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ABSTRACT

ARTICLE INFO

Predicting the shear strength of polypropylene fiber-reinforced concrete (PFRC)
beams remains challenging because most formulations were calibrated using steel
fiber-reinforced concrete (SFRC) data, while post-cracking tensile properties re-
quired by design models are rarely reported for PFRC members. This study evaluates
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analytical and code-based models using a database of 98 PFRC beams without trans-
verse reinforcement. The evaluated formulations included analytical models and the
RILEM TC 162-TDF, DAfStB, and fib Model Code 2010 approaches. Particular atten-
tion is given to fib Model Code 2010, which requires residual tensile strength param-
eters unavailable for most specimens. Therefore, three alternative procedures were
used specifically within the fib Model Code 2010 framework to estimate these pa-
rameters. The resulting estimates were incorporated separately into the same shear
resistance equation to quantify their influence on predicted capacity. Performance
was assessed using the mean experimental-to-predicted shear strength ratio, coeffi-
cient of variation, root mean square error, coefficient of determination, mean abso-
lute error, and distributions of safe and unsafe predictions. Considerable differences
were observed among the models. Among the analytical formulations, the model pro-
posed by Arslan et al. provided the most balanced performance, whereas DAfStB ex-
hibited the weakest predictive capability. The three fib Model Code 2010 implemen-
tations produced substantially different results despite using the same shear re-
sistance equation. The findings show that fib Model Code 2010 predictions are highly
sensitive to the residual tensile strength estimation procedure. Reliable PFRC-spe-
cific characterization of post-cracking tensile behavior is therefore essential for im-
proving design-oriented shear strength predictions.
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1. Introduction along with yielding of longitudinal steel and plastic de-
formation, shear failure normally involves the fast for-
mation and spread of diagonal cracks. Therefore, the in-
crease of shear strength, restraint of crack propagation,
and increase of load-bearing capability after the for-

mation of cracks have been some of the challenges that

The shear performance of reinforced concrete (RC)
beams has received considerable attention due to the
brittle behavior associated with shear failure and its sud-
den occurrence. While flexural failure normally occurs
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civil engineers face in the analysis and design of RC struc-
tures. Among the different methods developed to meet
these challenges, the use of fibers in concrete has proven
to be an effective method for increasing the tensile prop-
erties of concrete (Majdzadeh et al. 2006; Greenough and
Nehdi 2008; Jongvivatsakul et al. 2013; Sahoo et al. 2015;
Campione et al. 1999; Parmentier et al. 2012).

Fiber reinforced concrete (FRC) has proven itself
highly promising in improving the structural behavior of
reinforced concrete members. The presence of fibers
across cracks helps in transferring tensile stresses, ar-
resting crack opening, increasing aggregate interlocking
and improving the residual load carrying capacity of the
member post cracking. FRC members generally show
higher ductility, energy dissipation capacity, crack distri-
bution and shear strength when compared to ordinary
reinforced concrete members (Majdzadeh et al. 2006;
Greenough and Nehdi 2008; Jongvivatsakul et al. 2013;
Sahoo etal. 2015; Campione et al. 1999; Parmentier et al.
2012). Such promising results have paved the way for in-
vestigating and using FRC in structural members that are
subjected to shear loading. Of all the fibers that have
been studied, steel fiber reinforced concrete (SFRC) has
attracted more research interest than any other fiber
type both experimentally and analytically. Steel fibers'
mechanical properties like high tensile strength, high
stiffness and effective bonding properties make them
highly useful in bridging shear cracks. Experimental
studies have shown that steel fibers help in increasing
shear strength of the member and also partly replace
transverse reinforcing steel bars (Greenough and Nehdi
2008; Sahoo et al. 2015; Parmentier et al. 2012). Hence,
many of the shear strength equations that have been
proposed were based on SFRC data (Majdzadeh et al.
2006; Jongvivatsakul et al. 2013; Parmentier et al. 2012).
However, their applicability to other fiber types might be
questioned since contribution of fibers to the shear re-
sistance depends not only on amount of fibers but also
on such factors as fiber stiffness, tensile strength, aspect
ratio, bond properties, anchoring process and interac-
tion with concrete matrix. These parameters differ be-
tween various fibers which results in decreased effi-
ciency of prediction based on the models created for
SFRC. The importance of fiber characteristics, reinforce-
ment distribution, and fiber-matrix interaction mecha-
nisms has also been highlighted in recent theoretical
studies on short-fiber-reinforced composite systems.
Advanced continuum formulations incorporating non-
local elasticity, strain-gradient effects, stress-driven con-
stitutive models, and doublet mechanics have shown
that reinforcement configuration, constituent interac-
tion, and scale-dependent effects can considerably influ-
ence the mechanical response of fiber-reinforced struc-
tures (Akpiar et al. 2025a, 2025b, 2026a, 2026b). This
problem is particularly significant for polypropylene fi-
ber-reinforced concrete (PFRC) and other macro syn-
thetic fiber systems. Compared to steel fibers, polypro-
pylene fibers usually demonstrate such characteristics
as lower elastic modulus, specific bond properties and
pull out behavior. This makes contribution of polypro-
pylene fibers to crack bridging and post cracking prop-
erties different from steel fibers. At the same time, there

are several advantages provided by use of polypropyl-
ene fibers, including corrosion resistance, low density,
easy processing and durability (Conforti et al. 2015; Ab-
abneh et al. 2017; Arslan et al. 2017; Yang et al. 2021;
Sahoo et al. 2015).

Recent experiments have shown that polypropylene
fibers could significantly affect the shear properties of
RC beams. Studies show that crack control, ductility,
toughness, and shear resistance were improved, espe-
cially for beams with no transverse reinforcements or
beams with low stirrup ratios (Conforti etal. 2015; Xiang
etal. 2022; Ababneh et al. 2017; Arslan et al. 2017; Yang
etal. 2021; Zhang et al. 2020; Unal et al. 202 1). Addition-
ally, the application of polypropylene fibers was also
found to positively affect the structural performance of
lightweight concrete beams, wide shallow beams, and
other types of special structural sections (Conforti et al.
2015; Xiang et al. 2022; Ababneh et al. 2017; Yang et al.
2021). The positive effects of macro-synthetic fibers on
the post-cracking properties have also been shown in
different studies (Lakavath et al. 2021; Ababneh et al.
2017). However, despite these promising findings, the
behavior of polypropylene fibers has proven to be incon-
sistent among different experimental studies. While in
some cases significant improvements in the shear prop-
erties of polypropylene fibers were noticed, in others
there were no significant changes, especially for lower
amounts of polypropylene fibers (Lakavath et al. 2021).
On the other hand, many factors such as the compressive
strength of concrete, fiber volume fraction, fiber shape,
longitudinal reinforcement ratio, beam depth, shear
span-to-depth ratio, and many others affect the shear
performance of PFRC members (Lakavath et al. 2021;
Xiang et al. 2022; Ababneh et al. 2017; Shaaban et al.
2021; Said et al. 2021; Hossain et al. 2023; Al Ghali et al.
2023; Atea 2017). These issues lead to the difficulty in
designing reliable and universally acceptable shear
strength prediction models. The second significant fac-
tor to consider is the variety of experimental data col-
lected so far concerning the elements of PFRCs. In partic-
ular, the previously conducted research on various beam
types, types of concrete, loading conditions, reinforce-
ment arrangement, and the use of different materials, in-
cluding lightweight concrete, pre-stressed concrete, re-
cycled aggregate concrete, hybrid fiber systems, and sus-
tainable concrete mixes has been carried out (Lakavath
etal. 2021; Xiang et al. 2022; Ababneh et al. 2017; Shaa-
ban et al. 2021; Said et al. 2021; Hossain et al. 2023; Al
Ghali et al. 2023; Atea 2017). While these studies yield
valuable data concerning specific cases, the variety of the
test conditions creates problems in assessing their gen-
eral applicability.

This diversity of experimental conditions creates addi-
tional challenges in developing reliable shear strength
prediction models for PFRC members. Various studies
have been performed on different beam types, concrete
classes, loading scenarios, reinforcement configurations,
and material combinations, including lightweight con-
crete, prestressed concrete, recycled aggregate concrete,
hybrid fiber systems, and sustainable concrete mixes
(Lakavath et al. 2021; Xiang et al. 2022; Ababneh et al.
2017; Shaaban et al. 2021; Said et al. 2021; Hossain et al.
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2023; Al Ghali et al. 2023; Atea 2017). While these studies
have considerably improved the current understanding of
PFRC shear behavior, the applicability and reliability of ex-
isting shear strength prediction models across such a di-
verse range of structural configurations remain insulffi-
ciently established. Furthermore, most available analytical
and code-based formulations have been developed and
calibrated using steel fiber-reinforced concrete (SFRC) da-
tabases, whereas their predictive performance for PFRC
beams has not yet been comprehensively evaluated.

An additional challenge arises from the implementa-
tion of design-oriented approaches such as fib Model
Code 2010 (fib 2010), which require residual tensile
strength parameters to represent the post-cracking be-
havior of fiber-reinforced concrete. These parameters
are unavailable for most PFRC beam specimens reported
in the literature, introducing considerable uncertainty
into model implementation and limiting the direct eval-
uation of such approaches. Moreover, most available an-
alytical and code-based shear strength formulations
were originally developed or calibrated using steel fiber-
reinforced concrete databases, and their predictive per-
formance for PFRC beams has not yet been comprehen-
sively established. Therefore, a systematic assessment
based on a sufficiently broad PFRC database is required
to clarify the applicability, accuracy, and limitations of
the available prediction models.

Accordingly, the primary objective of this study is to
evaluate the predictive performance of existing analyti-
cal, semi-empirical, and code-based shear strength mod-
els using a database of 98 PFRC beams without transverse
reinforcement collected from published experimental
studies. The evaluated formulations include the models
proposed by Said et al. (2021), Zhang et al. (2020), Arslan
etal. (2017), and Albidah and Abbas (2024), together with
the fib Model Code 2010, DAfStB, and RILEM TC 162-TDF
approaches. Particular attention is given to fib Model
Code 2010 because the residual tensile strength param-
eters required for its implementation were unavailable
for most specimens. To address this limitation, three al-
ternative residual tensile strength estimation proce-
dures were applied separately within the same fib Model
Code 2010 shear resistance formulation, allowing the in-
fluence of residual tensile strength characterization on
predicted shear capacity to be isolated. Model perfor-
mance was evaluated using multiple statistical indica-
tors and the distributions of safe and unsafe predictions.
Through this framework, the study clarifies the applica-
bility and limitations of existing shear strength models
for PFRC beams and demonstrates the importance of
PFRC-specific residual tensile strength characterization
in design-oriented prediction procedures.

