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Rebar corrosion caused by chloride ion ingression is a critical factor leading to
performance deterioration of in-service reinforced concrete (RC) structures
exposed to aggressive environments. This paper presents a new method to
evaluate the concrete crack growth, the bearing capacity degradation and the
lifetime performance deterioration for the corroded RC columns under small
eccentric compression. By analyzing the material degradation mechanism of
the corroded RC structures, an effective method is proposed to predict the
concrete crack growth and to estimate the residual bearing capacity of the
corroding eccentrically loaded RC columns. Then, the concrete crack width
and the load-bearing capacity deterioration rate are selected as structural
performance indicators to assess the lifetime performance of the corroding
RC columns. The stochastic gamma process is adopted for simulating the
evolution of structural performance indicators and estimating lifetime failure
probability and the remaining useful life of the corroding structures. Finally, a
numerical example is given to demonstrate the effectiveness of the proposed
methods for the lifetime performance assessment of the corroding columns.
The obtained results show that the residual bearing capacity and the lifetime
performance of the corroding RC columns can be significantly affected by rebar
corrosion level, load condition and in-service environments.

KEYWORDS

RC column, rebar corrosion, concrete cracking, residual bearing capacity, lifetime
performance assessment

1 Introduction

Reinforced concrete (RC) structures are one of the most widely used structural
forms in infrastructure construction. However, with the increasingly aggressive service
environment of the RC structures, the occurrence of premature degradation and the
failure of in-service RC structures become more frequent. Rebar corrosion caused by
chloride ion ingression in concrete is a key factor leading to premature failure of in-
service reinforced concrete structures (Balestra et al., 2019; Chen and Nepal, 2020).
The performance deterioration of the RC structures not only reduces the reliability and
safety of the structures, but also causes many serious issues, such as economic losses,
wasting resources and even casualties. For example, the Morandi bridge in the offshore
environment in Italy suffered a serious collapse accident due to severe corrosion of
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reinforcement and poor maintenance (Domaneschi et al.,
2020). Rebar corrosion causes the degradation of material
and further leads the
deterioration of the overall mechanical properties of the

and structural strength, to
structure. Therefore, it is necessary to develop a model for

the quantitative analysis of the mechanical property
degradation and the prediction of the remaining life of
corrosion-damaged RC structures, in order to avoid
premature failure and provide a scientific base for the asset
owner to determine the optimal repair strategy.

The effects of reinforcement corrosion on the performance
of RC structures have been investigated in many studies. The
process of rebar corrosion caused by chloride ion ingression in
concrete can be divided into two phases (Chong et al., 2013).
The first phase is the destruction of the passive film attached to
the reinforcement surface by chloride ions, and the second
stage is the expansion of corrosion. At the second stage, the
rebar cross-section area and the yield strength decrease as
rebar corrosion develops. Meanwhile, the corrosion product
continues to grow at the bond interface after the beginning of
rebar corrosion. Depending on the type of corrosion product,
the volumetric expansion can reach about 2-6 times the
original material, generating a hoop tensile stress in the
surrounding concrete (Chen and Nepal, 2018). The cracks
appear at the bond surface after the hoop tensile stress
exceeds the tensile strength of concrete, and propagate to
the concrete cover, leading to the deterioration of the rebar
bond strength (Zhang et al., 2019). In many analytical models,
the corrosion-induced concrete cracking is simplified as an
axisymmetric plane strain problem, and the propagation of
concrete cracks is predicted based on the thick-walled cylinder
theory (Chen and Xiao, 2012). After cracks connect each other,
the cover concrete peels off (Yu et al., 2017). In addition,
studies showed that rebar bond strength may increase at the
early stage of rebar corrosion and then deteriorate rapidly to a
low value with the growth of radial cracks (Chen, 2018). The
combined action of material and structural deterioration
consequently affects the bearing capacity of the corroding
RC structures.

Research has been undertaken during the last decade about
the residual bearing capacity and the remaining useful life of the
corroded RC structures. Yalciner et al. (2020) studied the
deterioration of mechanical properties of the corroded RC
beams by accelerating corrosion tests. Liu et al. (2017)
investigated the effect of longitudinal rebar corrosion on the
seismic behavior of RC moment-resisting frames by quasi-static
cyclic loading experiments. Meanwhile, Chen (2018) evaluated
the load-carrying capacity deterioration of the corroded
concrete beam and predicted the remaining useful life by
stochastic deterioration modeling. The results point out that
rebar corrosion degrades the bearing capacity of the corroded
concrete beam, shortens their remaining life, and changes the
structural failure mode. Biswas et al. (2020) proposed a
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the
behavior of non-uniform corroded RC beams. In addition, as

simplified numerical model to analyze structural
the main vertical bearing member and lateral force resisting
member, the corroded RC columns have been widely studied.
Wang and Liang. (2008) and Xia et al. (2016) investigated the
eccentric compression performance of RC columns under
different corrosion levels. The results show that the bearing
capacity of RC columns decreases with the increase in corrosion
level and eccentricity. Tapan and Aboutaha (2011) established
an analytical model to predict the residual bearing capacity of
the corroded RC columns under different degradation
conditions. Goksu et al., (2016) analyzed the influence of
reinforcement corrosion on the seismic behavior of RC
and theoretical studies.

columns through experimental

Moreover, probabilistic models have been utilized to
estimate the seismic fragility of the corroded RC columns
(Choe et 2010).

investigations focused on the mechanical properties of the

and bridges al., In general, most
corroded RC structures, and showed that many factors affect
the bearing capacity of the corrosion-damaged RC columns,
including the degradation of rebar capacity, concrete cracking
and spalling, rebar bond strength reduction, rebar buckling
(Imperatore and Rinaldi, 2019), the inconsistent stress-strain
relationship between the rebar and the surrounding concrete
(Tapan and Aboutaha, 2011), and the change of the concrete
compression zone height. However, the research on the
of the

compressed RC columns is limited. Many critical factors

mechanical properties corroded  eccentrically
were not quantitatively investigated, such as the loss of the
concrete cross-sectional area and the change of the compression
zone height of the concrete cross-section. Thus, it is necessary
to carry out in-depth investigations on the residual bearing
capacity of the corroded RC columns to predict the failure
probability and estimate the remaining service life of the
structures.

