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A B S T R A C T   

Steel corrosion in RC structures leads to a reduced reinforcement area, changes in steel mechanical properties, 
cracking and, eventually, concrete cover spalling, among other phenomena. Stirrups are generally small in 
diameter and, given their small concrete cover, they are more susceptible to corrosion than longitudinal rein
forcement. Hence their corrosion significantly affects shear strength. Most existing models that deal with 
reduction in the shear strength of corrosion-damaged reinforced concrete (RC) structures are empirical; that is, 
they have been numerically fitted to test results. In this context, conceptual models based on structural me
chanics principles and verified for corrosion-damaged members are still needed. 

In this paper, the Compression Chord Capacity Model (CCCM), a shear mechanical model previously derived 
by the authors, is adapted to predict the shear strength of corrosion-damaged RC beams. For this purpose, the 
model parameters that can be affected by steel corrosion in RC beams were identified and modified accordingly. 
CCCM predictions were compared to the experimental results of 146 slender and non slender beams failing in 
shear, in which stirrups and/or longitudinal reinforcement was subjected to corrosion. The CCCM achieved very 
satisfactory shear strength predictions when reductions in reinforcement areas and web width were taken into 
account, with a mean value of the Vtest/Vpred ratio equaling 1.19 and a 19.5% coefficient of variation. Finally, a 
parametric analysis was performed to show the predicted reductions in shear strength according to the CCCM 
compared to the experimental results of some especially relevant tests.   

1. Introduction 

Steel corrosion is one of the most frequent and relevant deterioration 
processes that reinforced concrete structures undergo. It causes re
ductions in reinforcement areas, changes in reinforcing bars’ mechani
cal properties [1] and loss of bond properties between steel and concrete 
[2,3]. In addition, the volumetric expansion of corrosion products cau
ses splitting stresses along corroded reinforcement, which lead to 
cracking and eventually to cover spalling. As reinforcement becomes 
more exposed, the corrosion rate may increase and the deterioration 
process might accelerate [4]. As a result of these phenomena, a reduc
tion in stiffness, bond properties, anchorage capacity, flexural and shear 
strengths takes place that may affect their service performance and 
strength. 

Although this corrosion phenomenon may seem a minor problem on 
the global agenda, current estimations indicate that the global cost of 
corrosion is the equivalent to 3–4% of the Gross Domestic Product of 

industrialized countries; that is 1.45 trillion euros [5]. Moreover, as the 
first cause of climate change is increased CO2 concentrations in the at
mosphere, climate change may have a direct impact on the life span of 
concrete structures. A rising CO2 concentration implies a higher 
carbonation rate and existing infrastructure’s deterioration increases 
[6]. Moreover, rising average temperatures can also imply significant 
increases in the corrosion rates of reinforcements for not only the 
aforementioned carbonation case, but also for chloride corrosion [7]. As 
the direct and indirect costs of corrosion are immense, a slight acceler
ation in the corrosion process can mean a significant increase in global 
expenditure. Australian research [6] suggests that failure to take action 
in mitigating climate change could lead to more carbonation corrosion 
damage with rises of up to 400% by 2100 for temperate climate zones of 
Australia and a 15% increase in chloride corrosion damage. Other 
studies indicate a 115% increased risk of carbonation damage in the 
Carpathian region [8]. 

Most research into steel corrosion in concrete structures has focused 
on determining its causes, the mechanisms governing its evolution and 
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the local effects on both steel properties and the interaction of rein
forcement with the concrete surrounding it [9]. Despite their large 
number, fewer studies have aimed to study the effects of corrosion on a 
structure’s overall behavior and safety [10–17]. By way of example, the 
effects of the above-mentioned corrosion, such as reduced reinforcement 
section areas due to reinforcement corrosion, not only brings about a 
reduction in the affected RC member’s bending capacity, but also stiff
ness loss, which leads to stress redistributions toward less or non 
corroded areas, both longitudinally and transversely. Furthermore, 
reduction in steel ductility due to the corrosion effect can significantly 
affect the plastic redistribution ability of continuous structures, which is 
especially relevant in structures subjected to seismic action [13]. 

Another frequent situation is the change in failure mode that rein
forcement corrosion may cause. Corrosion of longitudinal re
inforcements obviously affects flexural strength more, but can also 
reduce shear or torsional strength. Indeed a reduction in reinforcement 
section or loss of bonding to concrete increases the width and depth of 
cracks and, therefore, reduces both the aggregate interlock and the 
contribution of the compression chord as its depth reduces. Besides, 
transverse reinforcement usually presents less concrete cover. Another 
interesting case is the effect of reinforcement corrosion in columns, 

which can cause longitudinal reinforcement buckling by either stirrup 
rupture or merely by their sectional loss. Note that a change in failure 
mode can be accompanied by a structure’s decrease in ductility. 

It can be deduced from the above considerations that corrosion 
considerably affects the already complex resistant mechanisms of con
crete structures by making the rigorous evaluation of the resistant ca
pacity of structures with corrosion a difficult, but very important, task. 
Numerical methods are a necessary and very powerful tool to carry out 
this task [18–20] but, in general, the time and computational costs they 
require are still very high. In addition, there is still a way to go for their 
calibration to allow the objectivity of results [21] in very complex sit
uations, such as brittle failure under shear stresses or adequately 
reproducing passive confinement effects. 

However, in real engineering practice, the number of more aged and 
susceptible to corrosion structures grows, and it is necessary to have 
sufficiently precise tools, but at the same time easy to use, to be able to 
quickly evaluate its strength with reasonable safety, and check the need 
for performing a deeper analysis using numerical methods. 

The models used in design do not seem the most suitable ones for 
evaluating existing damaged structures as they are often empirical in 
nature, and their equations have been derived from experimental results 

Nomenclature 

a shear span measured between the support axis and the 
loading axis 

beff,corr effective web width after spalling 
bw web width 
cv concrete cover 
d effective cross-section depth 
d0 effective cross-section depth, d, but not less than 100 mm 
fcm mean concrete cylindrical (150 × 300 mm) compressive 

strength 
fctm mean concrete tensile strength considered in this paper to 

equal 0.30⋅fcm2/3 in MPa, but not higher than 4.60 MPa 
fyw mean shear reinforcement yield strength 
h cross-section depth 
m0 mass of a stirrup, link or steel bar before corrosion 
m mass of a stirrup, link or steel bar after corrosion 
n Es/Ec ratio 
s spacing of stirrups 
sx spacing of vertical reinforcement (Aswy) in a D-region 
sy spacing of horizontal reinforcement (Aswx) in the web in a 

D-region 
x neutral axis depth of the cracked section, obtained by 

assuming zero concrete tensile strength 
x1 neutral axis depth inside a D-region for non slender beams 
z inner lever arm. In the shear analysis of the reinforced 

concrete beams without axial force, the approximate z ≈
0.9d value is normally used 

A0 cross-sectional area of steel before corrosion 
Amin cross-sectional area of steel after corrosion 
As cross-sectional area of longitudinal tensile reinforcement 
Asw cross-sectional area of shear reinforcement 
Aswx cross-sectional area of the horizontal reinforcement placed 

in the web in a D-region 
Aswy cross-sectional area of vertical reinforcement in a D-region 
Ec secant modulus of elasticity of concrete, considered to 

equal Ec = 22,000
(
fcm/10

)0.3≯39 GPa in this paper 
Es modulus of elasticity of reinforcing steel, considered to 

equal 200,000 MPa 
Kad factor taking into account the ratio between the shear 

strength of a non slender and a slender beam; Eq. (16). 

Kc factor equaling the relative neutral axis depth, x/d, but not 
higher than 0.20; Eq. (6). 

Vcu concrete contribution to shear strength; Eqs. (6) and (12) 
Vcu,min minimum concrete contribution to shear strength; Eq. (6) 
Vmax maximum shear force that can be sustained by the 

member, limited by crushing of struts; Eq. (8) 
Vpred predicted shear strength 
Vsu shear reinforcement contribution to shear strength; Eqs. 

(7) and (13) 
Vswx contribution of horizontal web reinforcement to shear 

strength in a D-region; Eq. (15) 
Vswy contribution of vertical web reinforcement to shear 

strength in a D-region; Eq. (14) 
Vtest measured shear strength during the test 
Vw shear force resisted along the critical shear crack 
αe modular ratio, αe = Es/Ec 
αcw coefficient taking into account the state of stress in struts. 

