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Abstract

One-way shear strength evaluation is one of the essential and complex aspects in the design of prestressed concrete
(PSC) members. Current design standards adopt different empirical or semi-empirical approaches to predict the one-

across most scenarios.

way shear strength of PSC members. This study evaluated the applicability of the KDS 14 draft design method,
which is based on compression zone failure theory, for predicting the shear strength of slender PSC beams. The
evaluation utilized the ACI-DAfStb database, comprising 331 one-way shear tests on PSC beams with and without
shear reinforcement. The strength prediction of the KDS 14 draft model was compared against those of existing
design codes and design-oriented models. Results indicated that the KDS 14 draft model demonstrated promising
performance in predicting the shear strength of a large dataset of PSC beams, both with and without stirrups.

For PSC beams without stirrups, the KDS 14 draft model exhibited better accuracy with less scatteredness compared
to the ACI 318-19 and CSA A23.3:24 models, while maintaining design conservatism. For PSC beams with stirrups,
the KDS 14 draft model showed predictive performance comparable to the CSA A23.3:24 model. In addition, the KDS
model exhibits similar scatteredness compared to the mechanics-based model proposed Marf et al. but while
providing more conservative predictions. Furthermore, parametric study and design example were conducted

to understand the influence of key design parameters and the applicability of the KDS 14 draft model for PSC beams.
Overall, the predictions by the KDS 14 draft model closely aligned with trends observed in experimental results

Keywords Shear strength, Prestressed concrete, Concrete beam, Compression zone, Stirrups

1 Introduction

Prestressed concrete (PSC) beams and girders are struc-
tural elements designed to support greater loads and
spans compared to traditional reinforced concrete (RC)
beams. By incorporating high-strength steel tendons
within the concrete, PSC beams undergo pre-compres-
sion, counteracting tensile stresses that would otherwise
lead to premature cracking. This technique enhances
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durability and serviceability by altering stress and strain
distributions, increasing the cracking load, and refining
crack patterns. Shear strength in prestressed concrete
beams is particularly noteworthy, which refers to the
beam’s ability to resist shear forces that could cause fail-
ure along diagonal planes. Prestressing forces enhance
shear resistance by improving cracking resistance and
increasing the effective depth of the beam, making PSC
beams and girders ideal for a wide range of construction
applications, including bridges and high-rise buildings.
The shear strength of ordinary reinforced concrete
beams has been extensively studied over the past few
decades through both experimental and analytical
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approaches. Existing literature indicates that shear
strength is primarily influenced by several design param-
eters, including: (i) the shear-span-to-depth ratio (a/d),
(if) concrete compressive strength, (iii) flexural rein-
forcement ratio, (iv) axial compression or tension force,
(v) shear reinforcement ratio, and (vi) member depth.
Kani et al. (1964) and Megahed et al. () reported that a
decrease in the a/d ratio leads to an increase in shear
strength, particularly when the a/d ratio is less than 2.4.
Similarly, studies by Johnson et al. (1989) and Perera et al.
(2013) demonstrated a general increase in shear strength
with higher concrete compressive strength; however,
a decline was observed when the concrete strength
exceeded 70 MPa. Furthermore, previous research has
identified a reduction in shear strength per unit cross-
sectional area with increasing member depth, com-
monly referred to as the size effect (Chen & Zhu, 2024;
Dinh et al., 2021; Elsamak et al., 2024; Hassan & Yousif,
2024; Jumaa & Yousif, 2019; Leonhardt & Walther, 1962;
Muhammad & Yousif, 2023; Park et al., 2021; Pham et al.,
2023; Taylor et al., 1972).

Understanding one-way shear strength is essential
for structural design and assessment of PSC members.
Since the 1950s, extensive experimental investigations
have been undertaken to examine the influence of criti-
cal parameters on the shear strength and failure modes
of PSC beams and girders. Early studies by Zwoyer and
Siess (1954), Hanson and Hulsbos (1964), Kar (1968), and
Hegger and Gortz (2003) highlighted that critical design
parameters such as the shear span-to-effective depth
ratio, concrete compressive strength, prestressing level,
longitudinal and shear reinforcement ratios, and cross-
sectional shape significantly influence the shear strength
of PSC beams. Tao and Du (1985) found that increasing
the post-tensioning tendon ratio and longitudinal rein-
forcement ratio shifted the failure mode of PSC beams
from ductile to non-ductile, despite an increase in load-
carrying capacity. Research by Elzanaty and Nilson (1986)
and Choulli et al. (2008), which focused on PSC beams
made with high-strength concrete, indicated a reduction
in shear strength compared to beams made with conven-
tional concrete. These findings led to recommendations
for limiting the concrete compressive strength to around
65 MPa when calculating shear strength. Rupf et al.
(2013) examined post-tensioned I-beams with draped
tendons and minimal shear reinforcement, showing
that shear strength and failure modes were significantly
affected by the quantity of shear reinforcement, the level
of post-tensioning force, and the presence of flanges.
Similarly, De Silva et al. (2006) investigated the impact
of longitudinal and transverse reinforcement ratios, pre-
stressing levels, and concrete strength on crack width
and spacing in partially prestressed concrete members.
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Thoma and Fischer (2023) conducted an experimental
investigation into the shear strength of prestressed con-
crete (PSC) girders with varying amounts of longitudi-
nal reinforcement. This study indicated that a reduced
amount of longitudinal reinforcement did not adversely
affect the shear capacity if the initial strain of prestressed
tendons was increased moderately. Additionally, digital
image correlation (DIC) analysis suggested that load-
bearing contributions attributed to aggregate interlock
may not be appropriate for PSC beams with low ratios of
shear reinforcement.