This article presents a model for assessing residual bearing
capacity and predicting lifetime performance of the corroded
RC columns based on the analysis of the material property and
the structural strength deterioration mechanisms. Many critical
factors have been considered in the proposed model to
quantitatively analyze the bearing capacity degradation of
RC columns at various corrosion levels, including the rebar
yield strength decrease and cross-section reduction, concrete
cracking, the change of the concrete compression zone height at
the early stage of corrosion, rebar bond failure, rebar buckling,
concrete cover spalling, and incompatibility between the rebar
and the surrounding concrete after the intensification of
corrosion. Then, the predicted results of crack evolution and
the bearing capacity deterioration are adopted as random
variables for estimating the failure probability and the
remaining life, based on the in-service situation of the
corrosion-damaged RC columns. Finally, the proposed

model for calculating the residual bearing capacity of the
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corrosion-damaged RC columns is verified by experimental
data available, and the failure probability and remaining useful
life are predicted reliably based on the current state of the
corroded RC columns.

2 Materials deterioration models

The corrosion of RC structures is commonly caused by
carbon dioxide or chlorides penetration, which degrades the
mechanical performance of RC structures during their
lifetime (Liu et al., 2017). Carbonization reduces the
alkalinity of concrete, producing relatively uniform
corrosion of rebar and accelerating concrete shrinkage as
well. Compared with carbonization, the penetration of
chloride ions generally results in localized corrosion of the
steel bars, which causes more severe hazards to the RC
structures, and the damage often occurs earlier. Therefore,
this paper focuses on the investigations on the effect of
chloride-induced rebar corrosion on the mechanical
properties of the RC structures.

After the chloride ion ingress into the concrete, the initial
corrosion of rebar occurs at the defective passivation film on the
surface of the steel bars, and then propagates with the destruction
of the passivation film in the aggressive environments (Balestra
et al, 2019). With rebar corrosion development, the yield
strength and the cross-sectional area of the steel bars decrease,
and the progressive expansion of the rust layer produces a hoop
tensile stress on the surrounding concrete, leading to the cracking
of the concrete cover. After cracks connect each other, the cover
concrete peels off. By analyzing the corrosion-induced material
degradation mechanism, the deterioration models of the
materials can be constructed, including the rebar corrosion

and the cracking and spalling of the concrete.

2.1 Rebar corrosion

Rebar corrosion consumes original materials, and generates
much lighter rust products with poor performance (Chen, 2018).
The mass of steel consumed Am by the corrosion growth of the
reinforcement (Chong et al., 2013) is generally calculated from

Dy Aiopp st

Amg = 1
" ZFZF ()

where Dy, is the diameter of the uncorroded rebar; A is the atomic
weight of the iron corroded, taken as A = 55.85 x 10~* kg/mol;
icorr is the mean annual corrosion current per unit length at the
surface area of the rebar; t is the duration of corrosion; m;, is the
time conversion constant, taken as m, = 3.1536 x 107; Zg, is the
anodic reaction coefficient, given by Zg, = 2, and F is Faraday’s
constant. For the corroded concrete structures, the corrosion
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FIGURE 1
Concrete cover cracking evolution model caused by rebar
corrosion.

level X is typically expressed by the ratio between the consumed
rebar mass Am, and the original rebar mass m,, defined here as

AA,  4Aig,mit

B Amg
- AO B ZFersDb

X (2)

My
where AA; is the loss of the cross-sectional area of the corroded
rebar; A, is the area of the uncorroded rebar, and p; is the density
of steel, taken as p; = 7,800 kg/m>. Rebar corrosion leads to the
reduction of the yield strength and cross-sectional area of the
rebar, which also causes the degradation of rebar strength. At the
earlier corrosion stage, the residual bearing capacity of the
yielding rebar F;. can be given by

Fy = fycAsc (3)

At the corrosion level X, the residual yielding strength of the
corroded rebar f,. can be estimated from f,=(1-yX)f,0, in which y
is the influence coefficient of nonuniform corrosion estimated
from the test (Du et al., 2005), taken here as 0.5; fyo is the yielding
strength of the uncorroded rebar, and the residual area of the
corroded rebar A, can be calculated from A,.=(1-X)A,.

2.2 Concrete cracking

The cracking and spalling of the concrete cover is the most
severe consequence caused by rebar corrosion, which is also a
significant visual indicator to measure the serviceability and the
performance deterioration of the RC structures. Typically, the
development of the concrete cracking affected by rebar corrosion
can be divided into three phases, including crack initiation at bond
surface, crack propagation through concrete cover and complete
cracking of the concrete cover (Chen and Alani, 2013). The thick-
walled cylinder model is frequently chosen to analyze the cracking
evolution (Liang and Wang, 2020), as shown in Figure 1. Due to
different types of corrosion products, the ratio &, between the
volume of the corrosion products and the volume of the original
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FIGURE 2

Reduction of concrete cross-sectional area of corroded RC columns.

steel bar consumed can range from 2 to 6 times (Chen and Nepal,
2018). To accommodate the increase in volume per unit length
AV,= (£,-1)AA,, the radial displacement at the bond interface i, is
generated, expressed here as

iy (X) = AV, [ (nDy) = (§, - 1)DpX /4 4)

The linear softening model of cracking concrete, described in
Chen (2018), is adopted in the present study to quantify the crack
growth in the concrete cover surface. In the linear softening
model, the actual crack width w.(X) on the concrete surface is

w. (X)) =n, W &<

estimated by the radial displacement 7, expressed as
Ecﬁb (X )
’7w u ft

ft e >

where W, is the normalized value of the ultimate cohesive crack

®)

width, it could be evaluated from the maximum aggregate size of
concrete materials, with typical values of W,, = 0.1-0.3 mm (fib,
2010); Gyis the fracture energy of concrete; f, is tensile strength of
intact concrete; E, is modulus of elasticity for intact concrete, and
coefficients n,, and n, are defined, respectively, as

