwise  the reliabil ity o f  the bea m  m ay  be conside rably  overes t ima ted.

Finally,  the sens it ivi ty  analys is  carried  out in this chap te r  wi th respect  to the safety profile 

has indicated  that the s ingle most  impor tant  par am et er  that has the greates t  impact  o f  the 

ca lculated reliabil ity index is the mean  value  o f  the concre te  cov e r  depth  Q .  This  show s  

that increas ing the cove r  depth  at the des ign  s tage not only  benef i t s  s t ructures  located in 

chlor ide  en v i ro n m en ts  in terms o f  durabi l i ty but also  contr ibutes  to im p ro v in g  the s tructure 

safety mainly  by de laying  the ini tiat ion of  corros ion.  Based on the results presented in this 

work ,  wi th  respect  to the sens it ivi ty  o f  the safety prof iles  to the m ean  value  o f  C,/, this 

thesis r e c o m m e n d s  that  0 for this p a r am ete r  shou ld  be es t im ated  ac cura te ly  from a field 

data if the uncer ta in ty  associa ted  wi th this impor tant  deter iora t ion par am et er  is to be fully 

considered.
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8.1 INTRODUCTION

Chapter 8: Summary and Conclusions

T h e  s u b j e c t  o f  R e i n f o r c e d  C o n c r e t e  ( R C )  c o r r o s i o n  in the  f ield o f  b r i d g e  e n g i n e e r i n g  has  

b e e n  a m a t t e r  o f  d i s c u s s i o n  a n d  r e s e a r c h  f r o m  d i f f e r e n t  v i e w  po in ts .  T h e  in t e n t i o n  h o w e v e r  

is o n e ,  a n d  that  is h o w  to k e e p  R C  b r i d g e  s t r u c t u r e s  sa fe  a n d  fu n c t i o n a l  w i t h  the  m i n i m u m  

co s t  p o s s i b l e .  T h e  i n c r e a s i n g  n u m b e r  o f  d e t e r i o r a t i n g  R C  b r i d g e s  w o r l d w i d e  d e m a n d s  the 

u se  o f  ra t io na l  m e t h o d s  to e n a b l e  b r i d g e  o w n e r s / m a n g e r s / e n g i n e e r s  to m a k e  o p t i m u m  

d e c i s i o n s  r e g a r d i n g  the  m a n a g e m e n t  o f  th e i r  asse t s .  T h e  r e s e a r c h  c a r r i e d  o u t  in th i s  thes i s  

f o c u s e d  o n  d e v e l o p i n g  a m e t h o d o l o g y  tha t  c a n  be  u s e d  to p r e d ic t  the  d e t e r i o r a t i n g  

c o n d i t i o n  a n d  s a f e ty  o f  b r i d g e s  to a n d  h e n c e  h e lp  in p r e d i c t i n g  the  o p t i m a l  t im e  to 

r e p a i r / m a i n t e n a n c e  i n te r v e n t io n .  S u c h  a too l  is vi ta l  c o n s i d e r i n g  the  la rg e  n u m b e r  o f  

d e t e r i o r a t i n g  b r i d g e s  a n d  the  l i m i t e d  b u d g e t / r e s o u r c e s  a v a i l a b l e  for  th e i r  repa i r .  T h e  

d e v e l o p e d  m e t h o d o l o g y  fac i l i t a te s  p r io r i t i s a t i o n  o f  b r i d g e s / b r i d g e  c o m p o n e n t s  tha t  a re  o f  

m o s t  ne ed  for  r e p a i r / m a i n t e n a n c e  i n t e r v e n t i o n  w i t h i n  the  n e t w o r k  o f  b r i d g e s .  In th i s  w a y ,  

b r i d g e s  a r e  e n s u r e d  to b e  kep t  s a f e  a n d  f u n c t i o n a l  w h i l e  the  l i m i te d  a v a i l a b l e  b u d g e t  a nd  

r e s o u r c e s  a r e  w i s e l y  m a n a g e d .  T h e  p r i m e  o b j e c t i v e s / t a s k s  o f  thi s  th e s i s  w e r e  as fo l lo w s :

(i) T o  d e v e l o p  a p r o b a b i l i s t i c - b a s e d  p e r f o r m a n c e  p r e d i c t i o n  too l  th a t  c a n  be u s e d  

to p r e d ic t  th e  o p t i m a l  t i m e  for  r e p a i r / m a i n t e n a n c e  i n t e r v e n t i o n  o f  R C  

s t r u c t u r e s  e x p o s e d  to a g g r e s s i v e  c h l o r i d e  e n v i r o n m e n t s  u s i n g  a b r i d g e  or  

b r i d g e  c o m p o n e n t  as an  i l l us t r a t iv e  e x a m p l e .

(i i )  I ' h e  p r o p o s e d  p r o b a b i l i s t i c  m o d e l  s h o u l d  take  in to  c o n s i d e r a t i o n  the in c lu s io n  

o f  spa t ia l  v a r ia b i l i ty  o f  the  d e t e r i o r a t i o n  p a r a m e t e r s  i n v o l v e d  in e s t i m a t i n g  the  

t im e  fo r  r e p a i r / m a i n t e n a n c e  in t e r v e n t i o n .

( i i i)  T h e  p r o p o s e d  p r o b a b i l i s t i c  m o d e l  s h o u l d  c o n s i d e r  the  du a l  m o d e l l i n g  o f  the 

S e r v i c e a b i l i t y  L im i t  S t a te  ( S L S )  (i .e.  d e t e r i o r a t i o n  in the  v i s u a l  c o n d i t i o n )  a nd  

the  U l t i m a t e  L im i t  S t a te  ( U L S )  (i .e.  the  d e t e r i o r a t i o n  in the loa d  c a r r y i n g  

c a p a c i t y )  o f  the  i n v e s t i g a t e d  s t r u c t u r e / m e m b e r .

In th e  c o n t e x t  o f  a c h i e v i n g  th e s e  p r i m e  o b j e c t i v e s ,  the  l i t e ra tu re  r e v i e w  h a s  r e v e a l e d  s o m e  

s h o r t c o m i n g s  in the  r e s e a r c h  p r e c e d e d  the  w o r k  o f  th i s  th e s i s  a n d  t h e r e f o r e  th e se  w e r e  

id e n t i f ie d  as s e c o n d a r y  o b j e c t i v e s  fo r  th i s  t h e s i s  to a d d r e s s ;

1. D a t a  on  the  S c a l e  o f  F l u c t u a t i o n  (0) ,  a p a r a m e t e r  w h i c h  is n e c e s s a r y  for  m o d e l l i n g

th e  spa t i a l  v a r ia b i l i t y  o f  the  d e t e r i o r a t i o n  p a r a m e t e r s ,  h a r d l y  e x i s t e d  in the
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literature. Therefore, it was decided that an experimental  investigation needs to be 

performed to obtain values for such parameter.

2. When assessing the performance of  a given structure, the corrosion activity was 

often assumed to have already started and the influence of  the corrosion initiation 

parameters  on the lifetime safety performance was hardly assessed. The initiation 

stage and propagation stage of  the deterioration process were rarely considered 

within the same framework, which undermines s tudying the influence of  the 

corrosion initiation parameters  on the lifetime safety performance.  The developed 

model  should consider including both the initiation and prorogat ion models.

3. Despite the few and limited studies on the effect o f  pitting (localised) corrosion,  

which indicated the severity of  this form o f  corrosion on the load carrying capacity 

of  corroding structures, the effect o f  variability of  pitting corrosion on the safety 

performance of  structures has not been properly investigated. Hence,  the developed 

model should consider the effect of  pitt ing corrosion on the lifetime safety o f  the 

structure assessed.

4. The load models used to assess the load carrying capacity of  corroding structures 

were either oversimplified or es timated from conservative s tandards or codes of  

practises and not from actual traffic data. In this thesis, it was decided that the load 

model  should be based on a realistic site-specific load data for the uncertainty 

associated with the loading to be considered.

In light o f  the above, this thesis developed a probabi listic-based reliability model  which 

addresses the aforementioned shortcomings with the ultimate aim is to predict the optimal 

time to repair/maintenance intervention for RC bridges exposed to marine environments  

using an RC beam girder as an illustrative example.

8.2 MATERIAL DETERIORATION MODELS

In order  to be able to quantify the end of  the service life of  a corroding RC structure, and 

hence estimate the time to its repair/maintenance,  models descr ibing the deterioration 

process of  the structural materials due to chlor ide- induced corrosion were needed. The  task 

o f  identifying the available material deterioration models and the uncertainty associated 

with their key parameters  was undertaken in Chapter  2. Chapter 2 indicated that RC 

structures in chloride environments undergo two distinguished deterioration stages, 

Initiation  and Propagation. The literature revealed that there is a wide acceptance o f  the
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use of  Picks 2"'  ̂ law of  diffusion to es timate  the In itia tion  stage. The  Propagation  stage 

was descr ibed by two sub-stages; C rack In itia tion  and the crack propagation .

The key parameters  to describe the initiation stage are; the Diffusion Coefficient (Du,,,,), the 

Surface Chloride Content  (C.v), the Critical Chloride Content  (C\r), the Reinforcement  

Cover  Depth (C^) and the Initial Chlor ide Content  (C,j. The two variables D„pp, Cs were 

shown to vary significantly with their mean values differing from structure to structure and 

from one environment  to another. It was decided therefore that the statistical information 

o f  both parameters  should be obtained for a real structure exposed to marine environment . 

Ferrycarrig bridge was therefore chosen to study the variability of  parameters  and C.v 

Parameters  Q / and Ci were found not to depend on the environmental  condit ion and thus it 

was concluded that their variability could be estimated either from the literature or from 

the structure under  investigation.

Chapter  2 also concluded that the t ime-dependant  property o f  Dapi> needs to be considered 

if the original material properties were made from Pulverised Fly Ash (PFA) or Ground 

Granulated Blast-furnace Slag (GGBS)  concretes.  However ,  for Ordinary Portland Cement 

(OPC)  concretes, the investigation carried out showed that the ageing factor (/?;), which 

permits  the inclusion of  the reduct ion of  Dap,, with time, to be <0.2. With such values, the 

time to corrosion initiation was found not to be affected significantly. It was thus 

concluded that it would be reasonable to assume that is constant with time for OPC 

concrete. The beam example considered in this thesis was assumed to have been made of  

O P C  concrete; therefore, the time-invariant  model  o f  was used.

Another  key parameter  for the estimation of  the initiation stage was Cc- Again, this 

parameter  has also shown great variation. The  wide scatter was attributed to the different 

methods by which this parameter  is measured. It was  concluded that for the same material 

type, the same environmental  condit ion and the same measurement  method,  the variation 

o f  this parameter  is reduced. Based on the literature, a Lognormal  distribution with a mean 

value of  0.07 (Cl% per mass of  concrete)  and Coefficient  of  Variation (COV) of  0.25 were 

proposed for probabi listic model ling intended for this thesis.

For the propagation stage, several models  were reviewed. Most  of  these models  were 

mainly functions of  the corrosion rate density (icon), water cement  ratio (wc), the concrete 

compressive strength ( /^’) and C^. The model  proposed by El -Maaddaway and Soudki
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(2007)  was selected to estimate the time to first cractcing, i.e. hair-size cracking.  For the 

second sub-stage,  the model proposed hy Vu et al. (2005)  was selected to describe the time 

period for the hair-size crack to grow and reaches 1.0 mm in width.

Fol lowing the start o f  the corrosion activity and during the formation of  the cracks on the 

concrete surface, the reinforcement  cross-sectional area is being reduced by two 

mechanisms;  by General  (uniform) corrosion or by Pitting  ( localised) corrosion.  Pitting  

corrosion is more severe and causes loss of  cross-sectional area several orders of  

magni tude (i.e. 4-8) o f  that caused by the General  corrosion. Both forms of  corrosion were 

considered in this thesis. The spatial variation of  the corrosion-induced pits was also 

considered in line with the objectives indicated in Section 8.1.

