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Abstract

This paper presents an analytical model for evaluating the nonlinear response of corrosion-affected reinforced
concrete (RC) beams under cyclic loading conditions. The analytical model addresses the interdependent flex-
ural and shear mechanisms through two key components: (i) a flexural analysis module employing moment-
curvature relationships that integrate corrosion-induced material deterioration in the concrete cover, tension
in longitudinal reinforcement, buckling effects of compressive longitudinal reinforcement, along with plastic
hinge length reduction; and (ii) a modified shear capacity model based on Sezen and Moehle’s model but incor-
porating ductility-related strength reduction and corrosion damage parameters for both concrete and transverse
reinforcement. The model was validated against experimental data from cyclic loading tests on eleven cor-
roded RC beams. The results indicate that the model can accurately predict the load-displacement curve and
failure mode to a reasonable extent. A strong correlation with the experimental peak load was observed, with
an average ratio of 1.03 and a coefficient of variation (COV) of 0.08. However, the predictions for ultimate
displacement show more variability, with an average ratio of 0.94 and a COV of 0.32.

Keywords: reinforced concrete; corrosion; cyclic loading; shear strength, ductility.
https://doi.org/10.31814/stce.huce2025-19(2)-03  © 2025 Hanoi University of Civil Engineering (HUCE)

1. Introduction

Chloride-induced corrosion of reinforcing bars plays a crucial role in the degradation of RC struc-
tures, reducing their service life. As corrosion increases, the load-bearing capacity of the affected
member diminishes over time, mainly due to the progressive loss of steel cross-sectional area, crack
formation, eventual spalling of the concrete cover, and a weakened bond between the steel reinforce-
ment and the concrete. The decrease in load-carrying capacity due to corrosion poses a significant
threat to structural safety, making corrosion-related damage a critical concern [1-7].

Displacement-based seismic design for new RC structures and the seismic assessment of exist-
ing RC structures require a comprehensive understanding of the lateral load-displacement behavior
of RC elements [8—10]. ATC-40 [8], FEMA 273 [9], and FEMA 356 [10] specify the minimum ac-
ceptable values for the plastic hinge characteristics of RC members, taking into account factors such
as their role in the structural system, reinforcement details, material properties, applied loads, and
geometric features. Consequently, there has been growing interest in recent years in estimating the
load-displacement capacity of RC members [3, 5-7, 11, 12].

Numerous experimental studies [13—16] have demonstrated that plastic hinge regions of RC mem-
bers under cyclic loading can experience premature shear failure following the yielding of longitu-
dinal reinforcement. These investigations highlight that inelastic deformations substantially reduce
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shear capacity, with degradation occurring more rapidly than flexural strength under cyclic loading.
Modern design standards, including ACI 318-19 [17] and NZS-3101 [18], recognize this strength
reduction but adopt a conservative approach without explicitly linking it to member deformation lev-
els. Notably, ACI 318-19 [17] disregards concrete’s shear contribution in seismic design when axial
compression is low, while NZS-3101 [18] entirely neglects concrete’s role in shear resistance for such
members.

Studies [1-3] have shown that transverse reinforcement corrodes faster than longitudinal bars ow-
ing to its smaller cross-section and reduced concrete cover, leading to more severe volumetric loss.
This accelerated deterioration causes a shift in failure behavior-beams originally designed for ductile
flexural failure increasingly exhibit flexural-shear or shear-dominated failure modes as corrosion in-
creases. Consequently, the structural response becomes more brittle, significantly affecting the lateral
force-displacement characteristics by intensifying shear influences.

Previous research on modeling the lateral force-displacement response of corroded RC members
has primarily employed finite element analysis techniques [6, 7]. Among alternative approaches,
Ou and Nguyen [3] developed the Modified axial-shear-flexure Interaction (MASFI) methodology
and its corrosion-adapted version (MASFI-C), implementing these models through MATLAB-based
computational procedures. While accurate, such numerical methods are quite complicated and de-
mand significant computational resources [2, 5, 6]. Sectional analysis approaches based on the plane-
sections-remain-plane assumption have also been proposed [11, 12], though these methods present
limitations. Specifically, they fail to consider scenarios where shear capacity may exceed flexural
strength and omit the progressive degradation of shear resistance with increasing ductility demands.

This study developed an analytical model for predicting the nonlinear load-displacement behav-
ior of corrosion-damaged RC beams exhibiting significant shear strength deterioration post-yielding
under cyclic loads. The proposed model integrates both flexural and shear mechanisms through a
coupled analytical approach. For flexural response evaluation, moment-curvature analysis is em-
ployed incorporating corrosion-induced material degradation effects in cover concrete, tension in
longitudinal reinforcement, buckling effect of compressive reinforcement, and plastic hinge length
reduction. The shear capacity adapts the Sezen and Moehle [16] model by introducing: (i) a ductility-
dependent reduction factor and (ii) corrosion-induced deterioration parameters accounting for both
concrete strength loss and transverse reinforcement section reduction. Model validation is performed
against experimental results from cyclic tests on eleven corroded RC beams.

