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This paper proposes a series of empirical modifications to an
existing three-step analytical model used to derive the cyclic shear
capacity of circular reinforced concrete (RC) columns considering
corrosive conditions. The results of 16 shear-critical RC columns,
artificially corroded to various degrees and tested under quasi-
static reversed cyclic loading, are used for model verification. The
final model is proposed in a piecewise damage-state format relative
to the measured damage of the steel reinforcement. New empirical
decay coefficients are derived to determine the degraded material
properties based on an extensive database of over 1380 corroded
tensile tests. An additional database of 44 corroded RC circular
piers is collected to assist in the modification of ductility-based
parameters. Compared to the shear-critical test specimens, the
model results indicate that the peak shear capacity can be predicted
well across a range of deterioration severities (0 to 58.5% average
transverse mass loss), with a mean predictive ratio of +8.60%. As
damage increases, the distribution of the corrosion relative to the
location of the shear plane becomes a critical performance consid-
eration, increasing predictive variance.

Keywords: analytical model; circular columns; corrosion; cyclic; rein-
forced concrete (RC); shear.

INTRODUCTION

Aging reinforced concrete (RC) infrastructure is at risk
of continual degradation throughout its service life due to
aggressive environmental factors and construction/design
deficiencies.!” Chlorides permeating the protective concrete
cover eventually depassivate the embedded steel reinforce-
ment, generating expansive rust products.’ As the steel
oxidizes locally, internal radial stresses are introduced. Once
expansive pressures exceed the pore pressure and concrete
tensile splitting capacity, microcracking proliferates
throughout the porous material. The presence of microcracks
accelerates the diffusion of chloride ions and oxygen from
the concrete surface toward the steel interface."* As corro-
sion advances, cracking develops into visible macrocracks,
which detrimentally affect the mechanical response of the
material through a redistribution of the constitutive stress-
strain pathways.! At severe degradation, cracks develop into
the confined concrete core, compromising the structural reli-
ability of the member to withstand seismic loads.?

Transverse reinforcement possesses the most significant
risk of chloride-induced deterioration due to the conven-
tional geometric and physical design of RC members. The
transverse steel is typically detailed as the outer-facing rein-
forcement, which leads to a smaller thickness of concrete
cover protection from chloride ingress.®’” Compared to the
larger longitudinal bars, the smaller transverse diameter
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also oxidizes proportionately faster. Thus, transverse steel
is often observed to deteriorate preferentially, with ratios
of transverse-longitudinal corrosion ranging between 1.5
and 4.5.%° An accelerated loss of transverse steel will lead
to a disproportionate degradation of shear and confinement-
related mechanical properties. Understanding the dispro-
portionate reduction of mechanical properties is crucial in
structural reliability assessments of aging RC bridge struc-
tures, particularly those lacking adequate seismic resistance.
Many aging bridge assets were designed to obsolete seismic
guidelines, providing inadequate seismic design before the
additional effects of long-term corrosion are even consid-
ered.!®!"! Thus, the degradation of the seismic shear capacity
of RC columns is a critical concern to be addressed across
the aging infrastructure stock.

LITERATURE REVIEW

The ability of an RC column to resist shear stresses
imposed on the system by seismic loading is provided by
the constitutive relationships between the concrete and steel
materials. The concrete shear resistance is provided by the
transfer of stress along the crack interface through the inter-
locking of aggregate protruding from the crack.!? Transverse
steel reinforcement intercepting the crack will mobilize
and redistribute the tensile strain throughout the confining
cage. Dowel action transfers stress from orthogonal cracks
to the longitudinal reinforcement, increasing shear stiff-
ness.'? Axial compression amplifies the shear resistance of
a column by increasing the effectiveness of aggregate inter-
lock. Ang'? and Priestley et al.'* experimentally verified the
direct correlation between axial load ratio and nominal shear
capacity. ACI 318-19'° provisions consider the contribu-
tion of the axial load to the shear resistance as an integral
component of the concrete shear resistance. Other models,
such as the Kowalsky and Priestley'® model, developed at
the University of California, San Diego (termed the UCSD
model herein), disassociate axial and concrete contributions
into individual terms. The concrete shear resistance is known
to degrade in RC columns under substantial deflection
due to the progressive loss of aggregate interlock transfer
after excessive crack dilation and smoothening along the
crack interface from continual abrasion.!”! Figure 1(a)
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Fig. 1—(a) Joint ASCE-ACI Task Committee 426'7 shear-ductility model'®; and (b) UCSD y model for degradation of concrete

shear resistance with increasing displacement ductility."®

illustrates the original conceptual model for shear capacity
in RC column sections, proposed by Joint ASCE-ACI Task
Committee 426'7 and adapted by Ang et al.'®

Ang etal.'® and Wong et al.'” derived relationships between
the degradation in concrete shear resistance and the increase
in displacement ductility. Priestley et al.'* then proposed a
displacement ductility factor, y, by integrating the Ang and
Wong ductility models to account for degradation in concrete
contribution at high displacement ductility. Figure 1(b) pres-
ents the y-curve for the displacement ductility modified by
Kowalsky and Priestley'® for RC columns with circular
cross sections. Other models proposed ductility-related
factors to a similar effect, including Aschheim and Moehle?
(UCB model), the California Department of Transportation?!
(Caltrans model), and Applied Technology Council?? (ATC
model). For circular cross sections, seismic design codes
such as ACI 318-19 suggest indirectly deriving an equiva-
lent square or rectangular section to calculate the nominal
shear capacity. NZS 3101.1&2:2006> directly evaluates
the nominal shear capacity using the actual circular section,
replacing the total gross cross section with an effective
shear area component. Cai et al.>* evaluated the previously
mentioned models and proposed a new approach, correlating
the seismic shear capacity with the column drift ratio, to
alleviate the ambiguity around ductility-based design. The
proposed model effectively calculated the seismic shear
capacity of circular columns without requiring transforma-
tion into an equivalent square or rectangular section.

Under ordinary uncorroded conditions, the aforemen-
tioned models provide reliable estimations of the cyclic
shear capacity of RC columns with various cross sections.
However, when considering the debilitating effects of
chloride-induced corrosion, the mechanical reliability of the
degraded materials is compromised and must be reevaluated.
An abundance of experimental research has been conducted
on corroded RC columns with square and rectangular
sections.”?*? A much smaller volume of experimental data
exists on corroded circular sections.®®3%-32 An experimental
program conducted by the authors investigated the rate of
seismic shear loss in short shear-critical RC circular columns
under various levels of imposed corrosion damage.’® Test

observations indicated that deflection capacity was much
more heavily impacted by corrosion than the peak shear
capacity. A maximum reduction of 70.9% and 37.5% was
recorded for the ultimate displacement and peak shear
capacity, respectively, at average mass losses of 8.87% and
37.7% for the longitudinal and transverse reinforcement.
Li et al.3? proposed an empirical relationship between the
average transverse mass loss, axial load ratio, and residual
shear capacity based on the results of four corroded short
circular piers failing in shear. Li et al.** extended this
analysis by proposing a constitutive model based on the
Modified Compression Field Theory and a nonlinear finite
element analysis. Using additional experimental results
of square columns failing in shear, the proposed model
appeared to predict the residual shear capacity well, with
prediction ratios ranging between 0.78 and 1.26.

