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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 V; > 0.75% achieved a shear stress higher than 0.29+/f7 (3.5/f. 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



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:

e 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



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.



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;
Yazic1 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 V; = 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 (I¢/dy)

(Boulekbache et al., 2012). Although a greater aspect ratio is generally more favorable for



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 V¢, 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 V; = 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 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 V¢ = 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/m? (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/m?3 and 6 kg/m? has

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



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



beams containing Vy = 0.5% macro-synthetic fibers and transverse reinforcement ratio
of p, = 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 V; < 0.52% and transverse reinforcement

py < 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.
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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 x 890 x 70 mm, 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 p, = 3.31% while the transverse reinforcement was p, = 0.42% for



RC specimens and p, = 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/ [MPa] Fiber type Vy [%]
C1C 65.7 - -
C1F1V1 01.4 RC80/50-BN 0.5
C1F1V2 53.4 RC80/50-BN 1.0
C1F1V3 49.7 RC80/50-BN 1.5
C1F2V3 09.7 RC80/30-BP 1.5
C1F3V3 45.5 RC80/35-BN 1.5
Cc2C 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. [MPa] Fiber type V;[%] 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 V¢ = 1.0% of end-hooked steel fibers
could effectively replace the transverse reinforcement of p, = 0.42% used in the control
specimen DC-P1. However, panel C1F1V1 tested by Susetyo et al. (2011), that contained
Vi = 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
Vi > 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 (V; = 2.0% macro-synthetic fibers) and C1F1V1 (V; = 0.5% hooked-end steel
fibers) was comparable, demonstrating the effectiveness of macro-synthetic fibers to steel

fibers.
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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 (V; = 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 V} [%] 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
HO0.75PSM 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.



Table 2.4: Several PFRC beam experimental programs

Fibers
Reference Ve (%] pz (] py %) Key conclusions
(Iy/dy)
0 Fibers increased the shear strength for all beams.
Strux 85/50
0.5 0 A fiber saturation point appeared to be Vy = 1.0%
Majdzadeh et al. (2006) PP blend 2.62
(50/ ) 1.0 0.28 Fibers and stirrups demonstrated synergistic effects
50/0.59
1.5 to shear strength
PP fibers shifted the failure mode from shear to flex-
ure and increased the deformation capacity
Polypropylene Using Vy = 1.45% of PP fibers can completely sub-
Conforti et al. (2015) 1.15 - 1.30
(40/0.75) 1.45 0.10 stitute minimum shear reinforcement

PP fibers reduced crack width and resulted in a crack

spacing reduction of about 40%

QI



Table 2.4 continued

Fibers
Reference Ve (%] pz (] py %) Key conclusions
(Ly/dy)
e PP fibers increased shear strength and deformation
Polymacro 0 capacity
Arslan et al. (2017) PM39 10 1.28 0 e PP fibers were not capable of shifting the failure
(39/0.77) 20 mode from shear to flexure for a/d < 3.5
30 e Maximum normalized shear stress increased with Vy
e PP fibers improve shear strength and deformation
capacity
e Comparable behavior was observed for PFRC beams
Polypropylene 0 0 and RC beams with transverse reinforcement
Navas et al. (2018) 1.67 - 2.25 0.10
(48/0.84) 1.1 e Synergistic effects appeared for two of four PFRC
015 beams with transverse steel reinforcement
e Macro-synthetic fibers can serve as an effective shear
transfer mechanism