Ny = 1/ ( (lO -Ry)(1-R. (ZO - Rc)a(Rm Ry)))
n. = R, + R, (lo - Rh) (l() - RC)S(RC’Rb)

(6)
™

where [, is defined as I, = nW,l,/(2m), in which I, is
characteristic length I, = E.G/f;’ and the total number of the
cracks in the cover is estimated from n.~2nR./L. in which the
spacing of crack bands L. is approximately three times the
maximum aggregate size; R. = R, + ¢, in which R, is the
radius of reinforcement, and c is the concrete cover thickness.
The crack width coefficient (R, R}) is defined as

R - R, 1, Rello — Ry|
lo(lo = Re)(lo = Re)  I§ " Rolly = R|

O(Re, Ry) = ®)

The corrosion-induced concrete cracking caused by the rust
expansion often propagates with multiple cracks simultaneously,
and the cumulated crack width w over the cover can be calculated
by w = nw/(X).
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2.3 Concrete spalling

As a major part of bearing the compressive loads, the
reduction of the concrete cover may significantly affect the
residual bearing capacity of the corrosion-damaged RC
columns, as shown in Figure 2. In this paper, the damaged
concrete cross-sectional area of the corroded column is
by the
rectangular cross-section, as shown in Figure 2B.

simplified in calculations adopting equivalent
Based on the simplified equivalent rectangular cross-section,
the residual size of the corrosion-damaged concrete cross-section

can be calculated from the crack width of the concrete surface w,

L w
¢, = min c?c

bo=b-c-c¢;h.=h-c,—cy4

namely

®
(10

where ¢, is the loss of the concrete cover thickness after corrosion
damage; T'is estimated from the load-carrying capacity test of the
corroded RC column, which is the total crack width on the
concrete surface when the concrete cover is completely spalling,
taken here as T = 0.003m (Hui et al., 1997); h. and b, are residual
depth and width of the concrete cross-section, respectively; h and
b are the original depth and width, respectively; ¢, ¢,, ¢, and ¢, are
the loss of the concrete cover thicknesses on the left, right, upper
and lower sides of the concrete cross-section, respectively,
obtained from Eq. 9. In addition, it is worth noting that the
loss of the concrete cross-section will also cause the change of the
height of the concrete compression zone.

3 Deterioration models of structural
strength

Many factors, including the capacity deterioration of rebar,
the poor performance of the rust layer, and the cracking and
spalling of the concrete, largely affect the structural strength of
RC columns. With the combined action of rebar corrosion and
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concrete cracking, the bond strength of the tensile rebar and the
surrounding concrete degrades. When the rebar anchorage
the the
incompatibility of the stress-stain relationship between the

failure occurs before tensile rebar yielding,
rebar and the surrounding concrete needs to be considered. In
addition, the probability of buckling of the compressive steel bars
gradually increases due to the concrete spalling and the steel
stirrup corrosion. In this section, the deterioration models of
structural strength are constructed based on the deterioration

models of the RC materials.

3.1 Rebar bond strength deterioration

The intact bond strength between the rebar and the
surrounding concrete is the key factor to ensure that the steel
bars and the concrete work together. With the progression of
rebar corrosion, the rebar bond strength may experience a
significant decline caused by the rust expansion and the
cracking and spalling of the concrete, and then maintain a
reduced value due to the confinement from the steel stirrups
around the longitudinal rebar. Chen (2018) provides a simplified
model to estimate the rebar bond deterioration by considering
the effect of the stirrups and the concrete cracking. The simplified
model proposed by Chen (2018) is adopted here to estimate the
residual bond strength 7,,, expressed here as

¢ = ) D, /(Dy + 4w (X))

Tuo

1m

where {(X) is the residual bond strength ratio; 7, is the ultimate
bond strength of the rebar with intact concrete, and A, is the
coefficient estimated from rebar bond strength experiment taken
as A, = 15-20 (Cairns et al,, 2006). In general, the deformed bars
have greater residual bond strength than plan bars. For RC
columns with a relatively high corrosion level, the failure
modes of tensile rebar may shift from yielding in tension to
rebar bond failure due to the insufficient bond strength. When
the rebar anchorage failure occurs before the tensile rebar
yielding, its bearing capacity with bond deterioration F,, can
be determined by the residual bond strength, and then the load-
carrying capacity of the steel bar is rewritten from Eq. 3 as

FMX = ﬂDcluTux (X) (12)

where [, is the development length, and D, is the residual
diameter of the corroded rebar, calculated from D._ Dy(I-X)
%>, When the rebar bond strength is intact, the stress-strain
relationship between the tensile rebar ¢, and the surrounding
concrete &, is consistent, i.e., &, = &,.. After rebar bond failure, the
corroded rebar may slip after the load, and the strain of the
concrete &, could be greater than the strain of the rebar ¢,
i.e., & > &,. Here, the interpolation factor G(X) is introduced to
establish a new deformation coordination equation between the
tensile rebar and the concrete after bond loss, i.e., &, = &,/G(X)
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(0 £ G(X) <1), where the factor G(X) (Wang and Liu, 2009) is
estimated from

_ 2 (5emi - 8start)Yx (X) (13)
tan (17.5°)&epgLup

ﬁ _ 2L, ft
Luh Lub

G(X) =

where the initial and final strains are taken as &4,,+ = 0.002, &.,,4 =
0.006, respectively (Ho et al., 2004); Y, is the compression zone
height of the concrete cross-section; L, is the length of the
equivalent plastic section (Daniell et al., 2008); Ly, is the length
of the equivalent softened section, and L, is the unbonded length
of the tension steel bar. Thus, the strain relationship between the
steel bar and the concrete becomes ¢, G(X)e,.