The literature has demonstrated that i^orr is the main parameter  affecting the model ling of  

the propagat ion stage. It was concluded that it is desirable that data of  this parameter  are 

obtained from site specific measurements .  However ,  for the lack of  such data, the 

empirical model  proposed by Vu and Stewart  (2000)  was used in this thesis. Values of/c„rr 

predicted by the proposed model were used in light of  the typically measured values  in real 

structures which were reported to range from 0.1 to U) (^A/cm“.

In order to be able to predict the time to repair/maintenance,  the min imum acceptable level 

(target) of  structure performance against deterioration needs to be defined. It was found 

that the target performance differs from engineer  to engineer  and from agency to agency. 

For serviceabili ty requirements (SLS), the percentage of  the surface area that shows sign of 

corrosion related damage (/lx%) can be an appropriate quantitative indicator. For example,  

if the damage  was defined such that corrosion is initiated, then the repair of  the structure 

may be deemed necessary if 25% (i.e. A^nvM-25%) o f  the surface area has indicated 

corrosion initiation. On the other hand, if the damage was defined such that a significantly 

large cracks (>1.0 mm wide) to appear  on the concrete surface, the indication for the time 

to first repair may be that when 1.5% (i.e. .4xmax=l-5%) of  the surface area of  the structure 

showed cracking of  the mentioned size. It was  concluded that for the determination of  such 

percentage the Random Field (RF) theory would have to be used.

in terms of  safety, the Target Reliability index (/^t=3.8) specified by the EC2 for ULS 

failure was used as min imum acceptable level of  deterioration in the safety of  the structure.
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If the  f i y  is r e a c h e d ,  the  s t r u c t u r e  is a s s u m e d  to h a v e  r e a c h e d  the  s ta g e  w h e r e  a c o r r e c t i v e  

i n t e r v e n t i o n  m e a s u r e s  ( r e p a i r / m a i n t e n a n c e )  m u s t  be  ta ken .

8.3 RANDOM FIELD (RF) ANALYSIS

M o d e l l i n g  sp a t i a l  v a r i a b i l i t y  has  b e e n  h i g h l i g h t e d  in S e c t i o n  8.1 as o n e  o f  the  th ree  m a j o r  

o b j e c t i v e s  o f  t h i s  thes i s .  T h e  l i t e ra tur e  r e v i e w  c a r r i e d  ou t  in C h a p t e r  3 has  d e m o n s t r a t e d  

h o w  th e  R a n d o m  Fi e ld  ( R F )  t h e o r y  c a n  b e  e m p l o y e d  to fac i l i t a te  the  i n c lu s io n  o f  the  

u n c e r t a i n t y  a s s o c i a t e d  w i t h  the  sp a t ia l  v a r ia b i l i t y  o f  the  d e t e r i o r a t i n g  p a r a m e t e r s  in to  the 

i n t e n d e d  p r o b a b i l i s t i c  an a ly s i s .  R F - b a s e d  m o d e l l i n g  a l s o  a l l o w s  the  p r e d ic t i o n  o f  the  

p r o p o r t i o n  o f  th e  s t r u c t u r e  tha t  e x h i b i t s  a ce r ta in  d a m a g e  c h a r a c t e r i s t i c ,  i.e. c r a c k i n g .  T h e  

f u n d a m e n t a l  c o n c e p t  o f  R F  t h e o r y  a n d  its a p p l i c a t i o n  to s t r uc tu ra l  e n g i n e e r i n g  w e r e  

d e s c r i b e d  in C h a p t e r  3.  In a R F - b a s e d  a n a ly s i s ,  the  s t r u c t u r e  is h y p o t h e t i c a l l y  d i v i d e d  

( d i s c r e t i s e d )  in t o  k s q u a r e / r e c t a n g u l a r  R F  e l e m e n t s  a n d  r a n d o m  v a r i a b l e s  a re  u s e d  to 

r e p r e s e n t  the  R F  o v e r  e a c h  e l e m e n t .  T h e  s iz e  o f  e a c h  R F  e l e m e n t  d e p e n d s  on  the in te n s i t y  

o f  f l u c t u a t i o n  o f  the  R F  v a r ia b l e .  T w o  m a j o r  R F  d i s c r e t i s a t i o n  m e t h o d s  w h i c h  a re  

f u n d a m e n t a l  f o r  the  p r o c e d u r e  o f  R F - b a s e d  m o d e l l i n g  w e r e  e x p l a i n e d  in detai l  i n c l u d i n g  

a d v a n t a g e s  a n d  d i s a d v a n t a g e s  o f  e a c h  m e t h o d  ( th e  M i d p o i n t  m e t h o d ,  a n d  the  S pa t ia l  

A v e r a g i n g  m e t h o d ) .

T h i s  t h e s i s  d e s c r i b e d  the  m a j o r  p u b l i s h e d  w o r k s  w h i c h  h a v e  dea l t  w i t h  the s u b j e c t  o f  

sp a t i a l  v a r i a b i l i t y  m o d e l l i n g  in the  f ie ld  o f  R C  c o r r o s i o n .  A  n u m b e r  o f  s i g n i f i c a n t  

s h o r t c o m i n g s  o f  the  a v a i l a b l e  l i t e r a tu r e  p o i n t e d  t o w a r d s  the  lack o f  re l i ab l e  da ta  o n  the  

S c a l e  o f  F l u c t u a t i o n  (0)  p a r a m e t e r .  T h e  p a r a m e t e r  9 is a k e y  p a r a m e t e r  for  d e s c r i b i n g  the 

sp a t i a l  v a r i a b i l i t y  o f  a p h y s i c a l  q u a n t i t y .  B a s e d  o n  the  f i n d i n g s  o f  the  l i t e ra ture  r e v i e w  

p e r f o r m e d  in C h a p t e r  3,  it w a s  c o n c l u d e d  tha t  the  f o l l o w i n g  ta sks  s h o u l d  be  c o n s i d e r e d  in 

the  w o r k  o f  th i s  thes i s ;

1. T o  p e r f o r m  an  e x p e r i m e n t a l  s t u d y  to o b t a i n  a s i te  s p e c i f i c  d a t a  o f  th e  p a r a m e t e r  0 for  

t w o  o f  k e y  d e t e r i o r a t i o n  p a r a m e t e r s  i d e n t i f ie d  in C h a p t e r  2,  C s  a n d  F e r r y c a r r i g  

b r i d g e  w a s  s e l e c t e d  p e r f o r m  th i s  e x p e r i m e n t a l  s tu d y .

2. T o  e s t i m a t e  the  m a x i m u m  load  e f f e c t  u s i n g  a r e a l i s t i c  t ra f f ic  load d a t a  in s te ad  o f  u s i n g  

th e  c o n s e r v a t i v e  loa d  m o d e l s  p r o v i d e d  b y  the  d e s i g n  c o d e s .  W e i g h t - I n - M o t i o n  ( W I M )  

t r a f f ic  d a t a  w e r e  u s e d  to  o b t a i n  the  m a x i m u m  lo ad  e f f e c t s  tha t  a r e  e x p e c t e d  to  be
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im po sed  on the s t ructure  unde r  inves t igat ion us ing E x t rem e  Va lue  (E V )  stat ist ics.  Thi s  

task w a s  carried  out  in C h a p te r  6.

8.4 SIGNIFICANCE OF THE EXPERIMENTAL RESULTS

C on s id e r in g  the wide  scat ter  o f  key dete r iora t ion par am et er s  pre sen ted  by C h a p te r  2 and 

for the lack o f  reliable data regard ing  p a r am e te r  9, chlor ide  analys is  w a s  per fo rm ed  on  a 

total o f  45 concre te  cores  ext rac ted  f rom nine cros shead  be am  faces o f  Ferryca rr ig  Br idge.  

B ackground  in fo rm at ion on Ferrycarr ig  br idge  w as  g iven in C h ap te r  4 wi th  a par t icular  

em p h as i s  on the exposu re  cond i t ion ,  the level and the cause  o f  the dete r iora t ion  o f  the 

c rossh ead  b e a m s  f rom w h ic h  the cores  w h e re  ext rac ted .  T h e  ch lo r ide  analys i s  w a s  carr ied  

out us ing a sam pl e  p repa ra t ion  protocol  ad op ted  by the E N - 1 4 6 2 9  s tandard  for the  ac id- 

soluble  chlor ide  d e te rm in a t ion  us ing Po te n t iomet r ic  t itration.  T he  m e thod  and the 

appa ra tus  used w e re  ca l ibr a ted  us ing a s tand ar d  sam ple  wi th  p re de te rm ined  chlor ide  

concentra t ions .

T h e  Cv and Dupp results  ob ta ined  from the expe r i m en ta l  s tudy p e r fo rm ed  in this thes is  

s h o w ed  that the crosshead  b ea m s  un de r  inves t igat ion  have a very  goo d  res is tance to 

chlo r ide  penet ra t ion  as indicated  by the low va lues  o f  Da,,,, w h ich  w e re  found  to range f rom  

2 .03-22 .82  mm"/yea r .  T h e  resul ts  s h o w ed  that da ta  ob ta i ned  for bo th  var iab les  C* and Da,,p 

fo l low a T ru n ca ted  N orm a l  d ist r ibut ion.  The  cur rent  s tudy also s h o w e d  that C, does  exist  

and cannot  be neglect ed .  Neg le c t ing  C, can result  in inaccura te  es t im at ion o f  Cj  and Dapp 

par am et er s  w h ich  wi ll  consequen t ly  af fect  the es t im ated  t ime to co rros ion init iat ion.  

Resul ts  o f  C, we re  a lso foun d to fo l low a T ru n c a ted  N or mal  d ist r ibut ion.  A m o n g  the three 

paramete rs ,  it w a s  found that C,v exhibi ts  the highes t  var ia t ion  wi th  a C O V  o f  0.56;  w h e re  

C O V  o f  D^ipp and C, we re  0 .40 and 0 .45 respect ively ,  w h ich  is consi s t ent  wi th  the 

l iterature.

T h e  results also s h o w e d  that there w as  a s ign i f ican t  increase  in the ave rage  values  for both  

par am et er s  Cs and D^pp obt a ined  from the north  s ide face ( w in d w a rd )  o f  the c ros shead  

b ea m s  as c o m p a r e d  wi th  results  ob ta ined  f rom the south s ide face ( l ee war d)  due  to 

cro sshead  or ien ta t ion wi th  regard  to the p reva i l ing  wind.  T h ese  f indings  can be used to 

identi fy  the area  o f  the s t ructure  or s t ructure  c o m p o n e n t  that  sho u ld  be pr iori t ised  for 

specia l  inspect ion or ex t ra  protec t ion as early as the des ign  s tage.
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In addit ion to that they were taken from a real aging structure exposed to marine 

environment ,  the unique importance o f  the C.v and Dapi, data presented in this thesis is that 

they were taken at f requent  distances  from nine different crosshead faces. This enabled the 

analysis o f  these data to obtain valuable information regarding the parameter  0 which is 

essential for spatial variability model ling. The methods  used for estimat ing 0 were 

discussed in Chapter  5 and summary  and conclud ing  remarks regarding the methods used 

and the obtained values o f  0 will be presented in the fol lowing section.

8.5 VALUES FOR THE SCALE OF FLUCTUATION

The  data collected in Chapter  4 for C, and Dai>i> variables were analysed in Chapter  5 to 

est imate  values for 0. Est imated values  of  0 were needed for the generation of  spatially 

correlated data as part of  the RF  probabi listic model  developed in this thesis. Two 

estimation methods  were applied to the data collected from the experimental  program 

(Chapter  4) for the two invest igated variables, C.v and Da,,,,. Eight groups o f  results each 

consis ting of  either four or five observat ions were analysed using the Maxim um 

Likelihood Method (M L M )  as descr ibed by Li (2()04b) and the Curve Fitting of  the 

Autocorrelat ion Funct ion p(r)  Method proposed by Vanmarcke  (1983). It was concluded 

that the M LM  cannot  be used for the estimation o f  0 because it was found to be 

inconsistent  and in most  cases  gave a range o f  values rather than a single value o f  0.

