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Macro-synthetic fibers are commonly added to concrete mixtures as secondary reinforce-

ment to control temperature and shrinkage cracks in concrete flatwork. The fibers limit the

width of cracks that develop in the cast concrete, improving durability and longevity. The

fibers also improve the tensile behavior of the material. However, the contribution of macro-

synthetic fibers towards the strength of structural elements is generally neglected. A re-

cent experimental program tested twelve macro-synthetic fiber-reinforced concrete (PFRC)

panels subjected to pure shear loading and explored the contribution of macro-synthetic

fibers to shear strength when used in combination with conventional deformed bar shear

reinforcement. The tests indicated that, for typical fiber contents (≤ 0.5% by volume),

macro-synthetic fibers did not decrease the shear capacity of the panels but reduced crack

widths at various load levels. The experimental program provided some evidence that

macro-synthetic fibers are beneficial for shear loading but was limited in scope and in the

levels of the experimental variables that could be tested.

To further investigate the influence of macro-synthetic fibers on shear behavior, a para-

metric study was performed using finite element models to extend the experimental results

and explore combinations of parameters that were not tested experimentally. A modeling

approach was calibrated using the experimental panel data, where a concrete tension soften-

ing model was incorporated to capture the strength contribution of the fibers. The modeling

approach was validated against a database of PFRC beams from the literature, which was

compiled as part of this research. The modeling approach was then used to conduct a



parametric study, exploring the monotonic pure shear strength of PFRC panels with over

250 combinations of fiber contents, transverse reinforcement ratios, and concrete compres-

sive strengths. The results of the parametric study indicated that macro-synthetic fibers

effectively reduced crack widths and enhanced shear strength, depending on the transverse

reinforcement ratio and fiber content. Greater benefits were observed for lower transverse

reinforcement ratios (≤ 0.25%) and higher fiber contents (> 1.0%), exhibiting slightly dif-

ferent trends for the different concrete compressive strengths.

The ability of existing empirical equations in model codes and in the literature to predict

the shear strength of PFRC structural elements was also evaluated. Most current design

codes neglect the contribution of macro-synthetic fibers to the shear strength of structural

elements, which resulted in significant underestimation of shear strength. Several empirical

equations from the literature provided more reasonable estimates of shear strength for both

PFRC beams and panels and were used to propose a fiber-reinforcement term that would

modify current code-based shear strength prediction equations. Recognizing the structural

benefits of macro-synthetic fibers would increase their use and would lead to more durable

and resilient reinforced concrete structures.
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Chapter 1

INTRODUCTION

Macro-synthetic fibers are often added to concrete mixtures as secondary reinforcement,

designed to control shrinkage and temperature cracks. Adding fibers to concrete has also

proven to enhance various concrete properties, such as tensile strength, deformation ca-

pacity, toughness and overall improved performance (Balaguru and Shah, 1992). In recent

years, the use of macro-synthetic fibers for structural applications has gained research inter-

est, whereas the fibers have demonstrated abilities to increase the shear strength of concrete

members.

Significant research has been conducted on replacing conventional transverse steel rein-

forcement bars with distributed fibers, particularly using steel fibers (e.g., Susetyo et al.,

2011; You et al., 2010). The impact of this research on steel-fiber reinforced concrete (SFRC)

led to a revision of the minimum shear reinforcement requirement in ACI 318-08, permitting

the use of steel fibers exceeding 0.75% by volume and meeting various requirements. This

change was based on a research by Parra-Montesinos (2006), where a database of 147 SFRC

beams was analyzed. The study concluded 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).

Despite the extensive research conducted on replacing conventional transverse reinforce-

ment with distributed fibers, the combined use has not been investigated thoroughly. Uti-

lizing a high amount of fiber content can decrease the workability of the concrete, leading to

consolidation issues (Zhao et al., 2023). Therefore, significant benefits could arise from the

combined use of stirrups and fibers, where fiber content could be reduced compared to using

fibers alone. While there is evidence of synergy between them two, it does not always occur

(Navas et al., 2018). In current design, conventional steel transverse reinforcement resists

most of the shear demand, while the fibers provide enhanced shear strength in addition to

providing benefits to the concrete properties.

The majority of fiber-reinforced concrete (FRC) research has focused on steel fibers.

However, some drawbacks of steel fibers include high density, susceptibility to corrosion

and high production costs (Lambrechts, 2009). As an alternative, synthetic fibers have
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proven to provide comparable enhancements for concrete’s performance, both in terms of

longevity and structural enhancements. Synthetic fibers offer several advantages over steel

fibers, including better durability against corrosion (Bentur and Mindess, 1990; Zheng and

Feldman, 1995), lower density and reduced cost (Lambrechts, 2009). Synthetic fibers are

classified, based on diameter, as either micro- or macro-synthetic fibers. Micro-synthetic

fibers are primarily used for plastic shrinkage and crack control (Soroushian et al., 1993)

while macro-synthetic fibers are predominantly used to resist cracks caused by external

loads (Nana et al., 2021), similarly to steel fibers.

However, since macro-synthetic fibers generally have lower tensile strength than steel

fibers, a higher fiber content may be necessary to serve as a minimum transverse reinforce-

ment requirement. To avoid high fiber contents of synthetic fibers, the combined use of

conventional steel transverse reinforcement and macro-synthetic fibers is likely to be more

practical than relying on macro-synthetic fibers alone. Limited research is available in the

literature about the shear performance of structural elements containing transverse rein-

forcement and macro-synthetic fibers. A handful of experimental programs (e.g., Arslan

et al., 2017; Majdzadeh et al., 2006; Navas et al., 2018) have investigated the combined use,

identifying significant improvement in shear strength.

Current design code provisions for synthetic fibers are not well defined. The fib Model Code

(2010) has provisions for FRC based on its tension-softening or -hardening behavior. The

equations require laboratory testing of the material, that can also be estimated with equa-

tions. Other design codes such as ACI 318 (2019), Eurocode 2 (2004), AASHTO (2012) and

CSA A23.3 (2019) do not consider the contribution of synthetic fibers to shear strength.

To induce the incorporation of design equation for shear strength of macro-synthetic

FRC (PFRC), further investigation is necessary to better understand the shear behavior for

a combined use of macro-synthetic fibers and conventional steel transverse reinforcement.

Additionally, empirical equations for the shear strength of PFRC must be adapted for

design code provisions to promote the combined use of macro-synthetic fibers and transverse

reinforcement in structural design.

The organization of this thesis is as follows:

• Chapter 2: Literature Review provides a review of the available research of fiber-

reinforced concrete (FRC), with a focus on macro-synthetic fibers. Several experi-

mental programs are summarized in addition to empirical equations and design code
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approaches to estimate shear strength of FRC.

• Chapter 3: Summary of Experimental Program describes a recent experimen-

tal program conducted by Gaston (2023), investigating the combined use of macro-

synthetic fibers and transverse reinforcement to resist pure shear loading conditions.

• Chapter 4: Finite Element Model Development describes a calibration of a

modeling approach for macro-synthetic fiber-reinforced concrete using the software

VecTor2.

• Chapter 5: Validation of the Modeling Approach describes a validation of the

modeling approach, by modeling both panel and beam specimens sourced from exper-

imental programs in the literature. As part of the validation process, a beam database

was compiled, consisting of experimentally tested macro-synthetic FRC beam speci-

mens.

• Chapter 6: Parametric Study describes the development of a numerical database

of macro-synthetic panel specimens with transverse reinforcement subjected to mono-

tonic pure shear loading. The database was used to evaluate existing empirical and

design code approaches for shear strength.

• Chapter 7: Comparison to Empirical Equations evaluates the effectiveness of

the empirical and design code equations presented in Chapter 2 against the experi-

mental program summarized in Chapter 3, the beam database in Chapter 5 and the

numerical database in Chapter 6.

• Chapter 8: Conclusions and Recommendation for Future Work summarizes

the conclusions drawn from this research, in addition to providing recommendations

for future work.



4

Chapter 2

LITERATURE REVIEW

The aim of this chapter is to provide a summary of the existing literature pertaining to

fiber-reinforced concrete (FRC). Experimental evidence concerning the use of steel and syn-

thetic fibers is discussed with emphasis on shear behavior. Some of the empirical equations

currently available to estimate shear strength will be presented and subsequently evaluated

in Chapter 7. Hence, this chapter provides an overview of the FRC research that has been

conducted throughout the years. Furthermore, pertinent critical knowledge gaps will be

identified herein, that are addressed in this thesis, thereby providing a motivation for the

current study.

2.1 Introduction

The concept of adding fibers to concrete dates back to 1874, when A. Bernard patented

the idea of strengthening concrete with the addition of steel splinters (Maidl and Dietrich,

1995). Since then, significant experimental research has been carried out on the mechanical

properties of steel fiber-reinforced concrete (SFRC) (e.g., Thomas and Ramaswamy, 2007;

Yazıcı et al., 2007, among many others). The addition of steel fibers improves the concrete’s

tensile strength and contributes to reducing both crack width and crack spacing (Lantsoght,

2019). Research evidence has shown that fibers do not influence the compressive strength

significantly (Yehia et al., 2016). Synthetic fibers up to fiber volume of Vf = 0.25% can

result in marginal increase while greater fiber contents tend to decrease the compressive

strength (Sani et al., 2022; Yao et al., 2022).

Steel fibers have also been found to improve shear performance of concrete elements due

to their ability to effectively bridge cracks and resist crack propagation (Lantsoght, 2019).

This bridging action provided by fibers promotes the redistribution of stresses within the

concrete matrix and thus enhances the shear strength (Conforti et al., 2016). Studies have

shown that the effectiveness of the fibers is predicated on the fiber orientation in addition to

the fiber aspect ratio, defined as the ratio between fiber length and fiber diameter (lf/df )

(Boulekbache et al., 2012). Although a greater aspect ratio is generally more favorable for
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mechanical properties of FRC, an excessive aspect ratio (greater than 100) can result in

reduced fluidity, causing construction issues (Zhao et al., 2023).

Substantially less research is available on the mechanical properties of macro-synthetic

fiber-reinforced concrete (PFRC) compared to SFRC. However, PFRC gained research inter-

est in recent years because of its ability to inhibit the development of wide cracks in concrete

(Wang et al., 2018; Zhao et al., 2023). Therefore, macro-synthetic fibers have emerged as

a promising alternative to steel fibers. PFRC presents benefits over steel fibers that in-

clude their light weight, low cost, corrosion resistance and production convenience (Karim

and Shafei, 2022). Additionally, studies (e.g., Parmentier et al., 2012) have shown that for

a given Vf , PFRC elements can perform as well as their SFRC counterparts, exhibiting

analogous ultimate shear capacity.

Despite some of the available evidence points to PFRC as a viable alternative to SFRC,

the data is too sparse to support definitive conclusions in this sense. For example, Chan-

drathilaka et al. (2021) identified a lack of analytical models to predict the response of

PFRC as one of the aspects that hampers the broad deployment of this material and delays

the development of design provisions specific to PFRC.

2.2 Effects of Fiber Content

The addition of fibers to the concrete mix has proven to increase shear strength (e.g.,

Altoubat et al., 2009; Li et al., 1992; Narayanan and Darwish, 1987). However, there is

evidence that increasing the fiber content beyond a certain threshold does not result in

significant increase in shear strength. This point (referred to as “saturation point”) was

estimated to be about Vf = 1.0% for particular steel fibers tested by Susetyo (2009), who

performed experiments on SFRC panels subjected to pure shear loading conditions, as

summarized in Chapter 2.4.1. Susetyo (2009) observed that increasing the fiber volume

from 1.0% to 1.5% resulted in minor gains in shear strength as demonstrated in Figure 2.1.

Note that specimen C1CR was the ”control specimen”, reinforced by means of steel bars

in both the longitudinal and transverse direction (and not containing any fibers), while the

FRC specimens contained steel reinforcement in the longitudinal direction, but relied solely

on steel fiber-reinforcement in the transverse direction.
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Figure 6.26: Influence of fibre content on panel behaviour:

(a) vxy - γxy response, (b) fc1 - εc1 response, (c) fc2 - εc2 response.

6.5.5  Influence of fibre content

Figure 6.26 shows the responses of panels having similar concrete strengths and fibre type. The

only parameter that differs is the amount of fibres that was added to the concrete matrix. Panel C1C-R

was the control panel with zero fibre content, whereas Panel C1F1V1, Panel C1F1V2, and Panel

C1F1V3 contained 0.5%, 1.0%, and 1.5% by volume of RC80/50-BN Dramix® steel fibres (lf = 50 mm;

df = 0.62; fuf =1050 MPa), respectively. 

The comparison of the shear stress-shear strain responses depicted in Figure 6.26 (a) indicated sim-

ilarity in the responses prior to cracking. The similarity diminished as the panels were subjected to higher

shear stresses. All FRC panels except Panel C1F1V1 exhibited a gradual softening in the response until
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Figure 2.1: Influence of fiber content on shear resistance (Susetyo, 2009)

Fibers have been found to be more effective at low (0.2 − 0.8%) fiber volume (as e.g.,

Zhao et al., 2023). For instance, the study by Susetyo (2009) found that increasing the

fiber content from 0.5% to 1.0% enhanced the ultimate shear strength of SFRC panels by

nearly 50%, as demonstrated in Figure 2.1. It was also observed that panels containing a

fiber volume of 1.0%, and no steel reinforcing bars in the transverse direction, exhibited

identical ultimate strength to the biaxially reinforced control panel C1CR. Interestingly, a

subsequent increase in fiber content to Vf = 1.5% resulted in a shear strength enhancement

less than 4%, indicating the lower relative effectiveness at greater fiber volumes.

A fiber saturation point for any available synthetic fiber is yet to be determined. A

systematic research conducted by the research team of Inner Mongolia University of Sci-

ence and Technology have addressed the mechanical behavior of PFRC closely (Zhao et al.,

2023). The research indicated that a dosage of 6 − 9 kg/m3 (0.7 − 1.0% by volume) of

macro-synthetic fibers has demonstrated the most significant improvements for compressive

strength, splitting tensile strength, flexural strength and toughness. Considering the me-

chanical performance and the cost performance ratio, a dosage of 9 kg/m3 and 6 kg/m3 has

been suggested for beam and column members respectively (Zhao et al., 2023).



7

2.3 Combined Use of Macro-Synthetic Fiber-Reinforced Concrete with Stir-
rups

Synthetic fibers do not possess the same tensile strength as steel fibers and therefore, a

supplementary reinforcement component such as conventional steel transverse reinforcement

may be necessary. Recent studies (e.g., Ababneh et al., 2017; Arslan, 2014; Majdzadeh

et al., 2006) have demonstrated the efficiency of the combined use of macro-synthetic fibers

and transverse reinforcement in structural applications. The experiments have shown that

macro-synthetic fibers can be used to increase the ultimate shear strength of RC elements

with stirrups by margins ranging from 11% to 47% (Navas et al., 2018).

An experimental program by Navas et al. (2018) (summarized in Chapter 2.5) delved

into this field by investigating the combined use of macro-synthetic fibers and stirrups. The

combined use led to notable enhancement in shear strength as illustrated in Figure 2.2.
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Figure 2.2: Load-deflection responses for RC and PFRC, data from Navas et al. (2018)

The study by Navas et al. (2018) suggests that macro-synthetic fibers provide benefits

with respect to both deformation and ultimate strength. Synergistic effects were identified

between macro-synthetic fibers and stirrups towards shear strength, where the combined

enhancement resulting from their interaction surpassed the added individual enhancements

achieved by using either component separately. This synergy was also acknowledged in a

study by Majdzadeh et al. (2006), indicating synergistic improvement of 10% for PFRC
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beams containing Vf = 0.5% macro-synthetic fibers and transverse reinforcement ratio

of ρy = 0.28%. These two studies are among the few experimental programs performed

to address the combined use of macro-synthetic fibers and stirrups with respect to shear

strength. Additionally, a recent study by Gaston (2023) (see Gaston et al., 2025) tested pan-

els with macro-synthetic fibers with fiber volume Vf ≤ 0.52% and transverse reinforcement

ρy ≤ 1.14%. The experimental program is summarized in Chapter 3.

2.4 Fiber-Reinforced Concrete Panel Tests

Several experimental programs have been performed on FRC panels subjected to pure

shear loads. Most of these experiments were conducted at the University of Toronto (e.g.,

Carnovale, 2013; Chasioti, 2017; Susetyo, 2009). Three of these experimental programs that

are most relevant of the present work will be summarized herein. The geometry of a typical

panel specimen is shown in Figure 2.3.CHAPTER 3: Experimental Program  61 

 

 
(a) 

 
(b) 

Note: All Dimensions in mm 

Figure 3.17: FRC panel drawing: (a) Reinforcement layout (b) Shear key details 

Figure 2.3: Geometry of a typical panel specimen (Carnovale, 2013)

2.4.1 Susetyo et al. (2011)

Susetyo et al. (2011) tested a series of ten, 890 × 890 × 70mm, SFRC panel elements

under pure shear monotonic loading conditions, using the Panel Element Tester at the

University of Toronto (Vecchio, 1979). The horizontal reinforcement ratio was held constant

for all specimens at ρx = 3.31% while the transverse reinforcement was ρy = 0.42% for
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RC specimens and ρy = 0% for FRC specimens. Table 2.1 summarizes the fundamental

properties of the tested specimens.

Table 2.1: Panels tested by Susetyo et al. (2011)

Specimen f ′
c [MPa] Fiber type Vf [%]

C1C 65.7 - -

C1F1V1 51.4 RC80/50-BN 0.5

C1F1V2 53.4 RC80/50-BN 1.0

C1F1V3 49.7 RC80/50-BN 1.5

C1F2V3 59.7 RC80/30-BP 1.5

C1F3V3 45.5 RC80/35-BN 1.5

C2C 90.5 - -

C2F1V3 78.8 RC80/50-BN 1.5

C2F2V3 76.5 RC80/30-BP 1.5

C2F3V3 62.0 RC80/35-BN 1.5

The objective of the study was to scrutinize the accuracy of the current constitutive

models for SFRC under multi-axial stresses. Finite element models of the specimens were

implemented using the software VecTor2 (Wong et al., 2013) and tested numerically under

the same loading protocol utilized in the experiments. The outcome of the analyses was

compared to the experimental results, to assess the accuracy of the constitutive models

available in VecTor2 (at the time the study was carried out). The study also investigated

the influence of fiber type on ultimate strength and the overall response, by utilizing three

different steel fiber types, characterized by different geometry.

The experiments demonstrated that the addition of steel fibers influences the shear

strength significantly, as illustrated in Figure 2.1. The shear strength increment was found

to depend on the fiber type used. Panel specimens containing shorter fibers exhibited higher

shear strength compared to the panels containing longer fibers. A reason for this could be

attributed to greater nominal count of shorter fibers compared to longer fibers, for an equal

fiber volume. Therefore, the shorter fibers are more uniformly distributed in the concrete,

thereby offering improved resistance. Furthermore, fibers with greater aspect ratio enhanced
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the behavior of the specimens more markedly compared to fibers with lower aspect ratio.

In addition to improving the shear strength, the steel fibers effectively limited and con-

trolled transverse cracking and tensile straining, mitigating concrete “compression soften-

ing” phenomena. As part of the study, a new concrete “tension softening” model was

developed, to achieve a more accurate comparison between the results of the experiments

and the numerical simulations.

During the experiments, as the loading progressed, the crack spacing was observed to

gradually decrease, that resulted in a final crack spacing substantially smaller than the crack

spacing recorded at intermediate load stages. Evidently, specifying a constant crack spacing

as an input to the numerical simulations could lead to erroneous predicted behavior. Thus,

a crack spacing model suitable to represent the crack spacing progression more accurately

had to be developed in future research to achieve improved predictions for SFRC panels.

Finally, Susetyo et al. (2011) identified that tension softening governed the tensile be-

havior. The concrete post-cracking tensile behavior is thought to be influenced by tension

stiffening and tension softening. Tension stiffening refers to the concrete’s capability to

transmit tensile stresses across cracks through the bond between the reinforcement and

concrete. In contrast, tension softening describes the post-cracking tensile strength in the

concrete (Susetyo et al., 2011).

Because tension softening was not properly addressed in the numerical simulations, both

experimental shear strength and deformation capacity were overestimated in the numerical

analyses. Further research was necessary to investigate the local crack responses more

closely in future studies.

2.4.2 Carnovale and Vecchio (2014)

This experimental program expanded upon the research by Susetyo et al. (2011) and in-

cluded a total of five panel specimens, with the same specimen geometry and test setup

as Susetyo et al. (2011). The study by Carnovale and Vecchio (2014) specifically focused

on the shear behavior of macro-synthetic FRC (PFRC) and examined the behavior of both

PFRC and SFRC under monotonic and reversed cyclic in-plane shear loading conditions.

The fundamental properties and loading protocol of the panels tested by Carnovale and

Vecchio (2014) are summarized in Table 2.2.
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Table 2.2: Panels tested by Carnovale and Vecchio (2014)

Specimen f ′
c [MPa] Fiber type Vf [%] Loading type

DC-P1 71.7 - - Reversed cyclic

DC-P2 62.1 RC80/30BP 1.0 Monotonic

DC-P3 50.9 MAC matrix 2.0 Monotonic

DC-P4 64.0 RC80/30BP 1.0 Reversed cyclic

DC-P5 54.3 MAC matrix 2.0 Reversed cyclic

The experimental program revealed that including Vf = 1.0% of end-hooked steel fibers

could effectively replace the transverse reinforcement of ρy = 0.42% used in the control

specimen DC-P1. However, panel C1F1V1 tested by Susetyo et al. (2011), that contained

Vf = 0.5% of steel fibers, was not capable of achieving the strength of the control speci-

men. This aligns with the results by Parra-Montesinos (2006), where a volume fraction of

Vf ≥ 0.75% of steel fibers was necessary to replace the minimum transverse reinforcement

requirement.

The PFRC specimen DC-P3 did not reach the ultimate shear stress of the control spec-

imen DC-P1, experiencing a strength reduction of 33%. Nonetheless, the strain at failure

was substantially higher compared to the other SFRC specimens tested, as shown in Figure

2.4. This suggests that the macro-synthetic fibers illustrated an adequate ability to bridge

cracks without significant fiber pullout. The ultimate shear stress achieved by panel speci-

mens DC-P3 (Vf = 2.0% macro-synthetic fibers) and C1F1V1 (Vf = 0.5% hooked-end steel

fibers) was comparable, demonstrating the effectiveness of macro-synthetic fibers to steel

fibers.
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Figure 4.35: Influence of fibre type on panel test responses: (a)        ; (b)       ; 
(c)       ; (d)         

4.5.3.2.1  Shear Resistance and Ductility 

Beginning with the shear stress versus shear strain response (Figure 4.35 (a)), it was clear that 

the SFRC specimens, with the exception of C1F1V1, achieved similar shear strengths and 

ductilities to those of the control panel C1C.  The addition of 1.0% by volume of end-hooked 

steel fibres is a viable option for replacing this amount of conventional steel.  DC-P2 achieved a 

3.5% increase in shear strength with only a 1.2% reduction in ductility when compared to those 

of plain reinforced concrete.  Panels C1F1V2 and C1F1V3 performed slightly worse.  C1F1V3, 

for example, saw a 6.9% reduction in strength and 15% reduction in ductility relative to the 

control panel.  The shorter steel fibres in the lower volume fraction performed better than longer 
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Figure 2.4: Influence of fiber type on shear stress-strain response (Carnovale, 2013)

The PFRC panel DC-P3 exhibited a lower maximum tensile stress compared to the

biaxially reinforced control specimen DC-P1 and the SFRC specimen C1F1V3 (Vf = 1.5%).

This finding aligns with a previous research indicating that macro-synthetic fibers have a

limited engagement at low crack widths due to their low stiffness and lack of anchorage

(Buratti et al., 2011). Despite the variation in fiber volume, the ultimate tensile strain

achieved by the SFRC panels, tested by Carnovale and Vecchio (2014), was approximately

constant. However, the PFRC panel DC-P3 retained a residual stress up to twice as that

achieved by the SFRC panels.

Conversely, the PFRC specimen DC-P3 exhibited greater crack widths and crack spacing

compared to the SFRC specimens. This demonstrates the abilities of macro-synthetic fibers

of sustaining larger cracks without inducing failure, compared to the steel fibers. Despite the

mechanical enhancements provided by the macro-synthetic fibers, Carnovale and Vecchio

(2014) concluded that the minimum transverse steel could not be replaced with macro-

synthetic fibers solely, due to bonding and stiffness drawbacks. Therefore, to harness the

benefits of macro-synthetic fibers, a combined use of macro-synthetic fibers and conventional

transverse steel reinforcement may be a more viable option.
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2.4.3 Chasioti and Vecchio (2017)

The objective of this study was to investigate the influence of fiber hybridization on the shear

strength of panel specimens with the same geometry as the specimens tested by Susetyo

et al. (2011). The performance of steel hybrid FRC (HyFRC) was examined, consisting

of a combination of end-hooked steel macro-fibers and straight short steel micro-fibers.