3.2 Buckling of longitudinal rebar

The intact concrete and uncorroded steel stirrups provide
supports for the longitudinal rebar to fully bear the loads. In
general, the corrosion level of steel stirrups is often greater than
that of longitudinal bars due to the thinner concrete cover of the
steel stirrups (Wang and Liang, 2008). With the growth of
the of the
longitudinal rebar increases due to the stirrup corrosion and

corrosion, probability of buckling failure
the concrete cover spalling. Therefore, the residual bearing
capacity of the corroded longitudinal rebar in compression
can be determined by the smaller value of the rebar yield
strength and buckling strength. The critical buckling stress f,
can be obtained by using Euler’s formula, namely

for =M Ecl (L2, - Ax) (14)
where the inertia moment of the corroded reinforcement I, is
calculated from I,._nD.*/64; E,. is the elastic modulus of the
corroded longitudinal bars, and the initial value E, can be taken
since rebar corrosion has no obvious effect on the elastic
modulus; L, is the laterally unbraced length of the structural
member taken as L, = ns, in which s is the stirrup spacing, and n
is the order of the compressed longitudinal rebar if the
deformation of the corroded steel bar crosses (n-1) stirrups.

4 Residual load-bearing capacity

For an eccentrically loaded RC column, as shown in Figure 3,
the structural member is subjected to the combined action of axial
load N and bending moment M. In general, the failure types of
eccentrically loaded columns can be divided into two groups by the
transition eccentric distance e ie., large eccentric compression
failure (e > ¢;) and small eccentric compression failure (e < e;).
According to the degradation models of materials and structural
strength, the residual compression zone height of the concrete cross-
section and the bearing capacity deterioration of the corrosion-
damaged RC columns under small eccentric compression are
discussed in this section. At the early stage of corrosion, the
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effect of key factors, such as the loss of rebar yielding strength and
cross-section area, concrete cracking, and the change of concrete
compression zone height, on the bearing capacity of the columns
should be taken into account. With the progression of corrosion, the
influence of critical factors, such as the incompatibility between the
rebar and the surrounding concrete, concrete cover spalling, and
rebar buckling, on the bearing capacity of the corroded columns
needs to be considered. Here, the residual bearing capacity N, of
the corroded eccentrically loaded RC columns with small
eccentricities is analyzed based on the degradation models of
materials and structural strength, expressed here as.

N“X = alﬁlefCYx (X) + Fszx - st (15)
Nux (e + h/2 - aS) = alﬁlefCYx (X)<h0 - X~ ﬁlY;(X)>
+ Fszx(ho - a;)
(16)

where a; is the coefficient taken as 1 (fib, 2010); Y, is the
compression zone height of the concrete column obtained from
Y,=y./f31, in which f3; is the coefficient taken here as 0.9 (fib, 2010);
¥y 1s the equivalent compressive zone of the concrete; h is original
depth of the concrete cross-section; b, is residual width of the
concrete cross-section after concrete cover cracking, calculated
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from Eq. 10; f. is the concrete compressive strength; F,, and F,, are
the bearing capacities of the near loading side rebar and the far
loading side rebar, respectively; e is the eccentricity of the applied
load defined as e = e,+e,, in which e, is the additional eccentricity
and e, is the load eccentricity; hy is the effective depth of the
column given by hy = h-a,, in which a, and a’; are the distances
from the centroid of the far loading side rebar and the near loading
side rebar to edge of the concrete cover, respectively; x. is the
average loss of the concrete height in the compression zone taken
as X, = ¢, in which ¢, is calculated from Eq. 9; ¢ is the strain of
compressive concrete (€.<¢.,), and ¢, is the ultimate compressive
strain of the concrete (fib, 2010).

4.1 Case with eccentricity e = 0

In the case of the eccentricity e = 0, the RC columns bear the
concentric compressive load, and the whole concrete cross-
the
compression zone height Y,(X) is estimated from the residual

section is in compression. Therefore, concrete
height of the concrete cross-section, taken as Y,(X) = h.. The
residual bearing capacity of all steel bars affected by corrosion is
governed by the smaller values of the rebar yield strength and

buckling strength, namely
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Fszx = min (fcn fy;)A;c
st = min(fcr) fyc)Asc

17)
(18)

where f,. and f’, are the residual yield strengths of the far loading
side rebar and the near loading side rebar, respectively; A, and
A’y are the residual cross-sectional areas of the far loading side
rebar and the near loading side rebar, respectively; f., is the
critical buckling stress of rebar, calculated from Eq. 14.
Consequently, the bearing capacity N, of the corroded
concentrically loaded columns can be calculated in Eq. 15 by
using the rebar capacity and the compression zone height of the
concrete given above.

4.2 Case with eccentricity O<e < g;

In the case of the RC columns under small eccentric
compression (0 < e < ¢;), the near loading side rebar yields
under compression, and the far loading side rebar may be in
tension or in compression. By calculating the residual bearing
capacity of the steel bars and the compression zone height of the
concrete cross-section Y, (X), the residual capacity of the
corroded columns N, with the corresponding eccentricity e
can be obtained. In order to accurately analyze the loading
condition of the far loading side rebar, the transition
condition of small eccentrically loaded columns should be
considered here, i.e., e = e/

4.2.1 Case with eccentricity e = e5/»

In the case of e = ey, the rebar bearing capacity F;,
becomes F;, = 0. Meanwhile, the near loading side rebar
yields under compression, and the bearing capacity of the
steel bars F,,, can be obtained from Eq. 17. According to the
stress-strain relationship shown in Figure 3C, the concrete
compression zone height can be defined as Y, (X) = hp-x,,
and then the critical eccentricity of the RC column with
small eccentricity e,;/, can be calculated from

aBybe fe (ho—xc) (ho = xc = By (ho = x) [2) + Fezu (o — )
alﬁlbcfc (hO_xc)+Fszx
—h/2+u5

Based on the transition condition of small eccentrically

€12 =

19)

loaded columns, two cases are discussed in detail: 1) 0<e <
€s1/2 1.e., far loading side rebar under compression; 2) e;.<e < e;,
i.e, far loading side rebar in tension.