91



Table 2.4 continued

Fibers
Reference Ve (%] pz (] py %) Key conclusions
(Uy/dy)
Stirrups spacing can be increased from d/4 to d/2 by
Polypropylene- 0 using Vy = 0.77% of fibers
0
polyethylene 0.33 Fiber effectiveness decreases with smaller stirrup
Ababneh et al. (2017) 3.22 1.68
blend 0.55 spacing
3.35
(40/0.44) 0.77 Increased V; resulted in greater shear strength and
more ductile failure
Fibers increased shear strength up to 30% for Vy =
Polypropylene- 0 1.0%
polyethylene 0.50 215 Fibers effectively distributed stresses across diagonal
Altoubat et al. (2009) 0
blend 0.75 3.18 cracks
(40/0.44) 1.0 Fibers changed the failure mode from web-shear

cracking to flexural shear cracking for short beams

L1
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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 x 460 mm and 230 x 390 mm.
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 Vy = 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. (2+/f. psi), with some of the PFRC beams even exceeding the minimum
requirement for SFRC according to ACI 318-08 of 0.3+/f. (3.5./f. psi).
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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 V} 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.
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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
13.85 M Pa to 27 M Pa, 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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Figure 2.7: Normalized shear strength versus fiber volume (Arslan et al., 2017)

2.5.8 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 py = 3.35% 0, 0.33, 0.55, 0.77
3 py = 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

(Vy = 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 (V; < 0.77%).
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Figure 2.8: Load versus midspan deflection for group 2 (s = 30 mm) (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 x 552mm) and B (229 x 552 mm)

Span lengths 1 (3360 mm) and 2 (4570 mm)
RC (Vy = 0%) and PFRC (Vy = 1.1%)

e 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 V; 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:l—f-Vf-bf (2.1)
dy
where b 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:

d
vy =€ 024 fsprc + 80,09;& + vy (2.2)
vy =0417F

Where p, is the longitudinal reinforcement ratio, 7 is the interfacial bond stress, e is an

arching factor taken as

e=1.0 fora/d>238

e= 2.8g for a/d < 2.8
a

and

fspfc = M + 0.7+ \/F (23)

20— VF

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

computed as
fe
0.85

fcuf =

The average fiber matrix interfacial bond stress 7 was suggested to be 74 = 4.15 M Pa
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 7,, = 2.82 M Pa.

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>25: v, = (2.11€/ﬁ+ 7F> <pxj>0'333 (MPa) (2.42)
a/d<25: wv,=|Eq. (24a) ]jil + v (2.5 - %) (MPa). (2.4D)

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

accounting for fiber contribution.

Vy = (0.7\/fg+ 7F) g + 17.2pxg (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).

Vy = Uy + Ve = 0904, + ¢ (2.6)
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where
Ly
Ocy — 0.417 - df . Vf for lf < lC (27&)
f
wd
O =041-(1— It opy - Vy forly > 1. (2.7b)
4t Iy

where oy, is the fiber fracture stress and v. denotes the concrete’s shear strength (e.g.,
according to ACI 318, 2019). The term [. 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.,
Juhasz and Kis, 2017; Lim, 2006). Then the average fiber matrix interfacial bond stress
7 can be taken as 7y = 4.15 M Pa for steel fibers (Swamy et al., 1974) or 7, = 2.82 M Pa
(Prete et al., 2019). However, for the evaluation of Equation (2.6) in Chapter 7, fiber pullout

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

2.6.4 Kuwak 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:

d\1/3
vy =37 [ (pa;) +0.8-v, (MPa) (2.8)
a
where e is taken as
e=1.0 fora/d>3.4 (2.9)
d
e= 3.45 for a/d < 3.4 (2.10)

and vy = 0.417F in accordance to Swamy et al. (1993), where 7 is the interfacial bond stress

taken as 7, = 2.82 M Pa 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.

U = (0.2fé2/3 (g) PSR- \/;m) (ai;dy/?) (MPa) (2.11)

(2)2 + 600 (‘J’j) (5) — 600 (‘J’jf) -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.

Vud

vy = L.7(1+0.75V)) <0.16/\\/f’c + 17.2po> (MPa) (2.13)

where V,, and M, is the design shear force and moment, respectively, and A 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.
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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).