2. Experimental data of corroded RC beams

This study uses experimental results from Ou and Chen [1] and Ou and Nguyen [2] to validate
the analytical model. The beams used are labeled as TB, TBH, Bt, and B. Each experimental sample
consists of a beam connected to a foundation block. The beam has a cross-sectional width (b,,) of
300 mm and a height (%) of 500 mm. The longitudinal reinforcement in both the upper and lower
layers consists of three D29 bars. The shear reinforcement is provided by D13a100 bars spaced along
the length of the beam. The actual material properties of the experimental beams can be found in the
works of Ou and Chen [1] and Ou and Nguyen [2]. Apart from the control beam Bt-0, which is not
corroded, the remaining beams were subjected to accelerated corrosion through an electrochemical
corrosion process. The corrosion zone of the steel reinforcement is located in the plastic hinge region
with a length of 600 mm from the bearing edge. Corrosion-induced cracks were measured on all
four surfaces of the beam (top face, bottom face, and both side faces) within the 600 mm corrosion-
affected zone. For each selected cross-section, the total crack width was obtained by summing the
individual crack widths measured along the cross-section’s perimeter. The 600 mm corroded length
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was divided into six equal 100 mm segments along the beam’s longitudinal axis, with crack width
measurements taken for each segment. The average value of total crack widths (w.,) presented in
Table ?? corresponds to the average total crack width calculated across these six segments. Specimens
of types Bt, TB, and TBH were intentionally subjected to corrosion in the transverse reinforcement,
the top and bottom longitudinal reinforcement, and all reinforcement, respectively, within a 600 mm
corroded region. The reinforcement located within and adjacent to the intended corroded area, but not
meant to be affected by corrosion, was coated with a corrosion-inhibiting layer to prevent the spread of
corrosion. However, experimental results showed that in the TB specimens, corrosion still occurred
in the stirrups despite the application of epoxy coating, as can be seen in Table 1. The number at
the end of each specimen name indicates the average actual corrosion weight loss. For specimen
types TB and TBH, it represents the average weight loss of all longitudinal reinforcement within the
corroded region [2]. For specimen type Bt, it corresponds to the average weight loss of all transverse
reinforcement in the corroded region [1]. The value Aw is determined by dividing the difference
in weight before and after corrosion by the original weight, assuming uniform corrosion along the
length of the steel bar. The value A,y is calculated based on Awof transverse reinforcement, while
Awmax is derived from A min. As.min represents the minimum residual cross-sectional area along the
corroded transverse reinforcement. The corrosion levels at each steel reinforcement location, along
with the methodology for determining the average value of total crack widths (w.,), are provided
elsewhere in [1-2]. Table 1 presents the material properties, steel reinforcement corrosion levels, and
average value of total crack widths of the experimental beams. The beams were subjected to cyclic
loading applied at a distance of 1200 mm from the bearing edge. Fig. 1 illustrates the design of the
experimental beam.

Table 1. Material properties, reinforcement corrosion and crack width [1, 2]

Longitudinal . Crack
. Transverse reinforcement .

Beam  f/  fu  ford/foux reinforcement width
Aw Aw AWpmax Ast,avg Ast,min Wer

(%) (%) (%)  (mm®) (mm’) (mm)

Bt-0 38 432 444/650 0.00 0.00 0.00 126.67 126.67 0.00
Bt-3 0.00 2.90 21.96 123.00 98.85 0.27
Bt-6 0.00 5.87 33.76  119.23 83.91 0.65
Bt-11 0.00 11.73 4438 111.81 7045  1.38
Bt-12 0.00 12.40 38.44 110.96 77.98 1.70
Bt-16 0.00 15.67 53.19 106.82 5929 1.93
Bt-35 0.00 35.06 100.00 82.26 0.00 4.06
TBH-4 30 440 460/658 4.11 15.74 68.32 106.73 40.13  1.66
TBH-6 5.50 16.43 46.86 105.86 67.32  2.66
TB-6 6.51 6.54 31.81 118.39 86.37 2.30
TB-13 13.43 10.90 35.60 112.86 81.57 2.83

Note: f; is actual concrete compressive strength (MPa); f,, is actual yield strength of uncorroded transverse
reinforcement (MPa); fiy, is actual yield strength of uncorroded longitudinal reinforcement (MPa); Aw =
average corrosion weight loss; Ay .y, is average residual cross-sectional area of transverse reinforcement,

Asiavg = (ﬂDg’t /4) (1 =0.01 X Aw); Ay min is minimum residual cross-sectional area of transverse reinforce-

ment; Awy,ax 18 maximum corrosion weight loss of transverse reinforcement, Awp,x = (1 — 4A min /nDét ) 100;
Dy, is uncorroded diameter of transverse reinforcement; and w,, is average value of total crack widths.

