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ABSTRACT 

The influence of corrosion of reinforcement on reinforced concrete members has been 

investigated in the following steps. First, tensile tests were conducted on RC cylindrical 

specimens with a corroded reinforcement to evaluate corrosion-induced cracking 

behaviors, bond and concrete tensile strength degradations and tension stiffening 

deteriorations with the aid of analysis. Second, bond behaviors of corroded 

reinforcement with various confinements were investigated through pullout tests using a 

beam type specimen to examine the residual bond splitting strength, bond-slip 

relationship and corrosion-induced transverse bar stress. In the last part, the mechanical 

properties of reinforcement, concrete and bond deterioration obtained from experiment 

and analysis are integrated in the numerical analysis using nonlinear finite element 

approach for assessing load-carrying capacity of corroded reinforced concrete members. 

The procedure developed in this study could be used as one of methods for the 

assessment of corrosion-damaged concrete structures from cover cracking behaviors. 
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Notations 

 

Roman upper case letters 

A crosssectional area 

Ac  area of concrete  

As  area of steel bar 

E elastic modulus 

F  Faraday’s constant  

F tension force carried by concrete through bond  

Fc tensile strength of concrete to provoke cracking 

K  stiffness  

Kcor  stiffness of corrosion product 

Lt transmission length  

MFe  atomic mass of iron 

S slip  

 

Roman lower case letters 

a  radius of free increase of corrosion rust 

c  cover thickness  

d  bar diameter 

fct  average concrete tensile strength 

icorr  corrosion current density 

kc  correction factor related to confinement factor  

kR  correction factor for rate of loading 

m empirical constant 

n  valence of iron 

pi internal or expansion pressure 

pw transverse bar ratio 

rcrack  rate of crack propagation  

t time periods 

tcrack time from corrosion initiation to crack initiation 

tprop time from crack initiation to crack width limit 

ucor  actual radius of corrosion expansion  

wcor  corrosion weight loss of corner bar  

wmid corrosion weight loss of middle bar 

wlim  limit crack width 

wcrack critical mass of corrosion product per unit surface area of steel bar 

x  corrosion depth penetration 

xcrack  corrosion depth penetration at cover crack initiation 
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xcor corrosion penetration of corner bar  

xmid corrosion penetration of middle bar  

 

Greek letters 

Asteel  part of bar area consumed by corrosion 

Asteel.crack part of bar area consumed by corrosion at crack initiation 

x  interval length of strain gauges 

wexp total crack width of experiment 

wFEM total crack width of finite element 

,,  empirical constant  

s  steel bar perimeter 

cor  strain of corrosion product layer  

cr
max maximum crack strain of concrete 

B  compressive strength of concrete 

s stress of steel bar  

s,max maximum stress of transverse bar  

t  tensile strength of concrete 

y  yield strength of steel 

  bond stress  

b  local bond stress over the specified length 

m  average bond stress over the transmission length 

max  maximum bond stress  

Fe  specific weight density of iron 

v  volumetric expansion ratio of corrosion products 

  concrete cracking parameter 
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Chapter  1                                                                                        

INTRODUCTION 
 

1.1 BACKGROUND 

Recently, a great attention has been given on durability and service-life prediction of 

reinforced concrete (RC) structures as an increasing number of deteriorated structures 

due to corrosion of reinforcement 
1
. Corrosion of reinforcement becomes a problem on 

RC structures because it may induce cracking or spalling of concrete cover as well as 

bond deterioration between steel reinforcement and concrete. As a result, some issues 

that needed to be concerned in term of safety aspects are falling of concrete cover and 

degradation of load-carrying capacity that may leads to collapse of RC structures. Thus 

the knowledge of how material deteriorated and the effects to the structural behavior 

including the procedure to determine the load-carrying capacity of corroded RC 

structures becomes an important issue that needs to be considered. In addition, as 

growing number of deteriorated structures due to corrosion, the rehabilitation has also 

become an important issue.  

In many cases of corroded RC structures, before structures showing a significant 

damage such as spalling of concrete cover, it preceded by sign of rust staining and 

cracking of concrete cover. This implies that an action is required to restore the 

condition of structures. In order to decide whether a structure has a sufficient remaining 

capacity or can fulfill the remaining service life, an estimate is required. However, the 

methodology for assessing these conditions has not been developed adequately. One of 

the key components for assessing the corroded RC structures is to know the level of 

corrosion in reinforcement. While direct measurement of corrosion loss without 

removing the reinforcement from the structure is difficult and costly, as an alternative 

way it may be estimated indirectly using the relation between cover crack width and 

corrosion loss. Thus, the knowledge of cracking behavior i.e. crack initiation and crack 

propagation and its corresponding corrosion loss became important due to serviceability 

requirement. 

Moreover, bond behavior of corroded reinforcement still becomes an intriguing issue 

since number influencing factors on the bond behavior of corroded reinforcement that 

still need to be verified properly such as the influence of ratio of transverse bars and 

their configurations, bar positions, casting direction and concrete strength. Although 
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numerous research works have been conducted to evaluate the bond behavior of 

corroded steel bar in concrete, however, some aspects regarding the effects of corrosion 

on transverse bars and the presence of stress in transverse bars which develops during 

corrosion crack propagation need further study.  

 

1.2 OBJECTIVE AND SCOPE 

This research program aimed to investigate the effects of corrosion of reinforcement on 

cracking behavior and bond splitting behavior of corroded reinforced concrete members. 

This study encompasses both experimental and analytical studies including the 

evaluation of influencing factors such as effect of transverse bars, concrete strength and 

bar position on corrosion cracking and bond behavior of corroded RC members. To 

assess the cracking behavior of corroded reinforcement, an accelerated corrosion test of 

tension members and beam was performed. Moreover, the experiments of tension and 

pullout test were conducted to evaluate the bond characteristics and bond splitting 

behavior of corroded reinforced concrete members. The numerical study using non-

linear finite element analysis was also undertaken to give a better understanding on the 

cracking behavior induced by corrosion product expansion. Finally, the knowledge 

obtained through accelerated corrosion and bond test was implemented in finite element 

simulations which can be used in the assessment of corroded RC members.  

The main objectives of this research are  

1. Develop rational prediction of corrosion loss through the evaluation of cover 

crack-width induced by corrosion product expansion. 

2. Study the bond behavior and the bond splitting capacity of corroded RC 

members with different level of confinement, and develop bond stress-slip 

model for corroded RC members. 

3. Evaluate the structural performance of corroded RC members and develop the 

procedure for assessing corroded RC members using the critical parameters of 

material deterioration of concrete and reinforcement and bond degradation.  

So, broadly, the purpose of the study is to develop prediction of the structural 

performance of corroded RC members from the crack width evaluation. 

 

1.3 OUTLINE  

The content of this thesis is summarized in Fig. 1-1 and divided into six chapters as 

follows: 

Chapter 1 briefly reviews background and objectives of current research. The outline 

of the present thesis is also described in this chapter.  
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Chapter 2 contains an evaluation of cracking behavior induced by corrosion product 

expansion. A series of accelerated corrosion test on beams specimens was conducted to 

investigate the cracking behavior of reinforced concrete structures due to corrosion 

products expansion. The experimental study was conducted to explore the influence of 

confinement from surrounding concrete (i.e. concrete strength) and transverse bar (i.e. 

transverse bar ratio and configurations) on cover crack behaviors i.e. crack initiation and 

crack propagation induced by corrosion product expansion. A numerical model through 

finite element analysis was also developed to simulate the crack behavior due to 

corrosion product expansion. In order to validate the numerical model, it was then 

compared with the experimental results. 

Chapter 3 tries to evaluate bond characteristics of between corroded steel and concrete. 

A series of tension test on corroded RC tensile members was performed to evaluate 

corrosion-induced bond degradation which is reflected in the tension stiffness 

deterioration of corroded RC members. The effect of various corrosion levels was 

investigated. The cracking behavior i.e. crack spacing of corroded RC members under 

uniaxial tensile loading was also investigated. Moreover, the mechanical performance of 

cracked concrete due to corrosion was also evaluated through analysis of experimental 

results. In addition, a non-linear finite element analysis was performed to simulate the 

tension stiffening behavior of corroded RC tensile members and to reproduce the 

cracking behavior under tensile loading.  

Chapter 4 covers the pullout testing of beam specimens. This test was dedicated to 

evaluate the effect of different transverse bar ratios and configurations of bar location 

on beams and its position to casting direction on bond splitting behavior of corroded RC 

members and also to investigate the residual bond splitting capacity, the mode of failure 

and the bond stress-slip relationships. As for the experimental database, the test results 

may help in establishing the bond deterioration model of corroded reinforcement with 

various confinement levels as well as in formulation of bond-slip model for assessing 

the structural behavior of corroded structures. Test results show a significant 

contribution of transverse bars on residual bond splitting capacity of corroded members. 

Moreover, different bond-slip relationship between healthy and corroded reinforcement 

was also identified. Suggestions were then made for bond splitting capacity and bond-

slip relationship based on the current experimental results.  

Chapter 5 presents a guideline for the method of evaluating the effect of corrosion on 

structural performance of reinforced concrete members. In this chapter, the key 

parameters of materials properties of structural element such as concrete, reinforcement 

and bond on the basis of corrosion deterioration as described in Chapter 2 to Chapter 4 

are integrated to simulate the behavior of corroded RC columns. A non-linear finite 

element analysis were used to evaluate reinforced concrete members with a corroded 

rebar estimated from the observed crack widths.   
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Finally Chapter 6 summarizes the main results and conclusions obtained from this 

research with the recommendations for further research.  
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Chapter  2                                                                                           

EVALUATION OF CRACK BEHAVIORS INDUCED 

BY CORROSION-PRODUCT EXPANSION 
 

2.1 INTRODUCTION 

Corrosion of reinforced concrete can be identified from rust staining and cracking of 

concrete cover. Cracking of concrete cover is also the main factor in determining 

durability performance and service life of RC structures. Usually, cracking of concrete 

cover began before corrosion has any significant effect on the structural performance. 

However, it may lead to acceleration of corrosion process because it may allow the 

oxygen and the water from the environment, which is required in the corrosion process, 

easily to penetrate and reach the embedded steel bar in concrete. As a result, the 

corrosion-induced cracking of the concrete cover is an essential parameter to determine 

the serviceability limit state and the time when actions required for structural repair or 

rehabilitation.  

The prediction of corrosion-induced cover cracking has also become a main concern 

among researchers 
2–5 

because it can be used as an alternative ways for in situ 

assessments to predict reinforcement cross-section loss or corrosion rate of corroded RC 

members while direct measurement of corrosion loss without removing the 

reinforcement from the structure is difficult and costly. Reinforcement cross-section 

loss is also the main input parameter in the model that allows us to predict the structural 

performance of the corroded RC structures. To this purpose, it is important to be able to 

predict corrosion rate from observed crack width with sufficient accuracy.  

In general, the stage of crack growth due to corrosion product expansion can be 

described in two stages 
4
 as presented in Fig. 2-1. First stage, crack initiation is the time 

when first cracking appeared on the concrete cover. It is usually a hairline crack with 

crack width of 0.05 mm. The next stage is crack propagation which the time for crack to 

develop from crack initiation to a limit crack width.  For durability limit state, Andrade, 

et al.
6
 suggest  the crack width limit between 0.3 and 0.4 mm. ACI Committee 224 

7
 and 

CEB Model code 
8
  suggested crack width limit between 0.15 and 0.4 mm depend on 

the exposure condition for  durability and aesthetic concerns. On the other hand, Sakai 

et al. 
9
  recommended that a limit crack width of 0.8 mm is appropriate for serviceability 
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and aesthetic requirements. The definition of crack width limit varies among 

practitioners. It greatly depends on the individual engineering judgments and owner 

policies in the maintenance strategy of existing RC structures.  

 

 

 

 

 

 

 

 

 

 

 

A comprehensive study is required to obtain an accurate prediction on corrosion-induce 

cover cracking considering many factors influencing the corrosion of reinforced 

concrete. Numbers of experimental studies evaluating the cracking behavior e.g. crack 

initiation and crack propagation under corrosion of reinforcement have been undertaken 

for past years 
4,5,10,11

. However, most of studies used a single bar in concrete prism or 

cylinder with absence of transverse bars which may not represent the real boundary 

conditions of reinforced concrete structures. Hence, the present experimental test tries to 

investigate the influence of transverse bar confinement, bar diameter, concrete strength 

on the cover crack initiation and crack propagation.  

In addition, the corrosion of steel do not only induces cracking of concrete cover, but 

also it may generate stressing on the transverse bar that need to be taken into account in 

analysis which may reduce the residual shear capacity of RC structures and this has not 

been widely explored in the previous studies. Therefore, this study also investigate the 

effect of corrosion-induce transverse bar stress. 

 

2.2 CURRENT EVALUATION OF CORROSION-INDUCED COVER 

CRACKING 

2.2.1   Corrosion-induced cover crack initiation 

The formula related to the critical amount of corrosion product required to cause 

cracking or the time to cover cracking empirically has been proposed based on the 

analysis of the experimental results. The formula was mostly derived from regression 

Crack Width 

Crack Initiation 

Limit Crack Width 

Time since 

corrosion initiation 
tcrack\ 

tlimit 

Crack Propagation 

Fig. 2-1 Crack initiation and propagation 
4
 



24 

 

analysis relating mechanical and geometrical properties such as cover thickness c, bar 

diameter d, and concrete properties.  Andrade et al. 
6
 suggested that the critical amount 

of corrosion in term of corrosion depth penetration to cause cover cracking for c/d < 2 is  

xcrack = 20 m. A linear relationship between corrosion depth penetration xcrack in m 

and c/d ratio was proposed by Alonso et al. 
10

 as follows  

 
d

c
xcrack 32.953.7                                      (2-1) 

Another formula proposed by Morinaga 
12

 which make a relation between critical mass 

of corrosion product per unit surface area of steel bar, wcrack, and c/d ratio is given as  

85.0
4

. 21106.0 







 

d

c
dwcrack

                                   (2-2) 

where wrust.crack in gr/cm
2
 and c and d in mm. According to Rodriguez et al. 

13
 the critical 

corrosion product causing cover cracking also depends on the properties of concrete i.e. 

tensile strength of concrete t , in N/mm
2
 

tcrack
d

c
x 6.224.78.83                                     (2-3) 

Using the Faraday’s law and if the rate of corrosion is constant or assumed to be 

constant, the time from corrosion initiation to crack initiation, tcrack in year, can be 

estimated as 

corr

crack
crack

i

x
t

6.11


                                     (2-4) 

where icorr is corrosion current density in A/cm
2
.  

 

2.2.2   Corrosion-induced crack propagation 

For further crack opening or crack propagation, the crack propagation due to corrosion 

in terms of crack width has been investigated in a number of experimental studies
4, 13,14

. 

Most of the experiments using accelerated corrosion test with impressed current to give 

a reasonable test period. Based on those experimental results, numbers of empirical 

formulas were also developed. A linear relationship to predict the cover crack width w 

in mm due to corrosion products was proposed by Rodriguez et al. 
13

. 

 crackxxw  05.0                                     (2-5) 

where x are corrosion penetration in mm, xcrack is calculated by  using  equation (2-3) or 

at crack width 0.05 mm.  was the slope of curve depending on bar location: 0.01 and 
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0.0125 for bar located at top and bottom in casting, respectively. A lower value for bar 

at top casting reflects higher porosity of concrete around top bar allows more diffusion 

of corrosion products. 

Vidal et al. 
14

 proposed a relationship between the amount of corrosion and the crack 

width  obtained from corroded beams on natural corrosion process for 14 and 17 years. 

 cracksteelsteel AAw .0575.0                                     (2-6) 

where Asteel is part of bar area consumed by corrosion in mm
2
 and Asteel.crack is part of 

bar area consumed by corrosion at crack initiation in mm
2
. Asteel is determined by  

 xdvxAsteel 


 2
4

                                    (2-7) 

where v is the volumetric expansion ratio of corrosion products and Asteel.crack is 

calculated by 



















 


2

.

32.953.7
001.011

d

dc
AA scracksteel 

                                 (2-8) 

where As is original cross-section area of steel bar in mm
2
. 

Another empirical models proposed by Vu et al. 
4
 directly relates crack width with the 

time needed to reach a certain crack width. The model distinguish the time from 

corrosion initiation to cover cracking tcrack (crack initiation) and the time form crack 

initiation until the crack width reach crack width limit (crack propagation). 

propcrackw ttt                                       (2-9) 

where tcrack can be estimated using a model for prediction of crack initiation. A 

nonlinear relationship for predicting tprop was developed by Vu et al.
 4

 depending on the 

ratio between cover and w/c ratio. The time for crack propagation can be described as 



 









cw

c
t prop

/

                                              (2-10) 

where  and  are constants depends on for given crack width 0.3, 0.5 and 1.0 mm. The 

formula was then developed by Mullard et al. 
5
 by involving rate of loading (rate of the 

impressed current, icorr) and cover cracking parameters e.g. cover thickness, bar 

diameter, concrete tensile strength. Hence, the time for a crack to a limit crack width 

from first cracking can be described as  
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
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                                           (2-11) 

Where wlim is limit crack width in mm, kc is correction factor related to confinement 

factor (kc = 1 for bar in an internal location), kR is correction factor for rate of loading 

and empirically determined as 

25.03.0
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                            (2-12) 

where icorr(exp) is accelerated corrosion rate, and icorr(real) is actual or real corrosion rate 

typically less than 5A/cm
2
. rcrack is rate of crack propagation in mm/hour determined as 

7.10008.0  ercrack
                                           (2-13) 

where  is concrete cracking parameter,  = c/(d fct).  