0.18

1/3
VraF = ——k [100px <1 + 7.5th“’“) fg] +0.1500p > VRd,Fmin (2.14)

fctk

C

where

VRd, Fmin = (Umin + 0.150¢p)

Umin = 0.035 - k32 . \/f!

200

Then ~. = 1.0 is a partial safety factor for concrete without fibers, fry,x is the characteristic

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

Wy,
friuk = fFis — m(fﬂs —0.5fr3 +0.2fR1) >0 (2.15)
[rts = 0.45fR1. (2.16)

where fry and fr3 are the residual strengths from a bending test at CMOD; = 0.5mm
and CMODs = 2.5 mm, respectively. The residual strengths for PFRC can be estimated
by Equation (2.17) by Neto et al. (2013):

ANE

JrRI=T75" <Vf : f) (2.17a)
dy
1\ 07

fr3 =6.0- <Vf : f) (2.17b)
dy
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The characteristic tensile strength f. is taken as f., according to fib Model Code
(2010):

Fetm = 0.3(f)?/3  for f <50 MPa (2.18a)

fotm =212+ In (1+0.1(f.+ Af)) for f.>50MPa (2.18b)

where Af = 8 M Pa. The term o, 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 f,; is the yield stress of transverse steel reinforcement.

/
Members with shear reinforcement:  p; > 0.08 ffc (2.19a)
yt
f/
Members without shear reinforcement:  p; < 0.08 7 <. (2.19b)
yt

For FRC members without stirrups the shear resistance vgg 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:

URd = VR4,F + YRd,s < URd,maz (2.20)

where

VRd,s = Py * Jyt cot 0
/
VURd,max = k'c - 2% . 5in6 cos O

Ve
30\ '/*
ke = ke - (f/) < ke
1
e = —7 <0.65
1.2 + 5561 —

€1 = €z + (€x + 0.002) cot?® 0

where p, is the transverse reinforcement ratio and 60,5, < 0 < 45° where 0, is determined

by Equation (2.21) (level II approximation). Here, the angle will be taken as 6 = 0,
Opmin = 20° + 10000¢, (2.21)

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

7MZE ¢ + VEgq

<0.
B, AL < 0.003

€x —
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where FE is the modulus of elasticity of the reinforcement, Ay is the cross-sectional area of
the flexural reinforcement, Vgg and Mg, is the design shear force and moment, respectively,

and z is the effective shear depth.

2.7.2 ACI 518 (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).

Vy = Ve + Vg (2.22)
- 1/3 7 N
Ve = [0.66X:) (pw)'° /fL + (2.23)
64,
where A is a size effect factor taken as
1'07 if A’U > Av,min
As = (2.24)

/ 2 3 .
170.004.d S 10, if A’U < Av,mzn

and A accounts for lightweight concrete according to ACI 318 (2019, ch. 19.2.4), where
A = 1.0 for normal-weight concrete. The minimum transverse reinforcement ratio A, min is

determined by Equation (2.25).

Apmin = maz (0.062\/1»'7- bu5 g5 bu S> (2.25)
fyt fyt

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

puted by Equation (2.26)

Vew = 0.29 - A/ L+ 0.3 fpe + vy (2.26)

where f,. is compressive stress in concrete after prestress losses and v, 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 0.33)\\/1‘7.

For Equations (2.23) and (2.26), the term /f/ should not be taken greater than 0.7 M Pa.
Moreover, the steel contribution is computed by Equation (2.27), with an upper limit for

the contribution of the transverse reinforcement as:

Vs = py - Jyr < 0.664/ f7. (2.27)
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2.7.8 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

Ve + Vs + Up

Up = Min (2.28)
0.25f! + vy
where
ve = 0.0838 - \/f (2.29)
Vs = pyfuyt - (cot§ + cot a)sin a (2.30)

where 8 accounts for the concrete’s ability to transmit tensile stresses by Equation (2.31)
and 0 is the angle of inclination of compressive stresses by Equation (2.32). Then « is the

angle of inclination of transverse reinforcement.