4.2.2 Case with eccentricity O<e < eg/»

In the case of 0<e < e,;,», all steel bars of the column are under
compression. The strains of the near loading side rebar ¢, and
the far loading side rebar ¢, can be expressed as
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Y (X) +xc—ho

Y. (X)+x.—a, (20)

Eox/Eszx =

Based on the stress-strain relationship and the stress state of

the rebar, the residual bearing capacity of the near loading side
rebar F,,, can be also calculated from Eq. 17, and the residual

bearing capacity of the far loading side rebar F, can be
rewritten as

Y (X)+x.— ho
AT e 70 21
Y, (X)+x.—a 1)

s

st = min(fcrs flvc)

4.2.3 Case with eccentricity eg;/o<e < g;

In the case of e;;,<e < e, the near loading side rebar is under
compression, and its residual capacity F., can be evaluated from Eq.
17, and the far loading side rebar is in tension. In the early stage of
rebar corrosion, the stress-strain relationship between the tensile
rebar and the surrounding concrete is nearly consistent due to the
effective rebar bond strength. However, due to rebar bond strength
deterioration, the rebar anchorage failure occurs before the tensile
rebar yielding, which causes incompatibility of the stress-strain
relationship between the far loading side steel bars and the
surrounding concrete. Thus, when e p<e < e, two cases,
i.e., effective rebar bond and rebar bond failure, should be considered.

In the case with effective rebar bond, the far loading side
rebar is in tension, and the capacity of the corrosion-damaged
rebar on this side can be obtained from the consistent strain
relationship due to the effective bond of the tensile rebar.
According to the consistent strain relationship shown in
Figure 3D, the rebar strains of the near loading side e, and
the far loading side ¢, can be expressed as

ho —x. - Y, (X)

Y. (X)+x.—a, (22)

€ Eex =

Then, the bearing capacity of the steel bars away from the
axial load Fsx is expressed by

hy — x. - Y, (X)

Y. (X)+x.—a, (23)

F,. = min(fc,,f;,)ASE

In the case of rebar bond deterioration, when the rebar
corrosion reaches a high level, the concrete strain &, is greater
than the rebar strain ¢, on the far loading side, as shown in
Figure 3E. The new deformation compatibility equation between
the tensile rebar and the surrounding concrete can be obtained by
introducing the interpolation factor G(X), namely ¢, = £,/G(X).

Then, the strain relationship between the near loading side rebar
&5, and the far loading side rebar ¢, is modified here as
0~ Xc —

bufene = GO X )

(X)) +x.-a, (24)

where G (X) = gyfix), inwhich g = %‘;gj Based on the rebar
stress states, the bearing capacity of the far loading side rebar Fi,

can be calculated from
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hy — x. - Y, (X)

F.. =G(X) min(fm f’yc)Ascm

(25)

In conclusion, when 0<e < ¢;, the residual bearing capacity of
the corroded steel bars can be calculated by combining the
degradation models of RC materials and structural strength
and the stress-strain relationship. Consequently, the bearing
capacity of the corrosion-damaged columns N,, can be
evaluated by substituting the rebar bearing capacity and the
eccentric distance e into Eqgs 15, 16.

5 Stochastic deterioration modeling

The performance deterioration of RC structures develops
with time due to the combined action of many factors, such as
operation environments and load conditions. However, these
factors are usually uncertain, which leads to the randomness
of the performance degradation process of in-service RC
structures. In order to accurately evaluate the failure
probability and residual life of existing RC structures, it is
necessary to select appropriate stochastic deterioration
models and random variables of the corroding structures
(Chen, 2018). In the stochastic deterioration modeling, the
value of the allowable deterioration limit is determined by the
service environments and requirements. After a certain indicator of
the structure degrades to the allowable deterioration limit, the
structure is considered as failure. For the corroding RC
structure, the corrosion-induced concrete crack width and
bearing capacity deterioration rate is often chosen as the
random variables for the stochastic deterioration model because
of their uncertainties in development with time (Chen and Alani,
2013; Chen and Nepal, 2020).

As a stochastic process with independent and non-negative
increments, the gamma process is suitable for simulating the
progressive damage accumulation over time. The gamma process
has been widely used for probabilistically undertaking structural
performance assessment and remaining life prediction (Van
Noortwijk, 2009). Based on the definition of the gamma
process (Van Noortwijk and Frangopol, 2004), the probability
density function (PDF) of the random variable S can be
expressed as

M(f)
L(n(1)

0, elsewhere
(26)

§1O-172 >0

>

Fsw () =Ga(Sln(t),A) =

where A is the scale parameter with A > 0 and can be estimated
from the maximum likelihood method by maximizing the
logarithm of the likelihood function of the increment of the
parameter (Edirisinghe et al., 2013), and I'(#(t)) is the gamma
function defined as
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I(n@®) = J:O VIOt dy (27)

in which n(¢) is the shape function and can be calculated from the
expected random variable S over time ¢, given by

n(t) = AS(¢) (28)

According to the serviceability and durability requirements
of the corroded RC structures, the crack width on the concrete
surface can be chosen here as the random variable for the gamma
process, taken here as

Su) = LU(t), Swl =w (29)

where the concrete crack width w can be estimated by the
equation given in Section 2, and w; is the allowable crack
width of the concrete surface with a typical value of w; =
0.3mm for aggressive environments. By considering the
ultimate limit state requirements of the corroded RC columns,
the bearing capacity deterioration rate is selected here as random
variable for the gamma process, namely

SN = (NuO _Nux (t))/NMOa
Sni = Nul/Nuo (30)

where N, is the ultimate bearing capacity of intact RC columns;
N,.x is the residual bearing capacity of the corrosion-damaged RC
columns, discussed in Section 4; N, is the allowable deterioration
value of the corroded RC columns.