The Curve Fitting method required the missing data of  the two variables to be predicted for 

the theoretical autocorrelat ion funct ion p(r)  to be fitted to the experimental  autocorrelat ion 

function Px(t) to obtain values for 0. The Kri}>ing method of  statistical interpolation was 

used to predict the missing data at locations where samples  were not taken. Unlike most  of 

the ordinary interpolation algori thms which assign weights  according to functions that give 

a decreasing weight  with increasing distance between  the data samples,  K rig ing  assigns 

weights  according to a data-driven weight ing funct ion.  The  theory and the concept  of  

krig ing  method were presented in Chapter  5. The method has been used in other fields of 

science such as Mining Engineer ing,  Geo logy  and more recently in Hydrology and Soil 

sciences.  Its use however  in the field of  s tructural engineer ing is almost non existent with 

the except ion o f  work  by Ramachandran et al. (2001)  and Karimi (2001).

Values o f  0 for the two variables (C.v and Dai,,,), which were obtained using the Curve 

Fitting method,  were found to be slightly larger than those reported in the literature. The
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results obta ined  f rom the current  s tudy for both  var iables  and in par t icular  for  can be 

re garded as the most  re liable up to the date o f  wri t ing  this thesis.  T h e  m ean  v a lu es  o f  0 

ob ta ined  from the current  s tudy for C,v and var iables  we re  2.7 m and 1.9 m

respect ively  wi th s tand ard  dev ia t ion o f  0 .6  m for both.

Based on  the ob ta i ned  va lues  o f  6 for Cs and Dui>i>, m e as u r em e n t  plan for fu ture 

expe r i m en ta l  inves t igat ion o f  the f luctuat ion prope r ty  o f  these  tw o  var iab les  w a s  proposed .  

T h e  p ropos ed  m e a s u r e m e n t  p lan  w as  des igned  in a w a y  so that a d i s t inc t ive  ex p e r im en ta l  

sem iv a r io g ram  can be  p lotted  f rom the m i n i m u m  n u m b e r  o f  obser va t ions .  T h e  p ro p o se d  

s am p l in g  plan a ims at i m p ro v in g  the qua l i ty  o f  the empir i ca l  s em iv a r io g r am  plot  by  

ac hieving;  (i) h igher  f r equency  for the s am e  lag interval  w h ich  wi ll  re duce  the var iabi l i ty  

o f  the sem iv a r i a n ces  that co r re sp o n d  to the s am e  lag interval  and therefore  resul ts  in m u ch  

s m o o th e r  se m iv a r io g r am  plot;  (ii) m ore  lag in tervals  wi th in  the ex pec ted  range o f  s a m p le  

corre l a t i on  w h ich  wi ll  help  in desc r i b ing  the m o u n t in g  part  o f  the  s e m iv a r io g r a m  model .

The  fact that  the 0 \ a lues  used for the analys i s  p e r fo rm ed  in this thes is w a s  der ived f rom an 

RC br idge  ex p o sed  to mar ine  env i ro nm en t ,  add s  a great  deal  o f  credibi l i ty  to the results  

p re sen ted  herein.

The  sens i t iv ity  analys i s  carr ied  out  in C h ap te r  7 wi th  respect  to the safe ty prof ife  has  

indicated  that the s ingfe most  impor tant  p a r a m e te r  that has  the greates t  im pac t  on  the 

cafcufated  refiabifi ty index is the m ea n  vafue o f  the concre te  cove r  dep th  ( Q ) .  Based  on 

this,  it w a s  co nc fu ded that va lues  o f  0 for Cd need to be es t im a ted  ac cura te ly  f rom field 

m e a s u r e m e n t s  if the unce r ta in ty  associa ted  wi th  this var iabfe is to be  co ns ider ed  fufly.

8.6 MODEL DEVELOPMENT AND ASSUMPTIONS

'Phe task o f  d ev e lo p in g  the probabi l i s t ic  m od el  w as  carr ied  out in C h ap te r  6 o f  this thes is .  

In this chap ter ,  a m e th o d o lo g y  w as  in t roduced  in w h ich  the t im e -d ep e n d an t  dete r iora t ion 

o f  the cons ide red  s t ructure  in te rm s  o f  its surface  (visuaf)  condi t ion  and in te rm s  o f  its load 

ca rry ing ca pac i ty  (Safe ty)  can be  dual ly  m ode l l ed .  T h e  su rface  cond i t ion  p e r fo rm an c e ,  an 

S L S  p e r fo rm an c e  indicator  that  is often  used by br idg e  o w n e r s / m a n a g e r s  to dec id e  on the 

t ime for r epai r / m ai n te nan ce  in tervent ion,  w a s  t e rm ed  in this thes is as the ‘C o n d i t i o n ’ 

profile.  On  the o ther  hand,  the t im e -d ep e n d an t  p e r fo rm an c e  o f  the  cons ide red  s t ructu re  in

261



C hapter 8: Sum m ary and Conclusions 

terms o f  its load carrying capacity which is related to the ULS was termed here in as the 

‘Safety’ pro tile.

The RF-based reliabili ty model  deve loped in Chapte r  6 can predict both the Condition and 

Safety profiles o f  a given s tructure under  a given environmental  condi tion and hence 

allows for predicting the opt imal  t ime to first main tenance/repair  based on the agreed 

target limits. A corroding  RC  beam girder  were used as an illustrative example  in which 

exist ing chlor ide- induced corrosion material  deteriorat ion models  ident if ied in Chapter 2 

were employed in conjunct ion with the RF  theory discussed in Chapter  3. The advantage 

o f  the developed model ;  it incorporates  material,  loading,  geometrical  and  environmental 

uncertaint ies in one  probabi lis tic model  that is capable  o f  ident ifying the most  important 

deter ioration paramete rs  for further invest igat ion.

The  model was first developed to predict the extent  o f  damage  that the concrete  surface 

area o f  the beam girder is expected to endure due to corrosion-induced cracking (Condition 

profile, v4x(0)- The  model was further deve loped to predict the t ime-dependant  reliability of  

the deter iorat ing beam girder  under  traffic loading (Safety profile,  This  is the first

t ime when  such an attempt  have been made  to predict  both,  the Condit ion profile and the 

Safety profile using the same deteriorat ion models /parameters  in which both the initiation 

stage and propagat ion stage o f  corrosion has been dealt  with col lect ively.  In this way,  

object ives  1, 2 and 3 indicated in Section 8.1 were considered.  Regard ing  Sub-objective 3, 

the model considered the variabil ity o f  the pitt ing corrosion by t reat ing the pitting factor R 

as an RF variable fol lows an ex treme value dist ribut ion. T w o  cases of  correlat ion between 

pits depths  were considered,  fully correlated pits depths  and totally independent  pits 

depths.  The  analysis  carried out in this thesis indicated that the t ime-dependant  loss o f  

cross-sect ional area due to pitt ing corrosion w as  not affected by the type of  correlat ion 

between pits depths.

In the context of  spatial  variabil ity model l ing  in the field o f  RC corrosion, the work o f  this 

thesis considered for the first t ime the use o f  s i te-specific W eigh- in-Motion  traffic data 

when de termining the m ax im um  load effects (i.e. design i lexure,  shear  etc) to be used for 

the calculat ion o f  the Safety profile.  Using a realistic traffic loading ensures that the 

uncertainty associated with the m ax im um  load affects is be ing accounted for while 

avoiding the use o f  conservat ive determinis t ic  load models  which may lead to unnecessary 

replacement  or repair o f  the investigated structure.  Th is  is directly related to ach iev ing
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Sub-object ive 4 indicated in Section 8.1. The  Eurocode (EN 1990-2(K)2) requires that that 

the min imum  acceptable safety level be assessed for 50 years  reference period,  consider ing 

that the beam under investigation was 25 years old, the m ax imum  load effect was  

estimated for the remaining 25 years only.

The RF-based probabilistic model  developed in this thesis was benchmarked  using results 

publ ished in the literature. It was found that the model  produced very s imilar results to 

those published in the literature in terms o f  the condit ion profile with a margin error that 

did not exceed 13% for the concrete quality s imilar to that used for the structure example  

of  this thesis.

8.7 TIME TO FIRST REPAIR/MAINTENANCE

in Chapter  7 of  this thesis, it was shown how in previous publ ished works,  researchers  

used the Mean  to describe the central tendency of  expected damage  proportion (Ax%); in 

this chapter,  however,  it was shown that the Median is more reliable central tendency 

measurement  tool. This chapter  has also demonstrated how consider ing spatial variability 

should be expected to inlluence the lifetime reliability (the Safety profile) of  corroding RC 

structures.

One of  the pr ime object ives of  the probabi lis tic-based model developed in Chapter  6 was 

to facilitate a rational comparison between  the predicted t imes to repair /maintenance 

intervent ion of  a structure determined based on Condit ion and Safety profi les (i.e. SLS vs. 

ULS). In this context , results presented in Chapter  7 indicated that if only the general  

corrosion is considered,  the decision o f  time to repair/maintenance intervent ion can be 

governed by the safety criteria rather than by the comm only  pract iced and traditionally 

used surface condit ion criteria. For example,  for the beam case considered in this thesis, 

that the opt imal  time repair/maintenance,  which was predicted in terms of  the beam 

condi tion profile,  were found to be much larger than that predicted in terms o f  the Safety 

profile. However ,  a lthough this cannot  be generalised to all structural condit ions, the 

importance o f  the relative comparison between ULS and SLS performance indicators when 

dete rmining the opt imal  t ime to repair /maintenance has been demonstrated.  It was 

concluded that if the performance criteria to be considered for deciding on the time to first 

repair /maintenance do not take into account  pitt ing corrosion (i.e. condit ion profile) the 

predicted t ime to first repair /maintenance intervent ion maybe too permissive.  These
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findings s trongly points to the necessi ty o f  having a bridge management  system tool that 

considers l ifetime safety of  the structure as a viable indicator for maintenance and repair 

interventions.

The influence of  the Scale of  Fluctuation (0) on the predicted lifetime performance o f  the 

structure was also investigated, it was found that as 0 increases,  the time to 

repair /maintenance predicted in terms of  SLS also increases. Therefore ,  it was concluded 

that studies that have not calculated values o f  0 based on a site-specific data, their 

prediction of  the time to repair/maintenance may result in a considerable  error.

In terms of  the safety performance,  spatial variabil ity was shown to be only important  if 

the beam reliability was governed by the flexure Limit State (LS). In this case, the 

influence of  spatial variability on the reliability of  the beam was more evident in the case 

pitt ing corrosion than in general corrosion.  For the case when the reliability of  the structure 

is to be governed by the shear  LS, results showed that spatial variabil ity has no influence. 

This  was explained by demons tra t ing that the end support RF element  has governed the LS 

47% of  the t imes as oppose  to 25% by the mid-span  element  in the case of  flexure.

The  reduction of  the beam reliability over  t ime was  shown to be governed by shear  for 

both spatial and non spatial analysis.  This was  att ributed to the fact that the shear  links are 

often placed at relatively smaller  cover  depths , C,i, than the main flexure reinforcements.  

The shear  links are, therefore, expected to have a shorter  T, period and a higher value of  

icon- This  indicates that, shear  links could have suffered larger cro.ss-sectional/resistance 

losses than the flexure reinforcement at the same point in time.

For the two types of  corrosion s tudied in this thesis,  general  and pitt ing corrosion,  results 

showed that pitt ing corrosion potent ial ly has far more aggressive effect on the reliability of  

corroding structures than general corrosion.  The  results also suggested that pitting 

corrosion affects shear  resistance far more severely than it would  affect flexure resistance. 

