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Abstract: Macro-synthetic fibers are increasingly used in concrete as secondary reinforcement to
control temperature and shrinkage cracks, improving durability by limiting crack widths. How-
ever, their impact on the shear strength of structural elements remains underexplored, particularly
when used in combination with traditional steel reinforcement. To address this knowledge gap,
this study developed and calibrated a non-linear numerical model to simulate the shear response
of macro-synthetic fiber-reinforced concrete (PFRC) elements, using finite element software Vec-
Tor2. The model was calibrated with experimental data from PFRC panels subjected to pure shear
loading, incorporating a custom concrete tension-softening model to capture the contribution of
fibers. Validation against a broad range of PFRC beam experiments from the literature demonstrated
the model’s accuracy, achieving an average predicted-to-experimental shear strength ratio of 0.99
(COV = 5.5%). Additionally, the model successfully replicated key response characteristics such as
deformation patterns, crack propagation, and residual strength. The proposed modeling approach
provides valuable insights into the interaction between fiber volume and transverse reinforcement. It
also serves as a powerful tool for future numerical studies, addressing the existing data gap on PFRC
behavior and exploring the synergistic effects of macro-synthetic fibers and steel reinforcement on
shear strength.

Keywords: fiber-reinforced concrete; macro-synthetic fibers; polypropylene fibers; finite element
analysis; numerical modeling

1. Introduction

Macro-synthetic fibers are often added to concrete mixtures as secondary reinforce-
ment, designed to control shrinkage and temperature cracks. Adding fibers to concrete
also enhances various concrete properties, such as tensile strength, deformation capacity,
toughness, and overall performance [1].

Significant research has been conducted on replacing conventional transverse steel
reinforcement bars with distributed steel fibers [2,3] (among many others). The impact of
the research conducted on steel-fiber-reinforced concrete (SFRC) led to a revision of the
minimum shear reinforcement requirement in ACI 318-08 [4], permitting the use of steel
fibers exceeding 0.75% by volume and meeting other requirements. This code change was
primarily based on research by Parra-Montesinos [5], who analyzed a database of 147 SFRC
beams. The study showed that all slender SFRC beams with a fiber volume of Vf ≥ 0.75%
achieved a shear stress higher than 0.29

√
f ′c

(
3.5

√
f ′c psi

)
.

In recent years, the use of macro-synthetic fibers for structural applications has gained
research interest, and significant experimental work has been performed [6–9]. The results
available in the literature suggest that the inclusion of macro-synthetic fibers can enhance
concrete performance. However, most of the existing experimental programs have focused
on testing beam specimens subjected to flexure or combinations of shear and flexure, which
makes it somewhat difficult to interpret the results and to isolate the fiber contribution to
the individual resisting mechanisms.
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Additionally, the combined use of macro-synthetic fibers and traditional shear rein-
forcement, which could be beneficial with respect to reducing fiber content, and hence
improving concrete workability [10], has not been investigated thoroughly. While there is
evidence of synergy between the two types of reinforcement, contrasting results prevent
definitive conclusions from being drawn [11].

To address both shortcomings, a recent experimental program [12] investigated ex-
perimentally the response of concrete panel specimens reinforced with combinations of
macro-synthetic fibers and steel bars, under pure shear loading. The experiments were con-
ducted using the Panel Element Tester at University of Washington with the setup shown
in Figure 1. As previously discussed by several authors, e.g., Vecchio and Collins [13], these
panel specimens represent web regions of larger structural elements such as girders or RC
walls (see Figure 1). Hence, the experimental data provided by Gaston et al. [12] fill an im-
portant gap and provide insight into the shear response of macro-synthetic fiber-reinforced
concrete (PFRC) structures that can serve both numerical modeling calibration and design
approach formulation purposes.

This paper illustrates a numerical modeling approach for PFRC elements subjected to
shear that was calibrated relying on the experimental results provided by Gaston et al. [12].
The models were implemented in the finite element software VecTor2 [14] and thoroughly
validated against a large database consisting of 77 PFRC beam specimens collected from
the literature.
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2. Literature Review

The potential utilization of fibers in structural applications has garnered the sustained
interest of researchers and engineers for over half a century. Experiments have studied the
influence of concrete strength, fiber type, fiber percentage by volume, fiber aspect ratio, and
longitudinal reinforcement ratio (among other factors) on the strength and deformability of
FRC beams. Much of the existing research has focused on SFRC beams without transverse
deformed bar reinforcement. In 2019, Lantsoghts [15] compiled a database of 488 tests of
SFRC beams without stirrups from sixty-three studies available in the literature, and since
the publication of this database, the number of studies investigating the behavior of SFRC
beams without stirrups has steadily continued to grow (e.g., [16–18]).

A smaller number of studies have investigated the shear behavior of SFRC beams that
also contain shear reinforcement (e.g., [19–25]). From the limited evidence available, the
combined use of stirrups and steel fibers has been shown to have a synergistic effect on
shear capacity. For example, Ding et al. [23] found that the increase in shear capacity from
the addition of steel fibers was 23% larger for beams containing transverse reinforcement,
in comparison to similarly reinforced beams that did not contain stirrups [23]. In addition,
the inclusion of steel fibers in beams containing transverse reinforcement has been shown
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to increase deformation capacity and can alter the failure mode from shear to flexural
failure [19]. For example, Aoude et al. [24] found that the addition of steel fibers to
beams containing transverse reinforcement improved the deformation capacity relative to
beams with similar reinforcement but without fibers, such that yielding of the longitudinal
reinforcement could occur.

In contrast to the immense interest in SFRC beams, very few studies have investigated
the shear behavior of PFRC beams ([26–34]), and only a handful of studies have investi-
gated PFRC beams that also contain transverse shear reinforcement (e.g., [11,35,36]). A
brief review of the pertinent literature is presented subsequently, highlighting relevant
observations from experimental tests of PFRC beams and panel elements, and approaches
for modeling FRC structural elements under shear loading.