2. Experimental Database
2.1. Database compilation

An extensive database for polypropylene fiber rein-
forced concrete (PFRC) beams without transverse rein-

forcement has been prepared based on published exper-
imental tests available in literature. The database con-

tains only those PFRC beams that were subjected to
monotonic loading and failed in shear. Beam specimens
that failed in any other mode besides shear failure have
been omitted from the database. In addition, beams con-
taining conventional transverse reinforcement within
the investigated shear span were not considered in order
to isolate the contribution of polypropylene fibers to
shear resistance. The adopted selection criteria were in-
tended to ensure a consistent database focused specifi-
cally on the assessment of fiber contribution to shear re-
sistance in PFRC beams. The compiled database consists
0f 98 beam specimens collected from 28 independent ex-
perimental investigations (Altoubat et al. 2009; Navas et
al. 2018; Al-Alawi and Mashrei 2022; Xiang et al. 2022;
Altoubat et al. 2020; Ugur and Unal 2022; Zhang et al.
2014; Ababneh etal. 2017; Arslan etal. 2017; Majdzadeh
et al. 2006; Sahoo et al. 2015; Shaaban et al. 2021;
Bastami 2019; Murad and Abdel-Jabbar 2022; Altoubat
etal. 2012; Parmentier etal. 2012; Furlan Jr and de Hanai
1997; Hossain et al. 2023; Shoeib et al. 2023; Mori et al.
2017; Bajaj and Shrivastava 2011; Al-Khafaji and Harba
2023; Kamal et al. 2014; Al Ghali et al. 2023; Atea 2017;
Rao 2011; Ozturk et al. 2017; Ketenci 2022). To ensure
database consistency, duplicate inclusion of specimens
reported in multiple publications was avoided whenever
overlapping experimental datasets were identified. The
collected specimens cover a wide range of concrete com-
pressive strengths (f¢), fiber volume fractions (V), fiber
aspect ratios (ls/df), longitudinal reinforcement ratios
(p), effective depths (d), and shear span-to-effective
depth ratios (a/d). The wide range of material, geomet-
ric, reinforcement-related, and fiber parameters repre-
sented in the database provides a suitable basis for eval-
uating both the robustness and general applicability of
existing shear strength prediction models for PFRC
beams. For each specimen, the value of the compressive
strength of concrete (f;), effective depth (d), ratio of lon-
gitudinal steel reinforcement (p), ratio of shear span to
effective depth (a/d), volume fraction of fibers (V¢), fiber
aspectratio (ls/dy), and shear strength (V,,,) were doc-
umented if they were available. This selection of param-
eters was based on their importance as influential fac-
tors of the shear performance of fiber-reinforced con-
crete members. Table 1 presents a summary of the ex-
perimental works used in the database along with the
number of specimens per source.

Concrete compressive strength values stated in the
original literature were not reported using the same type
of specimens. Some reports were using cylinder com-
pressive strengths while others were using cube com-
pressive strengths. In order to unify all the reported
compressive strength values, all were converted to the
equivalent cylinder compressive strengths. In case of re-
ports stating the cube compressive strength values,
f.'=0.80f,, was adopted. Hence, the f,' parameter used
in this study denotes the equivalent cylinder compres-
sive strength for all specimens. It is acknowledged that
the relationship between cube and cylinder compressive
strengths may vary depending on concrete strength
level, aggregate characteristics, specimen geometry, and
testing procedures. Nevertheless, the conversion factor
fi = 0.80f, was adopted as a practical standardization
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approach to ensure a consistent compressive-strength
parameter across the compiled database and facilitate a
uniform comparison of the investigated prediction mod-
els. For sake of clarity, the full specimen-based database
is provided in Appendix B. The database consists of spec-
imen number, reference source, geometric information,
reinforcement information, fiber information, equivalent

cylinder compressive strengths, failure modes and ex-
perimental shear strengths. All specimens were sub-
jected to monotonic loading by either three point or four
point bending schemes. In case where experimental shear
strength values were not stated, they were calculated
from ultimate load values based on the static equilibrium
equations for the given loading and support condition.

Table 1. Experimental studies included in the database and corresponding number of specimens.

Reference

Number of Specimens

Altoubat et al. (2009)

Navas et al. (2018)

Al-Alawi and Mashrei (2022)
Xiang et al. (2022)

Altoubat et al. (2020)

Ugur and Unal (2022)
Zhangetal. (2014)

Ababneh et al. (2017)

Arslan et al. (2017)
Majdzadeh et al. (2006)
Sahoo etal. (2015)

Shaaban et al. (2021)
Bastami (2019)

Murad and Abdel-Jabbar (2022)
Altoubat et al. (2012)
Parmentier et al. (2012)
Furlan Jr. and de Hanai (1997)
Hossain et al. (2023)

Shoeib et al. (2023)

Mori et al. (2017)

Bajaj and Shrivastava (2011)
Al-Khafaji and Harba (2023)
Kamal et al. (2014)

Al Ghali et al. (2023)

Atea (2017)

Rao etal. (2011)

Ozturk et al. (2017)

Ketenci (2022)

11

N W N P AN W W w Pk, OO0 W R PP, W O s

Total

2.2. Characteristics of the database

The developed database includes various types of ge-
ometrical, material, reinforcement, and fiber properties
which affect the shear capacity of PFRC members. The
value of the equivalent cylinder compressive strength
(f2) is between 13.85 MPa and 150 MPa, which shows
that a variety of concrete strength grades are taken into
account in the developed database. The values of the ef-
fective depth are varied from 85.25 mm up to 600 mm,
whereas the values of the volume fraction of fibers vary
from 0.10% to 3.00%. Besides, a great variability can be
found in such parameters as the longitudinal reinforce-

ment ratio (p), shear span-to-depth ratio (a/d), and fiber
aspectratio. Such variability provides a good basis to test
the validity of the existing shear capacity prediction
models for PFRC beams. The ranges of the main param-
eters used in this study are listed in Table 2.

3. Shear Strength Prediction Models

This research investigates the predictability of availa-
ble analytical and code-based shear strength prediction
equations for PFRC beams without transverse reinforce-
ment. The considered equations cover different method-
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ologies for predicting shear resistance and involve dif-
ferent parameters that are related to the strength of con-
crete, the properties of fibers, the ratio of reinforcement,
geometrical properties of the members, size effects, and
post-cracking behavior. An important difference between
the considered equations is the consideration of the con-
tribution of the fibers. Whereas the analytical equations
take into account the properties of the fibers through di-
rect parameters like the volume fraction of fibers and as-

pect ratio of the fibers, the code-based equations use the
residual tensile strength parameters, which try to capture
the post-cracking behavior of the fiber-reinforced con-
crete. Attention is paid to fib Model Code 2010 (fib 2010).
Three different residual tensile strength estimations were
used since there are few reported experimental data
about post-cracking tensile properties. The investigated
models and the corresponding implementation proce-
dures are described in the following sections.

Table 2. Summary of database parameter ranges.

Parameters

Minimum-Maximum Values

Concrete compressive strength, f'. (MPa)

Effective depth, d (mm)

Shear span-to-depth ratio, a/d
Longitudinal reinforcement ratio, p
Fiber volume fraction, V; (%)

Fiber aspect ratio, ls/d

Fiber tensile strength, f;.,r (MPa)
Fiber elastic modulus, Er (MPa)

Experimental shear capacity, V., (kN)

13.850 - 150.000
85.250 - 600.000
0.580 - 4.870
0.0020 - 0.0464
0.100 - 3.000
12.500 - 840.000
375.000 - 685.000
3450.000 - 10500.000
13.720 - 500.000

3.1. Overview of the evaluated models

The investigated models differ considerably in terms
of their theoretical assumptions, required input param-
eters, and implementation procedures. The evaluated
formulations include empirical, semi-empirical, and
code-based approaches that have been proposed for dif-
ferent types of fiber-reinforced concrete (FRC) struc-
tures. Although some of the models were originally de-
veloped for steel fiber-reinforced concrete (SFRC), poly-
vinyl alcohol fiber-reinforced concrete (PVA-FRC), or
FRC members in general, they were included in the pre-
sent study to assess their applicability to PFRC beams
without transverse reinforcement. For example, the
model proposed by Said et al. (2021) was developed for
PVA fiber-reinforced members, whereas the Albidah and
Abbas (2024) formulation was calibrated using an SFRC
database. Differences in fiber stiffness, bond characteris-
tics, pull-out behavior, and post-cracking tensile re-
sponse may therefore limit the direct transferability of
these formulations to PFRC beams. Nevertheless, both
models were included to evaluate their predictive per-
formance when extended beyond their original calibra-
tion domains. The principal characteristics, required in-
put parameters, and implementation requirements of
the investigated models are summarized in Table 3. As
shown in Table 3, the investigated formulations differ
not only in their theoretical background but also in the
way fiber contribution is incorporated into shear re-
sistance predictions. While empirical and semi-empirical
models generally utilize directly reported material, geo-
metric, reinforcement-related, and fiber parameters, the
code-based approaches rely on residual tensile strength
parameters intended to represent the post-cracking be-

havior of fiber-reinforced concrete. This distinction is
particularly important in the present study because re-
sidual tensile properties were unavailable for a large
proportion of the specimens included in the compiled
database. Consequently, additional estimation proce-
dures were required for the implementation of the code-
based formulations. The adopted procedures and associ-
ated assumptions are described in the following section.

It should be noted that the applicability information
available from the original studies is summarized in Ta-
bles 2 and 3 through the reported parameter ranges of
the present PFRC database and the original fiber types
used during model development. However, explicit ap-
plicability limits were not consistently defined in several
of the original formulations. Consequently, all selected
models were evaluated using the same PFRC beam data-
base in order to provide a consistent basis for compari-
son. In particular, the residual strength equations
adopted in fib Model Code 2010 Approach I were origi-
nally developed using hook-end steel-fiber-reinforced
concrete specimens with low fiber volume fractions.
Since the objective of this study was to evaluate the pre-
dictive performance of existing models for PFRC beams,
these original calibration ranges were not used as exclu-
sion criteria during database compilation.

3.2. Model implementation and assumptions

Several of the investigated formulations require input
parameters that were unavailable for a considerable
portion of the experimental studies included in the data-
base. In particular, residual flexural tensile strength pa-
rameters (fz; and fz3) and residual tensile strength pa-
rameters required by the code-based approaches (e.g.,
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frewir fetrur and fry4) were generally not reported in
the original experimental publications. As a result, addi-
tional implementation procedures and assumptions
were required to ensure the consistent application of all
investigated models across the compiled database.
Whenever sufficient information was available, the orig-
inal formulations were implemented without modifica-
tion. When required parameters were missing, they
were estimated using procedures proposed in the corre-
sponding references or commonly adopted in the litera-
ture. Consequently, the predictive performance of some

models reflects not only the accuracy of the shear re-
sistance formulation itself but also the reliability of the
adopted parameter-estimation procedure. This issue is
particularly relevant for the code-based approaches,
namely fib Model Code 2010 (fib 2010), DAfStB (2012),
and RILEM TC 162-TDF (2003), whose implementation
depends on residual tensile strength parameters used to
represent the post-cracking behavior of fiber-reinforced
concrete. The implementation procedures and assump-
tions adopted for these formulations are described in the
following sections.

Table 3. Characteristics and implementation requirements of the evaluated shear strength prediction models.

