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Abstract

of the SFRC panels under shear loading.

Testing of concrete panels subjected to pure in-plane shear loading is necessary to elucidate the shear behavior of
concrete. However, available data for predicting the shear capacity and behavior of steel fiber-reinforced concrete are
rather limited. This study aims to evaluate the shear capacity and behavior of fiber-reinforced concrete made of highly
flowable strain hardening fiber-reinforced concrete (HF-SHFRC) experimentally and analytically, respectively, using a
panel tester loaded under pure shear and modified compression field theory (MCFT). The test was conducted using

a panel test machine at the University of Toronto. The test results of the HF-SHFRC demonstrated strain hardening
behavior at tension after the first crack, as indicated by the increase in the shear stress after the first crack in the
HF-SHFRC panel. An analysis procedure is proposed for predicting the shear strength of steel fiber-reinforced concrete
(SFRQ) based on experimental data of the SFRC panels to obtain reliable results. A comparison of results obtained
from the proposed analysis procedure and experiments show that it accurately predicted the response of the
HF-SHFRC. The proposed MCFT-based analysis procedure can provide valuable insight for understanding the behavior

Keywords Steel fiber, Reinforced concrete, Panels, In-plane shear, Modified compression field theory, Shear behavior

1 Introduction

Steel fiber-reinforced concrete (SFRC), as a composite
material, exhibits excellent properties, such as tensile,
flexural, and shear strengths, crack resistance, and
toughness (Kwak et al, 2002; Susetyo et al., 2011).
Currently, SFRC is commonly used in the construction
of beam elements, tunnel linings, and road pavements.
Because of its brittle nature, concrete can collapse
suddenly without prior warning shortly after the
formation of the first crack when the principal tensile
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stress exceeds the tensile strength of the concrete within
the shear span of the reinforced concrete (RC) element
(Narayanan & Darwish, 1987). The addition of fibers can
overcome these shortcomings by improving the crack-
controlling characteristics and resistance to large crack
widths. Hence, an in-depth analysis of the behavior of
SERC by evaluating all factors affecting the shear strength
is required.

Most studies have focused on the effect of fiber-
reinforced concrete on beams to predict the shear
strength (Ashour et al, 1992; Mansur et al, 1986;
Narayanan & Darwish, 1987) using universally accepted
conventional two-point loading tests. For fiber-reinforced
concrete with a volume content of fiber (V) > 0.75%, the
shear stress was observed to be greater than or equal
to 0.3\/ﬁ irrespective of the depth of the beam (d) and
concrete compressive strength (fc/) (Parra-montesinos,
2006). In contrast, f/ affects the shear strength of
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conventional RC beams (Narayanan & Darwish, 1987). In
both SFRC and conventional RC beams, the shear span—
depth ratio (a/d) also affects the shear strength (Ashour
et al., 1992; Mansur et al., 1986; Narayanan & Darwish,
1987; Noghabai, 2000; Parra-montesinos, 2006). Using
steel fibers as an alternative for minimum transverse
reinforcement, Parra-Montesinos (2006) reported that
the minimum value for the volume content of steel fibers
(V5) is 0.75% based on available data on 147 SFRC beams.

Apart from the conventional experimental methods
for estimating the shear strength of reinforced concrete
elements subjected to shear, some tests have been
conducted using the panel element testing facility at the
University of Toronto and the modified compression
field theory (MCFT) was proposed (Vecchio & Collins,
1986). This method is effective and widely used for shear
analysis of reinforced concrete members. Moreover, the
membrane element testing facility was used to assess
SERC panels to evaluate their effectiveness for minimum
shear reinforcement. It was found that a volume content
of 1% steel fibers is required to achieve satisfactory
shear performance. Experiments conducted using a
panel element tester show that the fiber aspect ratio
has a significant effect on shear strength, whereas the
compressive strength of concrete does not (Susetyo et al.,
2011). An extension of MCFT evolved in a more refined
way as a disturbed stress field model (DSFM) (Vecchio,
2000). Based on DSFM, Susetyo et. al. (2013) and Lee
et. al. (2016) proposed an analysis procedure for the
SERC elements by using the finite element approach and
implementing the variable engagement model (VEM)
and diverse embedment model (DEM), respectively, as
tension models. Over the period of 3 decades MCFT
remains the versatile model for the analysis of shear
response of reinforced concrete elements. At present,
MCEFT is considered as a basis for shear design in many
design codes as well as adapted in the finite element
analysis programs and recognized more over DSFM
(Sadeghian & Vecchio, 2018). Consequently, it is deemed
necessary to understand the applicability of MCFT
for predicting the shear behavior of SFRC elements.
Furthermore, the addition of fiber reduces the workability
of SFRC in its fresh state, and the presence of a dense
reinforcement mesh affects the flowability of concrete.
This problem can be addressed using highly flowable
strain hardening fiber-reinforced concrete (HF-SHFRC)
with high flowability and moderate viscosity. In
HE-SHERC, low water-to-cement ratio can be maintained
with appropriate addition of superplasticizers (SP) and
viscosity modifying agents (VMA). Also, HF-SHFRC
exhibits enhanced concrete durability, resistance to
sulfate attack, and salt penetration (Liao & Su, 2018; Liao
etal., 2017).
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Therefore, this study focused on the response of
HF-SHFRC panels subjected to in-plane shear stresses.
A parametric study was conducted by comparing
experimental data for HF-SHFRC panels with high-
strength and normal-strength RC/SFRC panel specimen
data obtained from studies by Vecchio and Collins (1986)
and Susetyo (2009). In addition, MCFT was applied
for predicting the stress—strain response of the SFRC
panels and an analysis procedure is proposed. Finally,
the proposed analysis procedure was validated using
experimental results from the literature.