The experimental setup was identical to what Susetyo et al. (2011) employed, whereas the

loading protocol consisted of either in-plane monotonic or reversed cyclic loading. The test

matrix is reported in Table 2.3.

The micro-fibers proved to be more effective in bridging smaller crack widths but resulted

in reduced deformation capacity (i.e. shear strain) due to their short engagement length.

However, the HyFRC specimens exhibited reductions in both crack width and crack spacing,

demonstrating an overall improved crack control. Overall, fiber hybridization enhanced the

shear performance of the specimens, with both shear strength and deformation capacity

surpassing the specimens that contain either of the fiber type with the same fiber volume.

These synergistic effects of the two fiber types were found to increase with greater fiber

volumes.

Table 2.3: Panels tested by Chasioti and Vecchio (2017)

Specimen Fiber configuration Vf [%] Loading Type of loading

H1.5PSM Hybrid 1.5 Pure shear Monotonic

H1.5PSC Hybrid 1.5 Pure shear Reversed cyclic

SL1.5PSC Macrofiber only 1.5 Pure shear Reversed cyclic

SS1.5PSC Microfiber only 1.5 Pure shear Reversed cyclic

H1.0PSM Hybrid 1.0 Pure shear Monotonic

H1.0PSC Hybrid 1.0 Pure shear Reversed cyclic

SL1.0PSC Macrofiber only 1.0 Pure shear Reversed cyclic

SS1.0PSC Microfiber only 1.0 Pure shear Reversed cyclic

H1.5PSM-predamaged Hybrid 1.5 Pure shear Monotonic

H1.5PSC-predamaged Hybrid 1.5 Pure shear Reversed cyclic

H1.0STM Hybrid 1.0 Shear and biaxial tension Monotonic

H1.0STC Hybrid 1.0 Shear and biaxial tension Reversed cyclic

H0.75PSM Hybrid 0.75 Pure shear Monotonic

H2.0PSM Hybrid 2.0 Pure shear Monotonic
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2.5 Performance of Macro-Synthetic Fiber Reinforced Concrete Beams

This section aims to provide key results from available research that has been conducted on

macro-synthetic fiber reinforced concrete (PFRC) beams.

In the past years, numerous experimental programs have been conducted, particularly fo-

cused on the use of polypropylene (PP) fibers (which are one type of macro-synthetic fibers)

without stirrups (as e.g., Altoubat et al., 2009; Arslan et al., 2017; Conforti et al., 2015).

Table 2.4 summarizes the key parameters investigated in selected experimental programs

for PFRC beams subjected to bending, along with the main findings observed.

The experimental programs summarized in Table 2.4 indicate that several experimental

programs have been conducted on PFRC beams with stirrups. However, experiments on

PFRC without stirrups have been more prevalent, for example Almasabha et al. (2023)

compiled a database of 102 PFRC specimens without stirrups. Only three studies have

particularly addressed the combined use of PFRC and stirrups (Ababneh et al., 2017; Ma-

jdzadeh et al., 2006; Navas et al., 2018). Selected papers in Table 2.4 are discussed in more

detail below.
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Table 2.4: Several PFRC beam experimental programs

Reference
Fibers

(lf/df)
Vf [%] ρx [%] ρy [%] Key conclusions

Majdzadeh et al. (2006)

Strux 85/50

PP blend

(50/0.59)

0

0.5

1.0

1.5

2.62
0

0.28

• Fibers increased the shear strength for all beams.

• A fiber saturation point appeared to be Vf = 1.0%

• Fibers and stirrups demonstrated synergistic effects

to shear strength

Conforti et al. (2015)
Polypropylene

(40/0.75)

0

1.45
1.15 - 1.30

0

0.10

• PP fibers shifted the failure mode from shear to flex-

ure and increased the deformation capacity

• Using Vf = 1.45% of PP fibers can completely sub-

stitute minimum shear reinforcement

• PP fibers reduced crack width and resulted in a crack

spacing reduction of about 40%
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Table 2.4 continued

Reference
Fibers

(lf/df)
Vf [%] ρx [%] ρy [%] Key conclusions

Arslan et al. (2017)

Polymacro

PM39

(39/0.77)

0

1.0

2.0

3.0

1.28 0

• PP fibers increased shear strength and deformation

capacity

• PP fibers were not capable of shifting the failure

mode from shear to flexure for a/d ≤ 3.5

• Maximum normalized shear stress increased with Vf

Navas et al. (2018)
Polypropylene

(48/0.84)

0

1.1
1.67 - 2.25

0

0.10

0.15

• PP fibers improve shear strength and deformation

capacity

• Comparable behavior was observed for PFRC beams

and RC beams with transverse reinforcement

• Synergistic effects appeared for two of four PFRC

beams with transverse steel reinforcement

• Macro-synthetic fibers can serve as an effective shear

transfer mechanism
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Table 2.4 continued

Reference
Fibers

(lf/df)
Vf [%] ρx [%] ρy [%] Key conclusions

Ababneh et al. (2017)

Polypropylene-

polyethylene

blend

(40/0.44)

0

0.33

0.55

0.77

3.22

0

1.68

3.35

• Stirrups spacing can be increased from d/4 to d/2 by

using Vf = 0.77% of fibers

• Fiber effectiveness decreases with smaller stirrup

spacing

• Increased Vf resulted in greater shear strength and

more ductile failure

Altoubat et al. (2009)

Polypropylene-

polyethylene

blend

(40/0.44)

0

0.50

0.75

1.0

2.15

3.18
0

• Fibers increased shear strength up to 30% for Vf =

1.0%

• Fibers effectively distributed stresses across diagonal

cracks

• Fibers changed the failure mode from web-shear

cracking to flexural shear cracking for short beams
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2.5.1 Altoubat et al. (2009)

This experimental program conducted tests on 27 large-scale PFRC beams without stirrups

in three point bending, with cross section dimensions of 280× 460mm and 230× 390mm.

Both short and slender beams were tested with span-to-depth ratio (a/d) of 2.3 and 3.5,

respectively.

Including macro-synthetic fibers in the concrete mix led to a significant enhancement in

shear strength. For instance, utilizing a fiber volume of Vf = 0.75% resulted in strength

advancements up to 23% and 28% for slender and short beams, respectively. The enhanced

shear behavior was contributed by the fibers’ ability to decelerate the propagation and

widening of diagonal cracks. In contrast, the control specimens (that did not contain macro-

synthetic fibers) failed abruptly upon the development of the first diagonal crack.

In addition to enhancing the shear strength, macro-synthetic fibers substantially im-

proved deformation capacity in the range of 62− 138% for the fiber volumes tested (0%−

1.0%). Unlike the RC control specimen, which developed a single major diagonal crack,

the PFRC beams exhibited multiple flexural and diagonal cracks, that contributed to the

enhanced deformation capacity.

Figure 2.5 demonstrates the normalized shear strengths observed in the study by Al-

toubat et al. (2009). All beam specimens achieved shear strength surpassing the ACI 318-08

limit of 0.17
√
f ′
c (2

√
f ′
c psi), with some of the PFRC beams even exceeding the minimum

requirement for SFRC according to ACI 318-08 of 0.3
√

f ′
c (3.5

√
f ′
c psi).

ACI Materials Journal/July-August 2009 387

and the strain increased at a constant rate afterward. Figure 6
presents strain data for the control RC and the SNFRC beams
where the diagonal crack propagated through the strain
gauge. The point at which the rate of strain reduced but the
strain continued to increase at a constant rate can be defined
as the point (circled in the graph) the diagonal crack reached
the middle of the beam. The curves in Fig. 6 clearly show
that the SNFRC beams generally reached this level at a
higher load compared to the control RC beams.

The data obtained from the strain gauges demonstrate that
macrosynthetic fibers increase the load at which the shear
crack forms and the fibers also increase the strain capacity.
They are also consistent with the findings obtained from the
load-versus-deflection response and further explained the
global response of the RC beams.

Cracking and failure
Cracking pattern and sequence were carefully monitored

and mapped during testing. Figure 7 presents pictures of
cracking pattern and sequence for slender and short beams.
During the test of slender beams, it was observed that
flexural cracks started at the midspan and spread out to the
shear span, where the flexural cracks (with increasing load)
began to incline as flexural shear cracks (diagonal crack).
The number of flexural cracks, the inclination of the
diagonal crack that lead to failure, and the degree of splitting
along the longitudinal reinforcement characterize the
cracking pattern of the tested RC beams. The control RC
beams failed with a single and steep diagonal shear crack,
which was associated with obvious splitting along the
longitudinal reinforcement as can be seen in Fig. 7(a).
Moreover, the control beams had fewer flexural cracks
before the formation of the first diagonal crack, which
marked the failure of the beams. Unlike the control RC
beams, the SNFRC beams developed multiple flexural and
diagonal shear cracks before failure occurred, as can be seen
in Fig. 7(b) and (c). Furthermore, the formation of the first
diagonal crack did not mark the failure of the SNFRC beams.
They continued to resist higher loads and developed more
diagonal cracking before failure, which occurred in a gradual
and stable manner. The creation of multiple flexural and
shear cracks in the SNFRC beams contributed to the increase
of the ductility as reflected in the load-deflection curves,
particularly for the RC beams reinforced with 0.75% of
fibers. The synthetic fibers significantly reduced splitting
along the longitudinal reinforcement relative to the control
beams as shown in Fig. 7. The beams with 0.75% of fibers
did not exhibit obvious splitting along the reinforcing bars.
This is attributed to the fact that fibers improved the confinement
stress around the reinforcing bars and thus reduced splitting. 

As can be seen in Fig. 7(b) and (c), the primary diagonal
crack that leads to failure of the SNFRC beams was flatter
relative to that of the control beam (Fig. 7(a)) and extended
farther toward the support. Fenwick and Paulay23 postulated
that appreciable arch action develops when the diagonal
crack extends to the support, thereby separating the tension
and compression zones of the shear span and allowing the
relatively large translational displacement associated with
arch action to occur. The cracking patterns of the SNFRC
beams show that macrosynthetic fibers improve the arch
action in slender RC beams and thus lead to an increase of
the shear strength.

Figure 7(d) and (e) show the cracking pattern and
sequence for short beams. The short control RC beams

shown in Fig. 7(d) developed web-shear cracks that led to a
sudden and brittle shear failure. Unlike the control RC
beams, the SNFRC beams developed flexural shear cracks
before failure, as can be seen in Fig. 7(e) and (f). The addition of
macrosynthetic fibers changed the mode of failure of short
beams from web-shear cracking to flexural shear cracking.
This can be attributed to the fact that macrosynthetic fibers
increased the shear strength of the beam to a level that was
sufficient to mobilize flexural cracking prior to shear failure. 

Shear strength analysis
As mentioned previously, macrosynthetic FRC increased

the first diagonal cracking strength and the ultimate shear
strength relative to the control RC beams, as summarized in
Table 5. The increase in shear strength above the reference
beams ranged between 14 and 30% for slender SNFRC
beams, depending on the dosage of fibers and by more than
28% for short beams. This significant improvement in the
ultimate shear strength is consistent with published results
obtained by previous investigators14,15 who reported test
results on limited number of RC beams using another type of
synthetic macrofibers.

To account for the real material properties and section
dimensions, the average shear strength of the RC beams
was calculated from the ultimate loads using actual dimensions
of the beams. The average shear strength then was normalized to
the square root of the compressive strength. It is well established
that the shear strength of concrete beams is directly proportional to
the square root of concrete compressive strength. The
normalized results are shown in Fig. 8 for all beams tested in
this program. The graph also shows the ACI 318-08 limit of the
plain concrete shear strength  and the
lower limit  that was established for

0.17 fc′ 2 fc′[ ]( )

0.3 fc′ 3.5 fc′[ ]( )

Table 5—Average values of increase in first shear 
cracking load and ultimate load of beams due to 
addition of macrosynthetic fibers

Vf , % a/d
Increase in first 
crack load, %

Increase in
maximum load, %

0.50 3.5 10 14
0.75 3.5 18 23
1.00 3.5 12 30
0.50 2.3 7 >20
0.75 2.3 14 >28

Fig. 8—Values of shear strength normalized by  for
beams tested in this study.

fc′Figure 2.5: Observed normalized shear strengths by Altoubat et al. (2009)
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2.5.2 Arslan et al. (2017)

This study investigated the influence of span-to-depth ratio a/d and fiber volume Vf of

polypropylene fibers on the shear strength. Nine PFRC beam specimens were tested in

flexure, in addition to two RC control specimens (that did not contain fibers). Figure 2.6

shows the geometry of the specimens., where the beam series were distinguished by their

a/d ratio (B2.5, B3.5 and B4.5). Each series was tested with a fiber volume of 1.0%, 2.0%

and 3.0%. Additionally, two control beams (for series B2.5 and B3.5) were tested.

An important issue with the use of fibres in concrete is the
effect of the fibres on the creep behaviour of the concrete.
Zhao et al. (2016) conducted experiments with various types
of fibres and concluded that fibres with an elastic modulus less
than that of plain concrete were likely to increase creep by
weakening the interface structure. The creep behaviour of fibre
reinforced concrete needs to be studied further.

In the study reported in this paper, 11 RC beams without stir-
rups were tested to investigate the influence of polypropylene
fibres on the shear behaviour of RC beams. The beams, with
shear span-to-effective depth ratios (a/d ) of 2·5, 3·5 or 4·5 and
fibre contents (Vf) of 0, 1, 2 or 3% by volume, were tested
under a concentrated load at mid-span. The test results showed
that the addition of polypropylene fibres enhanced both the
shear strength and the ductility of the beams. Based on an
evaluation of the experimental results, an equation for predict-
ing the shear strength of PFRC beams without stirrups was
derived from the equation proposed by Arslan (2014) for pre-
dicting the shear strength of SFRC beams without stirrups by
using the basic principles of mechanics and considering the
slenderness effect.

2. Experimental programme
The test specimens consisted of two RC and nine PFRC
beams, divided into three groups according to their shear
span-to-effective depth ratios (series B2·5, B3·5 and B4·5).
Each specimen was labelled using a combination of letters and
numbers: the letter B followed by the shear span-to-effective
depth ratio and then the letter P followed by the volume frac-
tion of fibres. For example, a beam with a/d=3·5 and
Vf = 1·0% is labelled B3·5P1·0. The specimens labelled B2·5R
and B3·5R were the reference beams that did not contain
any fibres.

The geometrical properties and flexural reinforcement arrange-
ments of the test specimens are shown in Figure 1. All the
beams had the same cross-section (150 mm by 240 mm) and
effective depth (210 mm). The series B2·5 beams were
1400 mm long, whereas the beams of series B3·5 and B4·5
were 2200 mm long. The flexural reinforcement of each beam
consisted of two deformed bars of 16 mm diameter, resulting
in a longitudinal reinforcement ratio of 1·28%. The yield and
ultimate strengths of the flexural reinforcement were 492 MPa
and 604 MPa, respectively.

Polypropylene fibres (Polymacro PM 39) of length 39 mm
and cross-sectional dimensions of 0·93 mm by 0·50 mm were
used as the only shear reinforcement. The fibres, classified
as tall-crimped, were monofilaments with a converging wave
shape to a sharp corner (Figure 2). The ultimate strength and
elastic modulus of the fibres as reported by the manufacturer
are approximately 470 MPa in traction and 3·6 GPa, respect-
ively. Three levels of fibre contents were considered: 1·0, 2·0
and 3·0% by volume.

The properties of the test specimens are summarised in
Table 1, in which fc is the concrete compressive cylinder
strength, Vf is the volume fraction of fibres, ρ is the longitudi-
nal reinforcement ratio, a/d is the shear span-to-effective depth
ratio and l is the length of the specimen. All specimens
were cast with the concrete mix proportions given in Table 2.
A concrete mix consisting of Portland cement (CEM I 42·5)
and a maximum aggregate size of 12 mm diameter was used.
A superplasticiser with retarder meeting ASTM C 494
(ASTM, 2016) requirements for a type A admixture was used
to achieve good workability. Considering that the mix pro-
portions were the same for all specimens, the reductions in
concrete compressive strength (Table 1) were significant for the
specimens with fibre contents of 2·0 and 3·0%. This may be
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Figure 1. Geometry of beams and flexural reinforcement arrangements (dimensions in mm)
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Figure 2.6: Geometry of beams tested by Arslan et al. (2017)

Despite the relatively low compressive strength of the beam specimens, ranging from

13.85MPa to 27MPa, the beams exhibited notable performance. The span-to-depth ratio

was observed to significantly influence the failure mode. Beam series B2.5 and B3.5 expe-

rienced shear failure while beam series B4.5 exhibited flexural failure. The fibers were not

capable of shifting the failure mode from shear to flexure. Figure 2.7 illustrates the observed

normalized shear strengths for the beam specimens, where the shear strength increased with

fiber volume.
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a/d=3·5, the energies dissipated were 2·3 and 5·1 times that dis-
sipated by the reference beam. The increase in dissipated energy
with volume fraction of fibres for beams with a/d=4·5 was rela-
tively small since these beams exhibited flexural failures.

4. Predicting the shear strengths of
test specimens

According to ACI 318 (ACI, 2014), the governing equation
states that the shear capacity must exceed the shear demand

1: ϕvn ! vu

The nominal shear strength has two components

2: vn ¼ vc þ vs

ACI 318 (ACI, 2014) gives a simplified equation for the contri-
bution of concrete to the shear strength

3: vc ¼ 0$17
ffiffiffiffiffi
fc

p
ðMPaÞ

On the other hand, the CEB-FIP model code (CEB, 2010) and
Rilem-TC-162-TDF (Rilem, 2003) offer equations considering
the contribution of fibres to the shear strength by using the
mechanical properties of PFRC obtained from experiments on
small beams.

The CEB-FIP model code (CEB, 2010) considers fibres as a
distributed reinforcement and models the contribution of fibres
by introducing a factor that modifies the longitudinal
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Figure 2.7: Normalized shear strength versus fiber volume (Arslan et al., 2017)

2.5.3 Ababneh et al. (2017)

This experimental program investigated the shear behavior of lightweight PFRC concrete

beams with and without transverse reinforcement. Three beam groups were tested in four

point bending, where the transverse reinforcement ratio varied between the groups. Table

2.5 summarizes the transverse reinforcement and fiber volume for each group tested.

Table 2.5: Beams tested by Ababneh et al. (2017)

Group no Transverse reinforcement Fiber volume [%]

1 - 0, 0.33, 0.55, 0.77

2 ρy = 3.35% 0, 0.33, 0.55, 0.77

3 ρy = 1.68% 0, 0.33, 0.55, 0.77

The beam specimens of group 1 failed due to web-shear cracking, whereas the RC beam

(Vf = 0%) observed sudden and more brittle failure compared to the PFRC beams. Con-

versely, the appearance of the diagonal crack did on the other hand not mark the failure for

groups 2 and 3, due to the transverse reinforcement. The macro-synthetic fibers increased
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the shear strength significantly for group 1, while the strength enhancement for groups 2

and 3 were modest.

Ababneh et al. (2017) concluded that building codes should consider the shear strength

contribution of macro-synthetic fibers. The maximum allowed stirrup spacing of d/2 (as

e.g., ACI 318, 2019) should be revised, when macro-synthetic fibers are used. Furthermore,

stirrups could be fully eliminated with the use of macro-synthetic fibers. However, the

effectiveness of the fibers diminishes with smaller transverse reinforcement spacing. Figure

2.8 illustrates the load versus midspan deflection for group 2, highlighting fiber effectiveness

for all fiber volumes tested (Vf ≤ 0.77%).

Figure 5. Load versus mid-span deflection curves: (a) Group 1, (b) Group 2, (c) Group 3, (d) 0 kg/m3 DSSF, (e) 3 kg/m3 DSSF,
(f) 5 kg/m3 DSSF, and (g) 7 kg/m3 DSSF.
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Figure 2.8: Load versus midspan deflection for group 2 (s = 30mm) (Ababneh et al., 2017)

2.5.4 Navas et al. (2018)

This experimental program explored the use of macro-synthetic fibers as shear reinforcement

in slender beams. The study investigated the potential synergy for a combined use of

macro-synthetic fibers and stirrups. A total of 16 beams were tested in three point bending,

consisting of all following combinations:

• Cross sections A (305× 552mm) and B (229× 552mm)

• Span lengths 1 (3360mm) and 2 (4570mm)

• RC (Vf = 0%) and PFRC (Vf = 1.1%)

• Specimens with and without transverse reinforcement
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Significant improvement in both shear strength and deformation capacity was observed

for the PFRC beams compared to the RC beams. However, deformation capacity improve-

ments were more pronounced in the greater cross section A, attributed to a higher number of

fiber crossing the diagonal cracks. Additionally, for cross section A, PFRC beam specimens

without stirrups achieved comparable strength and deformation capacity as RC beams with

stirrups. This trend was not observed for cross section B.

Synergistic effects between macro-synthetic fibers and stirrups were identified among

beams with cross section A (see Figure 2.2), while a negative synergy was observed for

beams with cross section B. This discrepancy could be attributed to the narrower width of

section B, limiting the number of fibers capable of transferring shear stresses.

2.6 Empirical Shear Predicting Equations

Numerous empirical equations have been proposed in the literature to predict the shear

strength of FRC elements. While the majority of these equations were developed for SFRC,

some models have been specifically developed for PFRC. This section provides a summary

of some of the shear predicting equations developed for SFRC and PFRC. The equations

will be evaluated in Chapter 7 to access their accuracy in predicting the shear strength of

PFRC members.

Significant research has been carried out to develop and calibrate reliable approaches

to estimate the strength of SFRC elements subjected to shear. Some of the equations

available in the literature consider the fiber contribution explicitly (e.g., Khuntia et al.,

1999; Mansur et al., 1986). The way this term is addressed varies significantly between the

different frameworks, as it is challenging to propose a term that accounts for the strength

contribution provided solely by the fibers. The interaction between concrete and fibers have

been found to be coupled and thus the separation of terms is discouraged (Foster et al.,

2018).

A comprehensive overview of some of the shear strength equations currently available

for SFRC can be found in Lantsoght (2019). The equations account for fiber contribution

in various ways, but mainly empirically. However, a handful of SFRC models based in

mechanics have also been formulated (e.g., Hwang et al., 2013; Lantsoght, 2023).
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2.6.1 Narayanan and Darwish (1987)

This study investigated the behavior of 49 SFRC beam specimens, including control beams,

SFRC beams and beams with conventional stirrups. The strength improvements due to

fibers were found to depend on the fiber volume Vf and the fiber geometry. Fibers with

greater aspect ratios exhibited higher pullout strengths and were more effective than fibers

with a lower aspect ratio. Narayanan and Darwish (1987) presented the fiber factor F as

F =
lf
df

· Vf · bf (2.1)

where bf is a bond factor taken as 0.5 for round fibers, 0.75 for crimped fibers and 1.0 for

indented fibers. The fiber factor F has been utilized in numerous empirical equations as

e.g., Arslan et al. (2017); Ashour et al. (1992); Khuntia et al. (1999); Kwak et al. (2002).

Equation (2.2) was developed to predict the shear strength of SFRC members with-

out stirrups. The equation consists of three terms accounting for the fiber-concrete shear

contribution, dowel action from the tensile reinforcement and the fiber pullout forces as:

vu = e

[
0.24fspfc + 80ρx

d

a

]
+ vb (2.2)

vb = 0.41 τ F

Where ρx is the longitudinal reinforcement ratio, τ is the interfacial bond stress, e is an

arching factor taken as

e = 1.0 for a/d > 2.8

e = 2.8
d

a
for a/d ≤ 2.8

and

fspfc =
fcuf

20−
√
F

+ 0.7 +
√
F (2.3)

is the split cylinder strength of fiber-concrete where the cube strength of concrete can be

computed as

fcuf =
f ′
c

0.85
.

The average fiber matrix interfacial bond stress τ was suggested to be τs = 4.15MPa

for steel fibers (Swamy et al., 1974). However, experimental data for the interfacial bond

strength of macro-synthetic fibers is limited in the current literature. However, Prete et al.
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(2019) conducted tests on the interfacial bond strength of polypropylene crimped fibers,

measuring the strength as τpp = 2.82MPa.

Equation (2.2) has demonstrated accurate predictions for SFRC (as e.g., Zhang et al.,

2016). It has also predicted the behavior of PFRC beams with high accuracy (as e.g.,

Ababneh et al., 2017).

2.6.2 Ashour et al. (1992)

This study proposed two empirical equations based on high-strength SFRC beam specimens.

Equation (2.4) was similar to the equation proposed by Zsutty (1971), but included a term

accounting for fiber contribution.

a/d ≥ 2.5 : vu =
(
2.11 3

√
f ′
c + 7F

)(
ρx

d

a

)0.333

(MPa) (2.4a)

a/d < 2.5 : vu = [ Eq. (2.4a) ]
2.5

a/d
+ vb

(
2.5− a

d

)
(MPa). (2.4b)

The other Equation (2.5) proposed was based on the ACI-318 equation, but included a term

accounting for fiber contribution.

vu =
(
0.7

√
f ′
c + 7F

) d

a
+ 17.2ρx

d

a
(MPa) (2.5)

Both equations (2.4) and (2.5) have been used to evaluate the shear strength of SFRC

beams (as e.g., Yazdanbakhsh et al., 2015; Zhang et al., 2016). Equation (2.5) was found

to overestimate the shear strength of short beams (a/d = 2.3) by Yazdanbakhsh et al.