2.1. State of the Art and Available Experimental Evidence

Several experimental programs have been conducted on structural concrete compo-
nents containing macro-synthetic fibers employed as shear reinforcement [11,27,30,37].
These studies demonstrated that including macro-synthetic fibers in the concrete mix en-
hances the shear strength of transversely unreinforced elements. For instance, in these
studies it was reported that a fiber volume of Vf = 0.75% produced shear strength incre-
ments of up to 23% and 28%, for slender and deep beams, respectively.

A handful of experimental programs have also investigated the combined use of
macro-synthetic fibers and deformed bar reinforcement, to resist shear forces in structural
applications, e.g., [11,35,36]. These have shown that elements containing both macro-
synthetic fibers and transverse steel reinforcement can achieve ultimate shear strength that
is 11% to 47% higher than their reinforced concrete (RC) counterparts.

Synergistic effects were identified between macro-synthetic fibers and transverse steel
reinforcement, as their interaction produced shear strength increments that surpassed
those obtained by separately adding the incremental strength contribution provided by
the individual reinforcement components. For instance, a study by Majdzadeh et al. [35]
indicated synergistic improvement of 10% for PFRC beams containing Vf = 0.5% macro-
synthetic fibers and a transverse reinforcement ratio of ρt = 0.28%.

Several experimental programs have also been performed on steel FRC panels sub-
jected to pure shear loads (e.g., [2,38,39]), with few investigating the response of panel
specimens containing macro-synthetic fiber reinforcement [38]. The outcome of these
panel experiments indicated that macro-synthetic fiber reinforcement can improve the
shear response by effectively bridging cracks, hence reducing crack widths. However,
higher content of macro-synthetic fibers is required compared to steel fibers to achieve
analogous shear strength. For instance, Carnovale [38] found that a macro-synthetic fiber
volume Vf = 2.0% was needed to achieve the shear strength of a panel specimen containing
Vf = 0.5% hooked-end steel fibers. Evidently, concrete mixes containing high fiber volumes
can be affected by workability issues.

In addition to experimental activities, several studies have attempted to develop/
implement numerical models that are suitable for simulating the response of FRC elements
subjected to shear loads. Susetyo et al. [2] carried out the VecTor2 finite element (FE) analysis
of the FRC panel specimens they previously tested. The study by Susetyo revealed that
the tension-stiffening and compression-softening relationships developed for RC elements
subject to biaxial stresses could not be used to accurately capture the FRC behavior; hence,
alternative constitutive laws were proposed. Carnovale [38] also modeled a series of panel
specimens in VecTor2 and proposed adjustments to the Simplified Diverse Embedment
Model (SDEM) to improve the accuracy of the numerical models.

Chasioti [39] performed FE analysis of hybrid (i.e., containing two or more fiber types)
steel FRC (HSFRC) panels in VecTor2. The study revealed that the default constitutive mod-
els available in the FE program could not lead to accurate predictions. However, improved
behavior simulations could be achieved by custom-defining in the software the tensile
response of the material, relying on the results of companion “dog-bone” laboratory tests.
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Cankaya and Akan [40] conducted an experimental program on micro-synthetic fiber-
reinforced beam specimens and carried out FE analysis of the specimens in VecTor2. The
numerical results matched the results of the experiments at a qualitative level, but the yield
and ultimate strength of the specimens were generally overestimated in the analysis. The
authors attributed this outcome to the lack of adequate tension constitutive models for FRC
under biaxial loads.

Hence, a reliable modeling approach for PFRC subjected to shear loads is still missing.
Additionally, due to the lack of experimental evidence, no attempts have been made to
date at calibrating behavior models that are specific to PFRC elements with transverse
steel reinforcement.

2.2. Summary of a Recent Experimental Program by Gaston (2024) [12]

As discussed in the previous sections, the available experimental evidence on the
benefits of macro-synthetic fibers with respect to shear strength is still limited. Hence,
to improve understanding and address the lack of fundamental data pertaining to the
shear behavior of elements containing both conventional transverse deformed bar and
macro-synthetic fiber reinforcement, an experimental program was recently conducted by
Gaston [12].

Gaston [12] tested twelve panel specimens (eight PFRC and four RC) under monotonic
pure shear loading conditions, using the Panel Element Tester available in the Structural
Engineering Testing Laboratory at University of Washington. The shear loads were gener-
ated via 37–267 kN (60 kips) force-controlled hydraulic actuators and three (3) rigid links.
The average shear stress vxy was computed by dividing the applied shear force by the area
of the cross-section of the specimen, while the average strains (εℓ, εt, ε45, and ε135) of the
cracked composite material were computed from the corner LED target part of the 5 × 5,
540 mm × 540 mm (21.25 in × 21.25 in) grid that covered the test region. The average
shear strain γxy was computed from the measured average strains using Mohr’s circle
transformations, as outlined in [41].

The main variables of interest of the experimental program were the transverse rein-
forcement ratio and the macro-synthetic fiber content (GCP Strux 90/40). The transverse
reinforcement ratio ρt varied from 0% to 0.91%, while the fiber volume V f ranged from 0%
to 0.52%, as indicated in Table 1. The longitudinal reinforcement ratio ρl was maintained
constant at 2.28% for all specimens, selected to be more than two times the maximum
transverse reinforcement of ρt = 0.91%; this ensured the occurrence of a shear failure
mechanism while preventing biaxial yielding failure mode. The reinforcement layout for a
representative panel specimen is shown in Figure 2.

Table 1. Gaston [12] panel element test program summary.