See EC-2 [22] for further information 
ηwt weight loss ratio 
ηsn section loss ratio 
ηl,sn longitudinal reinforcement section loss ratio 
ηw,sn web reinforcement section loss ratio 
ν1 strength reduction factor for concrete cracked in shear. See 

EC-2 [22] for further information 
θ angle between the concrete compression strut and the 

beam axis perpendicular to shear force 
φ0 cross-sectional diameter of steel before corrosion 
φmin cross-sectional diameter of steel after corrosion 
Φmin stirrup diameter 
ρl longitudinal tensile reinforcement ratio referring to 

effective depth d and web width bw for beams with 
rectangular cross-section 

ρw transversal reinforcement ratio 
ρsw horizontal reinforcement ratio along the web 
ρw transversal reinforcement ratio 
σ1, σ2 principal stresses in the concrete compressed chord 
σswx stress at the longitudinal web reinforcement in a D- region 
σswy stress at the vertical stirrups placed below the neutral axis 

in a D- region 
ξ size and slenderness effect factor, as given by Eq. (9)  
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from non corroded structures without being directly supported by 
theoretical models [22,23]. Therefore, correction coefficients must be 
used to correct the model’s results, and be intended for intact structures 
that must also be empirically obtained [24]. Moreover, the safety 
criteria used in newly designed structures are of dubious application to 
structures with reinforcement corrosion, especially with structures 
whose resistance capacity has already been affected. 

In this context, experimentally verified conceptual models based on 
principles of structural mechanics can play a fundamental role in the 
evaluation of corrosion-damaged structures because, in their derivation, 
the parameters governing behavior and structural resistance, and their 
influence, appear naturally. Therefore, they can be adapted to different 
situations by simply taking into account the differential aspects of the 
new situation without having to use correction coefficients. One 
different and acceptable issue is that some coefficients which define 
behavior can be calibrated with existing experimentation. 

In order to assess the residual shear strength of corrosion-damaged 
concrete structures, several applicable conceptual or semi-empirical 
methods that have been experimentally verified with non deteriorated 
structures exist. These methods can be grouped into methods based on 
the contribution of the cracked web (aggregate interlock) as a major 
mechanism of resistance to shear [25,26], and those based mainly on the 
contribution of the uncracked compression chord in bending as a prime 
mechanism before collapse [27–31], among others. Of them all, the 
Multi-Action Shear Model (MASM [31]) and its natural evolution, the 
Compression Chord Capacity Model (CCCM [30]), have proven excellent 
versatility to be adapted and applied successfully to very diverse situa
tions, and offer very good results for slender reinforced and prestressed 
concrete members with rectangular or T-cross sections [30], non slender 
beams [32], RC beams subjected to fatigue loads [33], steel fiber- 
reinforced concrete beams without stirrups [34], beams reinforced 
with fiber-reinforced polymers (FRP) bars [35] and beams externally 
strengthened on shear using shape memory alloys [36,37]. 

This paper addresses the shear strength of reinforced concrete 
structures affected by reinforcement corrosion using the CCCM, devel
oped by the authors, by extending it to beams with corroded rein
forcement. To do so, first the results of shear tests on structures affected 
by reinforcement corrosion and its effects on shear transfer actions were 
analyzed. Second, the model parameters that can be affected by corro
sion were identified and their values modified accordingly. Finally, the 
model was verified with the results of 146 tests on beams with corroded 
reinforcement failing in shear, including slender and non slender beams. 

2. Structural effects caused by the corrosion of the 
reinforcement 

The structural effects caused by reinforcement corrosion are largely 
known. In 1997, Rodríguez et al. [38] concluded that reinforcement 
corrosion affected the performance of concrete beams by not only 
increasing both deflections and crack widths at the service load, and by 
also reducing the strength at the ultimate load. Moreover, reinforcement 
corrosion may modify the failure mode in concrete beams. In the 
experimental campaign involving 31 beams carried out in [38], while 
non deteriorated tested beams failed in bending, damaged beams mostly 
failed due to shear forces. Two effects were shown to be significantly 
relevant: reduction in the cross-section of reinforcement (especially due 
to pitting at stirrups) and concrete cover deterioration due to cracking 
and spalling. Finally, the researchers concluded that a conservative 
value of either the ultimate bending moment or shear strength could be 
predicted by using RC conventional models and considering the reduced 
section of both steel and concrete. 

Coronelli and Gambarova [39] focused on the structural assessment 
of corroded reinforced concrete beams, and studied both the service and 
ultimate limit states. They highlighted that increasing corrosion levels 
tended to anticipate shear cracks, corrosion affected both a structure’s 
strength and ductility at Ultimate Limit State (ULS), and that bond 

conditions should be assessed and modeled to predict the structural el
ement’s ductility. 

The degree of reinforcement corrosion is generally reported in papers 
as either the weight loss ratio or the cross-sectional loss ratio. The weight 
loss ratio, ηwt, can only be obtained by a destructive technique: a stirrup, 
link or any steel bar (or segment) is weighed before and after inducing 
corrosion: 

ηwt =
m0 − m

m0
× 100% (1)  

where m0 is the mass of a stirrup, link or steel bar before corrosion and m 
is the mass after corrosion. 

Although determining the weight loss ratio in the lab is easy, it is not 
a convenient factor for predicting shear strength. The cross-sectional 
loss ratio, ηsn, is a direct parameter for calculations and can be ob
tained as: 

ηsn =
A0 − Amin

A0
× 100% =

φ2
0 − φ2

min

φ2
0

× 100% (2)  

where A0 and φ0 are the cross-sectional area and diameter, respectively, 
of steel before corrosion; Amin and φmin are the minimum cross-sectional 
area and diameter after corrosion. Note that ηwt is an indicator of the 
average degree of corrosion, meanwhile ηsn tries to indicate the 
maximum cross-section loss. Both indicators should be identical for 
completely homogeneous corrosion but, in general ηwt will be lower than 
ηsn In Section 5.1 on the database used, the empirical correlation used to 
convert the reported weight loss ratios, ηwt, in cross-sectional loss ratios, 
ηsn, is explained. 

Expansion of corrosion products from stirrups causes concrete cover 
spalling, which results in a decrease of the concrete section of the beam. 
Higgins et al. [40] observed that the amount of concrete damage de
pends primarily on stirrup spacing and cover distance (see Fig. 1), and 
they proposed Eqs. (3) and (4) based on empirical data and theoretical 
computations. Non overlapping spall damage comes into play for widely 
spaced stirrups, but as stirrup spacing tightens, the entire cover area may 
spall. Note that in the original publication [40], Eqs. (3) or (4) were used 
depending on stirrup spacing: s, was higher or lower than 5.5cv, but this 
term has been corrected in this publication (see the expressions on the 
right of Eqs. (3) and (4)) for presenting perfect continuity between both 
equations for this case: s = 5.5(cv + ϕv). 

beff ,corr = bw − 2(cv +∅v)+
s

5.5
if s ≤ 5.5(cv +∅v) (3)  

beff ,corr = bw −
5.5
s
(cv + ∅v)

2 if s > 5.5(cv +∅v) (4)  

where bw is the original undamaged beam width, cv is the concrete cover, 
ϕv is the stirrup diameter and s is stirrup spacing. 

Eqs. (3) and (4) become valid once significant corrosion induces 
cracks from on the concrete surface of beams. Higgins et al. [40] pro
posed using the previous equations when stirrups exhibit 10% average 
cross-section loss or based on field observations of concrete damage. For 
lower average cross-section loss, the partially damaged concrete cover 
may still contribute to shear strength. This simple approximation to take 
into account the reduction of the web width will be considered in this 
paper. However, other more refined procedure is proposed in [41] 
taking into account the amount of longitudinal compressive reinforce
ment and the attack penetration value. 

Another very important structural effect caused by reinforcement 
corrosion is the change in bonding properties between concrete and 
steel. The loss of contact surface between the reinforcement and the 
surrounded concrete, due to corrosion and concrete splitting, produces a 
loss of bond strength and, eventually, may drive to shear failure due to 
loss of anchorage capacity. This effect can be accounted for by the 
CCCM, since it provides the position of the critical shear crack, which 
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according to the model is given by the ratio between the cracking 
moment and the ultimate shear. However, the bond strength of the 
corroded bars is not given in the database used, so that this type of 
failure, is not being considered in the present paper. More information 
regarding bond properties of corroded reinforcing steel bar is found at 
[42]. 

