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1 | INTRODUCTION

Beatriz Martin-Pérez' | Husham Almansour'? |

Abstract

Corrosion of reinforcing steel in reinforced concrete (RC) infrastructure is one
of the most concerning durability problems affecting its serviceability and ulti-
mate capacity in North America. The rise of greenhouse emissions in recent
decades and the use of de-icing salts during the winter increase the potential
risk of corrosion. Furthermore, global warming could lead to higher freeze-
thaw cycles (FTC) frequency in cold regions. The combined effects of corrosion
and frost damage tend to affect aging RC infrastructure's structural perfor-
mance and service life. The present study adopts comprehensive reinforcement
corrosion and frost damage models from the literature and proposes a stage-
based damage analysis scenario. Three-dimensional nonlinear finite element
analyses using the commercially available finite element program DIANA are
conducted to evaluate the structural performance of RC bridge piers under the
synergetic effects of FTCs, corrosion, and service load during their service life.
The proposed methodology for each damage mechanism is assessed by com-
parison with available experimental data from the literature. The synergetic
effects cannot be validated because there is no data, but the methodology high-
lights the deterioration rate at which several mechanisms acting at the same

time can affect the structural performance of these members.

corrosion on the mechanical properties of reinforcing
bars, concrete, bond properties between rebars and

Chloride-induced corrosion of reinforcing steel due to
the use of de-icing salts in winter and frost damage due
to freeze and thaw cycles (FTCs) are known as the
prevalent deteriorating mechanisms of reinforced con-
crete (RC) infrastructure in Canada. While there has
been a growing number of studies on the effects of

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

concrete' and structural performance of RC
members*™® in the last two decades, the structural per-
formance of RC members, especially RC columns dam-
aged by FTCs or synergetic effects of corrosion and
FTCs, has been studied scarcely.

The degrading effects of pitting and uniform corro-
sion on the material properties of steel and concrete have
been observed as rebar cross-sectional loss (Faraday's
law), rebar's pit-induced ductility degradation,” the possi-
bility of elastic and inelastic buckling of corroded rebars
due to the rebar's cross-sectional reduction and
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confinement degradation,&9 reduction in compressive
strength of the concrete cover due to possible cracking
and spalling,” loss of partial confinement, and bond
behavior degradation.”'’ Some studies have expressed
the effect of corrosion on the strength and ductility of
steel rebars as a function of corrosion-induced steel mass
loss.”'"'? Longitudinal rebar's cross-sectional loss and
transverse reinforcement corrosion followed by loss of
partial confinement increase the possibility of longitudi-
nal rebar buckling, which is considered a critical corro-
sion outcome in RC columns. Corrosion increases the
possibility of rotation between ties and longitudinal rein-
forcement, leading to loss of the full-fixity condition.
Based on Rodriguez et al.'s recommendation, increasing
the effective length in Euler's elastic critical strength for-
mula to 75% of the tie spacing allows the incorporation of
the possibility of corroded rebars' elastic buckling.® It is
also crucial to consider the possibility of inelastic buck-
ling of corroded rebars in earthquake zones. To this end,
a compressive stress—strain response for corroded rebar
based on the Dhakal-Maekawa'® buckling model was
developed,3 and the effect of different corrosion levels on
the inelastic buckling behavior of steel reinforcement
was evaluated.> Coronelli and Gambarova® proposed an
expression to reduce the compressive strength of the con-
crete in the presence of corrosion-induced cracking,
adopting the model developed by Vecchio and Collins.'*
Over the past few decades, many studies have also been
conducted on the adverse effects of corrosion-induced
product expansion on RC members bond-slip behav-
ior.!>'® The structural performance of small-scale cor-
roded RC columns has been studied experimentally,**’
with few numerical studies also investigating the seismic
performance of corroded RC columns.>®'® In a recent
study, the authors investigated the structural perfor-
mance of real-scale corroded RC bridge piers under the
combination of different levels of corrosion and concen-
tric traffic load."

There are also numerous studies on the primary
mechanism of frost damage and concrete mechanical
properties degradation induced by FTCs.***' Frost
attacks the concrete externally due to thermal expansion
differential between ice and concrete, which appears as
scaling or spalling of the surface concrete, or internally
due to volume expansion inside the concrete pore struc-
ture, which appears as mechanical properties deteriora-
tion resulting in cracking and quality degradation of the
concrete.?? Currently, several standards are used in differ-
ent countries to test small-scale non-reinforced concrete
members under FTCs, such as ASTM C666,2 GB/T
50082-2009,** and RILEM TC 117-CDF.*® These stan-
dards have specific test conditions, such as the number of
FTCs, specimens size, cycle duration, specimen age, and