Specimen Vf [%] ρt [%] f’c [MPa] vexp [MPa] vpred [MPa] vpred/vexp [-]

PFRC-000-000 0.00 0.00 44.5 2.12 2.25 1.06
PFRC-000-029 0.00 0.29 37.7 4.27 4.09 0.96
PFRC-000-058 0.00 0.58 31.2 5.41 5.49 1.01
PFRC-000-091 0.00 0.91 42.2 7.82 7.46 0.95
PFRC-026-000 0.26 0.00 32.6 1.43 1.34 0.93
PFRC-026-029 0.26 0.29 38.3 4.31 4.21 0.98
PFRC-026-058 0.26 0.58 34.3 4.24 5.69 1.34
PFRC-026-091 0.26 0.91 43.7 7.43 7.70 1.04
PFRC-052-000 0.52 0.00 29.4 1.50 1.72 1.14
PFRC-052-029 0.52 0.29 45.0 5.00 4.98 1.00
PFRC-052-058 0.52 0.58 35.5 4.94 5.85 1.18
PFRC-052-091 0.52 0.91 36.1 7.47 7.78 1.04
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Figure 2. Reinforcement layout of a representative specimen (ρl = 2.28%, ρt = 0.91%). (a) Reinforce-
ment layout. (b) Assembled panel cage ready for cast.

Figure 3 displays the results in terms of normalized shear stress–strain response (the
shear stress was normalized by

√
f ′c to ensure an equitable comparison between specimens

with different concrete strength). Figure 3 reports the results of all 12 tests, but the response
of four representative specimens (PFRC-026-000, PFRC-026-029, PFRC-000-058, and PFRC-
052-091) is highlighted to facilitate visualization and better illustrate the observed trends as
a function of the variables studied.
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The results showed that the shear strength of the specimens tested was predominantly
affected by the reinforcement ratio ρt, while minor increases in shear strength were observed
by adding macro-synthetic fibers at the addition rates used in Gaston’s study. However,
macro-synthetic fibers were effective in decreasing both the maximum and average crack
widths during shear loading.

It should also be noted that the observed benefits of fiber addition appeared to de-
pend on ρt [12]. More pronounced strength gains were observed in panels with lower
reinforcement ratios (ρt) compared to those with higher reinforcement levels. For instance,
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increasing the fiber volume content from 0.26% to 0.52% resulted in strength improvements
of 15% and 18% for reinforcement ratios of ρt = 0.29% and 0.58%, respectively. In contrast,
the same increase in fiber content produced virtually no strength enhancement in panels
with a reinforcement ratio of ρt = 0.91%.

This is consistent with the results of Navas et al. [11], where macro-synthetic fibers
appeared to be more effective for ρt = 0.10% compared to ρt = 0.15%.

For a more detailed discussion of the experimental results, interested readers are
invited to refer to [12].

3. Numerical Modeling Approach Calibration

Previous studies have illustrated that modeling reinforced concrete elements con-
taining both macro-synthetic fibers and transverse steel reinforcement (and FRC elements
subject to shear more broadly) is challenging because of the limited amount of experimental
data available to calibrate reliable constitutive laws that capture the post-cracking biaxial
response of the composite material. The experimental results obtained by Gaston [12]
summarized in the previous section provide much needed information that can help fill
this crucial knowledge gap.

Hence, the outcome of the experimental program by Gaston [12] was used to calibrate
a modeling approach in the finite element software VecTor2 [14]. VecTor2 is based on the
Modified Compression Field Theory (MCFT) [13] and the Disturbed Stress Field Model
(DSFM) [42], which were specifically formulated to simulate the response of cracked
reinforced concrete elements subjected to in-plane loads. In these theories, cracked concrete
is treated as a new material with its own constitutive relationships, and governed by
compatibility and equilibrium equations. The key equations of the MCFT are illustrated in
Equations (1)–(7). The DSFM utilizes the same framework as the MCFT, but modifications
to compatibility and constitutive relationships are introduced [42].

Equilibrium:
fx = fc1 − vxy cot θ + ρx fsx (1)

fy = fc1 − vxy cot θ + ρy fsy (2)

Compatibility:
w = sθϵ1 (3)

sθ = 1/
(

sin θ

sx
+

cos θ

sy

)
(4)

Constitutive:

fc1 =
0.33

√
f ′c

1 +
√

200ϵ1
(5)

fc2 =
− f ′c

0.8 − 0.34ϵ1/ϵo

[
2

ϵ2

ϵo
−

(
ϵ2

ϵo

)2
]

(6)

vci ≤
0.18

√
f ′c

0.31 + 24w/
(
ag + 16

) (7)

where fx and fy are the applied stress in x and y directions, vxy is the applied shear stress,
fc1 and ϵ1 are the principal tensile stress and strain, respectively, fc2 and ϵ2 are the principal
compressive stress and strain, respectively, ρx and ρy are the reinforcement ratio in x
and y directions, w is the average crack width, sθ is the crack spacing with crack control
parameters sx and sy in x and y directions, f ′c is the concrete compressive strength with
corresponding compressive strain ϵo, ag is the aggregate size, and vci is the shear stress on
the crack planes.

In recent years, the MCFT/DSFM have been adapted to deal with FRC elements,
primarily by implementing modifications to the principal tension/compression constitutive
models based on the results of uniaxial tension/compression tests on FRC elements, in
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the attempt to account for the influence of fibers on the axial behavior of the material.
To this end, the Variable Engagement Model (VEM) [43], the Diverse Embedment Model
(DEM) [44], and the Simplified Diverse Embedment Model [45] have been implemented
in VecTor2 [14] and complement the constitutive models originally developed for “plain”
reinforced concrete.

The modeling strategy adopted in this study relied on the “single membrane element”
approach discussed by [2,38,39], amongst others. Hence, each panel was modeled as a
single four-node membrane element with smeared reinforcement in both longitudinal and
transverse directions, as illustrated in Figure 4. The shear force was generated with nodal
forces applied at the corners of the element, which were increased monotonically from zero
load to failure. The boundary conditions were defined using a pin and a roller positioned
at the two bottom corners of the element. This approach has been effectively utilized in
previous studies (e.g., [2,38,39]) to accurately replicate the actual boundary conditions
observed during laboratory panel testing.