Several prior efforts have contributed to the
development of analytical models for predicting the
shear strength of PSC beams, which form the basis
of the current shear design provisions. Collins et al.
(2008) proposed a theoretical model for shear strength
prediction of prestressed concrete members with and
without shear reinforcement. The model integrated
a strut-and-tie approach for disturbed regions and a
sectional model for flexural regions. The model was
capable of predicting the shear strength of PSC members
with high reliability and provided a deep understating
regarding the shear stress transfer mechanism. Park
et al. (2013) introduced an analytical approach based
on the strain-based shear strength model to predict
the shear strength of both ordinary and PSC beams.
This method assumes that the shear force acting on the
beam is primarily resisted by the intact compression
zone within the cross-section. The results indicated
that the proposed model provided reasonably accurate
predictions when compared with existing test data for
simply supported PSC beams. Furthermore, the model
effectively interprets the influence of various design
parameters on the shear strength of prestressed concrete
beams. In studies by Zhang et al, (2014a, 2014b), a
mechanics-based segmental approach was proposed
to predict the presliding shear capacity of PSC beams
with or without shear reinforcement. This model is
based on the mechanics of partial interaction, which
is the slip between reinforcement and surrounding
concrete allowing for crack formation and widening
to construct the presliding shear failure criteria. Mari
et al. (2016) proposed a mechanical model based on
the principles of concrete mechanics and assumptions
based on the experimental results for predicting the
shear-flexural strength of ordinary and PSC beams. In
this model, the critical crack in prestressed members is
assumed to initiate at a cross-section where the bending
moment is comparable to the cracking moment, which
occurs further from the zero bending moment point
compared to ordinary reinforced concrete members. The
predictions obtained by this model demonstrated good
agreement with the ACI-DAfStb database consisting of
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the test results of 1285 beams with and without shear
reinforcement, covering a wide range of geometric
characteristics (rectangular, I, or T sections). In addition,
design examples were provided to show the practical
applicability of the model.

For practical design and performance assessment,
current design standards use empirical or semi-empirical
equations to predict the one-way shear strength of
reinforced concrete members, including PSC beams.
In general, the overall shear strength of a member
is considered to be the sum of the contributions of
the concrete section (V,) and stirrups (V). Table 1
summarizes the design equations of V, according to
existing design codes. In Eurocode 2 (2002), the shear
strength equations do not distinguish between ordinary
and PSC beams. This standard adopted an empirical
approach for a cracked section to derive the design
formula from the elastic stress distribution taking
into account the axial force acting on the uncracked
section. The Canadian Standards CSA A23.3:24 (CSA,

Table 1 Summary of shear strength design models for PSC beams
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2024) and CSA S6:19 (CSA, 2019), the AASHTO LRED
Bridge Design Specifications (AASHTO, 2024) issued
by the American Association of State Highway and
Transportation Officials, and the fib Model Code 2010
(fib, 2010) issued by the Euro-International Concrete
Committee are based on the modified compression field
theory (MCFT) developed by Vecchio and Collins (1986).
In this approach, the key design parameters include
the concrete contribution factor () and the angle (6)
of diagonal compression field, determined by the strain
(e,) developed in longitudinal tension reinforcement
under a given bending moment, shear force, axial force,
and prestress. Explicit expressions for S and 6 were also
provided in these design codes. In the ACI 318-19 (ACI,
2019) code by the American Concrete Institute (ACI),
the one-way shear design provisions distinguish between
ordinary reinforced concrete and prestressed concrete
members. ACI 318-19 offers two methods for calculating
V. for PSC members: a detailed method and an
approximate method, both semi-empirical and calibrated

Models Shear strength equations for concrete contribution Shear strength
equations for stirrup
contribution

ACI318 Ve = min(Va, Vew) Ve = At
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from existing experimental data. In the detailed method,
V, is calculated as the lesser of web shear strength (V,,)
and flexural shear strength (V,,), based on the theoretical
background of Morrow and Viest (1957), Sozen and
Hawkins (1962), and Kuchma et al. (2008). The size effect
coefficient (1) was newly introduced in the ACI 318-19
model.

In reliability analysis and probabilistic performance-
based design using current design codes, several studies
have developed probabilistic shear strength prediction
models to quantify model uncertainties. Liu et al. (2023)
assessed the probabilistic error of existing design models
for shear strength prediction using a database of 369 PSC
girders that failed in shear. Based on this assessment, the
Bayesian probabilistic polynomial correction approach
was employed to develop probabilistic shear strength
models for PSC girders. Furthermore, Liu et al. (2025)
extended this work by developing a Gaussian process
regression (GPR)-based model for predicting the shear
capacity of PSC beams.