Model Original Model Main Required Residual ~ Implementation Additional
Fiber Type Category Parameters Parameter Procedure Assumptions
Said etal. (2021) PVA-FRC Empirical fe, V¢ /Fiber factor No Direct None
Zhang et al. (2020) PP-FRC Empirical fe, Vs /Fiber factor No Direct None
Arslan et al. (2017) FRC Semi-empirical  f., V;, p, a/d,d No Direct None
Albidah and Abbas (2024) SFRC Empirical fo Veop, a/d No Direct None
Indirect residual
fib Model Code 2010 strength Residual strength
(fib 2010) 4 (AL R fer P d, freur Freur characterization  estimation required
(3 approaches)
Indirect residual e el e
DAfStB (2012) SFRC Code-based for dfrceru fretru strength . estimation required
characterization
Indirect residual foea=f.
RILEM TC 162-TDF (2003) SFRC Code-based fod, frica frica strength [0 = Jepts

> assumption
characterization p

3.2.1. fib Model Code 2010 (fib 2010)

The shear resistance of PFRC beams without trans-
verse reinforcement was evaluated using the provisions
of fib Model Code 2010 (fib 2010). The model accounts for
the contribution of fibers through the post-cracking ten-
sile behavior of fiber-reinforced concrete, represented by
the characteristic ultimate residual tensile strength pa-
rameter, frq,x- In fib Model Code 2010, fzyyx is derived
from the residual flexural tensile strength parameters fz,
and fr; obtained from standardized bending tests and
therefore plays a central role in the prediction of shear re-
sistance. Although fib Model Code 2010 (fib 2010) was
originally developed and calibrated for steel fiber-rein-
forced concrete (SFRC), it was included in the present
study to evaluate its applicability to PFRC beams. How-
ever, the residual strength parameters required for its im-
plementation were unavailable for the majority of the
specimens included in the compiled database. Conse-
quently, the post-cracking tensile properties could not be
determined directly from the original experimental stud-
ies. To overcome this limitation, three alternative residual
tensile strength estimation procedures were adopted.
These approaches were incorporated into the same fib
Model Code 2010 formulation in order to systematically
investigate the influence of residual tensile strength char-
acterization on shear strength predictions. In Approaches
[ and II, the residual flexural tensile strengths fz; and fz3

were first estimated and subsequently converted into the
characteristic ultimate residual tensile strength fz;,, ac-
cording to fib Model Code 2010 provisions. In Approach
I1I, the implementation procedure adopted by Lantsoght
(2019) was followed. The adopted approaches are de-
scribed in the following sections.

Approach I: Residual strength estimation using the model
of Nzambi et al. (2022)

In the first approach, the residual flexural tensile
strengths were estimated using the empirical model pro-
posed by Nzambi et al. (2022). The model predicts the
residual strength parameters based on fiber characteris-
tics and pull-out behavior. The estimated residual flex-
ural tensile strengths fz; and fzr; were subsequently
used to determine the characteristic ultimate residual
tensile strength fr;,, according to the fib Model Code
2010 (fib 2010) procedure, as expressed in Eq. (1). The
equations proposed by Nzambi et al. (2022) are pro-
vided in Appendix A.

freuk = frts = gyam: frts = 0-5frs + 0.2fr1) &)
where fr;s is the serviceability residual tensile strength,
fr1 and frs are residual flexural tensile strengths ob-
tained at CMOD values of 0.5 mm and 2.5 mm, respec-
tively, and w,, is the crack width at ultimate. Detailed def-
initions of all parameters are provided in Appendix A.
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The calculated fps, values were then incorporated
into the fib Model Code 2010 (fib 2010) shear resistance
formulation to determine the predicted shear capacities
of the specimens included in the database.

Approach II: Residual strength estimation using the model
of Moraes-Neto et al. (2013)

In the second approach, the empirical equations pro-
posed by Moraes-Neto et al. (2013) were used to esti-
mate the residual flexural tensile strengths fz; and fzs.
The corresponding equations are presented in Appendix
A. The estimated residual flexural tensile strengths were
subsequently converted into the characteristic ultimate
residual tensile strength fz;,, according to the fib Model
Code 2010 (fib 2010) procedure, as expressed in Eq. (1).
The calculated fr,,, values were then incorporated into
the fib Model Code 2010 (fib 2010) shear resistance for-
mulation to determine the predicted shear capacities of
the specimens included in the database.

Approach IlI: implementation based on the procedure
adopted by Lantsoght (2019)

The third approach followed the implementation pro-
cedure adopted by Lantsoght (2019) for the evaluation
of fiber-reinforced concrete beam databases. In this pro-
cedure, the splitting tensile strength of fiber-reinforced
concrete was first estimated using the empirical rela-
tionship proposed by Thomas and Ramaswamy (2007).
The corresponding equation is presented in Appendix A
as Eq. (A13). The estimated splitting tensile strength was
subsequently used to determine the residual tensile
strength parameter ff.g, according to the DAfStB
(2012) procedure. Consistent with the methodology
adopted by Lantsoght (2019), the calculated ff.g,, val-
ues were directly used as the fg,, parameter required
for the implementation of fib Model Code 2010 (fib
2010). The resulting fz:,x values were then incorpo-
rated into the fib Model Code 2010 shear resistance for-
mulation to determine the predicted shear capacities of
the specimens included in the database.

3.2.2. DAfStB (2012)

The DAfStB (2012) formulation evaluates the contri-
bution of fibers to shear resistance through the residual
tensile strength parameter ff..g,,. Since direct measure-
ments of the required residual tensile properties were
unavailable for most specimens included in the database,
the implementation procedure adopted by Lantsoght
(2019) was followed. In this procedure, the splitting ten-
sile strength of fiber-reinforced concrete was first esti-
mated using the empirical relationship proposed by
Thomas and Ramaswamy (2007). The corresponding
splitting tensile strength equation proposed by Thomas
and Ramaswamy (2007) is presented in Appendix A as
Eqg. (A13). The estimated splitting tensile strength was
subsequently used to determine the residual tensile
strength parameter f.p, according to the DAfStB
(2012) procedure. The calculated fr.g, values were
then incorporated into the DAfStB shear resistance for-
mulation to predict the shear capacities of the specimens
included in the database. Consequently, the predictive

performance obtained for the DAfStB model reflects
both the accuracy of the shear resistance formulation
and the reliability of the adopted residual tensile
strength estimation procedure.

3.2.3. RILEM TC 162-TDF (2003)

The RILEM TC 162-TDF (2003) recommendations
evaluate the contribution of fibers to shear resistance
through the residual flexural tensile strength parameter
frk4- Since direct measurements of this parameter were
unavailable for most specimens included in the database,
the implementation procedure adopted by Lantsoght
(2019) was followed. In this procedure, the splitting ten-
sile strength of fiber-reinforced concrete was first esti-
mated using the empirical relationship proposed by
Thomas and Ramaswamy (2007). The corresponding
splitting tensile strength equation proposed by Thomas
and Ramaswamy (2007) is presented in Appendix A as
Eq. (A13). Following the methodology adopted by
Lantsoght (2019), the residual flexural tensile strength
required by the RILEM formulation was assumed equal
to the estimated splitting tensile strength, ie., frr4 =
fspfc- The resulting fry 4, values were subsequently in-
corporated into the RILEM TC 162-TDF (2003) shear re-
sistance formulation to determine the predicted shear
capacities of the specimens included in the database.
Consequently, the predictive performance obtained for
the RILEM model reflects both the accuracy of the RILEM
shear resistance formulation and the reliability of the
adopted residual tensile strength estimation procedure.

The code-based formulations were implemented fol-
lowing the procedures and parameter values reported in
their original recommendations and in the implementa-
tion framework adopted by Lantsoght (2019), as de-
tailed in Appendix A. Accordingly, the prescribed partial
safety factors were retained and were not uniformly set
equal to 1.0. This implementation was adopted to evalu-
ate each code-based formulation in accordance with its
published framework rather than to derive uniformly
unfactored nominal capacities. Therefore, the compari-
son with the empirical and semi-empirical models
should be interpreted as an assessment of the predictive
performance of the formulations under their respective
implementation frameworks.

4. Statistical Evaluation Methodology

The predictive performance of the investigated shear
strength models was evaluated by comparing the exper-
imentally measured shear capacities (V,,) with the cor-
responding predicted values (V},¢4). For each specimen,
the experimental-to-predicted shear strength ratio
(Vexp/Vprea) was calculated and used as the primary in-
dicator of model performance. A ratio equal to unity in-
dicates perfect agreement between experimental and
predicted values, whereas values greater than and less
than unity indicate conservative and unconservative
predictions, respectively. Since unconservative predic-
tions may lead to unsafe structural assessments, partic-
ular attention was given to cases where Vo, /Vpreq < 1.0.



Sengun and Akkaya / Challenge Journal of Structural Mechanics (2026) 17(3) 364-386 371

To provide a comprehensive evaluation of model per-
formance, the mean value (), standard deviation (o), co-
efficient of variation (COV), mean absolute error (MAE),
root mean square error (RMSE), and coefficient of deter-
mination (R?) were calculated. These statistical indica-
tors were used to assess prediction accuracy, con-
sistency, scatter, and overall reliability.

The mean value was determined as:

p= YR (), (2)

n Vpred

where n denotes the total number of specimens included
in the database.
The standard deviation was calculated using:

(3)
The coefficient of variation was obtained from:
cov==2 4
’ “)
The mean absolute error was calculated as:
1
MAE = n ?:1|Vexp,i - Vpred,i' (5)
The root mean square error was determined from:
1 2
RMSE = \/;E?zl(vexp,i - Vpred,i) (6)

The coefficient of determination (R?) was obtained as
the square of the Pearson correlation coefficient (r) be-
tween the experimental and predicted shear strengths:

R? =r? (7

where r denotes the Pearson correlation coefficient.

Models exhibiting mean values close to unity, low co-
efficients of variation, low prediction errors (MAE and
RMSE), high coefficients of determination (R?), and a
limited proportion of unconservative predictions were
considered to provide more accurate and reliable shear
strength estimates. The investigated formulations were
subsequently compared based on the collective interpre-
tation of these statistical indicators.

5. Results and Discussion

The predictive capabilities of the selected shear
strength models were evaluated using the assembled da-
tabase of polypropylene fiber-reinforced concrete
(PFRC) beams without transverse reinforcement. The in-
vestigated models included empirical, semi-empirical,
mechanics-based, and code-based formulations availa-
ble in the literature. In addition to the analytical models
proposed by previous researchers (Arslan et al. (2017);
Albidah and Abbas (2024); Said et al. (2021); Zhang et al.
(2020)), the RILEM TC 162-TDF (2003), DAfStB (2012),

and fib Model Code 2010 (fib 2010) approaches were
also assessed. For the latter models, several assumptions
and parameter estimation procedures were adopted ow-
ing to the limited availability of residual tensile strength
data in the collected experimental database.