34



Nguyen, D.-N. / Journal of Science and Technology in Civil Engineering

D13a100 50
v 1850 10
— D13a75 Unit: mm l— D13a100 4
[ t — ,—D13a100
— XU |
o o o
(o] ) )
[10] w w
Ty |.—D29
i . 600 600 ] [Ees]Corroded region 300
900 : D29

Figure 1. Experimental specimen [1, 2]

3. Analytical model for predicting combined flexure and shear behavior in corroded RC beams
3.1. Material models
a. Steel reinforcement in tension

The tensile stress-strain relationship of steel was modeled based on Mander’s approach [19]. To
enhance the accuracy of slip response predictions, a post-yield slope (E; = 0.02E;) was incorporated
into the yield plateau, accounting for strain hardening effects as recommended by Sezen and Setzler
[20].

Eeg for g, < g5y
fi= fsy + 0.02E (&5 — &5y) for e,y < &5 < g4 1)
s - 2
Eqy — €
Ssu + (fsn = fou) (M) foreg, < &5 < &g
Esu — Esh

where f; is strength of the tensile steel at the strain &;; & is strain of the tensile steel; &,y is yield
strain of the tensile steel; g, is strain at starting point of hardening; &g, is ultimate strain of the tensile
steel; fyy is yield strength of the tensile steel; fy, is strength of the tensile steel at starting point of
hardening (fi;, = fsy+0.02E(esn — &5v)); fsu 1s ultimate strength of the tensile steel; E is Young’s
modulus of steel in elasticity.

The loss of reinforcement cross-sectional area due to corrosion is modeled by Eq. (2), assuming
a uniform distribution along the bar length. However, experimental studies show that yield and ulti-
mate strengths are more strongly influenced by the minimum remaining cross-section rather than the
average reduction accounted for in Eq. (12). Thus, these strength values are adjusted using Eq. (3)
[21]. Given that corrosion minimally impacts the ultimate-to-yield strength ratio, hardening strain,
and elastic modulus [22], these properties are maintained at their original (uncorroded) values.

A(Aw) = HD%
s(Aw) = e (1-0.01 x Aw) (2)

where As(Aw) is cross-sectional area of a corroded bar depending on corrosion level (Aw); Aw is
average corrosion weight loss (%); and Dy is uncorroded bar diameter.

&= -prw) fy 3)

where fo is uncorroded yield strength (fiyp) or ultimate strength (f5.0); and fSC is corroded yield
strength ( fsc;) or ultimate ( fs(,’;) strength. In this work, 8 = 0.005 as recommended by Du et al. [21].
Stress concentrations near corrosion pits cause localized strain and stress amplification, triggering
rebar fracture at average strains below the ultimate strain capacity of intact reinforcement [22-24].
The empirical formulation proposed by Du et al. [22] provides a means to estimate the residual
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ultimate strain in corroded bars. Under seismic loading, longitudinal rebars in plastic hinge zones ex-
perience cyclic inelastic deformations, where premature failure occurs through two dominant modes:
low-cycle fatigue and lateral buckling. Consequently, the strain capacity deteriorates markedly under
cyclic loading relative to monotonic conditions. To account for this reduction, Yeh et al. [24] suggest
employing a ductility reduction factor () between 0.6 and 0.7. In this analysis, ¢ value of 0.7 is
adopted in this study to determine ultimate strain limits.

c
Equ = '7[’ (1 - Q'AW) Esud (4)
where sscu is ultimate strain of corroded reinforcement; &g, is ultimate strain of uncorroded steel;

is coefficient to consider the effect of low-cycle fatigue (¢ = 0.7); @ = ultimate strain factor for lon-
gitudinal reinforcement. Through analysis of experimental results, Du et al. [22] established that the
coefficient ranges from O to 0.06, with its value being dependent on corrosion severity. Their research
led to the recommendation of for exposed reinforcement and for concrete-encased bars. For this in-
vestigation, a baseline value of 0.03 was initially employed in the preliminary evaluation. Further
refinements were then implemented for cases where bar fracture occurred to establish optimal coef-
ficient values. Fig. 2(a) presents an example of stress-strain relationships under tension for corroded
and uncorroded steel reinforcement.

b. Steel reinforcement in compression

To characterize steel reinforcement under compression, the tensile stress-strain curve defined by
Eq. (1) is adapted. Dhakal and Maekawa’s [25] proposed modifications are applied to consider
compressive buckling effects. Corrosion influences are addressed through calibration of the buckling
parameter (/lg) in Eq. (5), which governs the compressive yield strength ( fs/c), and residual bar
diameter (D.). The strength reduction factor (8.) in Eq. (6) correlates with the slenderness ratio of
corroded reinforcement [26].