temperature range. Researchers conducting studies on
frost-damaged RC structural members need to use an
equivalent number of cycles convertible to one of the
abovementioned standards to compare the results based
on their studies to those based on others.”® Many
researchers have widely investigated the behavior of
frost-damaged concrete in tension and compres-
sion.?"?”?% A significant reduction of frost-damaged con-
crete modulus of elasticity has been reported
extensively.?’*"?° Many researchers have also studied the
deteriorating effect of frost damage on the bond behav-
ior.>* While the frost damage mechanisms and effects of
FTCs on the mechanical behavior of concrete have been
evolving research topics during the last decades, a reliable
assessment method to predict the load-carrying capacity
and remaining service life of frost-damaged RC structures is
crucial for repair strategy and optimized maintenance plans.
To the best of the authors' knowledge, not enough attention
has been given to the real-scale structural behavior of frost-
damaged RC members, especially RC columns. Only a few
studies have investigated the destructive effects of frost
damage on the load-deflection capacity of RC beams.*****!
Qin et al. studied the seismic behavior of RC columns sub-
jected to FTCs.*® In this study, four identical columns were
tested experimentally, undergoing 0, 100, 200, and 300 FTCs
according to the Chinese code GB/T50082-2009.>* The spec-
imens were then assembled onto a foundation, and low
cyclic loading was applied at the top of the columns. The
results were then verified by comparing to those based on
simulations for hysteretic response. It was observed that the
strength degradation results based on the proposed finite
element (FE) simulation and the experimental tests were in
good agreement before the peak point, and they were
slightly different after the peak due to ignoring the bond-
slip behavior in the implemented freeze-thaw damage
model. It was also observed that FTC deterioration did not
tend to change the column's failure mode, and all the col-
umns experienced flexural failure. Liu et al. conducted a
seismic fragility analysis on recycled aggregate concrete
(RAC) bridge columns damaged by FTCs.** In this study,
the authors adopted the earlier published experimental
data® and developed a new freeze-thaw damage model.
The damage model was then integrated into the FE soft-
ware OpenSees. It was observed that by increasing the
number of FTCs and recycled coarse aggregate, the fragility
increases significantly.

There is still a scarcity of experimental and/or numer-
ical studies on the effects of frost damage or synergetic
effects of corrosion and frost damage on real-scale RC
bridge piers under service load. Only a few studies have
investigated experimentally the synergetic effects of frost
damage and corrosion on the structural performance of
small-scale RC members.**” The present study aims to
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address this gap; the structural performance of an aging
large-scale RC bridge pier under the synergetic effect of
corrosion, FTCs, and concentric/eccentric load is investi-
gated by conducting a stage-based three-dimensional non-
linear finite element analysis (3D-NLFEA). Comprehensive
reinforcement corrosion and frost damage models are
adopted from the literature. Previously tested damaged RC
beams and columns are modeled, and the results are then
compared to those based on available test data to assess the
accuracy of each of the adopted damage models and pro-
posed methodology. The synergistic effect of corrosion and
frost damage on the designed RC bridge pier is defined as a
staged phenomenon during the bridge service life, and at
each stage, the bridge pier is simulated by incorporating all
the deteriorating effects adopted from the literature. The
combined damage model is then incorporated into the finite
element model to investigate the structural performance of
the aging bridge pier over time.

2 | PROPOSED 3D NONLINEAR
FINITE ELEMENT MODEL

2.1 | General

A 3D-NLFEA is carried out in the present study using
DIANA (a commercial finite element software pack-
age®). In the proposed stage-based analysis, different cor-
rosion and frost-damage stages are defined to incorporate
the effects of variable deteriorating factors over the brid-
ge's service life, explained in detail in the following sec-
tions. The adopted corrosion damage model was
explained in detail in an earlier study by the authors."
The corrosion-induced deteriorating effects include
rebar's cross-sectional loss, rebar's ductility degradation,7
rebar's compressive stress-strain response degradation
(possibility of elastic and inelastic buckling),>® confine-
ment degradation, and bond-slip response degradation.'®
A summary of the adopted corrosion damage model is
tabulated in Table 1. The adopted frost damage model is
explained in the following section. In the proposed 3D-
NLFEA, concrete is modeled by adopting solid brick and
wedge elements, and the confinement effect is incorpo-
rated by adopting the confinement model by Saatcioglu
and Razvi. A regular Newton-Raphson iterative
method is used along with the “Total Lagrange” as the
geometrically nonlinear analysis.

2.2 | Modeling frost-damage

During the cold months of Canada, RC bridge piers are
susceptible to frost damage, especially in the presence of

Jibl—

splashed de-icing salts. The internal damages caused by
FTCs are incorporated into the present 3D-NLFEA by
changing the concrete mechanical properties. The critical
degree of saturation Scy is an essential parameter in
defining the frost-induced damage level, which is unique
for different concretes.”” Even under many FTCs, no
damage has been reported in concretes with a saturation
degree S below the critical saturation level Scg.*® When
the saturation degree S is higher than the critical satura-
tion level Scg, the effect of fatigue or repeated FTCs
becomes more significant. Fagerlund proposed a linear
relationship between the damage level D, defined as the
relative  reduction in  modulus of elasticity
(D= (Ec—E%)/E.), the degree of concrete saturation
S and the critical value Scg, as given by Equation (1).*
Variables E. and ES are respectively the sound and dam-
aged modulus of elasticity of concrete. In the present
study, a critical degree of saturation of Scg = 0.77 corre-
sponding to a concrete with w/c of 0.4 was used.*' Here
it is assumed that concrete is fully saturated, that is,
S =1, which corresponds to the worst case condition.
S<Scr, D=0 .

{S>SCR, D:KN(S—SCR) ( )

in which Ky is a coefficient of fatigue taken as
Ky =1.2N/(N+4), and N is the number of FTCs.

