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Abstract

Currently, the evaluation methods and design codes for predicting the shear strength of FRP-RC members are being
continuously developed and updated. The revision draft of the Korean Standard KDS 14 20 22 (KDS 14 draft) adopts
the compression zone failure mechanism theory to predict the one-way shear strength of slender steel-reinforced
concrete members. This study extends the application of the KDS 14 draft model to slender concrete members
reinforced with fiber-reinforced polymer (FRP) rebars. The model performance was evaluated using a comprehensive
database of slender FRP-reinforced concrete (RC) specimens, including 304 and 110 specimens without and with

FRP stirrups, respectively. The strength prediction of the KDS 14 draft model was compared with those of the existing
state-of-the-art international design guidelines and of other recently developed models for FRP-RC members. The KDS
14 draft model demonstrated promising performance over a wide range of design parameters, exhibiting the lowest
scatteredness among the evaluated methods. It exhibited a strong correlation with the dataset while maintaining

an acceptable level of safety and reliability. Among the investigated design models, the ACI 440.11-22 design method
exhibited the highest scatteredness and conservatism for specimens without FRP stirrups. However, the JSCE model
provided overly conservative predictions for specimens with FRP stirrups because of the rigorous adoption of a strain
limit for FRP stirrups. In addition, parametric analyses were conducted, and design examples were presented to fur-
ther understand the influence of key design parameters and the applicability of the KDS 14 draft model for FRP-RC
beams.
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1 Introduction

Fiber-reinforced polymer (FRP) reinforcement has gained
significant attention in recent years as a viable alternative
to traditional steel reinforcement in reinforced concrete
(RC) members (Dinh et al., 2024; Park et al., 2021; Pham
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et al, 2023). The primary advantage of FRP materials
lies in their inherent resistance to corrosion, effectively
addressing the durability challenges associated with steel
reinforcement, particularly in environments exposed to
deicing salts or marine conditions, which are known to
accelerate steel corrosion. This corrosion resistance not
only improves the durability and longevity of structures
but also significantly reduces long-term maintenance
and replacement costs, contributing to overall economic
and sustainability benefits. In addition, FRP rebars offer
other significant benefits, such as being lightweight,
high tensile strength, and exhibiting outstanding fatigue
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resistance (Dinh et al., 2023; Xue et al., 2016). These
properties make FRP reinforcement an attractive choice
for construction projects, as it can accelerate construc-
tion timelines and reduce labor costs due to its ease of
handling, cutting, transportation, and installation.

From a structural perspective, FRP reinforcement
exhibits high tensile strengths and are available at dif-
ferent stiffness levels and strengths, increasing their
applicability in structural components, such as beams
(Huang et al.,, 2021; Ruan et al.,, 2020), columns (Mor-
gado et al., 2015), and slabs (Mohamed & Khattab, 2017).
Unlike steel reinforcements, FRP rebars show linear elas-
tic response up to failure without yielding, which may
increase the potential for unexpected brittle shear failure
modes in flexural members. Therefore, careful design and
detailing are critical considerations when using FRP rein-
forcements (Michaluk et al., 1998; Kara, 2011).

Understanding one-way shear behavior is essential for
structural design and assessment of slender concrete
beams reinforced with FRP rebars. For example, Guad-
agnini (2002) comprehensively studied the shear mecha-
nisms of FRP-reinforced concrete (FRP-RC) beams and
reported that the strain developed in flexural and FRP
shear reinforcements can significantly exceed the val-
ues prescribed by the current design codes for FRP-RC
members. In addition, compared with steel-reinforced
beams, FRP-reinforced beams exhibited a more pro-
nounced increase in crack width as the load increased.
This behavior reduced friction along the crack length,
thereby diminishing aggregate interlock resistance. Simi-
larly, Wegian and Abdalla (2005) conducted four-point
bending tests to evaluate the shear resistance of concrete
beams reinforced with carbon FRP and glass FRP. They
demonstrated that FRP-RC displayed linear behavior up
to the first cracking owing to the lower elastic moduli
of FRP compared to steel bars, followed by a reduction
in stiffness post-cracking. The shear resistance attribut-
able to dowel action in FRP-RC elements was reduced
by approximately 70% compared with that of steel-
reinforced RC elements. El-Sayed et al., (2006a, 2006b)
and Alam et al. (2011) further conducted experiments
to assess the effects of the quantity and stiffness of FRP
rebars on the shear strength of concrete beams. Their
findings indicated that the behavior of concrete beams
in the post-cracking stage was primarily influenced by
the FRP axial stiftness, showing that the shear strength
increased as the reinforcement ratio or elastic modulus
of FRP reinforcement increased. Furthermore, a study
by Alam et al. (2011) identified the linear relationship
between the cubic root of axial stiffness of FRP reinforce-
ment and the normalized shear strength. A more recent
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study conducted by Betschoga et al. (2021) explored the
effect of different loading types (concentrated and uni-
formly distributed loads), and boundary conditions (sim-
ply supported and cantilever conditions) on the shear
behavior of FRP-reinforced beams without stirrups. They
reported that these parameters caused notable differ-
ences in the location of critical shear cracks and the ulti-
mate shear strength. In addition, they developed a shear
strength model for FRP-RC beams based on the critical
shear band concept, which was validated against existing
data.