(2015) while Kwak et al. (2002) identified that Equation (2.5) provided a more accurate

predictions compared to Equation (2.5) across a database of 139 SFRC beams. Out of the

two equations, only Equation 2.5 is evaluated in Chapter 7.

2.6.3 Swamy et al. (1993)

The study examined the influence steel fibers in lightweight concrete beams. The tests were

conducted on full-size I-beams with thin webs. A truss model was proposed to predict the

shear strength of SFRC beams without stirrups. The proposed model is represented by

Equation (2.6).

vu = vw + vc = 0.9σcu + vc (2.6)
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where

σcu = 0.41τ ·
lf
df

· Vf for lf < lc (2.7a)

σcu = 0.41 ·
(
1−

σfu
4τ

df
lf

·
)
σfu · Vf for lf ≥ lc (2.7b)

where σfu is the fiber fracture stress and vc denotes the concrete’s shear strength (e.g.,

according to ACI 318, 2019). The term lc is the fiber critical length, defined as the embedded

length where the fiber will pull out from the concrete matrix before rupturing (see e.g.,

Juhász and Kis, 2017; Lim, 2006). Then the average fiber matrix interfacial bond stress

τ can be taken as τs = 4.15MPa for steel fibers (Swamy et al., 1974) or τpp = 2.82MPa

(Prete et al., 2019). However, for the evaluation of Equation (2.6) in Chapter 7, fiber pullout

will be assumed and σcu will be computed by Equation (2.7a).

2.6.4 Kwak et al. (2002)

This research proposed an equation similar to the equation developed by Zsutty (1971), but

was modified to account for the fiber contribution. The equation considers the influence of

tensile strength on arching action as:

vu = 3.7 · e · f2/3
spfc

(
ρx

d

a

)1/3

+ 0.8 · vb (MPa) (2.8)

where e is taken as

e = 1.0 for a/d > 3.4 (2.9)

e = 3.4
d

a
for a/d ≤ 3.4 (2.10)

and vb = 0.41τF in accordance to Swamy et al. (1993), where τ is the interfacial bond stress

taken as τpp = 2.82MPa for macro-synthetic fibers Prete et al. (2019).

2.6.5 Arslan et al. (2017)

This work was based on an earlier study by Arslan (2014), where an empirical equation to

predict the shear strength of SFRC beams without stirrups was developed. Arslan et al.

(2017) adapted the equation to macro-synthetic fibers. The modification was based on fiber

pull-out tests for both steel and macro-synthetic fibers, performed by Carnovale (2013). A

reasonable range for a polypropylene-to-steel ratio (referred to as PSR) was found to be in
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the range of 0.4 − 0.7 (Carnovale, 2013). Arslan et al. (2017) implemented the PSR ratio

to Equation (2.11) to predict the shear strength of PFRC without stirrups.

vn =
(
0.2f ′

c
2/3

( c

d

)
+ PSR ·

√
ρx(1 + 4F )f ′

c

)(
3

a/d

)1/3

(MPa) (2.11)

( c

d

)2
+ 600

(
ρx
f ′
c

)( c

d

)
− 600

(
ρx
f ′
c

)
= 0 (2.12)

where F is the fiber factor presented by Narayanan and Darwish (1987). Arslan et al.

(2017) assumed PSR = 0.7 in Equation (2.11), according to the upper bound of the range

suggested by Carnovale (2013). However, this assumption should be updated once further

experimental data become available (Arslan et al., 2017).

Equation (2.11) was evaluated for the beam specimens tested by Arslan et al. (2017)

(summarized in Chapter 2.5). The average and coefficient of variation (COV) for the

experimental-to-predicted strength ratios were 1.09 and 5.0%, respectively. Thus, Equa-

tion (2.11) was slightly conservative in predicting the ultimate shear strength of the tested

beams.

2.6.6 Ababneh et al. (2017)

This study conducted an experimental program for PFRC beams, summarized in Chapter

2.5. As part of the study, Equation (2.13) was proposed to predict the shear strength of

PFRC beams without stirrups.

vu = 1.7(1 + 0.75Vf )

(
0.16λ

√
f ′c+ 17.2ρx

Vud

Mu

)
(MPa) (2.13)

where Vu and Mu is the design shear force and moment, respectively, and λ accounts for

lightweight concrete. The coefficients 1.7 and 0.75 were calibrated on the observed strengths

in the experimental program for the RC beam specimens without stirrups.

Several empirical equations for shear strength of FRC without stirrups were evaluated

for the experimental results. Among them, the proposed Equation (2.13) and Equation (2.2)

by Narayanan and Darwish (1987) provided the most accurate predictions, with an average

predicted-to-experimental strength ratio of 0.99 (COV= 2.2%) and 1.00 (COV= 6.1%),

respectively.



27

2.7 Design Code Equations

The modern design codes generally do not consider the contribution of macro-synthetic

fibers towards shear strength. However, the fib Model Code (2010) estimates the shear

strength of FRC based on residual stresses that can be estimated for PFRC. Other codes,

for example ACI 318 (2019), AASHTO (2012) and CSA A23.3 (2019), do not consider any

strength contribution of macro-synthetic fibers but allow the minimum shear reinforcement

to be replaced for SFRC if performance criteria are met. This section provides overview of

shear provisions of four design codes.

2.7.1 fib Model Code (2010)

The fib Model Code (2010) considers the shear strength contribution of fibers by modifying

the longitudinal reinforcement ratio by Equation (2.14).

vRd,F =
0.18

γc
k

[
100ρx

(
1 + 7.5

fFtuk

fctk

)
f ′
c

]1/3
+ 0.15σcp ≥ vRd,Fmin (2.14)

where

vRd,Fmin = (vmin + 0.15σcp)

vmin = 0.035 · k3/2 ·
√
f ′
c

k = 1 +

√
200

d
≤ 2.0

Then γc = 1.0 is a partial safety factor for concrete without fibers, fFtuk is the characteristic

value of the ultimate residual tensile strength of FRC by Equation (2.15) for wu = 1.5mm:

fFtuk = fFts −
wu

CMOD3
(fFts − 0.5fR3 + 0.2fR1) ≥ 0 (2.15)

fFts = 0.45fR1. (2.16)

where fR1 and fR3 are the residual strengths from a bending test at CMOD1 = 0.5mm

and CMOD3 = 2.5mm, respectively. The residual strengths for PFRC can be estimated

by Equation (2.17) by Neto et al. (2013):

fR1 = 7.5 ·
(
Vf ·

lf
df

)0.8

(2.17a)

fR3 = 6.0 ·
(
Vf ·

lf
df

)0.7

(2.17b)



28

The characteristic tensile strength fctk is taken as fctm according to fib Model Code

(2010):

fctm = 0.3(f ′
c)

2/3 for f ′
c ≤ 50MPa (2.18a)

fctm = 2.12 · ln
(
1 + 0.1(f ′

c +∆f)
)

for f ′
c > 50MPa (2.18b)

where ∆f = 8MPa. The term σcp represents the average axial stress on the cross section

due to pretensioning.

The code classifies members with and without transverse reinforcement based on Equa-

tion (2.19), where fyt is the yield stress of transverse steel reinforcement.

Members with shear reinforcement: ρt ≥ 0.08

√
f ′
c

fyt
(2.19a)

Members without shear reinforcement: ρt < 0.08

√
f ′
c

fyt
. (2.19b)

For FRC members without stirrups the shear resistance vRd is determined by Equation

(2.14). However, for FRC members with shear reinforcement the shear resistance is the

sum of the concrete and transverse steel contribution:

vRd = vRd,F + vRd,s ≤ vRd,max (2.20)

where

vRd,s = ρy · fyt cot θ

vRd,max = kc ·
f ′
c

γc
· sin θ cos θ

kc = kϵ ·
(
30

f ′
c

)1/3

≤ kϵ

kϵ =
1

1.2 + 55ϵ1
≤ 0.65

ϵ1 = ϵx + (ϵx + 0.002) cot2 θ

where ρy is the transverse reinforcement ratio and θmin ≤ θ ≤ 45◦ where θmin is determined

by Equation (2.21) (level II approximation). Here, the angle will be taken as θ = θmin

θmin = 20◦ + 10000ϵx (2.21)

where (for the beam and panels specimens analyzed in this study)

ϵx =
MEd
z + VEd

Es ·As
≤ 0.003
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where Es is the modulus of elasticity of the reinforcement, As is the cross-sectional area of

the flexural reinforcement, VEd and MEd is the design shear force and moment, respectively,

and z is the effective shear depth.

2.7.2 ACI 318 (2019)

The ACI code does not consider the contribution of synthetic fibers towards shear strength.

The shear strength of nonprestressed members is estimated by Equation (2.22) where the

concrete contribution is computed by Equation (2.23).

vu = vc + vs (2.22)

vc =

[
0.66λsλ (ρw)

1/3
√

f ′
c +

Nu

6Ag

]
(2.23)

where λs is a size effect factor taken as

λs =


1.0, if Av ≥ Av,min√

2
1+0.004·d ≤ 1.0, if Av < Av,min

(2.24)

and λ accounts for lightweight concrete according to ACI 318 (2019, ch. 19.2.4), where

λ = 1.0 for normal-weight concrete. The minimum transverse reinforcement ratio Av,min is

determined by Equation (2.25).

Av,min = max

(
0.062

√
f ′
c ·

bw · s
fyt

, 0.35 · bw · s
fyt

)
(2.25)

For the web-shear strength of members, vcw, the shear contribution of concrete is com-

puted by Equation (2.26)

vcw = 0.29 · λ
√
f ′
c + 0.3fpc + vp (2.26)

where fpc is compressive stress in concrete after prestress losses and vp is vertical component

of effective prestress force. Equation (2.26) is based on the assumption that web-shear

cracking occurs at a principal tensile stress of 0.33λ
√
f ′
c.

For Equations (2.23) and (2.26), the term
√
f ′
c should not be taken greater than 0.7MPa.

Moreover, the steel contribution is computed by Equation (2.27), with an upper limit for

the contribution of the transverse reinforcement as:

vs = ρy · fyt ≤ 0.66
√
f ′
c. (2.27)
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2.7.3 AASHTO (2012)

Similarly to ACI 318 (2019), AASHTO (2012) does not consider the contribution of fibers to

shear strength. AASHTO is based on the MCFT and thus employs a different methodology

in estimating the shear strength compared to ACI 318 (2019). The nominal shear resistance

is determined by Equation (2.28) as a sum of concrete, steel and prestress contribution

vn = min


vc + vs + vp

0.25f ′
c + vp

(2.28)

where

vc = 0.083β ·
√
f ′
c (2.29)

vs = ρyfyt · (cot θ + cot α)sinα (2.30)

where β accounts for the concrete’s ability to transmit tensile stresses by Equation (2.31)

and θ is the angle of inclination of compressive stresses by Equation (2.32). Then α is the

angle of inclination of transverse reinforcement.

β =
4.8

1 + 750ϵs
for Av ≥ 0.083

√
f ′
c ·

bv · s
fyt

(2.31a)

β =
4.8

1 + 750ϵs
· 1300

1000 + sxe
for Av < 0.083

√
f ′
c ·

bv · s
fyt

(2.31b)

θ = 29 + 3500ϵs (2.32)

Where bv and s is the member width and stirrup spacing, respectively, and ϵs is the longi-

tudinal strain in the tension reinforcement (for the beam and panels specimens analyzed in

this study)

ϵs =

∣∣∣∣∣
Mu
dv

+ Vu

Es ·As

∣∣∣∣∣ ≤ 0.006 (2.33)

where Vu and Mu is the design shear force and moment, respectively, and

sxe = sx ·
35

ag + 16
(2.34)

is the crack spacing parameter,where 300mm ≤ sxe ≤ 2000mm and sx is taken as dv or

the maximum distance layers of longitudinal reinforcement, whichever is less.
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2.7.4 CSA A23.3 (2019)

The CSA A23.3 is based on the MCFT and is very comparable to AASHTO, with some

minor differences. The shear strength is computed by Equation (2.28), but the concrete

contribution is computed by Equation (2.35) as:

vc = λβ
√

f ′
c (2.35)

where
√
f ′
c ≤ 8MPa and λ = 1.0 for normal-weight concrete. The steel contribution aligns

with AASHTO and is computed according to Equation (2.30), but the coefficients β and θ

are determined by the general method as:

β =
0.4

1 + 1500ϵx
· 1300

1000 + sze
≥ 0.05 (2.36)

θ = 29 + 7000ϵx (2.37)

ϵx =

Mf

dv
+ Vf

2Es ·As
≤ 0.003

where Vf and Mf is the design shear and moment, respectively, and dv is the effective shear

depth. Then the equivalent crack spacing parameter is sze = 300mm for sections with

minimum transverse reinforcement that satisfy Equation (2.38)

Av ≥ 0.06
√
f ′
c ·

bv · s
fyt

(2.38)

but

sze = sz ·
35

ag + 15
(2.39)

for sections without minimum transverse reinforcement, where sz is taken as dv or the

maximum distance layers of longitudinal reinforcement, whichever is less. Additionally, for

compressive strengths f ′
c ≥ 70MPa, ag = 0 should be used in Equation (2.39). As f ′

c goes

from 60MPa to 70MPa, ag shall linearly reduce to zero.
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2.8 Summary

In conclusion, macro-synthetic fibers have demonstrated significant benefits for structural

members. However, the scarcity of experimental data currently available has hindered

the implementation of specific design equations for PFRC into modern design codes. To

establish reliable guidelines for the combined use of distributed fibers and deformed steel

bars to resist shear loads in structural elements, additional testing and numerical data

simulations is needed.

Accounting for the fiber contribution poses a conceptual challenge, as it has been found

to be coupled with the contribution of concrete and steel. The development of a design

equation specific for PFRC is necessary to promote the widespread use of macro-synthetic

FRC, thereby resulting in more ductile and durable concrete structures.
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Chapter 3

SUMMARY OF EXPERIMENTAL PROGRAM

This chapter provides a summary of the experimental program conducted by Gaston

(2023) (see Gaston et al., 2025). Twelve panels were tested under monotonic shear loading

conditions using the Panel Element Tester located at the Structural Engineering Testing

Laboratory at University of Washington. The main variables of interest were the transverse

reinforcement ratio and the fiber content of macro-synthetic fibers. The transverse rein-

forcement ratio ρy varied from 0% to 1.14% while the fiber volume Vf ranged from 0% to

0.52%. The longitudinal reinforcement ratio ρx was maintained constant at 2.28% for all

specimens, selected to be two times the maximum transverse reinforcement of ρy = 1.14%,

to ensure the occurrence of a shear failure mechanism while preventing biaxial yielding fail-

ure mode. The experimental program is summarized in Table 3.1, and the reinforcement

layout is shown in Figure 3.1.

Table 3.1: Experimental program tested by Gaston (2023)

Panel Specimen name Vf [%] ρy[%]

P1 PFRC-000-000 0 0

P2 PFRC-000-029 0 0.29

P3 PFRC-000-058 0 0.58

P4 PFRC-000-114 0 1.14

P5 PFRC-026-000 0.26 0

P6 PFRC-026-029 0.26 0.29

P7 PFRC-026-058 0.26 0.58

P8 PFRC-026-114 0.26 1.14

P9 PFRC-052-000 0.52 0

P10 PFRC-052-029 0.52 0.29

P11 PFRC-052-058 0.52 0.58

P12 PFRC-052-114 0.52 1.14
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Almennar skýringar:

Um er að ræða færanlegan sumarbústað sem byggður er á
Vallholti 15, 800 Selfossi.
Mannvirki er í notkunarflokki 3. Mesti áætlaður fjöldi í
húsnæði er 10 manns.
Sökkular undir húsið eru úr járnbenntri steinsteypu. Gólf er
úr timbri, gaflar og langhliðar eru úr timburgrind. Þakið er
borðaklætt.  Einangrað er á milli sperra með 180mm þakull
með vindpappa. Neðan einangrunar kemur rakavarnarlag
sem og á gólf og veggi. Klæðning veggja er lóðrétt
timburklæðning (síberíu-lerki). Steinull 145 mm í grind
útveggja. Þak kæðist með polyester húðuðu bárujárni. Gólf
klæðist með rakaheldum spónaplötum á gólfbita sem eru
cc600.
Milliveggir eru byggðir úr timburstoðum 34x70 c600 með
70 mm steinull. Húsið verður panelklætt að innan. Gluggar
og hurðir eru úr timbri með tvöföldu einangrunargleri
(K-gler).  Flóttaleið er um svaladyr. Litur utanhúss:
klæðningar viðarlitur, ljóst. Þakjárn er rautt.
Klæðningar í flokki 1 innanhúss, nema annað komi fram.
Lagnir eru lagðar í raflagnagrind í útveggjum og þaki, grind
milliveggja og gólf.  Upphitun með ofnum. Loftræsing með
opnanlegum gluggum nema annað komi fram.
Handslökkvitæki staðsetjist í samráði við slökkviliðsstjóra.
Reykskynjara eru samtengdir.
Útihurðir (hurðarflekar) eru 900 mm að breidd.
*Gólfkóti ákvarðast í samráði við byggingarfultrúa.

Einstakir byggingahlutar skulu uppfylla eftirfarandi U-gildi:
Byggingarhluti           W/m² K    Reikn..gildi
Útveggir                   0,40  ( 145 mm steinull)            0.30
Þak                           0,20  ( 180 mm þakull)              0.19
Gólf                          0,20  ( 145 mm steinull.)           0.18
Gluggar (k-gler)        2,00  (Tvöfalt k-gler)                 2.0
Hurðir                      3,00  ( 35 mm gegnheill viður)    3.0

Discontinuous anchor bars
Continuous test bars (through both blocks)
Discontinuous test bars (terminated in anchorage region, effective in test region)
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Figure 3.1: Reinforcement layout of the experimental program by Gaston (2023) (a) ρy = 0%

(b) ρy = 0.29% (c) ρy = 0.58% (d) ρy = 1.14%

3.1 Materials

Table 3.2 summarizes the fiber properties for the polypropylene fibers (GCP Strux 90/40)

used in the experimental program. The fiber geometry is shown in Figure 3.2.

Figure 3.3 shows an axial stress-strain response for one sample steel bar used. The

reinforcement bars were of type A706 with diameter db = 9.5 mm. A total of five steel bars

were tested and the average reinforcement properties were computed. Across the five tests,



35

the average yield and ultimate stress were estimated as Fy = 512MPa and Fu = 698MPa,

respectively. Additionally, the elastic modulus was computed as Es = 180, 000MPa. The

reason for a lower elastic modulus than nominal value (200, 000MPa) is attributed to the

use of the nominal area in the calculations.

Table 3.2: Fiber properties

Property Value

Length 40 mm

Aspect ratio 90

Elastic modulus 9, 577 MPa

Tensile strength 620 MPa

Nominal equivalent diameter 0.43 mm

Nominal fiber count 187, 000 per kg

40

1.
4

0.105

Figure 3.2: Geometry of the fibers (units in mm)
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Figure 3.3: Steel bar test performed by Gaston (2023)

In addition to the specimens in Table 3.1, companion specimens were cast to deter-

mine material properties including compressive strength f ′
c, elastic modulus Ec and flexural

strength f1 (modulus of rupture). Specifically, 100×200 mm cylinders, 100×100×380 mm

beams and 150× 150× 530 mm beams were prepared. The beams were tested in four point

bending with three equal spans of 100 mm and 150 mm for the 100 × 100 and 150 × 150

beams, respectively.

Table 3.3 summarizes the measured compressive strength f ′
c and elastic modulus Ec, in

addition to the flexural strength f1 for both beam sizes. The terms f150 and f600 represent

the residual flexural strengths at a midspan deflection of L/150 and L/600, respectively.

The properties were tested on the same day as the corresponding panel specimen. However,

flexural strength values are absent for two of the 150× 150 mm beams, which were the first

two panels tested. The lack of residual strength for beams without fibers is apparent in

Table 3.3 (PFRC-000-xxx). Additionally, an experimental value of Ec for specimen PFRC-

052-029 was not available due to instrument malfunction during testing.



37

Table 3.3: Concrete properties and flexural strengths of PFRC beams (all units in MPa)

tested by Gaston (2023)

Concrete properties 100× 100mm beams 150× 150mm beams

Panel specimen f ′
c Ec f1 f150 f600 f1 f150 f600

PFRC-000-000 44.5 32,137 5.17 -

PFRC-000-029 37.7 28,151 5.83 5.44

PFRC-000-058 31.2 29,917 3.04 -

PFRC-000-114 42.2 32,281 5.29 4.48

PFRC-026-000 32.6 26,035 4.93 0.48 0.51 5.92 0.71 0.75

PFRC-026-029 38.3 30,351 5.05 1.05 0.93 4.36 0.99 1.09

PFRC-026-058 34.3 27,014 5.34 0.44 0.68 4.82 0.63 0.65

PFRC-026-114 43.7 31,744 4.89 0.40 0.52 3.83 0.72 0.74

PFRC-052-000 29.4 - 4.05 0.99 1.02 3.67 1.20 1.15

PFRC-052-029 45.0 29,710 5.47 1.21 1.30 4.32 1.40 1.33

PFRC-052-058 35.5 32,723 3.87 0.86 1.09 4.36 0.79 1.00

PFRC-052-114 36.1 28,544 4.56 1.26 1.17 3.44 1.28 1.32

Figure 3.4 shows the load-deflection response for two beam specimens, for reference.

The residual strength for PFRC-052-000 is more than double that of PFRC-026-000, which

contains half the fiber volume of PFRC-052-000. To mitigate the influence of the different

compressive strengths on the response, the load-deflection response was normalized with

the peak load, which was 61% higher for the PFRC-026-000 compared to PFRC-052-000.

Figure 3.5 compares the measured values of the elastic modulus reported in Table 3.3

to Equation (3.1) from ACI 318 (2019, Eq. 19.2.2.1b). The measured Ec values (see Table

3.3) followed the same trend as the ACI 318 (2019) equation.

Ec = 4700
√
f ′
c (3.1)
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3.2 Panel Specimen Results

The twelve panels in Table 3.1 were tested in a force-controlled manner. The shear stress

vxy was computed based on the applied forces of the Panel Element Tester, while the

average strains (ϵx, ϵy, ϵ45 and ϵ135) of the cracked composite material, measured in the
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540× 540mm central test region, were computed using the four corner points (see Gaston,

2023). Therefore, using the Mohr’s circle, principal tensile strain ϵ1, principal compressive

strain ϵ2, shear strain γxy, reinforcement strains ϵsx and ϵsy were computed, in addition to

the principal angle of the stress and strain fields θσ and θϵ. The analysis procedure followed

equations (3.2) - (3.7) below.

The principal tensile and compressive strains were computed by Equation (3.2)

ε1,2 =
εx + εy

2
±

√(
εx − εy

2

)2

+
(γxy

2

)2
. (3.2)

The average reinforcement strains were assumed to equal the concrete strains such that

(direction i being either x or y)

ϵsi = ϵi (3.3)

and the reinforcement stresses were computed using a tri-linear relationship such that

fsi =


Es · ϵsi, 0 ≤ ϵsi ≤ ϵy

Fy, ϵy ≤ ϵsi ≤ ϵsh

Fy +
Fu − Fy

ϵu − ϵsh
· (ϵsi − ϵsh), ϵsh ≤ ϵsi ≤ ϵu

(3.4)

where ϵy = Fy/Es is the yield strain, ϵsh is where strain hardening occurs and ϵu is the ulti-

mate strain of the reinforcement bars. For the specimens without transverse reinforcement,

the reinforcement stress in the y direction was taken as fsy = 0.

As there was no applied normal stress on the panel, the concrete stresses were computed

by Equation (3.5)

fci = −ρi · fsi (3.5)

Thus, the orientation of the principal strain and stress fields was computed by equations

(3.6) and (3.7) respectively.