The scope of this paper includes the description of the
experimental program for testing the HF-SHFRC panels
in the panel test machine, proposed analytical model,
solution method, discussion of the experimental results,
discussion of the analytical results, and verification of the
proposed model followed by the conclusion of this study.

2 Research Significance

HEF-SHFRC has outstanding workability as well as strain
hardening and improved multiple cracking characteristics
in its fresh and hardened states, respectively. Therefore,
its shear loading conditions should be investigated. This
study provides insight into the behavior of HF-SHFRC
panels subjected to monotonic pure shear loading. It
is well known that the shear stress—strain response of
RC panels can be accurately predicted using MCEFT.
However, MCFT cannot reflect the effect of steel
fiber addition on concrete. This is because the tensile
properties of SFRC are different from those of reinforced
concrete, and the tensile model used in formulating
MCEFT is inadequate. In this study, an analysis procedure
is proposed for predicting the shear behavior of SFRC
panels with reinforcement in the longitudinal direction
only based on MCEFT. In addition, the analysis procedure
can be used to predict the possible failure patterns of
SERC panel specimens.

3 Experimental Program

In this study, two normal-strength HF-SHFRC panels
were tested based on the extensive testing program
proposed by Vecchio and Collins (1986) and Susetyo
(2009) on shear panels. Both panels were tested at the
University of Toronto using a panel element tester under
pure monotonic in-plane shear loading. Details of the
panel specimens are presented in Table 1.

3.1 Materials Constitution

The mixing proportion of concrete and properties of
the hooked-end steel fibers are listed in Tables 2 and 3,
respectively. Two types of steel fibers, obtained from N.V.
Bekaert S.A., with different geometries were used. Both
types differ in length and diameter, but their aspect ratios
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Table 1 Details of the panel specimens
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Specimen ID Concrete type f{ (MPa) Fiber type Vs (%) Longitudinal steel Transverse steel
psx (%) fyx (MPa) psy (%) f,y (MPa)
HFF1V1 Normal strength 35 RC80/30-BP 1.5 247 552 - -
HFF2V2 21 RC80/60-BN 0.75 247 552 - -
Table 2 Concrete mix proportion fine aggregate ratio can be reduced by fulfilling the crite-
Material Proportion ria of workability and strength (Liao et al., 2006). Coarse
aggregate with a maximum size of 10 mm was used. The
Cement (ASTM type Il 1 chemical admixtures were added to ensure appropriate
Fly ash (Class O) 0875 workability of the concrete. In addition, a comprehensive
Fine aggregate 2.2 performance-based HF-SHFRC mix design methodology
Coarse aggregate 12 for target slump flow and strength based on dense pack-
Water 08 ing concept was applied in this mix design procedure
Superplasticizer (SP) 0.005 (Liao et al.,, 2017). The details of the materials and con-
Viscosity modifying admixtures (VMA) 0.038 crete mix procedure used in this study is the same as that
proposed by Susetyo (2009). Batching and mixing were
carried out at the facility at the University of Toronto.
Table 3 Geometry and properties of fiber 3.2 Specimen description and panel test
Fiber type lf(mm)  di(mm)  Aspectratio  Tensile Panel specimens with dimensions of 890 x 890 x 70 mm
strength . . .
(MPa) were constructed with two layers of reinforcement in the
longitudinal direction only. Shear keys, as shown in Fig. 1a,
RC80/30BP 30 038 79 2300 facilitate the arrangement of the reinforcement in two lay-
RC80/60BN 60 075 80 1050 ers. Table 1 presents details of the reinforcement. Both

are nearly the same. The coarse to fine aggregate ratio was
adjusted to limit the reduction in workability due to the
addition of fiber. It has been suggested that the coarse to