For example  after 50 years  o f  service,  pitt ing corrosion has caused the shear  resistance to 

reduce by 55%  more than that caused by general corrosion.  In the case o f  flexure, no 

difference between  the reductions caused by pi tt ing and general  corrosion could be 

observed.  The literature reported that m any  o f  t o d a y ’s deter iorat ing RC bridge structures, 

including the bridge taken as an example in this thesis, deteriorate  due to corrosion caused 

by chlor ide-contaminated water leaking through the deck joints.  This  means that an intense
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fo rm  o f  dete r iora t ion  can take p lace  in locat ions  w h e r e  high shea r  s t res ses  are expected  

(e.g.  b ea m  gi rder s  at the suppor ts ) .  T he r e fo re ,  p i t t ing  co r ro s ion  at loca t ion s  o f  h igh shea r  

s t res ses  can  have  a seve re  im pac t  on the re l iabi l i ty /safe ty  o f  s t ructures .  T h i s  had led to 

co n c lu d e  that the a s se ssm en t  o f  the safe ty o f  R C  b e a m s  in co r ro s ive  m ar in e  en v i ro n m e n ts  

sh o u ld  co n s id e r  the ef fect  o f  p i t t ing  co rros ion o f  shea r  l inks  on shea r  res is tance  o f  the 

b ea m ,  o t he rw ise  reliabil ity o f  the bea m  m ay  be co n s id e r a b ly  o v e res t im a te d .

Resul ts  pre sen ted  in this thes is has  a lso indicated  that  if onl y  the gene ra l  co rros ion  was  

co ns ide red ,  the dec is ion o f  the t ime to re p a i r /m a in te n a n ce  in te rven t ion  can  be  g o ver ned  by 

the safe ty  cr i ter ia o f  the s t ructure  ra ther  than by the v isual  condi t ion  cr iteria.  Fu r th ermore ,  

if the p e r f o r m a n c e  cr iteria to be cons ide red  for the t ime to first re p a i r /m a in te n an ce  dec is ion 

do not  take into ac count  p i t t ing  co rros ion,  i.e. co nd i t ion  profi le,  the p redic ted  t ime to 

m a in t e n a n c e  in terven t ion  m a y b e  too pe rm is s ive .  T h e s e  f indings  s t ro ngly  point s  to the 

necess i ty  o f  h av in g  a br idge  m a n a g e m e n t  s y s t em  tool  that co n s id e r  l i fet ime safe ty o f  the 

s t ructure  as a v iable  indicator  for m a in t en an c e  and repai r  in tervent ions .

Finally,  a l though  the m e th o d o lo g y  presen ted  in this thes is  w a s  appl ied  to R C  b ea m s  

af fec ted  by ch lo r id e - in d u ced  cor ros ion ,  the  co n c ep t  of  R F - b as ed  rel iabi l i ty m o d e l l in g  

p re sen ted  herein  m ay  be gene ra l i sed  to p r o b le m s  wi th  a l ternate  mater ia ls  and  deter iora t ion 

m e c h a n i s m  (e.g. t imber ,  steel ,  mason ry ) .

8.8 RECOMMENDATIONS FOR FUTURE WORKS

T h e  re sea rch carried  out in this thes is has  p ro v id ed  impor tan t  ins ight  into n u m b e r  o f  i ssues  

re la ted  to the predic t ion o f  the serv ice  life o f  R C  br idges  af fec ted  by ch lo r i de - i nduce  

co r ro s ion.  H o w e v e r ,  the au tho r  has  h ighl ight ed  the fo l lo w in g  areas  for future  research and 

fur ther  im p r o v e m e n t  o f  the w o rk  carr ied  out in this thesis:

•  i f  ch an ce  presents  i tsel f  to a re sea rc he r  w h o  needs  to carry  out an exper i m en ta l  

s tudy s imi l ar  to that  carr ied  out  in this thesis,  it is h ighly  r e c o m m e n d e d  that 

p ro c ed u re  for s am p l in g  wi th  regard to re la t ive locat ion o f  s a m p le s  sho uld  fol low 

that  p roposed  in C h ap te r  5 o f  this thesis.  T h i s  wi l l  ensu re  that  a d ist inc t ive  

s e m iv a r io g r a m  plot can be ob ta ined  and he nce  an ac cu ra te  p redic t ion  o f  the 

p a r a m e te r  0 can be achieved .

•  Based on the resul ts  p re sen ted  in this thes is w i th  respect  to the sens i t iv i ty  o f  the 

safe ty  prof i les  to the m ean  va lue  o f  C,/, this thes is r e c o m m e n d s  that  the 9 for this
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p a r a m e t e r  sh o u ld  be e s t im a ted  ac cu ra te ly  f rom a f ield data if the unce r ta in ty  

as soc ia te d  wi th  this im por t an t  de t er io ra t ion  p a r a m e te r  is to be fully considered.

•  M C  s im u la t i o n  t ech n iq u e  p ro v e d  to be  very  ef f ic ient  in the case  o f  predic t ing the 

co n d i t io n  prof i le  o f  a g iv en  d e te r io ra t in g  s t ructure .  H o w e v e r ,  for the safe ty  prof ile 

ca lc u la t io n  M C  tech n iq u e  w a s  s h o w n  to be  a t ime c o n s u m in g .  T h e  poss ib il i ty  o f  

c o n s i d e r in g  spat ia l  var iab i l i ty  in a re liabi l i ty ana lys is  u s in g  a l ternat ive  re liabi l i ty 

ca lc u la t io n  m e t h o d s  n ee d s  to be  inves t igated .  O n e  poss ib i l i ty  is the use o f  

S to c h as t i c  Fini te  E l e m e n t  m e t h o d  in t roduced b y  H a id a r  and M a h a d e v a n  (2()()0b). 

A n o t h e r  po ss ib i l i ty  is the use a d v a n c e d  o f  M C  s im u la t io n  t echn iques  w h e r e  the 

n u m b e r  if i te ra t ions  can  be  s ign i f i can t ly  r e d u ced  by t ech n iq u es  such Im port an ce  

S am p l in g .

•  Pi t t ing  co r ro s io n  s h o w e d  to cause  seve re  re duc t ion  in the r e in fo rcement  cross-  

sec t iona l  area in the ca se  o f  sh ea r  l inks  and hence  af fec ts  the reliabil ity o f  the 

s t ructu re  to d ec rea se  d ra m a t ic a l ly  af ter  cor ro s ion  has  ini tiated.  M ode l l ing  pi t t ing  

co r ro s ion ,  there fore ,  re qu ir e s  fur the r  inves t igat ion .  T h e  au th o r  sugg es t s  that the 

r e search  ca rr i ed  ou t  in this  thes i s  sho uld  be  co n t in u ed  wi th  m o re  focus on the 

m o d e l l i n g  o f  p i t t i ng  co r ro s ion .
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A P P E N D I X  A

APPENDIX A; DETERMINATION OF CHLORIDE CONTENT BY 

POTENTIOMETRIC TITRATION

A.l  Procedure for the Extraction of Acid Soluble Chloride

1. Weight  into a s toppered 5()0mL conical  flask (2.5 gm ) o f  the concre te  sample.

2. disperse wi th (2()iiiL) o f  distil led water  and add 5 m L  o f  con centra ted  nitrate  

acid (69% )

3. Add (25niL) of  hot dist il led water,  heal the conical  flask on a hot plate at 

med ium heat to boil ing,  then boil for 3 minutes

4. Remove  the conical  l lask from the hot plate and a l low it cool sufficient ly to 

handle.

5. Cool  to room temperature  and filter into 250 Flask Buchner  us ing chlor ide-free 

filter* paper  (m ake  sure you wet the filter paper  wi th dist il led water 

beforehand) .the Flask Buchner  is connec ted  to a smal l v a c u u m  b um p for 

vacuum filtration to achieve m a x im u m  chlor ide ext ract ion.

6. when filtering is complete ,  rinse what  is left o f  the sam ple  m in im u m  o f  3 t imes 

and empty it into the filter, wash the filter paper  and the inside wal ls  o f  the 

Funnel Buchner  wi th dist il led water  and wait  until all has been filtered into the 

Flask Buchner ,  then empty the solut ion into a 125 ml beaker  g lass  and wash the 

Flask Buchner  internal walls  into the beaker

7. make sure u fill the beaker  up to approxima te ly  75 -100  ml to ensure  that the 

silver elect rode is adequate ly  covered by the solut ion (you can have enough 

quant ity by keeping wa sh ing  up the sample ,  filter paper  and the i lask Buckner)

8. if you are expect ing  low chloride concentra t ion you can use 0,02 or 0.01 m ol/L  

S ILVIR N I T R A T E ( A g N 0 3 ) to titrate against  which will  be pumped  

automat ica l ly  from the bure tte to the d ispensers  in the auto-t it rat ion system.

9. Calculat ion of  the chlor ide content  C l%  as a percentage  o f  the concre te  to the 

nearest 0 .001%  will be carried out automat ical ly  by the auto-t it rat ion device 

according to the express ion descr ibed in the fol lowing section.

* H a r d e n e d  A s h l e s s  c h l o r i d e - l ' r e e  f i l l e r  p a p e r  is  s u i l a h i e  fo r  a c i d  l i a s e d  t i t ra t io n .

283



A.2 Determination of Chloride Content

APPENDIX A

Chloride content is determined by potentiometric titration using a chloride or silver 

selective electrode. The silver nitrate solution o f O.Ol mol/1 is used as titrant. The titration 

is carried out w ith an increment o f titrant volume 0.1 ml until the significant equivalent 

point is reached.

The chloride content in a sample is calculated by the following pre-stored equation:

£ /M *C 30* CO 1*100
{Cl %) = -------------------------------------------------------- Equation a.

COO '

Where;

Cl %-> chloride concentration that needs to be determined (% per mass o f concrete 

sample)

E P l->  volume of AgNO;, w ill be consumed for titration (niL)

C30-> Molarity o f AgNO., (m ol/L) e.g. 0.01, .02 or 0.05 

C O l^  Molecular weight o f chloride (35.453 g/mol)

COO^ mass o f concrete sample in mg (e.g. 2500 mg)

A.3 Chloride content results

Table A. 1 Chloride contents from core P1-S

Depth (mm) Cl% per mass of concrete
P1-S1 P1-S2 P1-S3 P1-S4 P1-S5

9 0.017 0.019 0.016 0.074 0.024
16 0.042 0.034 0.028 0.073 0.043
24 0.042 0.037 0.046 0.056 0.052
31 0.036 0.018 0.023 0.041 0.032
39 0.021 0.013 0.017 0.019 0.019
46 0.014 0.01 0.01 0.015 0.014
54 0.013 0.012 0.014 0.014 0.01
61 0.013 0.012 0.01 0.01 0.01
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Table A .2 Chloride contents from core P2-N

Depth (mm)
Cl% per mass of concrete

P2-N1 P2-N2 P2-N3 P2-N4 P2-N5

9 0.017 0.026 0.019 0.033 0.022
16 0.015 0.076 0.073 0.103 0.055
24 0.015 0.089 0.077 0.133 0.058
31 0.019 0.063 ; 0.053 i 0.098 0.042
39 0.017 0.05 0.033 0.097 0.024
46 0.014 0.034 0.019 0.069 0.018
54 0.012 0.018 0.015 0.031 0.013
61 0.015 0.017 0.014 0.019 0.011

Table A .3 Chloride contents from core P2-S

Depth (mm)
Cl% per mass of concrete

P2-S1 P2-S2 P2-S3 P2-S4 P2-S5

9 0.048 0.02 0.026 0.015 0.018
16 0.093 0.082 0.059 0.043 0.067
24 0.06 0.062 0.045 0.043 0.046
31 0.066 0.045 0.025 0.03 0.036
39 0.078 0.023 0.013 0.017 0.019
46 0.064 0.02 0.01 0.013 0.015
54 0.037 0.015 0.008 0.013 I 0.013
61 0.022 0.01 0.008 0.013 0.013

