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Abstract.  Life cycle performance of corrosion affected RC structures is an important and challenging
issue for effective infrastructure management. The accurate condition assessment of corroded RC structures
mainly depends on the effective evaluation of deterioration occurring in the structures. Structural
performance deterioration caused by reinforcement corrosion is a complex phenomenon which is generally
uncertain and non-decreasing. Therefore, a stochastic modelling such as the gamma process can be an
effective tool to consider the temporal uncertainty associated with performance deterioration. This paper
presents a time-dependent reliability analysis of corrosion affected RC structures associated bond strength
degradation. Initially, an analytical model to evaluate cracking in the concrete cover and the associated loss
of bond between the corroded steel and the surrounding cracked concrete is developed. The analytical results
of cover surface cracking and bond strength deterioration are examined by experimental data available. Then
the verified analytical results are used for the stochastic deterioration modelling, presented here as gamma
process. The application of the proposed approach is illustrated with a numerical example. The results from
the illustrative example show that the proposed approach is capable of assessing performance of the bond
strength of concrete structures affected by reinforcement corrosion during their lifecycle.

Keywords: reinforcement corrosion; concrete cracking; bond strength; performance deterioration; gamma
process; reliability analysis

1. Introduction

The performance of the reinforced concrete (RC) structures exposed to aggressive
environments such as motorway bridges, car parks and marine structures is often seriously affected
by corrosion in reinforcement. Corrosion initiates when the aggressive agents reach the
reinforcement due to concrete carbonation or chloride attack. The corrosion products formed
during corrosion process are expansive in nature, which causes two to six times volume increase as
compared with the original steel (Pantazopoulou and Papoulia 2001). This volume increase creates
expansive force at the rebar surface and subsequently produces radial splitting cracks in the
surrounding concrete. Furthermore, the loss of cross-sectional area of the rebar and the loss of
bond strength between corroded steel and concrete directly affect the flexural strength of the RC
structure (Bhargava et al. 20073, Xia et al. 2012, Chen and Bicanic 2010, Shetty et al. 2014, Fan et
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al. 2014). Therefore, they cannot perform in the way that they are designed for.

Bond strength acting at the rebar surface is the interaction mechanism that enables the force
transfer between rebar and the surrounding concrete. Hence it maintains the composite action in
RC structures. When composite action is disrupted, load carrying capacity is also affected
(Rodriguez et al. 1994, Coronelli 2002, Huang and Chen 2013, Nepal and Chen 2014). This in turn
changes the overall behavior of the RC structures. Hence for the satisfactory performance of the
RC structures adequate bond between rebar and surrounding concrete is essential.

Many experimental investigations have been undertaken during the last two decades regarding
bond behavior of corroded reinforcement (Law et al. 2011). In general, these experimental
investigations suggest that at low level of corrosion (<1%) bond strength increases, and with
further increase in corrosion bond strength decreases significantly. Loss up to 80-90% of the initial
bond strength has also been observed for only about 5-7% of the corrosion level in concrete
without transverse reinforcement (unconfined) (Rodriguez et al. 1994, Auyenga et al. 2000, Banba
et al. 2014). On the other hand, confined concrete exhibits comparatively less amount of reduction
in bond strength for the same level of corrosion, compared with unconfined case (Zhao et al.
2014). Similar results were observed from analytical and numerical studies carried out by
Coronelli (2002), Lundgren (2002), Wang and Liu (2004) and Bhargava et al. (2007b). Few
experimental investigations have also been carried out in order to evaluate the relationship
between surface crack width and bond behavior of corroded deformed rebar (Al-Sulaimani et al.
1990, Rodriguez et al. 1994, Almusallam et al. 1996, Fischer et al. 2010, Law et al. 2011, Li and
Yuan 2013, Banba et al. 2014). Some empirical relations have also been proposed to describe the
influence of crack width on the bond strength of the corroded plain rebar based on the
experimental results (Cairns et al. 2006). The summary of the published results on the bond
strength behavior of the corroded deformed rebar with respect to surface crack width obtained
from various reference literatures is presented in Fig. 1.

The results in Fig. 1 are obtained by plotting normalized residual bond strength ratio of ultimate
bond strength of the corroded element (Tun) to non-corroded element (Ty,,) Versus surface crack
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Fig. 1 Relation between normalized residual bond strength and corrosion induced surface crack width
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width (wg), together with the results obtained from the empirical equations proposed by Cairns et
al. (2006). In the case of plain rebar, bottom rebar in tension appears more vulnerable than the top
rebar in compression. Significant scatter can be observed from these experimental investigations.
A trend line for the results has been plotted, which indicates that an increase in crack width at the
cover surface, leading to reduction in residual bond strength. Therefore, despite the scatter and
inconsistencies between the quantitative reductions in the residual bond strength, Fig. 1 clearly
shows that the residual bond strength of the corroded rebar rapidly deteriorates with an increase in
cover surface crack width.