3. The compression chord capacity model (CCCM) 

The CCCM [30] is a shear design-oriented mechanical model based 
on a more complex analytical model referred to as the multi-action shear 
model (MASM) [31]. The MASM explicitly takes into account different 
commonly accepted shear transfer actions: shear transferred by the 
uncracked concrete chord, also called arching action; shear transferred 
across web cracks (through residual tensile stresses in the MASM); dowel 
action in longitudinal reinforcement if shear reinforcement is provided; 
tension in shear reinforcement if it exists; their interactions. Close-form 
expressions have been obtained for the four shear transfer actions [31]. 
In the MASM, the critical shear crack is considered to initiate at a point 
where, upon failure, the bending moment equals the beam’s flexural 
cracking moment. If no other premature failure takes place, shear 
strength is controlled by the flexural compression chord’s capacity 
because it is the last element to initiate softening, which reduces its 
capacity as the crack propagates toward it inwardly. Failure is consid
ered to occur when, at any point on the compression chord, the principal 
stresses reach Kupfer’s biaxial failure envelope on the compression- 
tension branch [43]. The detailed derivation of the MASM is found in 
[31]. From a conceptual point of view, the model is fully compatible 
with a strut-and-tie model, even for beams without stirrups [44]. 

The use of four equations to obtain the shear strength is considered 
too complex for everyday calculations by practicing engineers, and the 
MASM was simplified to the CCCM [30,45]. The main premise of 
simplification was that, at failure initiation, both residual tensile stresses 
and dowel action were small compared to the shear resisted by the un
cracked concrete chord and/or the contribution of shear reinforcement. 
In the next sections, CCCM equations are presented in detail for slender 
and non slender beams. 

3.1. Slender beams (a/d ≥ 2.5) 

The resulting expressions, particularized for RC members with rect
angular cross-section, are summarized in Table 1 – Eqs. (5)–(11) and 
Fig. 2. Shear strength (Eq. (5)) is considered to equal the sum of concrete 
contribution, Vcu, and steel contribution, Vsu, and has to be lower than 
the maximum shear strength given by strut crushing, Vmax. 

Concrete contribution is obtained by associating shear failure initi
ation with the stage represented by point A in Fig. 2b (adapted from 
[46]). This hypothesis substantially simplifies the problem with no sig
nificant loss of accuracy: the association allows the formulation of a 
failure criterion to be expressed in terms of the concrete stresses in the 
compression chord and as a function of the neutral axis depth, x, as seen 

in Eq. (6) to the left. A combined size and slenderness factor is defined by 
Eq. (9) and includes the size effect factor proposed by the ACI Committee 
446[47] and recently adopted in ACI 318–19 Code [23]. Shear span, a, is 
the distance from the support to the resultant force of the loads pro
ducing shear on that support and its determination is direct for the 
beams subjected to point loads, like that included in the used database. 
For the beams with distributed loads, it can be computed as Mu,max/ 
Vu,max, where Mu,max and Vu,max are the maximum absolute values of the 
internal forces in the region between the maximum bending moment 
and the zero bending moment where the considered section is located. 
For design purposes, in members subjected to a uniformly distributed 
load, a = 0.25L for simply supported beams and a = 0.5L for a cantilever 
beam. a = 0.2L for the positive (sagging) moment regions in continuous 
beams, and a = 0.15L for the negative (hogging) moment regions in 
continuous beams. L is the beam span or cantilever length. In order to 
develop a simpler code procedure, considering that the influence of 
shear span, a, is relatively small compared to the influence of other 
parameters, the term d/a could be substituted for a constant value [45]; 
e.g. 1/3.5, which represents a continuous beam with L/d equaling 17.5. 

In some members, e.g. one-way slabs with low longitudinal rein
forcement amount, the shear contribution due to residual stresses along 
the crack may be comparable to the contribution of the uncracked zone 
as x/d is small. For this situation, a minimum shear strength was pro
posed, which is the right-hand expression in Eq. (6), by explicitly taking 
into account the action of the residual tensile stresses in the web. 

The stirrups’ contribution is given by Eq. (7) for the particular case of 
vertical shear reinforcement, and is produced by the tensile stresses 
transmitted by stirrups in a length equaling 0.85d (the horizontal pro
jection of the first branch of the critical shear crack; see Fig. 2a and 2c). 
The term 1.4 comes from the mechanical derivation, see [30], and 
contemplates the confinement produced by the stirrups in the concrete 
compression chord. 

Fig. 1. Schematic plan view of concrete spalling in a beam web due to corrosion for two different stirrup spacings. Adapted from [40].  

Table 1 
Summary of the CCCM equations for slender beams.  

Equations Expressions  

Shear strength VR = Vcu + Vsu ≤ Vmax  (5) 
Concrete contribution Vcu = 0.3ξ

x
d
f2/3
cm bwd≮Vcu,min =

0.25
(

ξKc +
20
d0

)

f2/3
cm bwd  

(6) 

Shear reinforcement Vsu = 1.4
Asw

s
fyw(d − x)cotθ  (7) 

Struts crushing Vmax = αcwbwzν1fcm
cotθ

1 + cot2θ
≈ 0.225fcmbwd  (8)  

Factors Expressions  

Size and slenderness 
effects ξ =

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
d0

200

√

(
d
a

)0.2
≮0.45 d and d0 in mm  

(9) 

Neutral axis depth x
d
= nρl

(

− 1+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
2

nρl

√ )

≈ 0.75(nρl)
1/3  

(10) 

Crack inclination 
cotθ =

0.85d
d − x

≤ 2.5  (11)  
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The maximum shear strength is computed by a plasticity model (left- 
hand expression in Eq. (8)) by assuming for simplification reasons that 
the strut inclination equals the crack inclination (Eq. (11)). The 
expression on the right is a further simplification, achieved by intro
ducing some typical values into the main equation, which also leads to 
very good results and makes use easier [45]. 

The predictions obtained by the CCCM have been compared in 
different papers to the experimental results obtained by hundreds of 
laboratory tests. For example, for the 784 RC slender beams without 
stirrups included in a previously published database [48], the obtained 
mean Vtest/Vpred ratio value equaled 1.17, with 18.5% coefficient of 
variation. For the 170 RC slender beams with shear reinforcement that 
failed upon shear included in the database reported in [49], the mean 
Vtest/Vpred ratio value equaled 1.16, with 14.1% coefficient of variation. 
These results are more accurate and precise than the predictions ob
tained with current code procedures [30,32,45]. 

3.2. Non slender beams (a/d < 2.5) 

The shear strength of non slender beams is enhanced due to arching 
action. The CCCM was extended to include this case and for loads 
applied close to the support [32]. For this purpose, the differences in the 
structural behavior between slender and non slender beams were iden
tified and incorporated into the original model formulation to adapt it to 
non slender beams. Table 2 (Eqs. (12)–(20)) summarizes the obtained 
expressions. In short, non slender beams show higher shear strength 
than slender beams and the following aspects of the structural response 
of non slender beams were taken into account [32]: 

• Strain deformations are not planar and the neutral axis depth in
creases as the considered section approaches the support [50], i.e. as 
a/d decreases, see Fig. 3. This affects the concrete contribution to 
shear strength as it directly depends on the uncracked zone size. Eq 
(17) assumes a parabolic variation of x between a/d = 2.5 (x1 = x, B- 
region) and a/d = 0 (x1 = d).  

• Due to the distribution of stresses in the discontinuity region, a 
straight critical shear crack develops connecting the inner faces of 

the load to the support plates [51], see Fig. 4A. The inclination of this 
crack is given by cot θ in Eq. (18).  

• When load is applied on the opposite side of the support reaction, see 
Fig. 4B, vertical compression stresses (σy) are generated in the 

Fig. 2. Critical shear crack propagation: a) qualitative crack trajectory; b) schematic load–displacement curve; c) critical crack in a tested beam; d) adopted failure 
envelope for concrete under biaxial stress state. 

Table 2 
Summary of the equations for non slender beams with rectangular cross-section.  