4.8 by - s
__ 48 for A, > 0.083/F7 - 2.31
b= 177500 oF Ao = e Fyt (2.31a)
48 1300 by, - 5
_ . for A, < 0.083y/7 - 9.31b
B =TT 750c 100035, ordvs Je fut (2:31b)
0 = 29 + 3500¢, (2.32)

Where b, and s is the member width and stirrup spacing, respectively, and €, is the longi-
tudinal strain in the tension reinforcement (for the beam and panels specimens analyzed in

this study)
My,

u

d
A T 20,006 2.33
E, A, |~ (2:33)

€s =

where V,, and M,, is the design shear force and moment, respectively, and

35
ag + 16

(2.34)

Sxe = Sz

is the crack spacing parameter,where 300 mm < sz < 2000mm and s, is taken as d, or

the maximum distance layers of longitudinal reinforcement, whichever is less.
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2.7.4 CSA A25.3 (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:

ve=ABV/fl (2.35)

where /f! <8 MPa and A = 1.0 for normal-weight concrete. The steel contribution aligns
with AASHTO and is computed according to Equation (2.30), but the coefficients 5 and 6

are determined by the general method as:

0.4 1300
= . > 0.05 2.36
p 1+ 1500e¢, 1000+ s, — ( )
0 = 29 + 7000¢, (2.37)
My
- +V
d f
=% - <.
€ S5E. A, < 0.003

where V; and My is the design shear and moment, respectively, and d, is the effective shear
depth. Then the equivalent crack spacing parameter is s, = 300 mm for sections with

minimum transverse reinforcement that satisfy Equation (2.38)

b,, -
Ay > 0.06,/F7 - 22 (2.38)
fyt
but
35
Sze = Sz ag +15 (239)

for sections without minimum transverse reinforcement, where s, is taken as d, or the
maximum distance layers of longitudinal reinforcement, whichever is less. Additionally, for
compressive strengths f. > 70 M Pa, ay = 0 should be used in Equation (2.39). As f/ goes
from 60 M Pa to 70 M Pa, a4 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 p, varied from 0% to 1.14% while the fiber volume V} ranged from 0% to
0.52%. The longitudinal reinforcement ratio p, was maintained constant at 2.28% for all
specimens, selected to be two times the maximum transverse reinforcement of p, = 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 | V¢[%] py[%]

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
pP7 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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Figure 3.1: Reinforcement layout of the experimental program by Gaston (2023) (a) py, = 0%
(b) py = 0.29% (c) py = 0.58% (d) py = 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 d, = 9.5 mm. A total of five steel bars

were tested and the average reinforcement properties were computed. Across the five tests,
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the average yield and ultimate stress were estimated as Fy = 512 M Pa and F,, = 698 M Pa,
respectively. Additionally, the elastic modulus was computed as Es = 180,000 M Pa. The
reason for a lower elastic modulus than nominal value (200,000 M Pa) 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 M Pa
Tensile strength 620 M Pa
Nominal equivalent diameter 0.43 mm
Nominal fiber count 187,000 per kg

L 40

W Vs

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. elastic modulus E. and flexural
strength f; (modulus of rupture). Specifically, 100 x 200 mm cylinders, 100 x 100 x 380 mm
beams and 150 x 150 x 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 x 100 and 150 x 150
beams, respectively.

Table 3.3 summarizes the measured compressive strength f/ and elastic modulus E., in
addition to the flexural strength f; for both beam sizes. The terms fi50 and fgoo 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 x 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 E, for specimen PFRC-

052-029 was not available due to instrument malfunction during testing.
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Table 3.3: Concrete properties and flexural strengths of PFRC beams (all units in MPa)
tested by Gaston (2023)

Concrete properties | 100 X 100 mm beams | 150 X 150 mm beams

Panel specimen fe E. i J150 Je00 i J150 Je00

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 26,035 493 048 0.51 592 071 0.75

PFRC-026-029 38.3 30,351 5.05 1.05 0.93 436  0.99 1.09

PFRC-026-058 34.3 27,014 534 044 0.68 482  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 1.09 436  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 E, values (see Table
3.3) followed the same trend as the ACI 318 (2019) equation.