5.1. Statistical evaluation of existing shear strength
models

The statistical performance of the investigated shear
strength prediction models is summarized in Table 4,
while the corresponding MAE values are illustrated in
Fig. 1. The results reveal substantial differences among
the evaluated formulations in terms of prediction accu-
racy, consistency, and overall reliability. As shown in Ta-
ble 4 and Fig. 1, the MAE values vary considerably, rang-
ing from 31.53 kN to 140.23 kN, indicating that the pre-
dictive capability of existing shear strength models for
PFRC beams without transverse reinforcement differs
significantly.

Among the directly applicable analytical and semi-
empirical formulations, the model proposed by Arslan et
al. (2017) provided the most balanced overall perfor-
mance. The model achieved a mean experimental-to-
predicted shear strength ratio close to unity (1.029), to-
gether with relatively low prediction errors (MAE =
32.22 kN and RMSE = 61.22 kN). These results indicate
a good balance between prediction accuracy and con-
sistency over a wide range of PFRC beam configurations.
The satisfactory performance of the model may be at-
tributed to its consideration of several parameters
known to influence shear behavior, including concrete
compressive strength, longitudinal reinforcement ratio,
shear span-to-depth ratio, size effect, and fiber contribu-
tion.

The formulation proposed by Albidah and Abbas
(2024) achieved the highest coefficient of determination
(R? = 0.784) and the lowest coefficient of variation
(COV = 0.337) among all investigated models, demon-
strating a strong ability to capture the overall trend of
the experimental database. However, the corresponding
mean value of 0.828 indicates a tendency toward uncon-
servative predictions. Although the prediction scatter re-
mained relatively low, the observed bias suggests that
the model may overestimate the shear capacity of some
PFRC beams.

In contrast, the models proposed by Zhang et al
(2020) and Said et al. (2021) exhibited less satisfactory
predictive performance. The formulation of Zhang et al.
(2020) produced a mean value of 0.711 and relatively
high prediction errors, whereas the model proposed by
Said etal. (2021) yielded highly conservative predictions
with a mean value of 1.999 and the lowest coefficient of
determination (R? = 0.225) among the directly applica-
ble formulations. These results indicate a limited ability
of both models to consistently predict the shear strength
of the PFRC beams included in the database.

Different trends were observed for the code-based
formulations. In general, the predictive performance of
these approaches was strongly influenced by the proce-
dures adopted to characterize the residual tensile prop-
erties of fiber-reinforced concrete. The RILEM TC 162-
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TDF (2003) formulation produced relatively low predic-
tion errors and a competitive level of accuracy, whereas
the DAfStB (2012) model exhibited the largest predic-
tion errors among all investigated formulations. The per-
formance of the fib Model Code 2010 (fib 2010) imple-
mentations also varied considerably depending on the
adopted residual tensile strength estimation procedure.
A more detailed discussion of the code-based ap-
proaches is presented in Sections 5.2 and 5.3.

Overall, the results presented in Table 4 and Fig. 1 in-
dicate that the predictive performance of existing shear
strength models for PFRC beams varies substantially.
Models incorporating the combined effects of concrete
strength, reinforcement ratio, member geometry, and fi-
ber contribution generally provided more accurate and

consistent predictions. Furthermore, the observed vari-
ability among the code-based formulations suggests that
the characterization of post-cracking tensile behavior
plays a critical role in the reliability of shear strength
predictions for PFRC members.

In addition to the statistical indicators presented in
Table 4, the distribution of experimental-to-predicted
shear strength ratios was also examined to assess model
reliability. Table 5 summarizes the distribution of safe
and unsafe predictions based on the V., /Vyreq = 1.00
criterion for the investigated models, while Fig. 2 illus-
trates the relationships between experimental and pre-
dicted shear strengths. Together, these results provide
additional insight into prediction accuracy, bias, and
overall model reliability.

Table 4. Statistical performance of the investigated shear strength prediction models.

Model Mean cov RMSE (kN) R? MAE (kN)
Arslan et al. (2017) 1.029 0.367 61.220 0.592 32.220
Albidah and Abbas (2024) 0.828 0.337 58.110 0.784 39.730
Said etal. (2021) 1.999 0.574 93.670 0.225 54.840
Zhang et al. (2020) 0.711 0.537 86.070 0.536 63.330
RILEM TC 162-TDF (2003) 1.281 0.584 76.380 0.400 32.600
DASStB (2012) 0.458 0.561 202.470 0.333 140.230
FibMC2010 Approach I 0.713 0.608 110.000 0.390 73.540
FibMC2010 Approach II 1.046 0.608 75.470 0.389 37.560
FibMC2010 Approach III 1.139 0.566 72.460 0.430 31.530
MAE (kN)

Arslan et al. (2017)

Albidah and Abbas (2024)

Said et al. (2021)

Zhang et al. (2020)

RILEM TC 162-TDF (2003)

DAFStB (2012)

FibMC2010- Aprroach I

FibMC2010- Aprroach IT

FibMC2010- Aprroach IIT
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Fig. 1. Comparison of MAE values obtained from the investigated shear strength prediction models.

Table 5. Distribution of experimental-to-predicted shear strength ratios (Vzxp,/Vpreq) for the investigated models.

Model Vesp/Virea Unsafe (%) Safe (%)
< 1.00 > 1.00

Arslan et al. (2017) 53 45 54 46
Albidah and Abbas (2024) 78 20 80 20
Said et al. (2021) 14 84 14 86
Zhang et al. (2020) 85 13 87 13
RILEM TC 162-TDF (2003) 29 69 30 70
DAfStB (2012) 93 5 95 5
FibMC2010-Approach I 86 12 88 12
FibMC2010-Approach II 68 30 69 31
FibMC2010-Approach III 60 38 61 39

The columns “< 1.00” and “2 1.00” represent the number of unsafe and safe predictions, respectively.
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Fig. 2. Experimental-versus-predicted shear strength relationships

for the investigated shear strength prediction models.

The scatter plots presented in Fig. 2 further highlight
the differences among the investigated formulations.
Models exhibiting lower prediction errors and mean
Vexp/Vprea ratios close to unity generally produced data
points more closely distributed around the line of per-
fect agreement. In contrast, models with larger predic-
tion errors showed greater scatter and more pro-
nounced deviations from the experimental results.

Inspection of the experimental-versus-predicted
shear strength relationships shown in Fig. 2 also pro-
vides insight into possible prediction bias. The Said et
al. (2021) model generally produced conservative pre-

dictions, with deviations becoming more pronounced
for specimens with relatively high experimental shear
capacities. In contrast, the DAfStB (2012) model exhib-
ited a strong tendency to overestimate shear strength,
consistent with its low mean experimental-to-pre-
dicted ratio and high proportion of unsafe predictions.
The formulations proposed by Arslan et al. (2017) and
fib Model Code 2010 Approach III showed a compara-
tively more balanced distribution of predictions across
the investigated shear-strength range. These observa-
tions complement the statistical indicators presented in
Table 4.
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5.2. Performance of the code-based shear models

The code-based formulations exhibited markedly dif-
ferent levels of predictive performance when applied to
the compiled PFRC beam database. Since the implemen-
tation of both RILEM TC 162-TDF (2003) and DAfStB
(2012) required estimated residual tensile strength pa-
rameters, the obtained results reflect not only the accu-
racy of the underlying shear resistance formulations but
also the reliability of the adopted parameter-estimation
procedures. Among the investigated code-based ap-
proaches, the RILEM TC 162-TDF (2003) model demon-
strated a relatively balanced predictive performance.
Although a certain degree of prediction scatter was ob-
served, the overall error levels remained comparable to
those obtained from the better-performing analytical
formulations. As shown in Table 5, the RILEM formula-
tion produced a substantially lower percentage of unsafe
predictions than the DAfStB model, suggesting that the
adopted implementation procedure can provide reason-
able estimates of PFRC beam shear strength despite the
absence of experimentally determined residual flexural
tensile strength parameters. In contrast, the DAfStB
(2012) formulation consistently exhibited the weakest
performance among the investigated code-based ap-
proaches. As indicated by the safety classification results
presented in Table 5, the DAfStB model produced the
highest proportion of unsafe predictions (95%) among
the investigated formulations. This behaviour indicates
a strong tendency to overestimate the shear resistance
of PFRC beams and may be attributed to both the char-
acteristics of the DAfStB shear resistance formulation
and the residual tensile strength estimation procedure
adopted for its implementation. Since neither the shear
formulation nor the parameter-estimation framework
was originally developed for PFRC members, additional
uncertainty may have been introduced when the ap-
proach was applied to the present database. It is difficult
to isolate the contribution of individual parameters
within the DAfStB procedure. However, part of the ob-
served discrepancy may stem from the estimation of the
splitting tensile strength using the Thomas and
Ramaswamy model, which was originally calibrated us-
ing steel-fiber-reinforced concrete data. In addition, the
orientation and residual-strength factors embedded in
the DAfStB formulation were developed for SFRC sys-
tems and may not fully represent the fiber-matrix inter-
action, pull-out behavior, and post-cracking response of
polypropylene fibers. Consequently, both the residual
tensile strength estimation procedure and the original
DAfStB parameter calibration are likely contributors to
the high proportion of unsafe predictions observed for
PFRC beams. The contrasting performances of the
RILEM TC 162-TDF (2003) and DAfStB (2012) ap-
proaches highlight the importance of residual tensile
strength characterization in code-based shear strength
prediction. Although both formulations attempt to incor-
porate the post-cracking contribution of fibers through
residual strength parameters, their predictive capabili-
ties differed substantially when applied to the PFRC
beam database considered in this study. These findings
suggest that the reliability of code-based shear strength

predictions depends not only on the shear resistance for-
mulation itself but also on the procedure used to charac-
terize the residual tensile behaviour of the material. Ow-
ing to its particular relevance to this issue, the perfor-
mance of fib Model Code 2010 (fib 2010) is discussed
separately in the following section.

5.3. Sensitivity of fib Model Code 2010 to residual
strength estimation procedures

The statistics for the three fib Model Code 2010 (fib
2010) approaches are reported in Table 6 below. While
the same shear resistance equation was utilized in all
cases, there were noticeable disparities in the results
produced through the three different methods of esti-
mating residual tensile strength. Given that the key fac-
tor that distinguishes between the considered ap-
proaches is their representation of tensile behavior after
cracking, the comparison will be beneficial in demon-
strating the influence of residual tensile strength estima-
tions on the accuracy of the predictions under fib Model
Code 2010. The fib approach relying on the Nzambi et al.
(2022) model (Approach I) was the least accurate one
among the three approaches. According to Table 6, the
model had the lowest mean experimental-to-predicted
ratio of 0.713 as well as the highest RMSE (110.00 kN)
and MAE (73.54 kN) values out of all the fib-based ap-
proaches. Moreover, the coefficient of variation (COV =
0.608) was quite high. These results suggest that the
adopted residual tensile strength estimation procedure
was less compatible with the PFRC beam database con-
sidered in this study. Part of this discrepancy may be at-
tributed to the fact that the residual-strength relation-
ships proposed by Nzambi et al. (2022) were originally
calibrated using hook-end steel-fiber-reinforced con-
crete specimens. Differences in elastic modulus, fiber-
matrix bond characteristics, pull-out mechanisms, and
crack-bridging behavior between steel fibers and poly-
propylene fibers may therefore contribute to the re-
duced compatibility of the resulting residual tensile
strength estimates when applied to PFRC beams.