Research on the prediction of the life cycle performance of corroded RC structures associated
with bond strength degradation is very limited. Stochastic modelling for bond strength
deterioration has significant potential for assessing the condition and life cycle performance of the
RC structures (Chen and Xiao 2015, Tee et al. 2013). The information obtained from the reliability
analysis of corroded RC structures during their life cycle is useful for providing optimum
inspection and maintenance strategies. This can ultimately help in minimizing the future scheduled
repair and rehabilitation costs for those structures or their degraded members in order to maintain
the probability of failure below a predefined target value. In structural deterioration modelling,
Markov chain method has been often used to model the deterioration of various structures. Due to
its restrictive stationary assumptions about the time dependent deterioration rate, Markov chain
method has been widely criticized (Frangopol et al. 2001). In this study, Gamma process model is
more appropriate model for the stochastic deterioration modelling because of its ability to
incorporate the temporal uncertainty associated with the evolution of deterioration (Van Noortwijk
and Frangopol 2004, Noortwijk 2009, Chen and Alani 2013).

This paper presents a time-dependent reliability analysis of corrosion affected RC structures
associated with the bond strength degradation. Analytical solutions are provided to evaluate the
crack width at the cover surface and predict the corresponding loss of bond between the corroded
steel and the surrounding cracked concrete. Then in order to model the progression of bond
strength deterioration during the life cycle of the RC structure, a gamma process model is adopted
here. The time-dependent reliability analysis is then applied to evaluate the probability of failure of
the RC structure. In reliability analysis, structural failure is defined when its deterioration reaches
the predefined allowable limit. Finally, a numerical example is used to demonstrate the
applicability of the proposed approach.

2. Structural deterioration

Steel rebar embedded in the concrete is normally protected by a passive layer created by the
high alkalinity of the concrete. This protective layer can be broken down due to the cover concrete
carbonation or the chloride ingress from the environment. Once the passive layer is broken down,
corrosion initiates. Reinforcement corrosion propagates significantly and shortens the service life
of the structure. The expansive layer of the corrosion product at the steel concrete interface will
cause surface cracking and subsequent spalling of the cover concrete due to the corroding steel.
The effect of corrosion on the performance deterioration of the corroded RC structures during their
whole service life is illustrated in Fig. 2. Three phases are considered in the process, i.e., crack
initiation phase, crack propagation phase and residual life phase. The crack initiation phase starts
from the time of construction and ends at the time when the corrosion induced cracking initiates at
the interface between the steel rebar and the concrete cover. After cracking occurs at the concrete
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Fig. 2 Schematic representation of performance deterioration due to reinforcement corrosion in life
cycle of RC structures

cover surface, the bond strength between the steel reinforcement and the surrounding concrete
starts decreasing and the performance of the concrete structures deteriorates gradually. Due to
further corrosion of steel rebar, cracking propagates and widens in the concrete cover and then
reaches an unacceptable level. At this stage, the structures reach their serviceability limit state. The
residual phase starts from the serviceability limit until reaching the ultimate limit stage, after
which structures finally collapse.

2.1 Reinforcement corrosion

As shown in Fig. 2, crack propagation and residual life phases play the significant role in
service life of RC structures exposed to aggressive environment. For the time-dependent reliability
analysis of these structures, quantification of the damages associated with the propagation of the
reinforcement corrosion is required. The corrosion induced damage may be caused by: i) loss of
cross-sectional area of the rebar, ii) cracking in the concrete cover and iii) loss of residual strength
of the structure. To measure the damages in servicing RC structures, only crack width in cover
concrete may be measured without disturbing the functionality of the structure. For other types of
damage destructive testing may be required and this may be practically impossible. Therefore, for
the structures in service, non-destructive testing is typically required. Most of the non-destructive
testing techniques used for the monitoring and evaluation of damages caused by corrosion are
often based on the electrochemical measurements, the annual mean corrosion rate is estimated in
terms of the corrosion current density, icr (Val et al. 1998). The i can be transformed into the
amount of metal loss by using the diffusion law related to the growth of expansive corrosion
products (Pantazopoulou and Papoulia 2001). Reduction in cross-sectional area of steel rebar with
time helps in quantifying the existing residual strength and predicting the future performance of
the corrosion-damaged RC structures.