Equations Expressions  

Concrete contribution Vcu = 0.3ξ
x
d
Kadf2/3

cm bwd  (12) 

Web reinforcement Vsu = Vswy + Vswx  (13) 
Vertical web reinforcement Vswy =

Aswy

sx
(d − x1)cotθσswy  

(14) 

Horizontal web reinforcement Vswx = 0.5
Aswx

sy
(d − x1)tanθσswx  

(15)  

Factors Expressions  

Non slenderness factor (a/d < 2.5) Kad = 1 + (2.5 −
a
d
)
2  (16) 

Neutral axis depth in D-region x1

d
=

x
d
+ (1 −

x
d
)(1 − 0.4

a
d
)
2
≤

1  

(17) 

Crack inclination in D-region cotθ =
a
d
≥ 0.5  (18) 

Stress at vertical stirrups in D-regions σswy =
fctmKad

ρl

x1

d
cot3θ ≤ fyw  

(19) 

Stress at longitudinal web reinf. in D- 
regions 

σswx =
fctmKad

ρl

x1

d
cotθ ≤ fyw  

(20)  

Fig. 3. Neutral axis depth (x and x1), stress and strain distributions, in slender 
and non slender shear spans. 
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compression chord, which has a confining effect that may increase 
the shear stress τ capacity of compression chord fibers. 

By taking the above differences into account, a simple, but accurate 
equation, was obtained for concrete contribution to shear strength, Vcu, 
in non slender beams. Vcu was obtained by multiplying the expression 
previously derived for slender beams by term Kad (Eq. (16)) which, for a/ 
d = 2.5, equals to 1 and, thus, results in shear strength equaling that of a 
slender beam. 

Transverse reinforcement contribution, Vswy in Eq. (14), is smaller in 
non slender than in slender beams. The reasons for this reduction are: a) 
the increment in neutral axis depth reduces the number of transversal 
ties crossed by the critical shear crack in the tensile zone; b) the lower 
value of the stress in stirrups, which does not often yield at the crack. An 
equation to compute stress in the transversal reinforcement, σswy, and its 
contribution to shear resistance, Vswy, was also derived in [32], and is 
presented in Eq. (19). 

Non slender beams are often reinforced with longitudinal web 
reinforcement. The contribution of this web reinforcement to shear 
strength, Vswx, was also incorporated into the CCCM extension. The term 
was mechanically derived and is usually much smaller than the shear 
carried by vertical web reinforcement; however, for low a/d ratios, Vswx 
may be equal, or be even higher, than Vswy. 

A good agreement was observed between the proposed model’s 
predictions and the experimental results compiled in two previously 
published databases [52,53]; e.g., for the 178 RC non slender beams 
with vertical web reinforcement, the obtained mean Vtest/Vpred ratio 
value equaled 1.25, with 19.1% coefficient of variation. For the 86 RC 
non slender beams with vertical and horizontal web reinforcements, the 
mean Vtest/Vpred ratio value was 1.28, with 22.3% coefficient of variation 
[32]. 

4. Relevant aspects to consider when applying the CCCM to 
corrosion-damaged beams 

Steel reinforcement corrosion may affect all the aforementioned 
transfer actions (shear transferred by the uncracked concrete chord, 
shear transferred across web cracks, dowel action in longitudinal rein
forcement and the contribution of shear reinforcement) due to the loss of 
the sectional area of reinforcements, the reduction in web width owing 
to concrete cover spalling and, in some cases, the reduction of effective 
depth due to concrete spalling of the compression chord caused by 
corrosion of compressive longitudinal reinforcement and shear 
reinforcement. 

The loss of longitudinal reinforcement section leads to an increase in 
its tension and decreases its stiffness. Consequently, on the one hand, the 
steel strain and width of the crack increases and, on the other hand, 
neutral axis depth lessens, as this depends on the amount of longitudinal 
reinforcement. Increasing crack width decreases the shear transferred in 
the web through an aggregate interlock and by residual tensile stresses 
across the crack. Reduced neutral axis depth decreases the contribution 

of the compression chord. Lastly, the diminished longitudinal rein
forcement area and cover spalling reduce dowel action. 

Transverse reinforcement corrosion reduces its cross-section and, 
consequently, its capacity to transfer shear through the tensile stresses in 
this reinforcement, which affects the direct contribution of shear rein
forcement to shear strength. In addition, as stirrups confine the concrete 
compression chord by enhancing its capacity to resist tangential stresses, 
loss of stirrups’ cross-section also leads to a reduction in the confinement 
of the compression chord concrete. 

In this work, the corrosion effects were taken into account in the 
CCCM as follows:  

(1) Regarding longitudinal reinforcement, to calculate the amount of 
longitudinal reinforcement, ρl, and, consequently, the relative 
neutral axis depth, x/d, by means of Eq. (10), only the remaining 
area after loss due to corrosion was considered. With non slender 
beams, this reduced amount of longitudinal reinforcement was 
used for computing the effective stress at stirrups and web rein
forcement (Eqs. (19) and (20)).  

(2) Corrosion products’ expansion may create cracks in concrete and 
cause concrete spalling. As suggested by [40], web width bw was 
substituted for beff,corr defined by Eqs. (3) and (4) when stirrups 
presented an average cross-section loss over 10%. For less dam
age, full web width bw was used. The reduction in web width 
influenced determining the amount of longitudinal reinforce
ment, ρl, and in the concrete contribution Vcu defined by Eq. (6) 
for slender beams and by Eq. (12) for non slender beams. The 
maximum strength of struts, Eq. (8), also depended on beff,corr in 
the event of an average cross-section loss exceeding 10%. In some 
cases, it might be necessary to also consider the reduction in 
overall beam height and, consequently, in effective depth d due to 
the concrete spalling of the compression chord owing to rein
forcement corrosion. This reduction was not herein considered, 
but it can be easily taken into account from field observations in 
real cases or following the refined procedure given in [41].  

(3) The reduction in the cross-sectional area of web reinforcement 
was contemplated to apply the CCCM by considering only the 
remaining area when computing the stirrup contribution for 
slender beams (Eq. (7)), and the contributions of the vertical and 
horizontal web reinforcements (Eqs. (14) and (15)) for non 
slender beams. 

5. Experimental verification 

5.1. Database 

A database including the results of 146 corrosion-damaged beams 
failing in shear was compiled, which comprised 84 non slender beams 
(a/d < 2.5) and 62 slender beams (a/d ≥ 2.5). It was initially based on 
two previously published databases [54,55], but an effort was made to 
find new tests on slender beams to equilibrate the number of slender and 

Fig. 4. A) Straight critical crack in beams subject to loads near supports. B) Vertical stresses generated in a short beam as observed in an NLFEA.  
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non slender beams. However, it was verified that most published results 
in the literature about the shear performance of reinforced concrete 
beams with corroded stirrups deal with non slender beams. The final 
database, presented as an appendix to this paper, includes the tests re
ported in [38,56–65] published between 1997 and 2019. Table 3 sum
marizes the range of the main variables in the database. All the beams 
had rectangular cross-sections. As the dimensions of most beams are 
small and not really representative of real civil engineering construction, 
fitting terms and coefficients to this database should be avoided, or the 
empirically derived methods could be unsafe for relatively big beams (h 
is lower than 610 mm for all beams in the database) or for beams with an 
ordinary amount of longitudinal reinforcement (minimum value of ρl for 
all beams in the database is equal to 0.99%). 

Parameter fcm in Table 3 refers to the cylindrical compression 
strength (samples of 150x300 mm). In some papers, cube strength 
(150x150 mm) is reported, in which case the value is converted as 
indicated in the Spanish Concrete Code [66] (fcm = 0.90⋅fcm,cube). 
Moreover, the degree of corrosion of longitudinal or shear reinforcement 
is reported in the original papers as either the weight loss ratio, ηwt (Eq. 
(1)), or the cross-sectional loss ratio, ηsn (Eq. (2)). As the latter parameter 
allows the direct determination of a beam’s strength reduction, the re
ported weight loss values should been converted into cross-section loss 
ratios. Lu et al. [54] proposed the procedure based on Eq. (21) to 
perform this conversion: 

ηsn(%) =

⎧
⎪⎨

⎪⎩

1.3 + 0.987ηwt(%) if ηwt < 10%
6.1 + 0.939ηwt(%) if 10% ≤ ηwt < 20%
12.9 + 0.871ηwt(%) if 20% ≤ ηwt < 30%
19.9 + 0.801ηwt(%) if 30% ≤ ηwt ≤ 40%

(21) 

Eq. (21) is represented in Fig. 5 (lines in blue). As can be seen, the 
equation does not present continuity at 10%, 20% and 30% and for ηwt 
= 0, it corresponds to ηsn = 1.3%. For these reasons, Eq. (21) was 
simplified to Eq. (22), represented as a dashed red line in Fig. 5, which 
was used to convert the ηwt reported values into ηsn. 