In order to predict the lifetime structural performance
deterioration process from time 0 to T (T > 0), the gamma
sequential sampling (GSS) approach (Avramidis et al., 2003)
is utilized here for simulating the stochastic growth process
in concrete cracks and the bearing capacity deterioration
rate. First, the period between 0 and T is equally divided into
wtup tyyand t,, = nAT = T, where n
is a positive integer and AT is the fixed time interval. Then,

a series of time, 0, t;, t5, . .

the increment §; of the random variable S at each time
interval follows the character of the gamma distribution,
i.e., 8; ~Ga (8| n(#,)-n(ti.;), A). And the cumulative increment
by gamma process at time f; can be calculated from
S(t;) = Y0

Assuming that the concrete crack width and the bearing
capacity deterioration rate of the corroding RC structures reach
the corresponding deterioration limit S; at time Tj the failure
probability associated with the serviceability and ultimate limit
state requirements can be obtained from the gamma density
function in Eq. 26, expressed as

F(t)=P(£T;) =P(S(t)’S)

(> _T(n(),SIA) (31)
- | g 150 O =00 )
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FIGURE 4
Design details of the corroded RC columns tested by Wang and Liang (2008) (dimensions in mm).
TABLE 1 Estimated parameters of concrete materials.
. 2.5 T T T
Parameter Symbol  Evaluation Value >  Alonso, et al, 1998,
X Vidal et al., 2004.
Tensile strength fi 0.69(f)"* 4.45 MPa 2.0 + Coronellietal,2013. A
. . ® Banbaetal, 2014.
67 > °
Design bond strength fod 0.315(f,)"° 3.82 MPa E e Khanetal, 2014, ®
Modulus of elasticity E, 4,400(f,)"°"° 30.09 GPa g i3 Present prediction. o
~ 1. [} —
Fracture energy Gy Gpo (fem/ fomo)®” 81.24 N/m =
=]
Ultimate crack width Wy ar G/lf; 0.13 mm z
Critical crack width Wer kGyf. 0.05 mm % 1.0 -
=
Total number of the cracks e 21 R/L, 4 c
0.5 B
where I' (#(t), x) is the upper incomplete gamma function,
defined as T“(7(t),x) = © y1®O-1g=vdy From the obtained 0.0 I
as T (0,0) = [ 10 e v | oo 0 5 10 15 20
probability of failure, the lifetime reliability associated with Corrosion level (%)
the random variable S is given by
FIGURE 5

' ((t),SiA)

RO =1=FO==10 1)

(32)
where I (n(t),x) is the lower incomplete gamma function,
defined as I (n(t),x) = _[;:X VIOl dy,  The expected
remaining useful life T,,; associated with the random variable
S of the corroding structure that is still surviving at the elapsed
time T, is estimated from

Ty = ro R(t)dt (33)

Tm
The given allowable limit S; of the chosen random variable S
has a significant influence on the remaining life T,, of the
corroding RC structures.

6 Numerical example

A typical corroded RC column, described in Wang and Liang
(2008), is now used to demonstrate the effectiveness of the
proposed methods. In the given experiments,

partially
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Predicted crack width on the concrete surface versus rebar
corrosion level, compared with experimental data available from
various sources.

corroded RC
investigated, where the partial corroded lengths L,, were

columns under eccentric loading were
350 and 700 mm, respectively, and the eccentric distance of
50 mm was chosen for the corroded RC columns to represent
the applied load with small eccentricity. The design details of the
corroded RC columns tested by Wang and Liang (2008) are
shown in Figure 4. The specimens had a length of / = 1,300 mm,
with a rectangular cross-section of height # = 200 mm and width
b = 200 mm. Two steel bars of a diameter of 18 mm were
embedded into the far loading side and near loading side of
the column, respectively, with the yield strength of fj
397.5 MPa and the modulus of elasticity E; = 200 GPa. The

stirrups consisted of the plain steel bar with a diameter of 8 mm,

spacing at 100 mm in the center part. The concrete columns had
an average clear cover thickness of 30 mm, with the average
actual compressive strength of f. = 41.5 MPa. By assuming that
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FIGURE 6

Simulated concrete crack growth process by gamma
sequence sampling (GSS) with various values of scale parameter A,
compared with the predicted concrete crack width evolution.
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FIGURE 7

Failure probability associated with concrete cracking
evolution for various allowable crack width limits.

the loading point during the test is accurate and the structural
quality is consistent, the additional eccentricity can be taken as
e, = 0. The RC columns were short ones with the assumption of
without initial imperfection for compression, and the second-
order effect on the RC column can be ignored.

The RC material and structural strength degradation models
proposed in this paper are employed for the tested RC columns.
According to the test data available, the parameters required for
the proposed models are estimated by using the relevant method
(fib, 2010; Chen and Alani, 2013), summarized in Table 1.
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FIGURE 9

Predicted remaining useful life over time due to corrosion-
induced concrete cracking with various allowable crack width
limits.

The predicted results in Figure 5 are the propagation of the
crack width on the concrete surface as corrosion level increases.
The predicted results are compared with the experimental data
from various studies (Alonso et al., 1998; Vidal et al., 2004;
Coronelli et al., 2013; Banba et al., 2014; Khan et al., 2014). From
the results in Figure 5, the crack appears on the concrete cover
surface at the corrosion level of nearly 1%, and the predicted
crack width reaches approximately 0.3 mm at the corrosion
level of 4%.
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TABLE 2 Comparison of the predicted residual load capacity of the corroded RC column with experimental data available.