In the present study, frost damage is simulated by
incorporating models of frost-induced deteriorating
effects proposed in the literature. The primary degrada-
tion effects include degrading the concrete compressive
and tensile stress-strain responses and reducing the con-
crete modulus of elasticity in the concrete cover and core.
The frost-damage model proposed by Li et al*' is
adopted. In Li et al.'s model, the degraded modulus of
elasticity and concrete tensile strength were established
as a function of the relative compressive strength (ratio of
degraded to sound concrete compressive strength) by col-
lecting and analyzing previously tested frost-damaged
samples (Equations (2) and (3), respectively). In the pre-
sent study, the damage level D was estimated using
Equation (1), considering the number of FTCs. The
degraded modulus of elasticity ES was then estimated
using E¢ =E.(1— D). The degraded compressive strength
of the concrete fd was estimated from Equation (2),**
which was then substituted into Equation (3)*' to
estimate the frost-induced reduced tensile strength of
concrete 9.

d d
Ee 1 a038fc 04238 (2)
EC fC
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TABLE 1 Summary of the adopted corrosion damage model.

Reference Deteriorating effects Equation

NA Rebar cross-section loss 2-d2
Xeorr = 2—3= d‘;’cm % 100
b

Cairns et al.” Rebar's ductility degradation euteor = [1.0— 100 X a1 - Xcorr)€ut

Rodriguez et al.>* Possibility of elastic buckling Gercorr = 12 E(0.25dy corr ) /(0.758c0r )
Kashani et al. Possibility of inelastic buckling E=¢/egccon E<1
-1
= e—1)+1 1<£<2

n= o_/fyc,corr =61
n,—0.02(E—¢&) & <Eandn >0.2

0.2 otherwise
5 = max{55—2.3cor; 7}
1, = max{a(1.1—0.016Apcorr )173;0.2}

ﬂ _ fyc,corr S
*= V7100 dy — 2xp
0.005 s/dy<5

Fyecor =fye[1 =100 X f-Xeon: =1 0.0065 5<s/dy<10
0.0125 s/dy>10

2

Coronelli and Gambarova Cover concrete cracking

! — I ,cu —
fCO,corr = 17Ke few® €17 27 Mpars (Ves — 1)xCP/b0

Confinement degradation By substituting degraded values into the confinement model

by Saatcioglu and Razvi*

¥, 0.25 25 0.2
Thu,spilit,red =5 - 6.5 (%) <d—h> 14k - ki)
(0.16 4 12kyr) - Tou,spilitred fOr 0 <kir <0.02
rresmed () = for 0.02<k;
M T

Saatcioglu and Razvi*®

1.16

Blomfors et a Degraded bond-slip response

0~4Tbu,spilit,red

Note: dy, and dp, corr are the un-corroded and corroded rebar diameter, respectively; ey and ey corr are the ultimate tensile strain of uncorroded and corroded
rebar, respectively; scorr is tie spacing considering the possible loss of one or more ties; # and £ are non-dimensional compressive stress and strain, respectively;
a is a softening coefficient; s is the tie spacing; #; is the non-dimensional stress corresponding to &, (in case of no buckling); fy. ., is the compressive strength
of corroded rebar; and, 4, and 4,corr are the non-dimensional buckling parameters of the un-corroded and corroded rebar, respectively; f, and fc ., are the
compressive strength of undamaged and damaged concrete, respectively; K = 0.1 is adopted by assuming ribbed bars with medium diameter; & is the concrete
strain at the peak compressive strength (taken as 0.002); ¢; is the average tensile strain perpendicular to compression; npays is the number of corroding rebars;
vy = 2 is the volume expansion ratio and is adopted from Molina et al.>%; Xcp is the corrosion penetration depth and is calculated as x¢p, = %" [17 m (as
mentioned in Deng et al.®); by is the width of the un-corroded section; Thuspilitred iS the reduced bond strength and 7resmod (kir) is the reduced residual bond
capacity; variables 7,, km, and ki have been adopted from the Model Code 2010.3

in which f. is the sound concrete compressive strength. rd —4

G =Gy | =2 (5)
i fe Je
—L =1.04125-%—0.04125 (3)
i fe

in which Ggy is the fracture energy before any damage.

in which f, is the sound concrete tensile strength. The
compressive strain at the peak stress of frost-damaged 2.3 | Validation of 3D nonlinear finite

concrete (%) is estimated according to Hanjari et al.>:

( 548.3 )
el =0.0001e Vi 12+ (4)

The degraded fracture energy (G%) is assumed to
increase significantly as frost damage progresses, as
expressed in Equation (5).*

element analysis

The adopted corrosion damage model was assessed by
simulating corroded RC columns reported in the litera-
ture.*” The details of the verification studies conducted
on the corroded RC columns tested by Rodriguez et al.®
and Wang and Liang® are presented in an earlier study
by the authors.** There is a scarcity of research on the
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(a) Load-deflection of control and frost-damaged beam tested by Hassanzadeh and Fagerlund,*! (b) rebars Cauchy total

stress distribution (Sxx), crack width (Ecw;), and principal minimum stress (S,).