Recent studies have been carried out to address the
challenges of predicting the one-way shear strength of
FRP-RC members. Mukhtar and Deifalla (2023) devel-
oped a critical shear crack-based model supported by an
extensive test database, offering a reliable approach for
predicting shear strength in deep FRP-RC beams. Rahal
(2023) proposed a unified shear strength equation appli-
cable to both slabs and beams reinforced with FRP or
steel, leveraging simplified cracked elastic properties for
practical design. Wakjira et al. (2022) employed explain-
able machine learning models to enhance shear capacity
predictions, demonstrating the potential of data-driven
techniques in capturing complex shear capacity of
FRP-RC beams. Nguyen and Dang (2025) extended the
beam and arch action model using data-driven analysis,
improving shear strength estimates for FRP-RC deep
beams. Similarly, Xue et al. (2025) refined predictions
by focusing on the average ultimate strain in stirrups,
emphasizing the role of reasonable strain assessment in
enhancing accuracy.

For practical design and performance assessment,
existing design provisions adopted empirical or semi-
empirical equations to predict the one-way shear
strength of slender FRP-RC members, as summarized
in Table 1. These equations are typically based on those
originally developed for steel-RC members and are cali-
brated using different experimental datasets. The recent
ACI 440.11-22 (ACI, 2022) model is based on modifica-
tion of the ACI 318-19 (ACI, 2019) model, which was
originally developed for steel RC members. This design
model calculates the shear contribution of concrete
(V,) in FRP-RC members by considering factors such
as the longitudinal FRP reinforcement ratio (pg), square
root of concrete compressive strength (f”.°°), and mod-
ulus ratio between FRP reinforcement and concrete. In
addition, the ACI 440.11-22 model also incorporates
adjustments for the member depth size effect (1,) and
accounts for the minimum shear strength contributed
by the concrete. The JSCE (2007) design method stipu-
lated by the Japan Society of Civil Engineering (JSCE)
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Table 1 Summary of one-way shear strength models for FRP-RC members

Models

Shear strength equations for concrete contribution

Shear strength equations for stirrup contribution
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JSCE (2007) Ve = BaBplycabwd

Ba = /1000/d < 1.5(din mm), By = (100p9En/E)"/3 < 15,

frug = 02(F0)'* <072
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_ 05 _
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20 < 1(disinmm)0.11y/fbd <V, < 022/Flbd

ks =

Ve = JksfrebwCun/1 + fec /Tee
ks = 0.75 < {/300/d < 1.1

KDS 14 draft (2024)

Vf _ Apfpd
= Aufid
fiy = 0.005Es, < f fip = (005 /dp + 03)fr,

AnEr g
\/fv: fvsfvaz

ety = 1074 [fimea 221 < fip /Eufiy = (0.0515/dp + 0.3)fr
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frcd = <W) fer (hisin mm)

Vi, = A—”vadv cotd

fa, = 0.005E5, < fa, fay = 041,

6 =30+ 7000¢;, &1 = %300 <6 < 60°

Vy = Afvsffvd
fﬁ/ = 0.005F4, < ff\/

cy = (=npg +/ (npn)? + 2npp)d, n = Eg/Ecfry = 02/T 1,

foo = potsMug = 0.75My > 1.5Me,

Tarawneh etal. (2024) V. = 044(ncpp)'/>\/Fibyd, nc = Eq/Ee

f.=Concrete compressive strength

b, d, and a=Web width, effective depth, and shear span of the beam, respectively

P Eg=Reinforcement ratio and elastic modulus of FRP longitudinal rebars, respectively