S Ly

C _ sYc_
P N 100 D, )
[Se = for (1 = BeAw) (6)

where /lg is non-dimension bar buckling parameter of corroded bars; fscyc is yield stress of corroded
steel under compression (in MPa); D, is corroded bar diameter determined according to average
weight loss = Dg V1 — 0.01Aw; B, is empirical factor (8, = 0.005 for Ly;/D. < 5, B. = 0.0065 for
Lpi/D. <10, and B, = 0.0125 for Ly;/D. > 10); and Ly is buckling length.

Given non-dimensional stress n = f./ fscyc and strain & = ssc/sfyc (where sfyc = fSCYC/E s) the
buckling model for steel reinforcement in compression conforming to Kashani et al [26] is given as

follows:

& foré <1
m—1
—-1D+1 forl <é<
n= 52—1(f ) £=6 (7
m —0.02(¢-&) foré <Eandn>0.2
0.2 otherwise

where the empirical relationships for (175, £,) are given below:

£ =55-2345 foré>7 (8)
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m = a(1.1-0.01645)7; for g, > 0.2 )

where 7; is the non-dimensional piecewise stress corresponding to the &. The value of « is a soft-
ening coefficient and depends on the strain hardening of reinforcement. The following equations are
recommended to compute @ [25]:

a =075+ 2 _Esh. o s

Sou"sh, < I o 975<a<1 10
3006y~ L5fiy @ (10)

Transverse reinforcement in RC structures performs three primary functions: (i) resisting shear
forces, (ii) confining the concrete core, and (iii) preventing buckling of longitudinal reinforcement.
Each of these roles generates distinct stress and strain distributions in the transverse reinforcement.
Shear resistance typically dominates during initial loading stages, preceding the activation of con-
finement and buckling resistance. As a result, the concurrent presence of shear reduces the transverse
reinforcement’s capacity to mitigate confinement loss and restrain buckling. Ou and Nguyen [3]
analytically delineated the interplay between shear, confinement, and buckling effects on transverse
reinforcement behavior. In this study, the transverse reinforcement is assumed to contribute solely to
shear resistance, with no consideration for its role in confinement or buckling restraint. Consequently,
the buckling length (L), defined as the unsupported length of longitudinal bars prone to instability,
is taken as equal to the plastic hinge length, which is assumed to match the section depth (%). This
simplification is justified by the localization of buckling within the plastic hinge region, where severe
concrete cover spalling and inelastic deformations concentrate. For cyclically loaded flexural mem-
bers, empirical and analytical evidence supports the adoption of /& as a representative plastic hinge
length (Scribner [27]). Fig. 2(b) illustrates an example of stress-strain relationships under compres-
sion for corroded and uncorroded steel reinforcement.

c. Concrete

The compressive behavior of cover and core concrete is simulated using the unconfined concrete
model developed by Mander et al. [28]. Corrosion of steel reinforcement impacts only the cover
concrete, not the inner concrete core. As a result, the mechanical properties of the core concrete are
not affected by tensile stresses from the volume expansion of corrosion products and are treated as if
the concrete were unaffected by corrosion. However, the compressive behavior of the cover concrete
is degraded due to the formation of corrosion products. Corrosion-induced volumetric expansion
generates tensile strain in the cover concrete (g,), which reduces its compressive strength. This strain
is derived from the total crack width (w,,) via Eq. (11), while the residual compressive strength of
the cover concrete, £f., due to corrosion is quantified using Eq. (12). The softening coefficient was
proposed by Hsu [29].

Wer )y Wer,i
&= — ="

Pcp Pep

0.9
_ 12
¢ VI + 600e, (12)

where g, is tensile strain induced to cover concrete; w,, is total crack width over pcp; w,,; is crack
width of the ith corrosion crack; p., is the length along the cross-sectional perimeter over which the
total crack width of corrosion cracks is calculated.

Fig. 2(c) shows the effect of corrosion on cover and core concrete. The tensile capacity of concrete
is considered negligible in the analytical model.

(11)
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Figure 2. Corroded and uncorroded material models

3.2. Flexure capacity
The drift ratio at the loading point (¢) of a RC beam can be expressed as follows:

0 = Ospear + gflex + qull (13)

where 6 is total drift, Opeqr s shear drift, 67, is drift due to flexure, and 6, is drift due to longitudinal
reinforcement of the beam pull out from the anchorage block. For all test beams with a span-to-depth
ratio (L/d) of 2.8, flexural deformation dominates and shear deformation is neglected [30].