The existing empirical models aforementioned are derived based on the experimental 

test mostly conducted using a single bar in concrete prism or cylinder which may not 

represent the real boundary conditions of RC structures such as location of corroding 

bars in a RC members and presence of transverse bars. Because of that, the present 

experimental test discussed in section 2.3 is to investigate the influence of corrosion on 

cracking behavior on actual RC member i.e. corroded beam. The comparison between 

the empirical formula for crack initiation and crack propagation will be discussed in 

chapter 2.4.  

 

2.3 ACCELERATED CORROSION TEST FOR EVALUATION OF 

CORROSION-INDUCED COVER CRACKING  

2.3.1   Objectives 

The present experimental test is intended to investigate the influence of actual 

confinement provided by surrounding concrete and transverse bar on the cover crack 

behaviors induced by corrosion product expansion of steel bar in order to obtain a 

general relationship between corrosion level and crack propagation (crack width 

growth) and to obtain the relation between corrosion rate and crack propagation (crack 

width) including the stress behavior of the transverse bars. Moreover, the test results 

may also help to develop FEM approach on prediction of corrosion loss of 

reinforcement from observed cover crack width. Broadly, the main objective is to 

estimate the corrosion rate of corroded reinforcement in concrete from observed cover 

crack width which can be easily determined through in situ assessment in order to assess 

structural performance of corroded RC members. 
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2.3.2   Detail of specimens 

A series of accelerated corrosion test was conducted to investigate the cracking behavior 

of reinforced concrete structures due to corrosion products expansion. The mixture 

proportion of concrete and measured material properties used in the experiment are 

summarized in Table 2-1 and Table 2-2. The preheated high strength of steel bar that 

used here was to avoid the yielding before bond splitting failure in the pullout test 

(Chapter 4). 

Table 2-1 Mixture proportions 

Test No. 
w/c 

(%) 

Cement 

(kg/m
3
) 

Water 

(kg/m
3
) 

Fine aggregate 

(kg/m
3
) 

Coarse aggregate 

(kg/m
3
) 

Admixture (kg/m
3
) 

 

1-5 74 257 190 830 979 0.2 

6 46 392 180 807 979 0.3 

Table 2-2 Measured material properties 

Material parameter Concrete 
Steel 

D19 D22 U6.4 

Compressive strength, (N/mm
2
)  22 49 - - - 

Tensile strength, (N/mm
2
)   1.9 2.8 1128 1031 1490 

Yield strength, (N/mm
2
) - - 1053 980 1414 

Modulus elasticity , (x10
5
 N/mm

2
)   0.23 0.3 1.87 1.85 2.0 

 

Table 2-3 Test variables 

No. Specimens 

Concrete 

strength 

(N/mm
2
) 

Longitudinal bar Transverse bar  

1 4LT-S-NC 

22 

4D19 No (pw=0%) 

2 4L2T-200S-NC 4D19 U6.4@200 (pw=0.15%) 

3 4L2T-100S-NC 4D19 U6.4@100 (pw=0.3%) 

4 4L4T-200S-NC 4D19 2-U6.4@200 (pw=0.3%) 

5 3L2T-100S-NC 3D22 U6.4@100 (pw=0.3%) 

6 4L2T-100S-HC 49 4D19 U6.4@100 (pw=0.3%) 

 

 

 

 

 

 Number of longitudinal bars 

4L 2T - 200S - NC 

Number of Transverse bar legs 

Transverse bar spacing (in mm) 

Concrete strength  

(N= normal, H= High strength) 

Corrosion conditions 

(H= healthy, C= Corroded) 
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The test variables included transverse bars ratio and its configuration, diameter of 

longitudinal bar and concrete strength (Table 2-3). To consider the effect of 

confinement, transverse bar ratio of 0%, 0.15% and 0.3% were applied. To maintain the 

transverse bar area or constant confinement level during accelerated corrosion of 

longitudinal bar and to protect transverse bar gages, uncorroded transverse bars were 

used insulated by vinyl tape. Typical specimen configurations and gage locations are 

shown in Fig. 2-2. The specimens were cured for 28 days before accelerated corrosion 

test was conducted. 

2.3.3   Accelerated corrosion setup and crack monitoring 

During the accelerated corrosion test the specimens were placed above two supports and 

the tank containing 3% of NaCl solution was put below them and NaCl solution 

penetrated to the concrete through water sponge as shown in Fig. 2-3(a). Moreover, a 

constant 10 Volt was given and the current was monitored and recorded using data 

logger. The longitudinal bars were corroded up to approximately 6% of weight loss 

where cover crack width estimated larger than serviceability limit e.g. ACI’s crack 

width limit of 0.15-0.5mm. Surface cracks of cover were visually observed and the 

crack width at certain locations was frequently measured using digital microscope 

having resolution of 0.01mm to monitor the crack width increment as shown in Fig. 2-3 

(b). To measure the strain development in transverse bar due to corrosion cracking, 

three gages were installed at each transverse bar (Fig. 2-2). The strain in transverse bar 

was recorded by data logger at each 60 minutes increment. 

 

 

 

 

 

 

 

 

 

 

 

 

T, CT, CB, B  : index of longitudinal bar location in casting direction,  

  T (Top); CT (Center top), CB (Center bottom), B (bottom) 

ST, SC, SB : index of gages location at transverse bar 

Fig. 2-2 Typical specimen configuration and gage attachment 
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After the testing, the longitudinal bars were removed from their concrete beams and the 

corrosion rust was chemically cleaned by 10% diammonium hydrogen citrate solution, and then 

mechanically removed using a steel wire brush after that the weight of reinforcement was 

measured to determine the weight loss due to corrosion (Fig. 2.4). The cleaning procedure of the 

rust and the measurement of weight loss are conformed to JCI-SC
15

.  

 

 

 

 

 

 

 

2.4 EXPERIMENTAL RESULTS  

2.4.1   Measured corrosion weight loss 

Table 2-4 shows measured corrosion loss of individual longitudinal bar for each 

specimen. A different corrosion loss of each longitudinal bar i.e. T, CT, CB and B was 

observed although the measured output current of each longitudinal bar was relatively 

similar. Higher corrosion loss was obtained from the longitudinal bars located at corner 

 

 
Data Logger 

Power 

Supply 

Water Sponge 

Specimen 

Copper Plate 3% NaCl Solution 

+ 

Gages Connector  

2 

Fig. 2-3 (a) Overview of accelerated corrosion test (b) digital microscope 

measurement 

(a) (b) 

Weight loss 

measurement 
Removal of corroded 

reinforcement 

Chemical & Mechanical 

Cleaning 

Fig. 2-4 Overview of corrosion weight loss measurement 
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beam (T and B) which have two directional surfaces and corrosion cracking. The largest 

corrosion loss was obtained for bar located at top in casting (T). This can be attributed 

to the following: (a) the bar located at top of concrete casting tends to have higher 

porosity than at bottom casting due to settlement of fresh concrete 
16

; (b) the cover crack 

initially occur at corner bar, thus it allows water and oxygen to penetrate to the bar 

easily and accelerates the corrosion process. However, for higher concrete strength of 

No.6 tends to have similar corrosion loss. If the average measured corrosion loss of 

longitudinal bar in one beam compared with estimated corrosion loss by Faraday’s law, 

the difference between the two methods is approximately 10%.  

Table 2-4 Measured corrosion in weight loss (%) 

No. 
Bar Location 

Average 
icorr (predicted) 

T CT CB B mA.hr/cm
2
 

1 10.6 4.7 3.8 5.6 6.2 (222) 210 

2 8.9 4.9 4.4 4.9 5.8 (207) 210 

3 8.2 4.4 5.4 6.3 6.1 (218) 210 

4 7.4 4.5 4.6 5.2 5.4 (195) 210 

5 7.4 3.9 6.3 5.8 (243) 262 

6 6.6 4.0 6.0 6.1 5.7 (205) 210 

Note: number in the parenthesis shows the equivalent of accumulative current density estimated by 

Faraday’s Law in mA.hr/cm
2 

2.4.2   Measured crack initiation and crack propagation 

The first crack, crack initiation, in the concrete surface was visually observed within a 

few days after accelerated corrosion being started for all specimens. The crack was 

initiated at bottom side of beams and mostly located near beam edge or corner bar. For 

further corrosion process, crack then propagated and formed a continuous crack 

approximately parallel to the longitudinal bars. The crack patterns and crack width at 

average corrosion loss of 6% are shown in Fig. 2-5. Generally, two major cracks were 

formed at the bottom cover of beams parallel to longitudinal bar. A relatively close 

spacing of longitudinal bars seems to promote the corrosion crack among bars to 

propagate horizontally connecting each longitudinal bar (See Appendix C). This can be 

seen from the stain in the concrete after removing the bottom cover as shown in Fig. 2-6. 

In addition, only specimen No.6 develops a side crack and a bottom crack perpendicular 

to the longitudinal bars direction. This side crack has a similar mechanism with the 

splitting crack parallel to longitudinal bar at bottom beam. Meanwhile, the transverse 

crack at bottom beam may develop from two adjacent longitudinal cracks which tend to 

propagate at the weak point in the concrete section. 

Specimen No.6 which has higher concrete strength and lower w/c ratio (Table 2-1 and 

Table 2-3) may have lower porosity. Therefore, it can generate higher expansion 

pressure and become more easy to develop a new splitting/radial crack e.g. side crack 

for high strength concrete than normal concrete as shown in Fig. 2-5. 
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Fig. 2-7 presents the relations between observed maximum crack width along the 

exposed length and average corrosion penetration. The average corrosion penetration 

Fig. 2-5 Crack pattern at average corrosion loss of 6% 
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was determined from means value of corrosion depth penetration for all longitudinal 

bars in one specimen or one beam. Corrosion depth penetration was estimated from the 

relationship of accumulative current density and corrosion cross-sectional loss and 

calibrated with the measured corrosion weight loss (Table 2-4). According to Faraday’s 

law, corrosion depth penetration x can be expressed as 

nF

tiM
x

Fe

corrFe




                                     (2-14) 

where MFe is atomic mass of iron (56.10
-3

 kg/mol), Fe is specific weight density of iron 

(7800kg/m
3
), n is valence of iron (n = 2), F is Faraday’s constant (96500 

o
C/mol), icorr is 

corrosion current density (mA/cm
2
), and t is test period (s).  

As shown in Fig. 2-7, the corrosion penetration at first concrete cracking (crack 

initiation) is around 30-60 micrometers. All specimens produce relatively same 

corrosion penetration at crack initiation. This indicates that the presence of transverse 

bars do not significantly influence the level of corrosion to generate crack initiation.   

 

 

 

 

 

 

 

 

 

 

 

Specimen No.6, with high strength concrete, clearly showed that larger crack width 

growth compared to specimens with normal concrete strength.  This can be attributed to 

lots of corrosion products accumulated around bars in high strength concrete which 

prevented the corrosion product to penetrate or to diffuse within the pores of hardened 

cement paste (Fig. 2-8). As reported by Tanaka 
17

, the porosity of hardened cement 

paste increase with an increase of w/c ratio. For example, the porosity of hardened 

cement paste at 28 days for w/c ratio of 0.45 and 0.6 are 15% and 25%, respectively 

(Fig. 2-9). Moreover, the amount of pores greater than 1 m
2
 is also increased for 
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Fig. 2-7 Maximum crack width vs. average corrosion penetration 
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higher w/c ratio. Because of that, the corrosion product may be difficult to penetrate or 

to diffuse in the cement paste for high strength concrete. It should be noted that the use 

of high strength concrete may delay the corrosion initiation time or chloride diffusion 

due to the lower porosity 
18

, although higher concrete strength produced faster crack 

width growth as shown in Fig. 2-7.  

 

 

 

 

 

 

 

 

 

 

 

 

The effect of transverse bar seems insignificant on the crack propagation. It is shown in 

Fig. 2-7 the crack widths of specimen with various transverse bars (No.2-No.5) are 

relatively close as well as with specimen without transverse bar (No.1). This can be 

attributed to the use of vinyl taping that may reduce the bond between transverse bars 

and concrete so that the crack are more concentrated at corner bars and may increase the 

crack width. 

Fig. 2-10 shows comparison of current experimental results of crack propagation with 

the empirical model as mentioned in section 2.2. Two typical specimens having 

different concrete strengths (No.3 and No.6) are compared in Fig. 2-10. The empirical 

models of Rodriguez et al., Vu et al. and Vidal et al. models showed that an 

overestimated prediction of crack width for both cases (see Appendix A). This 

comparison illustrates the limitations of the empirical models because of their 

dependency on limited test data. Therefore, a numerical models using finite element 

analysis simulation were investigated in this present study. 

 

Fig. 2-9 Effect w/c ratio on pore structure of hardened cement paste 
17
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Fig. 2-8 Microstructure of corrosion around bar surface 
18
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2.4.3   Measure of transverse bar stress  

It is well known that the presence of transverse bars increase the confinement level 

around longitudinal bar. When corrosion occurs at longitudinal bar, it may induce 

internal expansion pressure to the surrounding concrete. As a response to the concrete 

cracking around corroded bar, the transverse bar will deform and generate strain/stress. 

The deformation of transverse bar will greatly depends on cracking behavior due to 

corrosion expansion and bond interaction between transverse bar and surrounding 

concrete. 

Fig. 2-11 shows the relation between corrosion penetration in longitudinal bars and 

measured strain of transverse bar at the middle of bottom leg of transverse bar (SC). For 

specimens with normal concrete strength and with transverse bars ratio of 0.15-0.3% 

(No.2-No.5), the strain observed on the transverse bar is relatively small and less than 

200m or equivalent with 40N/mm
2
 as shown in Fig. 2-11(a)-(d). However, a higher 

strain at transverse bar was observed for the specimen with high strength concrete 

(No.6). Maximum strain generated at SC for No.6 is 700m (140 N/mm
2
) or only 10% 

of its yields stress (y =1450 N/mm
2
). However, if using normal strength of transverse 

bars e.g. y = 295 N/mm
2
, it then will reduce to almost 50% of its capacity. Therefore, it 

may significantly reduce the residual shear capacity of RC structures under service 

loading or seismic loading. Higher stress on the transverse bar was due to larger crack 

width (Fig. 2-7) and higher adhesion between high strength concrete and bar. The strain 

at the bottom leg (SC) tends to have larger tensile strain than at the side leg (ST and SB) 

because the majority of cracks were propagated crossing the bottom leg of transverse 

bars. A higher strain of side leg is shown when the crack propagated at side of beams 

for specimen No.6 (Fig. 2-11(f)). 

Fig. 2-10 Crack width vs. average corrosion penetration relations 
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Assuming a perfect bond between concrete and transverse bar, the strain on the 

transverse bar can roughly be estimated as the total crack width over the selected length 

of transverse bar divided by selected length of transverse bar. For example, for 

specimen No.3, the strain at bottom leg of transverse bar is approximately equal to the 

total crack width at bottom face divided by the total length of bottom leg of 

0.39mm/174mm = 2300m and for specimen No.6 is about 1.4mm/174mm = 8000m. 
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Fig. 2-11 (a)-(e) Measured strain of transverse bar at middle of bottom leg (SC), (f) at 

side leg (ST) of transverse bar for Test No.6 
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The observed transverse bar strain rate from tests for both specimens is not so large 

compared to above estimation. It can be due to the bond between steel bars and concrete 

that is not perfect due to vinyl taping. 

 

2.5 EVALUATION OF CORROSION-INDUCED COVER CRACKING 

THROUGH FINITE ELEMENT ANALYSIS 

2.5.1   Deformation induced by corrosion products  

A relative volume increase of the corrosion products compared with original steel 

volume generates an expansion pressure to the surrounding concrete. Arising pressure 

from corrosion products expansion may induce tensile stress or ring tension in 

surrounding concrete (Fig. 2-12(b)). Further increase of tensile stress will provoke 

concrete cracking around corroded steel bar. The crack will propagate radially until 

reaching the surface of concrete cover or connect with another crack for further 

expansion process. Therefore, the knowledge on the relationship between the amount of 

corrosion of steel bar and the expansion pressure generated from corrosion is required 

when evaluating cracking behavior of concrete due to steel corrosion. 

Fig. 2-12 illustrates deformation around steel due to corrosion expansion. Generally, 

there are two types of displacement radius, i.e. free-increase radius (free swelling) and 

actual increase radius. When the corrosion product can expand to free-increase radius a, 

so there is no expansion pressure will be generated. However, considering the 

compaction effect of corrosion product due to confinement of surrounding concrete as 

mentioned by Lundgren 
19

, the free-increase radius will reduce to the actual radius ucor. 

 

 

    

 

 

 

 

 

 

 

 
Fig. 2-12 (a) Deformation around corroded bar due to corrosion expansion, (b) internal 
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By assuming the corrosion penetration, x, and the volume of the rust relative to corroded 

steel, v, the radius of free increase, a, can be expressed as follows 
19 

)2)(1( 22
xxrvra bbb r                                         (2-15) 

The value of relative volume of the rust to corroded steel, v, greatly depends on 

corrosion product formation 
3
. Common value used in analysis were taken between 2.0 

(Andrade et.al 
2
) and 4.0 (Liu & Meyers 

3
). The strain of corrosion product layer, cor, 

due to compaction effect is defined as follows 
19 

 
ax

aucor
cor




                                              (2-16) 

Evaluating the deformability of corrosion products around corroded bar, a nonlinear 

relation has been proposed between internal pressures, p developing around bar and 

corresponding strain of corrosion product layer, cor, in radial direction may be expressed 

as 
19 

m
corcorKp                                                   (2-17) 

where Kcor and m represent the stiffness of corrosion product and empirical constant, 

respectively. The value of Kcor = 7000 N/mm
2
 and m =7.0 were chosen in the present 

analysis to give reasonable agreement with the results from the analysis of the test.  