NO. Specimen bxh f. (MPa)
(mm)
fc»cor fc—unc
) ZXY700-1 205 x 195 40.0 453
) ZXY350-2 204 x 200 40.0 453
®3) ZXY350-3 204 x 204 40.0 453
(4) ZXL700-1 206 x 198 38.4 431

e Xmax (%) Nexp N.a *Relative
(mm) (KN) (KN) error
*T *C
535 0.00 242 741.2 870.3 0.174
53.9 1.62 5.59 696.5 657.5 -0.056
46.0 4.92 8.45 613.1 608.5 -0.007
51.0 2.14 432 756.5 798.6 0.056

Note: *T, corrosion level of the far loading side rebar; *C, corrosion level of the near loading side rebar; and *Relative error: (Near-Nexp)/Nexp-

L5 T T T T T
—_— =X=0%
e = =50
12 - . = -X=10% _
| =—==X=15%
& -== X=20%

09 ~ \L‘. P Test data, Wang et al, 2008.
2 T = o + X=0%, Tapan et al., 2008. |
S ~o * o X X=10%, Tapan et al, 2008.
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FIGURE 10
M-N interaction diagram for the corroded RC column at
various corrosion levels.

In Figure 6, the stochastic growth process of the concrete
cracks is simulated by gamma sequence sampling (GSS), where
the value of scale parameter A is assumed to be 1, 10, 20, and 50,
respectively. The simulated crack width growth is then compared
with the predicted results from the proposed crack width
evolution model. From the results, the simulated process of
concrete crack growth consists of a series of small growth
segments with different lengths, and generally matches the
predicted results from the proposed model, especially in the
cases with the scale parameter A = 20.

The failure probability of the corrosion-induced concrete
cracking is modelled by the gamma process, where the crack
width on the concrete cover surface is selected as a random
variable for evaluating the serviceability and durability of the
corroded RC structures. The results of the failure probability as a
function of corrosion level are shown in Figure 7 for different
values of allowable crack width on the concrete cover, where
allowable crack width ranges from 0.2 to 0.6 mm. As expected,
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with the development of rebar corrosion, the failure probability
associated with concrete cracking increases for any given
allowable limit. By comparing with the larger value of
allowable crack width, the failure probability increases more
rapidly for the smaller limit of allowable crack width. The
failure probability reaches 50% when the predicted crack
width equals the given value of allowable crack width.

Figure 8 shows the results for the predicted remaining life
over time associated with the corrosion-induced concrete
cracking, where the remaining useful life of the RC structure
is related to the serviceability requirements. In Figure 8, to
investigate the effect of corrosion rate on the failure
probability of the corroded RC structure, various values of
corrosion rate are adopted, corresponding to the low-to-high
corrosion intensities, ie, 0.3, 0.5, 1, 3, 5uA/cm’ and the
allowable crack width is taken as 0.3 mm. The results of the
remaining service life over the elapsed time are shown in Figure 9
for different allowable limits ranging from 0.2 to 0.6 mm in the
case with iy, = 1uA/cm? From the obtained results, the
remaining service life of the corrosion-damaged structures
largely depends on the service environment and the allowable
crack width on the concrete cover surface. At the corrosion rate
icorr Of 1uA/cm?®, the remaining service life is estimated as
1.1years at the age of 20years when the allowable crack
width is taken as 0.3 mm.

In Table 2, the residual load capacity of the corroded RC
columns is estimated from the proposed models and compared
with the experimental results given by Wang and Liang (2008).
From the obtained results, the relative error (Nca-Nex)/Nexp
ranges from —0.056 to 0.174, with a mean absolute value of
0.073 and a variance of 0.0099, indicating good agreement with
the experimental results. In general, the predicted results are
slightly larger than the test results, which are probably caused by
the inaccurate measurement of loading point and the variation of
concrete compressive strength.

From the results obtained above, the moment-axial force
(M-N) interaction curves of the corroded RC column at various
corrosion levels are investigated, and then compared with the
experimental data in Wang and Liang (2008) and the calculated
results in Tapan and Aboutaha (2011), as shown in Figure 10.
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FIGURE 11

Simulated bearing capacity deterioration rate growth by gamma sequence sampling (GSS) with various values of scale parameter A and different

eccentricities.

The present results of the M-N interaction diagram at various
corrosion levels appear better in agreement with the existing
experimental data, which is mainly due to the improved models
with considering concrete cross-section area reduction and
concrete compression zone height variation. From the
results, the bearing capacity of the corroded RC column

under axial compression (e 0) and small eccentricity
compression (e < e;) decreases significantly at the corrosion
level between 0-10%, which is caused by the loss of the concrete
cross-section and the decrease in the concrete compression
zone height.

The results in Figure 11 show the stochastic deterioration

process of the bearing capacity of the corrosion-damaged RC
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columns based on the Gamma sequence sampling (GSS), where
the value of scale parameter is taken as 1.0, 10.0, 20.0, and 50.0,
respectively. The results of the stochastic deterioration process of
the corroded RC columns with the eccentricities e = 0, 50, and
80 mm are given, respectively, and compared with the calculated
results from the proposed models. When the corrosion level
reaches 6%, the residual bearing capacity of the corroded RC
columns reduces to about 25%, 31%, and 34% of its original
ultimate capacity for the eccentricities of e = 0, 50, and 80 mm,
respectively. From the results, the bearing capacity deterioration
of the corroded RC column is more significant in the case of
relatively large values of the eccentricities. As shown in Figure 11,
the simulated bearing capacity deterioration rate growth
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FIGURE 12

Predicted failure probability of the corroded RC columns under different loading conditions for various allowable deterioration limits Ny,.

generally matches the predicted results from the proposed model
with a better agreement in the cases with the scale parameter A =
10 and 20.

From the predicted results of the bearing capacity
deterioration, the failure probability of the corroded RC
columns with various eccentricities, ie., e = 0, 50, 80 mm, is
obtained for different allowable deterioration limits N,,;, as shown
in Figure 12. The allowable deterioration limits represent the
thresholds of the capacity deterioration for the ultimate limit
and three cases with the allowable
of 0.2N,y, 0.3N, and 0.4N,,
considered here. From the obtained results, both the eccentric

state requirements,
deterioration limits are
distance and the allowable deterioration limit have a significant
influence on the failure probability of the corroded RC columns.