θϵ =
1

2
tan−1

(
γxy

ϵx − ϵy

)
(3.6)

θσ =
1

2
tan−1

(
2vxy

fcx − fxy

)
(3.7)

Table 3.4 provides a summary for the key components at the cracking and ultimate load

stage for each panel specimen.
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Table 3.4: Panel cracking and ultimate load stage properties

Panel vcr γcr fmax
c1 vu γxy ϵx ϵy fc1 fc2 ϵ1 ϵ2 fsx fsy wm sm

specimen [MPa] [10−3] [MPa] [MPa] [10−3] [10−3] [10−3] [MPa] [MPa] [10−3] [10−3] [MPa] [MPa] [mm] [mm]

PFRC-000-000 1.99 0.12 2.18 2.12 0.71 0.11 0.42 1.92 -2.35 0.65 -0.13 19.0 0 - -

PFRC-000-029 1.39 0.09 1.45 4.27 13.31 2.04 13.74 0.34 -10.47 16.75 -0.97 367.4 512.8 0.522 109

PFRC-000-058 1.59 0.09 1.60 5.41 12.21 2.76 9.72 0.00 -13.95 13.27 -0.79 495.9 512.0 0.500 69

PFRC-000-114 1.92 0.22 1.93 7.82 13.73 4.21 8.35 0.00 -17.10 13.45 -0.89 512.0 512.0 0.326 64

PFRC-026-000 1.20 0.13 1.17 1.43 1.37 0.96 0.37 0.46 -4.40 1.41 -0.08 172.6 0 - -

PFRC-026-029 1.78 0.08 1.71 4.31 13.80 1.60 11.05 0.77 -9.10 14.68 -2.03 288.6 512.0 0.314 69

PFRC-026-058 1.61 0.38 1.29 4.24 5.49 1.44 4.45 0.08 -8.93 6.08 -0.18 260.1 512.0 0.250 69

PFRC-026-114 1.81 0.37 1.76 7.43 11.95 2.26 7.92 0.08 -15.18 11.71 -1.52 406.6 512.0 0.410 69

PFRC-052-000 1.38 0.24 1.53 1.50 0.36 0.07 0.18 1.36 -1.66 0.31 -0.06 12.9 0 - -

PFRC-052-029 1.79 0.31 2.02 5.00 20.75 2.38 19.75 0.63 -12.18 24.60 -2.46 429.0 519.5 0.470 64

PFRC-052-058 1.81 0.37 1.54 4.94 8.09 2.02 7.04 0.03 -11.22 9.29 -0.23 363.0 512.0 0.297 69

PFRC-052-114 1.84 0.47 2.50 7.47 13.03 2.54 8.52 0.00 -15.95 12.70 -1.63 457.8 512.0 0.426 64
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Figure 3.6 shows the normalized shear stress-strain response for all twelve specimens.

When comparing the ultimate shear stress of the specimens, the different compressive

strengths (see Table 3.3) has to be taken into account, as it directly impacts the shear

strength. Thus, to ensure an equitable comparison, the shear stresses in Figure 3.6 were

normalized by
√
f ′c. It should be noted that the panels PFRC-026-058 and PFRC-052-058

had consolidation issues during construction and thus had lower strengths than anticipated.

These panels contained the intermediate transverse reinforcement that affected the trend

identification for the fiber ratios (Gaston, 2023).
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Figure 3.6: Normalized shear stress-strain response for the tested panels

Figure 3.7 shows the normalized shear strength versus fiber volume for the tested spec-

imens. The normalized shear strength was not observed to be significantly reduced or

enhanced with fiber volume and remained approximately constant with increasing fiber

volume. As mentioned, the panels with fibers and a transverse reinforcement ratio of

ρy = 0.58% had consolidation issues during construction and therefore exhibited lower

shear strength compared to the panels with ρy = 0.58% and Vf = 0%.
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Figure 3.7: Normalized maximum shear stress versus fiber volume

Figure 3.8 shows the shear strain at failure, γu, versus fiber volume. For specimens with

transverse reinforcement ratio of ρy = 0.29%, γu increased directly with fiber content. As

said, both FRC panels with ρy = 0.58% had consolidation issues and therefore did not reach

the ultimate load stage, resulting in a reduction in the shear strain at failure for the FRC

panels with ρy = 0.58%. However, for panels with the highest transverse reinforcement of

ρy = 1.14%, the ultimate shear strain remained relatively consistent, demonstrating that

the fiber content had a minimal influence on the deformation capacity. Consequently, the

fibers were most effective in enhancing the deformation capacity of the panels with a low

transverse reinforcement ratio (ρy = 0.29%).

Panels without transverse reinforcement exhibited the highest shear strain at failure

γu at Vf = 0.26%, while γu was the lowest at Vf = 0.52%. A similar trend occurred in

a research on end-hooked steel fibers, where the lowest value of γu was recorded for the

highest fiber content tested, Vf = 1.5% (Luo and Vecchio, 2016). A reason for this could

be that higher fiber volume can result in consolidation issues leading to lower deformation

capacity.
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Figure 3.8: Shear strain at failure γu versus fiber content

Figure 3.9 illustrates the relation between the crack width and Vf at a fixed shear stress

of 0.33
√
f ′c. The panels without transverse reinforcement did not reach this shear stress

level and are therefore not shown. The fibers significantly influenced the crack width of

the specimens, whereas both the maximum and the average crack width reduced with fiber

content. A higher fiber volume caused a reduction in maximum crack width, and these

effects were more pronounced at lower ρy values, especially for ρy = 0.29%. Therefore, the

fibers were effective in enhancing both the deformation capacity and reducing crack widths

for a transverse reinforcement ratio of ρy = 0.29%.
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Figure 3.9: Crack widths at vxy = 0.33
√
f ′c versus fiber content (a) Maximum crack width

(b) Average crack width

3.3 Conclusions

From this experimental study, the addition of macro-synthetic fibers did not result in any

decrease in shear strength and did not result in the same increase in shear strength observed

by other experimental programs on synthetic fibers. For example, Li et al. (1992) measured

addition of Vf = 1.0% micro-synthetic fibers in a normalized shear strength increase up

to 65% with a mean of 38% and COV of 18.7%. This increase was more pronounced for

greater span-to-depth (a/d) ratios (Li et al., 1992).

Table 3.5 compares study by Li et al. (1992) and the experimental program by Gaston

(2023). The different results are attributed to several factors including the span-to-depth

a/d ratio, fiber volume Vf and the loading protocol.

Table 3.5: Experimental programs by Gaston (2023) and Li et al. (1992)

Parameter Gaston (2023) Li et al. (1992)

a/d ratio 1.0 1.0− 3.0

Vf 0− 0.52% 1.0%

Loading Pure shear Bending (shear and flexure)

Testing Force-controlled Displacement-controlled
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The observed benefits of fiber addition appeared to depend on ρy (Gaston, 2023).

Greater advantages were observed for lower ρy ratios (ρy = 0.29%) compared to the heav-

ily reinforced panels (ρy = 1.14%). This is consistent with the results by Navas et al.

(2018), where macro-synthetic appeared to be more effective for ρy = 0.10% compared to

ρy = 0.15%.

The experimental panels represented typical fiber addition rates used in practice and

a concrete mixture that was not optimized for large fiber volumes. The values of the

experimental parameters were therefore necessarily limited.

To explore a larger parameter space, numerical models were calibrated to the experimen-

tal results to explore fiber volumes and transverse reinforcement ratios that could not be

tested experimentally. This demonstrates the necessary addition rates of macro-synthetic

fibers to achieve shear strength improvements for panel specimens. Using this expanded

dataset is crucial to propose a design equation for macro-synthetic fiber-reinforced concrete.
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Chapter 4

FINITE ELEMENT MODEL DEVELOPMENT

This chapter presents a modeling approach for macro-synthetic FRC (PFRC) elements

subjected to pure shear loading conditions. The calibration of the numerical models pre-

sented was based on the results of the panel experimental program summarized in Chapter

3 (Gaston, 2023). The modeling of the panel specimens was performed using the software

VecTor2 (Wong et al., 2013), which is a finite element software specifically designed to

perform the two dimensional nonlinear analysis of reinforced concrete elements.

4.1 Overview of MCFT and VecTor2

This section provides a brief overview of the development of the Modified Compression

Field Theory (MCFT) (Vecchio and Collins, 1986), which forms the basis of the finite

element program VecTor2. Related theories are also discussed and compared to the MCFT.

Additionally, specific constitutive models implemented in VecTor2 are introduced.

4.1.1 Development of the MCFT

When the MCFT was introduced, it filled a significant gap in the literature. There was no

accepted theory to predict the full load-deformation response of concrete panels subjected

to in-plane biaxial loads, as demonstrated by the poor results of an international blind

competition with 43 engineers from different countries (Collins et al., 1985). Many of the

models submitted assumed that cracked concrete could resist a compressive capacity equal

to, or close to, f ′
c. This assumption was unconservative and the most accurate models were

the ones that accounted for a reduction in the compressive capacity as the tensile strain

transverse to the compression increased.

The MCFT is a refined version of the compression-field theory (CFT) that was intro-

duced in 1974 (see Collins, 1978; Mitchell and Collins, 1974) for RC elements subjected to

torsion and shear loading. The CFT posits that cracked concrete does not resist any tension

forces and the shear force is primarily countered by diagonal compression fields (Sadeghian
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and Vecchio, 2018). These assumptions made the CFT conservative in estimating the ulti-

mate shear strength of RC elements.

The MCFT enhanced the CFT by incorporating compressive strength reduction based on

experimental findings by Vecchio (1982). The study conducted tests on 30 panels subjected

to biaxial stresses, demonstrating that concrete resists some tension forces between cracks.

This additional resistance, combined with the shear stresses on the crack faces, augmented

the shear strength of the panel elements, reducing the conservatism of the CFT.

Similarly to the CFT, the MCFT treats cracked concrete as a new material, with its

own constitutive relationships. However, the MCFT is based on a smeared rotating crack

model that considers stresses and strains in average sense. The crack direction is gradually

reoriented with respect to the material response and loading conditions (Sadeghian and

Vecchio, 2018). One of the main assumptions of the theory is that the orientation of the

principal strain and principal stress fields align. The equations of the MCFT consist of

equilibrium-, compatibility- and constitutive relationships. These three sets of relationships

are explained in detail by Vecchio and Collins (1986) and are summarized in Figure 4.1.

The compatibility relationships assume prefect bond between steel reinforcement and

concrete. Therefore, the average strains in the reinforcement, ϵs, and concrete, ϵc, are equal

for the x and y direction such that

ϵx = ϵcx = ϵsx

ϵy = ϵcy = ϵsy.

where ϵx and ϵy are the element total strains. The principal strains can be computed from

the Mohr’s circle:

ϵc1, ϵc2 =
(ϵcx + ϵcy)

2
± 1

2

√
(ϵcx − ϵcy)

2 + γ2cxy

θc =
1

2
tan−1

(
γcxy

ϵcy − ϵcx

) (4.1)
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The problem addressed by the MCFT is to predict the
relationships between the axial and shear stresses applied to
a membrane element, such as that shown in Fig. 1(b), and the
resulting axial and shear strains. If the theory can accurately
predict the behavior of such an element, it can be used as the
basis for a range of analytical models. The most accurate, but
most complex, of these models involves representing the
structure as an array of biaxial elements and then conducting
a nonlinear finite element analysis7 using a computer
program8 (refer to Fig.1(b)). This model gives accurate
results both in flexural regions and in disturbed regions
where high clamping stresses can significantly increase
shear strength. If one assumes that plane sections remain
plane and that the vertical clamping stresses are negligibly
small, one can model one section of a beam as a vertical
stack of biaxial elements. This is the basis of program
Response-2000,9 which is capable of predicting the shear stress
distribution over the height of the beam and the shear force-
shear deformation relationship of the section (Fig. 1(c)).
Finally, reasonably simple expressions for the shear strength of
a section can be derived if just one biaxial element within the

web of the section is considered and the shear stress is assumed
to remain constant over the depth of the web. This is the basis
of the sectional design model for shear10 included in the
AASHTO LRFD Bridge Design Specifications2 (Fig. 1(d)).

In the AASHTO LRFD shear design method, the shear
strength of a section is a function of the two parameters β and
θ. The inclination θ of the diagonal compressive stresses in
the web, and the factor for tensile stresses in the cracked
concrete, β, both depend on the longitudinal straining of the
web, εx. For members without transverse reinforcement,
β and θ values calculated from the MCFT are given as
functions of εx and the crack spacing sxe in a table. A
separate table is given for the β and θ values for members
with transverse reinforcement.

Shear design procedures should be simple to understand
and to use not only for ease of calculation but, more critically,
for ease of comprehension. The engineer should be able to
give physical significance to the parameters being calculated
and to understand why they are important. If the procedures
are simple enough, an experienced engineer should be able
to perform at least preliminary calculations on the “back of
an envelope.” While the use of the required tables in the
AASHTO LRFD shear design method is straightforward, it
is not possible to remember the values in the tables for “back
of the envelope” calculations. Further, many engineers prefer
simple equations to tables because they give a continuous range
of values and are more convenient for spreadsheet calculations.
In this paper, simple equations for β and θ will be determined
from the basic expressions of the MCFT. In addition, the
paper will summarize the observed shear strengths of 102
reinforced concrete elements tested in shear and show how,
by the use of the simple equations, the strength of these
elements can be predicted accurately.

RESEARCH SIGNIFICANCE
The research reported in this paper has resulted in a significant

simplification of the MCFT. It is shown that this simplified
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Fig. 2—Equations of modified compression field theory.
Figure 4.1: Equations of the modified compression field theory (Bentz et al., 2006)

Over the years, the MCFT has gained widespread acceptance for analysis of reinforced

concrete structures. A simplified version of the MCFT, the simplified MCFT (SMCFT)

was introduced in 2006 to predict the shear strength of RC elements with almost the same

accuracy as the MCFT (Bentz et al., 2006). The SMCFT estimates the shear strength as

the sum of contributions from concrete, vc, and transverse reinforcement, vs, by Equation

(4.2)

v = vc + vs = β
√

f ′
c + ρyfyt · cot θ (4.2)

The SMCFT forms the basis for both the Canadian concrete design code (CSA A23.3,

2019) and the AASHTO LRFD Bidge Design Specifications (AASHTO, 2012). Both codes

estimate the shear strength as a function of two parameters β and θ, which depended on

the longitudinal strain ϵx, measured at the mid-depth of the cross section.

Prior to the development of the SMCFT, AASHTO provided tabulated values for β

and θ for members with and without transverse reinforcement based on the MCFT (Bentz

et al., 2006). The idea of the SMCFT was to offer a simpler methodology that engineers

would easily understand instead of using tabulated values. Following the introduction of the

SMCFT, AASHTO adopted direct equations for β and θ based on the SMCFT, replacing
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the tabulated values.

4.1.2 MCFT for Fiber-Reinforced Concrete

The MCFT was originally developed for RC concrete elements. However, it has been

adapted to FRC in recent years by introducing constitutive models that specifically ac-

count for the influence of fibers on the tensile stress.

One of these models is the Variable Engagement Model (VEM), developed to describe

the behavior of FRC subjected to uniaxial tension (Voo and Foster, 2003). The model

relates the tensile stress to crack opening displacement by Equation (4.3).

fc1 = KfKd ·
lf
df

· Vf · τb (4.3)

where

Kf =
tan−1(wCOD/α)

π

(
1− 2 · wCOD

lf

)2

α = df/3.5 (fiber engagement parameter),

Kd = fiber efficiency factor, decreases with increasing Vf but generally taken as 1.0,

Vf = fiber volume,

lf = fiber length,

df = fiber diameter,

τb = mean shear stress between the fibers and the concrete matrix,

wCOD = crack opening displacement

A study conducted by Susetyo et al. (2011) demonstrated that the VEM was sensitive

to parameters such as the fiber engagement parameter α, average crack spacing sm and

the tensile strength fcr. These parameters significantly influenced the results of the nu-

merical simulations and required calibration to achieve accurate predictions of the available

experimental results. Additionally, the VEM resulted in underestimation of the experimen-

tally observed principal tensile stress, highlighting the need for a more appropriate tension

softening model (Susetyo et al., 2011).

The growing research on FRC led to the development of the Diverse Embedment Model

(DEM) (Lee et al., 2011) and the Simplified Diverse Embedment Model (SDEM) (Lee et al.,
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2013). The SDEM eliminates the double integration present in the DEM, significantly

improving computational efficiency. A verification study on the accuracy of the SDEM

indicated that both the tensile and flexural behavior of SFRC members can be predicted

accurately using the SDEM (Lee et al., 2013). The model is currently the default model

for FRC tension in VecTor2, accounting for the contribution of distributed fibers to the

concrete’s tensile strength. The previous models (i.e., such as VEM and DEM) have also

been implemented into the software (Wong et al., 2013).

4.1.3 Comparison of MCFT and DSFM

Several studies have demonstrated that the MCFT is capable of achieving high accuracy

when used to predict the response of a wide range of structural members subjected to a

variety of loading conditions (Vecchio, 2000). However, looking at the results of more than

150 experiments, Vecchio (2000) pointed out that the MCFT can exhibit limitations or

weaknesses in specific situations. For example:

• Shear strength and stiffness are generally underestimated for:

– Panels with high reinforcement ratios in both directions

– Panels subjected to high biaxial compression in addition to shear loading

– Panels with reinforcement and loading conditions such that there is no rotation

of the principal stress strain conditions (e.g. ρx = ρy and proportional loading)

• Shear strength and stiffness are commonly overestimated for uniaxially reinforced

panels or panels with a low transverse reinforcement ratio

To address these issues, Vecchio extended the MCFT and formulated the Disturbed

Stress Field Model (DSFM) (Vecchio, 2000). While the MCFT is a fully rotating smeared

crack model that treats the concrete as an orthotropic material, aligning the angle of in-

clination of principal stress and strain (Vecchio, 2001), the DSFM accounts for crack slip.

This affects the compatibility relations within the model. The slip model in Equation (4.4)

by Walraven (1981) was adopted into the DSFM (Vecchio, 2000).

δs
a =

vci

1.8w−0.8
m +

(
0.234w−0.707

m − 0.20
)
· fcc

(4.4)
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where wm is the average crack width, fcc is the concrete cube strength and vci is the local

shear stress at crack. The shear slip strain is then computed as

γs
a =

δs
a

sm
(4.5)

where sm is the average crack spacing. However, a complementary approach to the model

by Walraven (1981) is to relate the principal stress direction to the principal strains. The

principal stress direction tends to lag behind the principal strain direction. Based on the

initial crack direction θic the rotation in the principal strain field ∆θϵ is determined as

∆θϵ = θϵ − θic (4.6)

at each load stage. The change in the principal stress field direction is thus

∆θσ = ∆θϵ for |∆θϵ| > θℓ

∆θσ = ∆θϵ − θℓ for |∆θϵ| ≤ θℓ
(4.7)

and the direction of the principal stress field is thus

θσ = θic +∆θσ (4.8)

where the lag θℓ is taken as 5◦ for biaxially reinforced elements, 7.5◦ for uniaxially reinforced

elements and 10◦ for unreinforced elements (Vecchio, 2000).

A validation study was conducted in which a total of 54 shear-critical beam specimens,

with or without minimum shear reinforcement, were analyzed usign both the DSFM and the

MCFT. The MCFT resulted in a mean predicted-to-observed strength ratio of 1.07 (COV

= 16.9%) while the DSFM resulted in a mean predicted-to-experimental strength ratio of

1.00 (COV= 20.3%) (Vecchio et al., 2001). Thus, although the DSFM may provide a more

realistic representation of the behavior of RC elements subjected to multiaxial loads than the

MCFT, both theories provide comparable strength estimates across most conditions. This

suggests that the assumption of coaxiality of principal stress and strain field embedded in

the MCFT, has a minor effect on the predicted strength in most cases.

4.1.4 The VecTor2 Software

Both MCFT and DSFM provide a theoretical foundation for the software VecTor2 (Wong

et al., 2013). VecTor2 is a two-dimensional nonlinear finite element program that adopts
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a smeared rotating crack model, specifically designed for analysis of reinforced concrete

elements. The finite element implementation is described in detail in the VecTor2 User

Manual Wong et al. (2013). Figure 4.2 provides an overview of the constitutive models for

the MCFT and the DSFM, in addition to the CFT.
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4.2 Panel Model Development

The numerical models of the specimens tested by Gaston (2023) were implemented in

the software VecTor2. The modeling was conducted using FormWorks, a graphics-based

pre-processor for VecTor2 (Wong et al., 2013). The specimens were modeled as a single

quadrilateral concrete element with smeared steel reinforcement. This is in agreement with

modeling approaches developed by others (Carnovale, 2013; Chasioti, 2017; Susetyo, 2009).

The single element model is shown in Figure 4.3. The desired shear loading conditions were

generated with nodal forces arranged as shown in Figure 4.3. The specimens were subjected

to monotonically increased loading, starting from 0 kN and incremented by 0.5 kN at every

load stage.

0.5 kN

890

89
0

0.5 kN

0.5 kN0.5 kN

0.5 kN

(a) (b)

Figure 4.3: VecTor2 model (a) Panel sketch (b) FormWorks model

The reinforcement properties were obtained from the five experimentally tested steel

bars conducted by Gaston (2023); the stress-strain curve obtained from one of these tests

are shown in Figure 3.3. Hence, the reinforcement properties used in the VT2 models were

those summarized in Table 4.1. The horizontal reinforcement ratio was set at ρx = 2.28%

for all specimens and ρy was specified according to Table 3.1.
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Table 4.1: Reinforcement properties used in VecTor2

Parameter Value

Reinforcement diameter db 9.5 mm

Yield strength Fy 512 MPa

Ultimate strength Fu 698 MPa

Elastic modulus Es 180 GPa

Strain hardening Strain ϵsh 13 · 10−3

Ultimate strain ϵu 180 · 10−3

All models were assigned a thickness of t = 70 mm, and the concrete was assigned the

compressive strength and elastic modulus values summarized in Table 3.3. However, in the

absence of an experimental Ec value for specimen PFRC-052-000, the default VT2 value for

Ec was used, computed as:

Ec = 3320
√
f ′c+ 6900 = 24, 902MPa.

A 70mm maximum crack spacing was specified for both x- and y-direction, for all panel

specimens. This modeling decision was supported by the experimental results, indicating

that the maximum crack spacing is a parameter that remained essentially constant and was

not remarkably affected by the fiber content (see Table 3.4).

4.3 Calibration of Panel Models

This section provides an overview of the calibration of the panel models presented in Chapter

4.2. The calibration procedure was conducted as follows:

(1) First, all panel specimens were modeled as RC elements. To evaluate the fiber models

embedded in VecTor2, the PFRC panels (P5-P12) were also modeled as PFRC, with

polypropylene (PP) fibers assigned to the concrete material. All the default constitu-

tive models in VT2 were selected. The tensile strength was set equal to the maximum

observed principal tension stress from Table 3.4, i.e., f ′
t = fmax

c1 .

(2) The default constitutive models selected in (1) utilized the DSFM formulation. The

panels were then modeled with the MCFT formulation, by neglecting crack slip. Other

constitutive models and f ′
t were unchanged from (1).
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(3) The specified tensile strength f ′
t was found to significantly influence the predicted

response of the specimens. Four different methodologies for f ′
t were evaluated for the

MCFT model from (2).

(4) A “tension-softening” model based on the experimental data was calibrated to account

for the strength provided by the macro-synthetic fibers used in the experimental pro-

gram.

The calibration of the panel models is discussed in more detail in the following subsec-

tions. Note that panel specimens that observed consolidation issues (PFRC-026-058 and

PFRC-052-058) were not included in average or standard deviation calculations (marked

with ∗).

4.3.1 Panels Modeled as RC and PFRC

VecTor2 provides various options to model FRC elements by allowing users to choose from

four types of fiber reinforcement:

Steel - Hooked Polypropylene - Deformed

Steel - Straight Polypropylene - Straight

The required inputs for defining the fiber reinforcement include fiber volume Vf , fiber

length lf , fiber diameter df and fiber tensile strength Ffu. The fibers are incorporated into

the concrete material and the tensile strength of the fiber-reinforced concrete is computed

using the selected FRC-tension constitutive model (i.e., VEM or SDEM).

Initially, all constitutive models were set to the default option. All specimens were

modeled as plain reinforced concrete (RC). However, to explore the effects of the fiber models

embedded in VecTor2, the PFRC panels (P5-P12) were also modeled with fibers. The PFRC

panels were thus assigned a FRC material, defined as concrete material with polypropylne

straight fibers (PP), with the fiber properties summarized in Table 3.2. For both the RC

models and the PFRC models, the tensile strength was specified as the maximum observed

principal tensile strength of the panels, fmax
c1 , measured experimentally and reported in

Table 3.4.

The RC models and the PP models displayed analogous peak shear stress with average

predicted-to-experimental strength ratios of 0.98 and 0.97 and standard deviation (Std) of

0.12 and 0.14 for RC and PP, respectively. Note that average and Std for the PP models only
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included the PFRC panels tested (P5-P12) while the average and Std for the RC models

included all twelve specimens.

The two models exhibited comparable accuracy with respect to the shear strain at failure

γu as well, with an average of 1.06 and 1.02 with Std of 0.26 and 0.16 for RC and PP,

respectively. Figure 4.4 illustrates a comparison of the full shear stress-strain response

for two representative specimens, obtained from the RC and PP models. The RC models

generally achieved better predictions of the experimental response.
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Figure 4.4: Shear stress-strain response for the RC and PP models (a) PFRC-026-029 (b)

PFRC-052-114

The PFRC models developed in VT2 resulted in a decrease in post-cracking shear stress

compared to the corresponding RC models. This is in contrast with what was observed

by Susetyo (2009), where fiber addition augmented the post-cracking shear stress. Conse-

quently, utilizing PP fibers to model the response of FRC specimens did not seem reasonable

modeling approach, since the predicted post-cracking response did not align with experi-

mental findings. The jump in shear strain at cracking (see Figure 4.4) may be attributed

to fiber engagement, but this behavior was not observed in the experimental program by

Gaston (2023). Therefore, the use the PP fiber model in VT2 was discontinued for the

modeling calibration.
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4.3.2 Using the MCFT and the DSFM

The model development outlined above utilized all the default constitutive models in VT2.