This paper proposes a series of modifications to the revised
UCSD model used to calculate the seismic shear capacity of
RC circular columns under corrosive conditions. The UCSD
model presented by Kowalsky and Priestley'® is selected as
the basis of this investigation as a highly effective model
with a direct evaluation of the circular section. The changes
integrate the effects of material and mechanical degradation
of members exposed to chloride-induced corrosion on the
peak shear capacity. To the best of the authors’ knowledge,
the experimental tests reported in this study and Li et al.*
are the only programs that involve the corroded behavior
of RC circular columns failing in shear-dominated modes.
Due to several essential cracking statistics not reported
in Li et al.,*> the proposed modifications are developed
primarily around the experiments presented by Matthews
et al.>* A database of 44 corroded circular columns, failing
under various modes and ductilities, is compiled to derive
new relationships between concrete shear degradation and
displacement ductility.

RESEARCH SIGNIFICANCE
The implications of material and mechanical degradation
on the structural performance of chloride-affected columns
must be known to estimate the remaining capacity of aging
structures. Shear failure of short shear-critical columns is a
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Table 1—Column specimen geometric, reinforcement, and corrosion design parameters

Column ID 1., MPa Paps Yo s, mm d,y, mm L, mm icorrs WA/Cm? t, days Nomss Yo Nnsps Yo
BM-UC 37.4 0.57 125 10 1075 0 0 0 0
UC-L1 47.1 0.57 125 10 1075 200 20 4.87 13.20
UC-L2-2.95 47.1 0.57 125 10 1475 300 13 4.56 12.32
UC-M1 46.7 0.57 125 10 1075 200 69 7.88 37.49
uC-M2 47.1 0.57 180 12 1075 200 69 8.97 27.16
UC-S1 46.7 057 125 10 1075 200 123 10.51 42.96
UC-S2-2.95 47.1 0.57 125 10 1475 300 80 9.45 30.44
BM-WC 359 1.10 65 10 1075 0 0 0 0
CS-L1 56.7 1.10 65 10 1075 200 20 4.96 16.30
CS-L2 46.7 1.10 65 10 1075 300 13 5.10 15.22
CS-S1 56.7 1.10 65 10 1075 200 123 13.21 58.51
CS-S2 56.7 1.10 65 10 1075 300 82 12.83 52.43
WD-WC-L1 56.7 1.10 65 10 1075 200 20 4.38 12.16
WD-WC-L2 38.6 1.10 65 10 1075 300 13 4.40 15.48
WD-WC-M1 56.7 1.10 65 10 1075 200 69 5.81 28.68
WD-WC-M2 47.1 1.10 95 12 1075 200 69 7.68 27.70
WD-WC-S1 56.7 1.10 65 10 1075 200 123 8.87 37.69
WD-WC-S2 46.7 1.10 65 10 1075 300 82 7.61 35.70

Note: CS is constant saturation; WD is wetting-and-drying cycles; BM is benchmark uncorroded; UC is under-confined; WC is well-confined; L is low target corrosion; M is
moderate corrosion; S is severe target corrosion; and the suffix 2.95 refers to the change in aspect ratio.

crucial design and safety consideration due to its brittle and
often explosive nature. Because transverse reinforcement
typically suffers from more severe degradation than longi-
tudinal reinforcement, ductile members designed with low
flexural-to-shear capacity ratios are also at substantial risk of
triggering brittle shear-dominated failure modes. This paper
proposes a series of modifications to an existing analytical
approach to predict the cyclic shear capacity of corroded
RC circular columns. A piecewise damage-state format for
low, moderate, and severe corrosion damage is suggested.
The effects of corrosion on material and mechanical prop-
erties are investigated separately, with two new coefficients
proposed to account for: 1) premature loss of bond due to
severe degradation; and 2) an initial enhancement in shear
stress transfer due to existing corrosion surface cracks. The
proposed model provides an enhanced predictive ability for
moderately to highly corroded RC columns with longitu-
dinal mass losses greater than 7.5%.

EXPERIMENTAL DATA

An experimental study was undertaken at the University
of Canterbury in New Zealand to investigate the cyclic shear
performance of 16 artificially corroded RC short circular
piers. All piers were designed to trigger shear-dominated
failure modes. Tests were performed under displace-
ment-controlled quasi-static fully reversed cyclic loading
using a standard cyclic loading protocol.® The study vari-
ables included corrosion current density, corrosion damage
level, confinement effectiveness, spiral diameter size effect,
and aspect ratio (L/D).
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All columns were designed with a 500 mm diameter
(D) and a cover thickness of 25 mm. Two transverse volu-
metric ratios were implemented to categorize different
levels of confinement effectiveness: under-confined (UC)
and well-confined (WC).2* A low axial compression ratio
of 0.02 was used to minimize the shear-resistance mech-
anisms enhanced by axial force.!® Two variations of the
impressed-current accelerated corrosion method were
implemented: cyclic wetting and drying (WD) and constant
saturation (CS). A wet-to-dry ratio of 4:3 was adopted for the
entire corrosion incubation. All UC columns were subjected
to cyclic wetting-and-drying periods. A 200 or 300 pA/cm?
current density was applied to each specimen.

Table 1 summarizes the key design and corrosion param-
eters for each column in this study, where £’ is the concrete
compressive strength at testing; p,, is the transverse volu-
metric ratio; s is the spiral spacing; dy, is the nominal spiral
diameter; i.,,, is the applied current density; ¢ is the duration
of the corrosion exposure; and #,,; and #,, , are the average
longitudinal and spiral mass loss percentages, respectively.
For brevity, the experimental design details, test setup, and
structural analyses are not discussed in this paper; they can
be found in Matthews et al.>* Figure 2(a) presents the stan-
dard design used for the benchmark specimens, and Fig. 2(b)
illustrates the cyclic test setup used in this program. Table 2
summarizes the structural test results for each specimen,
where 6 is the inclination angle of the primary diagonal strut
to the column axis; A, is the ultimate displacement measured
at 0.85 of the peak load; and u, is the displacement ductility.



Table 2—Structural results from cyclic testing

Specimen ID P, kN 0, deg A,, mm v, kKN Viar'» KN | Vyor s KN | A,, mm HUn Failure mechanism
BM-UC 147 27.8 7.57 433 500 444 32.1 4.24 Shear limited ductility
UC-L1 185 24.0 8.13 422 483 513 19.2 2.36 Shear limited ductility
UC-L2-2.95 185 25.8 24.81 465 498 424 35.6 1.44 Brittle shear
UC-Ml 183 24.0 11.53 509 588 535 15.2 1.32 Brittle shear
UC-M2 185 244 7.66 422 478 408 12.1 1.59 Brittle shear-bond
UC-S1 183 23.7 8.63 414 474 495 15.2 1.77 Brittle shear
UC-S2-2.95 185 22.1 16.01 339 391 345 23.3 1.45 Brittle shear-bond
BM-WC 141 38.1 13.00 639 689 640 36.2 2.78 Shear limited ductility
CS-L1 223 25.0 14.81 621 671 638 232 1.57 Brittle shear
CS-L2 183 26.4 13.37 610 670 680 27.8 2.08 Shear limited ductility
CS-S1 223 0.0 9.28 424 518 491 15.4 1.65 Brittle shear-bond
CS-S2 223 0.0 13.00 476 507 501 19.7 1.52 Brittle shear-bond
WD-WC-L1 223 30.9 14.40 652 725 764 30.8 2.14 Shear limited ductility
WD-WC-L2 152 28.6 13.51 537 637 592 28.2 2.09 Shear limited ductility
WD-WC-M1 223 259 11.35 577 671 632 19.2 1.69 Brittle shear
WD-WC-M2 185 25.2 15.87 612 706 645 27.1 1.71 Brittle shear
WD-WC-S1 223 20.3 7.16 370 420 430 10.5 1.47 Brittle shear-bond
WD-WC-S2 183 30.1 9.97 427 493 444 16.0 1.61 Brittle shear-bond