Ag fr, Egy Pr €50 = Cross-sectional area, design tensile strength, elastic modulus, reinforcement ratio, effective strain, and spacing of FRP shear rebars, respectively

E,, and E_: Elastic modulus of steel and concrete, respectively
fa, =Tensile strength of the bent portion of FRP shear rebar

guidelines considers several factors, including the mod-
ulus ratio (Eﬂ/Es)l/3 between the longitudinal FRP and
steel rebars, size effect, and cube root of concrete com-
pressive strength. The CSA/S806-12 (CSA, 2021) design
method of the Canadian Standard Association (CSA) is
based on the modified compression field theory (Vec-
chio & Collins, 1986). This approach takes into account
the effects of axial stiffness of longitudinal rebars (E,
py), size effect, and effective shear depth (d,).

The revision draft of the Korean Standard KDS 14 20
22 (2024) (KDS 14 draft) issued by the Korea Concrete
Institute adopted the unified shear strength model
originally developed by Park et al. (2006) and Choi et al.
(2016) to evaluate the one-way shear of steel RC mem-
bers. This model is based on the theory of compression
zone failure mechanisms and demonstrates a strong
correlation with a comprehensive database encom-
passing a wide range of design parameters (Choi et al.,
2016). However, because the model was specifically
developed for steel-RC beams, additional evaluation is
required to determine its applicability to other types of
reinforcements, such as FRP rebars.

To address this limitation, the present study evalu-
ates the applicability of the KDS 14 draft model to
predict the one-way shear strength of slender FRP-RC
members. This evaluation was conducted based on a

comprehensive database of FRP-RC specimens, both
with and without shear reinforcement. The prediction
performance of the KDS 14 draft model was compared
with those in the existing state-of-the-art international
design guidelines and of other design models recently
developed for FRP-RC members. In addition, a para-
metric analysis and a design example were conducted
to understand the influence of primary design param-
eters and the applicability of the KDS 14 draft model
for FRP-RC beams.

2 Review of One-Way Shear Model Based
on Compression Zone Failure Mechanism

In the KDS 14 draft model, the one-way shear of RC
members carried by uncracked concrete is evaluated
based on the compression zone failure mechanism (Choi
et al.,, 2016). Fig. 1 depicts the shear resistance mecha-
nism and stress state at the shear-critical section in the
compression zone of slender RC beams. During the ini-
tial loading stage, multiple flexural cracks initiated in the
tension zone of the beams. These flexural cracks propa-
gated toward the web of the beam with an increase in
the applied load, eventually reaching the compression
zone and leading to the formation of critical shear cracks.
At the ultimate stage, the compression zone (A-B zone)
could no longer function as a continuum and became
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Fig. 1 Shear resistance mechanism of reinforced concrete beams and force equilibrium and strain compatibility at the critical section (Choi et al,,

2016)

incapable of resisting the compressive forces triggered by
the applied flexural moment, which facilitated the occur-
rence of brittle shear failure (Choi et al., 2016; Dinh et al.,
2020). The shear resistance capacity provided by the
compression zone could be estimated as follows (Choi
et al,, 2016):

Cy

V., =
¢ ftesingo

by cos ¢ = frebycy cot g (1)
where fi, [=O.2\/ﬁ ] is the concrete tensile strength
specified in the KDS 14 draft model; ¢, is the depth of
the compression zone; f./ is the compressive strength of
concrete; b, is the beam’s web width, and ¢ is the average
angle of inclined crack in the compression zone, defined
by the principal stress axis using the Rankine failure
criterion:

coty =

Jee(fte + feo) [ fre 2)

where f, =average compressive normal stress in the com-
pression zone.