 

2.5.2   Modeling approach  

Finite element (FE) analysis was performed to analyze the crack propagation induced by 

corrosion of longitudinal bars. For the sake of simplicity, two-dimensional (2D) analysis 

with plane stress elements having a thickness of exposed length were used to model the 

concrete and only a half of beam sections were modeled. The longitudinal bars were 

modeled as holes and the transverse bars were modeled using truss elements where the 

center line as shown in Fig. 2-13. The truss element plays a role to resist the internal 

expansion pressure from corroded longitudinal bars together with surrounding concrete. 

In the actual condition, almost perimeter of longitudinal bars is fully attached to 

concrete. The mechanical properties of concrete and transverse steel are presented in 

Fig. 2-14.  

The concrete behavior under compression was assumed to be linearly elastic since the 

concrete behavior in this analysis is dominantly governed by tensile cracking at low 

levels of compressive stresses. Concrete crack initiated when its maximum tensile stress 

reaches the tensile strength, or Rankine criterion. A multidirectional smeared crack 

model that takes 60 degrees as threshold value was used. After cracking, bi-linear 

tension softening model 
20 

was adopted. The transverse steel used a bi-linear model 

without strain hardening. 
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To simulate corrosion attack associated with corrosion-product expansion, the 

expansion pressure around corroded bar was applied by internal pressure normal to bar 

perimeter as shown in Fig. 2-12(b). The relation between the internal pressure and strain 

of corrosion products is expressed in equation 2-17, where the internal pressure greatly 

depends on the expansion of corrosion product including compaction effect given by 

surrounding concrete as mentioned in equation 2-16. Although internal pressure is not 

always parallel to corrosion ratio, the internal pressure of corner bars, which were more 

severely corroded, were assumed to be two times of that of middle bars in order to 

obtain a crack pattern from tests. Therefore, two types of internal pressure control were 

applied  

a) uniform distributed loading (UL), and  

b) non-uniform distributed loading (NL).  

For uniform loading (UL) a similar pressure was applied on all bars i.e. corner and 

middle bars and for non-uniform loading (NL) the internal pressure of corner bar was 

two times of that of middle bars. The basic increment of internal pressure was set at 

0.05N/mm
2
. The following assumptions were also adopted in this FE analysis:  

a) corrosion was assumed to be uniformly distributed along the longitudinal bar 

direction and over the perimeter of bar,  

b) absorption of corrosion product into concrete pores and cracks was not 

considered.  

The mechanical interaction between transverse bar and concrete is necessary to consider 

when evaluating the influence of confinement provided by transverse bars. The finite 

element program DIANA 
21

 provides some features to model mechanical interaction of 

steel reinforcement and concrete in the plane stress using interface element where the 

interaction of both elements is expressed by bond-slip relationship. The bond slip 

relationship was assumed as a bi-linear model 
22

  as shown in Fig. 2-15. Because no 

available test data on bond-slip relationship for transverse bar covered by taping, the 

maximum bond stress and slip at maximum bond stress were determined according to 

CEB-FIP Model code 
8
 assumed as plain bars. Therefore, the maximum bond stress and 

slip at maximum bond stress were 0.3B
1/2 

and 0.1 mm, respectively.  
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The corrosion depth penetration x, and the corrosion weight loss w, were estimated 

based on the average radial deformation of hole (longitudinal bar) assumed that the 

corrosion products occupied the deformation space and the relative volume of the rust to 

corroded steel, v = 2, which depends on the rust formation. The procedure to obtained 

corrosion depth penetration is described in Fig. 2.16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 COMPARISON OF CORROSION-INDUCED COVER CRACKING 

FROM EXPERIMENTAL AND FINITE ELEMENT ANALYISIS 

 

2.6.1   Comparison of crack initiation and crack propagation   

Fig. 2-17 and Fig. 2-18 shows crack strain behaviors and deformation obtained from FE 

analysis at cracking of cover concrete using two loading patterns, i.e. uniform (UL) and 

non-uniform (NL) load increments. The internal pressure p, maximum crack strain cr
max, 

and maximum transverse bar stress s,max, are also provided in the figure.  

Assume corrosion depth 

penetration, x 

From FE for applied internal 

pressure, p
i
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Assume volume ratio, v 

calculate free increase radius, a (Eq. 2-15) 

and strain of rust layer, 
or 

(x) (Eq.2-16) 

Calculate internal pressure, p (x) (Eq.2-17) 
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Fig. 2-16 Flowchart to determine corrosion penetration 
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As shown in Fig. 2-17 and Fig. 2-18 the crack initially tends to form a horizontal crack 

pattern connecting each longitudinal bar. This can be attributed to the small distance of 

bar spacing. For uniform loading (UL), cracks tend to propagate to the concrete surface 

at the middle of beam. Meanwhile, for non-uniform loading increment (NL), cracks 

mostly propagated to concrete surface near the corner beam indicated by higher crack 

strain. The crack pattern produced by NL loading showed a good agreement with the 

experimental results where cracks mostly located near corner bars (Fig. 2-18). This also 

indicates the influence of corrosion loss distribution associated with expansion pressure 

distribution among bars on crack propagation.  

Fig. 2-18 Crack strain, transverse bar stress and corrosion rate at first cracking of cover 

(non-uniform loading – NL) 
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From the analytical results for non-uniform loading (NL) and when the cracks reach the 

concrete surface, the corrosion penetration is around 30 to 53 micrometers or corrosion 

weight loss of steel bars is 0.63% to 1.13%. This shows that the corrosion penetration 

that induces cracking on concrete surface is relatively low. This is also reported by other 

researchers
 23

. The analytical results reasonably agree with experimental results where 

the corrosion penetration at first cracking of concrete cover was around 30-60 

micrometers. 

To evaluate the relation between crack width and corrosion levels, here, the comparison 

between the test and the analytical results was performed using total crack width of 

concrete surface at certain section of beams. The total crack width from the 

experimental data was determined as the summation of crack width at one section along 

the exposed length as illustrated in Fig. 2-19(a)-(b). Therefore, the total crack width 

from test data can be expressed as 

21 wwwsmall                                                   (2-18) 

where w1 and w2 are crack width of individual splitting crack on concrete surface at one 

section along exposed length. In this study, the total crack width was determined at 

three locations, i.e. sections (1), (2), and (3) as shown in Fig. 2-19(b). 

The total crack width from FE analysis was determined by the total of relative nodal 

displacement of two corner beam section from its original position as shown in Fig. 

2-19(c) which still reliable for cracks that relatively small and using continuum crack 

model 
20

 because concrete tensile strain is generally negligible. Thus, the total crack 

width from the analysis can be expressed as follows: 

21  FEw                                    (2-19) 

where 1 and 2 are relative nodal displacement of two corner beam sections. 
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Fig. 2-20 Corrosion penetration and total crack width relationship  

(Ratio volume increase, v = 2) 
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Fig. 2-20 presents the comparison between test and analysis results on the total crack 

width and average corrosion penetration with different loading distribution using ratio 

of volume increase v = 2. For specimens with normal concrete strength (Fig. 2-20(a-c)), 

the analytical result shows a good agreement of crack width with the experimental result 

for both uniform loading (UL) and non-uniform loading (NL). Both loading patterns 

generate a slightly different value. However, for specimens No.6 as shown in Fig. 

2-20(d), it generates an underestimate prediction compared to experimental results for 

both UL and NL. This indicates that a different expansion is required for high strength 

concrete because only a small amount of corrosion products can penetrate to the 

concrete pore due to lower porosity. Therefore, the volume increase ratio, v need to be 

increased for high strength concrete. As shown in Fig. 2-21, based on simulation for 

different value ratio volume increase, the ratio volume increase of v = 3 gives a good 

agreement with test results for Test No.6. 

 

 

 

 

 

 

 

 

 

 

2.6.2   Comparison of transverse bar stress   

Fig. 2-22 presents the typical transverse bar stress at the middle of bottom leg of 

transverse bar where the strain gages were installed at this location. The analytical 

results generally show an overestimated prediction for test No.2 and No.3 particularly 

for larger corrosion penetration as shown in Fig. 2-22(a)-(b). However, a lower 

transverse bar stress compared to test result was produced for test No.6 when using ratio 

volume increase, v = 2 for both UL and NL loading types (Fig. 2-22(c)). When ratio 

volume increase of corrosion product was increased to v =3, it showed an overestimate 

value for larger corrosion penetration (Fig. 2-22(d)) like the specimen with normal 

concrete strength. This indicates that the bond-slip relationship of transverse bar should 

be changed according to cracking due to corrosion and further investigation need to be 

conducted. 
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Fig. 2-21 Effect of ratio volume increase, v on total crack 

width of high strength concrete (No.6) for NL  
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Fig. 2-22 Transverse bar stress at the middle of bottom leg (SC) 
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2.7 SUMMARY OF CHAPTER TWO 

A series of accelerated corrosion test was conducted to investigate the cracking behavior 

of reinforced concrete structures due to corrosion products expansion. The experimental 

study was conducted to explore the influence of confinement from surrounding concrete 

i.e. concrete strength and transverse bar i.e. transverse bar ratio and configurations on 

cover crack behaviors i.e. crack initiation and crack propagation induced by corrosion 

product expansion. A numerical model through finite element analysis was also 

developed to simulate the crack behavior due to corrosion product expansion. In order 

to validate the numerical model, it was then compared with the experimental results. 

Based on both experimental and numerical analysis several conclusions can be drawn as 

follows: 

a) Test data showed that corrosion rate is not uniformly distributed among 

longitudinal bars and over perimeter of longitudinal bars caused by the different 

of bar location in casting direction and in chloride diffusion direction and the 

different of water and oxygen availability. 

b) The influence of concrete strength significantly governs the crack width growth 

due to corrosion product expansion. Meanwhile, the presence of confinement up 

to 0.3% of transverse bar ratio showed an insignificant effect on the crack width 

growth. This significant effect of concrete strength on crack propagation can be 

attributed to lower porosity of concrete which prevent corrosion product to 

penetrate to the surrounding concrete and generate larger expansion. Larger 

transverse bar stress was also generated in specimen with high strength concrete 

corresponding with larger crack opening. This transverse bar stress may reduce 

the residual shear capacity of RC structure, particularly when using normal 

strength of transverse bars e.g. y = 295 N/mm
2
. 

c) Both experimental and analytical results indicated that crack initiates in concrete 

surface occur in small amount of corrosion penetration around 30 to 53 

micrometers.  The numerical model has a reasonable agreement with the 

experimental results. A larger volume increase ratio of corrosion product is 

required in the model when evaluating member with high strength concrete since 

the diffusion of corrosion products into concrete pores and cracks was not 

considered in the analysis. 

d) The present study showed that the distribution of internal pressure among 

longitudinal bars or loading pattern, to simulate uneven corrosion distribution 

among longitudinal bars, influence the cracking pattern but it does not influence 

the crack width so much if the average corrosion rate is considered. The bond–

slip relationship between transverse bars and concrete seems affect the stress 

development on the transverse bars. 
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Next chapter try to evaluate the effect of applied accelerated corrosion on bond behavior 

of reinforcement.  
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Chapter  3                                                                                            

BOND CHARACTERISTICS BETWEEN CORRODED 

STEEL AND CONCRETE THROUGH TENSION TEST  
 

3.1 INTRODUCTION 

Corrosion of reinforcement adversely influences the performance of structure in the 

form of cracking of concrete cover induced by expansion of corrosion product, 

decreasing of bond strength caused by changing in the concrete-steel interface, and 

reducing in the steel bar cross-section. The effect of corrosion on RC members as 

mentioned above also may lead to the stiffness degradation which may influence the 

structural performance concerning the serviceability.  

Number of studies has been conducted to investigate the bond degradation of corroded 

RC members and its effect on the tension stiffening. For example, a tensile test was 

conducted by Amleh et al.
24

 on corroded reinforcing bars with various corrosion levels. 

However, most of their specimens were experiencing severe corrosion, more than 4% of 

corrosion rate in mass, and having longitudinal cracks before the loading test. 

Nevertheless, a little attention is given on the bond behavior in low level corrosion. 

Although, there is not significant change on steel cross-section, but high expansion 

pressure and cover cracking are known began in early corrosion process of corroded RC 

members. Motivated by the need of comprehensive assessment at any level of corrosion, 

the experimental tensile test of corroded tension member were performed and evaluated 

in this chapter. The main purpose is to explore the bond characteristics of corroded RC 

tension members i.e. bond stress, bond stiffness, bond softening and to gain more 

knowledge on bond behavior of corroded steel bar especially in low level corrosion. 

 

As mentioned above, basically, there are three important factors causing the degradation 

of structural performance of corroded RC members as follows (1) losses in mechanical 

performance of steel bar due to the reduction in cross-sectional area consumed during 

corrosion process; (2) losses in the effective area of concrete due to cover cracking or 

spalling induced by expansion of corrosion product; and (3) losses in bond performance 

between concrete and steel bar. In this chapter, the evaluation of effective area of 

concrete due to corrosion cracking in term of concrete tensile strength deterioration is 

discussed through the analysis of experimental results of tension members. Moreover, 
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the bond degradation of corroded reinforcement is investigated through evaluation of 

stiffness degradation of corroded RC members and cracking behavior.  

 

3.2 TENSION TEST FOR THE EVALUATION OF BOND BEHAVIOR OF 

CORRODED STEEL BAR  

3.2.1   Objectives 

A series of tension test on corroded RC tensile members was performed with an 

emphasis to evaluate corrosion-induced bond degradation which is reflected in 

decreasing of the tension stiffness of corroded RC members. The crack behavior i.e. 

crack spacing of corroded RC members under uniaxial tensile loading was also 

investigated. The parametric study of experimental test was effect of various corrosion 

levels on bond behavior of corroded RC tensile members. In addition, the mechanical 

performance of cracked concrete due to corrosion was also evaluated through analysis 

of experimental results. 

3.2.2   Details of specimens 

Seven specimens of tension test were prepared and tested. As shown in Fig. 3-1, for 

each specimen, a deformed bar of 19 mm was installed in the center of a 125 mm 

diameter concrete cylinder. Strain gauges were attached along the bar at interval of 100 

mm to measure steel strain distribution. This gauge interval seemed to be reasonable to 

study the bond behavior for common RC structural members and without considering 

the shape of bar such as rib geometry. For placing strain gauges in the steel bar, a 

machine groove cutting of 3 mm in width, 3 mm in depth, and 840 mm in length were 

made. This grooving was made to avoid damage in strain gauges during accelerated 

corrosion process and during concrete placing and to prevent the alteration on the actual 

bond behavior. Before and after grooving, the weight of steel bars was measured to 

estimate a reduction rate of sectional area by grooving. After attaching strain gauges on 

grooving, the grooving was filled by waterproofing material. At top and bottom of the 

specimens, a 50 mm of bond insulation was installed around steel bar to avoid cone 

damage.  

The specified compressive concrete strength of 28 days was 48 N/mm
2
 with concrete 

mix proportion presented in Table 3-1. The steel bars have the specified yield strength 

of 390 N/mm
2
 (SD390) and the average yield strength and the modulus elasticity of 

reinforcing bar from tests were 435 N/mm
2
 and 1.85 × 10

5
 N/mm

2
, respectively. 

Table 3-1 Concrete Mixing (unit: kg/m
3
) 

w/c Water Cement 
Fine 

Aggregate 

Coarse 

Aggregate 

Air entraining and 

water reducing 

0.50 175 350 780 968 0.80% 
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3.2.3   Accelerated corrosion and loading method  

An accelerated corrosion using the electrochemical process was performed after curing 

for 4 weeks. During electrochemical process specimens were placed in the tank filled 

with 3% NaCl solution. The electrochemical set up was arranged so that the steel bar 

acted as anode and the copperplate acted as cathode (Fig. 3-2). Furthermore, a constant 

of 200mA current was applied and monitored using data logger. A load-controlled 

tensile test was performed using an Amsler UTM with capacity of 2000kN (Fig. 3-3). 

The applied load and the displacement were recorded.  
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3.3 EXPERIMENTAL RESULTS  

3.3.1   Measured corrosion loss 

To measure the corrosion loss, a corrosion section of 700mm was taken out to measure 

the corrosion level by a weight measurement. The corrosion level was measured as 

weight loss of steel bar divided by the original weight.  The corrosion level was also 

estimated using Faraday's law of electrolysis from the electric current measurement. The 

corrosion target was set to have 0 - 7%. The cover crack may initiate in only small 

corrosion level, however, for architectural buildings such as houses and apartment, the 

small crack appears on the surface of structural element may become an aesthetic and 

safety problem for the owner or the occupants. From Table 3-2, the corrosion efficiency 

by the electrolytic corrosion considerably varies from 30% to 60% from the weight 

measurement, except for specimen No.2. This phenomenon has also been reported by 

Auyeung et al.
25

. Based on the measured corrosion loss, specimens can be classified into 

seven corrosion levels as shown in Table 3-2.  

Table 3-2 Corrosion level in weight loss in g (number in parenthesis in percentage)  

Specimens 
Estimated by Faraday’s 

law (g) 

Determined by weight 

measurement (g) 

No.1 - - 

No.2 9.54  (0.72) 9.60 (0.72) 

No.3 30.18 (2.26) 11.70 (0.88) 

No.4 39.74 (2.97) 14.00 (1.05) 

No.5 50.36 (3.77) 14.90 (1.12) 

No.6 73.37 (5.49) 36.30 (2.27) 

No.7 90.94 (6.78) 52.90 (3.95) 

Fig. 3-3 Loading test setup and vertical jig 

Vertical Jig 

LVDT 
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3.3.2   Crack pattern and steel strain distribution  

The specimen’s crack pattern and steel strain distribution are presented in Fig. 3-4. The 

number inside the circle indicates the order of crack occurrence due to tensile loading. 