Note: V" represents maximum shear force experienced in push direction; ¥,,,, represents maximum shear force experienced in pull direction.
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Fig. 2—(a) Standard under-confined and well-confined column designs, and (b) cyclic shear test setup.
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SHEAR MODELS

A comparative analysis of several analytical models with
ascending complexity is presented to verify the efficacy of
the final proposed model. The Kowalsky and Priestley!®
revised UCSD model for uncorroded columns is included
to serve as a predictive benchmark (M-0). Two additional
simplified degradation models are selected. The first derives
a simple shear capacity reduction factor relative to the
average longitudinal mass loss (M-1). The second considers
only the degraded material properties of the steel reinforce-
ment (M-2). Finally, based on the revised UCSD model
structure, the complete degradation model is proposed in a
piecewise format relative to different corrosion damage limit
states (M-3).

Revised UCSD shear model M-0

Kowalsky and Priestley'® presented revisions to the
analytical model for the cyclic shear capacity of circular
RC columns originally proposed by Priestley et al.,'* based
on the work performed by Ang et al.'® and Wong et al.!’
This study proposes modifications to the Kowalsky and
Priestley'® revision, which may serve as a useful analyt-
ical tool for the simplified estimation of the degraded shear
capacity of corroded circular columns. The UCSD-A model
(assessment model) defines the nominal shear capacity of a
circular column in the form

Vi=Vi+V,+ V. (1

Vo= Za, 20 cot0) @)
(D-0o)

V,= P 2LC for P> 0 3)

Ve=opyf'(0.84,) 4)

The model is characterized by the shear resistance
provided by the steel truss mechanism (V5), the axial load
component (V),), and the concrete mechanism (V,), where
Jy¢ 1s the nominal yield capacity of the transverse reinforce-
ment; ¢ is the neutral axis depth; ¢ represents the depth of
the cover concrete to the transverse reinforcement layer; the
strut inclination angle 6 is assumed to be 30 degrees; a is a
factor accounting for column aspect ratio; S accounts for the
longitudinal steel ratio; y represents the reduction in concrete
shear resistance with increasing ductility; and 4, is the gross
cross-sectional area of the column. The original uncorroded
shear model is designated herein as model M-0. Due to
insufficient experimental data on corroded columns failing
in shear with adequate ranges of aspect ratios and longitu-
dinal steel ratios, modifications to a and f are considered
outside of the scope of this research. Equations (5) and (6)
present the original a and f curves proposed by Kowalsky
and Priestley!®

1<a=3—(M/VD)<1.5 (5)

B=0.5+20p,<1.0 (6)
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where M/VD is equivalent to L/D; and p; is the longitudinal
reinforcement ratio.

Simple degradation model V-1

Model M-1 includes a simple empirical degradation
factor, defined by the loss of shear capacity with increasing
average longitudinal mass loss (7,,,) relative to the uncor-
roded benchmark, expressed by Eq. (7). The maximum
shear capacity is normalized against the dependable section,
Ag\[ﬁ , to eliminate the influence of different concrete
compressive strengths. The degradation coefficient is
derived statistically through an ordinary least squares (OLS)
evaluation, resulting in the linear relationship described in

Eq. (7)
Vmax,corr = (1 - 003 7777!)1,1) Vmax,O (7)

where V.0 is derived theoretically from Eq. (1) (that
is, model M-0). V.o is equal to 470.0 and 618.7 kN for
BM-UC and BM-WC, respectively. The Eq. (7) prediction
provides an R? of 0.520 and a mean absolute percentage
error (MAPE) of 9.80%.

Simple degradation model M-2

The second degradation model (M-2) adopts the UCSD
model, substituting the material properties for their
degraded estimates. The mean residual cross-sectional area
of the transverse reinforcement and the residual spiral yield
capacity are considered here, given in Eq. (8) to (11).

Area loss—As the reinforcing steel deteriorates with time,
the geometric properties degrade at a proportional rate. The
average residual cross-sectional area of the degrading steel
is equivalent to the average mass loss measured gravimetri-
cally, shown as

mo — Meorr _ AO B Acorr _ 03 B chorr
Mo Ao 03

Thus, the mean residual bar diameter and cross-sectional
area of the steel reinforcement can be inferred from the
average mass loss percentage as

Dyes = Do~ Do(1 =1 = 1,) (8)
Ares = AO(I - nm) (9)

Reinforcement yield capacity—Strength-based mechan-
ical properties have been shown throughout the literature to
degrade linearly with increasing average mass loss. Imper-
atore’® conducted a detailed review of existing empirical
formulations for estimating several key mechanical prop-
erties of steel. Empirical coefficients for the yield stress
of a corroded bar have been found to range from 0.0016
to 0.0198 for artificially corroded bars and from 0.0119 to
0.0143 for naturally corroded bars.>” The degraded yield
stress presented herein is considered relative to the nominal
uncorroded area of the bar (engineering stress) rather than a
function of the residual area.



This study uses a database of over 1380 monotonic tensile
tests on corroded reinforcing bars to update the empirical
coefficient for the yield stress of the transverse reinforce-
ment. The open-source database compiled by the authors
for a previous study can be found at https://zenodo.org/
records/8035720. Separating the data by corrosion type
results in two data sets of 674 artificially corroded samples
and 530 naturally corroded samples. Because morphological
properties vary widely in large-scale structural members,
this study only considers a coefficient of variation in the
corrosion method. Equation (10) presents the relationship
between the normalized yield stress and average mass loss
for different corrosion types.

f;r, res — ayf;fO (10)

(1.0 = 0.0183#, )0, 0 < 77,, < 27.5% (Artificial)
(1.0 = 0.01013,,)fy0, 0 < 77, < 27.5% (Natural)
(0.82 = 0.0086#,)fy0, #1m = 27.5% (Combined)

J;,res =

A change in the degradation slope was observed at
larger mass loss magnitudes, indicating a bilinear degra-
dation trend. For severe column damage states, specimens
demonstrated transverse mass losses typically between 27.7
and 58.5%. Therefore, the degradation slope was defined
into bilinear ranges of 0% <, < 27.5% and 27.5% < n,, <
100%, and the corresponding yield coefficient, a,, was
statistically derived using an OLS evaluation. Due to the
scarce available data in the higher degradation range, natural
and artificial samples were combined to improve the model
fit. The coefficient of determination, R, was calculated as
0.98, 0.984, and 0.921 for earlier artificial and natural ranges
and the severe combined range, respectively. Because the
degraded engineering stress derived in Eq. (10) is measured
relative to the nominal uncorroded cross-sectional area, the
appropriate modification to Eq. (2) becomes

v, = gay(Asp,of;,,o)D%Hcot(e) (11)

M-3 PROPOSED MODIFICATIONS
Model structure

The proposed modifications to the UCSD model follow
a damage-dependent structure as a function of the average
mass loss of the longitudinal steel. Longitudinal mass loss
is selected as the governing criterion due to more consistent
experimental reliability than transverse mass loss (Table 1).
From the available data, four key damage states can be
identified.