E. = 4700/f. (3.1)
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Figure 3.4: Normalized load-deflection response of beams companion to PFRC-026-000 (P5)
and PFRC-052-000 (P9)
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Figure 3.5: Comparison of measured E. values to ACI 318 (2019)

3.2 Panel Specimen Results

The twelve panels in Table 3.1 were tested in a force-controlled manner. The shear stress
vzy was computed based on the applied forces of the Panel Element Tester, while the

average strains (e;, €, €45 and €135) of the cracked composite material, measured in the
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540 x 540 mm central test region, were computed using the four corner points (see Gaston,
2023). Therefore, using the Mohr’s circle, principal tensile strain €;, principal compressive
strain eg, shear strain +,,, reinforcement strains e, and €5, were computed, in addition to
the principal angle of the stress and strain fields 6, and .. The analysis procedure followed
equations (3.2) - (3.7) below.

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

€ :5z+5yi Ca — &y 2+<%y>2 (3.2)
12 2 2 2 /) '

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

(direction ¢ being either x or y)

€g; — €5 (3.3)

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

E; - €, 0 < ey Sfy
fsi = Fya €y < e < €gp (34)
F, — F,
Fy‘i‘u'(ﬁsi_esh)y €sh < €50 <€y
€u — €sh

where €, = F,/E; is the yield strain, e, is where strain hardening occurs and ¢, 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 fs, = 0.
As there was no applied normal stress on the panel, the concrete stresses were computed
by Equation (3.5)
fei = =pi- fsi (3.5)

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

(3.6) and (3.7) respectively.

0. = }tan*1 (%y> (3.6)
2 €x — €y
1 2v

0, = =~ tan (w) 3.7
2 fcac - fa:y ( )

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

stage for each panel specimen.



Table 3.4: Panel cracking and ultimate load stage properties

Panel Ver Yer maw Vo Yary € €y fa fe2 €1 €2 Ssa Ssy Wy Sm
specimen [MPa] [1073] [MPa] | [MPa] [1073] [1073] [1073] [MPa] [MPa] [1073] [1073] [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

07
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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. Tt 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
py = 0.58% had consolidation issues during construction and therefore exhibited lower

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

Figure 3.8 shows the shear strain at failure, ,,, versus fiber volume. For specimens with
transverse reinforcement ratio of p, = 0.29%, =, increased directly with fiber content. As
said, both FRC panels with p, = 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 p, = 0.58%. However, for panels with the highest transverse reinforcement of
py = 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 (p, = 0.29%).

Panels without transverse reinforcement exhibited the highest shear strain at failure
Yu at Vy = 0.26%, while v, was the lowest at Vy = 0.52%. A similar trend occurred in
a research on end-hooked steel fibers, where the lowest value of v, was recorded for the
highest fiber content tested, Vy = 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 3.9 illustrates the relation between the crack width and V; at a fixed shear stress

of 0.33v/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 p, values, especially for p, = 0.29%. Therefore, the

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

for a transverse reinforcement ratio of p, = 0.29%.
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Figure 3.9: Crack widths at v,, = 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 Vy = 1.0% micro-synthetic fibers in a normalized shear strength increase up
to 656% 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 V} 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
v 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 p, (Gaston, 2023).
Greater advantages were observed for lower p, ratios (p, = 0.29%) compared to the heav-
ily reinforced panels (p, = 1.14%). This is consistent with the results by Navas et al.
(2018), where macro-synthetic appeared to be more effective for p, = 0.10% compared to
py = 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.. 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.