The default model for crack slip is the Walraven model by Equation (4.4), and therefore the

analysis was carried out based on the DSFM. An evaluation was performed on the accuracy

of the two theories.

The DSFM correspond to the “RC” model shown in Figure 4.4. To evaluate the MCFT,

crack slip was neglected while other constitutive models were not modified. The comparison

of the two theories is shown for two representative specimens in Figure 4.5. It is evident that

the MCFT provides more accurate strength estimates than the DSFM for both specimens

illustrated, in addition to PFRC-000-029 (not shown). The theories provided comparable

responses for other specimens of the experimental program. However both theories are

somewhat inaccurate for specimen PFRC-052-029 in Figure 4.5(b). In terms of ultimate

shear strain γu, the DSFM appeared to be more accurate in predicting γu compared to the

MCFT.
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Figure 4.5: Shear stress-strain response for the DSFM and the MCFT (a) PFRC-026-029

(b) PFRC-052-029

Overall, both theories provided accurate strength predictions with average predicted-

to-experimental strength ratio of 0.98 and 1.00 (and standard deviation of 0.12 and 0.09)

for the DSFM and the MCFT, respectively. By comparing the predictions for each panel
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specimen, the MCFT appeared somewhat more accurate than the DSFM, although both

theories provided comparable results in most cases.

4.3.3 Effects of the Specified Tensile Strength in VecTor2

Various relationships have been employed to estimate the direct tensile strength of RC and

FRC as a function of modulus of rupture. Petersen (2009) utilized the relationship by

AS3600-2001 (Standards Australia, 2001) based on Equation (4.9).

f ′
t =

f1
1.5

(4.9)

Other relationships have also been developed that relate modulus of rupture to the

compressive strength, for example Equation (4.10) by Ahmed et al. (2016):

f1 = λ1 · λ2 · 0.45 · f ′
c
2/3

(4.10)

where λ1 and λ2 are both taken as 1.0 for 28-day unconfined concrete. Using the fib

Model Code (2010) relationship for tensile strength, f ′
t = 0.3f

2/3
c , Equation (4.10) can be

rearranged as:

f1 =
0.45f ′

t

0.3
= 1.5f ′

t .

This yields the same relationship expressed by Equation (4.9). It is important to note that

both equations were developed for plain concrete. However, one study that investigated

FRC found that for SFRC with Vf = 1.0%, the ratio of f1/f
′
t averaged 2.12 with an upper

bound of 3.0 (Maalej and Li, 1994).

Gaston (2023) measured modulus of rupture values, f1, experimentally for the beam

specimens (companion to the panels). The measured values, reported in Table 3.3, were

compared to the observed maximum principal tensile strength of the panel specimens, fmax
c1

in Figure 4.6, illustrating the ratio of fmax
c1 /f1 for both beam sizes tested by Gaston (2023).



60

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

Panel

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

f c
1

 m
a
x
 /

 f
1
  

  
[-

]

100x100 beams

150x150 beams

Mean

95% CI limits

Figure 4.6: Ratio of principal tensile strength to modulus of rupture

The average fmax
c1 /f1 ratio for all tested beams in Figure 4.6 is

fmax
c1

f1
= 0.38

which yields

f1 = 2.64f ′
t .

This approximately aligns with the findings of the FRC study on SFRC (Maalej and Li,

1994) but is notably higher than the values predicted by equations (4.9) and (4.10). However,

no clear trends were observed with respect to the fiber volume Vf in Figure 4.6 and due to

the scattering of the datapoints, the 95% confidence intervals were relatively broad at 0.15.

Consequently, the impact of the specified tensile strength on the behavior of an FRC

element subjected to shear was examined in VT2. Four relationships for the tensile strength

were scrutinized :

(i) Average from Figure 4.6 of f ′
t = 0.38f1

(ii) Average for Vf = 1.0% steel fibers: f ′
t = 0.5f1 (Maalej and Li, 1994)

(iii) Equation (4.9): f ′
t = 0.67f1 (Petersen, 2009)

(iv) VT2 default tensile strength: f ′
t = 0.33

√
fc.

Relationships (i), (ii) and (iii) above relate the tensile strength directly to the modulus

of rupture f1. For each of these relationships, the experimentally measured f1 value was
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used to estimate the tensile strength. The f1 values for the 150 × 150 beams in Table

3.3 were used for each panel specimen. However, f1 values for two 150 × 150 beams were

absent. For those two cases, experimental values for the 100× 100 beams were used for f1.

The predicted-to-experimental strength ratios are presented in Table 4.2. Additionally, a

comparison is shown for two representative panel specimens in Figure 4.7.

Table 4.2: Predicted-to-experimental strength ratios for the tensile strength, f ′
t , inputs from

cases (i), (ii), (iii) and (iv), in addition to f ′
t = fmax

c1

Panel Specimen name 0.38f1 0.5f1 0.67f1 VT2 default fmax
c1

P1 PFRC-000-000 0.92 1.21 1.62 1.04 1.03

P2 PFRC-000-029 0.98 0.99 1.02 0.98 0.96

P3 PFRC-000-058 0.99 1.01 1.04 1.03 1.01

P4 PFRC-000-114 1.06 1.07 1.08 1.07 1.06

P5 PFRC-026-000 1.57 2.07 2.76 1.31 0.84

P6 PFRC-026-029 0.97 0.98 0.99 0.97 0.98

P7 PFRC-026-058∗ 1.37 1.41 1.38 1.38 1.34

P8 PFRC-026-114 1.12 1.12 1.13 1.12 1.12

P9 PFRC-052-000 0.94 1.22 1.63 1.19 1.02

P10 PFRC-052-029 0.85 0.87 0.88 0.87 0.87

P11 PFRC-052-058∗ 1.16 1.19 1.20 1.18 1.16

P12 PFRC-052-114 1.09 1.09 1.10 1.10 1.11

Average: 1.05 1.16 1.32 1.07 1.00

Std: 0.19 0.32 0.54 0.12 0.09

According to Table 4.2, it is evident that utilizing a fraction of the modulus of rupture did

generally not provide as accurate results as employing the default tensile strength in VT2.

Using the average fmax
c1 /f1 ratio from case (i) and the default tensile strength resulted in a

comparable average predicted-to-experimental strength ratio, while the standard deviation

was significantly lower for the latter. Therefore, using a fraction of the modulus of rupture

for the tensile strength did not seem a viable approach for the calibration of the model.

The predicted-to-experimental strength ratios for the VT2 default tensile strength were
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not as accurate as using f ′
t = fmax

c1 , both in terms of the average of 1.05 and 1.00 and

standard deviation of 0.19 and 0.09, respectively. However, the VT2 default tensile strength

provided a reasonable estimate of the tensile strength f ′
t , to accurately predict the shear

strength of the panel specimens.
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Figure 4.7: Influence of specifyed tensile strength on the shear stress-strain response (a)

PFRC-000-058 (b) PFRC-026-029

4.3.4 Transverse Reinforcement Ratio ρy

As a result from Table 4.2 (f ′
t = fmax

c1 ), specimens containing the maximum transverse

reinforcement (ρy = 1.14%) were significantly overpredicted. The specified reinforcement

ratio in VT2 appeared to cause this disparity. With respect to the reinforcement layout in

Figure 3.1(d), the outermost transverse reinforcement bars were only 60 mm from the edge

of the panel specimens. These edge steel bars might have been ineffective in contributing

to the shear strength. To address this, an effective transverse reinforcement ratio for these

panels was computed by discounting the outermost transverse steel bars such that

ρy4,eff =
As

Ag
=

8 ·Ab

Ag
=

8 · 71 mm2

70 · 890 mm2
= 0.91 %. (4.11)

The ρy4,eff computed by Equation (4.11) is 20% lower than the reported ρy4 = 1.14% in

Table 3.1. The panel specimens, experimentally tested by Gaston (2023), identified with

ρy = 1.14% were modeled with ρy4 = 1.14% and ρy4,eff = 0.91%. The constitutive models
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were selected as the default models, except for neglecting crack slip. The tensile strength

was specified as f ′
t = fmax

c1 , as it provided the most accurate estimates in Table 4.2 in terms

of strength.

Table 4.3 shows the predicted-to-experimental strength ratios for ρy4 = 1.14% and

ρy4,eff = 0.91%. The effective transverse reinforcement ratio ρy4,eff = 0.91% improved

the predicted-to-experimental strength ratios for all three panels that resulted in overall

average ratio of 0.97 (Std= 0.06), compared to 1.00 (Std= 0.09) in Table 4.2 (for all twelve

panels). Despite the average ratio was not as accurate by using ρy4,eff = 0.91% instead of

ρy4 = 1.14%, the standard deviation was reduced by 30%.

Table 4.3: Predicted-to-experimental strength ratios for ρy4 = 1.14% and ρy4,eff = 0.91%

Panel Specimen name ρy4 ρy4,eff

P4 PFRC-000-114 1.06 0.95

P8 PFRC-026-114 1.12 1.00

P12 PFRC-052-114 1.11 1.00

Figure 4.8 shows the shear stress-strain response for specimens PFRC-026-114 and

PFRC-052-114. The predicted response using the effective ratio of 0.91% is significantly

more accurate than the reported ratio of 1.14%. Therefore, the outermost reinforcement

steel bars in Figure 3.1(d) appeared not to contribute to the shear strength, due to the short

distance to the edge of the panel specimen.
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Figure 4.8: Shear stress-strain response using ρy = 1.14% versus ρy,eff = 0.91% (a) PFRC-

026-114 (b) PFRC-052-114

4.3.5 Calibrated Tension Softening Model

The predicted strengths in Tables 4.2 and 4.3 rely on constitutive models for reinforced

concrete without accounting for any fibers. However, earlier studies have demonstrated

that macro-synthetic fibers contribute to the shear strength of PFRC (e.g., Altoubat et al.,

2009; Carnovale and Vecchio, 2014; Navas et al., 2018).

Hence, to provide a reliable means of incorporating the effects of macro-synthetic fibers

for the concrete material in VecTor2, a tension softening model was calibrated based on the

experimental results obtained by Gaston (2023). A customized tension softening model can

be integrated to VecTor2 using a piecewise linear model defined by four input points on

the Auxiliary Input page in FormWorks. This can be achieved either in a strain-based or

crack-based manner. For strain-based tension softening, the input entails four datapoints

representing fc1 − ϵc1, as illustrated in Figure 4.9. For the crack-based tension softening,

the same four point input approach applies. However, VecTor2 converts the datapoints to

fc1 − w data according to Equation (4.12).

w =
ϵc1
scr

(4.12)
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Figure 4.9: Custom tension softening in FormWorks

To develop a tension softening model for macro-synthetic fibers, the tension softening

response observed in the experimental program conducted by Gaston (2023) was analyzed.

The fc1 − ϵc1 responses for the four panels containing equal fiber volume were normal-

ized. Based on simple spreadsheet calculations, an exponential tension softening was fitted

through the datapoints of the form

fc1
fcr

= (1− b) · e−a·ϵc1 + b (4.13)

where ϵc1 is the concrete principal tensile stress (unitless), fc1 is the concrete principal

tensile stress and fcr is the cracking stress, taken as the tensile stress f ′
t specified in VT2.

The parameters a and b are thus dimensionless constants, adjusted upon fitting the model

to the normalized tension softening experimental data. The constants a and b that provided

a satisfactory match with the experimental data are summarized in Table 4.4.
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Table 4.4: Calibrated coefficients a and b for Equation (4.13)

Vf [%] a b

0 450 0

0.26 400 0.15

0.52 350 0.22

The coefficients in Table 4.4 were analyzed to establish a relationship expressed in terms

of the fiber volume Vf . Thus, the relationships in Equation (4.14) for a and b were developed.

Therefore, the proposed tension softening model is:

fc1
fcr

= (1− b) · e−a·ϵc1 + b

a = 450− 20000 · Vf ≥ 50

b = 3
√

Vf

(4.14)

where Vf is a fiber volume fraction, specifically 0, 0.0026 and 0.0052 for the experimental

program by Gaston (2023). The derived relationships closely approximates the coefficients

in Table 4.4. Notably, this tension softening model is tailored to the experimental program,

utilizing macro-synthetic fibers. However, the relationships in Equation (4.14) could also

depend on fiber properties, such as fiber length or fiber aspect ratio. Further research is

necessary to generalize this model, and validate these relationships across a broader range

of fiber volumes and different macro-synthetic fiber types. To prevent the occurrence of

“numerical” tension hardening, which occurs if a < 0, a constraint of a ≥ 50 was imposed.

This value was selected somewhat arbitrarily and warrants further experimental validation.

A comparison between the tension softening model by Equation (4.13) and the experi-

mental data used for calibration is shown in Figure 4.10.
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Figure 4.10: Calibrated tension softening model to the experimental data (a) Vf = 0% (b)

Vf = 0.26% (c) Vf = 0.52%

This calibrated tension softening was used as one of the input parameters to the VecTor2

models for the panel specimens. This required a discretization of the predicted tension

softening response in Figure 4.10 into four points as shown in Appendix A. This modeling

scheme accounts for the influence of the fibers by implementing the tension softening model

by Equation (4.14). Until this point, the calibration has been conducted using the default

Hordijk tension softening model (Cornelissen et al., 1986). A comparison of the predicted-to-

experimental strength ratios by using the Hordijk model and the proposed tension softening

model by Equation (4.14) is reported in Table 4.5.
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Table 4.5: Predicted-to-experimental strength ratios using the tension softening (TS) model

(Eq. 4.14) and the Hordijk model

Panel Specimen TS model Hordijk

P1 PFRC-000-000 1.06 1.03

P2 PFRC-000-029 0.96 0.96

P3 PFRC-000-058 1.01 1.01

P4 PFRC-000-114 0.95 0.95

P5 PFRC-026-000 0.93 0.84

P6 PFRC-026-029 0.98 0.98

P7 PFRC-026-058∗ 1.34 1.34

P8 PFRC-026-114 1.04 1.00

P9 PFRC-052-000 1.14 1.02

P10 PFRC-052-029 1.00 0.87

P11 PFRC-052-058∗ 1.18 1.16

P12 PFRC-052-114 1.04 1.00

Average: 1.01 0.97

Std: 0.06 0.06

According to Table 4.5, the tension softening model by Equation (4.14) yields an accurate

average predicted-to-experimental ratio of 1.01 compared to 0.97 for the Hordijk model. The

standard deviations equal 0.06 for both models. The proposed tension softening model in

Equation (4.14) improves the predictions for specimens PFRC-026-000 and PFRC-052-029

significantly, which were underpredicted by the Hordijk model, as demonstrated in Figure

4.11. Other specimens exhibited comparable results, as indicated in Table 4.5.
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Figure 4.11: Shear stress-strain response for the tension softening model (4.14) versus the

Hordijk model (a) PFRC-026-000 (b) PFRC-052-029

Table 4.6 summarizes the final calibrated modeling results. The transverse reinforcement

ratio ρy reported in Table 3.1 was used for all specimens, except the heavily reinforced

panels. For those panels, the effective reinforcement ratio ρy,eff = 0.91% was employed by

neglecting the outermost steel bars that appeared to contribute insignificantly to the shear

strength.

The constitutive models were selected as the default models, except for the neglecting

crack slip and FRC tension. The tension softening model (4.14) was used as an input

parameter, by entering the discretized datapoints of the predicted response in Figure 4.5

(see Appendix A).
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Table 4.6: Final modeling results

Panel Specimen name vexp [MPa] vvt2 [MPa] pred/exp

P1 PFRC-000-000 2.12 2.25 1.06

P2 PFRC-000-029 4.27 4.09 0.96

P3 PFRC-000-058 5.41 5.49 1.01

P4 PFRC-000-114 7.82 7.46 0.95

P5 PFRC-026-000 1.43 1.34 0.93

P6 PFRC-026-029 4.31 4.21 0.98

P7 PFRC-026-058∗ 4.24 5.69 1.34

P8 PFRC-026-114 7.43 7.70 1.04

P9 PFRC-052-000 1.50 1.72 1.14

P10 PFRC-052-029 5.00 4.98 1.00

P11 PFRC-052-058∗ 4.94 5.85 1.18

P12 PFRC-052-114 7.47 7.78 1.04

Average: 1.01

Std: 0.06

4.3.6 Modeling Approach

The constitutive models selected to model the response of PFRC elements are summarized in

Tables 4.7, 4.8, 4.9 and 4.10. The recommended tension softening is the proposed Equation

(4.14), that requires custom input to the model.
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Table 4.7: Concrete constitutive models used

Compression Pre-Peak: Hognestad (Parabola)

Compression Post-Peak: Modified Park-Kent

Compression Softening: Vecchio 1992-A (e1/e2-Form)

Tensions stiffening: Modified Bentz 2005

Tensions softening: Custom Input (Strain Based)

FRC tension: Not Considered

Confined Strength: Kupfer / Richart

Dilation: Variable - Isotropic

Cracking Criterion: Mohr-Coulomb (Stress)

Crack Stress Calc: Basic (DSFM / MCFT)

Crack Width Check: Agg/2.5 Max Crack Width

Crack Slip Calc: Not considered

Creep and Relaxation: Not Considered

Hysteretic Response: Nonlinear w/ Plastic Offsets

Table 4.8: Reinforcement and bond constitutive models used

Hysteretic Response: Bauschinger Effect (Seckin) Buckling: Akkaya 2012

Dowel Action: Tassios (Crack Slip) Conrete Bond: Eligehausen

Table 4.9: Analysis parameters used

Maximum Number of Iterations: 60

Averaging Factor: 0.6

Convergence Limit: 0.00001

Convergence Criteria: Displacements - Weighted Average

Analysis Mode: Static Nonlinear - Load Step

Modeling Format: Stand Alone
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Table 4.10: Analysis models used

Strain History: Previous Loading Considered

Strain Rate Effects: Not Considered

Structural Damping: Not Considered

Geometric Nonlinearity: Considered

Cracking Spacing: CEB-FIP 1978 - Deformed

Modeling Format: Stand Alone

4.4 Panel Modeling Results

The predicted response was compared to the experimental behavior of the panel specimens

tested by Gaston (2023). The modeling approach outlined in Chapter 4.3.6 was utilized for

the panels. The comparison was evaluated in terms of the following outcomes:

(i) vxy − γxy: Shear stress to shear strain

(ii) fc1 − ϵc1: Principal tension stress to principal tension strain

(iii) fc2 − ϵc2: Principal compression stress to principal compression strain

(iv) θσ − vxy: Orientation of principal stress field to shear stress

(v) θϵ − vxy: Orientation of principal strain field to shear stress

(vi) θσ − θϵ: Orientation of principal stress field to orientation of principal strain field

The comparison of θσ−θϵ illustrates how the coaxial assumption of the MCFT compares to

the experimental response. The full comparison between the experimental panel behavior

and the predicted response from the numerical models are outlined in Appendix A.

For most of the specimens, the predicted response provided accurate predictions com-

pared to the experimental response. Figure 4.12 demonstrates that the shear response was

accurately predicted. It was more challenging for the model to accurately predict the be-

havior of the panels without transverse reinforcement that experienced failure soon after

cracking. For those specimens, the principal stress and strain fields predictions did not

align with the experimental results. However, the principal stress and strain fields were

accurately predicted for specimens containing transverse reinforcement.

The relationship between the orientation of the principal stress and strain fields generally

aligned with the MCFT assumption of coaxiality of θσ and θϵ, as illustrated in Figure 4.13.
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This is consistent with the validation study by Vecchio et al. (2001) that the assumption of

coaxiality of the stress and strain fields of the MCFT provides accurate results.
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Figure 4.12: Predicted versus experimental response for shear stress-strain (a) PFRC-026-

029 (b) PFRC-052-114
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Figure 4.13: Orientation of the principal stress field to the principal strain field (a) PFRC-

026-029 (b) PFRC-052-029
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Chapter 5

VALIDATION OF THE MODELING APPROACH

This chapter uses panel and beam tests from the literature to validate the modeling ap-

proach outlined in Chapter 4.3.6. The discussion focuses primarily on strength assessment,

hence comparing the predicted ultimate shear capacity to the experimental ultimate shear

strength. The validation included three parts:

• Panel specimens from previous experimental programs, including biaxially reinforced

concrete panels and PFRC panels without transverse reinforcement, subjected to

monotonic and reversed cyclic pure shear loading.

• PFRC companion beams tested by Gaston (2023) (companion to panel specimens

P1-P12).

• Structural PFRC beam specimens (with longitudinal reinforcement steel bars, and

some with stirrups) from the literature. To this end, a comprehensive database was

compiled, consisting of tested PFRC beams with and without stirrups and correspond-

ing control specimens.

5.1 Modeling of Panel Specimens

The experimental program by Gaston (2023) was the first study dedicated to the shear

response of PFRC panels containing steel reinforcement in both the x- and y-directions,

under pure shear loading conditions. Previously, only two PFRC panel tests had been con-

ducted. Carnovale (2013) tested specimens DC-P3 and DC-P5 (see Table 2.2) to investigate

if macro-synthetic fibers could replace traditional transverse steel reinforcement (stirrups).

The two specimens tested by Carnovale (2013) incorporated a fiber volume of Vf = 2.0%

and were subjected to monotonic and reverse cyclic loading, respectively. These two PFRC

panel specimens were modeled herein following the modeling approach outlined in Chapter

4.3.6. Additionally, two control RC specimens were modeled, namely C1C and DC-P1,

tested by Susetyo (2009) and Carnovale (2013), respectively. The reinforcement layout of

the panel specimens used for validation is represented in Figure 5.1, with the key properties

summarized in Table 5.1.



75CHAPTER 3: Experimental Program  60 

 

takes a typical concrete deck thickness of 250 mm, this works out to a reinforcement ratio of 

0.4%.  Thus, the reinforcement ratio of 0.42% was used (Susetyo, 2009). 

 
(a) 

 
(b) 

Note: All dimensions in mm 

Figure 3.16: Control panel drawing: (a) Reinforcement layout (b) Shear key details 
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Note: All Dimensions in mm 

Figure 3.17: FRC panel drawing: (a) Reinforcement layout (b) Shear key details 

(b)

Figure 5.1: Specimen design (Carnovale, 2013) for (a) C1C and DC-P1 (b) DC-P3 and

DC-P5

Table 5.1: Panel specimens used for validation

Series Tested By f ′
c [MPa] Fiber type Vf [%] Loading type

C1C Susetyo (2009) 65.7 - - Monotonic

DC-P1 Carnovale (2013) 71.7 - - Reversed cyclic

DC-P3 Carnovale (2013) 50.9 MAC matrix 2.0 Monotonic

DC-P5 Carnovale (2013) 54.3 MAC matrix 2.0 Reversed cyclic

Figure 5.2 compares the shear stress-strain response from the numerical analysis to the

experimental response. Since the tensile strength was found to influence the predicted

strength significantly, it was specified in the numerical models both as the VT2 default

tensile strength and the maximum observed principal tensile stress fmax
c1 in the panel tests

conducted by Susetyo (2009) and Carnovale (2013). The tension softening model by Equa-

tion (4.14) was implemented to the numerical models according to the input parameters

summarized in Appendix B.
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Figure 5.2: Predicted versus experimental shear stress-strain response for panels used for

validation (a) C1C (b) DC-P1 (c) DC-P3 (d) DC-P5

Figure 5.2 highlights the high level of accuracy of the modeling strategy adopted for the

RC panels. The modeling approach demonstrates abilities to simulate both monotonic and

reverse cyclic loading for RC panels, with predicted-to-experimental strength ratio of 1.01

and 1.10 for C1C (monotonic) and DC-P1 (reverse cyclic), respectively, using the default

VT2 tensile strength.

For the PFRC specimens, the model appears to capture the post-cracking response of

panel DC-P3 under monotonic loading, particularly when the tensile strength is specified as

the maximum observed principal tensile strength from the experiment, fmax
c1 , resulting in
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a predicted-to-experimental strength ratio of 1.03. However, using the default VT2 tensile

strength yields a slight decrease in accuracy with a predicted-to-experimental strength ratio

of 1.09. Panel DC-P5 subjected to reverse cyclic loading was over-predicted by approxi-

mately 30%, attributed to the lack of cyclic deterioration in the tension softening model

(4.14) that was calibrated for monotonic loading.

It should also be noted that specimens DC-P3 and DC-P5 contained significantly higher

fiber volume of Vf = 2.0% compared to the experimental program by Gaston (2023), which

had a maximum of Vf = 0.52%. The predicted response for DC-P3 in Figure 5.2(c) demon-

strates that the parameters calibrated for the tension softening model (4.14) extrapolate

reasonably well for greater fiber volumes than used for the calibration.