2.2 Loss of cross-sectional area of the rebar



Stochastic modelling and lifecycle performance assessment of bond strength... 323

In evaluation of the mass loss or the sectional loss of the corroded rebar in RC structures,
reduction in rebar diameter Dy, from the initial state Dy is generally evaluated in terms of the
attack penetration x (pitting attack or homogeneous corrosion) as mentioned in Vidal et al. (2004)

D, =D, —,x (1)
where «, is attack penetration factor indicating localised corrosion at the earlier stage when
4<a,<8 and homogeneous corrosion at later stage when a,=2. The associated corrosion level X, is

defined as the ratio of the mass loss of corroded rebar Amsto the original mass of the rebar m,
namely

2
)= Ams — Apb -1-— Dbx2 (2)
mo A) Db

where AA; is the cross-sectional area associated with the mass loss of the corroded rebar and Ay is
the cross-sectional area of original rebar. Depending on the level of oxidation, corrosion product
formed during the life cycle of the RC structures may have distinct characteristics with different
relative volume and molecular weight ratio. The volume ratio y,, of the corrosion product formed
to its parent metal generally lies between 1.8 and 6.4, and corresponding molecular weight ratio
ymor Fanges from 0.78 to 0.35. The density of the rust product formed during corrosion process can
be evaluated from p; =ps/ymoipval iN Which ps is the density of the steel rebar and its corresponding
rust mass m, can be defined as m. =Ams/y, (Pantazopoulou and Papoulia 2001, Lundgren 2002).
Thus, the volume of the rust product formed can be expressed as

Vr:}/volA)Xp (3)

Then the corresponding volume increase per unit length of the rebar is given by AV=V,- A4V, in
which AVs is the volume loss of the corroded rebar. This increase in volume creates a radial
displacement at the bond interface up, and can be obtained from

AV 1

= ==(y,, —1)D X 4)
ubx ﬂ'Db 4(7/vol ) b’ p

The prescribed displacement uy, related to corrosion level will be considered as the boundary
condition of the boundary-value problem for analysing concrete cracking process and predicting
bond strength evolution. According to the study carried out by Zhang et al. (2010), in long-term
natural corrosion process, at the beginning although corrosion appears as the localised but in later
stage it appears as uniform corrosion. Hence in this paper corrosion has been considered as
uniform, since bond strength typically deteriorates at later stage of reinforcement corrosion.
Therefore, uy is the axis symmetric radial displacement caused by uniform expansive corrosion
product acting at the rebar surface.

2.3 Cracking in concrete cover

Due to the expansive nature of the corrosion product formed, radial and hoop stresses are
developed at the surrounding concrete cover. When this hoop stress in concrete cover reaches the
tensile strength of the concrete, it results in longitudinal cracking and eventually spalling of the
concrete cover. The propagation of cracks in the concrete cover causes significant effect on the
performance of the structure, as shown in Fig. 1. Before concrete cracking, intact concrete can be
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Fig. 3 Idealization of cover concrete as thick-walled cylinder model for predicting concrete
crack development and residual strength evolution

treated as isotropic elastic materials. Therefore by considering governing equations and stress
distribution obtained by thick walled cylinder model, corrosion level required for crack initiation
at the rebar surface can be estimated (Chen and Alani 2013).

The concrete cracking process due to reinforcement corrosion has been investigated
analytically by adopting the anisotropy of cracked concrete and thick walled cylinder model
previously utilized by Chen and Xiao (2012) together with the concept of equivalent crack as
utilized by Chen and Alani (2013). The schematic representation of thick walled cylinder model
used in this paper is shown in Fig. 3, in which the concrete surrounding the reinforcing rebar is
considered as thick walled cylinder with wall thickness equal to clear cover depth (C). When the
concrete cover cracks, the concrete behaves as an anisotropic material. Therefore for the
guantification of the cracks propagating in the concrete cover, cracks can be considered as
cohesive in nature and residual tensile stress in the cracked concrete can be obtained by adopting
bilinear stress softening law of cracked concrete as described in CEB-FIP (1990).