Recently, the draft version of the Korean Design
Standard, KDS 14 20 22 (KCI, 2024) issued by the
Korea Concrete Institute (KCI) 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 ordinary reinforced concrete (RC) members.
This model is based on the theory of compression zone
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failure for beams governed by flexural shear failure
mechanism and has shown a strong correlation with
a comprehensive database that covers a wide range of
design parameters (Choi et al., 2016). Since a PSC beam
can be considered to be similar to the case of an ordi-
nary RC beam subjected to the combined action of
compressive force and bending moment, the model is
expected to be capable of predicting the shear strength
of prestressed concrete members.

This study aims to evaluate the applicability of the
KDS 14 draft model, which is based on the compres-
sion zone failure mechanism, for predicting the shear
strength of slender prestressed concrete (PSC) mem-
bers. Additionally, its predictive performance is com-
pared with those of two state-of-the-art international
design codes and two design-oriented models. To
achieve this, the ACI-DAfStb database, comprising 331
tests of PSC beams with and without shear reinforce-
ment, was utilized. Furthermore, a parametric analy-
sis and a design example are presented to understand
the influence of key design parameters and assess the
practical applicability of the KDS 14 draft model to PSC
beams.

Applied load
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Critical shear crack
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(a) Shear failure in reinforced concrete beams
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Fig. 1 Shear resistance mechanism of reinforced concrete beams subjected to combined bending and compressive force based on KDS 4 draft

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

In the KDS 14 draft model, the one-way shear strength of
slender RC members is attributed to the uncracked con-
crete in the compression zone (Choi et al., 2016). Fig. 1
depicts the shear resistance mechanism and stress state
at the shear-critical section within the compression zone
of slender RC beams without shear reinforcement, sub-
jected to the combined action of bending moment and
concentric axial load. During the initial loading phase,
multiple flexural cracks develop within the tension zone
of slender beams. As the applied load increases, these
flexural cracks propagate toward the beam web and
eventually penetrate the compression zone, leading to
the formation of critical diagonal macrocracks. At the
ultimate loading stage, shear failure occurs within the
compression zone (A—B) as it loses its ability to act as a
continuum or resist the compressive forces induced by
the applied flexural moment. The shear capacity provided
by the compression zone can be estimated using the con-
crete tensile strength, f,,, along the critical shear crack
within the compression zone:

C
Ve the - - by cos g thebwcu cotg, (1)
sin @

where ¢, is the depth of the compression zone; f,
[=0.2 \/ﬁ ] is the concrete tensile strength specified in the
KDS 14 draft model accounting for biaxial stress state; f°,
is the compressive strength of concrete; b, is the beam
web width; and ¢ is the average angle of inclined crack
in the compression zone, is determined based on the
principal stress axis using the Rankine failure criterion
(Chen, 1982):

cot @ = \/fre(fre + foc) [fre: )

where f,_ is the average compressive normal stress acting
on the compression zone. By substituting Eq. (2) into
Eq. (1), the shear contribution of the compression zone
for the flexural RC members can be expressed as:

Ve = fiebweu/1 + fec/fre- (3)

By incorporating the size effect factor (k,) and
reduction factor for lightweight concrete (1), the final
expression for V, in the KDS 14 draft model is given by:

Ve = dkfrebweu/1 + fuc/frer (4)
where
ks =0.75 < v/300/d < 1.1, (5)
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1.0 for Normal weight concrete
0.85 for Sand - lightweight concrete (6)

0.75 for All - lightweight concrete.

A=

In practical design, the depth of the compression
zone, ¢, in Eq. (4) can be determined based on the
conditions of force equilibrium and strain compatibility
at the critical section. These conditions can be
expressed as follows under the assumption of a linear
distribution of both compressive stress and strain
within the compression zone, as illustrated in Fig. 1c—e:

C,=T or, (7)
1
Echcwau = AsesEs + Ny, = psbydesEs + Ny, (8)

es = &c(d — cy)/cus )

where C, is the resultant compressive force of concrete
in the compression zone; T} is the tensile force developed
in the tension longitudinal rebars; A; and E are the total
cross-sectional area and elastic modulus of the tensile
reinforcement, respectively; p, and g are the longitudinal
reinforcement ratio and strain in tensile reinforcement,
respectively; and ¢, is the allowable concrete compressive
strain at the extreme compression fiber at the critical
section.

In beams subjected to combined bending and axial
load, the compression zone depth is typically higher
than that of ordinary beams due to the effect of axial
force, and shear failure occurs generally before ¢, reaches
the maximum strain g, [~ 0.002] corresponding to
the concrete compressive strength (Choi et al., 2016).
Therefore, the KDS 14 draft model adopts a value of
e,=0.001 for the shear strength evaluation of PSC
members for conservative design.

From Egs. (7), (8) and (9), the final expression for
calculating c,, is obtained as

N, N, 2
—d |t . 2nps |,
Cu byd Ece. nps+\/<bwdEceC ”ps) +anps

(10)
where n [=E /E,] is the modulus ratio between steel rein-
forcement and concrete.

The one-way shear strength in the compression failure
mechanism-based model is significantly influenced by the
magnitude of the average compressive stress (f,,) acting
on the compression zone, as shown in Eq. (4). Under a
combined action of factored flexural moment (M,) at
a given design section and axial force (N,), f,, can be
calculated based on the moment equilibrium condition at
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Fig. 2 Shear resistance mechanism of PSC beams based on KDS 4 draft design model

the tensile reinforcement location (see Fig. 1d, e), using
the following equation (KDS 14 20 22, 2024):

My +Nd—h/2) 2,
Jee = T eGd) = 3 an

where M, [= 0.75M,, > 1.5M,,] is the design-factored
flexural moment for conservative design purposes, con-
sidering the reduction factor of 0.75, jd [=d — ¢,/3]
represents 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).