ηsn(%) = 1.36ηwt(%) (22) 

Eq. (22) will be used in this paper. However, it should be taken into 
account that depending on the type of attack (carbonation and/or 
chlorides) and the acceleration level of the corrosion procedure, the 
relationship between both indicators would change. 

5.2. Comparison between the predicted and measured shear strengths 

The main results of the comparison made of the predicted and 
measured shear strengths are presented in Table 4 and Fig. 6. 

The CCCM performed satisfactory shear strength predictions when 
the reduction in the area of reinforcement (longitudinal and shear 
reinforcement) and of web width was taken into account. For the com
plete database, the mean ratio Vtest/Vpred value equaled 1.19, with 
19.95% coefficient of variation. The results for the slender and non 
slender beams were comparable (see Fig. 7). It must be highlighted that 

the safety levels (mean Vtest/Vpred ratio value between 1.18 and 1.20) 
were similar to those obtained for undamaged concrete beams (between 
1.16 and 1.25, see Section 3). The coefficient of variation of the entire 
database fell within the same range as for undamaged beams (between 
14.1% and 22.3%; see Section 3), and was slightly higher only for the 
slender beams subset. The 5% percentile of the Vtest/Vpred ratio is also 
similar for the two subsets of beams (0.80 vs. 0.81), although the min
imum value of the Vtest/Vpred is 0.57 for non slender beams, and 0.73 for 
slender beams. However, this low value belongs to test V3M-150 by 
[60], which failed for a lower shear force than other identical beams 
with higher reported damage level. In case of not considering V3M-150 

Table 3 
Range of variables in the database.   

Non slender beams Slender beams  

Min Max Min Max 

# tests 84 62 
bw (mm) 120 254 120 200 
h (mm) 180 610 180 350 
fcm (MPa) 21.0 50.0 22.5 50.0 
ρl (%) 0.99 2.30 1.77 3.27 
ρw (%) 0.14 0.90 0.10 0.52 
a/d 1.00 2.20 2.50 4.70 
ηl,sn(%)  0 26.0 0 32.0 
ηw,sn(%)  0 68.4 0 97.2 
Vtest (kN) 47.7 594 26.6 204  

Fig. 5. Conversion from weight loss ratio, ηwt, to cross-sectional loss ratio, ηsn.  

Table 4 
Comparison between the predicted shear strengths and the experimental results 
of the beams included in the database.  

Vtest/Vpred All beams Non slender beams Slender beams 

# 146 84 62 
Mean 1.19 1.20 1.18 
CoV (%) 19.95 17.50 23.06 
Min 0.57 0.57 0.73 
Max 1.94 1.57 1.94 
5% percentile 0.80 0.80 0.81 
95% percentile 1.54 1.49 1.67  

Fig. 6. Correlation of the experimental results and prediction versus the cross- 
sectional loss ratio of stirrups. 
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test, the minimum Vtest/Vpred value would be 0.72 for the non slender 
beams, practically identical to 0.73 for slender beams. In any case, the 
results were deemed excellent when taking into account the high un
certainty level related to the damage determination for the steel and 
concrete cover of beams. In order to check how unsafe would be to use 
the CCCM without considering the corrosion effects, two calculations 
have been made with the model: 1) using the data of the intact (non- 
corroded) beams, and 2) using the data of the corroded beams, consid
ering the area of the reinforcements measured after corrosion has taken 
place. 

As can be seen in Fig. 6, the direct application of the CCCM would 
lead to very unconservative and dangerous results in the event of 
ignoring damage produced by corrosion (see the black rhombuses). 
However, when considering the cross-sectional loss ratio of stirrups and 
concrete cover deterioration, the CCCM was able to generally obtain safe 
results (the red triangles in Fig. 6), even for very high damage values for 
steel. For beams with low corrosion-damage (between 2 and 5%), pre
dictions were more conservative. This could be related to the fact, as 
observed by different authors, that very low level damage (specially of 
longitudinal reinforcement) could enhance shear strength [62,67]. In 
any case, this effect should not be considered in a shear model given the 
high related uncertainty. 

Concrete cover spalling is considered by the reduction in web width, 
as defined by Eqs. (3) and (4). As previously mentioned, when stirrups 

exhibit an average cross-section loss over 10 %, the term bw must be 
replaced with beff,corr. Fig. 8 shows the correlation of the experimental 
results and the CCCM predictions when considering, or not, this web 
width reduction. The red triangles denote that the average Vtest/Vpred 
ratio is almost constant when contemplating web width reduction, as 
proposed in this paper. However, if the CCCM is applied only taking into 
account the cross-sectional reduction of steel, but not the reduction in 
web width due to concrete spalling (the black rhombuses in Fig. 8), the 
results tend to be unsafe for those cases in which significant spalling is 
envisaged according to Eqs. (3) and (4), i.e. low beff,corr/bw values. The 
almost horizontal red trend line in Fig. 8 supports the good concrete 
spalling prediction carried out by Eqs. (3) and (4) from [40]. 

Finally, it must be emphasized that the procedure adopted herein 
was efficient in predicting the response of the simply supported RC 
beams tested in a lab, for which detailed data on the corrosion level and 
beam conditions are available. However, in the field, the key problem 
would probably be collecting reliable data on the corrosion level, as 
mentioned in [39]. 

5.3. Parametric analysis 

In this section, the influence of steel corrosion on shear strength is 
studied in more detail by comparing the results obtained in some of the 
experimental campaigns included in the database with CCCM pre
dictions. These tests were selected after taking into account that only 
one key parameter changed between different tests. 

Fig. 9 compares the model’s shear strength predictions for increasing 
values of the cross-sectional loss ratio of stirrups, ηw,sn, with the exper
imental results obtained in four experimental campaigns [38,58,63,65]. 
Experimental strength upon failure is represented by red triangles, and 
predictions are given by a continuous blue line. The average values of 
the other involved parameters were considered and are represented in 
each graph. Note in Fig. 9a, 9c and 9d a trend change at ηw,sn = 10%. This 
reduction in predicted shear strength is due to web width reduction 
according to Eqs. (3) and (4) [40]. 

In Fig. 9b, for ηw,sn values between 15% and 22%, the predicted shear 
strength remains constant: the failure predicted mode of these non 
slender beams for this corrosion level is due to the crushing of concrete 
struts (Eq. (8)), which does not depend on the amount of shear rein
forcement. However for higher ηw,sn, values, the cross-section reduction 
of stirrups changes the failure mode, and then strength reduces for 
increasing ηw,sn values. 

Fig. 9d compares the predictions by CCCM with the tests results by 
Rodriguez et al. [38]. These beams were tested after suffering high 
corrosion levels at the reinforcement, including the longitudinal 
compressive reinforcement placed at the top of the beams. For this 
reason, the beams showed, during the tests, a reduction of the effective 
depth of the concrete section at the shear span, due to the spalling of the 
top concrete cover. This failure type is not clearly reported for the other 
beams included in the database and, as previously commented in Section 
4, this effect is not considered in general in this paper for sake of 
simplicity. However, in Fig. 9d, two predictions by CCCM are shown: in 
blue without taking into account the reduction of the effective depth and 
in an orange dashed line, the predictions taking into account the spalling 
of the concrete cover above the stirrups, being safer the last predictions. 
In summary, for the 10 beams failing in shear from [38], the mean value 
of Vtest/Vpred equaled 0.94 if the reduction is not taken into account, 
compared to 1.04 if the effective depth reduction is considered (in both 
cases the coefficient of variation is equal to 10.1%). This indicates that, 
as previously stated, it might be necessary in the cases with high amount 
of highly corroded compressive reinforcement to consider the reduction 
in overall beam height, according to the exposure of the concrete sur
faces to aggressive agents. 

Stirrups are smaller in diameter and more susceptible to corrosion 
given their smaller concrete cover compared to longitudinal reinforce
ment. For this reason, the main objective of the damaging procedure in 

Fig. 7. Correlation of the Vtest/Vpred ratio versus the shear span to effective 
depth ratio, a/d. 

Fig. 8. Correlation of the experimental results and predictions versus the web 
width reduction ratio due to concrete cover spalling. 
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most published experimental campaigns has been to corrode shear 
reinforcement instead of longitudinal reinforcement. Consequently, 
there is not enough information to carry out a parametrical analysis 
based on existing empirical data to study the influence of the cross- 
sectional loss ratio of longitudinal reinforcement on shear strength 
because stirrups are more damaged than longitudinal bars in most cases. 
All in all, the CCCM predicts a decreased shear strength when the 
amount of longitudinal reinforcement lowers (see Fig. 10) as it brings 
about a reduction in the relative neutral axis depth, x/d, as previously 
mentioned. By considering all the beams included in the database with a 
cross-sectional loss ratio of longitudinal reinforcing bars over 1%, the 

proposed procedure gave a good correlation with the experimental re
sults (the red triangles in Fig. 10b). However, the CCCM would lead to 
unsafe results if applied without considering corrosion effects (the black 
rhombuses in Fig. 10b). 