structural performance of RC columns subjected to frost
damage; a study conducted by Diao et al.*® reported fail-
ure modes by bending. Thus the accuracy and efficiency
of the adopted frost-damage model are verified by simu-
lating the frost-damaged flexural-governed beam (B,)
tested by Hassanzadeh and Fagerlund.”’ Beam 1 has a
span of 4.4 m with a cross-section of 0.2 m by 0.5 m, and
it is reinforced with four 20-mm longitudinal rebars at
the tensile zone and 28 8-mm stirrups spaced at 130 mm.
The control beam was cast with concrete with a compres-
sive strength of 37.6 MPa, and the compressive strength
of frost-damaged concrete was reported as 17.5 MPa. The
reinforcement yield strength was reported as 590 MPa.
The beam was loaded with two-point loads at the middle
thirds of the beam. The deteriorated properties of the
frost-damaged beam were estimated according to Equa-
tions (1)-(5). The load-deflection response of the control
and frost-damaged beam is shown in Figure 1la. A signifi-
cant reduction in stiffness and capacity, and deflection
increase for the same load level, is attributed to the dete-
rioration of frost-induced mechanical properties. The
numerical results compare well with the experimental
ones, although the stiffness and capacity of the damaged
beam are slightly overestimated and underestimated,
respectively. Comparing the results of the present model
and experimental test, the present model underestimates
the ultimate capacity and overestimate the deflection of
the damaged beam (B;) by 10% and 1.6%, respectively,
which shows acceptable agreement. Comparing the

minimum principal stress (S,) in the compressive zone of
the damaged beam with the degraded compressive
strength of the deteriorated concrete suggests a brittle
failure in the frost-damaged beam (crushing of concrete
as shown in Figure 1b) as was reported by Hassanzadeh
and Fagerlund.*

The combined effects of corrosion and frost damage
on the structural performance of real-scale RC members
have not been studied widely to the best of the authors'
knowledge. Diao et al. studied the coupled effects of cor-
rosion and FTCs on the structural performance of small-
scale RC columns.*® In this study, five RC columns were
cast with a total length of 700 mm, and width and depth
of the cross-section in the middle length of 100 and
200 mm, respectively. Four longitudinal rebars of 10 mm
with a yield strength of 360 MPa and transverse rein-
forcement of 6 mm with a yield strength of 300 MPa were
used. The axial load was applied with an eccentricity of
130 mm. The “Standard for test methods of long-term
performance and durability of ordinary concrete” (GB/T
50082-2009) in China was used to perform the FTCs. The
specimens were immersed in seawater after every three
FTCs. The failure mode of all the five columns, including
the control (undamaged) and damaged columns with dif-
ferent degrees of damage, was reported as flexural tensile.
The interaction diagrams of the undamaged column
(COL-0) and damaged column (COL-1), which were sub-
jected to 300 FTCs and 100 seawater immersions, were
generated in the present study as illustrated in Figure 2,
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FIGURE 2 Generated interaction

COL-0 diagrams of columns COL-0 and COL-1

COL-1 tested by Diao et al.*

ultimate load-COL-0
ultimate load-COL-1

P (kN)

15
M (kN.m)

in which solid lines and dotted lines show the interaction
curves and reported ultimate loads, respectively. The
compressive strength of concrete subjected to 300 FTCs
was reported as 30.7 MPa. It was reported that 70% sur-
face area of the longitudinal rebars of COL-1 was covered
with corrosion products. Since the mechanical properties
of the corroded rebars are not reported in this study,
assuming rebar cross-section loss of 70%, the adopted cor-
rosion damage model in the present study (Table 1) was
used to degrade the material properties of the rebars in
specimen COL-1. As shown in Figure 2 and as reported
by Diao et al.*® both columns experience flexural-
governed failure. These small-scale columns did not fail
by global buckling, local buckling, or axial crushing but
rather by bending.

3 | STRUCTURAL PERFORMANCE
OF AN EXISTING AGING RC
BRIDGE PIER

3.1 | Case study

An intermediate seven-column bent of a two-span slab
on a pre-stressed girder bridge, with a center-to-center
span of 30.81 m from the Virginia State Bridge Inven-
tory** based on Nutt et al.,*> was selected as the case
study. A 3DNLFEA was performed using software
DIANA to evaluate the structural performance of the
critical RC pier of the bent subjected to the synergetic
effects of staged corrosion, frost damage, and service
load. As explained in the following section, the pro-
gressive staged-damage model is simulated as level
1, level 2, and level 3. The pier design was performed
according to the requirements of CSA-S6-14 (Canadian
Highway Bridge Design Code*®) for a range of load

25 30

over capacity ratio (LOCR) of 0.4 < LOCR < 0.6 under
different eccentricities (0 < e < e, = 0.15h), where e, is
defined as the maximum allowable practical eccentric-
ity, and h is the square cross-sectional width. The
designed pier has a cross-section of 500 x 500 mm?,
with twenty 20 M longitudinal rebars and 10 M ties
spaced at 50 mm (Figure 3).

Table 2 summarizes the general design output of the
bridge considered in this case study. Two load cases are
studied: LC1 and LC2 corresponding to a pier under con-
centric and eccentric load with an eccentricity of ey,
respectively.

3.2 | Proposed combined stage-based
damage scenario

The proposed corrosion damage scenario assumes that
the progressive corrosion-induced deterioration effects
are generated in three stages: stage 1, stage 2, and stage
3. According to field investigations*” and on-site obser-
vations (Figure 4a,**b), the damage is assumed to be
localized in the splashing zone (middle third) of the
pier.'® Foundation footings in cold climates are required
to be placed below the depth of frost penetration, with a
minimum of 1.2 m below ground level. Considering the
traffic level with respect to the foundation of the column,
it was assumed the splash zone corresponded to approxi-
mately the middle third of the column (Figure 4c). Three
different stages of corrosion were defined: longitudinal
rebar mass loss of 5% and tie mass loss of 10% (Stage 1),
longitudinal rebar mass loss of 20% and tie mass loss of
40% (Stage 2), and longitudinal rebar mass loss of 30%
and tie mass loss of 60% (Stage 3). In the proposed model,
it was assumed that the corrosion-induced mass loss asso-
ciated with the ties is twice the one associated with the
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FIGURE 3 Configuration of bridge bent and pier.
TABLE 2 General information of the bridge in the case study.