Flexural drift 6., of the beam is determined as follows:

l¢5L for ¢ < ¢,

Optex =13 (14)
§¢L + (¢ —¢y)(L—-05L,)L, for¢> ¢,

where ¢ is the curvature of the cross-section determined from the moment-curvature analysis using
Xtract software [31]; ¢, is the curvature of the cross-section corresponding to the time when the
longitudinal reinforcement reaches yielding in tension; L is the length of the beam. In the moment-
curvature analysis determined by Xtract software [31], the cross-section of the beam is divided into
material fibers with properties defined according to the material models described in Section 3.1. The
curvature (¢) is gradually increased from zero until the cross-section is considered to have failed,
corresponding to either the crushing of the cover concrete or the rupture of the tension longitudinal
reinforcement. It is also assumed that, once the cross-section fails, it entirely loses its load-carrying
capacity, and the moment resistance of the section drops to zero immediately. There are several rec-
ommendations in the literature regarding the ultimate compression strains for cover concrete. The
commonly used value is 0.003, as specified in ACI 318-19 [17]. This value is valid for concrete el-
ements subjected to uniaxial compressive loading or constant moment. However, concrete elements
under significant moment gradients can sustain strains of approximately 0.006 to 0.008 [32]. Mander
et al. [28] proposed that cover concrete begins to spall when its compressive strain reaches 0.004
and fully spalls when the compressive strain reaches 0.006. In the moment-curvature analysis, the
analysis will be terminated when one of the following two conditions occurs: either when the strain
at the outermost compression fiber of the cover concrete reaches 0.004, or when the ultimate strain
of the tensile reinforcement reaches the limit value calculated according to Eq. (4). The ultimate
compressive strain value of 0.004 adopted in this study follows conventional assumptions for uncor-
roded concrete. Under significant corrosion conditions, this assumption may not accurately represent
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the concrete’s true strain capacity. Therefore, further experimental and analytical investigations are
needed to examine corrosion-induced degradation of compressive strain capacity and thereby enhance
modeling reliability. The moment (M}) corresponding to the curvature (¢) is determined by calculat-
ing the moment of the material fibers in the cross-section with respect to the neutral axis. The shear
demand value (V) is determined by dividing the moment value (M}) by the span length (L).

The plastic hinge length (L) for uncorroded specimens was determined to be equal to the section
depth (h), in line with the guidelines provided by Moehle [33], Setzler and Sezen [20], and Lodhi and
Sezen [34]. It was assumed that corrosion in transverse reinforcement had minimal impact on L,
while corrosion in longitudinal reinforcement resulted in a reduction of L,. For corroded beams, the
L, was calculated based on the modification method suggested by Ou and Nguyen [35]. The L, was
observed to reduce to 98%, 96%, 88%, and 80% of the uncorroded value at corrosion levels of 10%,
15%, 20%, and 25%, respectively. For corrosion levels below 25%, L, was estimated using linear
interpolation, while for corrosion levels above 25%, L, was assumed to be the same as the value at
25% corrosion.

The slip rotation (6,,;) was calculated using the Sezen and Setzler model [20] as presented in
Fig. 3.

Eonfsadly_ for 55 < &5y
Bup (g -0 (15)

(8SYxstx + 2(&5x + 8sYx)(f€x - stx)) for 5 > &4y

epull = b
8up(d —¢)

where g5, and f;, are the strain and stress of the longitudinal reinforcement, respectively; g5y, and foyx
are the yield strain and yield stress of the longitudinal reinforcement, respectively; dp, is the diameter
of the longitudinal reinforcement; u;, is the uniform bond stress, taken as \/f (f, in MPa); d is
the distance from the extreme compression fiber to the centroid of the extreme layer of longitudinal
tension reinforcement; and a is the neutral axis depth. The validation beams featured fully anchored
longitudinal reinforcement. To isolate corrosion effects, synthetic rubber coatings were applied to
the anchorage blocks, ensuring corrosion was confined to the exposed bar segments below the fixed-
end interface. Consequently, the embedded regions maintained both corrosion-free conditions and
pristine bond-slip characteristics equivalent to uncorroded reinforcement.

b ASLS
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Figure 3. Pullout deformation model [20]

In Fig. 4(a), 6, and 6, represent the yield drift (corresponding to the point where the longitudinal
reinforcement yields in tension) and the ultimate drift (corresponding to the point where the cover
concrete crushes or the longitudinal reinforcement ruptures), respectively. V;, and Vj, , represent the
flexure capacities of the beam corresponding to 6, and 6, respectively.
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Figure 4. Flexural capacity and shear capacity of corroded RC beams

3.3. Shear capacity

During seismic events, the plastic hinge areas of a RC beam are anticipated to experience inelastic
deformation cycles. It is well-established that the shear strength diminishes under such inelastic re-
versals as ductility increases. Sezen and Moehle [16] proposed a model to estimate the shear capacity
of uncorroded lightly RC columns, incorporating the reduction in apparent strength due to flexural
yielding. This study simply modified Sezen and Moehle [16] model to account for the effects of corro-
sion, while neglecting compressive axial load, in order to evaluate the shear capacity of corroded RC
beams under cyclic loading. The shear strength of a corroded or uncorroded RC beam consists of two
components: the shear strength contributed by the concrete (V) and the shear strength contributed by
the shear reinforcement (V).