Significant improvement was made possible through
the use of the approach described by Moraes-Neto et al.
(2013) (Approach II). In this case, the accuracy of predic-
tion of shear strength was greatly improved, which al-
lowed for the attainment of the mean ratio equal to 1.046,
which is rather close to unity. In addition, RMSE and MAE
were significantly reduced when compared to Approach L.
This implies that the values of residual tensile properties
estimated through the application of the Moraes-Neto et
al. (2013) approach can be considered as being more ap-
propriate for the utilization of the fib Model Code 2010 in
the analysis of the given PFRC specimens. The most suc-
cessful implementation of the fib Model Code 2010 was
attained through the application of the procedure sug-
gested by Lantsoght (2019) (Approach III). According to
Table 6, this approach allowed for the reduction of MAE to
31.53 kN, RMSE to 72.46 kN, COV to 0.566 and provided
R? 0f 0.430, which was higher than for other approaches.
These results indicate a more accurate and consistent
representation of the post-cracking tensile contribution
incorporated into the fib Model Code 2010 framework.
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The results of the safety classifications provided in
Table 5 confirm these findings. The percentage of the un-
safe predictions (V.xp/Vprea < 1.00) was reduced from
88% in Approach I to 69% in Approach Il and 61% in
Approach I1], thus reflecting the progressively improving
reliability of predictions with the change of the applied
residual tensile strength estimation procedure. Among
all considered approaches, the lowest percentage of un-
safe predictions and the highest percentage of safe pre-
dictions were obtained for Approach III. This confirms
the significant impact of the residual tensile strength es-
timation procedure on the reliability of fib Model Code
2010 shear strength predictions. A particularly im-
portant finding is that considerable differences were ob-
tained between the three approaches even though the
same shear resistance formula of the fib Model Code
2010 (fib 2010) was used. The main difference between
the three approaches being in the method used to esti-
mate the residual tensile behavior of fiber reinforced
concrete, the discrepancies in terms of prediction accu-

racy could be largely attributed to the method chosen to
characterize the residual tensile strength. This implies
that the prediction capabilities of the fib Model Code
2010 are extremely dependent on the method used to es-
timate the post cracking behavior of fiber reinforced
concrete especially where no experimental residual
strength is available. It must be acknowledged that the
residual strength estimation procedures employed in
Approaches I, II and III were initially developed through
databases not identical to the one used in this experi-
ment for polypropylene fiber reinforced concrete beams.
Some of the discrepancies in terms of prediction accu-
racy therefore can be explained by differences in fiber
type, bond behavior and post cracking behavior. How-
ever, it is clear from the results obtained that a good
method to characterize residual tensile properties is im-
portantin achieving accurate fib Model Code 2010 predic-
tions. The findings further highlight the need for residual
tensile strength estimation procedures specifically cali-
brated for polypropylene fiber-reinforced concrete.

Table 6. Statistical comparison of fib Model Code 2010 implementations.

Approach Mean cov RMSE (kN) R? MAE (kN)
Approach I (Nzambi et al. (2022)) 0.713 0.608 110.000 0.390 73.540
Approach II (Moraes-Neto et al. (2013)) 1.046 0.608 75.470 0.389 37.560
Approach III (Lantsoght (2019)) 1.139 0.566 72.460 0.430 31.530

5.4. Influence of shear span-to-depth ratio and
concrete strength

To further examine the influence of database hetero-
geneity on model performance, additional subgroup
analyses were conducted based on the shear span-to-ef-
fective depth ratio (a/d) and concrete compressive
strength. The specimens were classified into two groups
accordingto a/d (< 2.5and 2 2.5) and cylinder compres-
sive strength (f', < 50 MPa and f’, = 50 MPa). The cor-
responding statistical results are presented in Table 7.
Particular attention was given to the performance of the
three fib Model Code 2010 implementations, since the
primary objective of this study was to investigate the in-
fluence of alternative residual tensile strength estima-
tion procedures on shear strength prediction accuracy.

It can be observed from the results above that the pre-
dictive performance of fib Model Code 2010 is affected
by the ratio between shear span and depth of the mem-
ber. Where a/d = 2.5, Approach III gave the best predic-
tion out of the three approaches under consideration,
having a V., /Vpreq 0f 1.006 and MAE of 19.60 kN. Ap-
proach II and I had MAE of 27.26 kN and 77.16 kN, re-
spectively. However, where a/d < 2.5, the prediction
performance of all three approaches worsened with an
increase in MAE to 45.03 kN, 49.20 kN, and 69.44 kN, re-
spectively. From the results, it is clear that the predictive
performance of fib Model Code 2010 decreases in cases
where the a/d ratio is relatively low.

A comparison of the three residual tensile strength es-
timation procedures reveals that the relative ranking of

the fib Model Code 2010 implementations remains es-
sentially unchanged across both a/d categories. Ap-
proach III consistently exhibited the lowest prediction
errors and mean values closest to unity, whereas Ap-
proach I produced the largest deviations from the exper-
imental results. Approach II generally provided interme-
diate performance between the other two procedures.
This observation confirms that the procedure adopted
for residual tensile strength characterization has a sub-
stantial effect on fib Model Code 2010 predictions re-
gardless of member geometry.

The influence of concrete compressive strength was
also investigated by separating the database into speci-
mens with f'.< 50 MPa and f’. = 50 MPa. Although the
effect of concrete strength was less pronounced than
that of the a/d ratio, the prediction accuracy of the fib
Model Code 2010 implementations generally decreased
for higher-strength concretes. For Approach III, the MAE
increased from 24.83 kN for specimens with f'. < 50
MPa to 56.10 kN for specimens with f’.> 50 MPa. Simi-
larly, the mean V,y;, /Vpeq ratio increased from 1.075 to
1.375. Comparable trends were observed for Ap-
proaches I and 1], indicating that the investigated resid-
ual tensile strength estimation procedures tend to pro-
duce increasingly conservative predictions as concrete
compressive strength increases.

Similar tendencies were also observed for several of
the other investigated models. In particular, the Arslan
et al. and RILEM formulations generally exhibited lower
prediction errors for specimens with a/d = 2.5 than for
those with a/d < 2.5. Nevertheless, the subgroup anal-
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yses consistently demonstrated that the conclusions ob-
tained from the full database remained unchanged.
Among the three fib Model Code 2010 implementations,
the procedure adopted from Lantsoght (Approach III)
provided the most reliable and consistent predictions,
whereas the implementation based on the residual

strength equations proposed by Nzambi et al. (Approach
[) exhibited the weakest overall predictive performance.
These findings further demonstrate the critical im-
portance of residual tensile strength characterization in
the implementation of fib Model Code 2010 for PFRC
beams.

Table 7. Statistical performance of the investigated models for different a/d ratios and concrete-strength ranges.

Model Arslan etal. Albidahand Said etal. Zhangetal. RILEM TC DAFStb FibMC2010 FibMC2010 FibMC2010
(2017)  Abbas (2024) (2021) (2020) 162-TDF (2003) (2012) Approachl Approach Il Approach III
Mean 1.045 0.901 1.794 0.696 1.158 0.415 0.594 0.887 1.006
cov 0.326 0.316 0.421 0.447 0.378 0.380 0.348 0.355 0.378
a/d >=2.5 RMSE (kN)  31.859 49.692 45.411 85.099 22.682 194.465 112.509 37.187 28.185
R? 0.885 0.891 0.691 0.872 0.877 0.832 0.884 0.878 0.877
MAE (kN) 21.517 32.541 35.600 59.224 14.343 138.600 77.164 27.259 19.595
Mean 1.012 0.746 2.230 0.727 1.420 0.506 0.847 1.226 1.289
cov 0.414 0.336 0.648 0.621 0.687 0.653 0.669 0.681 0.644
a/d<2.5 RMSE (kN) 82.694 66.358 127.910 87.162 108.839 211.147 107.092 102.809 101.432
R? 0.528 0.789 0.102 0.543 0.286 0.193 0.321 0.305 0.389
MAE (kN) 44313 47.863 76.580 67.961 53.245 142.063  69.436 49.201 45.031
Mean 1.019 0.856 1.830 0.710 1.210 0.431 0.668 0.950 1.075
cov 0.368 0.335 0.575 0.529 0.527 0.538 0.588 0.545 0.494
f'.<50 RMSE (kN)  52.826 61.269 71.381 86.204 51.827 222.247 113.805 54.983 48.309
R? 0.632 0.768 0.278 0.614 0.530 0.416 0.538 0.571 0.601
MAE (kN) 29.665 40.263 46.219 62.766 24.640 152915  77.961 32.674 24.834
Mean 1.066 0.727 2.618 0.712 1.540 0.556 0.876 1.398 1.375
cov 0.369 0.312 0.492 0.579 0.674 0.575 0.614 0.630 0.680
f'c>=50 RMSE (kN)  85.208 44.673 149.203 85.592 131.809 100.941  94.750 124.467 126.280
R? 0.928 0.958 0.749 0.751 0.683 0.718 0.674 0.698 0.702
MAE (kN) 41.574 37.789 86.429 65.375 61.801 93.697 57.315 55.468 56.104

5.5. Implications for PFRC shear strength prediction

It can be clearly seen from the results of the current
investigation that the performance of the shear strength
prediction of existing models of PFRC beams highly de-
pends on the parameters that describe the role of fibers
in providing resistance to shear forces. In general, the
models, which take into account the influence of various
factors such as concrete strength, reinforcement ratio,
geometrical dimensions of members and the influence of
fibers, provided better predictions than models using
fewer parameters. These results mean that an accurate
evaluation of the shear strength of PFRC beams cannot
be done by means of simplified descriptions of fiber con-
tribution. In particular, an important point is the use of
code-based approaches. While these models attempt to
capture the post-cracking behavior of fiber reinforced
concrete based on the parameters of the residual tensile
strength of fibers, it has been shown that the accuracy of
such prediction heavily relies on the methodology used
to define the above properties. Such an influence was
seen to be the strongest for the case of fib Model Code

2010 (fib 2010), with a considerable variation in the ac-
curacy of prediction being achieved even while using the
same shear resistance equation. This means that the way
of estimating the residual tensile strength plays a deci-
sive role in the accuracy of code-based prediction of
shear strength. In view of the design practice, this can be
considered to mean that currently available formula-
tions for the steel fiber reinforced concrete could be em-
ployed to provide reasonably accurate estimation of
PFRC shear resistance if proper methodology is applied
to estimate the post-cracking behavior of tensile
strength. Yet, the difference between the methods evalu-
ated suggests that one should be careful when applying
residual tensile strength estimation techniques based on
the SFRC database to the PFRC members. This limitation
is largely associated with the fundamental differences
between polypropylene and steel fibers. Compared with
steel fibers, polypropylene fibers generally exhibit a
lower elastic modulus, different pull-out behavior, re-
duced bond stiffness, and distinct crack-bridging mecha-
nisms. As a result, residual tensile strength relationships
calibrated using SFRC databases may not accurately rep-
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resent the post-cracking behavior of PFRC members.
Overall, the results emphasize that improvements in the
characterization of post-cracking tensile properties may
have a greater influence on prediction reliability than
modifications to the shear resistance equations them-
selves. Future research should therefore focus on devel-
oping PFRC-specific residual tensile strength characteri-
zation procedures and design-oriented prediction
frameworks capable of more accurately representing the
contribution of polypropylene fibers to shear resistance.