Bridge substructure geometry

Multi-column bent (seven-columns
spacing at 3.1 m) with speared
footings on bedrock

Intermediate pier

Pier cap size 1.5 m by 0.8 m cross-section

End abutment Integral abutment
Bridge substructure material

Pier cap and pier in-
place concrete
strength

f.=35MPa

Concrete elastic E. = 35,000 MPa®

modulus

Concrete cracking
strength (normal-
density concrete)

fu= 0.4\/12 =2.37 MPa"

Yield strength,
ultimate strength
and strain of

f, =420 MPa, f, =525 MPa, ¢, =0.14

rebars®

“Model Code 2010, CEB 2013.
"CSA-S6-14.
‘CSA G30.18 Gr.40.

longitudinal rebars due to two possible reasons: (i) the tie
diameter is smaller compared with the longitudinal rein-
forcement, and (ii) the ties are closer to the ambient envi-
ronment which leads to faster penetration of aggressive
agents such as chlorides, CO,, and water. The deterio-
rated properties of corroded rebars, bond-slip response,
and reduced compressive strength of the cover and core
concrete were estimated according to the adopted corro-
sion damage model (Table 1). It was assumed that there
is a strong possibility of corroded tie rupture at stage
3, according to an analytical approach proposed by the

authors.”” A summary of assumptions made in the dif-
ferent stages of corrosion in the proposed model is pre-
sented in Table 3. The combined corrosion-frost
damage analysis in the present study is simulated by
incorporating the corrosion-induced deterioration
effects for the reinforcement and bond-slip response
and FTCs-induced deterioration effects for the cover
and core concrete. This study proposes different frost
damage scenarios based on the number of FTCs occur-
ring during the last 60 years in Montreal, Canada. The
maximum cumulative number of FTCs was estimated
by analyzing the historical hourly ambient air tempera-
ture obtained from the Environment and Climate
Change Canada's (ECCC) climate data,*® considering
exposure duration and different ranges of minimum
and maximum temperatures for each cycle. The analy-
sis was performed from climatic data ranging from
1953 to 2013. According to Faraday's law, assuming a
high corrosion level, a corrosion current density of
2.5 pA/cm>>° leads to stage 1 of corrosion-induced dam-
age after 10years of service (longitudinal mass loss of 5%,
tie mass loss of 10%, and subsequent deterioration effects
on concrete and bond-slip response'®), leads to stage
2 after 40years (longitudinal mass loss of 20%, tie mass
loss of 40%, and subsequent deterioration effects on con-
crete and bond-slip response'?), and leads to stage 3 after
60years (longitudinal mass loss of 30%, tie mass loss of
60%, and subsequent deterioration effects on concrete
and bond-slip response’”) in Montreal. A cycle of —18°C
to 4°C* over the last 10, 40, and 60years in Montreal
was observed to lead to 22, 113, and 165 FTCs, respec-
tively (Figure 5). Three different frost damage scenarios
were defined in the proposed model: (1) frost-induced
damage in the cover is detected after 10years and
repaired by periodic inspection (every 2years), (2) pres-
ence of invisible core damage due to the high frequency
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FIGURE 4 (a)and (b) Corroded bridge piers (on-site observations by the authors), (c) bridge pier configuration (case study), dimensions

are in mm.

TABLE 3
corrosion stages.

Summary of assumptions made in different

Stage Assumptions
Stage 1 « Longitudinal rebar mass loss of 5%

» Tie mass loss of 10%

« Material properties degradation (Table 1)

« Initial in-place compressive strength in the
confinement model
Stage 2 » Longitudinal rebar mass loss of 20%
» Tie mass loss of 40%
« Material properties degradation (Table 1)

« Loss of fully rigid connection between the ties
and two middle longitudinal rebars

« Initial in-place compressive strength in the
confinement model
Stage 3 » Longitudinal rebar mass loss of 30%
« Tie mass loss of 60%
« Material properties (Table 1)

» Loss of fully rigid connection between all the ties
and longitudinal rebars

« Rupture of three adjacent ties at the middle
height of the RC column

« Variable in-place compressive strength
(a,b,c,d,e)

of FTCs over 40years, and (3) extensive damage in the
cover, beyond repair, that leads to frost damage penetra-
tion towards the concrete core after 60years. In the

present study, three combined corrosion-frost damage
levels are assumed: level 1, level 2, and level 3. At level
1, it is assumed that all the reinforcement, core concrete,
and the bond-slip response in the splashing zone are
affected by stage 1-corrosion, and the cover concrete is
degraded under 22 FTCs after 10years. At level 2, the
steel rebars and the bond-slip response are affected by
stage 2-corrosion, cover concrete and the corrosion-
induced damaged core concrete are assumed to degrade
under 113 FTCs after 40years. Level 3, the worst-case
scenario, corresponds to extensive corrosion of rebars
(stage 3), spalling of the cover concrete, and frost-induced
damage penetration towards the core concrete (splashing
zone). The details of each level of the proposed combined
damage scenario are presented in Table 4.