V=V + Vg (16)

The models address the impact of corrosion by replacing the parameter f. with £f to account for the
degradation of the cover concrete. Meanwhile, the compressive strength of the core concrete, denoted
as f,, remains unchanged. The contribution of the concrete will be calculated using Eq. (17):

1

Ve = Vc,cover + Vc,core =k (m

)(0.5 X Acore + 0.5 VEF! X Acover) (17)
where V. cover 1 shear strength of cover concrete; V. core is shear strength of core concrete; Agore 1S area
of core concrete; Acover 18 area of cover concrete; f; is compressive strength of concrete; L is distance
from maximum moment section to point of inflection; the value of L/d is limited to 2 < L/d < 4;
k = 1foru <2,k =0.7foru > 6, with linear variation between these limits; u = A,/A, =
displacement ductility; A, is ultimate displacement; A, is yield displacement.

Corrosion-induced deterioration in RC beams leads to diminished shear capacity in transverse re-
inforcement, primarily through two mechanisms: reduced cross-sectional area and degraded material
strength. For analytical modeling, shear-resisting ties are represented using a dual-area approach—
one half characterized by the average residual area (A ayg) and the other by the minimum residual
area (A min). This methodology, experimentally validated by Ou and Chen [1], demonstrates im-
proved accuracy in shear strength estimation. Notably, research findings [23] indicate that when
strength calculations are based on Ay min, corrosion has minimal effect on both yield and ultimate
strength properties. Therefore, the original yield strength values are maintained for Ay min-based cal-
culations, while the corroded tensile strength from Eq. (6) is applied for Ay ayg cases. The total shear
reinforcement contribution is subsequently computed via Eq. (18).
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v, = kASde _ k(Ast,anfy? + Ast,minf;y)d )
§ h)

where V; is shear strength of transverse reinforcement due to corrosion; Ag is remaining area of

corroded transverse reinforcement; fﬁ is yield strength of corroded transverse reinforcement; A ayg
is average area of corroded transverse reinforcement; A min is minimum area of corroded transverse
reinforcement; Acore is area of core concrete; Acover 15 area of cover concrete; fy, is yield strength of
transverse reinforcement; d is effective section depth; s is spacing of transverse reinforcement.

The shear capacity of a corroded RC beam can be determined through the relationship between
shear capacity (V,) and total drift (¢), as illustrated in Fig. 4(b). In Fig. 4(b), V,, (which remains
constant for drifts from O to 26y) and V,,, (which remains constant for drifts greater than 66,) represent
the shear capacities of the beam corresponding to the shear strength reduction factors due to increasing
drift, with k = 1 and k = 0.7 in Eqgs. (17) and (18), respectively. The above value of k, which represents
the degradation of post-yield shear capacity, is determined based on the study by Sezen and Moehle
[16].

Figs. 5(a), (b), and (c) respectively illustrate the contributions of the cover concrete, core concrete,
and shear reinforcement to the shear strength of the corroded RC beam, which will be used for the
shear capacity calculations.

T 4

N
A\t min

by | by |

(a) Cover concrete (b) Core concrete (c) Shear reinforcement

Figure 5. Shear strength contribution

3.4. Interaction between flexure and shear capacity

The shear capacity (V,, 0) is overlaid on the flexural capacity (V}, 8) plot to examine combined
response and the possible failure modes. This approach allows for the classification of three distinct
failure modes, which are shear failure, flexure-shear failure, and flexure failure of corroded RC beams,
as shown in Fig. 6(a), (b), and (c). The classification of failure modes (shear, flexure-shear, flexure)
not only clarifies structural behavior but also aids practical assessment. A shift from flexural to
shear-dominated failure often indicates reduced ductility and increased brittleness, which may require
different strengthening or retrofitting approaches. Recognizing these modes can thus support more
informed decisions in the maintenance and safety evaluation of corroded RC structures.

The (V — ) diagram for the shear failure mode of corroded RC beams is depicted in Fig. 6(a). It
is evident that V,, < V}, in the inelastic region, which suggests that the shear strength is lower than the
flexural strength, resulting in shear failure occurring before flexural failure. The (V — ) diagram’s
features are outlined starting from point 0, passing sequentially through points A, B, and C, and
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ending at point D in Fig. 6(a). Point O represents the origin. Point A marks the intersection of V,, and
Vi, where V,, = V,,,, and the corresponding coordinates are (V,,, 6;), with 6; determined by setting
Vi = V,,,. Finally, points “C” and “D” coincide at the coordinates (V) ,, 66)) and (0, 66)), respectively.
The combined response, labeled as “0ABCD” in Fig. 6(a), can be considered the load-displacement
curve of corroded RC beams that failed in shear.