3 Application of the KDS 14 Draft Model to PSC
Beams

The KDS 14 draft model for one-way shear strength was

applied to PSC beams. Fig. 2 illustrates the shear resist-

ance mechanism of PSC beams without shear reinforce-

ment, subjected to combined bending moments and

prestressing forces. To account for the effects of differ-
ent reinforcement types (e.g., non-prestressed and pre-
stressed reinforcement), the equivalent effective depth of
the beams is defined as follows (Mari et al., 2016):

J— ZEsAs,ids,i + ZEpAp,idp,i
Y EAsi+ Y EpApi

> 0.8, (12)
where d,; and d,,; are the distances from the extreme
compression fiber to the centroid of the i-th layers of
tensile reinforcement and tendons, respectively; and
A and A,,; are the cross-sectional areas of the tensile
reinforcement and tendons, respectively.

At the critical section of PSC beams, force equilib-
rium and strain compatibility conditions are expressed as
follows:

1
Echcwau = ZAs,igs,iEs + ZA i€p,iEp + Ppo,

(13)
Es,i = Sc(ds,i —cu)/cCu (14)
Epi = ec(d i — Cu)/Cus (15)

where P,o = ) Py is the total prestressing force acting
on the beam cross-section after considering stress loss;
E. = 8500/f/(KDS 14 20 22, 2024) is the elastic modu-
lus of concrete; E,, is the elastic modulus of tendons; and
g,; and g,; are the strains in the i-th layer of tensile rein-
forcement and prestressed tendon, respectively.
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Fig. 4 Distribution of design parameters for database of PSC beams with stirrups

The final expression for the compression zone depth,
¢, in PSC beams can be derived from Egs. (13-15) by
solving a quadratic equation:

Py Py
cu = ( 8’; = nsAgi =Y mpAp; +\/ (—81;5 = g =Y mpAp 0?4 200> nsdsiAgi + Y npdy Ay | /ows (
c=c (4

C

16)

E, .
where 7, [: %} and 7, [: —”} are the modulus ratios of

tensile reinforcement and prestressed tendons, respec-
tively, relative to concrete.

The average compressive stress (f,,) in the compression
zone, as shown in Eq. (4), is redefined based on moment
equilibrium at the location of equivalent effective depth,
considering the effect of prestressed tendons:

C

d, i—Cu u
Mg + X2 [Py = A 0By | (d = dpi) — 3 Aoy S0 e Ey(d — dy)

where M, is the total applied moment at the design sec-
tion, calculated as the summation of design-factored flex-
ural moment (M,) and additional moment caused by the
eccentric prestressing force:

Myq =075My + Y Ppi(dpi — h/2) = L5My,
(18)

(ds,i_ 2
A (17)

=

c =

bycy (

-9 -
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where P,; is the prestressing force in the i-th layer of the
tendon.

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

4 Database Assessment Using KDS 14 Draft Model
and Existing Design Models

4.1 Database of PSC Beam Specimens

A comprehensive ACI-DAfStb database (Dunkelberg
& Reineck, 2017) comprising 331 tests on slender PSC
beams, with or without shear reinforcement, was used
to evaluate the applicability of the KDS 14 draft model.
Detailed information on the test specimens is presented
in the Appendix (Tables Al, A2). Figs. 3 and 4 present
the distribution of specimens in the database according
to primary design parameters. For PSC beams without
stirrups (Fig. 3), the concrete compressive strength
(f’,) ranged from 13 to 103 MPa, effective depth varied
from 109 to 1025 mm, the shear span-to-effective depth
ratio (a/d) varied from 2.4 to 7.4, and total tension
longitudinal reinforcement ratio (p;) varied from 0.28 to
8.74%. For PSC beams with stirrups (Fig. 4), the concrete
compressive strength (f°) ranged from 16 to 100 MPa,
effective depth varied from 152 to 1360 mm, the shear
span-to-effective depth ratio (a/d) varied from 2.5 to
6.9, and shear reinforcement ratio (p,,) varied from 0.1
to 3.49%. Moreover, the database included other wide
range of parameters, such as cross-sectional shapes
(rectangular, I-shaped, and T-shaped) and prestressing
methods (pre- and post-tensioned tendons).

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

Two existing state-of-the-art international design
guidelines, ACI 318-19 (ACI, 2019) and CSA A23.3:24
(CSA, 2024), and two design-oriented models proposed
by Laskar et al. (2010) and Mari et al. (2016) were used
for a comparative analysis with the KDS 14 draft model.
The details of design equations of the design models
are summarized in Table 1. For ACI 318-19 (2019), the
detailed method was used. 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.