In the cohesive crack model, the stress transferred through the cohesive cracks is assumed to be
a function of crack opening (softening curve), expressed as

o, = T (a=bw) (5)

where gy, is the tensile stress acting across cohesive cracks; f; is the maximum tensile strength of
concrete at onset of cracking; W is the normalized crack width defined as W=f, w(r)/G; in which G;
is the fracture energy of the concrete; w(r) is the actual crack width at any point r between R, and
R. as shown in Fig. 3. Coefficients a and b are the bilinear coefficients, depending on the pre-
critical stage (0<W<W,,) and post-critical stage (W¢ <W<W,) of crack width, as

a=1 b= % for pre —critical stage (6a)

cr

_ oWy - b=—%%__ for post — critical stage (6b)
Wu _Wcr W, -W

u cr

a
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in which ay; is coefficient of bilinear softening curve; Wy, is normalized critical crack width and W,
is ultimate cohesive crack width. The critical and ultimate cohesive crack widths can be
determined from experiments for concrete. In the CEB-FIP (1990), the coefficient ay; is given as
ai=0.15; W, and W, can be evaluated from concrete strength, fracture energy and maximum
aggregate size.

From the anisotropic property and the bilinear softening law of the cracked concrete, Chen and
Xiao (2012) have given the expression for the normalized crack width at the rebar surface (Rp) of
the thick walled cylinder, as

1 E
W =b(,—_R){f—“bx _aRbJ ()
o b/\t

where |, is the material constant given by l,=ncl../27zb in which n. is the number of cracks taken as
3 or 4 for thick walled cylinder model and |.,.=EGs /f2is the characteristic length introduced by
Hillerborg et al. (1976); E=E./(1+6;) is the effective modulus of elasticity of the concrete in which
E. is the modulus of elasticity of concrete and 6. is the creep coefficient; and uy Is the axis
symmetric radial displacement at the rebar surface as described in Eq. (4).

Once cracks initiate at the bond interface, they propagates towards the cover surface (R.). By
using the two boundary conditions of the boundary value problem i.e. the hoop stress at the
concrete cover surface reaching the concrete tensile strength and normalized crack width at bond

interface in Eq. (7), the corrosion level at the time to crack on the cover surface X,° can be obtained
from Chen and Xiao (2012)

Xy = ( T—l)%{“(lw)%( o R )llg” ~Re )" (R, Rb)} “
VO

where 9 is the Poisson’s ratio of the concrete. &(R.,Rp) is crack factor denoted by 6“(R.,Ry) and
0"(R¢,Rp) in pre-critical stage and post-critical stage of the cracking respectively, given by

_ I
5cr(RC’Rb)= cr fyor RC Rlz:r + cjr- 2 n&(;—b‘ (99)
o (5 R —Ry)  (I57)" Ry JIg" =R,
_ I'-R
5U(Rc1Rb)= u/iu RC Rﬁ + l:JLZ n&(:—b‘ (9b)
lo (I =R —Ry) ()" Ry Iy =R,

in which 1,”" and I," are the aforementioned material constants for pre-critical stage and post-
critical stage cracking of the concrete cover. By considering free surface condition at the cover
surface and ignoring the Poisson’s effect associated with the hoop strain of the completely cracked
concrete, the normalized crack width on the concrete cover surface W, can be obtained from Chen
and Xiao (2012), expressed here as

W _be_%{RC(IO_RC)'a(RC’Rb)} (10)

" 1_Rc(lo _Rc)'g(Rc’Rb)

In cohesive crack model the process of concrete cracking continues until they reach their
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ultimate cohesive value W, (Chen and Xiao 2012, Chen and Alani 2013). Therefore, the corrosion
level X," at which the equivalent crack in the concrete cover reaches its ultimate cohesive value
can be obtained from Eq. (7) and Eq. (4), expressed here as

f
X, :;_tnclchw (11)
_1\E D "

”(7vol 1) b

At this stage due to the widening of the crack opening, the residual strength and the corrosion
stress acting at the rebar surface become negligible. Hence, in life cycle analysis this stage
indicates the significant changes in resistance of RC structures.

2.4 Bond strength deterioration

Ultimate bond strength of deformed rebars mainly depends on three factors: chemical adhesion
between the rebar and surrounding concrete; frictional force at the bond interface and mechanical
interlocking of the ribs against the concrete surface (Cairns and Abdullah 1996). The schematic
representation of the bond mechanism of typical deformed rebar is shown in Fig. 4. Reinforcement
corrosion affects the bond properties between the rebar and the surrounding concrete by changing
the shape and angle of the ribs of the deformed rebar. Corrosion also influences the mechanical
interlocking between rebar and the surrounding concrete by reducing adhesion and frictional force
due to the accumulation of corrosion products. Moreover reinforcement corrosion can also reduces
the confinement action between concrete and steel by creating cracks in the concrete. With further
progress of corrosion, cracking in the concrete cover continues widening, which simultaneously
decreases the confinement stress and consequently the bond strength (Coronelli 2002, Wang and
Liu 2004). Therefore corrosion in reinforcement threatens all these factors required for good
bonding condition of the RC structures.