3.3 | Finite element model, results, and
discussion

The finite element model defines three zones in the pier
(Figure 6a): zone 1 as undamaged and zones 2 and 3 as
damaged (splashing zone corresponds to approximately
the pier's middle third'®). In zone 3, corrosion-induced
tie rupture and loss of three adjacent ties, corresponding
to stage 3 corrosion damage, are possible according to the
proposed analytical approach.'® Concrete is modeled
using 20-node isoparametric solid brick elements and
15 nodes wedge elements, “CHX60” and “CTP45”,
respectively. Following a mesh sensitivity analysis, a
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FIGURE 5 Cumulative number of 180
FTCs (cycles of —18°C to 4°C) during
60-year service (1953-2013) of a bridge
in Montreal.
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TABLE 4

Level 1 (after 10 years)

« Tie mass loss of 10%

» Longitudinal rebar mass loss of 5%
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Summary of assumptions made in different levels of combined corrosion-frost damage scenarios in the present study.

« Corrosion-induced bond-slip response degradation

« Concrete core degradation induced by corrosion only

« Concrete cover degradation under 22 FTCs (Montréal, QC, Canada)

Level 2 (after 40 years)

« Tie mass loss of 40%

« Longitudinal rebar mass loss of 20%

« Corrosion-induced bond-slip response degradation

« Loss of fully rigid connection between the ties and two middle longitudinal rebars at each side of the

pier within the corroded zone

« Concrete cover degradation under 113 FTCs (Montréal, QC, Canada)

« Corrosion-induced damaged core concrete degradation under 113 FTCs (by substituting the in-place
compressive strength of concrete used in the confinement model (corrosion-induced damaged model)
with the frost-damaged concrete compressive strength)

Level 3 (after 60 years)

« Tie mass loss of 60%

« Longitudinal rebar mass loss of 30%

« Corrosion-induced bond-slip response degradation

« Loss of fully rigid connection between all the ties and longitudinal rebars at each side of the column

within the corroded zone

« Rupture of three adjacent ties at the middle height of the RC column

« Spalling of the cover concrete

« Corrosion-induced damaged core concrete degradation under 165 FTCs (Montréal, QC, Canada) by
substituting the in-place compressive strength of concrete used in the confinement model (corrosion-
induced damaged model) with the frost-damaged concrete compressive strength

mesh with 50 x 50 mm elements is used in the
3DNLFEA. The reinforcement is modeled using two-
node one-dimensional “bond-slip” reinforcement. The
top surface of the pier is assumed to be restrained in the
bent direction (y-axis) and unrestrained in the traffic
direction (x-axis). The pier base is assumed to be fully
restrained to simulate the full rigidity condition of the
foundation. Concentric and eccentric loads are applied as
quasi-static uniform and non-uniform stress on the pier's
top surface, respectively (Figure 6b). At each level of

combined damage, deteriorating effects are simulated
according to Table 4, considering the frost-induced dam-
age level (Equation (1)) and corrosion stage. At level
1, the cross-section of longitudinal rebars and the ties is
reduced by 5% and 10% due to stage 1-corrosion, respec-
tively. The corrosion-induced bond-slip response degra-
dation is estimated according to the model by Blomfors
et al.'®' (Table 1). Concrete mechanical performance
indexes are reduced according to Equations (2)-(5). At
level 1, frost damage is assumed to deteriorate the cover
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concrete only. The core concrete is assumed to be intact
and is degraded only due to corrosion. The mechanical
properties are degraded at levels 2 and 3 according to the
assumptions in Table 4. At level 2, it is assumed that
there is non-visible frost-induced damage in the core.
The core frost-induced damage is incorporated into the
simulation by degrading the confinement effects of a
corrosion-induced damaged core concrete due to
113 FTCs (degrading the confinement model by Saatcio-
glu and Razvi’®). At level 3, the cover concrete is assumed
to be spalled. The reinforcement properties and bond-slip
response are degraded due to stage 3-corrosion. The con-
finement effects of the damaged core concrete (due to
stage 3-corrosion) are degraded due to 165 FTCs

(b)

(a) Configuration of bridge pier and traffic level, (b) 3DNLFE model, boundary conditions, meshing, concentric and

FIGURE 7 Axial load-axial

displacement response of control and
- damaged RC pier (under combined

effects of level 1, level 2, level

3 damage) subjected to concentric load.

LCL,LO
«==-LCI,LI
- . =LCILL2

(by degrading the confinement model by Saatcioglu and
Razvi*®).

The axial load-axial displacement responses of the RC
pier subjected to combined damage level 1, level 2, and
level 3 under concentric and eccentric loads with an
eccentricity of e, = 0.15h = 75 mm are shown in Fig-
ures 7 and 8, respectively. In the graphs, LC1 and LC2
refer to concentric load and eccentric load with eccentric-
ity of 75 mm, respectively. Cases LO, L1, L2, and L3
respectively correspond to no damage, level 1, level
2, and level 3 of combined damage (combination of corro-
sion and frost damage as expressed in Table 4). A staged
drop in the ultimate capacity, axial displacement, and
rigidity is attributed to the progressive deterioration
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effects assumed in each damage level. In Figure 7, a sud-
den increase of axial displacement in going from L0 to L1
can be attributed to the difference between the failure
localization. By increasing the damage level to L1, the
failure is localized on the splashing zone of the RC pier,
while in the undamaged pier under the concentric load,
failure is observed to start from the top due to localized
damage (Figure 12). In LC1, the pier's ultimate capacity
is reduced by 2%, 19%, and 42% after 10, 40, and 60 years,
respectively (Figure 7). The ultimate capacity of the pier
subjected to LC2 and level 1, level 2, and level 3 of com-
bined damage is reduced by 5%, 14%, and 40%, respec-
tively (Figure 8). The pier's capacity under level 1 damage
marginally decreases since only the cover concrete is
affected and the longitudinal reinforcement has a low
average mass loss. By comparing Figures 7 and 8, it is
observed that the ultimate capacity of the pier subjected
to all the damage levels decreases by increasing the
eccentricity, while the deformability slightly increases.
Figure 9 shows the pier's applied moment versus the