The steel reinforcement stress–strain behavior was assigned based on the experimental
results collected from tension tests performed on five steel reinforcement samples. Based
on these coupon tests, the average properties computed and used as inputs in the VecTor2
models were as follows: yield strength, fsy = 512 MPa, ultimate strength, fsu = 698 MPa,
elastic modulus, Es = 180,000 MPa, hardening strain, εsh = 0.013, and ultimate strain,
εsu = 0.18. The horizontal reinforcement ratio was fixed at ρl = 2.28% for all specimens and
ρt was specified according to values in Table 1. For simplicity, the default VecTor settings
(i.e., perfect bond) were applied to model the bond between PFRC and steel reinforcement.
However, more refined strategies can be implemented, as discussed by Zhang et al. [46].

The membrane elements were assigned a thickness t = 70 mm, the concrete compres-
sive strengths and elastic moduli values reported in Table 1, and a maximum crack spacing
in both longitudinal and transverse directions, sl = st = 70 mm, since the maximum crack
spacing reported in the experiments did not appear to vary with fiber content.
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Following an extensive parametric study (see [41] for details), in which tension-
softening, crack slip, and tensile strength models (among many others) were varied, it was
found that the most accurate predictions of the full response of the specimens tested by
Gaston [12] could be achieved by selecting the material constitutive models summarized in
Table 2. It should be noted that, while the tension-softening model has significant effects
on the results, none of the approaches available in VecTor2 appeared suitable to lead to
consistently accurate predictions of the behavior of the PFRC elements tested experimen-
tally. Therefore, a new tension-softening model was calibrated, based on the experimental
results, and implemented into the overall element model as a custom-input function.
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Table 2. Concrete, reinforcement, and bond constitutive models used in the analysis.

Property Constitutive Model

Compression pre-peak Hognestad (Parabola)
Compression post-peak Modified Park–Kent
Compression softening Vecchio 1992-A (e1/e2-Form)
Tension stiffening Modified Bentz (2005)
Tension softening Custom input (Strain Based)
FRC tension Not considered
Confined strength Kupfer/Richart
Dilation Variable-Isotropic
Cracking criterion Mohr–Coulomb (Stress)
Crack stress calculation Basic (DSFM/MCFT)
Crack width check Agg/2.5 Max Crack Width
Crack slip Not Considered
Creep and relaxation Not Considered
Hysteretic response Nonlinear w/plastic offsets
Hysteretic Response Bauschinger Effect (Seckin)
Dowel action Tassios (Crack Slip)
Buckling Akkaya (2012)
Concrete bond Eligehausen

Readers will note that several variables in Table 2 are labeled as “not considered”, and
this designation is based on the following justifications:

(i) FRC Tension: This variable was excluded from the model because a customized
tension-softening input was calibrated and implemented. Activating both mod-
els would result in double-counting the tensile response of the material, leading
to inaccuracies.

(ii) Creep and Relaxation: These time-dependent behaviors are critical as they signif-
icantly influence the material’s long-term performance. While these phenomena
should be accurately incorporated into the numerical model for assessing long-term
responses, all laboratory specimens modeled were approximately 30 days old on the
test day. Therefore, long-term considerations were not necessary for this study.

(iii) Crack Slip: Accounting for crack slip affects the compatibility conditions in the nu-
merical model [42]. While including crack slip can be important in certain scenarios,
such as panels with extensive reinforcement in both directions, no notable crack slips
were observed in the panels used to calibrate the model, as reported by Gaston [12].
Moreover, incorporating crack slip in the numerical model yielded results that di-
verged from experimental findings, leading to the recommendation to disable this
function in this instance. It is worth noting that crack slip may need to be considered
when modeling structures with significantly different reinforcement arrangements.

To proceed with the calibration of a new tension-softening model, the principle tensile
stress–strain relationships were first computed for all specimens, from the available experi-
mental readings. This was done using the available experimental measurements of average
stresses and strains, and the available experimental response of the steel reinforcement,
and relying on principles of equilibrium (see [41] for details).

The computed principal tension stress–strain response was then used to calibrate
a modified exponential tension-softening model that could capture the residual tensile
strength observed in the tests:

fc1

fcr
= (1 − b)e−a εc1 + b (8)

The variables in Equation (8) are defined as follows: εc1 and fc1 are the FRC principal
tensile strain and stress, fcr is the cracking stress taken as maximum principal tensile stress
measured during each panel test, a is a decay parameter, and b defines the residual tensile
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strength. The constants a and b depend on many factors, including concrete mixture design,
fiber volume fraction, fiber type, fiber orientation, and fiber modulus, among many others.
Because the experimental program [12] only included a single fiber type and concrete
mixture, the model was formulated in terms of the fiber volume fraction alone and is to be
considered specific to the characteristics of the mix and fiber types utilized in this study.
However, the calibration approach used in this study can be adapted to establish analogous
constitutive relationships suitable for various fiber types and concrete mixtures. As new
experimental results emerge or existing data from the literature are processed, the proposed
model may be refined in the future, either by maintaining the current framework or by
Increasing its complexity.

A comparison between the proposed tension-softening model and the experimental re-
sults is provided in Figure 5a. Via optimization, the highest level of agreement between the
measured and predicted principal tension stress–strain response was found by formulating
parameters a and b as follows:

a = 450 − 20000 Vf ≥ 50 (9)

b = 3
√

Vf (10)

where Vf is the fiber volume fraction (i.e., 0.00%, 0.26% and 0.52% for the tested panels).
The values in Equation (9) were obtained using the R-squared (R2) method [47]. Hence, the
selected model parameters (a and b) were adjusted to achieve the highest possible R2 value,
thus minimizing the difference between observed and predicted values.