Amount of transverse cracks from specimen No.1 to specimen No.7 tend to increase 

with an increase of corrosion level unlike Amleh’s test 
24

. A longitudinal crack due to 

corrosion product expansion only appeared at specimens No.6 and No.7 as shown in Fig. 

3-5. As a result, the transverse crack generated from tensile force can easily develop at 

specimen No.6 and No.7 from the corrosion crack and the apparent tensile strength can 

be reduced. From Fig. 3-4, it obviously shown that the strain/stress of the steel bar 

varies along the bar. Clearly, when crack was formed in the specimen, the steel 

strain/stress at crack location becomes larger. This means that the steel carried most of 

the applied load. However, because more than a half of attached strain gauges were 

damage for specimen No.1 and No.6, the strain distribution cannot be presented in Fig. 

3-4. 
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Fig. 3-4 Specimen’s Crack Pattern and Steel Strain Distribution 

(f) No.6 (Corrosion = 2.27 %) 

 (g) No.7 (Corrosion = 3.95 %) 
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In a typical RC tension member described in Fig. 3-6, at main crack, all loads are 

carried entirely by steel bar s=P/As. Between adjacent cracks, a portion of tensile force 

was transmitted to the surrounding concrete by bond over the transmission length Lt 

causing stress distribution along the steel bar. The local bond stress along bar between 

two adjacent cracks is defined as steel stress variation at certain length x. The 

relationship between local bond stress and steel stress variation at certain length can be 

expressed as follows: 

   

4

2121 d

xx

A ss

s

sss
b









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






                              (3-1) 

where b is local bond stress over the length x; s1 and s2 are steel stress between x, 

As is effective area of steel bar, s is bar perimeter, d is bar diameter and x is specified 

length along the bar or in this study is interval length of strain gauges. 
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Fig. 3-6 Stress Distribution on RC Tension Member 

Fig. 3-5 Longitudinal crack pattern due to corrosion 
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The tension force carried by concrete along the transmission length, F, can be 

described by  

tsm LF                            (3-2) 

where m is average bond stress over the transmission length Lt. The maximum tensile 

strength of concrete to provoke cracking is given by 

cctc AfF                       (3-3) 

where fct is mean value of concrete tensile strength when crack appeared in concrete and 

Ac is effective area of concrete. A transverse crack occurs on member when F = Fc. 

Therefore, from Eq. (3-2) and (3-3), the transmission length, Lt can be derived by 

sm

cct
t

Af
L


                  (3-4) 

From Eq. (3-4), the transmission length Lt will decrease if bond stress m increases or 

concrete tensile strength  fct decreases. Using Eq. (3-1) and the steel strain distribution 

as shown in Fig. 3-4, the local bond stresses are obtained for each gauge interval and 

only the absolute value of the local bond stress are compared to obtain the maximum 

bond stress for each specimen. Then, from Eq. (3-4) the average concrete tensile 

strength fct is assumed to be estimated using the maximum local bond stress and the 

corresponding of half crack spacing obtained in the tests. The results are summarized in 

Table 3-3. 

 

Table 3-3 Maximum Local Bond Stress and Concrete Tensile Strength 

Specimens 
Corrosion 

rate (%) 

Maximum local bond 

Stress (N/mm
2
) 

Concrete tensile 

strength, fct  (N/mm
2
) 

No.1 0 N/A* 2.30**  

No.2 0.72 4.15 2.04 

No.3 0.88 4.65 2.33 

No.4 1.05 3.64 1.73 

No.5 1.12 3.44 1.72 

No.6 2.72 N/A* N/A* 

No.7 3.95 1.89 1.34 
Note:  

* Specimen No.1 and No.6 is not available (N/A) caused by the damage of attached strain gauges 

** Estimated based on AIJ code 
26
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From Table 3-3, it is shown that for corrosion level up to 1 %, with increasing corrosion 

level, the local bond stress increased. One of the possible reasons for increasing bond 

stress is that corrosion product filled the interface between concrete and steel bar and 

then increased the mechanical properties of interface. The increase of bond strength has 

also been reported by Al-Musallam et al. 
27

, Al-Sulaimani et al. 
28 

and Auyeung et al.
25 

from their experimentally pullout test on embedded corroded bar approximately up to 

1 % of corrosion level. The change of roughness in steel interface due to corrosion 

leading to the increasing of mechanical interlocking or friction was also mentioned as 

mainly cause of increasing of bond strength. From Table 3-3, the local bond stress and 

average concrete tensile strength gradually decreased for larger corrosion level above 

1%. The decrease in local bond stress and tensile strength can be mainly due to 

increasing local cracking around bar surface and widening of initial longitudinal crack 

caused by corrosion expansion product.  

The average concrete tensile strength was plotted against corrosion rate and normalized 

to the average concrete tensile strength of healthy specimen, No.1, as shown in Fig. 3-7. 

The behavior of corroded RC member which relationship between corrosion rate and 

average concrete tensile strength representing the reduction of concrete confinement due 

to cover cracking. For simplicity, a bilinear relationship between the reduction factor of 

average concrete tensile strength and corrosion level based on the calculation 

aforementioned. A relative constant of reduction factor of effective concrete area due 

corrosion beyond  3% of corrosion loss was reported by Dai et al.
29

. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3-7 Average concrete tensile strength correspond with corrosion rate 

0

0.2

0.4

0.6

0.8

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Corrosion rate by mass loss 

(%) 

N
o
rm

al
iz

ed
 A

v
e.

 t
en

si
le

 s
tr

en
g
th

  

(f
ct

 c
o

rr
/ 

f c
t 

u
n
co

rr
) 

 

N
o
rm

al
iz

ed
 b

o
n
d
 s

tr
es

s 
 

(
 co

rr
 /
 

 u
n
co

rr
 )

 

y = 1 - 0.11x ≥ 0.55 

Longitudinal Crack 

Bond stress 

Tensile strength 

Regression 



60 

 

3.3.3   Crack spacing 

Fig. 3-8 presents the relationship between average transverse crack spacing and 

corrosion rate of the present and the Amleh’s work. A different trend between present 

work and Amleh et al.
24

 is identified. In Amleh’s work the average crack spacing 

increase with increase corrosion rate due to lower bond stress. In the present work for 

low corrosion without corrosion crack, average crack spacing tended to decrease due to 

high bond stress. Meanwhile, for larger corrosion with cover crack decreases average 

crack spacing because low bond stress and decrease in tensile strength. This result 

agreed with the analysis results as described in Fig. 3-7 and equation 3-8. 

  

 

 

 

 

 

 

 

 

 

 

 

3.3.4   Tension stiffening  

Because concrete shares some tensile force, the specimen’s tensile load generates a 

larger value than the bare bar until yielding of the steel bar, which is called the tension 

stiffening. Fig. 3-9 shows the load-strain relationship of specimens No.1 to No.7 

compared with the bare bar. The actual global elongation was measured over the length 

of 840 mm. However, in Fig. 3-9, the average strain was determined from the effective 

bond length of 700 mm. It is obtained from the actual global elongation reduced by the 

total elongation of 140 mm of un-corroded zone or the bare bar at both ends of 

specimens.  

 

 

0

50

100

150

200

250

0 5 10 15

A
ve

ra
ge

 C
ra

ck
 s

pa
ci

ng
 (

m
m

)

Corrosion rate in mass loss (%)

Present work

Amleh et al.

Corrosion rate by mass loss (%) 

Longitudinal Crack 

A
v
e.

 t
ra

n
sv

er
se

 c
ra

ck
 s

p
ac

in
g
 (

m
m

) 
 

L
t

L
t

L
t

L
t

L
t

L
t

S
cr

S
cr

S
cr

P

P

Ac

sAs,

 s.
m

a
x

 s.
m

ea
n


ct

.m
a
x

 ct
.m

ea
n

m


x

Fig. 3-8 Average transverse crack spacing 
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 Fig. 3-9 Tensile load vs. average strain 
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If specimens No.2 and No.3 are compared with the healthy specimen of No.1, it slightly 

produced higher tension stiffening as shown in Fig. 3-9(a). For specimens No.4 and 

No.5, almost the same tension stiffening was produced as specimen No.1 (Fig. 3-9(b)). 

This indicates that there is no significant influence of corrosion in very low level before 

cover cracking occurred. However, as shown in Fig. 3-9(c) for specimens No.6 and 

No.7 where the longitudinal corrosion crack appeared before loading test, they 

generated slightly lower tension stiffening than specimen No.1. This indicates that 

corrosion influences tensile force transmission from steel bar to concrete through bond 

mechanism, and that longitudinal crack results in bond deterioration. Moreover, an 

increase in crack number for specimens No.6 and No.7 also indicated a decrease in 

concrete tensile strength that should be considered in analysis. The yielding load of 

tension specimen has only small different compared to yielding load of bare bar. This 

shows that the applied corrosion level is not significantly influence the yield strength of 

RC members. 

 

3.4 EVALUATION OF CORROSION-INDUCED TENSION STIFFENING 

DETERIORATION TROUGH FINITE ELEMENT ANALYISIS 

3.4.1   Objectives 

A non-linear finite element analysis was performed to simulate the tension stiffening 

behavior of corroded RC tensile members. The purposes are to reproduce cracking 

behavior under tensile loading and to clarify the effect corrosion that influences bond-

slip relationship and tension stiffening behavior. 

3.4.2   Finite element model 

An axisymmetric 8-node element for concrete was used in FE analysis as shown in Fig. 

3-10(a). The concrete was modeled using constitutive model based on non-linear 

fracture mechanics using smeared crack model. For concrete in tension, concrete 

behaves elastically up to the tensile strength and followed by tension softening as 

described in Fig. 3-10(b)-(c). The bilinear tension softening model was employed to the 

model 
20

. The concrete tensile strength ft was obtained from experimental analysis based 

on average concrete strength as shown in Table 3-3, except for specimen No. 1 and 

specimen No.6 determined based on AIJ code 
26

 and data interpolation, respectively. In 

addition, due to unavailable data from the experiment caused by gauges damage, the 

maximum local bond stress of both specimens was also obtained from the interpolation 

of available data. The values are 4.0 N/mm
2
 and 2.56 N/mm

2
,
 
respectively. Because 

concrete behavior in this analysis is dominated by tensile cracking at low level of 

compressive stress, the concrete in the compressive zone can be assumed to behave in 

an elastic manner. 
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The axisymmetric model was also applied to specimen No.6 and No.7 having a 

longitudinal crack on modeling of tension members in order to obtain a general 

tendency on bond-slip relations due to corroded bars. Therefore, the maximum local 

bond stress and concrete tensile strength estimated from the test results were used in this 

analysis. 

The steel bar was also modeled as an axisymmetric 8-node element. The linear elastic to 

yield point without hardening was assumed using Von Misses criterion. The effective 

diameter of steel bar should be adjusted due to corrosion and grooving loss. For 

convenience in modeling, to consider reduction of cross sectional area of steel bar, the 

modified modulus elasticity and yield strength of steel bar was employed to keep the 

steel bar cross-section remains constant in model. It was also assumed that the steel bar 

experiences uniform corrosion, so that only a uniform corrosion and material strength 

are considered in this analysis in order to discuss a general tendency on bond behaviors. 

Therefore, the properties of corroded steel bar is described as follows: 

1
1

2
2 E

A

A
E                                      (3-5) 

1
1

2
2 yy f

A

A
f 

                                   (3-6) 

where E1, fy1, A1 and E2, fy2, A2 are elastic modulus, yield strength, and cross-sectional 

area of un-corroded and corroded steel bar, respectively. Because a small of corrosion 

Fig. 3-10 Finite Element Model: (a) Typical Meshing and Element Model (b) & (c) Concrete 

Stress-strain in Tension 

(a) 
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level as mentioned in section 3.3.1  the post yield effect of change rate of cross sectional 

area is neglected.  

It was a common way to describe the interaction between steel and concrete by 

considering the relation between bond stress and slip, which is defined as relative 

displacement between steel bar and concrete. The concept was adopted in this analysis 

to describe the interaction between steel and concrete through the interface element. 6-

node interface element was used for steel-concrete interface element. The parameter of 

interface element is given by bond-slip relationship model. Since, corrosion of steel bar 

influences the mechanical behavior of interface between concrete and steel, therefore it 

will influence the bond-slip relationship. 

Bi-linear and tri-linear bond-slip models were applied to evaluate the sensitivity of input 

parameter of bond-slip relationship on modeling corroded RC tension members. In the 

bond-slip relationship models, there are many parameters that need to be considered 

such as maximum bond stress max, bond stiffness K, and bond softening. In this case, 

the maximum bond stress max was obtained from analysis of experimental results as 

discussed in Chapter 3.3. The influence of bond stiffness K and bond softening was 

evaluated and simulated trough three bond-slip models described hereafter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-11 Bond-slip Models: (a) Bi-linear (b) Bi-linear with Bond Softening (c) Tri-linear 

(a) (b) 

(c) 
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A linear bond-slip model, until reaching maximum bond stress was proposed for Model 

1 as shown in Fig. 3-11(a). When slip is greater than S1 = max/K1, the bond stress 

remains constant. Therefore, the slip at maximum bond stress greatly depends on 

assumed bond stiffness. The bond stiffness K1 = 88.0 N/mm
3
 was used in this case 

which is confirmed from the experimental test by Hayashi et al.
30 

and from FE analysis 

by Shinohara 
22

 . In Model 1 for both un-corroded (healthy) and corroded specimen, the 

initial bond stiffness K1 was assumed to be similar or without bond stiffness degradation. 

The corrosion-induced bond deterioration was only covered by decreasing maximum 

bond stress as shown in Table 3-3. 

Model 2 was defined as a linear ascending curve up to max  and followed by plateau and 

descending curves (bond softening) as shown in Fig. 3-11(b). The bond softening was 

reported by Eligehausen et al. 
31 

and Harajli et al. 
32

 from the experimental tests and 

adopted in CEB-FIP model code 
8
. The plateau curve is limited by the descending curve 

at S2 or slip at end of plateau. The descending curve is linearly decreasing to the value  

= 0.15max, which is known as minimum bond stress resistance that can be provided by 

friction until reaching S3, slip at end of descending curve. In this case, S2 = 0.6 mm and 

S3 = 1.0 mm were used for all specimens adopted from CEB-FIP model code 
8
. 

A bi-linear ascending curve was introduced in Model 3 as shown in Fig. 3-11(c) so that 

there are two bond stiffness values that need to be determined. A similar bond stiffness 

as used for Model 1 and Model 2 was selected for the first bond stiffness K1. The first 

maximum bond stress a = 2 N/mm
2
 was determined for the first linear curve which is 

noted as maximum adhesion and friction resistance 
33 

. The second bond stiffness K2 

was adjusted so that the tension stiffening curve from FE analysis closely coincides with 

the experimentally tension stiffening curve. The second linear curve is limited by 

maximum bond stress max. However, because the maximum local bond stress of 

specimen No.7 is less than a = 2 N/mm
2
, for specimen No.7 a bi-linear bond-slip model 

with lower bond stiffness of K = 44.0 N/mm
3
 was used in Model 3. The summary of 

bond stiffness used for Model 3 is provided in Table 3-4. 

Table 3-4 Bond Stiffness of Model 3 (N/mm
3
) 

Bond Stiffness No.1 No.2 No.3 No.4 No.5 No.6 No.7 

K1 88 44 

K2 35 10 15 5 4 2 

 

3.4.3   Comparison of tension stiffening 

Fig. 3-12 shows the tension stiffening for each specimen from FE analysis using three 

bond-slip models compared with the experimental results. For healthy specimen (No.1), 

all applied bond-slip models show a good agreement on overall tension stiffening 

behavior between experimental and analytical results as shown in Fig. 3-12(a).   
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Generally, all bond-slip models also provide reasonable results on predicting the first 

and second cracking load compared with experimental results. This indicates a proper 

input parameter of concrete tensile strength and maximum bond stress was made for 

healthy specimen. 

Model 1, a bi-linear bond slip model without bond softening, produced a slightly 

underestimated tension stiffening for specimens No.2 to No.5 in compared with the 

experimental results particularly after the first crack until stabilized cracking as shown 

in Fig. 3-12(b)-(e). This is probably due to higher bond stiffness that generates different 

transverse crack patterns as mentioned later. 

Model 2, a bi-linear bond-slip model with bond softening, closely exhibited similar 

results with Model 1. The bond softening gave insignificant effect on tension stiffening 

behavior in this case because the yielding of steel bar was reached for very small slip 

value approximately less than 0.3 mm, whereas the assumed bond softening in Model 2 

is started at slip S2=0.6 mm  as shown in Fig. 3-11(b). 

Model 3 using a tri-linear curve clearly produces a good agreement of tension stiffening 

curve between experimental and analytical results compared with Model 1 and Model 2 

for all specimens, except for specimen No.7 where it exhibited slightly underestimated 

result. 

If the stress-strain curves obtained from Models 1 and 2 is compared with Model 3 

which has different bond stiffness, clearly, bond stiffness gives a significant 

contribution on predicting overall tension stiffening behavior. Bond stiffness influences 

the tension stiffening particularly on crack development or crack formation. The lower 

bond stiffness also can delay the crack occurrence as shown in Fig. 3-12. Moreover, as 

presented in Table 3-4, bond stiffness tends to decrease with an increase of corrosion 

levels. The tri-linear bond-slip model provides a good result on predicting tension 

behavior of corroded tension members. 