As expected, with rebar corrosion development, the probability
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of failure increases faster for the smaller value of allowable
deterioration limit and the larger value of the eccentricity.
Furthermore, the failure probability has a shape increase at
the corrosion level of approximately 6% in Figures 12B,C,
mainly due to the bond strength loss of the tensile rebar.
From the obtained failure probability of the corroding
columns, the remaining useful life associated with the bearing
capacity deterioration is investigated, where the allowable
deterioration limit N,; ranging from 0.2N,, to 0.4N,, and
the
remaining useful life is predicted for the columns under

corrosion rate of 1uA/cm? are considered. Here,
various loading conditions, including eccentricity e = 0, 50,
and 80 mm, as shown in Figure 13. From the results, the
remaining useful life of the corrosion-damaged RC columns

largely depends on the given allowable deterioration limit. In
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Estimated remaining life of the corroding columns under different loading conditions for various allowable deterioration limits N,.

the case with the allowable deterioration limit of N,;; = 0.3N,,, the
remaining useful life of the corroded column with an eccentricity
of e = 0 mm is about 16 years if the structure is still surviving at
age of 20 years, while the remaining useful life of corroded
column with eccentricities of e = 50 and 80 mm is approximately
10 and 7 years, respectively.

To investigate the effect of corrosive environments on the
remaining useful life associated with the bearing capacity
deterioration, various values of the corrosion rate are selected
with the allowable deterioration limit of 0.3N,, where the
corrosion rate is taken as 0.3, 0.5, 1, 3, and 5uA/cm?
respectively, as shown in Figure 14. Meanwhile, three cases of
eccentricities are chosen to demonstrate the influence of the
eccentric distance on the remaining useful life of the corroded
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columns, i.e., e = 0, 50, 80 mm, respectively. From the results in
Figure 14, the corrosive environments and the eccentric distance
of the RC column significantly affect the remaining useful life of
the structure. The remaining useful life has a sharper drop when
the corrosion rate becomes higher. In Figure 14A, due to the loss
of concrete cross-section area and the reduction of rebar capacity,
the remaining useful life of the corrosion-damaged concentrically
loaded column decreases to about 8 years if the structure still
survives after 60 years in the case with corrosion rate of 0.5 uA/
cm’. By comparing with the concentrically loaded column, the
remaining useful life of the eccentrically loaded RC column has a
lower value at the same corrosion rate, mainly due to the various
damage evolutions under different loading. For the eccentric
distance of e = 50 and 80 mm, the remaining useful life of the

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.926259

Chen et al. 10.3389/fmats.2022.926259
A 80 T T T B 80 T T T
~ ico)-r:0‘3uA/CIn2' Crond — im,_,:0.3uA/cm2.
1l
§ — —i,,=0.5uA/cm’. E; — =i, =0.5uA/em’.
E 60 £ — =i, ~luA/em?. 7] g 60 - — - =i,,~luA/cm’.
g e N —-= i, =3uA/em’. § N — == i,,=3uAlcm’.
¢ ~ ===-i_ =5uM/cm’. N N —==-i, =SuA/em?.
S 40 F N 1 s S -
) N o
2 N N = h
80 * N
E A N > ~ .Eﬁ AR ~
520+ s o 4 20 N e .
£ S ~ g e ~
) N ~. ~ ) ~ ~
& N~ ~. ~ & N e ~
oA S~ =~ A Mo S~ ™
L e e— e SO S - e
0 ) e L PP e -~ 0 ~ e oL P D T | -
0 20 40 60 80 0 20 40 60 80
Elapsed time (year) Elapsed time (year)
Eccentricity e=Omm Eccentricity e=50mm
c 80 T T T
= —i_,=0.3uA/cm’.
S & — —i,,=0.5uA/cm’.
E —se imWZIuA/cmz.
% N " — == i,,~3uA/em’.
e = 2
% a0 L N N i o =3UA/cm”. |
& ~
o0 ~N
2 N ~
E 2L~ > _
s \~ ~
g N, ™
& Y \~ = ~
- ~
0\\:\_ L\~\-~"— 3] = -~ _—
0 20 40 60 80
Elapsed time (year)
Eccentricity e=80mm
FIGURE 14

Estimated remaining useful life of the corroded column under different loading conditions for various corrosion levels.

corroded columns at the age of 60 years is all about 5 years,
indicating the influence of loading condition.

7 Conclusion

This paper presents an effective model for residual bearing
capacity assessment and lifetime performance prediction of the
corroded RC columns. The degradation mechanism of steel bars
and concrete materials due to rebar corrosion is analyzed, and the
material degradation models and the structural strength
degradation models are proposed. The load-carrying capacity of
the corroded RC columns is estimated for various cases of loading
conditions. On the basis of the serviceability limit and ultimate
state limit requirements, the lifetime performance of the corrosion-
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damaged RC columns is assessed by stochastic gamma process.
Finally, the proposed model for estimating the residual bearing
capacity of the corrosion-damaged RC columns is verified by
experimental data available, and the failure probability and
remaining useful life are predicted for the corroding RC
On the basis of the results obtained from the
numerical example, the following conclusions can be drawn:

columns.

1) Atthesame corrosion level, greater load eccentricity leads to a
sharper deterioration in the load-carrying capacity of the
corroded RC columns, ie. the column bearing capacity
deterioration rate under large eccentricity is more severe
than that with small eccentricity;

2) The lifetime performance of the corroded RC columns can be
significantly affected by many factors, including concrete cover
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cracking and spalling, the reduction of rebar bearing capacity,
the inconsistent of the stress-strain relationship between the
rebar and the surrounding concrete, and the change of the
compression zone height of the concrete cross-section;

3) The crack width on the concrete surface and the bearing
capacity deterioration of RC columns caused by rebar
corrosion are the key performance indicators, and can be
adopted as random variables for structural performance
deterioration assessment of the corrosion-damaged RC
columns;

4) For the corroding RC columns, the gamma process is
appropriate  for evaluating failure probability and

estimating the remaining useful life, and could be further

used to determine the optimal repair time and cost-effective

maintenance strategy.
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