Table A .4 Chloride contents from core P3-N

Depth (mm)
Cl% per mass of concrete

P3-N1 P3-N2 P3-N3 P3-N4 P3-N5
9 0.0365 0.0255 0.044 0.021 0.042
16 0.0675 0.0885 0.119 ' 0.084 0.146
24 0.068 0.0895 0.113 0.087 0.14
31 0.039 0.065 0.084 0.066 0.115
39 0.0245 0.0435 0.053 0.043 0.067
46 0.0175 0.022 0.038 0.027 0.044
54 0.0135 0.0165 0.021 0.017 0.024
61 0.013 0.0145 0.017 0.015 0.022
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Table A .5 Chloride contents from core P3-S

Depth (mm)
Cl% per mass of concrete

P3-S1 P3-S2 P3-S3 P3-S4 P3-S5

9 0.028 0.016 0.023 0.018 0.019
16 0.065 0.015 0.055 0.06 0.057
24 0.105 0.015 0.051 0.039 0.063
31 0.079 0.015 0.042 0.024 0.059
39 0.05 0.014 0.027 0.018 0.032
46 0.031 0.016 0.02 0.016 0.018
54 0.023 0.015 0.014 0.013 0.015
61 0.018 0.015 0.016 0.012 0.013

Table A .6 Chloride contents from core P4-N

Depth
(mm)

Cl% per mass of concrete Depth
(mm)

Cl% per mass of 
concrete

P4-N1 P4-N2 P4-N3 P4-N4 P4-N5

9 0.041 0.038 0.0695 10 0.055 0.082
16 0.033 0.024 0.061 20 0.050 0.055
24 0.027 0.019 0.041 30 .029 0.029
31 0.0185 0.016 0.038 40 0.0 0.0
39 0.0185 0.015 0.037 50 0.0 0.0
46 0.0145 0.015 0.026 - - -

54 0.0145 0.013 0.0225 - - -
61 0.041 0.038 0.0695 - ! -

Table A .7 Chloride contents from core P4-S

Depth (mm)
Cl% per mass of concrete

P4-S1 P4-S2 P4-S3 P4-S4 P4-S5

9 0.041 0.038 0.0695 0.021 0.0385
16 0.033 0.024 0.061 0.0155 0.0345
24 0.027 0.019 0.041 0.0135 0.025
31 0.0185 0.016 0.038 0.015 0.0225
39 0.0185 0.015 0.037 0.012 0.026
46 0.0145 0.015 t 0.026 0.013 0.027
54 0.0145 0.013 0.0225 0.0135 0.016
61 0.041 0.038 0.0695 0.021 0.0385
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Table A .8 Chloride contents from core P7-N

Depth (mm)
Cl% per mass of concrete

P7-N1 P7-N2 P7-N3 P7-N4 P7-N5

9 0.021 0.045 0.028 0.046 0.041
16 0.038 0.124 0.123 0.127 0.081
24 0.034 0.145 0.102 0.114 0.107
31 0.028 0.133 0.065 0.081 0.068
39 0.022 0.087 0.038 1 0.052 0.037
46 0.019 0.047 0.019 0.034 0.023
54 0.018 0.026 0.014 0.019 0.018
61 0.018 0.019 0.011 0.017 0.017

Table A .9 Chloride contents from core P7-S

Depth (mm)
Cl% per mass of concrete

P7-S1 P7-S2 P7-S3 P7-S4 P7-S5

9 0.028 0.053 0.021 0.022 0.04
16 0.071 0.055 0.063 0.066 0.067
24 0.07 0.055 0.074 0.065 0.068
31 0.043 J 0.038 0.043 0.047 0.052
39 0.03 0.022 0.028 0.025 0.029
46 0.018 0.018 0.018 0.016 0.018
54 0.014 0.017 0.017 0.014 0.017
61 0.013 0.014 0.014 0.014 0.014
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A P P E N D I X  B

APPENDIX B: CORES LOCATIONS AND CHLORIDE CONTENTS

Cores  locat ions  wi th respect to each crosshead beam face as extracted  from the Ferrycarr ig 

bridge and chlor ide contents  at these locations at var ies depths from the concre te  surface.

Chloride con ten t of five c o re s  at different d ep th s  obta ined from P1-S

0.08

o  0.06

m 0.05

0.04

Si 0.03

0.02

Z  0.01

0
0 2 6 8 10 12 144

- ♦ — 5-12.5 mm 

■  12.5-20 mm

— 20-27.5 mm 

- ^ ^ 2 7 .5 - 3 5  mm 

- * — 35-42.5 mm 

*  42.5-50 mm

—I— 50-57.5 mm 

-B — 57.5 65 mm

D istance from the  c ro s sh e a d  end (m)

(a)

P l - S l  P1-S2 P1-S3 P1-S4 P1-S5

343()mm 2855mm 3480mm 2'MOmm

7l)()mm

(i7()mm 750mm 550m m 700mm

-4-

800mm 
} 1

2090 mm

3920 mm

(b)

Figure B.I (a) Chlor ide  content  o f  five cores  at different depths obtained from P l - S  
crosshead beam face, (b) Cores  locat ions  wi thin the beam.
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Chloride content of five cores at different depths obtained from P2-N
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Figure B.2 (a) Chloride content o f five cores at different depths obtained from P2-N 
crosshead beam face, (b) Cores locations w ith in  the beam.
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Chloride content of five cores at different depths obtained from P2-S
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Figure B.3 (a) Chloride content o f five cores at different depths obtained from P2-S 
crosshead beam face, (b) Cores locations w ith in  the beam.
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Chloride content of five cores at different depths obtained from  P3-N
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Figure B.4 (a) Chloride content ot five cores at different depths obtained from P3-N 
crosshead beam face, (b) Cores locations w ith in  the beam.
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Chloride content of five cores at different depths obtained from P3-S
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Figure B.5 (a) Chloride content o f five cores at different depths obtained from P3-S 
crosshead beam face, (b) Cores locations w ithin the beam.
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Chloride content of five cores at d ifferent depths obtained from  P4-N
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Figure B.6 (a) Chloride conlenl o f five cores at dilTerent depths obtained from P4-N 
crosshead beam face, (b) Cores locations w ith in  the beam.

293



APPENDIX B

Chloride content of five cores at different depths obtained from P4-S
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Figure B.7 (a) Chloride content o f five cores at different depths obtained from P4-S 
crosshead beam face, (b) Cores locations w ith in the beam.
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Chloride content of five cores at different depths obtained from P7-N
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Figure B.8 (a) Ciiloride content o f five cores at different deptiis obtained from P7-N 
crosshcad beam face, (b) Cores locations w ithin the beam.
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Chloride content of five cores at different depths obtained from P7-S
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Figure B.9 (a) Chloride content of five core.s at different depths obtained from P3-N 
crosshead beam face, (b) Cores locations within the beam.

Table B .l Distance o f the Ferrycarrig crosshead beams soffit from the 
river High and Low water levels.

, Crosshead beam # I H.W.OST (m) L.W.OST (m)

1 2.09 ! 3.92
2 I 1.77 3.60
3 1.46 3.29
4 1.15 2.98
5 0.83 2.66
6 0.52 2.35
7 0.21 2.04
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A P P E N D I X  D

APPENDIX D: THE INDIVIDUAL SEMIVARIOGRAMS

Semivariograms estimated for Q  and Da,,,, parameters from data collected from each 

crosshead beam face (the individual semivariograms).

P 1 S  c P I S  D

0.014
O  E x p e rm e n ta t  
 G a u s s a n  Model0.012

0.01

0.008

0.006

0.004
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Lag  d i s t a n c e ,  t  (m)

(a) (b)

O  E x p e rm en ta l  
G a u s s i a n  Model

Lag d i s ta n c e ,  t  (m)

Figure D.l Semivariograms constructed using data collected from crosshead beam Pl-S 
for (a) Cs and (b) Da,,,,.
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O  E x p e rm en ta l  
 G a u s s i a n  Model
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O  E x p e rm en ta l  

G a u s s i a n  Model

20

>-

Lag d i s t a n c e ,  x  (m)

(a) (b)

Figure D.2 Semivariograms constructed using data collected from crosshead beam P2-S 
for (a) C,  and (b) D^,,,,.
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P3S C P3S D
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Figure D.3 Semivariograms constructed using dala collected from crosshead beam P3-S 
for (a) C, and (b)
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Figure D.4 Semivariograms constructed using data collected from crosshead beam P3-N 
for (a) Cv and (b) D,,,,,,,
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Figure D.5 Semivariograms constructed using data collected from crosshead beam P4-S 
for (a) Cs and (b)
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Figure D.6 Semivariograms constructed using data collected from crosshead beam P4-N 
for (a) Cs and (b) D„pp,
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Figure D.7 Semivariograms constructed using data collected from crosshead beam P7-S 
for (a) C,v and (b)
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Figure D.8 Semivariograms constructed using data collected from crosshead beam P7-N 
for (a) C.v and (b)
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Assessing chloride induced deterioration 
in condition and safety of concrete 
structures in marine environments

Omran Kcnshel —  Alan O ’Connor

D epartm ent o f  Civil, Structural and Environm ental Engineering 
Trinity C ollege Dublin, Dublin 2, Ireland

{kenshelo, alan.oconnor}(^,tcd.ie

AB STR AC T. Prediction o f  the present and fu tu re  state o f  Reinforced Concrete (RC) structures 
suffering from  chloride-induced corrosion is important i f  proper planning fo r  inspection and  
m aintenance is to he made. The m ajority o f  research studies have thus fa r  focused  on the 
diffusion process o f  chloride ions through the concrete cover, the time to corrosion initiation  
and on the prediction o f  the surface condition o f  the structure. However: practical evidence 
and theoretical analysis suggests that many structures can tolerate considerable corrosion  
damage without serious reduction to their load carrying capacity. Therefore, visual 
im pression-based maintenance is not an optimum solution particularly when financia l 
resources are limited. To support this notion, accurate models are needed to predict the 
deterioration rate o f  the structural load carrying capacity over time. This paper uses existinff 
em pirical RC deterioration models to predict the loss in the load carrying capacity o f  u 
typical RC T-beam using a reliability based approach The approach takes into consideration 
the spatial variability o f  the deterioration parameters, thereby dem onstrating the importance 
o f  its inclusion in anv such analysis.

RCSUME. L evaluation de I 'etat actuel el la prediction de I 'etat futur des structures en heton arme 
degradees du fa it de la corrosion provoquee par les chlorures sont importantes si I on souhaite 
planifier correctement I'inspection et la maintenance. La mujorite des etudes ont focalise  
jusqu  'a present sur les processus de diffusion des ions chlorures dans la couche d  'enrohage, le 
temps d 'am orfage et la prediction des conditions de surface. Cependant, le constat pratique et 
les analyses iheoriques suggerent que de nombreuses structures peuveni tolerer un niveau 
considerable d'endomrnagernent par la corrosion sans reduction serieuse de leur capacite 
portante. Des lors, la maintenance reposant sur I 'inspection visuelle n est pas une solution 
optirnale quand les ressources financieres sont lirnitees. Optimiser la maintenance requiert que 
I 'on dispose de rnodeles corrects pour predire le taux de perte de la capacite structurale au 
cours du temps. Cet article utilise des rnodeles ernpiriques de deterioration du beton arrne pour 
predire la perte de capacite structurale d  'une poutre en T en utilisant une approche fiabiliste  
L 'approche considere la variahilite spatiale des parametres de deterioration et dernanlre 
I'im fwrtance de sa prise compte dans une telle analyse

K i: y w o r i :)S: corrosion, deterioration, m onte carlo simulation, reliability, spatial variability. 