Efficient and reliable force transfer between the reinforcement and concrete is the fundamental
requirement for an effective performance of the RC structures. Insufficient bond can lead to a
significant reduction in the load carrying capacity and stiffness of the structure, which could
directly affect on serviceability and ultimate strength of the RC structures (Bhargava et al. 2007Db).
Hence the evaluation of bond strength degradation is essential for the condition assessment of the
corroded RC structures.

To consider these effects on the bond behavior of the corroded deformed rebar, Coronelli
(2002) modified the analytical model proposed by Cairns and Abdullah (1996) for intact rebar.
According to Coronelli (2002), the ultimate bond strength (T.) related to corrosion level can be
evaluated as the sum of three stresses acting at the bond interface, i.e., adhesion stress (Taay),
confinement stress (Tens) and corrosion stress (Teorry), €Xpressed here as

T, =T_, +T

ubx adx cnfx +Tcorrx (12)
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The adhesion stress acting between rebar and concrete is related to interface cohesion, defined
as non-splitting component associated with the friction and adhesion stress acting on inclined rib
faces, is given by Coronelli (2002) as a function of corrosion level

Tadx — n, Arx fcohx{ci::)é‘o;' tan(é‘o + ¢)} (13)
bx

r

where n, is the number of transverse ribs at a section; An=nDyh is the reduced rib area in plane
at right angle to rebar axis and h,=0.07Dy, is the reduced rib height of the rebar due to corrosion;
foon=2-10(x-X,) is the adhesion strength coefficient in which x. is the attack penetration or the
corrosion depth corresponding to the through cracking of the concrete cover, and can be obtained
once X, is known; tan(d,+¢) can be estimated from 1.57-0.785x (Coronelli and Gambarova 2000)
in which 4, is the orientation of the rib usually taken as 45° and ¢ is the angle of friction between
steel and concrete as shown in Fig. 4; and S,=0.6Dy, is the rib spacing (Wang and Liu 2004).
The confinement stress is given by

Tenfx = Kenx enfx (14)
where Ky is the coefficient of confinement stress evaluated from Kenn=n,Citan(d,+¢)/z in which
C: is the shape factor constant taken as 0.8 for crescent shape rebar. In unconfined concrete
structure Pgy i only provided by the cracked concrete (Penc). But in the case of confined
concrete, the confinement stress P is the total contribution of cracked concrete and the stirrup
(Penixst )- By adopting the properties of the thick walled cylinder model with cohesive cracks as
described in Fig. 2, Nepal et al. (2013) has modified the expression of confinement stress given by
Giuriani et al. (1991), expressed here as

b :[ZC]Xf D, (W, V) (15a)
cnfx,c

Dbx t w, (Da + kCbe)

p :[nStASt JX E \/ azwbx2 n Wy +a (15b)
cnfx, st D. S st\l.2D.2 a.D 0
bX st st st st st
where wy, =G Wy, /f; is actual crack width at the rebar surface corresponding to corrosion level; k. is
the constant taken as 167; ng is the number of of stirrup leg; Ay is the cross-section area of stirrup
leg with diameter of Dy ; S is the spacing of stirrup; Eg is the modulus of elasticity of steel; ag is
the shape factor of stirrup taken as 2; a,, a; and ag are coefficients related to the trilateral local
bond-slip law of the stirrup (Giuriani et al. 1991). From Eq. (15b) it is clear that the confinement
stress provided by the cracked concrete depends on crack width at the rebar surface (Wyy).
Therefore, with increases of wy, the confinement stress provided by the cracked concrete decreases
and ultimately becomes negligible when crack reaches its ultimate cohesive value (w).
The bond strength contributed by the corrosion pressure is given by

u P (16)

T =
corrx X corrx

in which uy is the coefficient of the friction between the corroded rebar and cracked concrete
defined as 0.37-0.26(x—X.) and P is the corrosion pressure or the radial pressure acting at the
bond interface due to the accumulation of the corrosion product at the rebar surface. The corrosion
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pressure acting at bond interface can be evaluated from Chen and Xiao (2012)

T (1+9 B )(a—bw )+i3+9 B_bl P (17)
corrx 4 _ g2 bx bx (I _Rb)Rb bx~ o Rb

where & is the corrosion factor given by &onr=—Wu/d(R.,Ry) before through cracking and &
=(We—Wi)/d(Rc,Rp) after through cracking of the concrete cover and Sy is the stiffness reduction
factor associated with the cracked concrete, given by