Damage state 0 (DS0)—DSO0 is uncorroded. The model
remains unchanged from Eq. (1) to (4).

Damage state 1 (DS1)—DS1 can be identified by low
corrosion, pre-cracking. Bond strength is observed to
increase slightly due to the additional friction the rust
provides** before expansive pressures exceed the tensile
strength of the concrete cover. Oh et al.*® proposed a crit-
ical mass 10ss (#,,,i1) threshold for the initiation of concrete
cover cracking relative to the cover depth

Huerie = 0.0018527 (12)

For a cover depth (J) of 25 mm, the critical mass loss
threshold is approximately 1.4%. Ou et al.*’ and Cheng
etal.*® adopted a value of 1.5% for an equivalent uncorroded
condition. Thus, until reaching #,, ..., Eq. (1) to (4) are main-
tained. DS1 is defined over the range

0 < 77m,1,DSl S nm,crit (13)

Damage state 2 (DS2)—DS2 has moderate corrosion
and an initial post-cracking stage with early reductions in
concrete and steel material properties. It is characterized by
changes to the material properties and mechanical structure
of the shear mechanisms while still maintaining a ductile
failure mode. 7,,; = 7.5% corresponds approximately to the
threshold between ductile and brittle shear failures (Tables 1
and 2). Beyond this, the transverse mass loss exceeds 27.5%.
DS2 is therefore defined as

nm,crit < nm,l,DSZ S 75% (14)

Damage state 3 (DS3)—DS3 has severe corrosion, signif-
icant longitudinal and transverse cracking, concrete decay
(powdering), cover spalling, and expected cracking into
the concrete core. Due to the lattice-like interwoven crack
pattern, the cover is treated as a delaminated body from
the rest of the rigid member and is assumed to be largely
ineffective at carrying stress. Brittle failures are character-
istic of this damage state. It is common to observe localized
hotspots of 100% spiral reduction, causing confinement to
become effectively reliant on the contribution of the longitu-
dinal bars over a given region. DS3 is defined by corrosion
damage exceeding 7.5% mass loss of the longitudinal steel,
with an average transverse mass loss greater than 27.5%.

77m,1,DS3 > 75% (15)

Material modifications

Steel elastic modulus—The degradation in steel elastic
modulus, measured relative to the engineering yield stress,
can be derived using the same aforementioned database
through Eq. (16). After separating by corrosion type, 575
artificially corroded and 195 naturally corroded samples
were available for analysis.

~ {(1.0-0.01059,)Ey if Artificial 6
S (1.0 — 0.01277,,)Ey if Natural (16)

where Ej is the uncorroded steel elastic modulus, assumed
to be 200 GPa. The linear regression in Eq. (16) produced an
R? of 0.646 and 0.892 for artificial and natural predictions,
respectively.

Concrete compressive  strength—Corrosion cracking
affects the member on both material and mechanical levels.
Campione et al.’ proposed a corroded section model for
circular columns considering three critical zones: 1) the
cracked concrete cover; 2) a cracked portion of the concrete
core; and 3) the uncracked concrete core. Figure 3 illustrates
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Original Cross-Section

Fig. 3—Corroded section model for material modifications.

the section model adopted for this analysis. The model
assumes that rust products accumulate uniformly around the
bar circumference, are incompressible, and thus generate
expansive microcracks bilaterally.** The cracked portion of
the core is estimated to have a uniform depth equal to the
cover concrete, 0’ = d.

Cracked concrete cover—Corrosion-induced cracking
proliferating throughout the concrete cover will alter the
constitutive stress-strain relationships between the steel,
concrete, and applied loads. For unconfined concrete, the
softening coefficient, ¢, is described as*°

f;‘,CU"I" = Cucf;" (17)
1.0 e = 0
Ge=d_ 09 (1)
\N1+600s, <~
b = T (19)
zwcr,[li
Wertor = L (20)

where f. ..’ 18 the corroded unconfined concrete strength;
&, 1s the tensile strain induced by the corrosion cracking;
by is the column circumference; w,,,, is the total surface
crack width measured experimentally; w,,; is the crack width
increment, assumed to be approximately constant over the
measured length /;; and L is the column clear height.>! This
method geometrically accounts for any subjectiveness in
classifying constant crack width between experiments.

Cracked concrete core—The compressive strength of
the cracked zone of the confined core, f;.., can be estimated
using a theoretical prediction of the softening coefficient.
The degraded confinement effectiveness will adversely
affect the confined concrete strength’?
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Modified Cracked Section
ACOVC]’

Acrackcd core

I d 1
D
fooe = gJ;(—l.254 +2.2544/1 + 7'?‘,”{ - 2%)
ﬁ'('(' = acf;, T Ok (21)

where o is the simplified confinement magnifier. Using
Eq. (18) and (19), {.. can be determined by substituting a
theoretical estimation of the total crack width within this
zone™

Wcr,th = 27[(Vrs - I)Pave (22)

where v, is the volumetric expansion ratio between the
corrosion product and base metal, taken equal to 2;>* and P,
is the average penetration based on uniform corrosion, deter-
mined either experimentally or estimated theoretically>*

Puve = 0.0116i,,t (23)

where time, ¢, is in years. (. is limited by the magnitude of
the unconfined softening coefficient, such that if the theo-
retical value is lower than the experimental value for the
unconfined section, then { . = {,.. The effective confining
pressure provided by the transverse reinforcement (K) can
be determined through the work performed by Mander
et al.,>? updating the necessary material properties with their
degraded counterparts

K= (12)kpopresfoores 24)
17 S
2d.
ke - l_pcc (25)
4AS res
psp,res = d:s (26)

where £, is the confinement effectiveness coefficient; py, e
is the residual transverse volumetric ratio; Ay, e, and fi e
can be determined using Eq. (9) and (10), respectively; s is



the spiral spacing; d. is the diameter of the center-to-center
enclosed spiral; and p,. is the ratio of the longitudinal rein-
forcement area to the area of the confined core.

Uncracked concrete core—The compressive strength of
the undamaged concrete core is affected only by the reduc-
tion in confinement effectiveness due to the degrading trans-
verse steel and can, therefore, be represented as>?

Jee = af @7

The measured crack patterns and parameters from Eq. (17)
to (27) are presented in Appendix B.”