Substituting Eq. (2) into Eq. (1), the shear contribu-
tion of the compression zone is determined as:

Vc Zﬁebwcum (3)

By considering the size effect factor (k,) and reduc-
tion factor for lightweight concrete (1), the final expres-
sion for V, in the KDS 14 draft model is given by:

Ve = Akgftebweur/1 + foc/fre (4)
where

ks = 0.75 < /300/d < 1.1 (5)

1= 1 for normal weight concrete

"7 1 0.85for lightweight concrete (6)

In the actual design, the depth of the compression
zone ¢, in Eq. (4) could be determined based on the
conditions of force equilibrium and strain compatibil-
ity. As illustrated in Fig. 1c—e, these conditions can be
expressed by assuming a linear distribution of compres-
sive stress and strain in the compression zone:

Cc =Tk, (73)
or

1

§(XSOEC]9WCM = AReRER = prbywderER (7b)

er = ago(d —cu)/cu (8)

where «a is the ratio of the current compressive strain
to compressive normal strain at extreme compression
fiber; T} is the tensile force in the reinforcement; C, is
the resultant compressive force in the compression zone;
Ay and Ej is the total cross-sectional area and elastic
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modulus of the tensile reinforcement, respectively; p,
is the longitudinal reinforcement ratio; ¢, [~ 0.002] is
the compressive strain corresponding to the concrete
compressive strength; and &, is the strain in tensile
reinforcement.

From Eqgs. (7) and (8), the final equation for c, is
obtained as

cu = d(—npg + \/ (npr)? + 2npg) )

where n [=E/E ] is the modulus ratio between the ten-
sile reinforcement and concrete.

The one-way shear strength in the compression failure
mechanism-based model was significantly influenced
by the magnitude of the average compressive stress (f,,)
acting on the compression zone, as indicated in Eq. (4).
Under a factored flexural moment (M,) at a given design
section, f,, can be directly calculated using the following
equation (KDS 14 draft model, 2024):

M,y 2,
J— < —
Joc byc (jd) ~ 3fc

where M, ;[= 0.75M,, > 1.5M,,] is the design-factored
flexural moment for conservative design purposes, jd
[=d-c,/3] is the moment arm, which is simply calculated
assuming that compressive stress follows a linear distri-
bution in the compression zone, and M,, is the cracking
moment (ACI 318-19, 2019). It should be noted that in
the KDS 14 draft design method, a lower limit of the flex-
ural moment, set at 1.5M,, in Eq. (10), is recommended.
This accounts for the assumption in the compression
zone fajlure theory (Choi et al, 2016) that significant
damage in the tension zone is a prerequisite for the for-
mation of inclined tensile cracking in the compression
zone.

The design equations of the KDS 14 draft model are
summarized in Table 1.

(10)

3 Evaluation of Design Provisions

3.1 Database of FRC-RC Specimens

A comprehensive database of concrete specimens rein-
forced with FRP rebars, obtained from one-way shear
tests, was used to evaluate the applicability of the KDS 14
draft model. The dataset, detailed in the Appendix, com-
prised 304 specimens without FRP shear reinforcement
(Table 2) and 110 specimens with stirrups (Table 3). It
should be noted that the previous studies in the database
reported two types of concrete compressive strength,
from cylinder tests (f°) and cube tests (f,,). The data
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presented in the database in the Appendix adopt a uni-
fied compressive strength as f”, using the conversion rela-
tionship f°,=0.80 f,,, (Mosley, 1999).

Figs. 2 and 3 present the specimen number distribution
in the database with respect to several design parameters.
The database covered different types of FRP reinforce-
ment: carbon FRP (CFRP), aramid FRP (AFRP), GFRP,
and basalt FRP (BERP).

In Fig. 2, the design parameters for FRP-RC specimens
without stirrups are as follows: the axial stiffness of FRP
reinforcement (p; Ep) varied from 150 to 7174 MPa; the
compressive strength of concrete (f’,) ranged from 20
to 102 MPa; and the shear span-to-effective depth ratio
(a/d) varied from 2.5 to 8.

In Fig. 3, the design parameters for FRP-RC speci-
mens with stirrups are as follows: the concrete compres-
sive strength (f°) ranged from 20 to 102 MPa; the shear
span-to-effective depth ratio (a/d) ranged from 1.19 to
4.5; and the axial stiffness of FRP longitudinal reinforce-
ment (p; Ey) varied between 246 and 7174 MPa; and the
axial stiffness of FRP stirrups (pg, E5,) varied between 38
to 1470 MPa.