3.4.4   Comparison of cracking behavior 

Fig. 3-13 shows the crack patterns obtained from FE analysis at the same global 

elongation (2.7mm) and after steel bar reach its yield stress. The dark color in element 

mesh indicates crack location or higher crack strain level. The tensile force acted at both 

ends of specimen was transferred to the concrete over the surface of steel bar by bond 

until reaching its concrete tensile strength or crack occurred. Because the model is 

symmetric and uniform material was assumed, a transverse crack developed 

symmetrically and simultaneously at both sides of specimen i.e. top and bottom. The 

crack location and crack number will be greatly depending on the transfer length Lt and 

the available space/distance to develop a new crack. 
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As shown in Fig. 3-13, Model 1 and Model 2 exhibited a similar crack patterns for all 

specimens because both models have similar tension stiffening behavior due to similar 

maximum bond stress and bond stiffness. The applied bond softening in Model 2 also 

gave insignificant effect on the crack formation as well as on the tension stiffening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An increase of crack number is shown for Model 1 and Model 2 for corrosion level up 

to 1.12% (specimen No.5), and then is followed by decreasing of crack number for 

higher corrosion level. A different crack pattern is obtained using Model 3 which has 

different bond stiffness. For Model 3, the trend of crack number increased up to 4% of 

corrosion level. If the crack number and the crack formation are compared with the 

experimental results, Model 3 has a close prediction rather than Model 1 and Model 2. 
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Crack Pattern of Model 1 and Model 2  

  (0%)       (0.72%)       (0.88%)    (1.05%)      (1.12%)     (2.72%)     (3.95%) 

No.1         No.2          No.3         No.4            No. 5       No.6        No. 7 

Fig. 3-13  Crack formations: Analysis Results 
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In Fig. 3-13 two cracks appeared simultaneously and symmetrically around center of 

specimen No.7 for Model 3 and two more cracks formed with further loading. On the 

other hand, for Model 1 and Model 2, two cracks appear at a distance from the center 

and no more cracks appeared for further loading. The reason was that the space between 

two cracks or between the first two cracks and no bond zone is less than twice of 

transmission length therefore no more cracks will be generated. In detail for specimen 

No.7, if average concrete strength and bond stress from Table 3 are 1.34 and 1.89 

N/mm
2
, respectively, and effective concrete area Ac is 11 988 mm

2
, by using Eq.(3-4) 

the transmission length Lt is 141 mm. Therefore, twice of transmission length or 282 

mm is required to develop a new crack. As shown in Fig. 3-13 for Model 1 and 2 the 

available space between first crack and no bond region is only 250 mm, therefore a new 

crack cannot be developed. 

In summary, concrete tensile strength, maximum bond stress and bond stiffness together 

provide substantial influence on predicting crack formation of corroded tension 

members. From FE analysis, it is shown that a good agreement crack number with the 

experiment may be obtained by considering both bond and tensile strength 

deteriorations. This analysis mostly could capture the general tendency of corroded RC 

member on tension stiffening behavior and crack formation. However, to produce an 

exactly similar crack pattern and the order of crack occurrence with experimental results, 

further study is required due to the sensitivity to concrete properties and corrosion level. 

 

3.5 SUMMARY OF CHAPTER THREE 

A series of tension test on corroded RC tensile members was performed to evaluate 

corrosion-induced bond degradation reflected in the tension stiffness deterioration of 

corroded RC members. The effect of various corrosion levels was investigated. The 

cracking behavior i.e. crack spacing of corroded RC members under uniaxial tensile 

loading was also investigated. Moreover, the mechanical performance of cracked 

concrete due to corrosion was also evaluated through analysis of experimental results. 

In addition, a non-linear finite element analysis was performed to simulate the tension 

stiffening behavior of corroded RC tensile members and to reproduce the cracking 

behavior under tensile loading.  

The following conclusions can be drawn according to experimental and analytical 

results that were discussed in this chapter. 

a) From the experimental test, the average crack spacing decreased with increasing 

of corrosion level up to 4% of corrosion level.  This was mainly due to the 

increasing of bond stress for small corrosion level up to 1% and to the 

decreasing of concrete tensile strength induced by cracks around corroded bar 

for higher corrosion levels.  
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b) According to analysis of experimental results, the relation between the reduction 

factor of average concrete tensile strength and corrosion level was established. 

c) From the numerical analysis, the maximum bond stress and bond stiffness are 

important parameters of bond-slip relationship model on predicting overall 

tension stiffening and crack behavior.  The applied lower bond stiffness can 

delay the crack occurrence or increase the cracking load level particularly for the 

second cracking. The bond stiffness also generally decreased with increasing 

corrosion levels. However, bond softening showed an insignificant effect in the 

case where small slip occurred before steel bar reached its yield strength. 

d) Compared to bi-linear bond-slip model, the tri-linear bond-slip relationship 

provided a good agreement with the experimental results on predicting tension 

stiffening and cracking behavior, because it provided a higher initial bond 

stiffness and a lower second bond stiffness for further loading due to growth of 

cracking. The second bond stiffness also decreased with increasing corrosion 

levels because of the soft layer of corrosion products. 

In the next chapter the bond strength of corroded reinforcement under different 

confinement level i.e. different concrete strength and transverse bar ratio would be 

evaluated through experimentally pullout test. The bond-slip relationship between 

corroded bar and concrete would be also discussed. 
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Chapter  4                                                                                            

BOND SPLITTING BEHAVIOR OF CORRODED RC 

MEMBER THROUGH PULLOUT TEST  
 

4.1 INTRODUCTION 

This chapter focuses on the evaluation of bond splitting behavior of corroded RC 

members through pullout test. A significant number of experimental studies devoted to 

evaluate the effect of corrosion of steel bar in concrete with various types of testing 

method. In spite of large scatter of test results, the test shows different trends of bond 

strength with an increasing of corrosion level. A slight increase of bond strength for 

corrosion levels at pre-cracking stage is followed by a decrease of bond strength 

because of splitting crack of cover at post-cracking stage 
22, 25, 27

. A significant reduction 

of bond strength up to 70% has been observed for corroded of reinforcement without 

transverse bars  as reported by Auyeung et al. 
25

 , Al-sulaimani et al.
28

, and Mangat et 

al.
34

. Meanwhile, insignificant bond strength deterioration were observed around 20-

30% reduction when the transverse bars have been introduced 
28

 
13 35

.  However, most of 

studies give a comparison between the presence and the absence of transverse bars and a 

little attention has been given for different of confinement levels. Therefore, in the 

present experiment, one of the main parameters is the different of confinement levels 

with various bars ratio and configurations. 

In addition, in natural environment, not only longitudinal bars may experience corrosion, 

but also it may occur on transverse reinforcement. Corrosion of transverse bars may 

weaken the confinement of longitudinal bars caused by (1) reducing in transverse bars 

area, (2) provoking extensive cover cracking 
36

 and (3) diminishing of adhesion or 

interface friction between transverse bars and surrounding concrete. The combined 

effect of corrosion on longitudinal reinforcement and transverse bars has been 

investigated in a few studies 
36

.  In this study the effect of transverse bars is evaluated 

using non-corroded transverse bars insulated by vinyl taping. To simulate the reduction 

in transverse bars area, a small transverse bar ratio and with different of spacing and bar 

arrangements were taken into consideration of specimen parameters. The use of non-

corroded transverse bars is intended to maintain the transverse bars area while corrosion 

of longitudinal bar is occurred. The used of vinyl taping on transverse bars may also 

simulate the reduction in adhesion and friction of interface between corroded transverse 

bars and concrete. 
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4.2 PULLOT TEST FOR EVALUATION OF BOND SPLITTING 

BEHAVIOR OF CORRODED RC MEMBERS  

 

4.2.1   Objectives 

Pullout tests using beam type were carried out to evaluate the bond behavior of corroded 

reinforcements. The effect of confinement condition by means of transverse bars with 

different ratios and configurations and the influence of bar position on beams i.e. corner 

and middle bars and bar position to casting direction i.e. top or bottom in casting were 

evaluated in this study to investigate the bond splitting capacity, the mode of failure and 

the bond stress-slip relationships between corroded steel bar and concrete. As the 

experimental database, the test results may help in establishing the bond deterioration 

model of corroded reinforcement with different confinement levels as well as in 

formulation of bond-slip model of corroded reinforcement in order to assess the 

structural performance of corroded RC members. 

4.2.2   Specimens and materials 

Six 220x400 mm rectangular beams were produced. Each beam had two test regions, 

the corroded and the healthy regions (as reference) having a similar bar arrangement. 

Therefore, a total of twelve specimens were tested. The specimen variables are 

summarized in Table 4-1. In this study only longitudinal bars located at bottom side of 

beams were subjected to corrosion which had 400 mm of embedment length as shown 

in Fig. 4-1. On the right and the left side of embedment length, the longitudinal bars 

were insulated using vinyl tape as non-corroded and un-bonded regions. The transverse 

bars were also covered by vinyl tape to protect transverse bar gages during concrete 

placing and accelerated corrosion process as shown in Fig. 4-2.  

Two concrete strengths of 24 and 48 N/mm
2
 were used representing normal and high 

strength concrete. The preheated high strength of steel bar was also selected for 

longitudinal bars to avoid the yielding before bond splitting failure. Two bar diameters 

of 19 mm and 22 mm were used for longitudinal bars. The average yield strength, 

tensile strength and elastic modulus were 1053, 1128 and 1.87 × 10
5
 N/mm

2 
for D19 and 

980, 1031 and 1.85 × 10
5
 N/mm

2 
for D22, respectively. For transverse bars, high 

strength steel bar were also used having average yield strength, tensile strength and 

elastic modulus were 1414, 1490, and 2.0 × 10
5
 N/mm

2
, respectively.  

The effect of corrosion attacks was investigated by performing accelerated 

electrochemical corrosion program to give a reasonable corrosion time periods. Before 

the accelerated corrosion test, all specimens were cured for 28 days in the laboratory 

environment. The procedure of accelerated corrosion test was described in detail in 

Chapter 2.3.3    
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Non-corrosion

Corrosion
2575

250 400 100

250
Unbonded

Region
Unbonded

Region

Test

Region

400100

D6.4@50CL

400

D6.4@504D13

4D13D6.4@50D6.4@50Stirrups

Stirrups

A-A

400

220

40
63

42.5

Additional

Stirrups

Main Bar

Stirrups

174

A

A

Vinyl

tapping

Table 4-1 Specimens parameter  

No. Specimens 

Concrete 

Strength 

(N/mm
2
) 

Longitudinal bar Target 

Corrosion 

Rate (%) 

Transverse bars 

No. 

bar 

dia. 

(mm) 
Ratio Bar Ratio 

1 4LT-S-NH 

24 

4 19 1.29% 

0 
0 0% 

2 4LT-S-NC 6 

3 4L2T-200S-NH 0 
2-U6@200 0.15% 

4 4L2T-200S-NC 6 

5 4L2T-100S-NH 0 
2-U6@100 0.29% 

6 4L2T-100S-NC 6 

7 4L4T-200S-NH 0 
4-U6@200 0.29% 

8 4L4T-200S-NC 6 

9 3L2T-100S-NH 
3 22 1.30% 

0 
2-U6@100 0.29% 

10 3L2T-100S-NC 6 

11 4L2T-100S-NH 
48 4 19 1.29% 

0 
2-U6@100 0.29% 

12 4L2T-100S-NC 6 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.3   Loading method 

The specimens were tested in a simple three point loading. Because the beam had two 

test regions or specimens, corroded and healthy regions, so after loading test was 

finished for one region, it was then continued with another test region in the opposite 

loading directions by turning upside down. The outline of loading test set-up is 

described in Fig. 4-3(a). The loading was controlled by displacement with deformation 

rate 0.1 mm/min for loading stage and 0.5mm/min for unloading stage. The typical 

Fig. 4-1 Typical specimen configuration 

Fig. 4-2 Longitudinal and transverse bars vinyl taping 

Tranverse bars Taping Longitudinal bar Taping 
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loading cycle is demonstrated in Fig. 4-3(b). The peak of loading cycle was controlled 

by measured strain of longitudinal bar and the slip of each bar was measured using 

linear variable differential transformers (LVDT) at the end of beams and the total load 

was monitored using the load cell put at the middle of beam below the loading actuator.    

 

 

 

 

 

 

 

 

 

 

 

 

4.3 PULLOUT TEST RESULTS  

4.3.1   Measured bond stress-slip relationships  

Fig. 4-4 shows bond stress-slip relationship for each longitudinal bar distinguished by 

bar location in casting direction (T, CT, CB and B). The bond stress was calculated 

from the tensile load acting on each longitudinal bar measured by strain gages attached 

on the longitudinal bar at slit and at unbounded region divided by the surface area along 

the embedment length of 400 mm. Therefore, the results are the average bond stress 

along embedment length. The dash line and the solid line in Fig. 4-4 shows the history 

and the envelope curves of bond stress-slip relationship, respectively. The average bond 

stress-slip relationship for all longitudinal bars in one specimen is illustrated by the 

black line.  

Without transverse bars 

For specimen without transverse bars, specimen No.1 and No.2, as shown in Fig. 4-4(a)-

(b) the maximum bond stress of both specimens are relatively small around 2 N/mm
2 

and it occurred at lower end slip, less than 1 mm. Corroded specimen of No.2 has a 

slightly higher maximum bond stress than specimen No.1, the healthy specimen. This 

may be a possibility that the corrosion product filled the void at interface between 

reinforcement and concrete and enhanced the bond stress. However, after reaching 

maximum bond stress, the bond stress of specimen No.2 rapidly deteriorated due to 

influence of initial corrosion splitting crack. As reported by several researchers 
27, 28

, 

generally generate significant bond deterioration, however in a relatively low level 

corrosion an enhancement of bond properties may be occurred. 

Load 
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Fig. 4-3 Schematic illustration of test setup and loading pattern 
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With transverse bars 

For specimens with transverse bars, the bond stress-slip relationship of specimen No. 3 

to No. 12 clearly demonstrated that corrosion reduces the bond splitting capacity when 

comparing the bond strength between the healthy and the corroded specimens. It also 

showed that maximum bond stress for healthy specimens mostly occurred at larger slip 

more than 1 mm meanwhile for corroded specimens occurred at lower slip smaller than 

1 mm and after reaching its maximum bond value the bond stress rapidly decreases 

indicating the brittle of bond behavior of corroded reinforcement.   

If compared to the specimen without transverse bars, as expected, the presence of 

transverse bars mostly increased the bond splitting capacity for uncorroded specimens. 

An increase in transverse bars ratio will increase the residual bond strength. Moreover, 

it is also shown that the presence of transverse bars enabled to maintain its bond stress 

after reaching maximum bond stress at least one third of maximum bond stress at larger 

slip as shown in Fig. 4-4. This indicates that the presence of transverse bars influence 

the bond stress-slip relationship for corroded RC members. Finally, the bond stress at 

the beginning of slip approximately at slip = 0.02 mm is about 2 N/mm
2
 as reported by 

Aryanto et al. 
22

 . 

With different bar location 

If bond stress-slip relationship is compared among longitudinal bars with respect to bar 

location in casting direction, for healthy specimens the bond stress-slip relationship of 

bars located at top (T) in casting had slightly lower bond value compared to bar located 

at bottom (B) in casting as shown in Fig. 4-4. This can be due to larger porosity of 

concrete around bars located at top in casting. A large difference between bond 

behaviors among bar location is shown in Fig. 4-4(i) when spacing between longitudinal 

bars is relatively large and when large bar diameter are used.  However, the effect of 

bars location on bond-slip relationships among corroded longitudinal bars seems 

insignificant. This can be attributed to some of corrosion product that may fill the 

concrete pore. 

With high concrete strength 

The bond-slip relationship for specimen with high concrete strength as shown in Fig. 

4-4(k)-(l) had a larger maximum bond stress than for normal strength specimens. The 

average maximum bond stress for high concrete strength was 4.1 N/mm
2
 and 3.2 

N/mm
2
 for healthy and corroded bars, respectively. This indicates the high contribution 

of concrete strength on bond capacity. Moreover, the slip at maximum bond stress was 

also larger than normal concrete strength. However, the bond stress decreased rapidly 

after the maximum bond stress to lead a brittle behavior.  
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4.3.2   Crack patterns  

Typical crack patterns at failure of pullout specimens are described in Fig. 4-5. The 

crack patterns for all specimens are presented in Appendix D. Different types of crack 

patterns were observed from the test results depending of the presence or absence of 

corrosion and transverse bars. For healthy specimens without transverse bars a small 

number of inclined cracks formed starting from the bottom support observed from the 

side view of beam. As illustrated in Fig. 4-5(a) several transverse crack (flexural cracks) 

and inclined cracks (splitting cracks) were generated in the bottom of beam. The typical 

crack patterns for healthy specimens with transverse bars at the side of beam were 

dominated by inclined cracks which more uniformly distributed along longitudinal bars 

compared to specimen without transverse bars as shown in Fig. 4-5(b). At the bottom 

beam several transverse and inclined cracks were also observed and these bottom cracks 

were mostly connected with cracks at side of beams.  

As shown in Fig. 4-5(c) typical crack patterns for corroded specimens at side beam were 

also dominated by inclined cracks, however the cracks tended to form parallel to 

longitudinal bars or to have a smaller slope. Some of the parallel cracks were extended 

from the existing corrosion cracks. A similar behaviour was observed at the bottom face 

which was mostly governed by parallel cracks from the extension of existing splitting 

cracks due to corrosion and only a few of transverse cracks were developed at bottom 

beams. According to the observed crack patterns on corroded specimens, the mode of 

failure for corroded specimens dominantly governed by splitting cracks parallel to 

longitudinal bars. 