Mechanical modifications

Shear strut inclination—In the steel truss analogy proposed
by Kowalsky and Priestley,'° the angle of strut inclination to
the column vertical axis () is assumed to be 30 degrees.
However, the angle gradually reduces as the increasing shear
load causes a redistribution of imposed stresses.!> A reliable
theoretical derivation of the strut angle was developed by
Ang'? through plastic analyses using the mechanical degree
of shear reinforcement.

cot(®) = " (28)
_ Psahy

where v is a web effectiveness factor to account for the
concrete not developing full compressive strength. Recom-
mended values of v range between 0.7 and 0.9.3¢ Thiirlimann
et al.’” presented kinematic limitations to the inclination of
the compressive stress field of 0.5 < tan(¢) < 2.0 or approxi-
mately 25 degrees < 6 < 65 degrees, based on the achievable
plastic strain distribution in concrete. The limit also ensures
that the angle does not exceed a corner-to-corner failure
plane of a column with an aspect ratio of less than 2.0.!?

It was experimentally observed that corrosion enabled
the exceedance of this kinematic limit, with strut angles
measuring as low as 20.3 degrees. Geometrically, this is
achieved by the inclusion of intermittent vertical cracks,
so a strut can develop between the crack and neutral axis
rather than fully developing to the extreme fiber (Fig. 4(b)).
As corrosion damage increased, the average strut angle
decreased (Table 2). Figure 5 presents the average strut incli-
nation for both damage states as a function of mass loss.
Angles presented in Table 2 and Fig. 5 were averaged over
all significant diagonal shear cracks forming, measured digi-
tally prior to cover spalling. In DS2, a plateauing occurred
near approximately 25 degrees, while DS3 degraded slightly
further, closer to 20 degrees. Neither CS-S1 nor CS-S2
developed significant diagonal cracks; instead, the concrete
behavior was dominated by longitudinal bond damage orig-
inating from the existing corrosion damage. A probabilistic

“The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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determination of the location and severity of corrosion
cracking is outside the scope of this study; therefore, a
conservative lower-bound estimate for the strut inclination is
proposed based on each damage state, expressed by Eq. (30).
, _ [25°ifDS2
= {200 if DS3 (39)

Neutral axis—As the unconfined concrete layer continu-
ally softens, the depth of the dependable compression block
must be adjusted. When significantly pre-cracked, the ideal-
ized stress block of the concrete compressive section will
nonlinearize, and the centroid of the compression zone will
shift inward as the outer extremities soften and lose stiffness.
At DS2, the applied compressive load should sufficiently
offset the cover softening, closing minor cracks. A conser-
vative estimate of the loss of section reliability can be repre-
sented as half the cover depth, resulting in a new equivalent
section depth equal to D — J. At DS3, the cover is assumed
to be generally unable to redistribute stresses between mate-
rials, resulting in an equivalent section depth equal to the
depth of the enclosed concrete core (d).

Axial compression performance—Cracking through the
concrete section has been shown experimentally to degrade
the axial compressive strength of corroded RC columns. >3
Revathy et al.”” observed a 3% and 12% decrease in the axial
capacity of corroded RC circular columns for a longitudinal
design mass loss of 10% and 25%, respectively. Based
on these results, columns in the DS3 range likely experi-
enced an actual axial load ratio closer to 0.05, potentially
enhancing their shear performance compared with predic-
tions. Based on the section model in Fig. 3, Campione et al.’
proposed the following model to predict the degraded axial
load-bearing capacity

P max,corr — l//pfc/Acover + W]fccAcrackedcore +f;cAcore + Alos
€1y

where 4,0, accounts for the reduction in longitudinal buck-
ling resistance; Acovers Aerackedcores aNd Aoe are derived
from Fig. 3; and y, is the ratio of the degraded compres-
sive strength for each zone to the uncorroded compressive
strength, proposed by Vecchio and Collins.®® The reduction
factor, v, derived through the Modified Compression Field
Theory, is functionally equivalent to the softening coeffi-
cient, (.

The magnitude of the axial component (Eq. (3)) is
determined by the horizontal component of the diagonal
compression strut, which carries the shear stress from the
application of axial force to the base of the column, illus-
trated in Fig. 4(c).!® The axial component of the shear-
resistance mechanism (Eq. (3) and Fig. 4(c)) is not directly
analogous to the axial capacity (Eq. (31)). However, as the
axial capacity declines, the shear resistance provided by the
axial force is indirectly affected by the smaller dependable
section. Thus, an equivalent relationship is proposed based
on the dependable strength (4,/.") of the deteriorated section.
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D= {C.uc(D B d)Jr é‘zc(d - d,)+ d (32)

if DS2
Gld—d)+d if DS3 }

Displacement ductility—Four key points characterize the
curve presented in Fig. 1(a): 1) the initial shear strength,
Vdy;), before significant plasticity is reached; 2) the depend-
able displacement ductility limit, z; 3) the flexural displace-
ment ductility capacity, u; and 4) the residual shear capacity,
V(yy), assumed to be reached once the displacement ductility
la > uy After exceeding u; (2.0 for an uncorroded column
under uniaxial bending), the concrete shear resistance is
assumed to degrade linearly due to excessive crack dilation.
More participation is demanded from the yielding transverse
reinforcement to compensate for the degradation in concrete
strength, which can only be achieved by lowering the diag-
onal strut inclination of the analogous truss.!*> Hence, the
extent of the degradation depends heavily upon the degree of
core confinement. The greater the supplied transverse rein-
forcement and confinement, the later the onset of transverse
yielding, leading to less degradation and larger displace-
ment ductility.'”® The following sections propose estima-
tions for deriving a member’s design-specific shear-ductility
envelope.

Shear strength before degradation, V; —In an uncorroded
state, V; =V, (Eq. (1)) is related to the displacement ductility
factor, y;, through Eq. (33).!* Therefore, the reduced tensile
strength of the concrete in a corroded state is related to the
softened compressive strength by

,ﬁ?t,mrr = 029 Vg{cf;, (33)
7 =029, (34)

where (. governs both DS2 and DS3 zones because (. < ..

Residual shear strength, V¢.—The residual shear strength
describes the level of underlying basic shear stress that can
be sustained by sufficient confined strength.'*'*2 V. is

ACI Structural Journal/July 2025

32

DS2
e DS3
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Fig. 5—Average measured shear strut angle for DS2 and
DS3 test members.

obtained through the additive method in Eq. (1), accounting
for the complete degradation of the concrete shear resistance
I/}[c: st;c+ V}J,'C+ sz,'c (35)

Vi is characterized by a change in strut angle to compen-
sate for the degradation in concrete resistance. The lowered
angle can be calculated using Eq. (28) and (29). From Ang,'3
the value of the web effectiveness factor, v, for a column
failing in ductile flexural bending was calibrated to be 0.193.
The residual axial component, V,; is assumed to keep the

same form as Eq. (3). The residual concrete shear resistance
is taken as

Vc = vcf,'cAe

V(}f,c = Vefe O'S(MACOVEV + VCEC : aKAcmckedcore + \/@Acam)
(36)

where the concrete shear stress, v, is taken as half of the
basic shear stress, v, = 0.37\[]? (for p; > 1.3%), if the section
is sufficiently confined.'® It can be empirically assumed that

1
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members (UC-L1 and CS-L2); and DS3 columns (UC-M2 and UC-S1).

0.185+.f ifpgres = 1%
Vefe = (37)

18'5psp,res Vgcﬁ/ ifpsp,res < 1%

Assuming that the confined concrete core can still provide
a fragment of aggregate interlock at high displacement
ductility (Eq. (36)), the Kowalsky and Priestley'® base limit
of y,=0.05 can be maintained as a reasonable lower-bound
estimate.