In addition, the database included other parameters,
such as cross-sectional shapes (rectangular, I-shaped,
and T-shaped), concrete types (normal weight and light-
weight), and effective depths ranging from 73 to 937 mm.
Most specimens in the two datasets were reinforced with
CFRP (113 specimens) and GFRP rebars (273 specimens).
Fig. 4 illustrates the influence of key design parameters
on the normalized one-way shear strength of FRP-RC
beams in the database. It was shown that the axial stiff-
ness of the FRP longitudinal rebar and the effective depth
most significantly influenced the shear strength, whereas
the concrete compressive strength and the ratio of shear
span to effective depth (a/d) exerted a comparatively
lower impact for slender beams with a/d >2.5.

3.2 Shear Design Provisions

In this study, three existing state-of-the-art international
design guidelines are used for a comparative analysis with
the KDS 14 draft model: ACI 440.11-22 (2022) issued by
the ACI Committee 440, JSCE (2007) issued by the JSCE,
and CSA/S806-12 (2021) issued by the CSA. In addition,
we used a unified shear design model recently developed
by Tarawneh et al. (2024) for slender RC members. This
model is based on modifications of the ACI 318-19 model
to account for the axial stiffness of longitudinal reinforce-
ment and exhibits promising performance in predicting
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the one-way shear of both steel-RC and FRP-RC mem-
bers with and without shear reinforcement.

3.3 Shear Strength Evaluation Using the KDS 14 Draft
Model and Comparison with Existing Design Methods

Tables 2 and 3 in the Appendix summarize the test
results for the one-way shear strength of FRP-RC speci-
mens without and with stirrups, respectively. It should be
noted that for the evaluation process, material reduction,
and safety factors in the design equations were set to 1.0
to ensure a consistent comparison. Statistical param-
eters, such as the minimum, maximum, and average val-
ues, coefficient of variation (COV), and average absolute
error (AAE) of the shear strength ratio between test and
prediction results, were used to evaluate the reliability of
design models. The AAE was calculated using Eq. (11) as
follows:

1 n
AAE:;;

Vpredict,i - Vtest,i
v (11)

Vtest,i

where # is the number of test specimens used in the sta-
tistics, and V,,,; and V.4, is the test results and pre-
dictions, respectively. AAE is one of the key statistical
measures indicating the correlation between the dataset
of prediction and test results: the lower the AAE value,
the better the model correlates with the dataset. In addi-
tion, the safety of different design equations was assessed
using the 5% fractal indicator (P ;), assuming a normal
distribution of the ratio Vi,,/V,,cuir The Pyos value is
generally accepted as a characteristic value of resistance
in the limit state theory (EN1990:2002, 2002): the closer
the 5% fractal value closer to 1, the better the safety. In
addition, the figures report the percentage of specimens
With Ve/V)redice 1ess than 0.75, which corresponds to the
strength reduction factor for shear design.

For the application of the KDS 14 draft model to the
existing database, the elastic modulus (Eﬂ) and longitu-
dinal reinforcement (py) for FRP rebars were substituted
for E, and p, values in design Egs. (7-9). In addition,
according to the KDS 14 draft model, the one-way shear
strength of concrete (V) varied along the member length
because of the variation in the average compressive stress
(f.,.) caused by the factored flexural moment (Eq. 10).
Therefore, V, should be checked along the member length
at the potential shear-critical sections during the design
process. For most specimens in the database, which were
simply supported and subjected to four-point bending,
the KDS 14 draft model recommends checking the loca-
tion of the critical shear section at a distance of 1.2 times
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the effective depth from the end support. Therefore, the
designed factored flexural moment (M,,;) in Eq. (10) can
be calculated using [M,,; = (1.2d) Viest > 1.5M,,], where
Vst 18 the shear load at failure obtained from test results.
3.3.1 FRP-RC Specimens Without Stirrups

Fig. 5 presents the distribution of the shear strength ratio
Viest! Vpredice according to the axial stiffness of FRP longi-
tudinal rebars and the effective depth for FRP-RC speci-
mens without stirrups. Overall, all prediction models
provided conservative estimations when compared to the
experimental results across different design parameters.
For all prediction models, the percentage of specimens
with V;,/V),,e4i Tatios below 0.75 was minimal, ranging
from 0% to 1.32%.