This simplified model was deemed appropriate at this stage, but further research
would be necessary to develop a more general approach that accounts for the com-
plex mechanisms of fiber activation and pullout for the various macro-synthetic fibers
presently available.

The tension-softening model outlined in Equations (8) and (9) was implemented into
VecTor2 as a custom-input tension-softening curve, defined by specifying four key points
in the tension stress–strain space, as shown in Figure 5a.

Figure 5b compares the proposed tension-softening model with several models avail-
able in VecTor, including the bilinear model, Hordijk’s nonlinear model, and the exponential
model by Carnovale [38]. Both the bilinear and nonlinear models do not account for the
inclusion of fibers in the concrete mix [14], whereas Carnovale’s exponential model was cal-
ibrated specifically for PFRC (polymer-fiber-reinforced concrete), though it does not adjust
based on fiber content. Figure 5b shows that none of these existing models closely match
the experimental results used for calibration in this study, and they differ significantly from
the proposed model.
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Comparisons between predicted and measured responses of the FRC panel specimens
are provided in Table 1, in terms of predicted-to-experimental shear strength ratios, and in
Figure 6, in terms of full shear stress–strain response for four representative specimens. The
average predicted-to-experimental strength ratio was 1.05 with a coefficient of variation
(COV) of 11%; the whole stress–strain behavior was also accurately represented for all
panels. Although not shown here, the principal stress–strain response and the progression
of the principal stress and strain orientations were also captured with a high degree of
accuracy [41].

Based on this outcome, the overall model calibration process was deemed successful;
hence, extensive validation activities were undertaken, which are discussed in the next
section of this paper.
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4. Numerical Modeling Approach Validation

To validate the reliability of the numerical modeling approach discussed in the previ-
ous section, it is necessary to verify whether accurate response predictions can be obtained
for structural components that differ in geometry, loading conditions, material properties,
etc., from the experiments that were used to calibrate the key features of the model itself.

Hence, a database of suitable PFRC experiments was assembled based on data avail-
able in the literature. The primary focus was to identify experimental programs that
included specimens with macro-synthetic fibers, with or without stirrups. Twelve beam
experimental programs were found, and the specimen geometry and load–displacement
response were collected into a database. Only beams containing macro-synthetic fibers
were included, where the classification between micro- and macro-synthetic fibers was
based on the criteria outlined by ACI Committee 544 [48] in terms of the fiber diameter d f ,
such that:

micro − fibers : d f < 0.3 mm

macro − fibers : d f ≥ 0.3 mm

A total of 77 beams were identified that possessed the desired characteristics, including
42 PFRC beams without stirrups, 10 PFRC beams with stirrups, 17 RC “control” beams
without fibers, and 8 RC beams with stirrups but without fibers. An overview of the
experimental variables included in the database, with the considered ranges of values, is
provided in Table 3. More details pertaining to the individual specimens are provided in
Appendix A, in Table A1.

The variables of the database were analyzed to investigate any correlations. Generally,
the variables were not found to be correlated. However, the transverse reinforcement
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ratio was found to be positively correlated with the compressive strength at 0.42, meaning
that beams with a higher reinforcement ratio tended to have greater concrete strength.
Conversely, the compressive strength was negatively correlated with fiber volume at −0.40,
indicating that higher compressive strength is associated with lower fiber volumes.

Table 3. Overview of parameters in the assembled beam database.

Parameter Average Max Min

d [mm] 280 481 120
a/d [-] 3.3 5.2 1.5
ρl [%] 1.90 3.22 0.47

f ′c [MPa] 41.5 101 13.85
Vf [%] 0.7 3.0 0
Pu [kN] 267 1169 49

The variables in Table 3 are defined as follows: d is the effective depth, a/d is the
span-to-depth ratio, ρl is the longitudinal reinforcement ratio, and Pu is the ultimate
load; other variables have been defined. The 77 specimens comprising the assembled
database were modeled and analyzed in VecTor2 to assess the reliability of the proposed
numerical modeling approach. Two-dimensional non-linear finite element models were
constructed using four-node quadrilateral elements, as schematically outlined in Figure 7.
The quadrilateral element size was chosen such that at least 10 elements would span
the height of the specimen [49]. The assigned constitutive material models are those
summarized in Table 2, identified during the calibration process discussed earlier.

Due to symmetry, only one half of each beam was modeled, with appropriate boundary
conditions consisting of a vertical roller assigned at the support, and a total of twelve
(one per node) horizontal supports (rollers) assigned at the beam mid-span section. This
modeling strategy, recommended by Wong et al. [14], amongst many others, can be used to
accurately simulate actual boundary conditions while modeling only half of a symmetric
beam element, as recommended by Wong et al. [14]. This approach has been successfully
implemented in numerous previous studies (e.g., [49,50]).

The longitudinal reinforcement was modeled explicitly with two-node truss–bar
elements, while the transverse reinforcement was included as smeared reinforcement
embedded in the concrete elements.

The elastic modulus of the steel reinforcement was taken as Es = 200,000 Mpa for all
specimens. The yield and ultimate steel stress were taken as the experimental values if
reported, or assigned yield and ultimate stress values, fsy = 420 Mpa and fsu = 620 Mpa,
corresponding to Grade 60 rebar.
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The concrete strength was specified in the models based on the values reported in
the various studies (see Table A1). Whenever experimental values of elastic modulus and
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aggregate size were available, they were specified for the concrete material. The software
default values, based on the compressive strength of the concrete, were assigned for all
the other concrete material properties, except for the crack spacing. The crack spacing was
determined from AASHTO LRFD SBD [51] and CSA A23.3 [52] guidelines, adopting the
lower of the two values. The AASHTO and CSA crack spacing equations stem from the
recommendations of [13].