6. Conclusions 

This paper focused on the shear strength of reinforced concrete 
beams affected by reinforcement corrosion, identifying the key param
eters involved in shear strength that can be affected by corrosion. It also 
studied how these parameters influenced the predicted shear strength 

Fig. 9. Influence of the cross-sectional loss ratio of stirrups. a) non slender beams with slight loss; b) non slender beams with moderate loss; c) slender beams with 
slight loss; d) slender beams with high loss. 

Fig. 10. Influence of the cross-sectional loss ratio of longitudinal reinforcing bars. a) comparison to two tested beams. b) the Vtest/Vpred ratio for all the beams 
included in the database with ηl,sn > 1%. 
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according to the Compression Chord Capacity Model (CCCM), previ
ously developed by the authors. The following conclusions are drawn:  

• The corrosion of stirrups and longitudinal reinforcement brings 
about a reduction in the reinforcement area and, eventually, con
crete spalling, among other structural effects. Both effects must be 
taken into account to adequately predict the shear strength of 
corrosion-damaged beams.  

• According to the test results, a reduction in the cross-sectional area of 
longitudinal reinforcement results in decreased shear strength. This 
result can be predicted by the CCCM as loss of longitudinal rein
forcement reduces the relative neutral axis depth, x/d and, conse
quently, shear strength. 

• The reduction in the cross-sectional area of web reinforcement re
duces stirrup contribution to shear strength. 

• The expansion of corrosion products may lead to cracks in the con
crete cover, causing concrete spalling. The simple decreased concrete 
web width proposed by Higgins et al. [40], and presented in Eqs. (3) 
and (4), leads to very good results when combined with the CCCM. A 
more refined procedure, based on [41], could also be considered. The 
concrete spalling of the compression chord owing to reinforcement 
corrosion has not been generally taken into account in this paper, for 
simplicity reasons. However, it has been shown that it some cases it 
might be necessary to also consider it.  

• The comparison of the shear strength predictions made by the CCCM 
and the experimental results of 146 beams included in a compiled 

database shows a very good agreement, especially when considering 
that the database includes slender (a/d ≥ 2.5) and non slender (a/d 
< 2.5) beams. For the complete database, the mean Vtest/Vpred ratio 
value equals 1.19, with 19.95% coefficient of variation. The results 
for the slender and non slender beams are similar, and overall safety 
and scatter are comparable to those obtained by the CCCM for large 
databases of undamaged beams  

• The parametric analysis shows the envisaged reductions in shear 
strength for the increasing cross-section loss ratio values of stirrups 
and longitudinal bars. These trends clearly agree with those observed 
with selected relevant tests, even for very severely damaged beams 
with cross-sectional losses exceeding 80%. 
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Appendix A  

Reference Specimen fcyl,150 
(MPa) 

h 
(mm) 

bw 
(mm) 

d (mm) ρl 
(%) 

ρv 
(%) 

fy 
(MPa) 

fyv 
(MPa) 

s 
(mm) 

a/d η
l,sn 

(%) 

η
w,sn 

(%) 
Vtest 
(kN) 

Vpred, 

CCCM 
(kN) 

Vtest/ 
Vpred 

Rodriguez 
et al. 
(1997) 
[38] 

123 35.0 200 150 170  1.77  0.22 585 626 170 4.7  12.3  78.2 37.3 37.5 0.99 
(1.10)* 

124 35.0 200 150 170  1.77  0.22 585 626 170 4.7  15.4  86.6 27.9 33.6 0.83 
(0.92)* 

125 35.0 200 150 170  1.77  0.22 585 626 170 4.7  15.1  93.8 31.4 30.6 1.03 
(1.13)* 

136 37.0 200 150 170  1.77  0.22 585 626 170 4.7  13.5  86.6 29.1 34.7 0.84 
(0.93)* 

135 37.0 200 150 170  1.77  0.22 585 626 170 4.7  13.8  93.8 33.9 31.7 1.07 
(1.18)* 

215 35.0 200 150 170  1.77  0.22 585 626 170 4.7  10.7  66.0 38.6 42.8 0.90 
(1.00)* 

216 35.0 200 150 170  1.77  0.22 585 626 170 4.7  11.6  82.6 36.2 35.7 1.01 
(1.12)* 

213 35.0 200 150 170  1.77  0.22 585 626 170 4.7  14.1  86.6 26.6 33.8 0.79 
(0.87)* 

214 35.0 200 150 170  1.77  0.22 585 626 170 4.7  15.4  97.2 28.7 29.2 0.98 
(1.09)* 

315 37.0 200 150 170  1.77  0.45 585 626 85 4.7  16.9  97.2 27.7 29.0 0.96 
(1.16)* 

Xu and Niu 
(2004) 
[56] 

A 30.6 200 120 167  1.92  0.32 416 275 150 2  0.0  0.0 73.0 57.5 1.27 
B 29.7 200 120 167  1.92  0.32 416 275 150 2  0.0  0.0 71.4 56.9 1.26 
C 28.4 200 120 167  1.92  0.32 416 275 150 1  0.0  0.0 137.7 112.4 1.23 
A1 30.6 200 120 167  1.92  0.32 416 275 150 1  0.0  29.9+ 95.0 99.3 0.96 
B1 29.7 200 120 167  1.92  0.32 416 275 150 1  0.0  40.3+ 105.0 97.1 1.08 
C1 28.4 200 120 167  1.92  0.32 416 275 150 1  0.0  33.3+ 110.0 95.0 1.16 
A2 30.6 200 120 167  1.92  0.32 416 275 150 2  0.0  29.6+ 53.5 45.6 1.17 
B2 29.7 200 120 167  1.92  0.32 416 275 150 2  0.0  26.7+ 60.0 45.6 1.32 
C2 28.4 200 120 167  1.92  0.32 416 275 150 2  0.0  29.4+ 69.5 44.2 1.57 
A3 30.6 200 120 167  1.92  0.32 416 275 150 2  0.0  27.9+ 63.1 45.9 1.37 
B3 29.7 200 120 167  1.92  0.32 416 275 150 2  0.0  34.9+ 61.1 44.0 1.39 
C3 28.4 200 120 167  1.92  0.32 416 275 150 2  0.0  18.4+ 60.2 46.3 1.30 
A4 30.6 200 120 167  1.92  0.32 416 275 150 1  0.0  24.0+ 118.7 99.7 1.19 
B4 29.7 200 120 167  1.92  0.32 416 275 150 1  0.0  29.4+ 131.3 97.7 1.34 
C4 28.4 200 120 167  1.92  0.32 416 275 150 1  0.0  18.3+ 146.8 95.8 1.53 
A5 30.6 200 120 167  1.92  0.32 416 275 150 2  0.0  23.6+ 50.2 46.8 1.07 
B5 29.7 200 120 167  1.92  0.32 416 275 150 2  0.0  34.1+ 47.7 44.1 1.08 
C5 28.4 200 120 167  1.92  0.32 416 275 150 2  0.0  19.4+ 67.3 46.1 1.46 

(continued on next page) 
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(continued ) 

Reference Specimen fcyl,150 
(MPa) 

h 
(mm) 

bw 
(mm) 

d (mm) ρl 
(%) 

ρv 
(%) 

fy 
(MPa) 

fyv 
(MPa) 

s 
(mm) 

a/d η
l,sn 

(%) 

η
w,sn 

(%) 
Vtest 
(kN) 

Vpred, 

CCCM 
(kN) 

Vtest/ 
Vpred 

A6 30.6 200 120 167  1.92  0.32 416 275 150 1  0.0  24.6+ 124.5 99.7 1.25 
B6 29.7 200 120 167  1.92  0.32 416 275 150 1  0.0  26.1+ 117.9 97.9 1.20 
C6 28.4 200 120 167  1.92  0.32 416 275 150 1  0.0  22.7+ 129.3 95.6 1.35 

Higgins and 
Farrow 
(2006) 
[58] 