Among the models, ACI 440.11-22 (Fig. 5b) exhibited
the highest scatteredness, with a COV of 22% and the
highest conservatism compared to the experimental
data, reflected in a mean value of V,,,/ V04, of 1.71
and a P, j; value of 1.38. Compared to other models, the
prediction results of the KDS 14 draft model (Fig. 5a)
exhibited the lowest scatteredness, with a COV value of
20% and good correlation with the test results, as evi-
denced by a mean V,,/ V.4, ratio of 1.29 and AAE
of 0.22. In addition, the KDS 14 draft model yielded a
Py o5 value close to 1.0, indicating an acceptable level of
safety and reliability.

Compared to the KDS 14 draft model, the empiri-
cal model proposed by Tarawneh et al. (2024) (Fig. 5e)
yielded a similar performance, whereas the JSCE
model (Fig. 5¢) displayed slightly higher variability and
mean strength ratios. Although the CSA/S0806 model
(Fig. 5d) exhibited a good correlation with test results,
with a mean V,,,/V,, 4 ratio of 1.17 and an AAE of
0.18, it displayed a lower safety level compared to other
models, with a P s value of 0.74.

3.3.2 FRP-RC Specimens with Stirrups

Fig. 6 shows the distribution of the shear strength ratio
Viest! Vprediee according to the FRP shear reinforcement
ratio (p,) and the effective depth for FRP-RC specimens
with stirrups. The shear reinforcement ratio was calcu-
lated as [A;/b,s], where Ay, is the area of the FRP shear
reinforcement ratio within the spacing s. Table 1 summa-
rizes the shear strength equations for stirrup contribu-
tions for different design codes. Generally, in all design
models, the shear contribution of FRP reinforcement is
expressed as
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Agfrd
Vi = M cotd (12)
s

where fj, is the effective tensile strength of FRP reinforce-
ment used for shear design, 0 is the inclination angle of
the diagonal concrete strut, and d,is the effective shear
depth.

As shown in Table 1, the primary differences between
design codes for calculating Vj, concern the effective
tensile strength of FRP stirrups and the inclination
angle of the diagonal concrete strut. Considering that
FRP exhibited linear behavior up to failure, different
codes prescribed varying strain limits for FRP stir-
rups to control the crack width (Tarawneh et al., 2024).
The ACI 440.11-22 and CSA/S806 models adopted
the design strength of FRP stirrups corresponding to
a strain limit of 0.005 or a strength limit based on the
tensile strength of the bent portion of FRP stirrups (fy).
In contrast, the JSCE model specifies a more conserva-
tive strain limit of FRP stirrups, considering the axial
stiffness ratio between longitudinal (pﬂEﬂ) and shear
(psEy) reinforcement, as well as concrete compressive
strength. In addition, the CSA/S806 model adopted an
empirical equation based on the MCFT to determine
the inclination angle of the diagonal concrete strut,
which was different from the value of 45° used in the
ACI 440.11-22 and JSCE models. The KDS 14 draft
model for steel reinforcement adopted the same design
equation as ACI 318-19 (ACI, 2019) for stirrup shear
contribution. Therefore, we adopted the same shear
strength equation for FRP stirrup contributions using
the ACI 440.11-22 method.

The prediction results of the KDS 14 draft model
(Fig. 6a) exhibited the lowest scatteredness, with a
COV value of 22%, and displayed the best correlation
with test results, as represented by a mean V,,/V,, .4t
ratio of 1.18 and an AAE of 0.2. The percentage of spec-
imens with V,,/V,,.4, ratios below 0.75 predicted by
the KDS 14 draft model was relatively small, within an
acceptable level (2.73%). The ACI 440.11-22 and CSA/
S0806 (Fig. 6b & ¢) yielded similar performances with
mean V,,/ V04, ratios of 1.52—1.54, COVs of 25-27%,
and AAEs of 0.32-0.33. The model by Tarawneh et al.
(Fig. 6e) maintained a balance between safety and rea-
sonable correlation with the experimental dataset. In
particular, the JSCE model (Fig. 6d) displayed overly
conservative predictions reflected in a mean value of
Viest! Vpredice Of 2.62 and very high scatteredness (COV
of 30%). This is attributed to the fact that the JSCE
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model adopted an excessively conservative strain limit
for FRP stirrups, thereby underestimating the shear
contribution of stirrups.