6. Conclusions

This study evaluated the predictive performance of
existing analytical and code-based shear strength pre-
diction models using a database of 98 polypropylene fi-
ber-reinforced concrete (PFRC) beams without trans-
verse reinforcement collected from the literature. Partic-
ular attention was given to the implementation of fib
Model Code 2010 (fib 2010) and the influence of differ-
ent residual tensile strength estimation procedures on
prediction accuracy. Based on the results obtained, the
following conclusions can be drawn:
¢ Important distinctions have been found between the

analyzed models of shear strength prediction, sug-

gesting that the choice of the model used is an im-

portant factor in estimating the shear strength of

PFRC.
¢ Among the applicable forms of analysis or semi-em-

pirical equations, the model suggested by Arslan et al.

(2017) performed relatively evenly across all aspects

of predictions, whereas the model suggested by Al-

bidah and Abbas (2024) showed a good capability to
represent the trend of the experimental database.

¢ Performance of the code-based methods was quite
variable. The RILEM TC 162-TDF (2003) model per-

formed reasonably well in terms of prediction accu-
racy while the DAfStB (2012) method performed
worst among all for the constructed PFRC dataset.

¢ The examination of the distribution of the ratio of ex-
perimentally determined to predicted shear strengths
demonstrated considerable variability in the reliabil-
ity of the model predictions, particularly in terms of
the percentage of unsafe predictions.

¢ The predictive capability of fib Model Code 2010 (fib
2010) was found to be highly sensitive to the adopted
residual tensile strength estimation procedure. De-
spite the use of the same underlying shear resistance
formulation, substantial variations in prediction accu-
racy were observed among the investigated imple-
mentations.

e The results demonstrate that reliable characteriza-
tion of post-cracking tensile behavior is essential for
accurate code-based shear strength prediction.
Among the investigated alternatives, the implementa-
tion based on the procedure adopted by Lantsoght
provided the most consistent overall performance.

e Additional subgroup analyses indicated that the pre-
dictive performance of most investigated models was
affected by the shear span-to-depth ratio. Lower pre-
diction errors were generally observed for specimens
with a/d = 2.5, while prediction accuracy tended to
decrease for members with smaller a/d ratios.
Overall, the findings highlight the importance of re-

sidual tensile strength characterization in the assess-
ment of PFRC shear resistance and demonstrate the need
for PFRC-specific material characterization procedures
and design-oriented prediction approaches. Future re-
search should focus on developing residual tensile
strength estimation methods specifically calibrated for
polypropylene fiber-reinforced concrete and on expand-
ing the available database of experimentally determined
post-cracking tensile properties.

Appendix A. Prediction procedures for shear resistance of FRC beams

A.1. fib Model Code 2010 (fib 2010)

For the purposes of this study, the shear resistance was evaluated using the provisions of fib Model Code 2010 (fib
2010). The corresponding shear resistance was determined as:

0.18

©2 k [100p (1 + 7.5 Lrek) fck]l/3 byd

VRd,F =
The size effect factor was determined from:

k=1+ % <2.0

(A1)

(A2)

The residual tensile strength corresponding to the serviceability limit state was obtained as:

fres = 0.45fp4

(A3)

The residual tensile strength corresponding to the ultimate limit state was calculated as:

freukWy) = fres — % [fres — (0.5fps + 0.2fz1)]

(A4)
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In accordance with fib Model Code 2010, the crack width at ultimate was taken as w,= 1.5 mm.

The mean tensile strength of concrete was determined from:

form = 03f23 (A5)

For the purpose of the present comparative assessment, the characteristic tensile strength was assumed equal to
the mean tensile strength (f.;x = f:tm) in all implementations. This assumption was adopted uniformly for all spec-
imens and all fib Model Code 2010 implementations in order to ensure consistency among the investigated residual
tensile strength estimation procedures and to isolate their influence on the resulting shear strength predictions.

In these equations, V4 r denotes the shear resistance provided by SFRC; k is the size-effect factor; p is the longitu-
dinal reinforcement ratio; frs, is the characteristic ultimate residual tensile strength; f,;,, and f,;; are the mean and
characteristic tensile strengths of concrete, respectively; f, is the characteristic compressive strength of concrete;
b,, is the web width; and d is the effective depth. The parameters fz;s and fz., represent the residual tensile strengths
associated with the serviceability and ultimate limit states, respectively.

The residual flexural tensile strengths fz; and frs, required in Eqs. (A3) and (A4), were determined using the pro-
cedures described in Appendices A.2 and A.3. Alternatively, the procedure presented in Appendix A.4 was used to
estimate the residual tensile strength parameter required for the fib Model Code 2010 method.

A.2. Residual strength equations proposed by Nzambi et al. (2022)

The residual flexural tensile strengths fz; and fzr; were estimated using the empirical equations proposed by
Nzambi et al. (2022). The maximum fiber tensile stress was first calculated as:

19

Ofmax = 4 fee o (A6)
The residual flexural tensile strength corresponding to CMOD = 0.5 mm was determined from:

firyy = 1'121(6f,maxv}){0.91} (A7)
The residual flexural tensile strength corresponding to CMOD = 2.5 mm was determined from:

firsy = 1'150(6f,maxv}){0.76} (A8)

In this equation, gy 4, represents the tensile strength of the fiber, 4 is the coefficient relating to the pull out
strength of the fiber, ¢ represents the coefficient due to the fiber matrix interaction, f;; is the tensile strength of the
concrete, V; represents the fiber volume fraction, lf is the fiber length and df is the fiber diameter. The resulting val-
ues of fp1 and fr3 were subsequently used in Egs. (A3) and (A4).

A.3. Residual strength equations proposed by Moraes-Neto et al. (2013)

The residual flexural tensile strengths fz; and fz; were also estimated using the equations proposed by Moraes-
Neto et al. (2013). The fiber reinforcement index was calculated as:

RI =V, <;—’;) (A9)
The residual flexural tensile strength corresponding to CMOD = 0.5 mm was calculated as:

fr1 = 7.5(RI)%8 (A10)
The residual flexural tensile strength corresponding to CMOD = 2.5 mm was calculated as:

frs = 6.0(R)°7 (A11)

where RI is the fiber reinforcement index, Ve is the fiber volume fraction, lf is the fiber length, and df is the fiber di-
ameter. The resulting values of fz; and fz; were subsequently used in Egs. (A3) and (A4).
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A.4. Thomas model and Lantsoght-based procedure

A third approach was adopted following the methodology proposed by Lantsoght. First, the fiber factor was calcu-
lated as:

ga
F=V (d—f) T¥ (A12)
The splitting tensile strength of fiber-reinforced concrete was estimated as:

fopre = 0.63\/feur + 0.288F [feuy + 0.052F (A13)

where F is the fiber factor, Vris the fiber volume fraction, lf is the fiber length, df is the fiber diameter, 77 is the fiber
bond factor, f,, s is the splitting tensile strength of steel fiber-reinforced concrete, and f, is the cube compressive
strength of fiber-reinforced concrete.

Since all database compressive strengths were standardized to equivalent cylinder compressive strengths, the cor-
responding cube compressive strengths required by Eq. (A13) were obtained using the inverse of the adopted con-
version relationship (f, = f'./0.80). Therefore, Eq. (A13) was implemented using the compressive strength defini-
tion originally required by the Thomas and Ramaswamy formulation.

The splitting tensile strength obtained from Eq. (A13) was subsequently employed in the DAfStB procedure de-
scribed in Appendix A.5. Following the approach proposed by Lantsoght, the residual tensile strength obtained from
the DAfStB model was assumed to represent the characteristic ultimate residual tensile strength required by the fib
Model Code 2010 procedure.

A.5. DAStB (2012)

The DAfStB (2012) formulation was implemented using the residual tensile strength parameter ffcg,. The total
shear resistance was calculated as:

Vrrae = Vrac + Vraer (A14)
The concrete contribution was determined from:

k(100p;f i)Y/ bwd

Vrae = Cra,c Ye (A15)
The fiber contribution was calculated as:

Veaer = age Lo (A16)
The residual tensile strength parameter was obtained from:

fretru = kprkse(037) frepip2 (A17)
The size factor was determined as:

ke =1+ 0545, < 1.7 (A18)

where

Afce = by, min(d, 1.5m) (A19)

and the size effect factor was calculated from:

k=1+ /2%:’ <20 (A20)

In these equations, Vi rq ¢, Vra,cr and Vgq o refer to the total shear resistance, the resistance due to the concrete
material and the resistance due to the fibers respectively. Additionally, f;c., represents the tensile strength residual
parameter, b,,, h and d are the dimensions of the member. ks and ks represent fiber orientation effect parameter
and size effect parameter respectively while A¢., represents tensile effective area.

Based on the recommendations by Lantsoght, the following values were chosen during calculations:
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kpp = 0.50, @, = 0.85, 7, = 1.25 (A21)

The resulting value of f;.;r, was subsequently used as the residual tensile strength parameter required by the fib
Model Code 2010 procedure.

A.6. RILEM TC 162-TDF (2003)

The shear resistance was evaluated according to the recommendations of RILEM TC 162-TDF (2003). The total
shear resistance was calculated as:

Vea = Vea + Vsa (A22)
The concrete contribution was determined from:

V.q = 0.12k(100p,f.,)*/3by,d (A23)
The fiber contribution was calculated as:

Viq = 0.7ksktsqb,d (A24)

where the flange factor was determined as:

ke =1+n (:—va) (¥) <15 (A25)
and
n=2l-1<3 (A26)

w

The design bond strength parameter was obtained from:
de = 0.12ka,4_ (A27)

Following the methodology adopted by Lantsoght, the characteristic residual flexural tensile strength required by
the RILEM procedure was assumed equal to the splitting tensile strength predicted by the Thomas model:

frka = fspre (A28)

In Egs. (A22)-(A28), Vg, represents total shear resistance, V4 represents the concrete contribution, V¢, repre-
sents the fiber contribution, k is the size effect factor, p; is the longitudinal reinforcement ratio, f,; represents the
characteristic compressive strength of concrete, b, is the web width, d is the effective depth, k; is the flange factor,
hs is the flange depth, by is the flange width, 7,4 represents the design bond strength parameter, fzy 4 is the charac-
teristic residual flexural tensile strength corresponding to a CMOD of 3.5 mm and f, . is the splitting tensile strength
determined using the Thomas model.

For rectangular beam specimens, kf=1.0. The splitting tensile strength f;, - computed using Eq. (A13) was then
used in Eq. (A28) for calculation of the fiber contribution to shear resistance using the RILEM method.