fib L x

maximum lateral deformation (pier's top deformation in
the traffic direction) up to the ultimate capacity (LC2). A
significant reduction in the ultimate moment capacity
and deformability is observed by increasing the damage
level from 10 to 60 years. A sudden drop in ultimate
capacity and deformation from L2 to L3 is attributed to
cover spalling, penetration of frost damage towards the
core, loss of partial confinement effects, tie rupture, and
loss of full rigidity between the rebars and ties
(Figures 7-9). Figure 10 shows the pier height versus the
pier's top lateral deformability for combined damage level
1, level 2, and level 3 and for load case 2 (eccentric load).
As seen in the figure, the deformability of the column is
considerably reduced as damage accumulates. Figure 11
shows the generated interaction diagrams of the unda-
maged and damaged RC pier after 10, 40, and 60 years
(level 1, level 2, and level 3). The N, and M, are defined
as the RC pier's nominal axial and moment resistances,
respectively. The colored dotted horizontal lines show
0.75 of the nominal pure axial capacity of the pier at each
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FIGURE 8 Axial load-axial 2000
displacement response of control and
damaged RC pier (under combined 0
effects of level 1, level 2, level 3 damage) 0 1
subjected to eccentric load.
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FIGURE 9
lateral displacement in traffic direction of
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the control and damaged RC pier (under 0

combined effects of level 1, level 2, level 0 10

3 damage) subjected to eccentric load.
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=L fib

level of combined damage (CSA-S6-14*°). The interaction
diagram is observed to contract by increasing the damage
level. It is also observed that the LOCR for a specific
applied load increases significantly when the damage
level is increased. Note that the area bounded by mini-
mum allowable eccentricity of ey, =15+ 0.03h =30 mm
and e, =75 mm™® represents load eccentricity conditions
allowed by the code.**

The failure patterns of the undamaged and damaged
pier at levels 2 and 3 subjected to load cases LC1 and LC2
are shown in Figures 12-15. Under concentric load and
at level 2 of combined damage, the minimum principal
stress of the cover concrete is observed to almost reach
the compressive strength of frost-damaged concrete,
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indicating the concrete cover onset of crushing. The core
concrete does not show crushing at ultimate capacity
(Figure 13a). Comparing the rebars’ Cauchy stress with
the corroded rebars' stress-strain response at zone 2'°
shows that the longitudinal rebars reach yielding
(Figure 13b). After 60 years, the minimum principal
stress of the core concrete in zones 2 and 3 is observed to
exceed the threshold, suggesting core crushing
(Figure 13c). By comparing the rebars Cauchy stress with
the corroded rebars stress—strain response at zones 2 and
3" at level 3, the longitudinal rebars at zone 2 are
observed to reach the yielding point followed by inelastic
buckling of the rebars at zone 3 (Figure 13d). This can be
explained by cover concrete spalling, crushing of core

===-LC2,L1
= -LC2L2 FIGURE 10 Column height-
"""" LC2L3 maximum lateral displacement in traffic
direction of the damaged RC pier (under
50 60 70 combined effects of level 1, level 2, level
3 damage) subjected to eccentric load.
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—o—L1
——12
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FIGURE 11
the undamaged and damaged RC pier
(level 1, level 2, and level 3).
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FIGURE 12 Failure patterns of control pier (LC1): (a) minimum principal stress distribution at ultimate capacity of undamaged pier,
(b) minimum principal strain distribution at ultimate capacity of undamaged pier, (c) reinforcement Cauchy total stress distribution in the z-
direction at ultimate capacity of undamaged pier.
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FIGURE 13 Failure patterns of 40- and 60-year old pier under the combination of corrosion and FTC and LC1: (a) minimum principal
stress distribution at ultimate capacity of damaged pier (L2), (b) reinforcement Cauchy total stress distribution in the z-direction at ultimate
capacity of damaged pier (L2), (c) minimum principal stress distribution at ultimate capacity of damaged pier (L3), (d) reinforcement
Cauchy total stress distribution in the z-direction at ultimate capacity of damaged pier (L3).
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Failure patterns of 40-year old pier under the combination of corrosion and FTC (L2) and LC2: (a) crack pattern on the

tensile side, (b) reinforcement Cauchy total stress distribution in the z-direction at ultimate capacity of damaged pier, (c) minimum principal

stress distribution at ultimate capacity of damaged pier.
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FIGURE 15
combination of corrosion and FTC (L3) and LC2: (a) minimum
principal stress distribution at ultimate capacity of damaged pier,

Failure patterns of 60-year old pier under the

(b) reinforcement Cauchy total stress distribution in the z-direction
at ultimate capacity of damaged pier.

concrete, tie rupture, and loss of confinement. In the case
of the pier subjected to load case 2, the pier subjected to
the synergetic effects of stage 2-corrosion and 113 FTCs
after 40 years of service is observed to experience tensile
side cracking starting from the base (Figure 14a), yielding
of compressive rebars at zone 2 (Figure 14b) and the
onset of crushing of cover concrete in the compressive
side of zone 2 (Figure 14c) at ultimate capacity. At level
3, crushing of compressive core concrete in zones 2 and
3 (Figure 15a) and yielding of corroded compressive
rebars in zone 2 followed by inelastic buckling of cor-
roded compressive rebars in zone 3 (Figure 15b) are
observed to govern the failure of the pier subjected to
load case LC2 with an eccentricity of 75 mm.