The AASTHO guidelines recommend that the minimum crack spacing be calculated as:

sxe = sx·35/
(
ag + 16

)
(11)

where sxe must be between 300 mm and 2000 mm and sx is taken as dv or the maximum dis-
tance between layers of longitudinal reinforcement, whichever is less. The CSA guidelines
recommend using the crack spacing parameter sxe = 300 mm for sections with minimum
transverse reinforcement; alternatively, for cross-sections without minimum transverse
reinforcement, the minimum crack spacing should be computed as follows:

sxe = sx·35/
(
ag + 15

)
(12)

An upper limit on the crack spacing, equal to the member depth h, was also im-
posed [49]. Hence, for beams without minimum transverse reinforcement, the crack
spacing was specified as:

sℓ = st = min(h, scsa, saashto). (13)

where sℓ and st is the maximum crack spacing perpendicular to the longitudinal and trans-
verse reinforcement, respectively. For beams with transverse deformed bar reinforcement,
the transverse crack spacing was further limited to the stirrup spacing s, i.e., for beams
with transverse reinforcement:

st = min(s, h, scsa, saashto). (14)

The shear capacities predicted by VecTor2 are presented in Table 4, in terms of
predicted-to-experimental shear strength ratios for all sets of beams analyzed. The overall
experimental strength values are estimated with good accuracy in the numerical simula-
tions, with an average numerical-to-experimental shear strength ratio of 1.062 and COV
of 24.4%. An analogous-to-higher level of accuracy is observed with respect to the indi-
vidual groups of beam specimens. The consistently high-accuracy prediction of strength
indicates that the modeling approach outlined earlier, and the recommended material
models of Table 2, are reliable and can be adopted to simulate the response of PFRC
structural components.

Further, the numerical models appeared to properly capture the load–deflection be-
havior (Figure 8) of the experimental specimens, replicating the response quite well during
all loading stages, as well as crack patterns and failure mechanisms (as shown in Figure 9
for a representative specimen).

Table 4. Predicted-to-experimental strength ratios for each beam type.

Type Count Average COV (%)

All beams 77 1.062 24.4
Control beams 17 1.066 25.1
Beams with fibers 42 1.074 27.6
Beams with stirrups 8 1.088 18.2
Beams with fibers and stirrups 10 0.985 5.50

It should be noted that, given the broad range of specimens considered, comprising
77 beams from 12 independent experimental programs, the wide range of aspect ratios, re-
inforcement ratios, fiber volumes, and concrete compressive strengths contained within the
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database, and considering that the numerical modeling approach adopted was calibrated
from panel experiments, the outcome of this validation study is considered remarkable.
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Shear strength predictions for the individual specimens are compared to the associated
experimental strengths in Figure 10. The shear capacity of the beams analyzed spans from
1.0 MPa to 4.3 MPa. As discussed earlier, the proposed modeling approach led to reasonably
accurate predictions of the shear strength of the full range. However, the shear strength
of the beams tested by [53] and the lower aspect ratio beams tested by [14] were notably
overpredicted (numerical-to-experimental shear strength ratios > 1.4). These beams had
span-to-depth ratios, a/d ≤ 2.3, putting them in the lowest quartile of the experimental
database in terms of span length, which may have contributed to the overprediction,
because at lower span-to-depth ratios beams tend to fail in shear rather than in flexure or
shear-flexure, and the failure mechanism is more complex, involving bond phenomena and
compression strut mechanisms.

It should be noted that in this study, a consistent modeling approach was applied to
all beams. However, beams with lower span-to-depth ratios could benefit from modeling
adjustments better suited for deep beams. Improved accuracy may be achieved by following
recommendations from the literature, such as using a finer mesh and modeling steel
reinforcement as discrete bars instead of smeared elements ([50,54]). Using experimental
(not always available) rather than nominal stress–strain relationships may also lead to
improved predictions. Nonetheless, investigating specialized modeling techniques for
deep PFRC beams was beyond the scope of this work. This is a complex task that warrants
a dedicated, in-depth study to be pursued in future research.
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The strength prediction accuracy appeared to improve with greater fiber volume,
but the fiber volume was not observed to significantly influence the predictions. Higher
average predicted-to-experimental strength ratios were observed for lower span-to-depth
ratios (a/d ≤ 2.5) than for greater span-to-depth ratios (a/d > 2.5), with computed average
ratios of 1.13 (COV = 28%) and 1.05 (COV = 17%), respectively.

The results in Figure 10 confirm that, overall, the proposed modeling approach pro-
vides accurate strength predictions for the PFRC beams selected from the literature, which
were not part of the dataset used for calibrating the model itself.

A multiple linear regression analysis was conducted to investigate relationships be-
tween key variables and the predicted-to-experimental ratio. The model considered six
predictors: longitudinal reinforcement ratio, transverse reinforcement ratio, fiber volume,
compressive strength, span-to-depth ratio, and yield strength of longitudinal reinforce-
ment. The regression analysis revealed that the longitudinal reinforcement ratio was a
highly significant predictor (p-value < 0.001), while the other variables were not statistically
significant (p-value > 0.10). Specifically, holding other variables constant, a unit increase
in the longitudinal reinforcement ratio was associated with an average increase of 0.136
in the predicted-to-experimental ratio. However, the model only explained about 28% of
the variance in the predicted-to-experimental ratio, suggesting that the linear model may
not be fully capable of capturing the complexity involved in the numerical modeling of
the beams.

5. Conclusions

This study introduced a non-linear numerical modeling approach to simulate the shear
response of concrete elements reinforced with both deformed steel bars and distributed
macro-synthetic fibers. Using the finite-element software VecTor2, the model was calibrated
with experimental data from PFRC (polymer-fiber-reinforced concrete) panels incorporating
a user-defined concrete tension-softening model to capture the contribution of fibers. The
methodology combined finite element analysis and experimental data validation, providing
a simple yet robust framework for evaluating the performance of PFRC structural elements.