A.7. Zhang et al. (2020)

Zhang et al. proposed a modified compression field theory (MCFT)-based shear model for polypropylene fiber re-
inforced concrete beams. In the original formulation, the principal tensile stress consists of the sum of aggregate in-
terlock stress and fiber-induced tensile stress. In the present study, only the fiber-induced tensile stress component
was considered and directly adopted as the principal tensile stress.

The crack inclination angle was determined according to:

0 = 29° + 7000¢, (A29)
where &, is the longitudinal strain. Following the recommendation of Zhang et al.,

g, = 0.002 (A30)

was assumed, resulting in a crack inclination angle of 8 = 43°.
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The principal tensile stress was then calculated directly from the fiber-induced tensile stress expression proposed
by Zhang et al.:

l
or = (1 +nommaVy L) £ (A31)
where V; is the fiber volume fraction, l¢ /d; is the fiber aspect ratio, and f; is the tensile strength of concrete. Here,
Mo, N1, and 1, denote the fiber orientation factor, fiber length efficiency factor, and bond coefficient, respectively.
Zhang et al. suggested using the values 1,=0.20, 7,=0.50, and 1,=1.0 for a 3-D random fiber orientation.

In the current analysis, the interlock effect which forms part of the original equation was ignored, and the maximum
tensile stress was taken to be the same as the tensile stress due to the fibers, f; = Of. This was then used to estimate
the residual tensile effect of the PFRC.

A.8. Said et al. (2021)

Said et al. proposed a modified shear strength model based on the Canadian Standards Association (CSA) provi-
sions to account for the contribution of polyvinyl alcohol (PVA) fibers to beam shear resistance. The total shear re-
sistance is expressed as the sum of the concrete, fiber, and stirrup contributions:

Vu=V+V:+ 1 (A32)

where V;, V¢, and V; represent the contribution of the concrete, fibers, and transverse reinforcement, respectively.
The concrete contribution is calculated by the CSA model formula:

Ve = ¢ckBy f'cbd, (A33)
where ¢, = 0.65, k = 1.0, and 8 = 0.21. The effective shear depth, d,, is determined as follows:
d, = max (0.9d,0.75h) (A34)

where d is the effective depth and h is the overall section depth.
The fiber contribution is given by:

V,=F;Bythd, (A35)

in which Fyis the fiber factor, B, is the fiber orientation factor, and t is the fiber-matrix interface bond strength.
The fiber factor is given by:

o4
in which Ve stands for volume fraction of fibers, lf represents length of fibers, df is diameter of fibers, and kf repre-
sents shape factor of fibers.

For PVA fibers, Said et al. adopted the following parameters:

By = 0.41 and ks = 0.50 (A37)

T =293 MPa (A38)

Although the original model includes the contribution of transverse reinforcement, all specimens in the present
database were tested without stirrups. Therefore, the contribution of transverse reinforcement was neglected:

=0 (A39)

Consequently, the predicted shear resistance was calculated as:

Vo=V, + Vs (A40)

In the present study, the coefficients suggested by Said et al. were used as such without any change; however, the
effect of transverse reinforcement was not included due to lack of any stirrup in the tested specimens.
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A.9. Arslan et al. (2017)

Arslan et al. proposed a shear strength model for polypropylene fiber-reinforced concrete (PFRC) beams without
stirrups. The model was derived from a previously developed formulation for steel fiber reinforced concrete beams
and modified by introducing a polypropylene-to-steel ratio (PSR) to account for the lower efficiency of polypropylene
fibers. The model incorporates the effects of concrete strength, longitudinal reinforcement ratio, fiber contribution,
and shear span-to-depth ratio.

The nominal shear strength is calculated as:

1
. :
s 3
v, =22 + PSR (—V”“t’”fC) (A41)
@ 3(3)

where f; is the concrete cylinder compressive strength in MPa, p is the longitudinal steel ratio, a/d is the shear span
to effective depth ratio, PSR is the polypropylene to steel fiber ratio, and F is the fiber factor.
The depth of the compression zone is obtained from:

(5) + 600 () ()00 (2) =0 (842

where c is the depth of the compression zone and d is the effective depth.
The fiber factor is defined as:

F=1 (ﬂ) Vid, (A43)

where 1 is the fiber perimeter, [ is the fiber length, Ay is the fiber cross-sectional area, Vy is the fiber volume fraction,
and d; is the fiber shape and bond factor.

In this formulation, df denotes the fiber shape and bond factor, which differs from the notation adopted in some
of the other models where d¢ represents the fiber diameter.

For non-circular fibers, Arslan et al. adopted the fiber intrinsic efficiency ratio proposed by Naaman and incorpo-
rated it into the fiber factor expression to better represent the bond characteristics of polypropylene fibers.

To account for the reduced bond and stiffness characteristics of polypropylene fibers relative to steel fibers, the
polypropylene-to-steel ratio was taken as:

PSR = 0.70 (A44)

as recommended by the authors.

The fiber shape bond factor depends on fiber geometry. According to Narayanan and Darwish, values of 0.50, 0.75,
and 1.00 may be used for round, crimped, and indented fibers, respectively.

In the present study, the original formulation proposed by Arslan et al. was adopted without modification. All spec-
imens in the database were tested without transverse reinforcement; therefore, no stirrup contribution was consid-
ered. The nominal shear strength predicted was used directly for comparison with the experimentally measured shear
strengths.

A.10. Albidah and Abbas (2024)

The authors, Albidah and Abbas, came up with a simpler design-oriented model based on a stacked ensemble ma-
chine learning model using a database consisting of 394 SFRC beams without stirrups. The sensitivity analysis re-
vealed that the most important factors influencing the shear capacity of the beam were the shear span to depth ratio,
the ratio of longitudinal reinforcement, the compressive strength of the concrete, and the fiber factor. Using these

results, an empirical equation was formulated by the researchers.
The predicted shear strength is calculated as:

v, = aFf[f7 (&) (A45)

where v, = Shear strength in MPa, f,/ = Concrete compressive strength in MPa, p = Longitudinal reinforcement ratio,
d = Effective depth, a = Shear span length and F = Fiber Factor. The formula for the fiber factor is:

F=v(£) (A46)

where V is the fiber volume fraction, I is the fiber length, and d¢ is the fiber diameter.
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Using the Gauss-Newton iterative calibration technique, the parameters of the model were obtained as follows:

a = 6.588 (A47)
B =0.134 (A48)
y = 0.537 (A49)

Appendix B. Complete specimen-level database
The complete specimen-level database used in the present study is provided in Table B. The database contains the

geometric, material, reinforcement-related, fiber-related, and experimental properties of all specimens included in
the assessment of shear strength prediction models.

Table B. The complete specimen-level database

B.N. Research Beams (mbm) (mhm) (m‘in) afd  ps (M};yaa) (gZ) Arsaptfgt (hflrl;a) (N{ga) (D/fl;fa) FK?II(I)ZI: (Kexle]
1 Altoubat et al. (2009) L1-0.50-b 280 460 400 3.53 0.0215 420 050 90.00 41.90 620 9500 Shear 193.00
2 Altoubat etal. (2009) 1.2-0.50-a 230 390 330 3.50 0.0318 420 050 90.00 41.90 620 9500 Shear 131.50
3 Altoubat etal. (2009) 1.2-0.50-b 230 390 330 3.50 0.0318 420 050 90.00 41.90 620 9500 Shear 133.50
4 Altoubat et al. (2009) L1-0.75-a 280 460 400 3.53 0.0215 420 0.75 90.00 41.90 620 9500 Shear 214.50
5 Altoubat etal. (2009) L1-0.75-b 280 460 400 3.53 0.0215 420 0.75 90.00 41.90 620 9500 Shear 213.00
6 Altoubat etal. (2009) 1.2-0.75-b 230 390 330 3.50 0.0318 420 0.75 90.00 41.90 620 9500 Shear 139.50
7 Altoubat et al. (2009) 12-1.0-b 230 390 330 3.50 0.0318 420 1.00 90.00 3560 620 9500 Shear 151.50
8 Altoubat et al. (2009) Sh1-0.50-a 280 460 400 228 0.0215 420 0.50 90.00 41.90 620 9500 Shear 219.50
9 Altoubat et al. (2009) Sh2-0.50-b 230 390 330 227 0.0318 420 0.50 90.00 41.90 620 9500 Shear 150.00
10 Altoubat et al. (2009) Sh2-0.75-a 230 390 330 227 0.0318 420 0.75 90.00 41.90 620 9500 Shear 168.50
11 Altoubat et al. (2009) Sh2-0.75-b 230 390 330 227 0.0318 420 0.75 90.00 41.90 620 9500 Shear 170.50
12 Navas etal. (2018) 0AP1 305 552 472.9 3.87 0.0167 579 1.10 5650 43.12 400 4700 Shear 22334
13 Navas etal. (2018) 0AP2 305 552 472.5 4.84 0.0223 579 1.10 5650 4491 400 4700 Shear 243.13
14 Navas etal. (2018) 0BP1 229 552 470.6 3.89 0.0224 579 1.10 56.50 42.67 400 4700 Shear 180.87
15 Navas etal. (2018) 0BP2 229 552 469.2 4.87 0.0225 579 1.10 5650 42.00 400 4700 Shear 147.80
16 Al-Alawi and Mashrei (2022) ~ B-SyMPF1-6.4 100 150 130 231 0.0464 500 0.69 64.00 150.00 685 10500 Shear 65.26

=
~

Al-Alawi and Mashrei (2022) B-Sy M PF1-48 100 150 130 2.31 0.0464 500 0.52 64.00 150.00 685 10500 Shear 58.84

Uy
[ee]

Al-Alawi and Mashrei (2022) B-Sy M PF1-3.2 100 150 130 2.31 0.0464 500 0.34 64.00 150.00 685 10500 Shear 57.77

[u=y
e

Al-Alawi and Mashrei (2022) B-Sy MPF2-6.4 100 150 130 2.31 0.0464 500 0.69 180.00150.00 620 6600 Shear 64.72

N
(=}

Al-Alawi and Mashrei (2022) B-Sy M PF2-4.8 100 150 130 2.31 0.0464 500 0.52 180.00150.00 620 6600 Shear 57.77

[y}
[

Al-Alawi and Mashrei (2022) B-Sy M PF2-3.2 100 150 130 2.31 0.0464 500 0.34 180.00150.00 620 6600 Shear 54.56