4 Parametric Study Using Design Models

Fig. 7 shows the parametric study results using the KDS
14 draft and existing design models to understand the
influence of primary parameters on the one-way shear
strength of concrete beams reinforced with FRP bars.
The effect of the effective depth of the beam is shown
in Fig. 7a. The effective depth of analytical beams var-
ied from 0.15 to 0.55 m, whereas that of other design
parameters was similar to that examined by Ashour
and Kara (2014). For all design models, the anticipated
shear strength increased proportionally with the effec-
tive depth of the beams. In the KDS 14 draft model, an
increase in the effective depth increased the compres-
sion zone depth (Eq. 9), which, consequently, enhanced
the shear strength. An analogous increasing tendency
of shear strength was observed (Fig. 7b) as the concrete
compressive strength increased from 20 to 90 MPa. This
phenomenon is attributed to the increase in compressive
strength that increases the tensile strength of the con-
crete and contributes to the overall shear resistance of
the compression zone (Eq. 1).

The influence of axial stiffness of FRP longitudinal
rebars (p; Ey) is shown in Fig. 7c. The analytical beams
used p;; Ej varied from 202 to 968 MPa by increasing the
ERP reinforcement ratio from 0.5% to 2.4%. Higher axial
stiffness led to higher shear strength prediction because
the KDS 14 draft model determined the compression
zone depth considering the effect of FRP axial stiffness,
as shown in the Egs. (7)-(9) for force equilibrium and
strain compatibility. A similar increasing trend in shear
strength is observed with an increase in the shear rein-
forcement ratio, as shown in Fig. 7d, due to the enhanced
contribution of stirrups to the overall shear strength.

Overall, the parametric study presented in Fig. 7 indi-
cates that one-way shear strength predictions by the KDS
14 draft model exhibited a similar trend to the state-of-
the-art design methods for FRP-RC beams, which were
conservative and consistent with the test results in sev-
eral current studies (Alam, 2010; Ashour & Kara, 2014;
Johnson, 2014; Yost et al., 2001).

5 Design Example

To understand the KDS 14 draft methods, a design exam-
ple was provided for a fixed-end concrete beam reinforced
with FRP rebars and subjected to a uniformly distributed
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load of w, =100 kN/m (including the self-weight), as pre-
sented in Fig. 8. The beam had a span length of L=8 m
and cross-sectional dimensions of bxXd=0.4x0.6 m. The
beam used normal-weight concrete with f°,=27 MPa and
GERP bars as longitudinal and shear reinforcements with
];;=7OO MPa and E=47.5 GPa. The longitudinal rein-
forcement ratio was Pp=1.02% (5025), whereas the shear
reinforcement ratio was p;,=0.39% (®10@100 mm) within
two lengths of L/4 from the support end and p;=0.26%
(@10@150 mm) in the remaining span.

Assuming interior exposure conditions for the design
process, the designed tensile strength of GFRP bars was
calculated as f,=C, ];M*=(O.8) (700)=560 MPa. Shear
strengths were calculated and checked at several cross sec-
tions: A; within the shear span (at a distance d from the
support end) and (A,—A;) outside the shear span. Fig. 8b
and c shows the factored moment and shear force distribu-
tions, respectively.

The representative calculation at cross-section A; follow-
ing the KDS 14 draft design method is as follows:

+ Calculation of the compression zone depth:

n = E¢/E. = 47,500/(4700v27) = 1.945

cy = d(—npf + 1/(n,of)2 + 2npf>

=06 (—0.0199 + \/(0.0199)2 +2x 0.0199) = 0.108 m

« Calculation of the compression zone crack angle:

M,y = 0.75M,, = 163.5kNm
> 1.5M,, = 157.8 kNm

My 157.8
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ks = +v/300/d = 0.841 — 0.75 < ks < 1.1

Ve = Mkgftebwey cot @
=1(0.841)(1.04)(0.4)(0.108)(2.73)
= 103 kN

fi» = 0.005E5, = 238 MPa <f;,= 560 MPa

Vi = prbwdf

= 0.0039(0.4)(0.6)238 = 224 kN

_ Aﬂ]jq,d
S

+ Calculation of shear strength at cross-section A;
and checking the condition:

dVi (atAy) = ¢ (Ve + V) = 0.75 (103 + 224) =
245kN > V, = 238kN- Thus, the beam satisfied the
safety conditions.