Dependable displacement ductility, n,—The dependable
displacement ductility, u;, defined by the onset of degrading
concrete shear resistance due to accumulative plasticity and
loss of aggregate interlock, is taken as 2.0 for a column in
an uncorroded state.!*> Due to increased bond damage and
bond-slip in corroded members, less energy is dissipated
for the same lateral deflection measured in an equivalent
uncorroded member. Furthermore, because the elastoplastic
yield displacement is defined by the secant stiffness of the
force-displacement response at O.75Ppmk,61 some curvature
is experienced (initial yielding of the outer bars) before
complete yield is achieved (characteristic of circular cross
sections). Therefore, because a larger proportion of the lateral
deflection is attributed to bond-slip in corroded situations,
less energy is being dissipated at the same lateral deflection,
and the actual displacement ductility due to yielding of the
longitudinal bars is reduced, ultimately causing a reduction
in the dependable displacement ductility.

When shear deformations begin to dominate the perfor-
mance, the curvature profiles along the member height tend
to become more irregular.!* Thus, 4; = 2 describes the final
ductility at which curvature regularity is maintained, which
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characterizes the transition in failure from shear with limited
ductility (2 < u < 4) to brittle shear (1 < u < 2) (Fig. 6).
Therefore, the degradation of the dependable displacement
ductility limit can be qualitatively estimated through a
curvature assessment of columns under corroded conditions.
It is assumed that all members failing in brittle modes (DS3)
do not achieve the dependable ductility limit before reaching
U, Which serves as a conservative lower-bound estimate and
forms the scope of this analysis to u. < u < 2.0.

Figure 6 presents example curvature profiles for DSO,
DS2, and DS3 specimens. For DS2 members failing with
limited ductility, the minimum measured ductility at which
an irregular curvature distribution was recorded was found
to be x4 = 1.7. In DS3, where all members failed in brittle
modes, the maximum ductility that maintained a regular
curvature profile was determined to be 1.7, with an average
of 1.5. Therefore, a conservative lower-bound estimate of
;= 1.5 was adopted for members within DS3.

1.50 if DS3 (38)

_ JL.70if DS2
Hie = {

The initial assumption that all ductilities over 4 = 2.0
initiate degradation of the concrete shear resistance is also
qualitatively verified by the uncorroded curvature profiles
in Fig. 6.

Flexural ductility capacity, n—The flexural displace-
ment ductility capacity, uy describes the ductility required
to ensure a pure bending failure with no shear influence
(Fig. 1(a)). The UCSD model considers y,= 8.0. To charac-
terize an equivalent degraded flexural displacement ductility
factor, ., a database of 44 additional circular columns tested

ACI Structural Journal/July 2025
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Fig. 7—Displacement ductility degradation with increasing corrosion damage using data collected from literature.

under quasi-static lateral cyclic loading was compiled from
six research programs.®330-3262 Dyctility capacities, aspect
ratios, and longitudinal mass losses ranged between 1.31 <
#<11.9,2.0<L/D<6.0,and 0 <7,,;<30.71%, respectively.

A degradation relationship was derived between the
normalized displacement ductility capacity (ua/uap) and
N for the DS2 and DS3 zones, shown in Fig. 7. All tests
failing in brittle modes without developing notable ductility
were removed from the regression analysis. The linear
regressions for DS2 and DS3 are given by Eq. (39) (Fig. 7).

0.75 < (1.95 - 0.24197,,)uao < 1.0if DS2
Hae = (0.99 = 0.02167,, o < 0.75 if DS3

(39)

Thus, the degraded flexural ductility capacity, uy., can
be determined by substituting u;0 = 8.0 into Eq. (39). The
imposed limits, 0.75 < DS2 < 1.0 and DS3 < 0.75, ensure
continuity between damage states. The Eq. (39) regression
produced predictions with an R? of 0.850 and 0.768 for DS2
and DS3, respectively, with calculated MAPEs of 13.9% and
21.4%.

Bond failure penalization

Brittle shear-bond failures are characterized by severe
bond cracking through the concrete cover, originating from
longitudinal corrosion cracks, which influences the initial
loss of concrete strength at the point of spalling (often at
the peak load). Shear failure is then distinguished by the
rupture of the spiral reinforcement, resulting in an acute
drop in load-bearing strength as the steel contribution is
abruptly lost. In a member failing in shear-bond, diagonal
struts cannot adequately develop due to significant vertical
cracking (Fig. 4(b)), redistributing imposed stresses imme-
diately after loading begins—that is, the concrete has no
opportunity to establish the desirable inclined stress path-
ways. Thus, the maximum shear resistance of the trans-
verse steel cannot be fully developed. Table 2 shows that
those members failing with bond characteristics typically
demonstrated greater losses in peak shear capacity relative
to the uncorroded benchmarks. The maximum crack width
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(Wermax) provides the strongest correlation to the onset of
bond-oriented failure modes, as shown in Fig. 8. Excluding
specimen WD-WC-M1, a threshold maximum crack width
of 1.0 mm within the DS3 range signifies the onset of
bond cracks dominating the concrete performance. Hence,
a penalization factor, wp, is proposed for those members
whose concrete resistance is lost prematurely through bond
before the complete shear resistance can be developed.

1.0 if DS2
wp = 1.0if DS3 and wey gy < 1.0 mm (40)

0.851f DS3 and Wy gy > 1.0 mm

Crack correction factor

At low corrosion, concrete resistance is overly penalized
by softening coefficients of { < 0.75. Given the same initial
concrete compressive strength, a 20% reduction in V. is
measured between BM-WC and WD-WC-L1 (,,, = 4.38%).
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The increased crack area is more likely to supply a small
compensatory effect, whereby the early redistribution of
stress provides a greater opportunity for aggregate interlock,
dowel action, and shear transfer before significant deflec-
tion is reached. This effect would be an amplification of the
concrete shear resistance (before exceeding ), based on the
total crack strain and remaining confining steel volume.

Another important consideration is the documented effect
of corrosion rate on morphology and crack growth.®64
Larger current densities are known to increase the likelihood
of uniformly distributed corrosion patterns while decreasing
the frequency of localized pitting, which is characteristic
of naturally occurring corrosion.®> A corrosion rate correc-
tion is therefore proposed to account for the relationship
between crack growth and the rate of material loss per year
(Ri,,,). An empirical correction factor, v,, is proposed in the
following form

1.0< v, = 1.05 +—<——(Ri,)? < 13 (41)

L
5 N psp,res
. A
R(i)= ZFyr. (42)

Current density is measured relative to the actual impressed
time for those subjected to wetting-and-drying cycles. A4 is
the molar mass of iron (55.847 g); Z is the ionic valency of
iron (2); F is Faraday’s constant (96,487 A-s); and yp, is the
density of iron (7.86 g/cm®). Hence, the material loss per
year for a given current density is R(i) = 1161.1 cm/year.