22 Al-Alawi and Mashrei (2022)  B-Sy M PF1-4.8-p3 100 150 130 2.31 0.0464 500 0.52 64.00 150.00 685 10500 Shear 66.86
23 Al-Alawi and Mashrei (2022)  B-Sy M PF1-4.8-p2 100 150 130 2.31 0.0396 500 0.52 64.00 150.00 685 10500 Shear 58.84
24 Al-Alawi and Mashrei (2022)  B-Sy M PF1-4.8-p1 100 150 130 2.31 0.0329 500 0.52 64.00 150.00 685 10500 Shear 44.93
25 Xiangetal. (2022) F3-A-3 150 300 241.5 2.98 0.0281 542 0.32 37.50 34.50 543 8200 Shear 62.86
26 Xiangetal. (2022) F6-A-3 150 300 241.5 2.98 0.0281 542 0.63 37.50 37.50 543 8200 Shear 83.89
27 Xiangetal. (2022) F9-A-3 150 300 241.5 2.98 0.0281 542 0.95 37.50 36.90 543 8200 Shear 96.72
28 Altoubat et al. (2020) VB-0L-0.50 230 390 330 3.48 0.0318 420 0.50 90.00 32.30 620 9500 Shear 90.00
29 Ugur and Unal (2022) SCC-F2-S1 125 250 240 2.50 0.0052 366 0.28 77.14 38.61 550 7060 Shear 23.35
30 Zhangetal. (2014) RE-00 150 300 250 2.80 0.0270 400 3.00 333.33 32.80 482 5000 Shear 104.38
31 Ababnehetal. (2017) B1V3S0 100 150 125 2.40 0.0322 470 0.33 90.00 44.40 620 9500 Shear 32.00
32 Ababnehetal. (2017) B1V5S0 100 150 125 2.40 0.0322 470 0.54 90.00 45.10 620 9500 Shear 35.00
33 Ababneh etal. (2017) B1V7S0 100 150 125 2.40 0.0322 470 0.76 90.00 4590 620 9500 Shear 38.50
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34 Arslanetal. (2017) B2.5P1.0 150 240 210 2.50 0.0128 492 1.00 50.00 27.00 470 3600 Shear 47.92
35 Arslanetal. (2017) B2.5P2.0 150 240 210 2.50 0.0128 492 2.00 50.00 13.85 470 3600 Shear 42.94
36 Arslanetal. (2017) B2.5P3.0 150 240 210 2.50 0.0128 492 3.00 50.00 18.45 470 3600 Shear 56.06
37 Arslanetal. (2017) B3.5P1.0 150 240 210 3.50 0.0128 492 1.00 50.00 27.00 470 3600 Shear 46.75
38 Arslanetal. (2017) B3.5P2.0 150 240 210 3.50 0.0128 492 2.00 50.00 13.85 470 3600 Shear 42.50
39 Arslanetal. (2017) B3.5P3.0 150 240 210 3.50 0.0128 492 3.00 50.00 18.45 470 3600 Shear 50.72
40 Majdzadeh et al. (2006) B6 150 150 120 3.02 0.0262 500 0.50 85.00 43.90 620 9500 Shear 86.00
41 Majdzadeh etal. (2006) B7 150 150 120 3.02 0.0262 500 1.00 85.00 44.20 620 9500 Shear 113.00
42 Majdzadeh etal. (2006) B8 150 150 120 3.02 0.0262 500 1.50 85.00 43.10 620 9500 Shear 104.00
43 Majdzadeh et al. (2006) B9 150 150 120 3.02 0.0262 500 0.50 360.00 43.40 375 3500 Shear 82.00
44 Majdzadeh et al. (2006) B10 150 150 120 3.02 0.0262 500 1.00 360.00 44.80 375 3500 Shear 100.00
45 Majdzadeh et al. (2006) B11 150 150 120 3.02 0.0262 500 1.50 360.00 42.00 375 3500 Shear 99.00
46 Sahoo etal. (2015) PFRC 150 200 172 3.49 0.0234 500 1.00 25.00 37.60 460 5000 Shear 38.40
47 Shaaban etal. (2021) B5 120 300 260 2.350.0326 700 1.50 666.67 4590 400 3450 Shear 63.00
48 Shaaban etal. (2021) B6 120 300 260 2.350.0326 700 2.50 666.67 4590 400 3450 Shear 70.80
49 Shaaban etal. (2021) B7 120 300 260 2.350.0326 700 0.75 666.67 45.05 400 3450 Shear 55.00
50 Bastami (2019) SCC-0.75%S1-15M-0 125 250 201 3.69 0.0160 434 0.75 74.00 51.60 625 9500 Shear 42.85
51 Bastami (2019) HSC-0.75%S1-15M-0 125 250 201 3.69 0.0160 434 0.75 74.00 71.40 625 9500 Shear 56.10
52 Bastami (2019) HSC-0.75%S1-20M-0 125 250 201 3.69 0.0238 426 0.75 74.00 78.30 625 9500 Shear 85.00
53 Murad and Abdel-Jabbar (2022) P2 150 250 225 1.56 0.0119 420 0.22 76.50 4530 585 6600 Shear 73.90
54 Murad and Abdel-Jabbar (2022) P4 150 250 225 1.56 0.0119 420 0.44 76.50 40.80 585 6600 Shear 57.85
55 Murad and Abdel-Jabbar (2022) P8 150 250 225 1.56 0.0119 420 0.88 76.50 37.70 585 6600 Shear 69.75
56 Altoubatetal. (2012) L-F 230 390 330 3.50 0.0318 420 0.50 90.00 42.00 620 9500 Shear 132.50
57 Altoubatetal. (2012) Sh-F 230 390 330 2.27 0.0318 420 0.50 90.00 42.00 620 9500 Shear 159.00
58 Parmentier etal. (2012) Sy4.5-1-1 200 300 270 1.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 128.10
59 Parmentier etal. (2012) Sy4.5-1-2 200 300 270 1.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 162.60
60 Parmentier etal. (2012) Sy4.5-2-1 200 300 270 2.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 105.50
61 Parmentier etal. (2012) Sy4.5-2-2 200 300 270 2.50 0.0116 500 0.50 70.00 54.50 600 5000 Shear 111.70
62 Furlan Jr. and de Hanai (1997) P2B 100 100 85.25 3.52 0.0166 500 0.50 840.00 48.00 400 3500 Shear 17.50
63 Hossain etal. (2023) ROC5F1 200 300 268 1.850.0075 496 0.15 666.67 28.30 400 4010 Shear 86.70
64 Hossain etal. (2023) ROC10F1 200 300 268 1.850.0075 496 0.15 666.67 41.90 400 4010 Shear 105.10
65 Shoeib etal. (2023) B2 120 650 600 0.58 0.0141 400 0.30 56.47 44.20 400 4700 Shear 440.00
66 Shoeib etal. (2023) B3 120 650 600 0.58 0.0141 400 0.60 56.47 51.00 400 4700 Shear 480.00
67 Shoeib etal. (2023) B4 120 650 600 0.58 0.0141 400 0.90 56.47 54.40 400 4700 Shear 500.00
68 Mori etal. (2017) C-P12 100 200 164 1.22 0.0130 500 0.40 42.86 49.10 500 9500 Shear 71.45
69 Mori etal. (2017) D-P12 250 500 434 1.15 0.0136 500 1.20 42.86 57.60 500 9500 Shear 443.15
70 Bajaj and Shrivastava (2011) 1-B2 100 150 130 3.85 0.0121 428 0.10 158.80 40.12 680 5800 Shear 19.95
71 Bajaj and Shrivastava (2011) 2-B2 100 150 130 3.85 0.0174 423 0.10 158.80 40.12 680 5800 Shear 24.30
72 Bajaj and Shrivastava (2011) 1-B3 100 150 130 3.85 0.0121 428 0.20 158.80 40.97 680 5800 Shear 21.00
73 Bajaj and Shrivastava (2011) 2-B3 100 150 130 3.85 0.0174 423 0.20 158.80 40.97 680 5800 Shear 25.35
74 Bajaj and Shrivastava (2011) 1-B4 100 150 130 3.850.0121 428 0.30 158.80 39.78 680 5800 Shear 22.20
75 Bajaj and Shrivastava (2011) 2-B4 100 150 130 3.850.0174 423 0.30 158.80 39.78 680 5800 Shear 26.40
76 Bajaj and Shrivastava (2011) 1-B5 100 150 130 3.85 0.0121 428 0.40 158.80 39.53 680 5800 Shear 22.80
77 Bajaj and Shrivastava (2011) 2-B5 100 150 130 3.85 0.0174 423 0.40 158.80 39.53 680 5800 Shear 27.15
78 Bajaj and Shrivastava (2011) 1-B6 100 150 130 3.85 0.0121 428 0.50 158.80 38.25 680 5800 Shear 21.75
79 Bajaj and Shrivastava (2011) 2-B6 100 150 130 3.850.0174 423 0.50 158.80 38.25 680 5800 Shear 26.25
80 Bajaj and Shrivastava (2011) 1-B7 100 150 130 3.85 0.0121 428 0.60 158.80 36.55 680 5800 Shear 21.45
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81 Bajaj and Shrivastava (2011) 2-B7 100 150 130 3.850.0174 423 0.60 158.80 36.55 680 5800 Shear 25.05
82 Al-Khafaji and Harba (2023) BS2 150 200 175 2.86 0.0129 678 0.10 666.67 37.20 400 3500 Shear 57.27
83 Al-Khafaji and Harba (2023) BS3 150 200 175 2.86 0.0129 678 0.20 666.67 39.26 400 3500 Shear 49.32
84 Kamal etal. (2014) B10P 100 150 130 2.31 0.0121 550 0.11 12.50 130.00 400 3500 Shear 20.95
85 Kamal etal. (2014) B12P 100 150 130 2.31 0.0174 550 0.11 12.50 130.00 400 3500 Shear 27.00
86 Al Ghali etal. (2023) PP-42 150 250 225 1.48 0.0186 565 0.25 42.00 49.20 600 9500 Shear 89.15
87 Al Ghali etal. (2023) PP-270 150 250 225 1.48 0.0186 565 0.25 270.00 40.10 570 3500 Shear 81.30
88 Atea (2017) BM(30) 100 300 280 1.00 0.0287 500 0.50 667.00 31.00 400 3500 Shear 160.00
89 Atea (2017) BM(40) 100 300 280 1.00 0.0287 500 1.00 667.00 40.00 400 3500 Shear 166.00
90 Raoetal. (2011) 0,5-MixA 100 300 280 0.71 0.0020 500 0.12 300.00 18.47 600 3500 Shear 13.72
91 Raoetal. (2011) 0,5-MixB 100 300 280 0.71 0.0020 500 0.12 300.00 24.36 600 3500 Shear 20.16
92 Raoetal. (2011) 0,5-MixC 100 300 280 0.71 0.0020 500 0.12 300.00 29.78 600 3500 Shear 24.08
93 Raoetal. (2011) 1-MixA 100 300 280 0.71 0.0020 500 0.23 300.00 19.07 600 3500 Shear 15.12
94 Raoetal. (2011) 1-MixB 100 300 280 0.71 0.0020 500 0.23 300.00 24.60 600 3500 Shear 20.44
95 Raoetal. (2011) 1-MixC 100 300 280 0.71 0.0020 500 0.23 300.00 31.47 600 3500 Shear 24.64
96 Ozturketal. (2017) B2.5P1.0 150 240 210 2.50 0.0128 492 1.00 50.00 27.00 470 3600 Shear 38.34
97 Ketenci (2022) C30PP1 250 400 367 2.45 0.0088 420 0.66 350.00 30.00 630 8000 Shear 164.34
98 Ketenci (2022) C30PP2 250 400 367 2.45 0.0088 420 0.66 350.00 30.00 630 8000 Shear 154.92
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