The flexure-shear failure mode diagram of corroded RC beams is shown in Fig. 6(b). Here, point
“A” corresponds to the yielding of the longitudinal reinforcement. In this failure mode, the critical
point “B” is located where V, equals V;, marking the transition from flexure to shear failure. The
coordinates of point “B”, denoted as (V}, 8;), can be obtained by solving the combined equations of
the two failure mechanisms. It is clear that flexural failure governs the rotation range from O to 6;,
while shear failure dominates the subsequent range from 6; to 66,. Points “C” and “D” represent the
final points, with coordinates (V) ,, 66,) and (0, 66y), respectively. The combined response, labeled
as “0ABCD” in Fig. 6(b), can be considered the load-displacement curve of corroded RC beams that
failed in flexure-shear.

Fig. 6(c) depicts the flexure failure mode of corroded RC beams. It is evident that V, remains
consistently greater than Vj, without any intersection, suggesting that flexural failure dominates the
overall behavior of the corroded RC beams. Point “A” represents the yielding of the longitudinal
reinforcement. Point “B = C” indicates the critical point corresponding to either the crushing of
the cover concrete or the rupture of the tension longitudinal reinforcement, as presented in Section
3.2, with coordinates (V},, 6,). The combined response, labeled as “0ABCD” in Fig. 6(c), can be
considered the load-displacement curve of corroded RC beams that failed in flexure. In this case of
failure, the combined response curve coincides with the flexural capacity curve.

— - — Flexure capacity — - — Flexure capacity 4 — - — Flexure capacity
- - - - Shear capacity - - - - Shear capacity 174 - - - - Shear capacity
Combined response v Combined response vy-- oo .- Combined response
_——”____— ~~\‘~Vv
Vb,y el Vs Viu e -
/(V0) : y B
B v b C
by
0 D
0, 20, 0.~60,0 (%) 0 ¢, 20, 0.~60,0(%) 0 o,20, 66, 0. 0 (%)

(a) Shear failure (b) Flexure-Shear failure (c) Flexure failure

Figure 6. Interaction of flexural and shear capacity of RC beams

4. Model validation

The experimental results of the beams summarized in Section 2 are used for comparison with
the proposed computational model. Fig. 7 illustrates the comparison of the load-displacement curves
between the experimental results and the proposed model for corroded RC beams, with corrosion
occurring in the transverse reinforcement. Generally, the initial stiffness and strength show good
consistency between the analytical and experimental results. The Bt-0 and Bt-3 beams are predicted
to fail due to flexure, which is consistent with the experimental behavior observed for these beams,
where the compressive strain at the outermost concrete fiber reaches 0.004. Therefore, in Figs. 7(a)
and (b), the flexure capacity curve coincides with the combined response curve from the analysis.
The Bt-6 beam is forecasted to fail due to flexure-shear at a drift level of 2.68%, where the flexure
capacity curve intersects with the shear capacity curve as shown in Fig. 7(c). This predicted failure
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mode matches the flexure-shear failure mode observed experimentally. However, in the experimental
results, the beam failed in shear because the transverse reinforcement ruptured at a drift level of 4%.
The Bt-11, Bt-12, and Bt-16 beams, as presented in Figs. 7(d), (e), and (f), show a strong agreement
with experimental results in terms of stiffness and load-carrying capacity. These beams are predicted
to fail due to flexure-shear, with longitudinal reinforcement yielding and corroded transverse rein-
forcement rupturing, which is consistent with experimental observations. It can be noted that the
proposed model (represented by the combined curve) predicts the shear failure point at a higher drift
displacement compared to the experimental results. The Bt-35 beam, which has corroded transverse
reinforcement resulting in rupture, is predicted to fail in shear prior to the yielding of the longitudinal
reinforcement as illustrated in Fig. 7(g). However, experimental observations indicate that the beam
can tolerate flexure deformation up to a 2% drift, with the longitudinal reinforcement having already
yielded, before shear failure occurs, as evidenced by the rupture of some transverse reinforcement.
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Figure 8. Experimental and analytical result for TB-, and TBH-type beams

Fig. 8 shows a comparison of the load-displacement curves between the experimental results
and the proposed model for corroded RC beams, with corrosion induced both the longitudinal and
transverse reinforcement. The analytical model accurately captured the initial stiffness, strength,
and post-peak behavior of TB-6, TB-13, TBH-4, and TBH-6. The model predicted that the failure
of the TB-6 and TB-8 specimens occurred due to flexure, with cover concrete crushing at a strain
of 0.004 after the yielding of the corroded longitudinal reinforcement, which is consistent with the
experimental observations. As a result, in Figs. 8(a) and (b), the flexure capacity curve aligns with
the combined response curve obtained from the analysis. Good predictions of stiffness, strength, and
failure mode are captured for specimen TBH-4 and TBH-6 as shown in Figs. 8(c) and (d), respectively.
The analytical results and experiments showed that TBH-4 and TBH-6 failed in flexure-shear due to
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the fracture of the corroded transverse reinforcement, similar to the failure mode observed in most
Bt-type beams.