MOTS l'tJ :s: corrosion, deterioration, fiahilile. simulation de M onte-Carlo simulation, 
variahilite spatiale.
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1. Introduction

The number o f  bridges deteriorating due to chloride-induced corrosion increases 
annually as does the cost o f inspection, maintenance, repair and where necessary 
replacement (Costa and Appleton, 2002; Frangopo! et a!.. 2001; Stewart and 
Rosowsky, 1998). Meanwhile, budgets made available to the m ajority o f  bridge 
owners/managers for maintenance o f these bridges are reducing year on year 
(Lauridsen ei al., 2007). To optimise and manage budget spend; bridge 
owners/mangers need to rely more on rational decision making methods rather than 
on subjective engineering judgment. In traditional Bridge Management Systems 
(BMS), decisions regarding the time/type o f maintenance intervention are often 
made in light o f  information obtained through visual inspection. Although many o f 
these systems may claim to be capable o f  optim ising and selecting the most cost- 
effective options for given budgets over the planning time frame through their Life- 
Cycle Cost Analysis approach, they have serious lim itations. One o f the most severe 
o f which, as outlined by Frangopol e/ al. (2001), is that the bridge re liab ility  {i.e. a 
measure o f  the probability o f  failure associated w ith a specified lim it state), is not 
directly incorporated into the BMS and as such the ability o f  the BMS to predict 
future deterioration o f the structure safety and serviceability conditions is very 
limited. In an attempt to overcome these lim itations, it has been recognised that 
future BM S’ s w ill have to depend more on probabilistic and reliability-based 
methods. Reliability-Based BMS (RBBM S) permit inclusion o f the uncertainty 
associated w ith parameters o f  significance into analysis models which attempt to 
represent temporally the deterioration process. In addition, RBBMS have the 
advantage o f using the re liab ility  index ‘‘/T’ as a relative safety indicator, thereby 
providing (i) a more robust and better defined safety performance evaluation criteria 
and (ii) detailed information concerning the sensitivity o f  the result, i.e. ft, to 
modelled parameters thereby facilitating ".'smart" condition assessment and. where 
necessary, optimised repair (O ’Connor and Enevoldsen, 2008).

A highlighted shortcoming in the work done to date in this regard, (e.g. Akgul 
and Frangopol, 2005a; Akgul and Frangopol, 2005b; Enright and Frangopol, 1998; 
Val and Melchers, 1997) is the neglect o f  the spatial variab ility o f  the deterioration 
parameters. Research on the significance o f spatial variab ility  to date has been 
mainly focused on the prediction o f  the visual condition o f  the coiroded structure 
over time {e.g. L i et al., 2004; Vu and Stewart, 2005). Due to the common 
parameters considered at lim it state evaluation (i.e. material and environmental 
properties, etc.) positive correlations arc expected between the times o f  damage 
initiation o f  the visual condition o f  the structure and its safety. Therefore; it would 
be more appropriate i f  the lifetim e visual condition and safety performances were 
both predicted using the same approach and where possible the same 
physical/empirical deterioration models and parameters. The main objective o f this 
paper is to investigate the possibility o f such integration using a bridge structure as a 
demonstrative example. For the purpose o f analysis the lifetim e visual condition 
performance is taken to be represented by the proportion o f  concrete surface area
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that is showing signs o f  distress. This distress can be defined as the level o f  chloride 
contamination, limiting crack size or spalling etc. Thcorctically; spatial variability 
based modelling has been shown to be a suitable tool to determine this proportion if 
models to compute times for ditTercnt deterioration stages are available. Results for 
the level o f  deterioration are obtained in the form o f  a time dependent probability 
distribution function (PDF), i.e. the parameters o f  which change as a function time. 
The concept and theory o f  spatial variability based modelling (SV M ) o f  lifetime 
visual condition has been covered elsewhere and will not be covered in this paper 
{e.g. Li et at., 2004; Vu and Stewart. 2005). It is demonstrated herein that SVM can 
be equally applied to determine the lifetime safety perfonnance o f  the structure 
represented by the reliability index '/i' where models for relating the time-dependant 
loss o f  reinforcement cross-sectional area to the level o f  corrosion are available.

2. Deter iora t ion  mode l l ing

Three phases o f  deterioration are considered in this paper; corrosion initiation, 
crack initiation and crack propagation. Figure 1. The material deterioration models 
em ployed to simulate these phases are briefly discussed in the following sections, 
for further detail on the models and their derivation the reader is encouraged to 
consult the literature as referenced.

^  M « x im u m  i c c c p i a b l c

J c B r c c  o f  J c i c n o n i i i o n

t
O
'.j

o

r im e
(years )

Init iat ion P ro paga t io n

S crv 'icc life  o f  th e  strxicturc

i

«  1= 
P -S
i  S

M in i m u m  • c c c p t« b lc  

p c r f i j r m a n c c  le v e l3

2 Tn

T im e  (years )

Figure I . Schematic representation o f  deterioration process o f RC structure
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2.1. Time to corrosion in itia tion , 7/

The corrosion initiation period is assumed to refer to the time during which
passivation o f steel reinforcement is lost and corrosion begins its activity. It is
assumed that for chloride-induced corrosion, depassivation takes place as soon as a 
critical threshold value o f  chloride concentration at the level o f  reinforcement is 
reached. The time to corrosion initia tion is commonly derived from Pick’s 2"*̂  law o f 
diffusion and is expressed as follows:

C '

4 D upp
e rf

C.
[ I ]

where T, is time to corrosion initia tion (years); D,,,,,, is the apparent diffusion 
coetTicient (m m '/ycar); C, is the surface chloride concentration (% per weight o f 
cement or concrete), C^r is the critica l chloride concentration (% per weight o f 
cement or concrete) and C is the concrcte cover (mm). D,,,,,, and C, are often 
detemiined by fitting  data o f  chloride concentration obtained from chemical analysis 
o f concrete dust samples taken across the depth o f  the structure to T ick’s 2'“* law o f 
diffusion. In this paper was estimated from a formula proposed by (Papadakis 
et a/., 1996):

A w  =  0.15
^  '  1 +  / 9 W C  +  U f

^)^wc'-0.85 I
'     ' ■ I

1  +  P ^ . M ' C  J
D H^O [2 ]

where p,. (=3.16) and p„ (=2.6) are the specific gravity o f cement and aggregates, 
respectively, and wc, ac{=2) are the water/cement ratio and the aggregate/cement 
ratio, respectively, and D iqo is the d iffusion coefficient o f  chloride in an infinite 
solution at 25 C“ (=1.6x10’’  m'/sec). It has to be mentioned that Equation [2] is 
applicable to a fu lly  hydrated OPC (Ordinary Portland Cement) concrete and curing 
temperatures from 20 to 25C°. Due to the well known positive correlation between 
wc ratio and the concrete compressive strength, in this paper the wc ratio has been 
estimated from the concrete compressive strength through a formula which have 
been reported by Vu and Stewart (2(X)0): (wc=27/[/rv/+l 3.5]).

2.2. Time fro m  corrosion in itia tion  to corrosion cracking, 7 /„

The time to first cracking, termed Tis„ refers to the period o f time it takes from 
corrosion initiation to the stage where the corrosion products build-up starts to cause 
hair-size cracking at the concrete surface. M any authors use the model developed by 
Liu and Weyers (1998) to describe this stage o f the deterioration process, however, 
it has been recently demonstrated by Chernin and Val (2008) that this model is 
incorrect. As such the Liu and Weyers (1998) model should not be used to represent
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this critical stage o f  the process. The model proposed by El Maaddawy and Soudki 
(2007) is employed in this paper:

T  =■'l.K
l \ \ 1 . 5 { D  + 2S^){\ + v + y/) ‘ 2 C y „   ̂ 2d]E^.

K i i r r ^ e f D  ( l +  v  +  ? ^ / ) (D  +  2(?„)
[3]

where Ti,, (years) models the time from corrosion initiation to corrosion first 
cracking (defined by the appearance o f  hair-size crack on the concrete surfacc), D is 
the diameter o f  the steel reinforcing bar, C is the clear concrete cover (mm), S„ is the 
thickness (=12.5 x 10'^ mm) o f  the porous zone around the steel bar which will have 
to be tilled first before stresses between the steel bar and concrete interface due to 
rust expansion can be generated, ( /̂is a factor dependent on D, C and d',„ is the 
corrosion rate density (laAYcm^) which depends on many factors such as the 
availability o f  oxygen, moister and often obtained from field measurements, Ê .f is 
the effective elastic modulus of  the concrete which is equal to [E ,/fI E^ is the 
elastic modulus o f  the concrete (N/mm‘), 0,.̂  (=2.0) is the creep coefficient, v 
(=0.18) is the Poisson’s ratio for the concrete and is the tensile strength o f  the 
concrete (N/mm‘). For more information on the model see El Maaddawy and Soudki 
2007.

2.3. Time to crack propagation,

For a crack to propagate from a hair size (typically assumed o f  the order of  
0.05mm) to a maximum size o f  wn,n, Vu and Stewart (2005) proposed the following 
empirical model as a function o f  the corrosion rate density, water/cement ratio (wc) 
and reinforcement cover ( Q  in mm:

= 0 .0167 / -l.I
C ifrr 42.9 [ wc I C]

- 0.54

0.0062

15

[4]

where T̂ .p is in (years). This model was validated for ranging from 0.3mm to 
1.0mm. The corrosion rate density used in this paper to evaluate both Equations [3] 
and [4], were estimated from an expression proposed by Vu and Stewart (2000). I'he 
proposed expression, Equation [5], gives the corrosion rate value at any time t in 
liA/cm' as a function o f  concrete watcr/cement ratio (wc) and the reinforcement 
cover (C, mm). For more details on the derivation o f  the model and its limitations 
readers are encouraged to consult the literature.

(') =
3 2 , 1 3 ( l - w c )

■1.64

c
- 0.3

[5]

315



APPENDIX E

598 EJECE -  13/2009. Durability and maintenance in maritime environment

3. Reduction in reinforcement area

As the corrosion proccss progresses, the cross sectional area o f the reinforcement 
o f an RC member w ill be reduced leading to reduction o f the capacity o f individual 
elements and by implication o f the structure as a whole. I f  the corrosion is assumed 
to be o f a uniform type, as illustrated in Figure 2, the loss o f reinforcement diameter 
can be described by the use o f Faraday’s law o f electrochemical equivalence 
(Andrade et al., 1993).

DU)

Fij>ure 2. General corrosion

The law indicates that a constant corrosion rate o f l|.iA/cm' corresponds to a 
uniform loss o f bar diameter o f 0.0232mm per year. I f  the corrosion rate is assumed 
to be constant over time, then the remaining cross-sectional area o f corroding main 
reinforcement after f-years A,{t) can thus be estimated as:

Jli:, n \D -  AD(/)T 
=     ' ’ A Z )(0  = 0 .0 2 3 2 / ;_ ( / - / ; . )  [6]

I ^

where 7", is the time to corrosion initiation (years), ni, is the total number reinforcing 
bars and D„ is the original bar diameter and AD(/) is the loss o f bar diameter at time, t.

Pitting corrosion was also considered in the analysis performed in this paper. The 
methodology proposed by Val and Melchers (1997), illustrated in Figure 3, was 
employed to calculate the net cross sectional area o f the corroding bar, whereby:

\nD'  . . p(/)<

D [7]
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a

/

Do

F ig u re  3. P itting  Corrosion (Val and  M elchers, 1997)

with;

or,
D y

I - a  
2 ; 2 D .

P[<)'
D .