 

 

 

 

 

 

 

 

4.3.3   Bond splitting strength  

Fig. 4-6(a)-(f) summarizes the test results in term of normalized maximum bond stress 

of each longitudinal bar with respect to maximum bond stress of bars located at bottom 

in casting (B) plotted against corrosion (see also Appendix B). In general, for healthy 

bars the effect of bar location in term of casting direction slightly influence the bond 

(a) Healthy-no transverse bars (b) Healthy-with transverse 

bars 

(c) Corrosion-with transverse 
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Fig. 4-5 Crack pattern at failure 
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splitting capacity of bars. The difference of bond capacity between the bar located at 

bottom in casting (B) and top in casting (T) is approximately 5-15%. A small effect of 

bar location in casting direction on the residual bond capacity for corroded specimens 

was shown. This can be due to the concrete voids may be filled by corrosion products. 

As shown in Fig. 4-6(b)-(e) an increase in transverse bars ratio generated a lower bond 

splitting deterioration or higher residual bond splitting capacity. This showed substantial 

contribution of confinement provided by transverse bars in corroded specimens. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

The average maximum bond stress of each specimen normalized with respect to that of 

the healthy specimen without transverse bars (Specimen No.1) plotted against 

transverse bars ratio is shown in Fig. 4-7. In addition, the experimental test result 

conducted by Morita et al.
37

 which had transverse bars ratio of 0.58% was added into 

the graph (Table 4-2 and Table 4-3).  From the figure, for healthy specimens an increase 
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of bond splitting capacity was observed with the increasing transverse bars ratio as 

illustrated by linear regression curve, solid black line, indicating the significant 

contribution of transverse bars. However, as indicated by a linear regression of corroded 

specimens, dash line, the test results showed bond deterioration due to effect of 

corrosion attack 

Table 4-2 Specimens parameter from Morita et al.
37

 

No Specimen 

Longitudinal Bar Measured 

Corrosion 

(%) 

Transverse Bar 

Bar 
Dia. 

(mm) 
Ratio Bar Ratio 

13 4L2T-50S-NH 

4 

19 

1.29

% 

0 
2-U6@50 

0.58% 

14 4L2T-50S-NC1 0.5 

15 4L2T-50S-NC2 5 
2-U6@50 

16 4L2T-50S-NC3 6 

17 4L4T-100S-NH 0 
4-U6@100 

18 4L4T-100S-NC 4.5 

19 3L2T-50S-NH 
3 

1.09

% 

0 
2-U6@50 

20 3L2T-50S-NC 3.8 

Table 4-3 Test results of bond strength for the present experiment and Morita et al.
37

 

No. Specimen pw 

Corrosion Loss (%) max   (N/mm
2
) 

Bar location Bar location 

T CT CB B Ave. T CT CB B Ave. 

1 4LT-S-NH 
0 % 

0 0 0 0 0 1.75 1.78 1.87 1.83 1.81 

2 4LT-S-NC 10.6 4.7 3.8 5.6 6.2 2.06 2.13 2.14 2.12 2.11 

3 4L2T-200S-NH 
0.15% 

0 0 0 0 0 2.26 2.45 2.51 2.60 2.45 

4 4L2T-200S-NC 8.9 4.9 4.4 4.9 5.8 1.93 1.85 1.88 1.93 1.90 

5 4L2T-100S-NH 

0.29% 

0 0 0 0 0 2.55 2.71 2.68 2.77 2.68 

6 4L2T-100S-NC 8.2 4.4 5.4 6.3 6.1 2.32 2.18 2.31 2.24 2.26 

7 4L4T-200S-NH 0 0 0 0 0 2.60 2.26 2.65 2.55 2.51 

8 4L4T-200S-NC 7.4 4.5 4.6 5.2 5.4 2.47 2.60 2.67 2.62 2.59 

9 3L2T-100S-NH 0 0 0 0 2.72 2.79 3.21 2.91 

10 3L2T-100S-NC 7.4 3.9 6.3 5.8 2.41 2.55 2.50 2.49 

11 4L2T-100S-HH 0 0 0 0 0 4.00 4.15 4.06 4.37 4.14 

12 4L2T-100S-HC 6.6 4.0 6.0 6.1 5.7 3.04 3.21 3.20 3.25 3.18 

13 4L2T-50S-NH 

0.58% 

0 0 0 0 0 2.24 2.29 1.87 2.23 2.15 

14 4L2T-50S-NC1 0.9 0 0.30 0.60 0.5 3.45 3.31 2.84 2.49 2.93 

15 4L2T-50S-NC2 5.5 3.6 4.5 6.3 5.0 2.88 2.29 2.52 2.69 2.59 

16 4L2T-50S-NC3 6.5 5.5 5.3 6.0 5.8 3.20 2.70 3.44 2.57 2.97 

17 4L4T-100S-NH 0 0 0 0 0 4.30 3.38 3.21 3.07 3.49 

18 4L4T-100S-NC 5.1 4.5 3.3 5.0 4.5 2.43 2.72 2.48 3.13 2.59 

19 3L2T-50S-NH 0 0 0 0 4.14 4.19 4.69 4.20 

20 3L2T-50S-NC 5.3 1.9 4.1 3.8 5.01 3.31 2.89 3.72 
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4.4 MODELING OF BOND-SLIP RELATIONS OF CORRODED STEEL 

BAR  

4.4.1   The suggested bond stress-slip relationship for corroded steel bar 

In order to develop bond stress-slip relationship for corroded steel bar, the shape of 

bond stress-slip curve as well as the bond strength is assumed depending on the 

corrosion level. As observed from the experimental test described in Chapter 4.3, 

corrosion influences the bond stress–slip curve in the following manners:  

(1) Maximum bonds stress decreases with an increasing corrosion level except in low 

level corrosion  

(2) Slip at maximum bond stress decreases as increase of corrosion level   

(3) At early stage of bond stress-slip curve approximately up to 2 N/mm2 or at slip = 

0.02 mm, corrosion seems not change the bond stress-slip curve     

 

The bilinear ascending curve as developed by Hayashi et al. 
33

 has been chosen to model 

bond slip relationship with additional descending curve representing the damage caused 

by concrete crushing in front of bar ribs
31

. Hence, the -s relationship of corroded 

reinforcement is developed from uncorroded (healthy) reinforcement considering the 

influence of corrosion on the bond stress–slip curve as mentioned before. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-8 Schematic view of bond-slip relationship for corroded reinforcement 
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The suggested methods to obtain the bond stress-slip curve for corroded reinforcement 

can be developed in three stages as follows: 

 

First ascending curve 

The first ascending curve is formulated based on the bond stress at slip = 0.02 mm 

corresponding to the slip due to chemical adhesion and radial micro cracking or the 

starting point of slip for further of radial cracking and local crushing as shown in Fig. 

4-9. This indicates that the bond stress is mostly depending on mechanical properties of 

concrete while the transverse bar confinement does not govern due to small cracking. 

As shown in Fig. 4-10(a) the average of bond stiffness is almost constant around k1=100 

N/mm
3
 for different corrosion level. This also indicates that corrosion not significantly 

influenced at small slip. The same behavior was seen for different transverse bar ratio 

(Fig. 4-10(a)). As a result, here, the first ascending curve is fixed at 1 = 2 N/mm
2
 and S1 

= 0.02 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-9 (a) First ascending curve (b) Bond stress-slip at small slip
59

 

Fig. 4-10 Bond stiffness at slip at 1, k1 vs. (a) corrosion rate (b) transverse bar ratio  
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Second ascending curve 

The second ascending curve of the bond stress-slip curve, Fig. 4-11(a), corresponds to 

the influence of splitting crack on surrounding concrete with an increasing radial 

pressure. At the beginning, the confining action from the surrounding concrete plays an 

important role to balance the radial pressure come from the tensile strength of the 

uncracked part of concrete and residual tensile strength of the cracked part. When the 

splitting crack becomes larger and propagates, another confining action from the 

transverse bars are taking apart as shown in Fig. 4-11(b). In case of corrosion which 

introduces splitting crack on the surrounding concrete the contribution of confining 

action from concrete are reduced. However, it is difficult to separate the contribution of 

surrounding concrete and transverse reinforcement especially when effects of corrosion 

and corrosion cracking are involved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine the peak point of ascending curve it requires the maximum bond stress 

(bond strength) max and the slip at maximum bond stress S2. The bond strength max of 

uncorroded reinforcement can be estimated using the available formula proposed by AIJ 

code 
26

 (See Appendix E) which was developed based on empirical data involving 

significant numbers of specimens and influencing parameters such as concrete cover, 

concrete strength, bar diameter, and transverse bar ratio on bond splitting behavior. The 

comparison between bond strength from experimental test and calculated by AIJ 

formula can be shown in Appendix B.  

 

As illustrated in Fig. 4-12, there is reduction of bond strength with increasing of 

corrosion levels. To determine the reduction in bond strength as the corrosion increase, 

a reduction factor of bond strength is introduced to the bond strength of uncorroded 

reinforcement max corresponding to the transverse bars ratio as shown in Fig. 4-12. Thus, 

the maximum bond stress of corroded reinforcement can be described as  

Fig. 4-11 (a) Second ascending curve (b) Splitting crack and confining action 
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  max.max 02.01  wcor   for  pw = 0.3- 0.6 %                          (4-1) 

  max.max 04.01  wcor   for  pw = 0.15%                                (4-2) 

where w is corrosion loss in percentage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-13 shows the stiffness at max or second bond stiffness k2 corresponding to 

different of corrosion loss and transverse bar ratio. The second bond stiffness as shown 

in Fig. 4-13 was obtained from  

 
 02.0

2

2

max
2






S
k

                  (4-3) 

The figure shows also that in term of corrosion loss and transverse bars the different of 

bond stiffness between uncorroded and corroded reinforcement is relatively wide scatter, 

although an increase of second bond stiffness with an increase of transverse bars ratio 

was identified.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-12 Test results of average bond strength  
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Fig. 4-13 Bond stiffness at max, k2 vs.(a) corrosion rate (b) transverse bar ratio  
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Fig. 4-14 shows the slip at max from the experimental test it show that with an increase 

of corrosion level the slip is decreased represent the increasing brittleness in bond-slip 

behavior as the corrosion process evolves. Due to a wide scatter data and limited 

number of data, therefore to obtained the slip max, S2, for uncorroded and corroded 

reinforcement. Here, S2 for uncorroded reinforcement was fixed at 1 mm and for 

corroded reinforcement the bond stiffness is assumed the same with uncorroded one and 

S2 decrease proportionally to the decrease of bond strength max. Thus, the second bond 

stiffness k2 in N/mm
3
 for uncorroded and corroded bars and slip max, S2 in mm for 

corroded reinforcement can be described as  

 
 02.01

2max
2







k
                 (4-4) 

 
02.0

2

2

.max
2 




k
S cor                 (4-5) 

From these two parameters of bond stress and slip, the combined action of bond 

strength reduction and slip reduction varying along with the corrosion level may 

simulate the influence of corrosion in the bond stress-slip behavior. However, further 

investigation are required due to limited number of data in order to increase the 

accuracy.  

 

Descending curve 

The bond softening or descending curve in the bond slip relationship was reported by 

Eligehausen et al. 
31

 and Harajli et al. 
38

 from their experimental tests and adopted in 

CEB-FIP 
8
. The descending curve is linearly decreasing to the minimum bond value, f, 

which is known as minimum bond stress resistance that can be provided only by friction 

(Fig. 4-15). The descending curve representing the damage caused by concrete crushing 

in front of bar ribs
31

. Usually it is occurred after maximum bond stress was reached if 

the splitting failure was occurred. In some case, when the confining action of 

Fig. 4-14 Test results of slip at max  
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surrounding concrete and transverse bar is very large, so, the shearing failure of the 

concrete between the steel ribs or pullout failure may occur. In that case it is possible to 

have constant maximum bond stress in large slip as described in CEB-FIP 
8
.  In this 

study, all specimens fail in splitting failure as described in Chapter 4.3.2. Therefore, 

after reaching maximum bond stress the bond gradually decreased. 

To determine f and S3 from the experiment shows that the presence of transverse bars 

enables to maintain its bond stress after reaching maximum bond stress at least one third 

of maximum bond stress and slip at f  around 2-3 times of S2. Therefore, f and S3 is 

assumed to be described as follows 

 f  = 0. 5max      for uncorrded reinforcement      (4-6) 

 f.cor = 0.25max      for uncorrded reinforcement      (4-7) 

 S3 = 3 S2            for uncorrded and corroded reinforcement    (4-8) 

 

 

 

  

 

 

 

 

 

 

Comparison with experimental test 

Fig. 4-16 shows the proposed bond-slip relationship for healthy and corroded 

reinforcement based on the procedure that developed aforementioned. Fig. 4-16 also 

shows the comparison between experimental data and suggested bond stress-slip 

relationship. It demonstrates that a reasonable agreement with the experimental 

evidence. In the Chapter 5, in order to evaluate the reliability of the proposed bond 

stress-slip relationship, some experimental tests of RC members are numerically 

simulated.  

 

 

 

 

Fig. 4-15  Descending curve  
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Fig. 4-16 Comparison of bond stress- slip relationship between proposed model and 

experimental tests  
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4.4.2   Limitations 

The previously described method is only valid if splitting failure governs the bond stress 

development of the uncorroded (healthy) and corroded reinforcement. This only occurs 

when smaller cover to bar diameter ratios and transverse bar ratios are used. For larger 

concrete covers or under high transverse pressure, the maximum radial deformations do 

not cause cover cracking and the failure is mobilized by shearing failure of the concrete 

between the steel ribs instead of cracking of the cover. 

The proposed methods were basically developed based on the limited corrosion level 

mostly in low to medium corrosion levels in which corrosion of cover cracking was 

generated. For very high corrosion level, it has to be assumed that the development of a 

weak corrosion layer and a degradation of the rib area of the reinforcement steel have an 

influence on the bond properties 
28

. For very severe corrosion, the spalling of concrete 

cover may be observed in the natural environment that may completely diminish the 

bond properties. This behavior in the bond interaction between the reinforcement steel 

and concrete is not considered by the method.  

The current bond-slip relationship is also developed based on the limited number of 

specimens and parameters influencing bond behavior such as cover depth ratio and 

concrete strength. Therefore, further investigations in both experimental and analytical 

study are required in order to have better accuracy. 

 

4.5 SUMMARY OF CHAPTER FOUR  

The pullout test on corroded RC tensile members was performed to evaluate effect 

corrosion on bond behavior of corroded RC members. The parameter study of the 

different of confinement by means of transverse bars was investigated. The following 

conclusions can be drawn according to experimental results that discussed in this 

chapter. 

a) Different behavior of bond stress-slip relationship between uncorroded and 

corroded reinforcement was observed from the experimental tests. Compared to 

uncorroded reinforcement, lower maximum bond stress and smaller slip at 

maximum bond stress was shown for corroded reinforcement and after reaching 

maximum bond stress, the bond rapidly deteriorated for corroded reinforcement.  

b) An important contribution of transverse bars to maintain residual bond splitting 

capacity for corroded specimens was observed. The more transverse bar is 

provided, the higher residual bond splitting strength is generated.  

c) A small effect of bar location in casting direction on the bond stress-slip 

relationships was observed for both corroded and healthy specimens. A high 

contribution of concrete strength on the confinement of bar was also identified. 
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d) The crack pattern at failure for corroded specimens was mainly governed by 

splitting cracks parallel to longitudinal bar as an extension from the existing 

corrosion cracks and combined with a low slope of inclined splitting cracks. For 

healthy specimens, it was dominated by inclined splitting cracks and the 

distribution of the inclined cracks was governed by the presence of stirrups.   

e) Based on the experimental test of corroded reinforcement using two parameters 

that influence the bond-slip behavior due to corrosion i.e. the reduction of bond 

strength and slip, the simple bond stress-slip curve for corroded reinforcement was 

proposed which may useful for structural assessment and design.  

Next chapter deals with the evaluation of structural performance of corroded RC 

members using a non-linear finite element analysis. The important parameters of 

material and mechanical properties of corroded reinforcement that was obtained from 

the experimental test as described in Chapter 3 and 4 were adopted in the analysis.  
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Chapter  5                                                                                           

EVALUATION OF STRUCTURAL PERFORMANCE 

OF CORRODED REINFORCED CONCRETE 

MEMBERS 
 

5.1 INTRODUCTION 

For simulating the influence of corrosion on the structural performance of RC members 

in a reliable numerical analysis, the changes in the material properties and the elements 

geometry caused by corrosion damage are essential to be formulated. Thus, the 

deterioration model should be able to capture the following aspects: 

1. loss of cross-sectional area of reinforcement, in the longitudinal bars and in the 

transverse bars, including the transverse bars stress generate by corrosion 

expansion 

2. reduction of concrete section and the changes in the strength and ductility of 

concrete due to cover cracking or cover spalling, 

3. bond deterioration between concrete and reinforcement corresponding to the 

corrosion level of reinforcement and confinement conditions or reduction of 

transverse bar area. 

In this chapter, the methodology for evaluation the mechanical behavior and residual 

load-carrying capacity of corroded reinforced concrete members is discussed based on 

the assumption that the effect of corrosion can be modeled as a change in the geometry 

and material properties of concrete, reinforcement and bond between reinforcement and 

concrete. A relatively similar methodology has been proposed by Coronelli et al.
39

 and 

Saether 
40

. The difference between approaches is in the selecting of material models for 

reinforcement and concrete as well as bond-stress slip relationship. The effect of 

transverse bar stress induced by expansion pressure obtained from experimental test as 

described in Chapter 2 was also implemented in the assessment of corroded RC 

members in the main frame of numerical analysis through finite element model.  