Table 2 summarizes the comparison between the experimental results and those obtained from the
analytical model. The experimental performance indicators include the idealized yield force (PSXP),

yield drift (Q;EXP ), peak force (PII?XP), and ultimate drift (QEXP ). The peak force (PII?XP) represents the

maximum applied load recorded during testing. The ultimate drift (QEXP) is defined as the drift cor-
responding to a 20% reduction in load from the peak value (P?Xp) along the envelope response. To
identify this value, the envelope response is idealized using a bilinear relationship, as described in de-
tail by Ou and Nguyen [2]. The HSXP is determined as the rotation at the intersection point of bilinear

segments, and the corresponding load is defined as the yield load (Pf‘Xp ). Meanwhile, the PyPred and

Gfred represent yield load and yield drift obtained from the analytical model corresponding to yielding

of longitudinal reinforcement. The Pired and 65 are the ultimate load (corresponding to point B
in Fig. 6) and ultimate drift (corresponding to point B in Fig. 6) predicted by the analytical model.
The comparison between the analytical model and experimental results shows a strong correlation in
terms of peak load, with an average ratio of 1.03 and a COV of 0.08. In contrast, the comparison
of ultimate displacements between the analytical model and experimental data exhibits greater vari-
ability, with an average ratio of 0.94 and a COV of 0.32. As can be seen from Figs. 7 and 8, further
investigation is recommended to enhance the analytical model’s capability in predicting post-peak

strength degradation.

Table 2. Comparison between experiment and analytical model

y Y 14

KN) (%) (N) (%) filmode gy (@) &N (@) P67

Bt-0 3415 0.80 3654 497 F/F 326.1 047 3782 485 1.04 098
Bt-3 3335 0.70 3546 4.67 F/F 326.1 047 3767 4.66 1.06 1.00
Bt-6 3150 0.70 3334 427 F-S/F-S 3225 048 358.6 288 1.08 0.66
Bt-11 3175 0.70 3405 287 F-S/F-S 3213 049 3555 294 104 1.02
Bt-12  316.0 0.68 3369 267 F-S/F-S 3213 049 3552 294 105 1.10
Bt-16  315.0 0.70 331.7 244 F-S/F-S 320.8 0.49 3500 294 106 1.20
Bt-35 3105 0.65 3188 1.79 F-S/S N.A NA 2559 294 080 1.64
TBH-4 2845 0.51 3000 342 F-S/F-S 2959 0.50 323.0 297 1.08 0.87
TBH-6 283.0 050 3060 420 F-S/F-S 2854 049 3178 294 1.04 0.70
TB-6 2920 0.54 3140 4.15 F/F 2803 047 320.0 3.89 1.02 094
TB-13 2485 046 2640 341 F/F 2322 040 2684 399 1.02 1.17

Mean 1.03 0.94
Coefficient of variation 0.08 0.32

Exp Exp Exp Xp Pred Pred Pred Pred Pred Pred
Beam P oy P o, Exp./Pred. Py 6, P, 0, P, 6,

Note: F-S = Flexure-Shear failure mode; S = Shear failure mode; F = Flexure failure mode; Exp./Pred. fail.
Mode = Experiment/Predicted failure mode; N.A = Not applicable.

S. Conclusions

This study presents an analytical model to predict the nonlinear load-displacement response of
corrosion-damaged RC beams, particularly under cyclic loading where significant shear strength de-
terioration occurs post-yielding. The model combines flexural and shear mechanisms using a coupled
analytical framework. Flexural behavior is assessed through moment-curvature analysis, considering
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material degradation in cover concrete, longitudinal reinforcement, and reduced plastic hinge length
due to corrosion. For shear capacity, an adapted version of the Sezen and Moehle’model is used,
incorporating two key modifications: (i) a reduction factor dependent on ductility and (ii) corrosion-
related deterioration parameters that account for weakened concrete, reduced the yield strength and
area of transverse reinforcement. The results demonstrate that the model effectively predicts both the
load-displacement curve and failure mode with reasonable accuracy. A strong correlation with the
experimental peak load was found, with an average ratio of 1.03 and a COV of 0.08. However, the
predictions for ultimate displacement exhibit greater variability, showing an average ratio of 0.94 and
a COV of 0.32.
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