1

ﬂbx = (18)
bIW,,
14— b
(a—bW,, )R,

3. Stochastic deterioration modelling

The structural reliability of the corrosion affected RC structures mainly depends on the history
of the two parameters: deterioration and the corresponding response of the structures. Both of
these parameters are time-dependent in nature, hence the reliability of these structures is related to
time. Reinforcement corrosion is a complex process, therefore there is possibility of high degree of
uncertainties associated with both corrosion induced deterioration and its effect on the life-cycle
performance of these structures. The uncertainties associated with the deterioration and the
corresponding structural response can be dealt with as a stochastic process. Therefore time-
dependent structural reliability analysis based on the stochastic approach could be helpful in
evaluating the existing condition and predicting the future performance of these structures
suffering from reinforcement corrosion. The existing studies in the field of performance
assessment of the corroded RC structures have shown that approximately 2-4% area reduction in
rebar could cause approximately 0.3 mm of cracking at the cover surface (Alonso et al. 1998,
Vidal et al. 2004, Xia et al. 2012). This corresponds to approximately 60-80% reduction in initial
bond strength value of unconfined concrete (Rodriguez et al. 1994, Almusallam et al. 1996). This
bond strength deterioration significantly changes the overall behavior of the RC structures. Hence
in this study, probability of failure of the corroded RC structure is evaluated by considering the
bond strength deterioration at the steel concrete interface together with the cracking at the cover
surface.

In time-dependent reliability analysis of corrosion affected RC structures, the structural
probability of failure (Ps) during the life cycle of the structure undergoing deterioration can be
defined as the stage at which the structural resistance or its corresponding deterioration reaches the
intended threshold limit. The threshold limits can be chosen by using various maximum allowable
limits such as acceptable crack width limit for the serviceability limit state and strength loss of the
structure for the ultimate limit state. This predefined limit sate may vary in accordance with the
requirement of the RC structures concerned. Thus, the probability of the corrosion affected RC
structure to fail during their life time (t) is given by

P, (®) = PIS(t) > L] (19)

where L is the threshold limit or the maximum allowable limit of the structural deterioration and
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S(t) is the structural action.

Cracking in concrete cover is the time-dependent in nature and is an important parameter which
helps in condition monitoring of RC structures. Hence, it is always beneficial to evaluate the effect
of concrete cover cracking on the residual bond strength and its effect on structural reliability of
corrosion damaged RC structures. Therefore in this study, time-dependent reliability analysis is
evaluated in terms of probability of failure of the corroded RC structures as a function of crack
width. Here the bond strength deterioration associated with the corrosion induced cracking at the
concrete cover surface J,(Wy) is defined as

Jb(ch)_ ubo( )( ub;( cx) (20)

where Tyo(Wex) and Tunx(Wex) are the residual bond strength related with the onset of cracking and
the further cracking at the concrete cover surface until reaching its ultimate cohesive value
respectively.

From Fig. 1 it is clear that after cracking in the concrete cover surface, the bond strength
deterioration due to reinforcement corrosion is continuous and non-negative. Therefore from the
definition of gamma process (Van Noortwijk and Frangopol 2004, Chen and Alani 2012), the
gamma process is suitable for the stochastic modelling of bond strength deterioration in corrosion
affected RC structures during their life cycle. In gamma process deterioration model, the
cumulative bond strength deterioration (J,) is a random quantity, and has the gamma distribution
with the shape parameter 7n(w,) >0 and scale parameter 2>-0. The probability density function

of bond strength deterioration (Jp) at crack width w_ >0 can be expressed as

ﬂ/ﬂ(wcx) _
") e 33, ford, >0
f3ow) (Jo) = Ga(\]b|77(ch)’/1) '(n7(w,,)) b b (21)

0, elsewhere

where (p(w,))= jww“ edy IS the gamma function for 7(w, ) > 0. The scale parameter (1) could
be estimated from statistical estimation methods such as a Maximum Likelihood Method by
maximizing the logarithm of the likelihood function of the increment of the parameter (Van
Noortwijk 2009). Assuming J, as the average bond strength deterioration rate associated with
crack width (wey), the shape function (1(w)) can be obtained from #(We)=AJp(Wey).