8RA 29.3 610 254 521  1.9  0.49 441 496 203 2.04  0.0  0.0 594 549.4 1.08 
8RD 29.3 610 254 521  1.9  0.49 441 496 203 2.04  0.0  28.9 471 410.2 1.15 
10RA 33.4 610 254 521  1.9  0.39 441 496 254 2.04  0.0  0.0 578 485.7 1.19 
10RB 33.4 610 254 521  1.9  0.39 441 496 254 2.04  0.0  13.2 507 422.4 1.20 
10RC 33.4 610 254 521  1.9  0.39 441 496 254 2.04  0.0  23.1 467 392.7 1.19 
10RD 33.4 610 254 521  1.9  0.39 441 496 254 2.04  0.0  26.0 405 383.9 1.05 
12RA 29.6 610 254 521  1.9  0.33 441 496 305 2.04  0.0  0.0 489 424.4 1.15 
12RD 29.6 610 254 521  1.9  0.33 441 496 305 2.04  0.0  33.8 443 321.1 1.38 

Li and Yin 
(2010) 
[59] 

BW-0 27.0 200 150 166  2.30  0.25 210 275 150 2.0  0.0  0.0 88.0 64.7 1.36 
BW-1 27.0 200 150 166  2.30  0.25 210 275 150 2.0  1.0+ 0.8+ 83.0 64.5 1.29 
BW-2 27.0 200 150 166  2.30  0.25 210 275 150 2.0  1.6+ 1.8+ 77.8 64.2 1.21 
BW-3 27.0 200 150 166  2.30  0.25 210 275 150 2.0  2.6+ 1.9+ 75.9 64.1 1.18 
BSP-1A 27.0 200 150 166  2.30  0.25 210 275 150 1.5  2.6+ 1.9+ 126.0 89.1 1.41 
BSP-1B 27.0 200 150 166  2.30  0.25 210 275 150 1.5  2.9+ 2.0+ 131.0 89.0 1.47 
BSP-2A 27.0 200 150 166  2.30  0.25 210 275 150 1.8  2.7+ 2.0+ 106.5 71.3 1.49 
BSP-2B 27.0 200 150 166  2.30  0.25 210 275 150 1.8  2.9+ 2.0+ 96.0 71.3 1.35 
BSP-3A 27.0 200 150 166  2.30  0.25 210 275 150 2.2  2.5+ 1.9+ 82.5 59.9 1.38 
BSP-3B 27.0 200 150 166  2.30  0.25 210 275 150 2.2  2.5+ 2.0+ 79.0 59.9 1.32 

Juarez et al 
(2011) 
[60] 

V71-150 21.0 350 200 300  0.99  0.30 420 420 150 2  0.0  0.0 115 159.6 0.72 
V81-150 21.0 350 200 300  0.99  0.30 420 420 150 2  0.0  0.0 120 159.6 0.75 
V3M-150 21.0 350 200 300  0.99  0.30 420 420 150 2  0.0  34.0 68 118.3 0.57 
V4M-150 21.0 350 200 300  0.99  0.30 420 420 150 2  0.0  52.7 91 100.1 0.91 
V5S-150 21.0 350 200 300  0.99  0.30 420 420 150 2  0.0  68.4 80 84.9 0.94 
V6S-150 21.0 350 200 300  0.99  0.30 420 420 150 2  0.0  60.9 86 92.1 0.93 
V131- 
200 

21.0 350 200 300  0.99  0.23 420 420 200 2  0.0  0.0 120 134.6 0.89 

V141- 
200 

21.0 350 200 300  0.99  0.23 420 420 200 2  0.0  0.0 98 134.6 0.73 

V11M- 
200 

21.0 350 200 300  0.99  0.23 420 420 200 2  0.0  43.8 77 96.8 0.80 

V12M- 
200 

21.0 350 200 300  0.99  0.23 420 420 200 2  0.0  34.0 87 104.0 0.84 

V15S- 
200 

21.0 350 200 300  0.99  0.23 420 420 200 2  0.0  68.4 80 78.7 1.02 

V16S- 
200 

21.0 350 200 300  0.99  0.23 420 420 200 2  0.0  68.4 89 78.7 1.13 

Zhao and 
Jin (2012) 
[61] 

1–0 22.5 180 150 150  2.79  0.25 369 332 150 3.1  0.0  0.0 80 52.2 1.53 
1–1 22.5 180 150 150  2.79  0.25 369 332 150 3.1  0.0  0.6 80 52.1 1.54 
1–2 22.5 180 150 150  2.79  0.25 369 332 150 3.1  0.0  1.8 80 51.8 1.54 
1–3 22.5 180 150 150  2.79  0.25 369 332 150 3.1  0.0  2.4 96 51.7 1.86 
1–4 22.5 180 150 150  2.79  0.25 369 332 150 3.1  0.0  3.3 100 51.5 1.94 
1–5 22.5 180 150 150  2.79  0.25 369 332 150 3.1  0.0  4.0 92 51.3 1.79 
2–0 22.5 180 150 150  2.79  0.38 369 332 100 3.1  0.0  0.0 96 63.8 1.51 
2–1 22.5 180 150 150  2.79  0.38 369 332 100 3.1  0.0  0.4 84 63.6 1.32 
2–2 22.5 180 150 150  2.79  0.38 369 332 100 3.1  0.0  0.7 80 63.5 1.26 
2–3 22.5 180 150 150  2.79  0.38 369 332 100 3.1  0.0  2.2 88 63.0 1.40 
2–4 22.5 180 150 150  2.79  0.38 369 332 100 3.1  0.0  3.5 84 62.6 1.34 
2–5 22.5 180 150 150  2.79  0.38 369 332 100 3.1  0.0  4.9 104 62.1 1.67 
3–0 22.5 180 150 150  2.79  0.45 369 332 150 3.1  0.0  0.0 72 70.0 1.03 
3–1 22.5 180 150 150  2.79  0.45 369 332 150 3.1  0.0  0.8 76 69.7 1.09 
3–2 22.5 180 150 150  2.79  0.45 369 332 150 3.1  0.0  2.0 96 69.2 1.39 
3–3 22.5 180 150 150  2.79  0.45 369 332 150 3.1  0.0  3.8 80 68.5 1.17 
3–4 22.5 180 150 150  2.79  0.45 369 332 150 3.1  0.0  3.8 92 68.5 1.34 
3–5 22.5 180 150 150  2.79  0.45 369 332 150 3.1  0.0  3.7 92 68.5 1.34 
0 22.5 180 150 150  2.26  0.19 369 332 200 2.2  0.0  0.0 60 50.1 1.20 
1 22.5 180 150 150  2.26  0.19 369 332 200 2.2  1.5  0.8 60 49.8 1.20 
2 22.5 180 150 150  2.26  0.19 369 332 200 2.2  2.8  1.7 65 49.6 1.31 
3 22.5 180 150 150  2.26  0.19 369 332 200 2.2  4.2  2.7 68 49.3 1.38 
4 22.5 180 150 150  2.26  0.19 369 332 200 2.2  6.6  4.0 69 48.9 1.41 
5 22.5 180 150 150  2.26  0.19 369 332 200 2.2  8.6  5.1 68 48.5 1.40 
6 22.5 180 150 150  2.26  0.19 369 332 200 2.2  11.6  6.3 72 48.1 1.50 
7 22.5 180 150 150  2.26  0.19 369 332 200 2.2  14.0  7.2 70 47.7 1.47 
8 22.5 180 150 150  2.26  0.19 369 332 200 2.2  19.0  8.3 67 47.1 1.42 
9 22.5 180 150 150  2.26  0.19 369 332 200 2.2  26.0  9.2 62 46.3 1.34 

Xue et al. 
(2013) 
[62] 

B(1.5)- 
m1s 

36.0 240 120 220  2.17  0.39 706 300 120 1.5  12.0  0.0 124.3 108.0 1.15 

B(1.5)- 
m2s 

37.0 240 120 220  2.17  0.39 706 300 120 1.5  16.6  0.0 115 107.9 1.07 

B(2.0)- 
m1s 

39.1 240 120 220  2.17  0.39 706 300 120 2  15.1  0.0 89.3 88.3 1.01 

39.3 240 120 220  2.17  0.39 706 300 120 2  15.0  0.0 103.1 88.5 1.17 

(continued on next page) 
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(continued ) 

Reference Specimen fcyl,150 
(MPa) 

h 
(mm) 

bw 
(mm) 

d (mm) ρl 
(%) 

ρv 
(%) 

fy 
(MPa) 

fyv 
(MPa) 

s 
(mm) 

a/d η
l,sn 

(%) 