MODELING RESULTS

Table 3 presents the results of models M-0 to M-3. A
summary of model M-3 is presented in Appendix C. Model
M-0 accurately estimated the peak shear capacity of columns
within the DS2 range while underpredicting the uncor-
roded benchmark members and drastically overpredicting
severely deteriorated members. An important observa-
tion is the substantial increase in test variability at higher
levels of corrosion (DS3) compared to DS2. Given similar
corroded properties, there is considerable variation in the
experimental test performances within the DS3 range. For
example, UC-M1 and UC-S1 had measured peak capaci-
ties of 588 and 495 kN (16% variance), respectively, with
average transverse mass losses of 77,5, = 3.75% and 43.0%,
respectively. Observations taken during testing show that
the corrosion damage location becomes a critical parameter
at larger deterioration when considered relative to the load
direction. The likely reason UC-M1 performed so well was
that most of the corrosion damage was located outside of
the shear planes and was more heavily concentrated toward
the push-pull extreme fibers. The location and distribution of
the corrosion damage relative to the load direction were not
adequately captured by an average mass loss measurement,
which is the prevailing measurement of experimental corro-
sion. Therefore, to account for test variance and improve
model predictions, a distribution parameter considering the
global distribution with respect to the location of the shear
planes would be required. Global corrosion distribution was
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not quantitatively measured in the program presented in this
work, so a location parameter must be considered in future
research.

Figure 9 compares the predictive performance of each
model against the measured experimental capacity. The final
M-3 model efficiently estimates the peak shear capacity,
particularly within the DS3 range. All but two test speci-
mens (WD-WC-S1 and WD-WC-S2) were conservatively
underpredicted, with a mean prediction ratio of 8.60%. DS2
predictions demonstrated a strong model consistency with a
variance of 5.53%. The predictions were still conservative,
however, with a mean ratio of 13.13%. This is likely the result
of over-penalizing the steel truss component, with transverse
mass losses ranging between 12.7 and 28.8%. Despite the
relatively high transverse deterioration, DS2 columns still
performed exceptionally well compared to their uncorroded
counterparts. Models M-1 and M-2 showed high scatter and
poor predictive accuracy. Therefore, models M-1 and M-2
are unsuitable predictive tools for the degraded cyclic shear
capacity of corroded shear-critical RC circular columns.

From Fig. 9(e), the effect of the crack enhancement on the
prediction ratio can be seen to have a mild negative trend,
thus justifying the need to impose limits on Eq. (39), which
may be iteratively improved as more data become available.
Figure 10 illustrates the shear-ductility envelopes of a selec-
tion of test specimens from each damage state, highlighting
the change in slope as a function of design and corrosion
damage. Additional verification should be sought for the
proposed modifications to the displacement ductility curve,
implementing force-displacement responses and numerical
analyses over a greater range of ductility capacities and
failure modes.

Finally, to ensure that all predictions provide a conserva-
tive prediction of the actual shear capacity, a strength reduc-
tion design factor is proposed based on Table 3 in the form of

VD,C = ¢VAC (43)
$=0.80

CONCLUSIONS AND LIMITATIONS

An adaptation of an existing analytical model for calcu-
lating the cyclic shear capacity of circular reinforced concrete
(RC) columns, considering the effects of chloride-induced
corrosion, is presented in this research. The modifications
account for material and mechanical degradation effects
within the corroded RC column. The proposed model cate-
gorizes RC columns by the severity of the corrosion damage,
represented as different damage states. Damage states 0
(DS0) and 1 (DS1) represent effective uncorroded condi-
tions, so the model maintains its original structure. DS2
and DS3 describe moderately to severely corroded states,
defined by the average longitudinal mass loss ranges of
1.5% <9, <7.5% and #,,; > 7.5%, where 7.5% longitudinal
mass loss corresponds to approximately 27.5% average
transverse mass loss. New empirical decay law coefficients
are proposed to explain the reduction in material properties
with increasing corrosion based on a database of over 1380
corroded tensile tests.
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Table 3—Models M-0 to M-3 results and comparison with experimental values, ordered by ascending

longitudinal mass loss

Damage Vinas,exs/ Vinas,exs/ Vinas,exs/ Vinas,ex/
state Specimen ID Nunts 0 | Vinavewp Virro Vs Vs Virms Viro Vire Vira Vs
BM-UC 0.00 499.8 470.0 — — — 1.06 — — —
BM-WC 0.00 689.0 618.9 — — — 1.11 — — —
DSO Mean 1.09 — — —
Mean, % 8.83 — — —
Std., % 3.54 — — —
WD-WC-L1 438 764.3 705.3 659.3 579.8 665.3 1.08 1.16 1.32 1.15
WD-WC-L2 4.40 636.8 632.0 590.3 477.8 591.0 1.01 1.08 1.33 1.08
UC-L2-2.95 4.56 498.2 503.9 467.7 438.1 451.0 0.99 1.07 1.14 1.10
UC-L1 4.87 512.7 511.6 468.8 442.0 472.4 1.00 1.09 1.16 1.09
CS-WC-L1 4.96 671.0 705.3 643.9 544.1 613.5 0.95 1.04 1.23 1.09
ps2 CS-WC-L2 5.10 680.0 667.5 606.0 5155 569.3 1.02 1.12 1.32 1.19
WD-WC-M1 5.81 670.8 705.3 621.3 477.2 552.4 0.95 1.08 1.41 1.21
Mean 1.00 1.09 1.27 1.13
Mean, % 0.05 9.15 27.23 13.13
Std., % 4.53 3.87 9.85 5.53
WD-WC-S2 7.61 492.7 667.5 542.9 413.3 522.8 0.74 0.91 1.19 0.94
WD-WC-M2 7.68 706.1 663.5 537.8 444.8 597.0 1.06 1.31 1.59 1.18
uc-Ml 7.88 587.8 509.9 409.4 3753 444 4 1.15 1.44 1.57 1.32
WD-WC-S1 8.87 430.4 705.3 540.0 4453 539.4 0.61 0.80 0.97 0.80
UC-M2 8.97 477.8 511.1 389.3 398.1 432.6 0.93 1.23 1.20 1.10
UC-S2-2.95 9.45 390.9 503.9 374.7 383.1 390.8 0.78 1.04 1.02 1.00
bs3 UC-S1 10.5 494.9 509.9 358.8 367.5 4354 0.97 1.38 1.35 1.14
CS-WC-S2 12.8 507.0 705.3 434.7 409.0 452.7 0.72 1.17 1.24 1.12
CS-WC-S1 13.2 518.0 705.3 424.5 398.9 443.8 0.73 1.22 1.30 1.17
Mean 0.86 1.17 1.27 1.09
Mean, % —-14.45 16.55 26.86 8.60
Std., % 18.20 21.34 21.26 15.29

Note: A negative mean prediction represents a mean prediction ratio less than 1.0; Std. is standard deviation.

The changes in diagonal strut inclination, degradation of
axial compression capacity, neutral axis depth, the relation-
ship between concrete shear resistance and displacement
ductility, bond degradation, and shear stress transfer through
concrete cracking are considered in the model. An addi-
tional database of 44 corroded circular columns is compiled
to derive new shear-ductility relationships for each corroded
damage state.