According to the KDS 14 draft model as presented in
Sect. 3, the one-way shear strength of concrete (V) var-
ied along the member length due to the variation in the
average compressive stress (f,.,) caused by the factored
flexural moment M, (refer to Egs. (17) and (18). Conse-
quently, V, should be checked along the member length
at the potential shear-critical sections during the design
process. For the evaluation of shear strength using the
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database, test specimens were simply supported and
subjected to four-point bending until failure. The KDS
14 draft model recommends that the critical shear sec-
tion should be checked at a distance of 1.2 times the
effective depth from the end support (1.2Xd). Thus,
the total applied moment (A],,;) at the critical section,
as specified in Eq. (18), can alternatively be determined
using the following equation:

Myg = (1.2 X d)Viest + pr,i(dp,i —h/2) > 1.5M,;,
(19)
where V,,, is the shear load at failure obtained from test
results.

Moreover, beams in the database exhibited failure
modes corresponding to either critical shear or flexure-
shear. Therefore, the shear strength (V,) of the PSC
beams should not exceed the shear demand (V) corre-
sponding to reinforcement yielding. V), can be approxi-
mated using equivalent rectangular stress block (ACI
318-19, 2019) and force equilibrium condition at flexural
yielding:

a a
Vn < Vy _ % _ ZAp,Lf}ay(dp,i - if) + ZAS,Lfsy(ds - jf),

a a 20)

o = > Apifpy + ZAs,ifsy, (1)

0.85f/by,

where f,, and f, are the yield strengths of the tendons and
tensile reinforcement, respectively; and as is the depth of
the rectangular stress block.

4.2.1 PSC Beams Without Stirrups

Fig. 5 presents the prediction performance for the data
set of PSC beams without stirrups in terms of the shear
strength ratio (V,,,/V,,c4c) between test and prediction
results, according to different design parameters:
concrete compressive strength (f”), effective depth (d),
ald ratio, and longitudinal reinforcement ratio (p;). The
reliability of the models was assessed using statistical
metrics such as the minimum, maximum, and average
values, coefficient of variation (COV), and average
absolute error (AAE) of the shear strength ratio. The
AAE was computed using Eq. (22) as follows:

n

1
AAE=;Z

i=1

Vpredict,i — Viest,i ’ (22)

Vtest,i

where # is the number of test specimens used in the
statistics and Vj,,; and V), ;,; are the test results and
predictions, respectively. AAE is one of the key statistical

measures indicating the correlation between the dataset
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Fig.5 Comparative analysis of shear strength ratio using different design models for PSC beams without stirrups
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Fig.6 Comparative analysis of shear strength ratio using different design models for PSC beams with stirrups
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of prediction and test results: the lower the AAE value,
the better the model correlates with the dataset.
Additionally, the safety of different design equations was
further evaluated using the 5% fractile indicator (Ps),
assuming a log-normal distribution of the ratio V,,/V, et
(Liu et al. (2023). The P 5 value is generally accepted as a
characteristic value of resistance in the limit state theory
(EN1990:2002, 2002): values Py, s closer to 1.0 reflect better
safety. Furthermore, the analysis included the percentage of
specimens with Vi,./ V)4, below 0.75, which corresponds
to the strength reduction factor used in shear design.
Overall, all prediction models provided conservative
estimates compared to the experimental dataset across
various design parameters, as indicated by the low
percentage (ranging from 0 to 7%) of specimens with shear
strength ratios below 0.75. As shown in Fig. 5a, the KDS
14 draft model exhibited better accuracy and the lowest
scatteredness among the models, with a COV of 20%, an
AAE of 0.26, and a mean value of V,,,/ V., of 1.40. The

test’

KDS 14 draft model also ensured an acceptable safety level,

0,/f.=0.05-0.16, b, =180 (mm), #=240 (mm)
f.=24.39 (MPa), p, = 0.020

120
| PR-45-N
100 j PR-30-N A
80 A
Z 4
= 60 -
Ny 1
40 j A Muguruma et al. (1983)
------ ACI 318-19 (2019)
20 - — - <CSA A23.3:24 (2024)
~ ——KDS 14 draft (2024)
0 T T T
0 0.05 0.1 0.15 0.2
olf
(a) Prestressing levels
£,=0.45-1.12, b, =362 (mm), /=711 (mm)
17=49.32 (MPa), p, = 0.020, 5,/f, =0.04
500 1 V-10-1.51  V-10-2.37
1T e = - Ao = A
400 - V-10-0 &
< 300 -
= i /
200 A
g A Saqan & Frosch (2009)
004 e ACI 318-19 (2019)
— - ~CSA A23.3:24 (2024)
1 ——KDS 14 draft (2024)
0 T T T T

0 0.2 04 06 08 1 1.2 1.4

p: (%)
(c) Amount of tension reinforcement
Fig. 7 Parametric study using design models
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with zero percentage of specimens exhibiting V,,/ V), egice
below 0.75 and a P s value of 0.99 (close to the ideal value
of 1.0).

The CSA A23.3:24 model (Fig. 5c) yielded a good
correlation with test results, achieving a mean
Viest! Vpredice Tatio of 1.16 and an AAE of 0.21. However,
compared to the ACI 318-19 model (Fig. 5b) and the
KDS model (Fig. 5a), the CSA A23.3:24 model exhibited
a lower safety level, with a P, value of 0.68 and the
minimum V,,./V),,.4, ratio of 0.49. Furthermore, 7% of
the specimens evaluated using this model had V,,,/ Vit
ratios below 0.75, indicating unconservative predictions
in certain scenarios.