5.2 Modeling of Companion PFRC Beams

The companion 150 × 150 × 530 mm PFRC beam specimens tested by Gaston (2023)

(companion to the panel specimens) were also modeled. The beams contained the same

fiber volume as the corresponding panel specimens, summarized in Table 3.1.

Figure 5.3 shows the numercal model developed for the beam specimens in VecTor2.

Since the beams were symmetric about the midspan, only half of each specimen was modeled,

assigning appropriate boundary conditions of a horizontal roller support at the base and

vertical rollers at the midspan across the beam depth.

P/2

40 150 75

15
0

265

Figure 5.3: Sketch of a beam model in VecTor2

The beam specimens were casted with the same concrete as the corresponding panel spec-

imens. Therefore, the beams were assigned the same material properties as the companion

panel models developed in Chapter 4. Since the specified tensile strength significantly influ-
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enced the predicted shear strength, three different relationships for f ′
t were used. The tensile

strength was specified as the maximum principal tensile stress observed in the experiments

(fmax
c1 ), 50% of the modulus of rupture value observed from the beam tests (in accordance

to the findings by Maalej and Li, 1994) and the VT2 default tensile strength (0.33
√
f ′
c).

Table 5.2 compares the predicted response to the experimental behavior, both in terms of

shear strength and residual strength.

Table 5.2: Predicted-to-experimental strength ratios for companion PFRC beams

Corresponding Peak Residual2

Beam panel specimen fmax
c1 0.5f1 VT2 def fmax

c1 0.5f1 VT2 def

B1 PFRC-000-000 0.82 0.95 0.84 - - -

B2 PFRC-000-029 0.52 0.89 0.71 - - -

B3 PFRC-000-058 1.08 1.07 1.27 - - -

B4 PFRC-000-114 0.84 0.96 0.91 - - -

B5 PFRC-026-000 0.42 0.88 0.62 1.05 2.33 1.55

B6 PFRC-026-029 0.79 0.97 0.92 1.01 1.26 1.19

B7 PFRC-026-058 0.57 0.93 0.78 1.27 2.14 1.76

B8 PFRC-026-114 0.93 1.00 1.10 1.41 1.52 1.70

B9 PFRC-052-000 0.84 0.99 0.96 0.97 1.16 1.13

B10 PFRC-052-029 0.93 0.98 1.01 1.11 1.19 1.22

B11 PFRC-052-058 0.75 1.00 0.92 1.62 2.20 2.03

B12 PFRC-052-114 1.36 1.02 1.14 1.45 1.05 1.20

Average: 0.82 0.97 0.93 1.24 1.61 1.47

Std: 0.25 0.05 0.18 0.24 0.53 0.33

The specified tensile strength significantly influenced the predicted-to-experimental ra-

tios in Table 5.2. Using the maximum principal tensile stress fmax
c1 did not accurately predict

the peak load of the beams resulting in average predicted-to-experimental strength ratio of

0.82 (Std= 0.25). Utilizing half the modulus of rupture 0.5f1 provided the most accurate

results, resulting in average ratio of 0.97 (Std= 0.05). This aligns with experimental results

2Residual predicted-to-experimental ratio is computed for a mid-span deflection of δ = 3 mm.
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by Maalej and Li (1994), who concluded that the flexural strength of FRC is about twice

the direct tension strength, as discussed earlier.

However, using 0.5f1 for the tensile strength was not accurate for predicting the residual

strength of the beams, resulting in average of 1.61 (Std= 0.53). Using f ′
t = fmax

c1 provided

the most accurate results, with average of 1.24 (Std= 0.24).

It is worth noting that the tension softening model proposed in Equation (4.14) was

calibrated for the response of the PFRC panels in pure shear loading, while the beams

were subjected to flexure. The tension softening model (4.14) might have overestimated the

tension softening behavior of the PFRC companion beams. However, the model generally

provided accurate predictions of the load-deflection response as demonstrated in Figure 5.4.
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Figure 5.4: Predicted versus experimental load-deflection response for companion PFRC

beams (a) PFRC-026-029 (b) PFRC-052-029

5.3 Modeling of Structural PFRC Beams

This section validates the modeling approach against structural PFRC beam members (with

longitudinal reinforcement) from the literature, with and without transverse reinforcement.

The beams were modeled in VecTor2 and compared to the reported experimental behavior

in terms of peak strength. A beam database was compiled from the available literature,
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where beams containing steel fibers or prestressed PFRC beams were not included. The

beams were separated into four subgroups:

(i) RC beams (without stirrups)

(ii) PFRC beams (without stirrups)

(iii) RC beams with stirrups

(iv) PFRC beams with stirrups

Significant research has been performed on PFRC beams subjected to flexure in the

literature. Various fiber types have been investigated, differing in geometry and mechanical

properties. The compiled database of beam specimens was focused on macro-synthetic

fibers. The classification between micro- and macro-synthetic fibers was based on the criteria

outlined by ACI Committee 544 (2018) in terms of the fiber diameter df such that:

Micro-fibers: df < 0.3mm

Macro-fibers: df ≥ 0.3mm.
(5.1)

The primary focus was to identify experimental programs that included beam speci-

mens with macro-synthetic fibers, with or without stirrups. An extensive literature review

revealed that there is a very limited amount of experimental data available for PFRC beam

specimens with stirrups. Significantly more experimental data exists for PFRC beams with-

out stirrups, but is still very limited in comparison with SFRC beams.

A total of nine experimental programs were identified that tested PFRC beam specimens

in flexure. The beam database consisted of 72 beams, including 37 macro-synthetic FRC

beams without stirrups, 11 macro-synthetic FRC beams with stirrups, 15 corresponding

control RC beams and 9 corresponding RC beams with stirrups. An overview of the beam

specimens from each experimental program is summarized in Table 5.3, while a summary

of key parameters of the database is provided in Table 5.4. The beam database is presented

in Table 5.5.
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Table 5.3: Experimental programs used for the beam database

Experimental Program RC PFRC RC & Stirrups PFRC & Stirrups

Majdzadeh et al. (2006) 1 3 1 1

Greenough and Nehdi (2008) 1 3 0 0

Altoubat et al. (2009) 3 7 0 0

Sahoo et al. (2015) 0 1 1 0

Conforti et al. (2015) 2 4 1 0

Arslan et al. (2017) 2 9 0 0

Ababneh et al. (2017) 1 3 2 6

Navas et al. (2018) 4 4 4 4

Murad and Abdel-Jabbar (2022) 1 3 0 0

Table 5.4: Overview of key parameters of the beam database

Parameter Average Max Min

d [mm] 273 481 120

bw [mm] 236 890 100

Lspan [mm] 2091 4570 800

a/d [-] 3.2 5.2 1.7

ρℓ [%] 2.2 3.2 1.2

f ′
c [MPa] 37.6 47.1 13.9

Vf [%] 1.1 3.0 0.3

The numerical models of the beams were implemented considering only half of each

beam, similarly to the modeling procedure for the companion PFRC beams in Chapter

5.2. Hence, the half-beam specimens were modeled with a horizontal roller at the support

and vertical rollers across the section depth at the mid-span. The concrete material was

modeled using four-node quadrilateral elements while the steel reinforcement was modeled as

a two-node truss-bar elements where a perfect bonding was assumed between steel bars and

concrete. The transverse reinforcement, if present, was modeled as smeared reinforcement.

Figure 5.5 shows the VT2 model developed for specimen W430PC (Conforti et al., 2015)

for reference. To ensure adequate analysis, the element size was chosen such that the number

of elements across the beam depth was at least 10 elements.
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Figure 5.5: VecTor2 model for W430PC, tested by Conforti et al. (2015)

The concrete properties were assigned the thickness and compressive strength reported

in Table 3.3. Additionally, measured values of elastic modulus and aggregate size were

assigned when available. The default VT2 values (Wong et al., 2013) were used for all other

concrete properties, except for crack spacing.

The crack spacing assigned for the models was determined according to the guidelines

in AASHTO (2012) and CSA A23.3 (2019) using Equations (2.34) and (2.39), respectively.

However, the crack spacing was not taken greater than the member height h, in accordance

with Zhang (2020). The crack spacing in the x- and y-direction was thus determined by

Equation (5.2) as:

Beams without stirrups: sx = sy = min(h, scsa, saashto) (5.2a)

Beams with stirrups: sy = min(s, sx) (5.2b)

where s is stirrup spacing.

For the steel reinforcement, the elastic modulus Es was specified as Es = 200, 000MPa

for all steel bars. The yield and ultimate stress were assigned experimentally measured

values, whenever it was reported. In the absence of experimental data, the yield and ul-

timate stress were assigned values of Fy = 420MPa and Fu = 620MPa, respectively,

corresponding to grade 60 steel reinforcement.

Table 5.5 presents the compiled beam database, in addition to the experimental and

predicted shear strength, computed from the ultimate load Fu as:

vu =
Fu

2 · bw · d
. (5.3)

The predicted strength of the beams appeared to be somewhat overpredicted by the numer-

ical models. The average predicted-to-experimental strength ratio considering all beams in

the database (i.e., all beams in Table 5.5) was 1.112 (COV= 21.8%).
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Table 5.5: Beam database for PFRC beams

d a/d ρl ρt f ′
c Vf lf ARf vu,exp vu,p vu,p/vu,exp

Reference ID [mm] [-] [%] [%] [MPa] [%] [mm] [-] [MPa] [MPa] [-]

Majdzadeh

et al. (2006)

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

Greenough

and Nehdi

(2008)

Reference 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

Altoubat

et al. (2009)

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

Sahoo et al.

(2015)

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

Conforti

et al. (2015)

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 2.24 2.13 0.95

W650PFRC 215 3.0 1.15 - 26.0 1.45 40 53 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 2.29 2.11 0.92

W890PFRC 295 2.2 1.23 - 26.0 1.45 40 53 2.23 2.02 0.91

Arslan

et al. (2017)

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
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Table 5.5 continued

Ababneh

et al. (2017)

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

B2V0S30 125 2.4 3.22 3.35 43.1 - - - 4.36 5.47 1.26

B2V3S30 125 2.4 3.22 3.35 44.4 0.33 40 90 4.84 5.56 1.15

B2V5S30 125 2.4 3.22 3.35 45.1 0.55 40 90 5.04 5.58 1.11

B2V7S30 125 2.4 3.22 3.35 45.9 0.77 40 90 5.40 5.60 1.04

B3V0S60 125 2.4 3.22 1.68 43.1 - - - 3.12 5.21 1.67

B3V3S60 125 2.4 3.22 1.68 44.4 0.33 40 90 3.80 5.33 1.40

B3V5S60 125 2.4 3.22 1.68 45.1 0.55 40 90 4.12 5.43 1.32

B3V7S60 125 2.4 3.22 1.68 45.9 0.77 40 90 4.28 5.62 1.31

Navas et al.

(2018)

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

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

Murad and

Abdel-

Jabbar

(2022)

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

Figure 5.6 compares the experimental and numerical load-deformation response for two

representative beam specimens. Given the wide range of aspect ratios, reinforcement ratios,

fiber volumes, and concrete compressive strengths contained in the database, it was con-

cluded that satisfactory prediction of the peak strength was achieved (see Table 5.5), while

other aspects of the force-deformation response were not.
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Figure 5.6: Predicted versus experimental load-deformation response (a) B3 (Majdzadeh

et al., 2006) (b) L2-1.0 (Altoubat et al., 2009)

Table 5.6 shows the average predicted-to-experimental strength ratio and COV for each

experimental program. The numerical models tend to provide unconservative estimates of

the experimental strength for all experimental programs except for the studies by Conforti

et al. (2015) and Arslan et al. (2017). A reason for this could be that the experimental

program by Conforti et al. (2015) tested wide-shallow beams that experienced enhanced

shear behavior (30−40%) compared to deeper beams. The experimental program by Arslan

et al. (2017) included few specimens with a reported compressive strength of only 14MPa.

The coefficient of variation (COV) in Table 5.6, computed for the average predicted-

to-experimental strength ratio, varied significantly between the different experimental pro-

grams (the values ranged from 6.5% to 22.4%). The lowest COV was computed for the

experimental program conducted by Conforti et al. (2015). However, given the broad range

of specimens in Table 5.5, comprising 72 beams from 9 experimental programs, and consid-

ering that the numerical modeling approach adopted was calibrated from panel experiments,

the accuracy of the numerical models in predicting the peak strength of the PFRC beams

was remarkable.
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Table 5.6: Summary of predicted-to-experimental strength ratios for the experimental pro-

grams

Reference Avg [-] Std [-] COV [%] Min [-] Max [-]

Majdzadeh et al. (2006) 1.11 0.14 12.4 0.88 1.28

Greenough and Nehdi (2008) 1.28 0.18 13.8 1.05 1.47

Altoubat et al. (2009) 1.26 0.28 21.9 0.85 1.68

Sahoo et al. (2015) 1.14 0.22 19.5 0.98 1.30

Conforti et al. (2015) 0.93 0.06 6.5 0.83 1.02

Arslan et al. (2017) 0.84 0.19 22.4 0.60 1.15

Ababneh et al. (2017) 1.21 0.20 16.6 0.97 1.67

Navas et al. (2018) 1.07 0.12 11.3 0.91 1.34

Murad and Abdel-Jabbar (2022) 1.50 0.17 11.5 1.35 1.75

Table 5.7 shows the average predicted-to-experimental strength ratio and COV for the

different beam types in Table 5.5. All beam types resulted in a comparable average ratio of

about 1.1. The results were impressive since only material strengths and crack spacing were

used as input parameters for the modeled beams. However, higher accuracy may be achieved

through a more robust calibration of the tension softening model (4.14) implemented in the

numerical models.

To this end, it should be recalled that the tension softening model implemented in

the numerical models was calibrated for elements containing a maximum fiber volume of

Vf = 0.52%, based on the experimental program by Gaston (2023). It is possible that

extrapolating beyond this fiber volume introduces some inaccuracy in the response. This

aspect should be investigated and addressed as part of future work.
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Table 5.7: Summary of predicted-to-experimental strength ratios for the beam types

Beam type Count Avg [-] Std [-] COV [%] Min [-] Max [-]

All Beams 72 1.11 0.24 21.8 0.60 1.75

RC 15 1.09 0.23 21.2 0.83 1.68

PFRC 37 1.12 0.27 24.3 0.60 1.75

RC with Stirrups 9 1.12 0.23 20.3 0.95 1.67

PFRC with Stirrups 11 1.10 0.18 16.0 0.88 1.40

Figure 5.7 provides a graphic representation of the predicted strengths against the ex-

perimental strengths for the beams in Table 5.5. Figure 5.7(a) illustrates that most of the

beams tested in the literature possessed a peak strength of less than 200 kN . Only three

experimental programs conducted beam tests with higher strength. The experimental pro-

gram conducted by Conforti et al. (2015) included beams with load capacity up to nearly

1200 kN . It can be seen that the predicted load capacity appeared to be predicted with

higher accuracy as the experimental load capacity increases. However, to conclusively vali-

date this observation, additional beam experiments with capacities greater than 500 kN are

required.

Figure 5.7(b) compares the predicted-to-experimental strength in terms of peak shear

stress; the experimental shear capacity of the beams in Table 5.5 ranges from 1 to 5.5MPa.

The model demonstrated an ability to predict the full range with high accuracy, despite some

tendency to underpredict the lower shear strengths and overpredict the higher strengths.

The beams tested by Murad and Abdel-Jabbar (2022) and Altoubat et al. (2009), that

contained a low span-to-depth ratio (a/d ≤ 2.3), are notably overpredicted. Additionally,

the specimens tested by Ababneh et al. (2017) that contained transverse reinforcement are

significantly overpredicted (with predicted shear strength above 5MPa). It should be noted

that those specimens contained a very high transverse reinforcement ratio (ρy > 1.5%) that

exceeded the ACI 318 (2019) maximum transverse reinforcement limits for beams.
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Figure 5.7: Predicted against experimental strength for the beam database (a) Ultimate

load (b) Ultimate shear stress

Figure 5.8 shows the predicted-to-experimental strength ratio as a function of fiber

volume Vf and span-to-depth ratio a/d. With respect to the fiber volume, the strength

prediction accuracy appeared to improve with greater fiber volume. Notably, the fiber

volume was the only fiber parameter considered in the VT2 modeling. Parameters such

as the fiber material type, fiber length, fiber aspect ratio and fiber tensile strength were

not considered for the VT2 analysis. Despite this, the modeling approach demonstrated a

capability to provide adequate results for the PFRC beams summarized in Table 5.5, with

predicted-to-experimental ratio ranging between 0.6 (due to a low f ′
c = 14MPa) and 1.75

(due to a low a/d = 1.7).

With respect to the span-to-depth ratio, the modeling approach tended to provide higher

average predicted-to-experimental strength ratio for lower span-to-depth ratios (a/d ≤ 3.0)

than for greater span-to-depth ratios (a/d > 3.0) with computed average ratios of 1.17

(COV= 23.5%) and 1.06 (COV= 18.0%), respectively. At lower span-to-depth ratios the

failure mechanism is more complex, involving bond and compression struts.
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Figure 5.8: Predicted-to-experimental strength ratio versus (a) Fiber volume Vf (b) Span-

to-depth ratio (a/d)

Overall, the modeling approach was able to capture the strength of PFRC beams from

the literature, which were not part of the calibrated dataset. The approach was not as

accurate for beams with low span-to-depth ratio (a/d < 2.5) compared to beams with

greater span-to-depth ratio (a/d ≥ 2.5). The fiber volume was not observed to influence

the predictions significantly.

The validation of the approach in this way gave confidence that numerical results could

be used to further explore the parameter space.
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Chapter 6

PARAMETRIC STUDY

In this chapter, a parametric study was conducted on PFRC panel specimens subjected

to pure shear. The VecTor2 modeling approach outlined in Chapter 4.3.6 was utilized

to predict the panel responses. Apparent from the literature review in Chapter 2, there

is limited experimental data available for PFRC members with stirrups. The parametric

study conducted herein simulates the behavior of PFRC panels and produced a numerical

database that could be used to evaluate the current empirical and design code models, that

is discussed in Chapter 7.

The study specifically involved varying three parameters to explore their influence on the

mechanical behavior of PFRC panels under pure shear loading. The parameters investigated

were the concrete compressive strength, f ′
c, transverse reinforcement ratio, ρy, and fiber

volume, Vf . Other important parameters that were not addressed included span-to-depth

ratio a/d, effective depth d and loading type.

6.1 Outline of the Parametric Study

Table 6.1 summarizes the values of the investigated parameters (the compressive strength f ′
c,

transverse reinforcement ratio ρy, and fiber volume Vf ). Exploring a range of combinations

of ρy and Vf provides a better understanding about the interaction between them. Further-

more, the compressive strength of the concrete could potentially influence the interaction,

since it impacts the tensile and crushing strength of the panels.

The parametric study will thus encompass a three-dimensional space defined by the

values in Table 6.1. The values covered a reasonable range for the parameters, that can be

used in practice. For instance, a transverse reinforcement ratio ρy > 1.5% is not common and

a fiber volume Vf > 2.0% can result in consolidation problems (see Sahoo et al., 2015). The

range for the compressive strength was chosen to cover the lowest strength used in practice

of 20MPa (Tomosawa and Noguchi, 1993) up to a high strength of 95MPa (Vidya et al.,

2017).
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Table 6.1: Parameters of interest in the parametric study

Parameter Values

f ′
c [MPa] 20, 45, 70, 95

ρy [%] 0, 0.1, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5

Vf [%] 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0

The parameters of interest outlined in Table 6.1 generated a total number of 288 unique

combinations. Each of these combinations was modeled in VecTor2 as a single element panel

model, corresponding to Figure 4.3. For each model, the shear stress and shear strain were

extracted to be analyzed and compared to the other parametric models.

The reinforcement was modeled as smeared reinforcement in the x and y directions with

the properties in Table 6.2. The concrete material was defined with a thickness of 70mm,

while all other parameters were assigned the default VT2 value, estimated based on f ′
c.

However, the crack spacing required a user defined input, but was not found to influence

the shear stress-strain response (see Appendix C). This was evident by varying the transverse

reinforcement ratio and the fiber volume from 0% to 2.0% for concrete compressive strengths

of 45MPa and 70MPa. The ultimate shear resistance remained unaffected and the overall

shear stress-strain response was not significantly influenced. In order to stay consistent

with the modeling of the panels tested by Gaston (2023) (see Chapter 4), a fixed maximum

crack spacing of 70mm was specified (in x and y direction) for the models of the parametric

study.

Table 6.2: Reinforcement properties for parametric study

Parameter Value

ρx 2.5%

db 10 mm

Fy 420 MPa

Fu 520 MPa

Es 200,000 MPa

ϵsh 10 · 10−3

ϵu 150 · 10−3
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6.2 Parametric Study Results

The shear stress-strain responses from all models in the parametric study and correspond-

ing analysis are shown in Appendix C. The analyses focused on strength and deformation

capacity and only a representative subset of the data is shown here.

Figure 6.1 shows the shear stress-strain response for panels with f ′
c = 45MPa and two

different transverse reinforcement ratios of ρy = 0.1% and ρy = 1.0%. The macro-synthetic

fibers demonstrate abilities to enhance the ultimate shear strength for both transverse rein-

forcement ratios showed in Figure 6.1. A fiber volume of Vf = 2.0% results in 69% increase

in shear strength compared to Vf = 0% for a transverse reinforcement of ρy = 0.1%. How-

ever, a 27% enhancement in shear strength was observed for a transverse reinforcement of

ρy = 1.0%, for the same fiber volumes. Therefore, the fibers appear to demonstrate greater

effectiveness at lower transverse reinforcement values.
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Figure 6.1: Shear stress-strain response for f ′
c = 45MPa and (a) ρy = 0.1% (b) ρy = 1.0%

Figure 6.2 shows the shear strength vmax and ultimate shear strain γu against transverse

reinforcement ratio ρy for the panels with f ′
c = 45MPa. The shear strength increased

with transverse reinforcement ratio ρy. Conversely, the shear strain at failure, γu, initially

increased with transverse reinforcement ratio, reaching a peak at a reinforcement ratio of

0.1% or 0.25%. The ultimate shear strain was not sensitive to fiber volume for panels with

reinforcement ratios ρy ≥ 0.75% and converged to a value of γu = 8 · 10−3 at a transverse
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reinforcement ratio of ρy = 1.5%, except for the RC panel (Vf = 0%). This trend was

observed for all concrete strengths investigated.
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Figure 6.2: Effects of ρy (for f ′
c = 45MPa) on (a) Shear strength vmax (b) Ultimate shear

strain γu

Figure 6.3 shows the shear strength enhancement due to macro-synthetic fibers versus

fiber volume (up to Vf = 2.0%) for the transverse reinforcement ratios and concrete strength

investigated. The strength improvement was found to be more effective for panels with

higher concrete strength of f ′
c ≥ 70MPa compared to the lower concrete strengths of

f ′
c ≤ 45MPa. The effectiveness generally decreased with a greater amount of transverse

reinforcement, regardless of concrete strength.

In the 20MPa series, the most significant strength enhancement was observed for panels

without transverse reinforcement (resulting in strength enhancement up to 60% compared

to the RC panels). Conversely, the strength advancement was less pronounced for highly

reinforced panels (ρy > 1.0%), where a strength improvement of less than 10% was observed

with the inclusion of fibers. Additionally, the deformation capacity of these panels remained

largely unaffected.

For panels with a concrete strength of f ′
c ≥ 70MPa, the fibers were found to be the

least effective for panels without transverse reinforcement and low fiber contents up to

Vf = 1.0%. The strength enhancement provided by the fibers was less than 10% for those
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panels. Notably, the fibers (at Vf = 2.0%) were able to provide a strength improvement of

about 70% and 80% for concrete strengths of f ′
c ≤ 45MPa and f ′

c ≥ 70MPa, respectively.

This strength improvement was dependent on the transverse reinforcement ratio.
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Figure 6.3: Fiber strength enhancement (a) f ′
c = 20MPa (b) f ′

c = 45MPa (c) f ′
c = 70MPa

(d) f ′
c = 95MPa

Figure 6.4 shows the ultimate shear stress as contours as a function of both the transverse

reinforcement ratio ρy and the fiber volume Vf for each of the four concrete compressive

strengths. The contour lines represent the ultimate shear strength of the panels, demon-

strating the various combinations of ρy and Vf that could be used to achieve a specific

shear strength. For example, given a concrete strength of f ′
c = 70MPa, a shear strength of
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6MPa could be achieved with ρy = 0.75% and Vf = 0% or with ρy = 0.25% and Vf = 2.0%.

This can result in a significant reduction of transverse steel reinforcement in design.