The structural performance of the RC pier subjected
to frost damage only (after 60 years and 165 FTCs accord-
ing to Figure 5) and concentric load (LC1) is also evalu-
ated to study the differences between the two
deterioration cases (frost damage only and combined
effects of corrosion and frost damage). To this aim, the
frost damage after 60 years is simulated without incorpo-
rating corrosion-induced damage. The reinforcement in
the splashing zone is assumed to be intact, and the deteri-
orating effects of FTCs on the cover and core concrete,
according to Table 4, are incorporated into the model.
The frost damage stage after 60 years is defined as F3.
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FIGURE 17 Failure patterns of 60-year old pier under the effects
of FTC only (F3) and LC;: (a) minimum principal stress distribution at
failure point of damaged pier, (b) reinforcement Cauchy total stress
distribution in the z-direction at failure point of damaged pier.

The failure modes, ultimate capacity, ductility, and stiff-
ness of the RC pier subjected to level 3 of combined dam-
age are then compared to those with frost damage only
(F3). A significant difference between the ultimate capac-
ity, deformability, and rigidity of the 60-year old pier

fibL
CEB-FIP

2 4 6 8 10
Axial displacement (mm)

subjected to LC1,L3 and LC1,F3 suggests the intensifying
effects of corrosion when it is combined with the deterio-
rating effects of frost damage (Figure 16). Comparing
Figure 13c,d with Figure 17a,b indicates a quite different
failure pattern for the 60-year old pier; the pier under
LC1,F3 is observed to experience zone 1-cover concrete
crushing (close to zone 2) at the failure point, and the
rebars in zones 2 and 3 are observed to reach almost 75%
of the proportional limit without yielding or buckling.

4 | SUMMARY AND
CONCLUSIONS

In the present study, a 3D-NLFEA was conducted to eval-
uate the structural performance of real-scale aging RC
bridge piers subjected to different patterns of combined
damage and concentric /eccentric loading up to failure
over their service life. The combined effects of corrosion
and frost damage induced by FTCs on the RC pier's struc-
tural performance after 10, 40, and 60 years of service
were evaluated to characterize the pier's service life per-
formance. The efficiency of the conducted 3D-NLFEA
was verified by simulating previously tested corroded col-
umns and frost-damage beams reported in the literature.
A real-scale bridge pier was then simulated as a case
study, and the structural performance of the pier at vari-
ous levels of combined damage (corrosion and frost dam-
age) and concentric/eccentric loading was studied. Three
combined damage levels were defined: level 1, which occurs
after 10 years of service and is a combination of a low corro-
sion stage (stage 1) and 22 FTCs; level 2, which occurs after
40 years of service and is a combination of stage 2-corrosion
and 113 FTCs; and level 3, which occurs after 60 years and
is a combination of the most severe corrosion stage (stage 3)
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and 165 FTCs. The pier's ultimate axial capacity, moment
capacity, rigidity, and deformability are observed to degrade
as the damage level propagates over the years. After
60 years of service without intervention, the ultimate capac-
ity of the pier subjected to level 3 of combined damage and
concentric/eccentric load is observed to reduce by almost
40%. Based on these results, it is crucial to perform periodic
inspections within the first 40 years of service, considering
the design LOCR (0.4 < LOCR < 0.6). It is also observed
that the LOCR for a specifically applied load increases sig-
nificantly by increasing the damage level. The pier's failure
shows a more brittle pattern by going from a lower level of
damage to a higher one. At level 2, the pier failure is gov-
erned by the compressive rebars yielding in zone 2 and the
onset of zone 2-compressive cover concrete crushing. At
level 3, cover concrete spalling, tie rupture, and confine-
ment loss lead to a more brittle failure pattern: compressive
core concrete crushing, yielding of compressive rebars in
zone 2, followed by compressive rebars inelastic buckling in
zone 3. The structural performance of the pier damaged by
only 165 FTCs (no corrosion) after 60 years of service was
also studied. A more pronounced decrease in the ultimate
capacity, deformability, and rigidity is noted for the pier
subjected to combined damage compared to that subjected
to frost damage only, suggesting the intensifying effects of
corrosion-induced damage in the rebars and concrete
confinement.

It is noted that the results are dependent on the level
of deterioration assumed at each stage of damage; how-
ever, the proposed performance-based quantitative
approach shows the importance of periodic inspection
(and intervention if needed) beyond the first 10 years of
the bridge service life. A more refined inspection and
rehabilitation planning is highly recommended as more
severe damage can accumulate during the first 40 years
of service to prevent significant performance degrada-
tion and extensive damage beyond repair. The lack of
field/laboratory data on the combined and synergistic
effects of frost damage and reinforcement corrosion on
the structural performance of RC bridge piers thus war-
rants more research on this area.
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