The results outlined in this study show that the proposed modeling approach, cali-
brated based on the results of panel tests, is in fact more general and suitable for simulating
the behavior of fiber-reinforced concrete (FRC) beams, providing accurate estimates of peak
strength, full force–displacement response, and crack maps. To this end, validation against
a diverse range of beam experiments from the literature was carried out. The strong corre-
lation between experimental and numerical results, particularly for beams with transverse
reinforcement (the main focus of this study), underscores the accuracy of the model. An



Buildings 2024, 14, 3247 15 of 19

average predicted-to-experimental shear strength ratio of 0.99 (COV = 5.5%) was achieved,
demonstrating its reliability in capturing key aspects of the response. Additionally, the
model successfully predicted other response characteristics, such as deformation patterns,
crack propagation, and in some cases, residual strength, further validating its applicability.
It should be further noted that the strength prediction accuracy appeared to improve with
higher fiber volume, although the fiber volume did not appear to significantly influence
the predictions.

In conclusion, this study provides a relatively simple yet effective modeling approach
for simulating the behavior of PFRC structural elements under shear, offering valuable
insights into their mechanical response. The model’s ability to accurately predict shear
strength and other response parameters suggests its potential for further applications,
including parametric studies to explore the synergistic effects of fiber volume and transverse
reinforcement, which are not yet fully understood. This work contributes significantly
to the limited data on macro-synthetic fiber-reinforced concrete and provides a strong
foundation for future research on enhancing the structural performance of PFRC elements.

It should be noted that the existing data on the behavior of macro-synthetic fiber-
reinforced concrete structural elements remain limited, and significant uncertainty should
be expected when forming conclusions based on any single experimental research pro-
gram. Future work should include further experimental research on PFRC members with
transverse reinforcement to expand the available dataset, which currently consists of only
16 elements. Additionally, a more comprehensive PFRC tension-softening model should be
developed, considering a wider range of fiber and concrete properties beyond just fiber
volume and cracking strength. The model presented herein should also be validated under
different loading conditions.

Author Contributions: Conceptualization, T.T. and P.M.C.; methodology, T.T. and P.M.C.; validation,
B.F.F., T.T. and P.M.C.; formal analysis, B.F.F.; investigation, B.F.F.; resources, B.F.F., T.T. and P.M.C.;
data curation, B.F.F., T.T. and P.M.C.; writing—original draft preparation, B.F.F., T.T. and P.M.C.;
writing—review and editing, B.F.F., T.T. and P.M.C.; visualization, B.F.F.; supervision, T.T. and P.M.C.;
project administration, T.T. and P.M.C.; funding acquisition, T.T. and P.M.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Accelerated Bridge Construction University Transportation
Center, grant number 69A3551747121.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors would also like to thank members of the project’s advisory panel for
their technical assistance and guidance throughout the project.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Table A1. Database of PFRC beams tested in flexure.

Reference Specimen ID d a/d ρl ρt fc Vf lf AR vu,exp vu,pred Pred/Exp

(mm) (%) (%) (MPa) (%) (mm) (MPa) (MPa)

[35]

B1 120 3.0 2.62 0.28 45.3 - - - 3.11 3.38 1.09
B2 120 3.0 2.62 - 47.1 - - - 2.11 2.50 1.18
B3 120 3.0 2.62 0.28 37.8 0.50 50 85 3.78 3.34 0.88
B6 120 3.0 2.62 - 43.9 0.50 50 85 2.39 3.05 1.28
B7 120 3.0 2.62 - 44.2 1.00 50 85 3.14 3.26 1.04
B8 120 3.0 2.62 - 43.1 1.50 50 85 2.89 3.39 1.17
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Table A1. Cont.

Reference Specimen ID d a/d ρl ρt fc Vf lf AR vu,exp vu,pred Pred/Exp

(mm) (%) (%) (MPa) (%) (mm) (MPa) (MPa)

[26]

Reference
mixture 265 3.0 1.78 - 39.2 - - - 1.25 1.31 1.05

P-WV-50-0.5 265 3.0 1.78 - 41.9 0.50 50 63 1.47 2.15 1.47
P-WV-50-0.75 265 3.0 1.78 - 39.0 0.75 50 63 1.79 2.21 1.24
P-WV-50-1.0 265 3.0 1.78 - 37.9 1.00 50 63 1.68 2.27 1.35

[27]

L1-0.0 400 3.5 2.15 - 40.9 - - - 1.53 1.29 0.85
L1-0.50 400 3.5 2.15 - 41.9 0.50 40 90 1.72 1.89 1.10
L1-0.75 400 3.5 2.15 - 41.9 0.75 40 90 1.93 2.02 1.04
L2-0.0 330 3.5 3.18 - 40.9 - - - 1.53 1.65 1.07
L2-0.50 330 3.5 3.18 - 41.9 0.50 40 90 1.75 2.26 1.30
L2-0.75 330 3.5 3.18 - 41.9 0.75 40 90 1.84 2.37 1.29
L2-1.0 330 3.5 3.18 - 35.6 1.00 40 90 2.00 2.23 1.12
Sh2-0.0 330 2.3 3.18 - 40.9 - - - 1.78 2.98 1.68
Sh2-0.50 330 2.3 3.18 - 41.9 0.50 40 90 2.09 3.38 1.61
Sh2-0.75 330 2.3 3.18 - 41.9 0.75 40 90 2.23 3.46 1.55

[28]
B-2 270 2.5 1.16 - 43.4 - - - 1.16 1.80 1.56
Sy4.5-1 270 1.5 1.16 - 46.3 0.49 50 71 3.55 3.47 0.98
Sy4.5-2 270 2.5 1.16 - 46.3 0.49 50 71 2.03 2.10 1.03

[55]
RC 172 5.2 2.34 0.22 36.2 - - - 2.09 2.05 0.98
PFRC 172 5.2 2.34 - 37.6 1.00 12.5 25 1.49 1.93 1.30

[37]