η
w,sn 

(%) 
Vtest 
(kN) 

Vpred, 

CCCM 
(kN) 

Vtest/ 
Vpred 

B(2.0)- 
m2s 
B(2.6)- 
m1s 

35.1 240 120 220  2.17  0.39 706 300 120 2.6  5.0  0.0 77.4 75.0 1.03 

B(2.6)- 
m2s 

35.9 240 120 220  2.17  0.39 706 300 120 2.6  32.0  0.0 82.1 70.7 1.16 

B(3.2)- 
m1s 

34.9 240 120 220  2.17  0.39 706 300 120 3.2  8.0  0.0 70.5 72.8 0.97 

B(3.2)- 
m2s 

33.3 240 120 220  2.17  0.39 706 300 120 3.2  8.5  0.0 71.7 71.8 1.00 

Xue et al. 
(2014) 
[63] 

B (39)-s0 33.1 240 120 220  2.17  0.39 706 300 120 2.6  0.0  0.0 74.0 74.4 1.00 
B (39)-s1 34.2 240 120 220  2.17  0.39 706 300 120 2.6  0.8  6.1 72.0 72.7 0.99 
B (39)-s2 33.9 240 120 220  2.17  0.39 706 300 120 2.6  1.0  11.2 74.1 64.2 1.15 
B (39)-s3 34.6 240 120 220  2.17  0.39 706 300 120 2.6  1.6  20.9 69.5 61.0 1.14 
B (39)-s4 35.1 240 120 220  2.17  0.39 706 300 120 2.6  1.8  27.6 70.4 58.8 1.20 
B (39)-s5 34.9 240 120 220  2.17  0.39 706 300 120 2.6  0.9  34.2 69.5 56.3 1.23 
B (52)-s0 33.1 240 120 220  2.17  0.52 706 300 90 2.6  0.0  0.0 84.1 86.6 0.97 
B (52)-s1 34.9 240 120 220  2.17  0.52 706 300 90 2.6  0.8  9.0 87.9 83.2 1.06 
B (52)-s2 34.6 240 120 220  2.17  0.52 706 300 90 2.6  0.7  15.0 80.7 72.3 1.12 
B (52)-s3 33.9 240 120 220  2.17  0.52 706 300 90 2.6  0.7  22.0 72.1 68.6 1.05 

EI-Sayed 
et al. 
(2016) 
[64] 

B10-200 34.9 350 200 325  3.27  0.25 480 495 200 3  0.0  9.8+ 157 182.7 0.86 
B20-200 40.7 350 200 325  3.27  0.25 480 495 200 3  0.0  23.1+ 136 168.0 0.81 
B10-150 34.6 350 200 325  3.27  0.34 480 495 150 3  0.0  14.0+ 166 193.5 0.86 
B20-150 40.9 350 200 325  3.27  0.34 480 495 150 3  0.0  22.8+ 173 190.4 0.91 
B10-100 44.4 350 200 325  3.27  0.50 480 495 100 3  0.0  12.2+ 204 260.2 0.78 
B20-100 44.0 350 200 325  3.27  0.50 480 495 100 3  0.0  24.5+ 172.5 236.3 0.73 

Imam and 
Azad 
(2016) 
[65] 

A1-10 33.1 220 140 170  1.48  0.90 580 560 80 1.76  0.0  38.8+ 96.1 72.5 1.32 
A2-10 33.1 220 140 170  1.48  0.90 580 560 80 1.76  0.0  41.1+ 81.6 75.2 1.08 
A3-10 33.1 220 140 170  1.48  0.90 580 560 80 1.76  0.0  52.7+ 83.5 66.6 1.25 
A4-6 33.1 220 140 170  1.48  0.90 580 560 80 1.76  0.0  28.5+ 88.5 74.1 1.19 
A5-6 33.1 220 140 170  1.48  0.90 580 560 80 1.76  0.0  30.5+ 87.6 74.1 1.18 
A6-6 33.1 220 140 170  1.48  0.90 580 560 80 1.76  0.0  26.4+ 90 74.1 1.21 
A7-6 33.1 220 140 170  1.48  0.90 580 560 80 1.76  0.0  28.6+ 103 74.1 1.39 
B1-10 33.1 240 150 190  1.22  0.84 580 560 80 1.57  0.0  40.0+ 80.9 90.0 0.90 
B2-10 33.1 240 150 190  1.22  0.84 580 560 80 1.57  0.0  36.4+ 103 92.8 1.11 
B3-10 33.1 240 150 190  1.22  0.84 580 560 80 1.57  0.0  31.3+ 105 96.9 1.08 
B4-10 33.1 240 150 190  1.22  0.84 580 560 80 1.57  0.0  39.6+ 90 90.4 1.00 
B5-6 33.1 240 150 190  1.22  0.84 580 560 80 1.57  0.0  22.8+ 119.1 97.0 1.23 
B6-6 33.1 240 150 190  1.22  0.84 580 560 80 1.57  0.0  23.4+ 110 97.0 1.13 

Lu et al. 
(2019) 
[57] 

A-1 40.8 300 200 259  2.20  0.14 390 339 150 2.00  14.4  54.2 147.7 101.3 1.46 
A-2 40.8 300 200 259  2.20  0.10 390 339 200 2.5  1.8  7.6 137.8 99.6 1.38 
A-3 40.8 300 200 259  2.20  0.16 390 373 250 3.0  16.5  46.5 119.8 87.2 1.37 
A-4 40.8 300 200 259  2.20  0.20 390 373 200 3.5  15.6  44.3 109.8 90.0 1.22 
A-5 40.8 300 200 259  2.20  0.15 390 458 150 2.00  15.5  55.6 151.6 106.3 1.43 
A-6 40.8 300 200 259  2.20  0.11 390 458 200 2.5  0.0  0.0 139.2 111.8 1.25 
A-7 40.8 300 200 259  2.20  0.16 390 433 250 3.0  22.7  60.1 115.4 83.4 1.38 
A-9 40.8 300 200 259  2.20  0.14 390 476 150 2.00  9.9  38.2 181.5 115.0 1.58 
A-10 40.8 300 200 259  2.20  0.11 390 476 200 2.5  4.3  17.6 111.8 98.6 1.13 
A-11 40.8 300 200 259  2.20  0.14 390 524 250 3.0  12.7  38.7 93.8 96.9 0.97 
A-12 40.8 300 200 259  2.20  0.18 390 524 200 3.5  13.5  40.8 121.3 99.1 1.22 
B-1 50.0 300 200 259  2.20  0.14 390 339 150 2.00  0.0  0.0 145.4 145.7 1.00 
B-2 50.0 300 200 259  2.20  0.10 390 339 200 2.5  3.2  13.3 119.8 100.4 1.19 
B-3 50.0 300 200 259  2.20  0.16 390 373 250 3.0  10.4  30.5 125.7 103.0 1.22 
B-5 50.0 300 200 259  2.20  0.15 390 458 150 2.00  10.4  39.4 179.6 125.6 1.43 
B-6 50.0 300 200 259  2.20  0.11 390 458 200 2.5  14.1  51.4 133.5 93.5 1.43 
B-7 50.0 300 200 259  2.20  0.16 390 433 250 3.0  15.8  44.1 115.8 100.6 1.15 
B-9 50.0 300 200 259  2.20  0.14 390 476 150 2.00  13.7  51.1 129.2 119.5 1.08 
B-10 50.0 300 200 259  2.20  0.11 390 476 200 2.5  10.6  40.7 155.8 98.0 1.59 
B-11 50.0 300 200 259  2.20  0.14 390 524 250 3.0  10.5  32.4 109.8 108.7 1.01                

Number 146 
* Beams tested by Rodriguez et al. (1997) suffered high corrosion levels, including the top compressive reinforcement. As commented in Section 5.3 

(Fig. 9d), the reduction of the effective depth, due to concrete spalling of the concrete above the stirrups was exceptionally considered in this case 
(10 beams). The Vtest/Vpred values calculated considering this reduction are given in brackets.  

Mean 1.19 
(1.20)  

Std. dev, 0.24 
(0.23)  

COV 19.95 
(19.35) 

+ Values of ηl,sn or ηw,sn marked with this sign (+) have been computed using Eq. (22), as they were original reported with weight loss ratio.  MIN 0.57 
(0.57)  

MAX 1.94 
(1.94)  

5% 0.80 
(0.82)                

95% 1.54 
(1.54)  
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