The lines are considerably steeper for concrete compressive strengths of f ′
c ≥ 70MPa

compared to f ′
c ≤ 45MPa, demonstrating that the synergistic effects of the transverse

reinforcement and fiber volume appear to be more pronounced for higher concrete strengths.
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Figure 6.4: Ultimate shear strengths of the parametric panels (a) f ′
c = 20MPa (b) f ′

c =

45MPa (c) f ′
c = 70MPa (d) f ′

c = 95MPa

Figure 6.5 shows the observed failure mode of the parametric study. The addition

of fibers did not significantly effect the deformation capacity of the panels, however the

addition of fibers demonstrated an ability to shift the failure mode. The mode of failure
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was determined to be first failure mode that occurred for the panels, according to the

following four failure modes (i) - (iv):

(i) Crushing failure with transverse yielding, satisfying:

fc2
fc2,max

> 1.0 and ϵy ≥ ϵyield =
Fy

Es

where (by the Vecchio 1992-A model):

fc2,max

f ′
c

=
1

1 + 0.35(r − 0.28)0.80
and r =

−ϵc1
ϵc2

≤ 400.

(ii) Crushing failure without transverse yielding, satisfying:

fc2
fc2,max

> 1.0 and ϵy < ϵyield.

(iii) Biaxial yielding failure, satisfying:

ϵx ≥ ϵyield and ϵy ≥ ϵyield.

(iv) Aggregate interlock, in instances where the first three failure modes listed above

did not appear, the failure mode was determined to be aggregate interlock.

where ϵx is the strain in the longitudinal reinforcement and ϵy is the strain in the transverse

(shear) reinforcement.

The observed failure modes were found to be influenced by the concrete compressive

strength, as illustrated in Figure 6.5. For panels with a concrete strength of 20MPa, the

fibers were able to shift the failure mode from aggregate interlock to crushing failure for

the panels without transverse reinforcement, by providing a fiber volume of Vf ≥ 1.0%.

Furthermore, for a transverse reinforcement of ρy = 0.75%, the fibers induced yielding of

transverse reinforcement with a fiber volume Vf ≥ 1.25%. Panels employing a transverse

reinforcement ρy ≥ 1.0% exhibited consistent crushing failure with yielding of the transverse

reinforcement.

For panels with a concrete compressive strength of f ′
c = 45MPa and transverse rein-

forcement ρy ≥ 1.25%, biaxial yielding failure was observed. Unlike for the crushing failure

modes for the f ′
c = 20MPa panels, the fibers were not capable of shifting the failure mode

from crushing to biaxial yielding at ρy = 1.0%. However, the fibers were able to shift



97

the failure mode from aggregate interlock to crushing for the panels without transverse

reinforcement, with a fiber volume of Vf ≥ 1.0%.

The observed failure mode for panels with f ′
c = 70MPa and f ′

c = 95MPa was biaxial

yielding for ρy ≥ 0.1%. However, the fibers were able to shift the failure mode from aggregate

interlock to x−reinforcement yielding for the panels without transverse reinforcement with

a fiber volume of Vf ≥ 1.0%.
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Figure 6.5: Failure modes of the parametric panels (a) f ′
c = 20MPa (b) f ′

c = 45MPa (c)

f ′
c = 70MPa (d) f ′

c = 95MPa
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Figure 6.6 shows the crack widths at a shear stress of 0.4
√
f ′
c. The panels that did

not reach this shear stress are not included, explaining the absence of few data points in

Figure 6.6 (those panels had transverse reinforcement ratio ρy ≤ 0.25% and fiber volumes

Vf ≤ 1.0%). Since the model consisted of a single element, a single crack width was reported

at every load stage in VecTor2.

(a) (b)

(c) (d)

Figure 6.6: Crack widths of the parametric panels at vxy = 0.4
√

f ′
c (a) f ′

c = 20MPa (b)

f ′
c = 45MPa (c) f ′

c = 70MPa (d) f ′
c = 95MPa

Figure 6.6 illustrates that both transverse reinforcement and fibers were effective in

reducing the crack width. However, the effectiveness of the fibers in limiting the crack width

was less pronounced at a high transverse reinforcement of ρy > 0.75%, where the transverse

reinforcement appeared to control the crack width. For panels with f ′
c ≥ 70MPa, the fibers
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demonstrated greater effectiveness compared to panels with f ′
c ≤ 45MPa in reducing the

crack width. For panels with f ′
c = 45MPa and ρy = 0.25%, the fibers reduced the crack

width of the RC panel of 0.21mm to 0.06mm for a PFRC panel with Vf = 2.0%, resulting

in 70% crack width reduction.

6.3 Summary of the Parametric Study

The parametric study conducted in this chapter investigated the combined use of macro-

synthetic fibers and transverse steel reinforcement, with four concrete strengths. The results

demonstrated the interaction between macro-synthetic fibers and transverse reinforcement,

where different trends were identified for the concrete strengths investigated.

• The enhancements of fibers were more pronounced at lower ρy ratios, in terms of

strength, deformation capacity and crack widths. However, the strength improve-

ments for the panels with a concrete strength of f ′
c = 20MPa were significantly less

compared to the other concrete strengths (in terms of %-improvement from panels

without fibers and equal transverse reinforcement ratios).

• For panels with concrete strengths of f ′
c ≥ 45MPa and a transverse reinforcement

ratio of ρy = 0.25%, adding a fiber volume of Vf ≥ 1.0% resulted in at least 20%

shear strength improvement, achieving up to 65% shear strength improvement for

Vf = 2.0%. This is consistent with studies by Arslan et al. (2017); Navas et al. (2018).

• The fibers were effective in decreasing the crack width at a fixed shear stress of 0.4
√
f ′
c

for all of the concrete compressive strengths investigated. The ability of the fibers

to reduce the crack widths were significantly more pronounced at lower transverse

reinforcement ratios. Given a reinforcement ratio greater than 0.5%, the fibers did not

show any significant benefits in crack width reduction for panels with f ′
c ≤ 45MPa.

These benefits were more prominent for panels with f ′
c ≥ 70MPa.
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Chapter 7

COMPARISON TO EMPIRICAL EQUATIONS

This chapter evaluates the effectiveness of the empirical strength predicting equations

and design code provisions presented in Chapter 2 against the experimental PFRC panel

results presented in Chapter 3, the experimental PFRC beam tests summarized in Chapter

5 and the results of the numerical parametric study for PFRC panels presented in Chapter

6. The strength predicting equations presented in Chapter 2 are summarized in Tables 7.1

and 7.2.

It should be noted that some of the strength models presented in Chapter 2 were de-

veloped for structural members without transverse reinforcement. For those models, the

shear strength contribution from the transverse steel reinforcement (in terms of stress) was

computed as

vs = ρy · Fy.

It should also be noted that many of the expressions were developed for beams and

included a span-to-depth (a/d) ratio term. For the panel elements evaluated, this term was

taken as 1.0.

Table 7.1: Empirical shear strength equations for FRC

Author FRC shear strength [MPa]

Narayanan and Darwish

(1987)

vu = e
[
0.24fspfc + 80ρx

d
a

]
+ 0.41 τ F

F =
lf
df

· Vf · bf

Ashour et al. (1992) vu =
(
0.7

√
f ′
c + 7F

)
d
a + 17.2ρx

d
a

Swamy et al. (1993) vu = 0.9σcu + vc = 0.9 · 0.41τ · lf
df

· Vf + vc

Kwak et al. (2002) vu = 3.7 · e · f2/3
spfc

(
ρx

d
a

)1/3
+ 0.8 · vb

Arslan et al. (2017) vu =
(
0.2f ′

c
2/3 ( c

d

)
+ PSR ·

√
ρ(1 + 4F )f ′

c

)(
3

a/d

)1/3

Ababneh et al. (2017) vu = 1.7(1 + 0.75Vf )
(
0.16λ

√
f ′c+ 17.2ρVud

Mu

)
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Table 7.2: Model code equations for the shear strength of FRC

Model Code FRC shear strength [MPa]

fib Model Code (2010) vu = 0.18
γc

k
[
100ρx

(
1 + 7.5fFtuk

fctk

)
f ′
c

]1/3
ACI 318 (2019) vu = 0.66λsλ (ρw)

1/3
√
f ′
c

AASHTO (2012) vu = 0.083β ·
√
f ′
c

CSA A23.3 (2019) vu = β
√
f ′
c

7.1 Comparison to Panel Element Experimental Program

This section compares the empirical strength equations and design code provisions from

Chapter 2, summarized in Tables 7.1 and 7.2, to the results of the experimental program

conducted by Gaston (2023), summarized in Chapter 3. The panel specimens affected by

consolidation issues (marked with ∗) were not included in the analysis herein, since those

specimens did not reach their ultimate strength.

The panel modeling in Chapter 4 revealed that transverse reinforcement bars adjacent

to the anchor blocks around the perimeter of the panel for the heavily reinforced panels

(ρy = 1.14%) appeared to not contribute to the shear strength of the panels because of how

close they were to the highly disturbed edge region (see Figure 3.1d). Therefore, an effective

transverse reinforcement ρy, eff = 0.91% was employed for the heavily reinforced panels in

the equations (instead of ρy = 1.14% reported in the experimental program).

Table 7.3 reports the predicted-to-experimental strength ratios for all specimens tested

in the experimental program. Table 7.4 provides statistical analysis of the results in Table

7.3, reporting the average, standard deviation and coefficient of variation, in addition to

maximum and minimum ratios for each of empirical and design code equations.



102

Table 7.3: Predicted-to-experimental strength ratios for empirical and design code equations

Specimen Narayanan Ashour Swamy Kwak Arslan Ababneh fib ACI AASHTO CSA

PFRC-000-000 1.24 2.39 0.39 1.10 0.98 1.17 0.58 0.39 0.60 0.52

PFRC-000-029 0.94 1.45 0.62 0.85 0.80 0.89 0.89 0.62 0.89 0.77

PFRC-000-058 1.00 1.34 0.74 0.91 0.88 0.95 1.02 0.74 1.03 0.88

PFRC-000-114 0.93 1.23 0.75 0.89 0.86 0.91 0.93 0.75 0.97 0.81

PFRC-026-000 1.92 3.74 0.68 1.64 1.45 1.60 1.15 0.51 0.80 0.70

PFRC-026-029 0.99 1.63 0.67 0.91 0.84 0.89 0.99 0.61 0.88 0.76

PFRC-026-058∗ 1.34 1.95 1.02 1.25 1.19 1.23 1.43 0.96 1.32 1.13

PFRC-026-114 1.01 1.41 0.83 0.98 0.93 0.96 1.04 0.79 1.03 0.86

PFRC-052-000 1.87 3.88 0.77 1.58 1.38 1.43 1.18 0.45 0.71 0.62

PFRC-052-029 0.90 1.64 0.65 0.86 0.79 0.80 0.91 0.55 0.78 0.67

PFRC-052-058∗ 1.19 1.85 0.92 1.12 1.06 1.07 1.27 0.83 1.13 0.97

PFRC-052-114 1.01 1.46 0.84 0.97 0.93 0.93 1.05 0.77 1.01 0.85

Table 7.4: Summary of the predicted-to-experimental strength ratios in Table 7.3

Model Average [-] StD [-] COV [%] Max [-] Min [-]

Narayanan 1.18 0.39 32.9 1.92 0.90

Ashour 2.02 1.00 49.4 3.88 1.23

Swamy 0.69 0.13 18.7 0.84 0.39

Kwak 1.07 0.30 27.7 1.64 0.85

Arslan 0.99 0.23 23.8 1.45 0.79

Ababneh 1.05 0.26 25.0 1.60 0.80

fib 0.97 0.17 17.1 1.18 0.58

ACI 0.62 0.14 23.3 0.79 0.39

AASHTO 0.87 0.15 16.7 1.03 0.60

CSA 0.74 0.12 15.5 0.88 0.52

Table 7.3 shows that, among the empirical models considered, Equation (2.11) by Arslan

et al. (2017) provided the most accurate strength predictions, with average of 0.99 and

COV of 23.8%. Equations (2.13) by Ababneh et al. (2017) and (2.8) by Kwak et al. (2002)

also provided reasonably accurate average strength predictions, although somewhat on the
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unconservative side. The COV for those equations was 26% and 30%, respectively. Other

empirical strength equations did not exhibit a high degree of accuracy with mean predicted-

to-experimental ratios above 1.1 or below 0.7.

Table 7.3 also shows that the design codes considered provided, on average, conservative

strength estimates. Among those, the fib Model Code (2010) provided the most accurate

shear strength predictions with overall predicted-to-experimental strength ratio of 0.97 and

COV= 17.1%.

Figure 7.1 shows the predicted shear strengths against the experimental strengths for

the empirical models (left) and the design codes (right). The design code predictions tend

to provide more conservative predictions than the empirical equations from the literature.

However, both the empirical equations and the design code models appear to provide rea-

sonable estimates overall for the ultimate shear strength of the panel specimens examined,

where the equations by fib Model Code (2010) and Arslan et al. (2017) provided the most

accurate predictions. Note that the predictions by Ashour et al. (1992) were not included

in Figure 7.1 and other figures below, because of the low dependability displayed.
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Figure 7.1: Predicted versus experimental strength for the experimental program (a) Em-

pirical equations (b) Design code equations

Figure 7.2 shows the predicted-to-experimental strength ratio against fiber volume and

transverse reinforcement ratio. Both the empirical equations and the design codes provided
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conservative results for the RC panels. However, except for Equation (2.6) by Swamy

et al. (1993), the empirical equations significantly overestimated the strength of two of

the FRC panels (PFRC-026-000 and PFRC-052-000). This was attributed to a significant

overestimation of the fiber contribution to the shear strength, which was reasonable, given

that most of the empirical strength equations were developed for steel fibers (as e.g., Kwak

et al. 2002; Narayanan and Darwish 1987). However, the design codes provided conservative

strength predictions at all fiber volume levels.
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Figure 7.2: Predicted-to-experimental strength ratio versus fiber volume for the experimen-

tal program (a) Empirical equations (b) Design code equations

Figure 7.3 shows the predicted-to-experimental ratio as a function of transverse rein-

forcement ratio. Panel specimens without transverse reinforcement ratio (ρy = 0%) and

the highly reinforced panels (ρy = 0.91%) were accurately predicted, in terms of strength,

by the empirical equations. The predictions were more scattered for specimens containing

intermediate reinforcement ratios (ρy of 0.29% and 0.58%). The overpredicted specimens

in Figures 7.2 and 7.3 indicate that specimens that contained Vf ≥ 0.26% and ρy between

0.29 − 0.58% are significantly overpredicted by the empirical models. However, the design

code models provided conservative estimates of the shear strength, where the fiber volume

Vf nor the transverse reinforcement ratio ρy affected the results significantly.
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Figure 7.3: Predicted-to-experimental strength ratio versus transverse reinforcement ratio

for the experimental program (a) Empirical equations (b) Design code equations

7.2 Comparison to Beam Experiments from the Literature

The predicted shear strengths by the empirical equations and the model code equations

were compared to the experimental beam strengths summarized in Chapter 5.

The models provided a reasonable estimate for most of the beam specimens. How-

ever, all empirical equations and design code models significantly overpredicted the beams

tested by Ababneh et al. (2017) that contained transverse reinforcement. The predicted-to-

experimental ratio was in the range of 2− 4 for those beam specimens. This unconservative

predicted strength was attributed to the high transverse reinforcement ratio utilized in

for those beams of ρy > 1.7%. This ratio exceeds the maximum transverse reinforcement

ratio permitted by ACI 318 (2019) for a non-prestressed beam with f ′
c = 45MPa and

Fy = 420MPa (corresponding to the beams) of

ρy,max ≤
0.66

√
f ′
c

Fy
=

0.66
√
45

420
= 1.06%.

Those beam specimens by Ababneh et al. (2017) that contained transverse reinforcement

influenced the overall results significantly, since the steel contribution was computed without

an upper limit as vs = ρyFy. Including those specimens resulted in overall COV of 60%

for the average predicted-to-experimental strength ratio. In order to obtain a reasonable
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comparison of the overall results, the experimental program by Ababneh et al. (2017) was

not included in the analysis herein.

Table 7.5 provides a summary of the predicted-to-experimental strength ratios for the

empirical equations and the design code models. Equation (2.2) by Narayanan and Darwish

(1987) provides the most accurate strength estimates with average predicted-to-experimental

strength ratio of 1.01 (COV= 20.4%). Equation (2.11) by Arslan et al. (2017) also provided

accurate predictions with average of 1.02 (COV= 21.5%). Except for Equation (2.6) by

Swamy et al. (1993), all empirical equations provided unconservative estimates of the shear

strength in terms of average predicted-to-experimental strength ratio.

Table 7.5: Summary of the predicted-to-experimental strength ratios for the beam database

(excluding beams by Ababneh et al. (2017))

Model Average [-] StD [-] COV [%] Max [-] Min [-]

Narayanan 1.01 0.21 20.4 1.70 0.60

Ashour 1.16 0.30 25.4 2.00 0.72

Swamy 0.91 0.26 28.9 2.04 0.48

Kwak 1.17 0.26 22.3 2.11 0.81

Arslan 1.02 0.22 21.5 1.50 0.61

Alhassan 1.11 0.26 23.1 1.77 0.66

fib 1.25 0.29 23.2 2.11 0.68

ACI 0.64 0.18 28.2 1.08 0.33

AASHTO 1.07 0.26 24.5 1.66 0.62

CSA 0.92 0.23 24.8 1.42 0.52

The fib Model Code (2010) provided unconservative shear strength estimates with aver-

age predicted-to-experimental strength ratio of 1.25 (COV= 23.2%), which is recorded the

highest average among the models. The AASHTO (2012) and CSA A23.3 (2019) approaches

provided the most accurate results for the code provisions with predicted-to-experimental

strength ratio of 1.07 (COV= 24.5%) and 0.92 (COV= 24.8%), respectively. However,

the ACI 318 (2019) approach resulted in the most conservative predictions, with overall

predicted-to-experimental strength ratio of 0.64 (COV= 28.2%).
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Figure 7.4 shows the predicted strength by Narayanan (Narayanan and Darwish, 1987)

and AASHTO (AASHTO, 2012) against the experimental beam strengths.Those two models

are shown for reference and the other approaches can be found in Appendix D.

Overall, the experimental programs exhibit accurate predictions for these two approaches

in Figure 7.4. The experimental program by Conforti et al. (2015) is conservative of about

30% by the Narayanan approach. One possible explanation is that the beam specimens

tested by Conforti et al. (2015) were wide-shallow beams (with b/d of 2.0 and 3.0 and

exhibited enhanced shear behavior compared to deeper beams), different to the database

used to calibrate the approach by Narayanan and Darwish (1987). The AASHTO (2012)

approach overpredicted the experimental program by Navas et al. (2018) by 30% on average,

where specimens without fibers were significantly overpredicted (50% on average) while

beams that contained fibers resulted in more accurate predictions.
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Figure 7.4: Predicted versus experimental strength for (a) Narayanan and Darwish (1987)

(b) AASHTO (2012)

Figure 7.5 shows the same data as Figure 7.4 (predicted against experimental strength),

but categorized by beam type. All beam types were accurately predicted by the approach

by Narayanan and Darwish (1987), while the AASHTO (2012) approach resulted in uncon-

servative predictions of 35% for beams with stirrups.
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Figure 7.5: Predicted versus experimental strength (by beam type) for (a) Narayanan and

Darwish (1987) (b) AASHTO (2012)

7.3 Comparison to Parametric Study Results

The accuracy of the empirical equations and the design code models is evaluated by con-

sidering the predicted-to-numerical strength ratios for the parametric study conducted in

Chapter 6.

Table 7.6 summarizes the average predicted-to-numerical strength ratios for the models.

The approaches by Arslan et al. (2017) and Kwak et al. (2002) exhibited the most accurate

results, despite slightly unconservative with an average ratio of 1.09 (COV= 8.6%) and

1.07 (COV= 9.5%), respectively. The empirical equation by Ababneh et al. (2017) also

provided reasonable estimates of the shear strengths, resulting in a conservative average of

0.9 (COV= 12.9%).

The fib Model Code (2010) provided reasonable accurate shear strength estimates, with

an average strength ratio of 0.94 (COV= 15.2%). Other design code procedures resulted

in more conservative estimates in terms of average strength ratio and exhibited greater

scattering with COV up to 26.8%.
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Table 7.6: Predicted-to-numerical strength ratios for the parametric study

Model Average [-] StD [-] COV [%] Max [-] Min [-]

Narayanan 1.13 0.16 13.8 1.68 0.88

Ashour 2.10 0.52 24.9 3.94 1.37

Swamy 0.78 0.12 15.4 1.00 0.35

Kwak 1.07 0.10 9.5 1.39 0.88

Arslan 1.09 0.09 8.6 1.35 0.93

Ababneh 0.90 0.12 12.9 1.20 0.65

Fib. 0.94 0.14 15.2 1.25 0.50

ACI 0.60 0.16 26.5 0.97 0.22

AASHTO 0.84 0.20 24.3 1.21 0.34

CSA 0.72 0.19 26.8 1.02 0.20

Equation (2.11) by Arslan et al. (2017), assumed a polypropylene-to-steel (PSR) ratio of

PSR = 0.7, however they concluded that additional testing was needed to determine a value

for PSR. Carnovale (2013) determined that PSR could range from 0.4 − 0.7. The best fit

of the model by Arslan et al. (2017) to the numerical database was found when PSR = 0.5,

that resulted in average predicted-to-numerical strength ratio of 0.99 (COV= 9.0%).

Figure 7.6 shows the predicted strengths by the approach by Arslan et al. (2017)

(PSR= 0.7) against numerical strengths from the parametric study. The predicted strengths

align overall with the numerical strengths. However, some of the panels associated a com-

pressive strength of 20MPa were overpredicted. Those panels contained a high transverse

reinforcement (ρy ≥ 1.0%).
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Figure 7.6: Predicted strength by Arslan et al. (2017) versus numerical strength

Figure 7.7 shows the predicted-to-numerical strength ratio against transverse reinforce-

ment ratio ρy (left) and fiber volume Vf (right). The solid lines represent the average ratio at

each transverse reinforcement ratio or fiber volume for panels with each of the four concrete

compressive strengths. A transverse reinforcement ratio between 0.25% and 1.0% provided

accurate results in terms of average predicted-to-numerical strength ratio in Figure 7.7(a),

while other transverse reinforcement ratios resulted in overprediction of the strength. How-

ever, the fiber volume did not influence the prediction on average as the solid lines in Figure

7.7(b) demonstrate.
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Figure 7.7: Predicted-to-numerical strength ratio by Arslan et al. (2017) versus (a) Trans-

verse reinforcement ratio ρy (b) Fiber volume Vf
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Figure 7.8 shows the predicted strengths by the fib Model Code (2010) against the nu-

merical strengths from the parametric study. The panels with a compressive strength of

20MPa hit the vRd,max cap (by the fib Model Code, 2010) for ρy ≥ 0.5%. This cap influ-

enced the overall predictions by some extent. However, other concrete strengths remained

unaffected by the vRd,max limit and resulted in accurate predictions across the range of the

parameters investigated.
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Figure 7.8: Predicted strength by the fib Model Code (2010) versus numerical strength

Figure 7.9 shows the predicted-to-numerical strength by the fib Model Code (2010)

against the transverse reinforcement ρy and fiber volume Vf . The vRd,max cap influenced

the predictions for the f ′
c = 20MPa panels in Figure 7.9(a).

Panels associated a compressive strength f ′
c ≥ 45MPa were significantly underpredicted

for low transverse reinforcement ratios of ρy ≤ 0.25%. The average predicted-to-numerical

strength ratio was in the range of 0.65 − 0.75 for panels without transverse reinforcement.

A transverse reinforcement ρy ≥ 0.5% provided accurate results on average.

The fiber volume did not influence the average predicted-to-numerical strength ratio

significantly. The average ratio was conservative for all fiber volumes (Vf ≤ 2.0%), where

higher fiber volume provided more conservative results as demonstrated in Figure 7.9(b).
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Figure 7.9: Predicted-to-numerical strength by the fib Model Code (2010) versus (a) Trans-

verse reinforcement ratio ρy (b) Fiber volume Vf

7.4 Proposed Shear Predicting Equation

The evaluation of the empirical equations and the design code models demonstrated that

some of the existing shear predicting equations were able to predict the shear strength of

PFRC members accurately for the three validation datasets, for example Ababneh et al.

(2017); Arslan et al. (2017); Kwak et al. (2002). The design codes generally resulted in

consistent conservative predictions, where the fib Model Code (2010) provided the most

accurate strength estimates. To improve the prediction of the shear strength of PFRC

elements, an empirical equation is proposed, building on these existing equations.

The proposed equation for the shear strength of PFRC elements consists of contribution

from concrete, transverse steel reinforcement and macro-synthetic fibers as:

vu = vc + vs + vf (7.1)

where vu is the ultimate shear strength and vc, vs and vf are the concrete, transverse steel

reinforcement and macro-synthetic fiber contributions, respectively.

The concrete contribution vc is computed based on the loading protocol by Equation

(7.2), depending on the member type. The PFRC panel specimens were subjected to pure

shear loading while the PFRC beams were subjected to bending. The expression for beams

is based on Equation 22.5.5.1(b) of ACI 318 (2019), while the panel expression is based on
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the web-shear strength by Equation 22.5.6.3.2 of ACI 318 (2019).

vc =


0.66λsλ (ρx)

1/3
√
f ′
c for beams

0.29λ
√

f ′
c for panels

(7.2)

where λs is computed by Equation (2.24) and the term
√
f ′
c should not be taken greater

than 8.3MPa, corresponding to the 100 psi limit in ACI 318 (2019).