Among the two design-oriented models, the mechan-
ics-based model proposed by Mari et al. (Fig. 5e), which
accounts for primary shear transfer actions, showed high
accuracy when compared with experimental results,
yielding a mean V,,,/ V.4, ratio of 1.06, an AAE of 0.14,
and a COV of 19%. This model also ensures an acceptable

/"=38.98-75.53, b, =51 (mm), =457 (mm),
b7~203 (mm), 189 (mm), 5,~8.33MPa, p, = 0.041
120
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safety level, as indicated by the small percentage (3.27%)
of specimens with V,,,/V, .4 ratios below 0.75 and a
Py o5 value of 0.77. In comparison, the KDS model, which
is based on compression zone failure, exhibits a similar
level of scatteredness (20%) but provides more conserva-

tive predictions.

4.2.2 PSC Beams with Stirrups

Fig. 6 presents a comparative analysis of the shear
strength ratio (Vey/V,eqic) for the dataset of PSC
beams with stirrups, evaluated against various design
parameters: concrete compressive strength (f”), effective
depth (d), a/d ratio, and shear reinforcement ratio
(p,). For the PSC beams with shear reinforcement, the
shear strength is calculated as the summation of the
contribution of concrete (V,) and stirrup (V,). Table 1
summarizes the shear strength equations for stirrup
contributions of different design codes. In general, all
design models express the shear contribution of stirrup
reinforcement as:

Ayfyd
Vv, = vfyv v co
N

to, (23)
where A, f,,, and s are the cross-sectional area, tensile
yield strength, and spacing of stirrups, respectively; 6 is
the inclination angle of the diagonal concrete strut, and
d,, is the effective shear depth.

As shown in Table 1, the KDS 14 draft model for steel
reinforcement adopts the same design equation for stir-
rup shear contribution as the ACI 318-19. Meanwhile,
the CSA A23.3:24 model employs a semi-empirical equa-
tion based on the Modified Compression Field Theory
(MCFT) to determine 6, differing from the value of 45°
used in the ACI and KDS models. In addition, the CSA
A23.3:24 provisions included the resistance factors for
steel (¢,) and concrete (¢,) in the design equations for V,
and V,, respectively, to account for uncertainties in mate-
rial strength. For consistency in evaluation, these resist-
ance factors were set to 1.0. The design model proposed
by Mari et al. (2016) accounts for the contribution of
stirrup forces intersecting the inclined crack beneath the
compression zone.

As shown in Fig. 6a, ¢, the KDS 14 draft model provided
predictive performance comparable to the CSA A23.3:24
and Mari et al. models, with a COV value of 18%, a mean
Viest! Vpredice Tatio of 1.30 and an AAE of 0.23. For all
design models, no specimens exhibited V,.;/ V.4, ratios
below 0.75. In addition, the P, values approached 1.0,
indicating high reliability and safety. In comparison with
the KDS 14 draft and CSA A23.3:24 models, the ACI
318 model exhibited slightly higher conservatism, with a
mean V,./ V.4 ratio of 1.59 and a COV of 21%.
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5 Parametric Study Using Design Models

Fig. 7 presents the results of a parametric study
comparing the KDS 14 draft model with existing design
models, using selected test series from the ACI-DAfStb
database for PSC beams (Muguruma et al., 1983; Elzanaty
et al., 1986; Saqan & Frosch, 2009; and De Silva et al,,
2006). The influence of the prestressing levels in tendons
is shown in Fig. 7a. The normalized prestress (o,/f")
varied from 0.05 to 0.16, while other design parameters
were consistent with those examined by Muguruma et al.
(1983). The KDS 14 and ACI 318 models showed good
agreement with the test results, demonstrating that the
shear strength of PSC beams increases proportionally
with prestressing levels. In the KDS 14 draft model,
higher prestressing forces led to a greater compression
zone depth (Eq. 16) and increased average compressive
stress (f;,) in the compression zone (Eq. 15), enhancing
overall shear strength. In the ACI 318 model, increased
prestressing forces improved the flexural cracking
moment (M), thereby enhancing the flexure-shear
strength (V). Conversely, the design concept of CSA
A23.3:24 (CSA, 2024) predicted a constant trend of the
shear strength, which can be attributed to the limitation
in longitudinal strain (e,) at the mid-depth of the
member.

Fig. 7b, ¢ show that all design models followed the
observed increasing trend in shear strength for test series
conducted by Elzanaty et al. (1986) as the concrete com-
pressive strength increased, and by De Silva et al. (2006)
as the amount of stirrup reinforcement increased. In
the KDS 14 draft model, higher compressive strength
improved concrete tensile strength, contributing to shear
resistance in the compression zone.

Lastly, Fig. 7c presents the parametric results for the
test series by Saqan and Frosch (2009), indicating a slight
improvement in shear strength with increasing non-
prestressed tension reinforcement. The KDS 14 draft
model closely aligned with these observations, explicitly
accounting for contributions from both non-prestressed
and prestressed reinforcement in determining compres-
sion zone depth through force equilibrium and strain
compatibility (Eqs. 13-16). In contrast, neither the ACI
318 nor CSA A23.3 models consider this effect.