The final proposed model was shown to improve the
predictive performance and variance compared to simpli-
fied degradation models developed for comparison, partic-
ularly in more severely corroded ranges (DS3). Due to the
limited experimental data available on corroded RC circular
columns failing in shear-dominated modes, a degree of
scatter remains in the final model. It was observed that the
prevailing location of the corrosion damage relative to the
load direction (and, therefore, the formation of shear planes)
heavily dictated the final performance. Thus, a corrosion
distribution parameter relative to the shear planes should
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be explored to account for test variance and improve the
final model predictions. Global corrosion distribution was
not quantitatively measured in the experimental program
presented in this work, so a location parameter must be
considered in future research. Nevertheless, with a mean
predictive ratio of £8.60% compared to the experimental
data, the model provides a strong predictive tool for the
assessment of aging and compromised RC columns subjected
to chloride-induced deterioration. Final DS2 predictions
demonstrated a conservative mean predictive accuracy of
+13.13%. Through a comprehensive comparison between
the original model, two simplified degradation models, and
the final proposed model, the original (uncorroded) model
proposed by Kowalsky and Priestley'® provided the stron-
gest predictive accuracy for columns within the DS2 range,
with a mean accuracy of 0.05% and a standard deviation of
4.53%.

Although many of the proposed modifications involve
well-founded concepts from the literature, the final proposed
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model was built upon a limited pool of data, considering
only a small range of aspect ratios, confinement degrees,
failure modes, and one axial load ratio. More testing must
be conducted across key experimental variables to improve
predictive ability.
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APPENDIX A: NOMENCLATURE LIST

Parameter

Asp,res

D/
ES,T'BS
f‘CI
fZCOTT

f;}CC
fee
fye

f yt,res

lCOT‘T‘

Pave

Description

Mean residual spiral cross-sectional area (mm?).

Column circumference (mm).

Neutral axis depth (mm).

Depth of the confined concrete core (mm).

Depth of the uncracked concrete core (mm).

Center-to-center diameter of the enclosed spiral (mm).
Column diameter (mm).

Corroded dependable column section depth (mm).

Residual steel elastic modulus (corroded) (GPa).

Uncorroded concrete cylinder compressive strength (MPa).
Corroded unconfined concrete compressive strength (MPa).
Corroded concrete strength of cracked concrete core portion (MPa).
Concrete strength of uncracked concrete core (MPa).

Nominal yield capacity of the transverse reinforcement (MPa).
Residual yield capacity of the transverse reinforcement (MPa).
Confinement effectiveness coefficient.

Effective confining pressure (MPa).

Column clear height (mm).

Corrosion current density (uA/cm?).

Applied axial load (kN).

Average penetration depth (mm).



"d<

Material loss rate due to corrosion (/year).
Experimental reduction in peak shear capacity (%).
Experimental reduction in ultimate displacement (%).
Spiral spacing (mm).

Corrosion duration (days).

Theoretical nominal shear capacity (assessment) (kN).
Concrete shear resistance (kN).

Theoretical nominal shear capacity (design) (kN).
Shear strength provided by the axial component (kN).
Steel truss shear mechanism (kN).

Total surface crack width (mm).

Aspect ratio factor.

Magnification due to confinement.

Steel yield capacity degradation coefficient.
Longitudinal steel ratio factor.

Steel elastic modulus degradation coefficient.
Displacement ductility factor.

Concrete cover thickness (mm).

Column yield displacement (mm).

Column ultimate displacement (0.85 peak load) (mm).
Tensile strain along corrosion cracks (experimental).
Tensile strain along corrosion cracks (theoretical).

Concrete softening coefficient.



nm,l

nm,sp
9/

HUn

pCC

P

Psp,res

Vs

Average mass loss of the longitudinal reinforcement (%).
Average mass loss of the transverse spiral reinforcement (%).
Strut inclination of the corroded column to column axis (degrees).
Displacement ductility capacity.

Web effectiveness factor.

Corrosion cracking correction factor.

Concrete shear stress (MPa).

Volumetric expansion ratio.

Ratio of longitudinal reinforcement to confined core areas.
Longitudinal steel ratio.

Residual transverse volumetric ratio (corroded).

Design strength reduction factor for shear.

Mechanical degree of shear reinforcement.

Bond failure penalization factor



APPENDIX B: CRACK STATISTICS OF TEST SPECIMENS

Table 1. Crack patterns and key model variables for test specimens included in this study.

. chr,i li Wcr,tot Ecr f’c K fccc fcc
SpecimenID | © 5 (mm) (mmmm) S (MPa) S (MPa) (MPa) (MPa)
BM-UC 000 000 _ 00000 100 374 100 0858 430 430
UC-LI 2651 247 00016 065 471 079 0565  40. 509
UC-L2-295 | 4806 326 00021 060 471 079 058 403 510
UC-Mi1 3247 302 00019 061 467 063 0267 305 485
uc-m2 2800 2.60 00017 064 471 064 0293 313  49.1
uc-st 2380 222 00014 066 467 066 0221 319 482
UC-$2-2.95 6290 426 00027 056 471 056 0333 274 494

‘BM-WC | 000 00 0.0000 1.00 359 1.00 | 1782 470 470

CS-WC-LI 2313 215 00014 067 567 079 1047 502 637
CS-WC-L2 2455 228 00015 066 467 079  1.091 426 539
CS-WC-S1 3504 326 00021 060 567 060 0234 350 583
CS-WC-S2 4310 401 00026 057 567 057 0313 333 589
WD-WC-LI 1482 138 00009 073 567 079 1217 510 647
WD-WC-1.2 221 207 00013 067 386 079 1080 360 456
WD-WC-M1 | 2866 267 00017 063 567 063 0729 390 616
WD-WC-M2 | 2814 262 00017 064 471 064 0715 330 519
WD-WC-S1 3256 303 00019 061 567 061 0551 370  60.4
WD-WC-S2 2642 246 00016  0.65 467 065 0588 327 507




APPENDIX C: MODEL M-3 SUMMARY

Summarizing all proposed modifications, Eq. 1 — 4 can be amended to account for the effects of
material and mechanical degradation on the cyclic shear capacity due to chloride-induced

corrosion by taking the structure:

VA,C = Vs,c + Vp,c + Vc,c (1)

The degraded steel truss mechanism can be expressed as:

!

T D—-c - ,
Vs,c = an (Asp,Ofyt,O) T cot (6') ()
Where a,, is given in Eq. 10. The adjusted neutral axis ¢’ is derived using the degraded material
properties in Eq. 10 and Eq. 16, an equivalent degraded section depth of D — § or d for DS2 and
DS3 respectively, and the strut inclination 6’ is given by the lower-bound approximation in

Eq. 30. The degraded axial component is:

(D' —=¢)
pe = P

for N >0 3)
Where D' is the dependable depth of the deteriorated section to support axial load, given by

Eq. 32.

Ve = aBvepp¥e ! - 08(JCucAcover + \Sec@icAcrackeacore + Ak Acore)  (4)
The a and S factors remain unchanged and are taken from Eq. 5 and 6. The displacement ductility
factor, y,, is derived by first developing the degraded shear envelope using Eq. 33 to 39. y, is
determined by the shear envelope’s intercept with the column’s force-displacement response. The
softening coefficients, ;. and {.., are given by Eq. 18, using either Eq. 20 or 23, respectively.

The section areas A oper> Acrackedcores aNd Aqore are derived from Fig. 3.