The steel contribution vs is computed directly from the transverse reinforcement ratio as

ρy ·Fy, with an upper limit of 0.66
√
f ′
c, in accordance to Equation 22.5.1.2 of ACI 318 (2019).

The fiber contribution term vf is similar to the one proposed by Arslan et al. (2017), but

with PSR = 0.5 and a parameter α that was calibrated for the data. Based on the results

for beams and panels, it seemed like that the fibers contributed more to beams compared

to panels. The parameter α was calibrated for beams and panels separately and was found

to be 8.0 and 4.0 for beams and panels, respectively. The steel and fiber contributions are

thus computed as:

vs = ρy · Fy ≤ 0.66
√
f ′
c (7.3)

vf = PSR ·
√

ρx · (1 + α · F ) ·
(

3

a/d

)1/3

(7.4)

where the span-to-depth ratio is taken as a/d = 1.0 for panel specimens.

The predicted-to-observed strength ratios for the proposed Equation (7.1) is summarized

in Table 7.7. The proposed Equation provides accurate predictions in terms of average

predicted-to-observed strength ratio, resulting in average ratio between 0.99 and 1.01 for all

three datasets with a reasonable COV, never exceeding 19.9%.

Table 7.7: Predicted-to-observed strength ratios for the proposed Equation (7.1)

Dataset Average StD COV [%] Max Min

Experimental Program 1.00 0.15 14.9 1.33 0.88

Beam Database 0.99 0.20 19.9 1.32 0.60

Parametric Study 1.01 0.12 11.5 1.28 0.76
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Figure 7.10 shows the predicted strength against the observed strength for the three

datasets. The proposed Equation (7.1) results in accurate predictions for all three datasets,

despite some scattering for the beam database.
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Figure 7.10: Predicted versus observed strengths by the proposed Equation (7.1) (a) Ex-

perimental program (b) Beam database (c) Parametric study

Table 7.8 compares the accuracy of the proposed Equation (7.1) to existing approaches

by Arslan et al. (2017) and fib Model Code (2010), since they were found to provide the

most accurate strength estimates for the datasets analyzed. The predictions of the modeling

approach in VecTor2 (presented in Chapter 4.3.6) is also shown in Table 7.8 for the experi-

mental program summarized in Chapter 3 and the beam database summarized in Chapter 5.
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The numerical database of the parametric study was developed using the VecTor2 modeling

approach. Therefore it is not reasonable to compare the parametric study to the VecTor2

modeling approach in Table 7.8 (as the average would be 1.00 and COV= 0.0%).

The proposed Equation (7.1) provides the most accurate predictions in Table 7.8 for

the three datasets. However, it has to be noted that the VecTor2 modeling approach was

calibrated for the experimental program.

The approach by Arslan et al. (2017) also shows a good agreement with the observed

strengths, providing significantly more accurate results than the VecTor2 modeling ap-

proach for the beam database with average predicted-to-observed strength ratio of 1.02

(COV= 21.5%) and 1.11 (COV= 21.8%), respectively. However, the fib Model Code (2010)

appears to provide accurate results for panel specimens with average ratios of 0.97 and 0.94

for the experimental program and the parametric study, respectively, while providing un-

conservative results for the beam database with an average ratio of 1.24.

Table 7.8: Comparison of predicted-to-observed strength ratios for the proposed equation

to two existing approaches and the VecTor2 modeling approach

Dataset Approach Avg Std COV [%] Max Min

Experimental

program

Proposed equation 1.00 0.16 15.7 1.33 0.88

Arslan et al. (2017) 0.99 0.23 23.8 1.45 0.79

fib Model Code (2010) 0.97 0.17 17.1 1.18 0.58

VecTor2 1.01 0.06 5.9 1.14 0.93

Beam

database

Proposed equation 0.99 0.20 19.9 1.32 0.60

Arslan et al. (2017) 1.02 0.22 21.5 1.50 0.61

fib Model Code (2010) 1.24 0.30 23.8 2.11 0.68

VecTor2 1.11 0.24 21.8 1.75 0.60

Parametric

study

Proposed equation 1.01 0.12 11.5 1.28 0.76

Arslan et al. (2017) 1.09 0.09 8.6 1.35 0.93

fib Model Code (2010) 0.94 0.14 15.2 1.25 0.50
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Chapter 8

CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

8.1 Summary

A non-linear numerical modeling approach, using the finite-element software VecTor2, was

developed to examine the combined use of macro-synthetic fibers and conventional steel

transverse reinforcement to resist shear loads. The model was calibrated using PFRC ex-

perimental panel data, validated using PFRC experimental data from the literature and

used to perform a parametric study. The ability of shear strength predictive equations was

evaluated using the data.

Calibration of the modeling approach was performed using data from the experimen-

tal program conducted by Gaston (2023), which investigated the shear behavior of twelve

PFRC panels with various levels of transverse reinforcement. The fiber volumes for the

experimental specimens ranged between 0% and 0.52%, while the transverse reinforcement

ratio varied from 0% to 1.14%.

The finite element modeling was conducted in VecTor2, that has been commonly used

for comparable panel specimens. The main challenge of the modeling was to account for the

strength provided by the macro-synthetic fibers. A tension softening model was calibrated

on the tested panels and demonstrated accurate predictions for the experimental program.

The modeling approach was validated using data from PFRC panel and beam tests

available in the literature, forming a database of PFRC beam specimens. Although there

is limited data for PFRC elements with conventional transverse reinforcement available in

the literature, the results of the analysis indicated an ability of the approach to accurately

estimate the ultimate strength for various structural elements.

The performance of elements with both macro-synthetic fibers and deformed steel bar

transverse reinforcement was further investigated. An extensive parametric study was con-

ducted in VecTor2, examining the shear strength for 288 PFRC panels with transverse rein-

forcement subjected to pure shear. The parameters of interest included the concrete’s com-

pressive strength f ′
c, transverse reinforcement ratio ρy and fiber volume Vf . The database
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generated was analyzed, considering ultimate shear strength, to examine the interaction of

ρy and Vf , and the potential effects of f ′
c.

The experimental data from Gaston (2023) and the beam database, in addition to the

numerical database from the parametric study, was compared to empirical shear strength

equations by Narayanan and Darwish (1987), Ashour et al. (1992), Swamy et al. (1993),

Kwak et al. (2002), Arslan et al. (2017) and Ababneh et al. (2017). Additionally, a handful

of design code approaches were evaluated to predict the shear strength, including the fib

Model Code (2010), ACI 318 (2019), AASHTO (2012) and CSA A23.3 (2019).

8.2 Conclusions

From these analyses, the following conclusions can be revealed:

• Macro-synthetic fibers provided significant enhancement in shear strength, up to 80%

increase in shear strength was observed for panels with transverse reinforcement of

ρy = 0.1% and a fiber volume of Vf = 2.0% compared to panel models without fibers

(Vf = 0%). This enhancement was most pronounced for low transverse reinforcement

ratios (ρy ≤ 0.25%). For panels with ρy ≥ 1.0% the improvements were up to 30%

in shear strength. This aligns with the trends Watanabe et al. (2010) identified for

SFRC.

• Benefits provided by macro-syntetic fibers are influenced by the concrete’s compres-

sive strength to some extent. Panels with f ′
c = 70MPa and f ′

c = 95MPa without

transverse reinforcement exhibited minor shear strength enhancement (less than 10%)

provided by the fibers for fiber volumes up to 1.0%. However, strength advancements

were overall greater for concrete strengths of f ′
c = 70MPa and f ′

c = 95MPa (up to

30%) compared to f ′
c = 20MPa and f ′

c = 45MPa (up to 20%) for panels containing

transverse reinforcement for any fiber volume investigated.

• Macro-synthetic fibers were found to shift the failure mode of PFRC panels without

transverse reinforcement from aggregate interlock to crushing failure or x−yielding

failure by utilizing a fiber volume of Vf ≥ 1.0%. However, his observation is in

contrast what was observed by Carnovale and Vecchio (2014) experimentally, where a

PFRC panel subjected to pure shear with Vf = 2.0% of macro-synthetic fibers failed

due to aggregate interlock.
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• Macro-synthetic fibers reduced crack widths and the effects were more pronounced

for panels with f ′
c = 70MPa and f ′

c = 95MPa. However, negligible reductions in

crack width were observed for transverse reinforcement ρy ≥ 0.75%, independent of

concrete strength.

• Several existing empirical equations in the literature and model code approaches and

demonstrated the ability to predict the shear strength of PFRC structural elements

accurately. The approach by Arslan et al. (2017) indicated reliable estimates of the

shear strength with a predicted-to-numerical strength average ratio of 1.09 and COV

of 8.6%. However a slight modification of the approach resulted in an average of 0.99

and COV of 9.0% (where a lower PSR value was employed).

• Most current design codes neglect the contribution of macro-synthetic fibers to the

shear strength of structural elements, which results in underestimation of shear strength.

The fib Model Code (2010), which includes the contribution of fibers, exhibited su-

perior performance across series of design code approaches evaluated, with mean

predicted-to-numerical strength ratio of 0.94 and COV of 15%.

• The proposed empirical equation to predict the shear strength of PFRC elements

demonstrated accurate predictions to the experimental and numerical data used in

this study. The equation resulted in a predicted-to-observed average of 1.00 with a

COV not exceeding 19.9%. The equation utilizes the fiber term presented by Arslan

et al. (2017) with minor modification. However, the equation considers the shear

loading protocol for PFRC members, employing different equations for PFRC beams

and panels.

8.3 Future Work

Although these are promising results, there are limitations on the presented study including

experimental validation data and the proposed tension softening model for PFRC. With

respect to future research work, the following recommendations are made:

• Continued experimental work on PFRC members with transverse reinforcement is

necessary to expand the currently available database. Presently, only 17 PFRC struc-

tural elements with transverse reinforcement exist in the literature, 6 panels tested by

Gaston (2023) and 11 beams.

• The observed trends in shear strength enhancement due to macro-synthetic fibers need
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to be confirmed with experimental testing. This requires testing of comprehensive

experimental programs, exploring various combinations of transverse reinforcement

ratios, fiber volume and compressive strength.

• Development of a general PFRC tension softening model is necessary. The model

used in this study only considered fiber volume Vf and the concrete cracking strength

f ′
t to influence the tension softening response of PFRC. However, many other fiber

and concrete parameters influence the response (e.g., fiber length lf , fiber aspect ratio

ARf and bond stress between fibers and concrete matrix). Additionally, a general

PFRC tension softening model should be validated for other loading conditions than

pure shear as well.

• Constitutive models accounting for macro-synthetic fibers should be implemented into

VecTor2.

• Current model code procedures should consider the strength contribution of macro-

synthetic fibers. This would increase the combined use of macro-synthetic fibers and

transverse reinforcement in design, resulting more durable structures with higher de-

formation capacities in addition to savings in steel reinforcement.
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Appendix A

EXPERIMENTAL PROGRAM MODELING RESULTS

Panels with consolidation issues (marked with ∗) are not included in the average and

standard deviation calculation calculations for vmax and γu. Moreover, panels with ρy = 0%

were not included in the average and standard deviation calculations for γu.

Table A.1: Modeling results with and without PP fibers: vmax

Panel Specimen name vexp [MPa] vvt2rc [MPa] vvt2pp [MPa] pred/exp-RC pred/exp-PP

P1 PFRC-000-000 2.12 2.11 - 0.99 -

P2 PFRC-000-029 4.27 3.59 - 0.84 -

P3 PFRC-000-058 5.41 5.47 - 1.01 -

P4 PFRC-000-114 7.82 8.32 - 1.06 -

P5 PFRC-026-000 1.43 1.21 1.21 0.85 0.85

P6 PFRC-026-029 4.31 4.60 3.76 1.07 0.87

P7 PFRC-026-058∗ 4.24 5.55 5.83 1.31 1.37

P8 PFRC-026-114 7.43 8.32 8.43 1.12 1.13

P9 PFRC-052-000 1.50 1.52 1.52 1.01 1.01

P10 PFRC-052-029 5.00 3.81 4.01 0.76 0.80

P11 PFRC-052-058∗ 4.94 5.58 6.01 1.13 1.22

P12 PFRC-052-114 7.47 8.35 8.52 1.12 1.14

Average: 0.98 0.97

Std: 0.12 0.14

Table A.2: Modeling results with and without PP fibers: γu in Table A.1

Panel Specimen name γexp [MPa] γvt2rc [MPa] γvt2pp [MPa] pred/exp-RC pred/exp-PP

PP1 PFRC-000-000 0.71 1.72 - 2.41 -

P2 PFRC-000-029 13.31 19.24 - 1.45 -

P3 PFRC-000-058 12.21 14.49 - 1.19 -

P4 PFRC-000-114 13.73 10.16 - 0.74 -

P5 PFRC-026-000 1.37 2.20 2.41 1.61 1.76

P6 PFRC-026-029 13.80 20.87 31.01 1.51 2.25

P7 PFRC-026-058∗ 5.49 25.19 24.60 4.59 4.48

P8 PFRC-026-114 11.95 14.65 14.32 1.23 1.20

P9 PFRC-052-000 0.36 0.85 0.41 2.33 1.12

P10 PFRC-052-029 20.75 47.29 47.34 2.28 2.28

P11 PFRC-052-058∗ 8.09 23.43 22.21 2.90 2.75

P12 PFRC-052-114 13.03 10.48 14.90 0.80 1.14

Average: 1.06 1.02

Std: 0.26 0.16
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Table A.3: Modeling results comparing DSFM and MCFT: vmax

Panel Specimen name vexp [MPa] vdsfm [MPa] vmcft [MPa] pred/exp-DSFM pred/exp-MCFT

P1 PFRC-000-000 2.12 2.11 2.18 0.99 1.03

P2 PFRC-000-029 4.27 3.59 4.09 0.84 0.96

P3 PFRC-000-058 5.41 5.47 5.49 1.01 1.01

P4 PFRC-000-114 7.82 8.32 8.32 1.06 1.06

P5 PFRC-026-000 1.43 1.21 1.20 0.85 0.84

P6 PFRC-026-029 4.31 4.60 4.21 1.07 0.98

P7 PFRC-026-058∗ 4.24 5.55 5.67 1.31 1.34

P8 PFRC-026-114 7.43 8.32 8.31 1.12 1.12

P9 PFRC-052-000 1.50 1.52 1.53 1.01 1.02

P10 PFRC-052-029 5.00 3.81 4.34 0.76 0.87

P11 PFRC-052-058∗ 4.94 5.58 5.71 1.13 1.16

P12 PFRC-052-114 7.47 8.35 8.27 1.12 1.11

Average: 0.98 1.00

Std: 0.12 0.09

Table A.4: Modeling results comparing DSFM and MCFT: γu in Table A.3

Panel Specimen name γexp [MPa] γdsfm [MPa] γmcft [MPa] pred/exp-DSFM pred/exp-MCFT

P1 PFRC-000-000 0.71 1.72 0.16 2.41 0.22

P2 PFRC-000-029 13.31 10.86 14.89 0.82 1.12

P3 PFRC-000-058 12.21 14.49 9.38 1.19 0.77

P4 PFRC-000-114 13.73 10.16 8.61 0.74 0.63

P5 PFRC-026-000 1.37 2.20 1.73 1.61 1.27

P6 PFRC-026-029 13.80 20.87 14.91 1.51 1.08

P7 PFRC-026-058∗ 5.49 18.67 12.60 3.40 2.29

P8 PFRC-026-114 11.95 14.65 8.56 1.23 0.72

P9 PFRC-052-000 0.36 0.85 0.80 2.33 2.21

P10 PFRC-052-029 20.75 23.23 12.89 1.12 0.62

P11 PFRC-052-058∗ 8.09 18.60 10.94 2.30 1.35

P12 PFRC-052-114 13.03 10.48 7.83 0.80 0.60

Average: 1.06 0.79

Std: 0.26 0.20
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Table A.5: Tensile strength (f ′
t) inputs [MPa] for Table 4.2

Panel f1 0.38f1 0.5f1 0.67f1 VT2 default

P1 5.17 1.96 2.58 3.45 2.20

P2 5.44 2.07 2.72 3.63 2.03

P3 3.04 1.15 1.52 2.03 1.84

P4 4.48 1.70 2.24 2.99 2.14

P5 5.92 2.25 2.96 3.95 1.88

P6 4.36 1.66 2.18 2.91 2.04

P7 4.82 1.83 2.41 3.21 1.93

P8 3.83 1.46 1.92 2.56 2.18

P9 3.67 1.40 1.84 2.45 1.79

P10 4.32 1.64 2.16 2.88 2.21

P11 4.36 1.66 2.18 2.91 1.97

P12 3.44 1.31 1.72 2.29 1.98

Table A.6: Tension softening inputs for the proposed model by Equation (4.14)

PFRC-000-000 PFRC-000-029 PFRC-000-058 PFRC-000-114

ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa]

1.0 1.390 1.0 0.924 1.0 1.019 1.0 1.232

3.2 0.517 3.2 0.343 3.2 0.379 3.2 0.458

6.2 0.134 6.2 0.089 6.2 0.098 6.2 0.119

12.0 0.010 12.0 0.007 12.0 0.007 12.0 0.009

PFRC-026-000 PFRC-026-029 PFRC-026-058 PFRC-026-114

ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa]

1.2 0.795 1.2 1.159 1.2 0.872 1.2 1.193

3.2 0.457 3.2 0.666 3.2 0.501 3.2 0.686

6.5 0.254 6.5 0.370 6.5 0.279 6.5 0.381

14.0 0.183 14.0 0.267 14.0 0.201 14.0 0.275

PFRC-052-000 PFRC-052-029 PFRC-052-058 PFRC-052-114

ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa]

1.3 1.098 1.3 1.448 1.3 1.100 1.3 1.793

3.8 0.654 3.8 0.863 3.8 0.656 3.8 1.069

7.8 0.413 7.8 0.544 7.8 0.413 7.8 0.674

16.0 0.336 16.0 0.444 16.0 0.337 16.0 0.549
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Figure A.1: Discretization of the tension softening model for inputs to the FormWorks model

by Table A.6 (a) PFRC-000-000 (b) PFRC-000-029 (c) PFRC-000-058 (d) PFRC-000-114
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Figure A.2: Discretization of the tension softening model for inputs to the FormWorks model
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Figure A.3: Discretization of the tension softening model for inputs to the FormWorks model
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Figure A.4: Experimental response versus VT2 predicted response for PFRC-000-000 (a)
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Figure A.6: Experimental response versus VT2 predicted response for PFRC-000-058 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.7: Experimental response versus VT2 predicted response for PFRC-000-114 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.8: Experimental response versus VT2 predicted response for PFRC-026-000 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.9: Experimental response versus VT2 predicted response for PFRC-026-029 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.10: Experimental response versus VT2 predicted response for PFRC-026-058 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.11: Experimental response versus VT2 predicted response for PFRC-026-114 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.12: Experimental response versus VT2 predicted response for PFRC-052-000 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.13: Experimental response versus VT2 predicted response for PFRC-052-029 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.14: Experimental response versus VT2 predicted response for PFRC-052-058 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Figure A.15: Experimental response versus VT2 predicted response for PFRC-052-114 (a)

vxy − γxy (b) fc1 − ϵc1, (c) fc2 − ϵc2 (d) θσ − vxy (e) θϵ − vxy (f) θσ − θϵ
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Appendix B

VALIDATION MODELING RESULTS

B.1 Extrapolation Modeling

Table B.1: Tension softening inputs (f ′
t = fmax

c1 ) for C1C, DC-P1, DC-P3 and DC-P5, by

the proposed model (4.14)

C1C DC-P1 DC-P3 DC-P5

ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa]

1.2 1.647 1.2 1.642 2.5 2.017 2.5 2.380

3.7 0.535 3.7 0.533 7.0 1.796 7.0 2.119

8.0 0.077 8.0 0.077 14.5 1.521 14.5 1.795

15.0 0.003 15.0 0.003 25.0 1.275 25.0 1.504

Table B.2: Tension softening inputs (VT2 default value used for f ′
t) for C1C, DC-P1, DC-P3

and DC-P5, for the proposed model in Equation (4.14)

C1C DC-P1 DC-P3 DC-P5

ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa] ϵc1 [mm/m] fc1 [MPa]

1.2 1.559 1.2 1.628 2.5 2.195 2.5 2.267

3.7 0.506 3.7 0.529 7.0 1.954 7.0 2.018

8.0 0.073 8.0 0.076 14.5 1.655 14.5 1.710

15.0 0.003 15.0 0.003 25.0 1.387 25.0 1.433
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Figure B.1: Tension softening model inputs by Tables B.1 and B.2 versus experimental

panel response (a) C1C (b) DC-P1 (c) DC-P3 (d) DC-P5

B.2 Material Beam Modeling

The modeling approach outlined in Chapter 4.3.6 was validated for the PFRC beams tested

by Gaston (2023). The predicted response is compared to the experimental response in

Figures B.2 and B.3.

It is important to note that the support displacement for beam specimens with Vf = 0%

were not tracked during, unlike for beams with Vf > 0%. Therefore, the modeling curves

were not directly comparable to the experimental curves and are thus not showed herein.
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Figure B.2: Modeling of PFRC beams with Vf = 0.26% tested by Gaston (2023) companion

to panel specimens (a) PFRC-026-000 (b) PFRC-026-029 (c) PFRC-026-058 (d) PFRC-026-

114
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Figure B.3: Modeling of PFRC beams with Vf = 0.26% tested by Gaston (2023) companion

to panel specimens (a) PFRC-052-000 (b) PFRC-052-029 (c) PFRC-052-058 (d) PFRC-052-

114
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Appendix C

PARAMETRIC STUDY MODELING RESULTS
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Figure C.1: Effects of specified crack spacing on the shear stress-strain response (f ′
c =

45MPa) (a) ρy = 0%, Vf = 0% (b) ρy = 0%, Vf = 0.5% (c) ρy = 0.5%, Vf = 0% (d)

ρy = 0.5%, Vf = 0.5%
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Figure C.2: Effects of specified crack spacing on the shear stress-strain response (f ′
c =

70MPa) (a) ρy = 0%, Vf = 0% (b) ρy = 0%, Vf = 2.0% (c) ρy = 2.0%, Vf = 0% (d)

ρy = 2.0%, Vf = 2.0%
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Figure C.3: Parametric study (f ′
c = 20MPa) (a) ρy = 0% (b) ρy = 0.1% (c) ρy = 0.25%

(d) ρy = 0.5% (e) ρy = 0.75% (f) ρy = 1.0% (g) ρy = 1.25% (h) ρy = 1.5%
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Figure C.4: Analysis of parametric study for f ′
c = 20MPa
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Figure C.5: Parametric study (f ′
c = 45MPa) (a) ρy = 0% (b) ρy = 0.1% (c) ρy = 0.25%

(d) ρy = 0.5% (e) ρy = 0.75% (f) ρy = 1.0% (g) ρy = 1.25% (h) ρy = 1.5%
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Figure C.6: Analysis of parametric study for f ′
c = 45MPa
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Figure C.7: Parametric study (f ′
c = 70MPa) (a) ρy = 0% (b) ρy = 0.1% (c) ρy = 0.25%

(d) ρy = 0.5% (e) ρy = 0.75% (f) ρy = 1.0% (g) ρy = 1.25% (h) ρy = 1.5%
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Figure C.8: Analysis of parametric study for f ′
c = 70MPa
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Figure C.9: Parametric study (f ′
c = 95MPa) (a) ρy = 0% (b) ρy = 0.1% (c) ρy = 0.25%

(d) ρy = 0.5% (e) ρy = 0.75% (f) ρy = 1.0% (g) ρy = 1.25% (h) ρy = 1.5%
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Figure C.10: Analysis of parametric study for f ′
c = 95MPa
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(a) (b)

(c) (d)

Figure C.11: Ultimate crack width of the parametric panels (a) f ′
c = 20MPa (b) f ′

c =

45MPa (c) f ′
c = 70MPa (d) f ′

c = 95MPa
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Appendix D

EMPIRICAL CALCULATIONS RESULTS
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Figure D.1: Design code predictions versus experimental shear strength (a) fib Model Code

(2010) (b) ACI 318 (2019) (c) AASHTO (2012) (d) CSA A23.3 (2019)
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Figure D.2: Predicted strength by empirical equations versus experimental strength (a)

Narayanan and Darwish (1987) (b) Ashour et al. (1992) (c) Swamy et al. (1993) (d) Arslan

et al. (2017) (e) Ababneh et al. (2017)
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Figure D.3: Predicted strength by Equation (2.11) by Arslan et al. (2017) (PSR = 0.5)

versus numerical strength
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Figure D.4: Predicted-to-numerical strength by Equation (2.11) by Arslan et al. (2017)

(PSR = 0.5) versus (a) Transverse reinforcement ratio (b) Fiber volume
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