Overall, the parametric study depicted in Fig. 7
indicates that shear strength predictions by the KDS
14 draft model exhibited trends consistent with
experimental results in most of the scenarios investigated.

6 Design Example

To understand the KDS design method in the design
of the PSC beams, a design example is presented for
a post-tensioned beam shown in Fig. 8a. The PSC
beam is simply supported and subjected to a uniformly
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Fig. 8 Shear design example for PSC beam with parabolic strand profile
Table 2 Properties of the PSC beam in design example
Concrete compressive strength f'.=34 MPa

Prestressing steel area

Tensile steel bar area

Effective prestress

Tendon profile and slope at location x

Span

Dead load (wDL)
Live load (wLL)
Section properties

A,=1382 mm?, £,=200,000 MPa
A;=942 mm? (3020), £,=200,000 MPa, d, =800 mm
f,.=1000 MPa

e(x) = —<4.89 x 10_6)()( — 7500)2 + 275 mm
0(x) = (9.78 x 10’6))( — 0073 rad

L=15m

Wp, =32 kN/m

W, =17.5 kN/m

b,,=400 mm, h=850 mm, d;=800 mm, d,,=425 mm




Dinh et al. Int J Concr Struct Mater (2025) 19:50

distributed load. The geometric and material properties
of the beam are summarized in Table 2. The beam had a
span length of L=15 m and cross-sectional dimensions
of bxh=04x0.85 m. The bottom longitudinal
reinforcement consists of 5x ®25 bars. The beam is post-
tensioned using a parabolic layout tendon, composed
by 14x1/2" strands with a nominal area of 98.71 mm?
(A,=14x98.71=1382 mm?). The tendon has zero
eccentricity at the centroid of the gross cross-section
(c.g.c) and reaches its maximum eccentricity at mid-span.

The representative calculation at cross-section
A;=15 m following the KDS 14 design method is as
follows:

« Factored load and internal forces

dy(x = 1.5m) = 425 + e(x) = — (4.89 x 10*6) (1500 —
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Lx  «% 15x 1.5 1.52
M= (= -2 \w, = — == )66.4 = 672 (kNm)
2 2 2 2

L 15
Vi=|=—x]|w,=| = —15)66.4 =398 (kN)
2 2
« Calculation of the compression zone depth
Puo = Apfse = 1.382 x 1000 = 1382kN
E. = 8500/f! = 8500/34 = 27,537 MPa

E; 200,000
nN= —=—-= 7.26
E. 27,537

7500)2 4 275 + 425 = 524 mm

d = max <0.8h,
As+ A,

Asds + Apd, — e (680 942 x 800 + 1382 x 524
’ 942 + 1382

) = 680 mm

ecEc ecEc

Ppo Pyo 2
cy = — ngAs — npAp + —nsAs —npAp |+ 2by(nsdsAs + npdpAp) | /bw

1382 x 1000

————————— — 1382 x 7.26 — 942 x 7.26+
0.001 x 27,537

1382 x 1000

2
——————— — 1382 X 7.26 — 942 x 7.26 | 4+ 2 x 400 x (1382 x 7.26 x 524 + 942 x 7.26 x 800)
0.001 x 27,537

/400 = 0.329m

wy = 12wpp + 1.6wrp = 1.2 x 32 4+ 1.6 x 17.5 = 66.4 (kN/m)

« Calculation of the compression zone crack angle:

M,q = 0.75M,, + Pyo(d, — h/2) = 641kNm

dp—cu s—Cu
Mg+ [Ppo = Ay e | (d = dy) — A, e Ey(d — dy)

Jee =

bycy (d —cy/3)

329

641 x 10° + (1382 x 10> — 138252-3290,001 x 200,000)(680 — 524) — 942893-32900,001 x 200, 000(680 — 800)

400 x 329 x (680 — 329/3)

2
=115MPa < gfc/ = 22.6 MPa
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cot @ = /1 + foo/fre = \/1 +11.5/(0.2v/34) = 3.295

+ Calculation of shear contribution by concrete at
cross-section A;:

ks = +/300/d = 0.815 — 0.75 < k, < 1.1

Ve
%
= Akgfrebwcy cot =1(0.815)(1.17)(0.4)(0.329)(3.295)
=412.6 kN
¢V, =075 x 412.6 =3095kN <V, =398kN —
Shear reinforcement is required.
¢+ Require V.
Vsreq = Vi — Ve =398 — 0.75 x 412.6 = 88.55kN
Ay Vi—o¢V:, 398 —0.75 x 412.6 mm?
—(req) = = =044 ——
s ofyd 0.75 x 400 x 680 mm

Using the same calculation process, the calculation
results for the concrete shear contribution (V,) and the
required shear reinforcement for the entire length of the
beam are presented in Fig. 8b, c, respectively. According
to KDS 14 draft and ACI 318-19 codes, since the critical
section of PS beams is usually considered at a distance of
0.5 & from the supports, thus, the calculation results are
presented within the region (0.5 7 <x <L — 0.5 h).