We used the same calculation process to express the
shear strengths at cross-section A, according to the
KDS 14 draft design method and safety conditions as
follows:

dVu (atAz) = ¢ (Ve + V) = 0.75 (58 + 149) =
208kN > V, = 140kN- Thus, the beam satisfied the
safety conditions.

6 Conclusion

This study evaluated the applicability of the KDS 14 draft
design method to predict the one-way shear strength of
slender concrete members reinforced with FRP rebars.
The evaluation was conducted using a large dataset of
FRP-RC members, including 304 specimens without
ERP stirrups and 110 specimens with FRP stirrups. The

Jee = =

by (jd)  0.4(0.108)(0.6 — 0.108/3)

2
= 6.69MPa < gfc/ = 18 MPa

cotp = /14 fec/fre
= \/ 1+ 6.69/(0.2v/27) = 2.73

+ Calculation of shear contribution by concrete and
FRP shear reinforcement:

performance of the KDS 14 draft model was compared
with that of state-of-the-art design codes and an empiri-
cal design model recently developed by Tarawneh et al.
(2024). In addition, a parametric study analysis was con-
ducted, and a design example was presented to investi-
gate the influence of primary design parameters and the
applicability of the KDS 14 draft design method for FRP-
RC beams. The main conclusions are as follows:
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1. The KDS 14 draft model demonstrated promis-

ing performance in predicting the one-way shear
strength of a large dataset of slender FRP-RC mem-
bers without FRP stirrups. It exhibited the lowest
scatteredness compared to other current design
methods, with a COV value of 20%. In addition, the
model correlated well with the dataset, presented by
a mean shear strength ratio of 1.29 and AAE of 0.22.
The KDS 14 draft design method provided an accept-
able level of safety and reliability, with a P o5 value of
0.86. The ACI 440.11-22 design method exhibited the
highest scatteredness and conservatism, with a mean
shear strength ratio of 1.71 and a P 5 value of 1.38.

. For FRP-RC members with FRP stirrups, different
design codes adopted different strain limits for FRP
reinforcement to calculate the shear contribution of
FRP stirrups. Compared to other methods, predic-
tion results of the KDS 14 draft model exhibited the
lowest scatteredness, with a COV value of 22%, and
displayed the best correlation with the test results,
as represented by a mean shear strength ratio of 1.18
and an AAE of 0.2. In addition, the percentage of
specimens with shear strength ratios below 0.75 was
relatively low (2.73%), indicating an acceptable level
of safety. Overall, compared with the experimental
dataset, all existing design methods yielded conserva-
tive predictions. In particular, the JSCE model dis-
played overly conservative predictions owing to the
adoption of an excessively conservative strain limit
for FRP stirrups.
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3. A parametric study was conducted to examine

the primary design parameters affecting the one-
way shear strength of FRP-RC members, including
the beam’s effective depth, concrete compressive
strength, axial stiffness of FRP longitudinal reinforce-
ment, and shear reinforcement ratio. Overall, the
KDS 14 draft model predictions exhibited a trend
similar to that of the state-of-the-art design meth-
ods for FRP-RC beams, which were conservative and
consistent with the test results in previous studies. In
the KDS 14 draft model, increases in effective depth,
concrete compressive strength, and FRP axial stiff-
ness increased the compression zone depth deter-
mined by force equilibrium and strain compatibility
conditions, leading to enhance the overall one-way
shear strength.

. 'The anticipated shear strength in the KDS 14 draft

model, which is based on the compression zone
failure theory, displayed a proportional increase in
the effective depth of the beams due to increased
compression zone depth. A similar tendency was
observed with an increase in the concrete compres-
sive strength, which was attributed to the improved
tensile strength of concrete, thereby contributing to
the overall shear resistance in the compression zone.
Furthermore, the axial stiffness of FRP longitudi-
nal rebars significantly affected the one-way shear
strength of concrete members. Higher axial stiffness
resulted in higher shear strength prediction owing to
the improved compression zone depth.
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Fig. 2 Distribution of design parameters for the database of specimens without stirrups (304 specimens)
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Fig. 3 Distribution of design parameters for the database of specimens with stirrups (110 specimens)
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Fig. 8 Shear design example for FRP-RC beam using the KDS 14 draft model

Appendix: Database for one-way shear tests
of FRP-RC members.
See Tables 2, 3.
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