Moreover, for assessment requirement of corroded RC members, firstly, it is necessary 

to define the deterioration model of material and mechanical properties of reinforcement, 

concrete and bond between concrete and reinforcement as a result of effect of corrosion 

of reinforcement. 



93 

 

5.2 DETERIORATION MODEL  

5.2.1   Deterioration model for reinforcement 

Corrosion of reinforcement produces the rust formation which has two to six times the 

volume of original steel and low mechanical properties. Corrosion also produces pits or 

holes in the surfaces of reinforcement, reducing strength capacity as a result of the 

cross-sectional area reduction. Due to the low mechanical properties of corrosion 

product, only the residual cross-sectional area of reinforcements is considered in the 

analysis. Corrosion may form reinforcement in different types of damage from a 

localized corrosion or pitting corrosion to more widespread corrosion known as uniform 

corrosion depending on the corrosion process such as chloride attack and 

carbonation
41,42

. 

The loss of sectional area of reinforcement accurately can be obtained by direct 

measurements. When concrete cover has spalled off by large corrosion, the residual bar 

diameter can be measured directly on the exposed bars after removing the corrosion 

rust.  For small corrosion level where cover has cracked but has not yet spalled off, an 

indirect measurement to estimate corrosion penetration from cracked width as 

mentioned in Chapter 2can be adopted. The residual area of reinforcement due to 

uniform corrosion can be easily calculated as 

 22
4

xdAsc           (5-1) 

where d is original bar diameter and x is depth of corrosion penetration. For localized 

corrosion based on experimental test conducted by Gonzalez et al. 
43

 the maximum 

penetration of pitting corrosion is approximately 4 to 8 times the average corrosion 

penetration of uniform corrosion. To calculate the residual area of locally corroded bar, 

the pit configuration proposed by Val et al
44

 is used. 

The mechanical properties of corroded reinforcement has been investigated by several 

researchers 
45–49

. From their experimental investigation the mechanical properties of 

steel reinforcements i.e. yield, ultimate and elastic modulus is not significantly 

influenced by corrosion when calculated using the actual area of steel crosssection. 

Therefore, the corresponding mechanical properties of uncorroded reinforcement 

practically can be used for corroded reinforcement. However, the uniform corrosion 

shows a significant influence on the ductility of steel reinforcement 
47,50

. In a pitting 

corrosion of reinforcement the ultimate strain of locally corroded reinforcement is 

reduced more significant because the notch effect induced higher localized strain in the 

bar and show brittle behavior 
39,47,51

.     

In the numerical analysis using the finite element analysis, sometimes it is much easier 

to model reduction of mechanical properties of materials than reduction of geometrical 

properties i.e. crosssectional area of corroded reinforcement. Noguchi et al. 
52

 has been 
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proposed the constitutive law for corroded steel bar for numerical analysis as shown in 

Fig. 5-1(a). The constitutive law for steel bar can be obtained by determining the yield 

point and the elastic modulus of steel bar using the degree of corrosion as parameter 

(expressed as the mass loss rate). In this case, the cross-sectional area of corroded bar is 

assumed to be the same as the uncorroded steel reinforcement, while apparent 

mechanical properties of the corroded steel reinforcement is reduced. Noguchi et al. 
52

 

also divided the steel reinforcement properties for uniform and pitting corrosion 

depending on the corrosion process. The formula for mechanical properties of corroded 

steel bar are as follows 

For uniform corrosion 

   yyc w  10024.11          (5-2) 

   scs EwE 10075.01          (5-3) 

For pitting corrosion 

   yyc w  10098.11          (5-4) 

   sscs EwE 10013.11          (5-5) 

where sy and cy are yield strength of un-corroded and corroded steel bar, respectively. 

Esy and Ecy are elastic modulus of un-corroded and corroded steel bar, respectively. w is 

corrosion percentage by weigh (%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

For determining the ultimate strain or elongation of corroded reinforcement the 

empirical formula developed by Du et al
47

 for embedded bar in concrete can be used as 

follows 

  susuc w   05.01         (5-6) 

Fig. 5-1 Constitutive law for corroded reinforcement corrosion  
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where su and suc are ultimate strain of uncorroded and corroded steel reinforcement, 

respectively. w is corrosion percentage of reinforcement.  

 

For transverse reinforcement, not only the decrease of reinforcement strength due to 

loss crosssection area should be taken into account, but also the reduction of strength 

induced by stress on the transverse bar due to corrosion cracking. As mentioned in 

Chapter 2, there is an increasing transverse bar stress with a growing of crack width 

corresponding with increasing of corrosion level. The stress on transverse bar may reach 

half of yield stress of transverse bar if using a normal strength of transverse 

reinforcement. Therefore, this stress needs to be taken into account so, the apparent 

strength becomes smaller (Fig. 5-2). Combined with the constitutive laws derived by 

Noguchi, the apparent yield strength of transverse bars in N/mm
2
 can be expressed in 

equation (5-7) to (5-10). The reduction part was obtained from experimental test data 

based on the regression of transverse bar stress induced by corrosion expansion as 

described in Chapter 2. 

For uniform corrosion 

    28.52.1910024.11  ww ywycw  , for high strength concrete  (5-7) 

    15.677.210024.11  ww ywycw  , for normal concrete   (5-8) 

For pitting corrosion 

    28.52.1910098.11  ww ywycw  , for high strength concrete  (5-9) 

    15.677.210098.11  ww ywycw  , for normal concrete            (5-10) 

where yw and ycw are yield strength of uncorroded and corroded steel reinforcement, 

respectively. w is corrosion percentage of reinforcement.  

  

 

 

 

 

 

 

 Fig. 5-2 (a) Apparent yield strength of transverse bar (b) Constitutive law for 
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5.2.2   Deterioration model for concrete 

Concrete damage induced by corrosion in the form of diffusion of corrosion product or 

aggressive agent into concrete pores and cracking of surrounding concrete due to 

expansion of corrosion products need to be considered. The diffusion process of 

aggressive agents within the concrete matrix is very complex and available knowledge 

is insufficient. Herein, the concrete damage by corrosion is only corresponding to 

cracking or spalling of concrete cover. If the surrounding concrete around corroded 

reinforcement has been cracked, it indicates that the tensile strength of concrete has 

been reached. Thus, any further tensile stress generated by mechanical loading 

provoked larger cracking. Depending on the position and direction, cracked concrete 

will affect to load carrying capacity, stiffness and force distribution in the structure. 

For concrete in tension, the cracking damage of concrete induced by expansion of 

corrosion product is introduced by reducing the tensile strength from its tensile strength 

of sound concrete (Fig. 5-3(a)).  The reduction rate is determined based on the relation 

of average concrete tensile strength and corrosion rate as obtained from the 

experimental tension test described in Chapter 3. Thus, the tensile strength of cracked 

concrete can be described as follows 

  ttcrackedt w  55.01125.01.                   (5-11) 

where t.cracked and t are tensile strength of cracked and sound concrete, respectively. 

w is corrosion percentage of reinforcement.  

For cracking of concrete in the compression region, lower concrete strength also should 

be considered than the sound concrete strength (Fig. 5-3(b)). Here, the reduction in 

compressive strength is assumed to be proportional to the reduction of the tensile 

strength. Thus, the tensile strength of cracked concrete is as follows 

B
t

crackedt
Bcracked 




                      (5-12) 

where B.cracked and B are compressive strength of cracked and sound concrete, 

respectively.  

In finite element analysis, the cracked concrete can be modeled as same geometry with 

the sound concrete, but the material properties was modified (Fig. 5-4). If corrosion 

caused spalling of concrete cover, the effect of cover loss can be considered by 

modifying the geometry of element in the analysis
53

.  
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5.2.3   Deterioration model for bond between concrete and reinforcement 

The interaction between reinforcement and surrounding concrete is governed by bond 

stress and normal splitting stress. The present of corrosion of reinforcement may 

weaken the bond between concrete and reinforcement and reduce the bond capacity 

caused by splitting stress induced by corrosion product expansion and corrosion layer 

between both materials. Several influencing factors such as corrosion penetration, 

confinement of concrete cover and transverse reinforcement, bar position, and current 

density have been identified affecting the bond strength of corroded reinforcement
25,28

. 

(b) Compressive stress-strain curve (a) Tensile stress-strain curve  

Fig. 5-3 Constitutive laws for concrete (a) in compression (b) in tension 
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Fig. 5-4 Modeling of cracked or spalled concrete  
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The presence of transverse bar has a significant influence on the bond splitting capacity 

of corroded reinforcement
54,55

. The influence of transverse bar ratio on bond splitting 

deterioration of corroded reinforcement has been experimentally investigated and 

discussed in Chapter 4. The formula to determine bond strength from various  

One dimensional model of bond-slip relationship for uncorroded reinforcement has been 

used  to analyze the structural performance of RC structures and adopted in the code
8
. 

As illustrated in Fig. 4-8, the bond-slip response of corroded reinforcement is a 

combined action of bond strength deterioration and slip decrease at peak bond stress 

with increasing corrosion levels representing the brittle behavior of bond-slip response. 

A simple bond-slip model as shown in Fig.5-5 has been proposed which developed from 

Hayashi’s bond-slip model. The formulation of the bond stress-slip relations for 

corroded reinforcement was described in Chapter 4.4. 

 

 

 

 

 

 

 

 

5.3 NUMERICAL SIMULATIONS FOR ASSESSMENT OF CORRODED 

RC BEAMS 

5.3.1   Model Parameters 

Some of RC beams tested by El Maaddawy
56

 have been modeled with an emphasis to 

evaluate the interaction between degree of corrosion and the load carrying capacity of 

RC beams having corroded longitudinal bars. Table 5-1 shows the specimen categories 

based on time exposure and corrosion loss. Table 5-2 and Table 5-3 show concrete and 

reinforcement properties of specimens.  The typical bar arrangement of beams is shown 

in Fig. 5-6. From the figure the corroded region is in the bottom longitudinal bars in the 

middle of beams with exposed length of 1400 mm. The transverse bars at corroded 

region are protected from corrosion by anti-corrosion epoxy resin and plastic tape.  The 

loading system applied four-point bending having constant moment in the middle third 
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Fig. 5-5 Proposed bond-slip model  
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of beam and the longitudinal reinforcements were well-anchored in the support because 

no corrosion applied at the end third of beam.  

Table 5-1 Specimen conditions 

Specimen 
Time corrosion 

exposure 

Measured 

Corrosion loss 
Max. Crack width 

  days % mm 

Virgin 0 0 0 

CN-50 50 8.9 0.9 

CN-110 110 14.2 1.2 

 

Table 5-2 Concrete properties of beams 

Compresive 

strength 
Splitting strength Elastic modulus 

N/mm
2
 N/mm

2
 N/mm

2
 

40 2.5 29725 

 

Table 5-3 Reinforcement properties of beams 

  
Yield stress Yield strain Tensile strength 

σy (N/mm
2
) εy (µ) σmax (N/mm

2
) 

D15 450 2250 585 

8 340 1700 500 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-6 Typical test specimens
56
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The beams were studied in the plane stress analysis as shown in Fig. 5-7. The concrete 

is modeled by eight-node quadrilateral plane stress element with a thickness equal to 

width of beam section. The longitudinal bars were represented by two-node truss 

elements with interface element having bond-slip relations while the transverse bars are 

modeled as embedded reinforcement with perfect bond. The nonlinear constitutive 

models for each component were taking into account as shown in Fig. 5-8. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-7 FE model of corroded RC beam    
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Fig. 5-8 Mechanical properties of corroded RC beam    
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5.3.2   Numerical results  

Fig. 5-9 shows load and mid-span deflection relationships of beams under vertical 

monotonic loading. The experimental and analytical results show that corrosion of 

longitudinal reinforcement decrease the load carrying capacity of corroded beams due to 

sectional loss of reinforcement. The effect of corrosion also influenced the deflection 

capacity which is the deflection at beam failure. As shown in Fig. 5-9, the experimental 

test showed that the deflection capacity of corroded beam having 9% and 14% of weight 

loss of bottom longitudinal reinforcement increased the deflection. This could be 

attributed to (a) the deflection increase as decrease of tensile reinforcement area because 

the same concrete and compression steel area in the compression region, and (b) the 

bond deterioration due to corrosion caused an increase in beam deflection. However, for 

higher corrosion level the decrease of deflection capacity was also due to reduction of 

maximum steel  elongation as result of formation of pitting corrosion
39,57

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 5-9 Load – midspan deflection relationships    
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As shown in Fig. 5-9 the predicted load-deflection curve from current numerical 

analysis shows a good agreement with the experimental test data on determining the 

yielding strength and ultimate deflection of corroded RC beams. Some differences on 

the results between experiment and analysis can be attributed to variation in the 

prediction of yield strength and concrete crushing.   

 

5.4 NUMERICAL SIMULATIONS FOR ASSESSMENT OF CORRODED 

RC COLUMNS 

5.3.3   Model parameters  

To simulate the effect of corrosion on structural performance of corroded reinforced 

concrete columns, some RC columns were modeled with special attention in 

transformation of material and geometrical properties of reinforcements, concrete and 

bond properties due to corrosion. The geometry of column and the reinforcement 

arrangement are described in Fig. 5-10. The configuration of column is based on the 

experimental test conducted by Shinohara et al.
58

. Some modification was made by 

changing the longitudinal bar diameter and the steel strength of longitudinal and 

transverse bars to make the column failed in flexure for uncorroded columns. The 

mechanical properties of current concrete and steel reinforcement are summarized in 

Table 5-4 and Table 5-5. 

 

 

 

 

 

 

 

 

Table 5-4 Concrete properties of column 

Concrete 
σ B    

(N/mm
2
) 

εmax 
Ec          

(N/mm2) 
α 

σ t      

(N/mm
2
) 

W1                

(mm) 

W2                

(mm) 
ν 

Core 48 0.002 3.43E+04 10 - 40 2.8 0.032 0.16 0.2 

Cover 34 0.002 2.74E+04 4 1.8 0.032 0.16 0.2 

 

Fig. 5-10 Geometry and bar arrangement of column test  
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Table 5-5 Reinforcement properties of column 

Type 
σ y   

(N/mm
2
) 

Es  

(N/mm
2
) 

ν 

D19 345 2.00×10
5
 0.3 

8 295 2.00×10
5
 0.3 

 

To simulate the corrosion effect, three different corrosion levels are considered i.e. 3%, 

6% and 10% including the uncorroded columns as reference. Both longitudinal and 

transverse bars are assumed to have the same of corrosion levels. The stress generated 

on transverse bars due to expansion of corrosion product is considered to be taken into 

account in the analysis using the apparent yield strength of transverse bar as mentioned 

in section 5.2.3.  The constant axial load ratio of 0 and 0.1 are given in the columns. The 

material and bond properties corresponding to corrosion level are summarized in Table 

5-6 and Table 5-7. 

Table 5-6 Material properties corresponding to corrosion level 

Test 

Corr. 

level 

   % 

Concrete Longitudinal bar Transverse bar Axial 

Load 

ratio           

σ0 /σB 

σ B      

N/mm
2
 

Ec          

N/mm
2
 

σ y     

N/mm
2
 

Es    

N/mm
2
 

σ yw     

N/mm
2
 

Esw   

N/mm
2
 

N 00-C 00 0 48 3.43E+04 345 2.00E+05 295 2.05E+05 0 

N 00- C 03 3 32 2.67E+04 325 1.93E+05 215 1.98E+05 0 

N 00- C 06 6 26 2.41E+04 304 1.86E+05 140 1.91E+05 0 

N 00- C 10 10 26 2.41E+04 277 1.71E+05 39 1.82E+05 0 

N 10- C 00 0 48 3.43E+04 345 2.00E+05 295 2.05E+05 0.1 

N 10- C 03 3 32 2.67E+04 325 1.93E+05 215 1.98E+05 0.1 

N 10- C 06 6 26 2.41E+04 304 1.86E+05 140 1.91E+05 0.1 

N 10- C 10 10 26 2.41E+04 277 1.71E+05 39 1.82E+05 0.1 

 

Table 5-7 Bond properties corresponding to corrosion level 

Corrosion 

level 

τ 1 τ max Slip at τ 1 Slip at τ max 

N/mm
2
 N/mm

2
 mm mm 

0% 2 5.6 0.02 1.00 

3% 2 5.26 0.02 0.91 

6% 2 4.93 0.02 0.82 

10% 2 4.48 0.02 0.70 

 

A nonlinear finite element model using DIANA program was used here to analysis the 

corroded column behavior. The mesh generate on the column model is shown in Fig. 

5-11. The concrete is modeled by eight-node quadrilateral plane stress element with a 

thickness equal to the width of column section. The longitudinal bars are represented by 

two-node truss elements with interface element connecting the concrete element and 
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rebar element exhibiting a relative slip between both materials, while the transverse bars 

are modeled as embedded reinforcement with perfect bond. The nonlinear constitutive 

models for each component are taking into account. The elastoplastic stress-strain 

relation for reinforcement, the incremental stress-strain relationship for concrete with 

smeared cracks and bond stress slip relationship as proposed in Chapter 4 were adopted. 

The parameters such as material strength, stiffness and softening are specified on the 

basis of the corrosion level as described in Chapter 5.2 and summarized in Table 5-6 

and Table 5-7. The numerical analysis was performed on the basis of displacement 

control up to top deflection of 20 mm which the specimens reach the maximum capacity. 

 

 

 

 

 

 

 

 

 

 

 

5.3.4   Numerical results  

Fig. 5-12 shows the shear force and rotation response of columns under lateral 

monotonic loading. The analysis result indicates the stiffness deterioration of corroded 

column as shown in the shear force and rotation response presented in Fig. 5-12 for both 

pre-cracking and post-cracking stages. The stiffness decay can be explained from the 

chain of events corresponding to the formation of bending cracks, bending shear cracks, 

crushing of concrete cover, yielding of longitudinal bars or partial failure of bond. In 

general a decreasing load levels with an increasing of corrosion levels are identified 

corresponding to the different crack events. 