Assuming J_ as the maximum allowable limit of the bond strength deterioration, from the
definition of probability of failure as discussed earlier and by integrating probability density
function given in Eq. (21), the lifetime distribution of failure associated with bond strength
deterioration is given by

_ [ _L(n(w).3.2)
P, = Pr[J,(w,)>J,] . jJL s (5)d3, SETR) (22)

where I'(n,z)= Iv"'le'"dv is the incomplete gamma function for z>0 and 7 > 0. For the case with

evaluation of probability of failure in serviceability limit state such as cracking in concrete cover,
similar procedure can be used where the structural deterioration relates to cover surface cracking.
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4. Numerical example

In this section the methodology mentioned in the preceding section is applied to a numerical
example for a simply supported RC beam of span 5 m with minimum service life of 50 years
designed to resist aggressive environment as defined by Eurocode 2. The cross-sectional width and
effective depth of beam are b=300 mm and d=560 mm, respectively. Four rebar of a diameter 20
mm (D,=20 mm) are provided as the tension rebar. Two bars of a diameter 16 mm (D¢ =16 mm)
are provided as the compression rebar with clear cover thickness of 40 mm (C=40 mm) and
transverse reinforcement of diameter dy=8 mm is provided at 70mm spacing.

The compressive strength of concrete f,=40 MPa and the yield strength of original reinforcing
steel f,=460 MPa with modulus of elasticity E4=200 GPa are adopted in this study. Material
properties required for this analytical model are assumed as total crack number n.=4, Poisson’s
ratio 9=0.18, creep coefficient 6.=2.0, in=1 uA/cmZ, G=200 N/m, ps=7850 kg/m3, volume ratio
of corrosion product y,,=2.0, and the corresponding molecular weight ratio yne=0.725. The critical
and ultimate cohesive crack width have been obtained from CEB-FIP (1990) for nominal
maximum aggregate size D,=20 mm. Other parameters such as f, and E. are evaluated from
Eurocode 2.

The results in Fig. 5 show the analytically predicted equivalent surface crack width (w.,) as a
function of corrosion level (X,) in percentage. The predicted results are then compared with
experimental investigations obtained from accelerated or natural corrosion tests in concrete
(Rodriguez et al. 1994, Alonso et al. 1998, Vidal et al. 2004, Torres-Acosta et al. 2007, Gu et al.
2010, Xia et al. 2012, Coronelli et al. 2013, Khan et al. 2014, and Banba et al. 2014). It can be
seen from Fig. 5 that the predicted crack width increases as reinforcement corrosion level
increases, agreeing well with the referred experimental results.

The residual bond strength of confined concrete predicted by the present analytical study is
plotted in Fig. 6 as function of surface crack width and compared with the published experiment
data obtained from various references (Rodriguez et al. 1994, Fischer 2010, Law et al. 2011, and
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Fig. 5 Analytical prediction of crack width versus corrosion level, compared with experimental
test results available from various sources
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Fig. 7 Analytical prediction of normalized residual bond strength versus surface crack width for
unconfined concrete, compared with experimental test results available from various sources

Li and Yuan 2013). In Fig. 6, the normalized residual bond strength is calculated by dividing the
ultimate bond strength of corroded element (Ty,) by the ultimate bond strength of non-corroded
element (Tu). The ultimate bond strength of non-corroded element is evaluated from Eq. (12),
where the corrosion level (X,), the corresponding corrosion depth (x) and crack width at rebar
surface (W) are taken as zero.

In Fig. 6, despite the lower value of normalized residual bond strength in predicted results at
the later corrosion stage, in general the predicted trend for residual bond strength deterioration of
confined concrete with respect to surface crack width agrees well with the available experimental
data. The lower value of normalized residual bond strength might be due to the difference in
material properties, concrete geometry and the rate of corrosion density adopted in this study,
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Fig. 8 Probability of failure of corroded RC structure versus corrosion level for various acceptable
crack width limits

compared with the actual data for various experimental investigations. At the initial stage of
surface cracking the bond strength is about 60% higher than that in the non-corroded stage. It
decreases considerably with further increase in surface crack width and lost 75% of initial strength
(non-corroded) stage when the surface crack width reaches about 1.5 mm.

The results of normalized residual bond strength versus surface crack width for unconfined
concrete predicted by the present analytical study are plotted in Fig. 7 and compared with the
published experiment data obtained from various references (Rodriguez et al. 1994, Almusallam et
al. 1996, Fischer et al. 2010, Law et al. 2011, and Banba et al. 2014). Here again, the trend of
bond strength deterioration with increase in surface crack width predicted by the present study is
in good agreement with the experimental investigation of the reference literatures. The residual
bond strength of unconfined concrete reduces with the increase in cover surface crack width,
which is similar to the case of confined concrete. But in the case of unconfined concrete residual
bond strength vanishes when crack width is about 1.5mm (ultimate cohesive value). This is due to
the absence of transverse reinforcement (stirrups) in unconfined concrete. Hence, the results from
Fig. 6 and Fig. 7 show that, at the same stage of surface crack width, unconfined concrete is more
vulnerable than confined concrete.