For comparison, the calculation results using the ACI
318-19 model are presented. In comparison to the ACI 318-
19 model, the shear strength evaluated by the KDS 14 draft
model is lower in regions subjected to high factored shear
force (low factored flexural moment), and higher in regions
with low factored shear force. Based on the calculation
results, Fig. 8c shows the shear reinforcement layout,
consisting of ®10@100 mm within two lengths of L/4 from
the support end and ®10@150 mm in the remaining span.
This arrangement meets the minimum required shear
reinforcement (4,,,,;,) in accordance with KDS provisions.
7 Conclusion
This study evaluated the predictive capability of the
KDS 14 draft design method for determining the shear
strength of prestressed concrete (PSC) beams. The
assessment utilized the ACI-DAfStb database, which
comprises 331 experimental tests on PSC beams with
and without shear reinforcement. The performance of
the KDS 14 draft model was compared against the ACI
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318-19 (ACI, 2019) and CSA A23.3:24 (CSA, 2024)
design codes. Additionally, a parametric study and a
design example were conducted to examine the influence
of critical design parameters and assess the practical
applicability of the KDS design approach for PSC beams.
The key findings are summarized as follows:

1. The KDS 14 draft model demonstrated strong
performance in predicting the one-way shear
strength of a large dataset of PSC beams without
stirrups. Compared to the ACI 318-19 and CSA
A23.3:24 models, it exhibited better accuracy
with less scatteredness, achieving a COV value
of 20%, a mean shear strength ratio of 1.40, and an
AAE of 0.26. The KDS 14 draft model also ensured
design conservatism, with a satisfactory safety level
indicated by a P ; value of 0.94 and no specimens
exhibiting a Vi,,/ V)4 ratio below 0.75. The KDS
model also exhibited a similar level of scatteredness
compared to the mechanics-based model proposed
by Mari et al. but provides more conservative
predictions.

2. For the dataset of PSC beams with stirrups, the
KDS 14 draft model showed predictive performance
comparable to the CSA A23.3:24 and Mari
et al. models, with a COV value of 18%, a mean

Viest! Vipredice Tatio of 1.30, and an AAE of 0.23. In
comparison, the ACI 318-19 model exhibited slightly
higher conservatism than both the KDS 14 and CSA
A23.3:24 models.

3. The results of the parametric study using the KDS
14 draft model indicated that the predictions aligned
closely with trends observed in experimental results
across most scenarios.

4. Based on the compression zone failure theory, the KDS
14 draft model showed that increasing the prestressing
level, concrete compressive strength, amount of tension
longitudinal reinforcement and stirrups enhanced the
overall shear strength of PSC beams. Specifically, higher
prestressing levels improved both the compression
zone depth and the average compressive stress within
the compression zone, contributing to shear resistance.
Meanwhile, tension reinforcement mainly affected
the compression zone depth. Furthermore, increasing
compressive strength improved the tensile strength
of the concrete along the critical shear crack, thereby
enhancing the shear resistance of the compression zone.

List of symbols

For ACI 318-19

vV, Flexure-shear strength

Ve, Web-shear strength

f. Concrete compressive strength
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Web width and effective depth of the beam,
respectively

Distance from extreme compression fiber to
centroid of prestressed reinforcement

Shear force at section due to unfactored dead
load

Maximum factored moment at section due to
externally applied loads

Factored shear force at section due to externally
applied loads occurring simultaneously with
Mmax

Moment causing flexural cracking at section due
to externally applied loads

Compressive stress in concrete due only to
effective prestress forces

Stress due to unfactored dead load

Moment of inertia of section about centroidal
axis

Distance from centroidal axis of gross section
Compressive stress in concrete, after allowance
for all prestress losses, at centroid of cross section
resisting externally applied loads or at junction
of web and flange where the centroid lies within
the flange

Effective shear depth

Longitudinal strain at mid-depth of the member
due to factored loads

Area of prestressing tendons

Stress in prestressing tendons

Factored moment, shear force, and axial load,
respectively

Component in the direction of the applied shear
of the effective prestressing force

Equivalent crack spacing parameter

Crack spacing parameter, s, shall be taken as
d, or as the maximum distance between layers
of distributed longitudinal  reinforcement,
whichever is less. Each layer of such
reinforcement shall have an area at least equal to
0.003 b,

Resistance factors for concrete and steel,
respectively

Depth of the compression zone

Average compressive stress in the compression
zone

Concrete tensile strength

Size effect factor

Reduction factor for lightweight concrete

Elastic modulus of steel, prestressed tendons, and
concrete, respectively

Prestressing forces in  tendons and total
prestressing force, respectively

Cross-sectional area of prestressed tendon
Concrete compressive strain at the extreme
compression fiber at the critical section

Distances between the extreme compression
fiber to the centroid of the tendons
Cross-sectional  area  of  either  tensile
reinforcement or prestressed tendons; n; is the
modulus ratio between tensile reinforcement/
prestressed tendons and concrete
Cross-sectional area, tensile yield strength, and
spacing of stirrups, respectively

Factored flexural moment at the design section
Total applied moment at the design section
considering the effect of prestressing force;
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{ Size effect factor

cand ¢, Neutral axis depth of prestressed and ordinary RC
beams, respectively

K, Factor which takes into account the effects of
prestressing

bandb,, Width of the flange and web, respectively

byt Effective width

ds Distance between the maximum compressed
concrete fiber and the centroid of the non-
prestressed tensile reinforcement

o Compression stress at the centroid of the section
produced by the prestressing force

fee Concrete tensile strength
Strut inclination angle

Ye Partial safety factor for concrete
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