[8]
a = 2 P { t ) ^ \ - { P { t ) I D ^ , f  

a ^ - 2  a rc s in (o /D ,^ )

CJfj = 2 a r c s i n ( a / 2 P ( ? ) ]

where P(t)  is the depth o f  the corrosion-m duced  pit (m m ) and is related to the 
uniform loss o f  the bar d iameter due to the general corrosion (Figure 2) through the 
d imensionless ratio factor R which ranges from 4 to 8 (Stewart, 2004):

[9]

4. R es is tance  m odelling

Resistance models describing the ultimate moment, shear, torsion and axial 
capacities etc. o f  structural elements can be derived from first principles or adopted 
with reference to design/assessment codes applicable to the structure under 
consideration. For the purpose o f  this paper, models for mom ent and shear resistance
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pro v ided  by the  B r idge  D es ig n  S p ec if ica t io n  ( A ASH 'I 'O-LRFI.X  1994) w ere 
cons idered .  C o n s id e r in g  a r e c ta n g u la r  n on -p rc s tr e s se d  m e m b e r  {where  a T -scc t ion  
can  be trea ted  as a re c ta n g u la r  scc t ion  a s  long  as the  neutral axis is ver if ied  to be 
w ith in  the flange  reg io n )  for w h ich  the s t reng th  o f  the  co m p re s s io n  steel is 
neg lec ted ,  the t im e  varian t no m in a l  f lexure  re s is tance  o f  an RC b e a m  (a s su m in g  
on ly  the re in fo rc em en t  c ro ss  sec t io n  is c h a n g in g  with t im e  due  to  the efYect o f  
co r ro s ion )  is g iven  as fo l low s;

w h ere  /J,(f) is the area  o f  no n -p re s t r e s se d  tens ion  re in fo rcem en t  at t im e.  is the 
spec if ied  y ie ld  s t reng th  o f  re in fo rc in g  bars ,  cl f̂i is the clTective b eam  d e p t h , / ' ,  is the 
spec if ied  28 d ay s  c o m p re s s iv e  s t reng th  and  h, is the w idth  o f  the co m p re s s io n  face 
o f  the m einber .

S im ila r ly ,  the t im e  varian t n o m in a l  shea r  res is tance  o f  the bea m  at any  g iven  
scc t ion  is c a lc u la ted  by  c o m b in in g  the  con tr ib u t io n s  o f  the co ncre te  and  sh ea r  links 
to the shear  res is tance  o f  the sec t io n  as fo llows:

w here  h  is the  e f fec tive  w e b  w id th .  A, {t )  is the a rea  o f  sh ea r  re in fo rc em en t  at t im e  (/) 
and  s is the sh ea r  s t i r rups  sp ac ing .  T h e  effec t  o f  b o n d  loss is not c o n s id e red  in this 
analys is .

5. S p a t i a l  v a r i a b i l i t y  m o d e l l i n g

Early p ro b ab i l is t ic  an a ly s is  o f  R C  de te r io ra t ion  typ ica lly  m o d e l led  the m ateria l 
and  g eo m etr ica l  u n c e r ta in ty  u s ing  a s in g le  r a n d o m  variab le  for the w ho le  s truc tu re  
o r  c o m p o n e n t  w ith ou t  c o n s id e r in g  the spatia l var iab il i ty  o f  the  m o d e l le d  pa ram ete rs .  
In this  app ro ach ,  m ater ia l  an d  geo m e tr ic a l  p ro pe r t ie s  are  c o n s id e red  to  be  perfec t ly  
co rre la ted  w ith in  a s t ru c tu re  o r  co m p o n e n t .  In reality, these  p rop e r t ie s  exh ib i t  so m e  
limited  field co rre la t ion .  T h a t  is to  say, tw o  sa m p le s  taken  very  c lose  to  each  o th e r  
will have  h igh ly  c o r re la ted  p ro p e r t ie s  and  as the d is tan ce  sep a ra t in g  the tw o  sam p le s  
IS increased ,  the level o f  co r re la t io n  o f  the ir  p ro pe r t ie s  m ay  be e x p ec ted  to  dec rease .  
At a ce r ta in  d is tan ce  th e re  will  no  lo n g e r  be  a n y  s ign if ican t co rre la t ion  b e tw e e n  the 
pro pe r t ie s  o f  the  tw o  sa m p le s .  T h is  d is ta n c e  is k n o w n  as the C o rre la t ion  L ength .  To 
acco u n t  for this field va r ia t io n ,  the  su r face  o f  the s t ruc tu re  can  be d isc re t ised  into a 
n u m b e r  o f  sm a l le r  e le m e n ts .  F ig u re  4, fo l lo w in g  a R a n d o m  Field  (R F )  a p p ro ac h  
d e sc r ib ed  b y  H a id a r  and  M a h a d e v a n  (2 0 0 0 )  and  Vu and  S tew art  (2005) .

[lOJ
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k>]

I n d o p c n d c m  
A r o a  A i  k A

'I

I ola l A r e a  

{N A A i)

r \ n

F igu re  4. Discretisation o) total and  independent area (Vu a n d  Stewart. 2005)

To determine the correlation coefTicicnt between any two neighbouring elements 
separated by distance r. an auto correlation function is needed. The auto correlation 
function p(r)  specifies the correlation coefficient between two elements separated by 
the distance t, i.e. the autocorrelation function represents the spatial correlation 
between two elements. If the distance between the two elements is very small, the 
auto correlation function will be very close to unity where as the distance increases 
the autocorrelation function reduces. Standard forms o f  difTerent proposed 
autocorrelation function are given elsewhere in the literature (i.e. Vanmarcke, 1983). 
Lack o f  available field data, makes it difficult to judge  which model can best 
represent the fundamental nature o f  spatial variability o f  the parameters concerning 
reinforced concrete deterioration. However the square e.xponcntial autocorrelation 
function Equation [12] has been widely used in the literature to represent the spatial 
variability o f  material properties and loading (Vu & Stewart. 2005; Li el al., 2004) 
and as such it is adopted here.

In Equation [12] and dy arc the correlation length for a two dimensional 
random field in .r  and>' direction respectively; and t^=x ~Xj, T^-ycYj, are the distances 
between centroid o f  elements i and j  in x  and y  direction respectively. If  a one- 
dimensional RF is considered the Y component is neglected. A non-isotropic field 
may be introduced by simply using a different correlation length m each direction 
e.g. in the x and y directions.
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To demonstrate how the autocorrelation function can describe the correlation 
coefficients between elements that arc separated by a distance t, the autocorrelation 
function given by Equation [12] were evaluated using a correlation length of  
(Jx=dy=ii=2.0m and plotted in Figure 5. It is apparent from this figure that a high 
correlation (/.e.>0.75) exists if the distance between the elements is less than (d ll)  m.

 Square Exponential (Eq. 11)

0.8

0.4

U

-0 ^ 0 1  2 3 4 5 6 7
Lag dittance. t  (m)

Figure 5. Plot o f  the Square Exponential autocorrelation function

It is apparent that the degree o f  correlation between elements will be dependant 
upon two main parameters, (i) the correlation length and (ii) the element size. In 
order to obtain an appropriate correlation length for a RF parameter, available data 
sets consisting of  sample measurements taken at frequent distances are needed. In 
practice, such measurements are rarely taken at frequent distances; therefore data on 
Correlation Lengths are scarce and usually assumed based on engineering judgment. 
Reported correlation length values for some o f  the RF parameters related to 
corrosion-induced deterioration points to a value o f  approximately 2.0m (Vu and 
Stewart. 2005). Regarding the RF element size, Englund (1997) has suggested that 
the size o f  elements should be in the range o f  one-fourth to one-half o f  the 
Correlation Length. However it is noted that if the element size is very large, this 
leads to an underestimation o f  the influence o f  random field variation {i.e. spatial 
vanability), while too small an elements size leads to a larger number o f  RF 
elements, and hence an increase in the number o f  random variables resulting in a 
larger CPU computational time.

6. S truc tu ra l  relinbility assessment

Once the structure/elemcnt has been discretised into an RF mesh, the desired 
Limit State (LS) functions need to be formulated and evaluated at the centroid o f  
each RF element following the “Mid-Point” discretization method described by
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Haidar and Mahadevan (2000). Three (time-variant) LS’s are considered in this 
paper; one SLS criterion concerning the structure surface area condition (e.g. 
proportion of  concrete surface area that exhibits crack widths above a specified 
limiting value) and the two IJLS cnteria concerning the apparent safety o f  the 
structure (e.g. with respect to the computed flexural and shear capacities). These 
LS’s were chosen to be representative of  performance criteria used by bridge 
owners/managers to define the end of service life o f  deteriorating structures and/or 
the time for repair and maintenance intervention, e.g. (i) the damaged structure 
surface area has reached a threshold value o f  A°/o (SLS) or (ii) the computed 
probability o f  failure, p,, is greater than that specified/permitted by the applicable 
code for the choscn limit state, consequence and mode o f  failure. Table 1 presents 
acceptable probabilities o f  failure specified by the ISO standard (ISO 2394 1998).

Tabic  1. Values for the allowable pf ba.secl on the ISO  standard (ISO 2394 1998)

Rela tive  costs  of C o n s e q u e n c e  o f  f a i lu re

safety  m e a su re s Small Som e M oderate Great

High 0.5 10-' 10-’ 1 0 ’

Moderate 1 0 ' 10-= lO'^ H)-'

Low 10-- 1 o ' 10"* 10-^

In many applications, the probability o f  failure is presented in terms of the safety 
index, p. with:

P = [13]

for which is the inverse function o f  the standardised normal distribution.
Table 2 presents acceptable (i  values as specified by the Eurocode (EN1990-2002). 
More informations on the reliability classes specified by the Eurocode are available 
in the cited literature.

Table  2. Minimum acceptable safety levels specified by Eurocodes (EN1990-2002)

M inim um  accep ta b le / /  values

Reliabil ity Class 1 year reference period 
(=associa ted  p,)

50 year  reference period 

(=associa ted pf)

CC3 (RC3) 5.2 (1.0x1 o ’) 4.3 (8.5x10-^)

C C 2 ( R C 2 ) 4.7 (1 .3x10 '’) 3.8 (7.2x10'^)

C C l ( R C I ) 4.2 (1 .3x10  -) 3.3 (4 .8x10 “)
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I'abie 3. Reliability classes specified by Eurocodes (E N 1990-2002)

Consequence Class 
(Reliability Class)

Description
Examples of  buildings and 

civil engineering works

CC3(RC3)
High consequence for loss of 

human life
Grandstands, public 

buildings

CC2(RC2)
Medium conscquence for 

loss of human life
Residential and offiee 

buildings

CCl (RCI)
. , _ i Agricultural buildings (/.f. 

Low consequence for loss of , ,
i people do not normallyhuman life
1 enter)

In performing a structural safety or reliability assessment the computed P  is 
compared to the target value, Pia,f;eh for the considered limit state, and consequence, 
to determine compliance or violation (O ’Connor and Enevoldsen 2008).

In the following, the L S ’s formulated and evaluated at the centroid o f  each RF 
element are presented.

6.1. Serviceability lim it slate -  concrete crackinf>

The proportion o f  the concrete surface area with crack widths exceeding at 
time I for a single M C  simulation realisation is calculated as (Vu and Stewart. 2005):

{t) = j  ~  x lO O %  [14]
k

where G , , , ( / ) =  (T̂  +  T,,, +  , 7], 7]^, and 7 ,̂, are given by Equations [1],

[3] and [4] respectively. w[.] represents the number o f  elements (from a total o f  A) 
that satisfy the inequality and k is the total num ber o f  RF- elements. It has to be noted 
that Equation [14] gives a single value (between 0 and 100%) for each single MC 
simulation realisation. W hen the total number o f  MC simulation realisation is 
performed (1 million realisations was perform ed for each year, assum ing  a ser\ 'ice 
life o f  100 years), a histogram o f  for each year / is obtained as dem onstrated  in 
Section 7.1.