W430PC 215 2.5 1.30 - 31.2 - - - 1.80 1.62 0.90
W510PFRC 255 2.5 1.24 - 26.0 1.45 40 53.3 2.24 2.13 0.95
W650PFRC 215 3.0 1.15 - 26.0 1.45 40 53.3 2.17 2.22 1.02
W770PC 255 2.5 1.23 - 31.2 - - - 1.66 1.39 0.83
W770MSR 255 2.5 1.23 0.10 31.2 - - - 2.32 2.28 0.98
W770PFRC 255 2.5 1.23 - 26.0 1.45 40 53.3 2.29 2.11 0.92
W890PFRC 295 2.2 1.23 - 26.0 1.45 40 53.3 2.23 2.02 0.91

[30]

B2.5R 210 2.5 1.28 - 26.5 - - - 1.13 1.29 1.15
B2.5P1.0 210 2.5 1.28 - 27.0 1.00 39 51 1.52 1.62 1.06
B2.5P2.0 210 2.5 1.28 - 13.9 2.00 39 51 1.36 0.90 0.66
B2.5P3.0 210 2.5 1.28 - 18.5 3.00 39 51 1.78 1.17 0.66
B3.5R 210 3.5 1.28 - 26.5 - - - 1.14 0.95 0.83
B3.5P1.0 210 3.5 1.28 - 27.0 1.00 39 51 1.48 1.42 0.95
B3.5P2.0 210 3.5 1.28 - 13.9 2.00 39 51 1.35 0.82 0.60
B3.5P3.0 210 3.5 1.28 - 18.5 3.00 39 51 1.61 1.06 0.66
B4.5P1.0 210 4.5 1.28 - 27.0 1.00 39 51 1.24 1.27 1.02
B4.5P2.0 210 4.5 1.28 - 13.9 2.00 39 51 0.99 0.76 0.76
B4.5P3.0 210 4.5 1.28 - 18.5 3.00 39 51 1.10 1.01 0.92

[29] B1V0S0 125 2.4 3.22 - 43.1 - - - 1.96 2.47 1.26
B1V3S0 125 2.4 3.22 - 44.4 0.33 40 90 2.56 2.69 1.05
B1V5S0 125 2.4 3.22 - 45.1 0.55 40 90 2.80 2.82 1.01
B1V7S0 125 2.4 3.22 - 45.9 0.77 40 90 3.08 2.98 0.97

[11]

OA1 473 3.9 1.68 - 41.8 - - - 1.08 1.14 1.05
OA2 474 4.8 2.23 - 42.2 - - - 1.17 1.17 1.00
OB1 473 3.9 2.23 - 38.3 - - - 1.27 1.25 0.99
OB2 471 4.8 2.24 - 39.8 - - - 1.05 1.16 1.11
A1 473 3.9 1.68 0.10 39.8 - - - 1.64 1.84 1.12
A2 473 4.8 2.23 0.10 40.8 - - - 1.66 1.70 1.03
B1 474 3.9 2.22 0.15 40.1 - - - 2.15 2.05 0.95
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Table A1. Cont.

Reference Specimen ID d a/d ρl ρt fc Vf lf AR vu,exp vu,pred Pred/Exp

(mm) (%) (%) (MPa) (%) (mm) (MPa) (MPa)

[11]

B2 474 4.8 2.22 0.15 41.0 - - - 2.02 2.02 1.00
OAP1 473 3.9 1.67 - 43.1 1.10 48 56 1.55 1.93 1.25
OAP2 473 4.8 2.23 - 44.9 1.10 48 56 1.69 1.98 1.18
OBP1 471 3.9 2.24 - 42.7 1.10 48 56 1.68 2.03 1.21
OBP2 469 4.9 2.25 - 42.0 1.10 48 56 1.38 1.84 1.34
AP1 475 3.9 1.67 0.10 44.0 1.10 48 56 2.40 2.30 0.96
AP2 474 4.8 2.23 0.10 44.6 1.10 48 56 2.34 2.14 0.91
BP1 481 3.8 2.19 0.15 45.0 1.10 48 56 2.52 2.61 1.04
BP2 475 4.8 2.22 0.15 44.2 1.10 48 56 2.24 2.21 0.98

[36]

HSC-0%-15M-0 201 3.7 1.41 - 96.5 - - - 1.79 2.25 1.26
HSC-0.75%S1-
15M-0 201 3.7 1.41 - 71.4 0.75 50 74 2.23 2.28 1.02

HSC-0.75%S1-
15M-S 201 3.7 1.41 0.50 57.0 0.75 50 74 2.06 2.17 1.05

HSC-0.75%S1-
20M-0 199 3.7 2.53 - 78.3 0.75 50 74 3.42 3.04 0.89

HSC-0.75%S1-
20M-S 199 3.7 2.53 0.50 89.2 0.75 50 74 3.14 3.22 1.03

HSC-0.75%S1-
No.5(HS)-S 199 3.7 1.60 - 91.6 0.75 50 74 4.28 4.22 0.98

[31]

Control 225 1.7 1.19 - 41.7 - - - 1.90 2.72 1.43
P2 225 1.7 1.19 - 45.3 0.22 54 68 2.19 2.95 1.35
P4 225 1.7 1.19 - 40.8 0.44 54 68 1.71 3.00 1.75
P8 225 1.7 1.19 - 37.7 0.88 54 68 2.07 3.04 1.47

[34]

RC 00 225 3.1 0.47 - 57.7 - - - 1.75 0.84 0.48
RC 2.5 225 3.1 0.47 - 56.3 0.27 48 56 1.81 0.99 0.55
RC 4.0 225 3.1 0.47 - 55.3 0.44 48 56 1.84 1.00 0.55
RC 5.5 225 3.1 0.47 - 54.8 0.60 48 56 1.96 1.13 0.58
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