The deterioration of structural performance in terms of surface cracking of the concrete cover is
modelled as gamma process by considering the analytical results presented in Fig. 5. At first,
surface crack width (wg) is considered as an indicator of performance deterioration for the
serviceability of the RC structure and is adopted here to replace J, in Eq. (22). The lifetime
distribution of probability of failure (Ps) of the corroded beam is obtained from Eq. (22) for
different acceptable crack width limits, J,=0.3, 0.4 and 0.5 mm, respectively. The results are then
presented in Fig. 8 as a function of corrosion level. As expected, the probability of failure
associated with cracking of the concrete cover depends on the given acceptable crack width limit,
with a higher probability of failure for a lower acceptable crack width limit. The probability of
failure increases steadily with progress of corrosion and reaches approximately 50% when
corrosion level is approximately between 5% and 8%.
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Fig. 10 Probability of failure of unconfined concrete versus surface crack width for various
allowable bond strength deterioration limits

The deterioration of the structural performance associated with structural strength is now
represented by bond strength degradation. Here the analytical results of bond strength deterioration
in confined concrete presented in Fig. 6 is used for stochastic deterioration analysis as mentioned
in Eg. (22). As shown in Fig. 6 when surface crack width is close to 0.3mm, the residual bond
strength of confined concrete only maintains 65% of its initial (non- corroded stage) strength. This
corresponds to 65% of bond strength lost compared with bond strength at the onset of surface
cracking. In order to calculate the probability of failure associated with specific allowable bond
strength, maximum allowable limit of bond strength deterioration is considered as J, =60%, 65%
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and 70%, respectively. The results of probability of failure (Ps) of the confined concrete obtained
from Eq. (22) are shown in Fig. 9 for different allowable bond strength deterioration limits. Here
again, the probability of failure associated with bond strength deterioration depends on the given
allowable strength deterioration limit. For the same stage of surface crack width the probability of
failure is lower for the higher allowable deterioration limit.

Similarly, by considering the analytical results obtained from Fig. 7 for the unconfined
concrete, the results for probability of failure for unconfined concrete have been presented in Fig.
10. As shown in Fig. 7, when surface crack width is about 0.3 mm, the residual bond strength of
the unconfined concrete has lost approximately 70% of the original strength, at the onset of surface
cracking. Here similarly, maximum allowable limit of bond strength deterioration is considered as:
J =70%, 75% and 80%, respectively. The probability of failure associated with the bond
deterioration for different allowable limit increases steadily with increase in surface crack width.
As shown in Fig. 9, here again, unconfined concrete shows the highest probability of failure in
lowest allowable limit of deterioration and lowest probability of failure in the highest allowable
limit.

From the results of probability of failure shown in Fig. 9 and Fig. 10, it is clear that the
unconfined concrete has considerably higher probability of failure than the confined concrete
when the same predefined allowable limit and concrete cover crack width are considered.

5. Conclusions

This paper presents a new approach for evaluating the life cycle performance of corrosion
affected RC structures. At first, the bond strength deterioration caused by corroded reinforcement
and crack growth in concrete cover is evaluated by analytical investigations. The analytical results
for bond strength deterioration are then validated by experimental data available. Growth in
surface crack width with increase in reinforcement corrosion is discussed and its effect on bond
strength deterioration is analyzed. The behavior of confined and unconfined concrete with increase
in surface crack width is also investigated. Furthermore, by using the stochastic model on the
verified analytical results, the probability of structural failure associated with the surface crack
width and bond strength deterioration over the lifecycle of corrosion affected RC structures is
evaluated. The application of the proposed approach is illustrated with the numerical example.

On the basis of the results obtained from the numerical example, following conclusions are
drawn: a) The proposed approach can reliably predict the crack growth and residual bond strength
deterioration of the corroded RC structures; b) Bond strength decreases with increase in surface
crack width. At the same stage of surface crack width bond strength is reduced more in unconfined
concrete than in confined concrete. When surface crack width reaches its ultimate cohesive value,
the confined concrete still possesses about 25% of its initial strength whereas no residual bond
strength is observed in the unconfined concrete; ¢) The probability of failure of corrosion affected
RC structures during their life cycle depends not only on the predefined allowable limit of their
deterioration but also on the confinement of concrete; d) Structural reliability decreases with
increase of surface cracking and its corresponding bond strength deterioration. Thus, the proposed
approach is capable of assessing the life cycle performance of concrete structures affected by
reinforcement corrosion.
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