The shear force-rotation response of healthy column is firstly specified by formation of 

bending crack mostly located at top and bottom of column, followed by bending shear 

cracks and then yielding of longitudinal bar until reaching the maximum force as shown 
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Fig. 5-11 Finite element mesh of reinforced concrete column  
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in Fig. 5-12. Compared to the corroded columns, the cracking events is almost the same 

with the healthy column except for specimen N10-C06 and N10-C10. It shows that 

larger corrosion level increases the possibility to have shear cracking at low load level 

or to have shear failure before yielding of longitudinal bars for column with corroded 

bars having 6% (N10-C06)  and 10%  (N10-C10) of corrosion level as shown in Fig. 

5-12(b). This can be attributed to the lower apparent yield strength of transverse bar 

induced by corrosion cracking due to corrosion expansion. Moreover, the presence of 

axial load generates much more shear stress in the concrete.   

 

 

 

 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 
Fig. 5-12 Numerical results of lateral force-rotation responses:  

(a) axial load ratio 0/B = 0 (b) axial load ratio 0/B = 0.1 
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 Fig. 5-13 Numerical results of bond stress, slip, longitudinal and transverse bar stress 

along the bar (a) N10-C00 (b) N10-C10 
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The effect of corrosion does not only affect to the loss of steel reinforcement and 

concrete section, but also bond deterioration. Therefore, to consider the effect of bond 

deterioration on column member particularly on the column N10-C10 who is indicated 

by shear failure before the yielding of longitudinal reinforcement (Fig. 5-12(b)), the 

bond stress and slip of longitudinal bar including the longitudinal bar stress and 

maximum transverse bar stress along the length of column with different rotation levels 

are presented in Fig. 5-13. As a comparison, the healthy type of column was also 

analyzed here considering good bond condition as shown in Fig. 5-13(a). The results of 

bond stress and slip of longitudinal bar including the longitudinal bar stress and 

maximum transverse bar stress for N10-C03 and N10-C06 is presented in Appendix F.  

From the analysis results of the corroded column of N10-C10 it shows that some part of 

bar reach the maximum bond stress when rotation R was larger than 1.25%. This is also 

indicated by the large slip along the longitudinal bar after 1.25% of rotation. When the 

bond is completely lost along the column span different stress distribution took place 

and the truss mechanism became impaired and the arch action is activated. This analysis 

also leads to the recognition of the different mode of failure of corroded RC columns 

from flexural failure preceded by yielding of longitudinal bars to shear (N10-C00 and 

N10-C03) and shear failure before bar yielding (N10-C06 and N10-C10) which indicate 

a brittle behavior. 

Another possibile critical event for bond loss is the anchorage failures, but in this case 

the reinforcement anchorages are assumed to be perfectly anchored. In addition, once 

cover of column cracks because of corrosion or cover spalling in compression region, 

the compressed reinforcement tends to buckle. However, the buckling of reinforcement 

is not taken into consideration in this study. 

Cracking behaviors 

Fig. 5-14 and Fig. 5-15 show distribution of crack strain obtained from FE analysis at R 

= 0.5% and at maximum lateral force (Qmax) for the healthy and the corroded columns 

i.e. 3%, 6% and 10% of corrosion loss. As shown in Fig. 5-14, there were no so much 

different of maximum crack strain at rotation R=0.5%, however with an increasing 

corrosion level the crack region became wider indicated by larger area of higher crack 

strain.  Meanwhile, the maximum crack strain at maximum lateral force (Qmax) tended to 

decrease with increasing corrosion level reflecting the bond deterioration. 
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Fig. 5-14 Crack strain level of columns when R=0.5%   
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Fig. 5-16 Minimum principal stress of columns when R=0.5%   
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The minimum principal stress at R = 0.5% and at maximum lateral force (Qmax) are also 

presented in Fig. 5-16 and Fig. 5-17. Moreover, the minimum principal strains of 

concrete tended to decrease with an increasing corrosion level corresponding to the 

deterioration of concrete material properties. As shown in Fig. 5-17 the presence of 

axial load also increase the minimum principal strains.  The effect axial load showed an 

extensive shear cracking at failure since larger axial load produces larger shear stresses 

in the concrete. 
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Minimum principal stress level (N/mm
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) 

Fig. 5-17 Minimum principal stress of columns when Qmax   
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5.5 SUMMARY OF CHAPTER FIVE 

In order to assess the structural performance of corroded reinforced members on the 

prediction the serviceability and the safety performance, the numerical analysis through 

finite element modeling can be used as useful instrument. In this chapter, the key 

parameters of geometrical and material properties of structural element such as concrete, 

reinforcement and their bond links on the basis of corrosion deterioration which 

obtained from the previous experimental test described in Chapter 2 to Chapter 4 are 

integrated to simulate the behavior of corroded RC beams and columns using finite 

element analysis.  

The deterioration of reinforcement, concrete and bond properties in the numerical 

analysis may be recognized in the difference of chain of event i.e. bending crack, 

bending shear cracks, and yielding of longitudinal, bond failure and shear cracking 

which is characterized from the structural responses for different corrosion levels. The 

stiffness and strength deterioration due to corrosion of reinforcement are identified from 

the analysis which reflected by a decreasing load levels with an increasing of corrosion 

levels corresponding to different events, i.e. bending crack, bending shear cracks, 

yielding of longitudinal and shear cracking.   

From the analysis results, several phenomena should be considered when assessing the 

corroded RC elements. Not only reduction of reinforcement cross sectional area of 

reinforcement and the bond deteriorations should be taken into account, but also the 

reduction of concrete strength due to corrosion cracking and the apparent strength of 

transverse bars. These aspects contribute to the stiffness deterioration as well as the 

strength and ductility of structures when corrosion is involved. The analysis showed that 

shear became a critical point in the presence of axial load and lower apparent strength of 

transverse bars since the larger axial loads produce larger shear stresses in the concrete. 

Moreover, further research is required in the assessment of shear strength of corroded 

column including detail experimental data since the number of studies on the structural 

response of corroded RC columns is still limited.  
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Chapter  6                                                                                           

CONCLUSIONS 
 

6.1 SUMMARY AND CONCLUSIONS 

This research aimed to improve the knowledge of the structural behavior of deteriorated 

reinforced concrete members with focus on evaluating the effect of corrosion on 

cracking behavior and bond behavior between reinforcement and concrete. The research 

program encompassed both laboratory experiments and numerical simulations to study 

the structural performance of deteriorated RC members. The major conclusions of this 

research are summarized in this chapter.  

The influence of corrosion on the cracking behavior in term of crack initiation and crack 

propagation due to corrosion product expansion were investigated through experiment 

of accelerated corrosion test. Based on this experiment combined with the non-linear 

finite element analysis, the relations between corrosion loss and cover crack width and 

corrosion loss and stress on transverse bar were obtained. The important conclusions of 

this work are listed here 

 The test results show that corrosion loss among longitudinal bars in a beam is 

not uniformly distributed. This is caused by the different positions in casting 

direction and chloride diffusion direction and the different of water and oxygen 

availability. The different in corrosion distribution among longitudinal bars 

influence the distribution of internal pressure (loading pattern) due to corrosion 

product expansion. Based on numerical simulations, the uneven corrosion 

distribution among longitudinal bars, influence the cracking pattern but it does 

not influence the crack width so much if the average corrosion rate is considered. 

 The test carried out in this thesis showed a significant influence of concrete 

strength on the crack width growth due to corrosion product expansion. Larger 

crack width was generated on cover for high strength concrete compared to 

normal concrete. This can be due to lower porosity of high strength concrete 

which prevent corrosion product to penetrate to the surrounding concrete and 

generate larger expansion. Meanwhile, the presence of confinement up to 0.3% 

of transverse bar ratio showed an insignificant effect on the crack width growth.  
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 Larger stress in transverse bars was identified for high strength concrete 

specimen corresponding to larger crack opening. This stress on transverse bar 

may reduce the residual shear capacity of RC structures, particularly when using 

normal strength of transverse bars. 

 The numerical approach through non-linear finite element analysis of corrosion-

induced cover cracking showed a reasonable agreement with the experimental 

results. However, a larger volume increase ratio of corrosion product is required 

in the model when evaluating member with high strength concrete since the 

diffusion of corrosion products into concrete pores and cracks was not 

considered in the present analysis. 

The influences of corrosion on bond behavior of reinforcement steel in concrete were 

studied through the experiments from tensile and pullout test with special attention to 

the effect of corrosion and different of confinement by mean of transverse bars. The 

main conclusions of this work are summarized here 

 From the experimental test of tension member, the average crack spacing 

decreased with increasing of corrosion level up to 4% of corrosion level.  This is 

mainly due to the increasing of bond stress for small corrosion level up to 1% 

and to the decreasing of concrete tensile strength induced by cracks around 

corroded bar for higher corrosion levels. Based on the analysis of experimental 

results, the relation between the reduction of concrete tensile strength and 

corrosion level was formulated. 

 From the numerical analysis of tension member, it was shown that the maximum 

bond stress and bond stiffness are important parameters of bond-slip relationship 

on predicting overall tension stiffening and cracking behavior. The bi-linear 

ascending curve of bond stress-slip relation produced a good agreement with the 

experimental results on predicting tension stiffening and cracking behavior, 

because it had higher initial bond stiffness and followed by lower bond stiffness 

for further loading due to growth in splitting cracks and presence of the soft 

layer of corrosion rust. 

 From the pullout test results the different behavior of bond stress-slip 

relationship between uncorroded and corroded reinforcement was observed from 

the experimental tests. Compared to uncorroded reinforcement, lower maximum 

bond stress and smaller slip at maximum bond stress was shown for corroded 

reinforcement and after reaching maximum bond stress, the bond rapidly 

deteriorated for corroded reinforcement. Using the available test data, the simple 

bond stress-slip relationship for corroded reinforcement was developed. The 

bond-slip model was then applied to the analysis of corroded columns using 

non-linear finite element simulations. 

 The significant contribution of transverse bars to maintain residual bond splitting 

strength for corroded specimens was identified.  The more transverse bar is 
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provided, the higher residual bond splitting strength is generated. As long as 

adequate amount of transverse reinforcement took in place in the section, the 

bond must not completely impair whether corrosion cracks occur on the concrete 

cover. The test results showed minor influence of bar location in casting 

direction on the bond splitting capacity and bond stress-slip relationships were 

observed for both corroded and healthy RC members. 

The knowledge obtained through accelerated corrosion and bond test was implemented 

in the finite element method which can be used for the assessment of corroded RC 

structures. The application in analysis considering the changes of geometry and material 

properties of concrete and reinforcement and bond properties on the basis of corrosion 

deterioration.  

From the numerical analysis results of corroded RC columns, some phenomena of 

change in the events of structural response were identified. Several aspects should be 

considered when assessing the corroded RC elements which contribute to the stiffness 

deterioration as well as the strength and ductility of structures when corrosion effects 

involved.  Not only reduction of reinforcement cross sectional area of reinforcement and 

the bond deteriorations should be taken into account, but also the reduction of concrete 

strength due to corrosion cracking and the apparent strength of transverse bars. The 

analysis showed that shear became a critical point in the presence of axial load since the 

larger axial load produces larger shear stresses in the concrete and lower apparent 

strength of transverse bars which reduced the contribution of transverse bars on shear 

capacity.  

 

6.2 SUGGESTIONS FOR FUTURE RESEARCH  

The research on corrosion induced cover cracking in term of mechanical properties of 

corrosion rust and deformability of corrosion product in the surrounding concrete need 

to be improved. The corrosion model which takes into account the effect of rust 

diffusion into concrete pores and rust flowing through crack opening needs to be further 

developed since it would be useful for further verification and calibration of model on 

prediction of corrosion rate through observed crack width.     

Little experimental data is available for the bond behavior with corroded transverse bar 

and its effect on the cracking behavior and structural response of RC structures. The 

present study was limited to the evaluation of corroded longitudinal bar with different 

and low transverse bar ratio to simulate the reduction of cross-sectional area of 

transverse bars. Effect of transverse bar stress due to corrosion expansion on structural 

element need to be more detail investigated considering significant influence on 

structural performance as shown in simulations. Therefore, further experimental 
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investigation of the bond of corroded reinforcement considering the effect of corroded 

transverse bar and stress generated on transverse bar is suggested. 
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Appendix B 

 

EXPERIMENTAL RESULTS: BOND 

STRENGTH AND BOND STIFFNESS 
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Table B-2 Comparison between experimental results and empirical formula 

 

 

 

Figure. B-1 Calculated vs. experimental results of bond stress 

 

 

Ave. AIJ Maeda Fuji-Morita AIJ Maeda Fuji-Morita
1 4LT-S-NH 1.81 1.60 1.95 2.98 1.13 0.93 0.61

2 4LT-S-NC 2.11

3 4L2T-200S-NH 2.45 2.02 2.41 3.29 1.22 1.02 0.75

4 4L2T-200S-NC 1.90

5 4L2T-100S-NH 2.68 2.44 2.86 3.60 1.10 0.94 0.74

6 4L2T-100S-NC 2.26

7 4L4T-200S-NH 2.51 2.69 3.13 3.60 0.94 0.80 0.70

8 4L4T-200S-NC 2.59

9 3L2T-100S-NH 2.91 2.89 3.55 3.26 1.01 0.82 0.89

10 3L2T-100S-NC 2.49

11 4L2T-100S-HH 4.14 3.10 3.68 5.09 1.34 1.13 0.81

12 4L2T-100S-HC 3.18

13 4L2T-50S-NH 2.15 3.76 4.22 3.76 0.57 0.51 0.57

14 4L2T-50S-NC1 2.93

15 4L2T-50S-NC2 2.59

16 4L2T-50S-NC3 2.97

17 4L4T-100S-NH 3.49 3.78 4.28 4.22 0.92 0.81 0.83

18 4L4T-100S-NC 2.59

19 3L2T-50S-NH 4.20 4.57 5.16 3.33 0.92 0.81 1.26

20 3L2T-50S-NC 3.72
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Appendix C 

 

EXPERIMENTAL RESULTS: CRACK 

PATTERN AT THE END OF 

ACCELERATED CORROSION TEST 
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Specimen No.2 (4LT-S-NC) – Corrosion rate 6.2% 

 
  

Specimen No.4 (4L2T-200S-NC) – Corrosion rate 5.8% 

 
  

Specimen No.6 (4L2T-100S-NC) – Corrosion rate 6.1% 

 
  

Specimen No.8 (4L4T-200S-NC) – Corrosion rate 5.4% 

 

 
 

Specimen No.10 (4L4T-200S-NC) – Corrosion rate 5.8% 

 
  

Specimen No.12 (4L2T-100S-HC) – Corrosion rate 5.7% 

 
 

 

Figure C-1 Crack pattern at final accelerated corrosion test 
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Appendix D 

 

EXPERIMENTAL RESULTS: 

SPECIMEN’S CRACK PATTERN AT 

PULLOUT TEST 
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(a) Specimen No.1  (b) Specimen No.2  

Figure.D-1 Loading Crack Pattern of Specimen No.1 and No.2 
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(c) Specimen No.3  (d) Specimen No.4  
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Figure.D-2 Loading Crack Pattern of Specimen No.3 and No.4 
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(e) Specimen No.5  (f) Specimen No.6 
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Figure.D-3 Loading Crack Pattern of Specimen No.5 and No.6 
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(g) Specimen No.7  (h) Specimen No.8  
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Figure.D-4 Loading Crack Pattern of Specimen No.7 and No.8 
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(i) Specimen No.9  (j) Specimen No.10  
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Figure.D-5 Loading Crack Pattern of Specimen No.9 and No.10 
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(k) Specimen No.11  (l) Specimen No.12  
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Figure D-6 Loading Crack Pattern of Specimen No.11 and No.12 
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Appendix E 

 

BOND STRENGTH: AIJ GUIDELINES 

1999 
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The calculated bond strength suggested by AIJ guideline (AIJ 1999) which is used in 

this paper is as follows 

The bond strength, τbu, is computed with the following equation. 

  

                         (N   /mm
2
)   (E-1) 

 

where αt is the strength reduction factor for the top layer reinforcement and expressed as, 

αt  = 0.75+σB/400  Reinforcement in the top layer of beams 

            = 1 other reinforcement   (Unit: N/mm
2
)   (E-2) 

 

and bi  is the length ratio of the bond splitting failure and expressed as, 

 

 cisii bbb ,min  

  
b

b
si

dN

dNb
b

1

1
         (E-3) 

 

b

bctcs
ci

d

ddd
b




2
 

 

and b is the section width, N1 is the number of reinforcing bars in the first layer, dcs is 

the thickness of side cover, dct is the thickness of top/bottom cover. The effect of web 

reinforcement, kst, is expressed as follows, 

 

 

      for bci ≥  bsi     

 

kst    =         (Unit: N/mm
2
)   (E-4) 

 

for bci  <  bsi 

 

where Nw is the number of legs of web reinforcement (=Ns + 2), pw is web 

reinforcement ratio, db is the diameter of reinforcing bar, Aw is the section area of a 

single reinforcing bar, s is the spacing of web reinforcing bar. 

 

 

 

 

 

 

  stBitbu kb   11.0086.0
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Appendix F 

 

ANALYSIS RESULTS: ASSESSMENT 

OF CORRODED COLUMNS 
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Figure. F-1 Analysis results of bond stress, slip, longitudinal and transverse bar stress 

along the bar for (a) N10-C03 (b) N10-C06 
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