6.2. Ultimate lim it state -  fle x u re  & shear

Exceedance o f  the ultimate limit states for flexure and shear, at time t. are 

defined as G ^  (0 — ^  (0 -  ^  respectively, where:
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[!5 ]

G y [ t ) = K , { t ) - V , { t )  [16]

w ith  ;V/„ it), (t), Mf, (I) and  Vf, (t) the m o m e n t  and  sh ea r  cap ac i t ie s  and  the induced  
m o m e n t  and  sh ea r  fo rces  at t im e  /, at the  cen tre  o f  e a ch  R F  e le m e n t  respectively . 
T h e  p rob ab i l i ty  o f  fa i lu re  o f  each  R F  e le m e n t  w ith  regard  to e ach  LS func tion  c an  be 
ca lc u la ted  us ing  M o n te  C a r lo  s im u la t io n s .  W h i le  the p ro b ab i l i ty  o f  fa i lu re  o f  the 
b e a m  at an y  y ea r  t, (at U L S )  o f  a se r ie s  sy s tem  c o m p r is in g  k  R F  e le m en ts  c an  be 
ca lc u la te d  u s in g  E q u a tio n s  [17] and  [18] ,  the  cu m u la t iv e  p ro b ab i l i ty  o f  fa i lu re  o f  m  
in d e p e n d e n t  even ts  ( c o n s id e r in g  each  y ea r  as an in d e p e n d e n t  even t)  can  be 
ca lc u la te d  from  E q u a tion  [19] (S tew ar t ,  2004);

G, ( .V ) = m i n r m i n ( G ^ , , G ^  ) ]  [17]

p , ( 0  = Pr[G, ( ; r ) < o ] [18]

p,(7>i-n[i-^/(0]; [19]
/ = i

w h e re  G, ( A ')  < 0 is the limit s ta te  fu nc t io n  o f  the be am  sy s te m  at y ea r  , Pf ( / , )  is

the  p ro b ab i l i ty  o f  fa i lu re  o f  the  b e a m  sy s te m  at y ea r  . W h e re  the cond it ion a l  

p ro b ab i l i ty  that the  b e a m  will fail in t s u b s e q u e n t  years  g iv en  that it has su rv ived  T  
e a r l ie r  yea rs  is d e te rm in ed  as (S te w ar t  2004):

/? (0  = -4>-'(p;:(r/7-)) [20]

w ith  P ^ T + t )  and  P / T )  c a lc u la ted  u s in g  E q u a t io n  [19].

6.3. Sample analysis

B y w a y  o f  e x a m p le  to d e m o n s t ra te  the  m e th o d o lo g y  ou t l in ed  a s im p ly  su p p o r ted  
R C  T -b c a m  g irder ,  re p re sen tin g  an in ternal c o m p o n e n t  o f  a b r id ge  sup e rs tru c tu re ,  is 
co n s id e red .  T h re e  types  o f  loads  a re  co n s id e re d ,  dead  load in c lu d in g  s e l f  w eigh t 
igi;). lane  live load (^*) and  the  t ru ck  live  load (W ; .  T h e  truck  load is m o d e l le d  by  
th ree  vert ica l c o n ce n t ra ted  load s  se p a ra te d  by  4 .2 7 m  rep re sen t in g  the  H S 2 0  des ign
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truck  load as sh o w n  in F igure  6 ( A A S H T O - L R I 'D  1994). S ta t is t ica l  p a ram e te r s  and 
p rob ab i l i ty  d is tr ib u t ion  o f  m o d e l led  ra n d o m  var iab les  are  p ro v id ed  in T a b le  4.

4W/<) 

L i ( m ) !  ^ 4.27m

y-l 2

4W /9

4.27m

-I

(a)

(b)

L=9,lm

b,

t i l

2  Do*- 

8 D u w

h,

F ig u re  6. a) discretisation o f the RC bridge beam and position o f  loads, 
and b) beam cross section

T a b le  4. Statistical param eters and probability distributions o f  random variables

Random Variable (units) PDF Mean &(C.O.V.) Reference
C, (% wt. cem.) N/F 1.7(0.25) L i . (2004)
C,.r (% wt. cem.) N/F 0.5(02) L i . (2004)

(Model Err) N/F 1.0(0.2) Vu (2000)

C (mm) N/F 50(0.18) Vu(2000)

/rw LN/F 19(0.18) Enright (1998)
(„,^(Eq. Model Err) N/F 1.0(0.2) Vu (2000)

r/,/,(mm) N/F 802(0.05) Vu (2000)
LN/F 35.8(0.02) Enright (1998)
LN/F 12.7(0.02) Enright (1998)

b (mm) Fixed 400 -

Fixed 2600 -

hf(mm) Fixed 200 -

W (kN) N 287.5(0.4) Stewart (1998)
9*(kN/m’) N 9.3(0.4) -

gj(kN /m ’) N 1.05(0.2) -
w„„,(mm) Fixed 1.0

- ? .........
Gumbel 5.65(0.22) Stewart (2004)

N=Nonnal; LN= Lognormal: F= Random Field
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skewed particularly at the early stages o f  the service life which is particularly 
significant in lifetime performance modelling. It is postulated therefore that the 
mean value may not be an appropriate representation o f  the tnie average. The 
median value in this case seems to be a more realistic and accurate representation. 
The appropriateness o f  the use o f  the median is demonstrated in the case o f  full 
correlation (no spatial variability), i.e. where the beam is expected to behave as one 
homogenous clement and as such is either 0% or 100%. If the average o f  the 
distribution was represented by the mean instead o f  the median, the expected 0%  or 
100% results o f  cannot be obtained numerically. Only when the median value is 
used, arc results obtained for the main bars and links without SV as illustrated in 
Figure 8.

Time (years)
too

•" ♦  ' m ain  b» rt with  SV 
— Un k t  w(Oi S V

m »ln  b « r f  without  SV _ 
■ —  th o a r  Unkt without SV

20

40

60

80

T O O

Fl>>ure 8. Influence o f  concrete cover and  sp m ia l vuricihility (SV) on proportion  o f  
dam aged beam surface area

l-'or the example considered, considering SV, it is apparent from Figure 8 that 
after 25 years o f  ageing approximately 8% o f  the beam bottom surface area has 
demonstrated corrosion-induced cracks o f  a size greater than I.Ornm ( i f  corrosion of  
the shear links is ignored and corrosion o f  main bars only is considered). When 
corrosion o f  the shear links is also considered, for the same time period, i.e. 25 
years, the percentage o f  corrosion-induced cracks o f  a size greater than l.Omm is 
more than doubled. However, most o f  the experimental studies carried out to prcdict 
the time to concrete cracking due to corrosion have used a bar d iameter o f  16 mm 
(Alonso et cd., 1998; El M aaddawy and Soudki, 2007; Vu and Stewart. 2005), and 
corrections are required to account for the change in bar diameter. Assum ing that 
1.5% o f  concrete spalling, which is often used as a criterion for first repair and is 
taken to be equivalent to 20% o f  the concrete surface cracked, according to Figure 8 
the first repair is required after approximately 35 years, considering the main 
reinforcement only. It is apparent from Figure 8 that depending on whether the
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corrosion o f  the shear links or the main reinforcements is considered as the reason 
for spalling. the time to first repair will vary significantly.

7.2. R einforcem ent cover

The influence o f  reinforcement cover on the extent o f  surface cracking can also 
be seen from Figure 8. It is apparent from the figure that because shear 
reinforcement is generally placed closer to the surface than the mam reinforcement 
{i.e. less cover), the corrosion initiation time is shorter than that o f the main 
reinforcements, hence, as might intuitively be expectcd, the limit for cracking 
damage caused by the corrosion o f  shear links has been reached in a shorter period 
o f  time when compared to that caused by the main longitudinal reinforcement. The 
significance o f  this result is apparent when the concentration o f  shear links at beam 
ends, i.e. traditional jo in t locations, is considered in the context o f  the durability 
issues now associated with /ea/rmg joints in older structures.

7.3. Safe ty  profile results - U LS

fhc etTect o f general and pitting corrosion on moment and shear capacities arc 
presented in Figure 9. It is apparent that pitting corrosion causes a significant 
reduction in the beam moment capacity after 50 years o f the bridge construction. For 
the earlier years however, general corrosion seems to be only slightly more critical. 
In the case o f  shear capacity, pitting corrosion was demonstrated to be more critical 
than general corrosion right from the start o f  the corrosion activity, leading to a 
higher rate o f  strength deterioration. Figure 9 demonstrates that the reduction in 
shear capacity caused by pitting corrosion after 50 years o f construction can be 15% 
higher than that that caused by general uniform corrosion.

Assessment and design codes require that the actual reliability index should 
remain greater than a minimum acceptable value o f  e.g. Table 2 for CC2
(EN l 990-2002; Duprat, 2007) at all stages during the life o f  the structure. Figure 10 
presents the temporal nature o f /? for the structure considered in this paper. For the 
purpose o f  comparison, results are presented for deterioration due to General and 
Pitting Corrosion where spatial variability was (SV) and was not (No SV) modelled. 
It is apparent from the figure that ignoring spatial variability leads to overestimation 
o f  the reliability index, p. For example the 50 years reliability index for the general 
corrosion case obtained by the ‘no spatial variability’ scenario is greater by 22% 
than the reliability index obtained from the spatial variability scenario. Assuming 
that the time to first maintenance will be based on the target reliability being reached 
{i.e. P<liiargei)^ this means that the structure will be scheduled for maintenance about 
12 years later than it would be were spatial variability included in the analysis. The 
significance here for structural safety management and budget planning is apparent.
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[•'i){urc. 9. Influence o f  general (G) and p in ing  (Pj corrosion and on the temporal 
beam load carrying capacity
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Figure Ht. Influence o f  general, p itting  corrosion and spatial variab ility  (SV) on the 
beam re liab ilitv

Deterioration in the beam safety over time due to p itting corrosion docs not seem 
to have been as greatly affected by the inclusion o f  spatial variab ility as can be seen 
from Figure 10. It worth mentioning though, that the spatial variab ility o f  the 
maximum penetration depth w ithin RF elements has not been considered in the 
present analysis due to a lack o f  relevant data. Therefore, to draw a final conclusion 
on the effect o f spatial variab ility  on lifetim e structural re liab ility  due to p itting
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corrosion, further research is required. Figure 10 also demonstrates that pitting 
corrosion has a profoundly negative impact on the lifetime reliability o f  the beam 
under investigation. For example 50 years after constmction, pitting corrosion will 
have caused a 43% decrease in the beams reliability index value as compared to the 
general corrosion case with spatial variability and up to a 53% decrease in the 
computed reliability index in the case no spatial variability.

8. Conclusions

A comprehensive spatial/temporal model for condition and safety deterioration 
prediction o f corroding RC structures has been developed using existing chloride- 
induced corrosion deterioration models. The model incorporates material, loading, 
geometrical and environmental uncertainties to identify the deterioration parameters 
most mfluencing the maintenance decision making process. Spatial variability, 
which has been neglected in many reliability based studies, has been shown to be of 
great importance when predicting the lifetime condition and safety profiles. The 
present study has mainly focused on integrating the lifetime condition performance 
o f deteriorating structures with lifetime reliability performance. Results presented in 
this paper have shown that the decision for the time to first maintenance intervention 
can be robustly assessed by relative comparison of the computed structural 
reliability/safety to the criteria required by the structure owner/manager as specified 
in relevant codcs o f practice. The present analysis has shown that pitting corrosion 
has a significantly negative and more aggressive impact on the structural reliability 
index than general uniform corrosion in particularly with rcspect to shear resistance. 
This leads to the conclusion that pitting corrosion at locations o f  high stress, 
particularly shear stress due to the low cover to reinforcement and typically small 
bar diameter, can have a major impact on the predicted safety o f  structures/structural 
elements. Further research in this area is required. Finally, although the 
methodology presented in this paper was applied to chloride-induced corrosion of 
RC beam, the concept o f  SV presented herein may be generalised to problems with 
alternate materials and deterioration mechanism {i.e. timber, steel, etc.).
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