Shear Key —»

Panel Specimen

(@)

panels consist of 2.47% reinforcement in the longitudinal
direction only. Cold-formed deformed bars were used for
the reinforcement. Contributing to the resistance in trans-
verse direction is from steel fibers only. After assembling
the reinforcing bars and shear keys, the specimen was cast

Link

Shear
Key

(b)

Fig. 1 a Diagrammatic representation of the panel element test facility; b link-shear key assembly
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in a steel formwork. Rubber spacers were used between the
gaps of the two shear keys to enclose the formwork and
prevent the cement slurry from flowing out of the form-
work. Twenty shear keys were cast on all four sides of the
panel, with five shear keys on each side. The reinforcement
was spliced with a 5/16” threaded rod to bolt it with the
shear keys. Threaded rods or shear studs were spliced into
the reinforcement to facilitate load transfer from the shear
key to the reinforced concrete panel. A nut-and-washer
system was provided to ensure proper mechanical anchor-
age at the end of the threaded rod. The specimens were
tested after 7 days of curing.

The tests were conducted using the panel element test
facility developed by Vecchio and Collins (1986) at the
University of Toronto, which can be used to apply various
in-plane loads. A panel test is usually conducted for a
better overall understanding of the interaction between
the reinforcement and fiber-reinforced concrete, which
is limited in uniaxial tensile tests (Susetyo, 2009). The
components of the panel test machine are shown in Fig. 1.
The panel test machine consists of a steel box reaction
frame that houses the jack and link assembly, as shown in
Fig. 1a. The specimens were loaded into the test facility by
connecting the two links to each shear key. Both specimens
were subjected to pure monotonic shear. A force was
applied to the shear keys through a grid of 40 links. In the
grid, 37 links (around the periphery of the member) induce
the force in the shear keys using double-acting hydraulic
jacks. The remaining three links act as rigid links to
stabilize the panel within the test rig (Vecchio, 1982). The
machine comprises a lateral support frame and tie rods to
prevent out-of-plane displacement of the specimen. One

1000 mm

(@

Fig. 2 a Arrangement of LVDTs for the panel test; b layout of Zurich targets

Page 4 of 13

link is subjected to a compressive force, whereas the other
is subjected to an equal amount of tensile force to achieve a
pure shear condition in the panel, as shown in Fig. 1b. Panel
should be loaded properly in the machine to avoid the out-
of-plane displacement. This displacement can be the result
of overtightening of the bolt connecting links to shear key
(Fig. 1b) and setting up inappropriate length of the links.

Strain gauges and linear variable differential transduc-
ers (LVDTs) were fixed on the panel to constantly measure
the strain in all four directions in the panel. LVDTs were
installed on the front and back faces of the panel to meas-
ure the average strains in the vicinity of a certain gauge
length; they do not exhibit localized strain behavior. Twelve
LVDTs were fixed on the front and back sides of the panel,
and their orientations are illustrated in Fig. 2a. The Zurich
gauge is a mechanical strain device that exhibits localized
strain behavior. In this strain measurement method, 16 alu-
minum targets were fixed on each face of the panel speci-
men. Fig. 2b depicts the layout of the aluminum targets
fixed on a grid of 200 x 200 mm. Furthermore, the meas-
urements from the Zurich gauge were averaged and used
to validate those obtained from the LVDTs. The load was
increased monotonically until failure, and the strain in the
panel specimen was measured at each load stage. Strain
gauges were fixed on the steel reinforcement to measure
the local strain.

3.3 Parametric Study

A parametric study was conducted to determine the
behavior of the HE-SHFRC panels. The analysis results of
the four panels were obtained from Vecchio and Collins
(1986) and Susetyo (2009) for comparison. Vecchio and
Collins conducted an extensive study on shear panels

Zurich
Target

(b)
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under various loading conditions, concrete compressive
strengths, and reinforcement ratios. Susetyo examined
SFRC panels to seek the replacement for minimum shear
reinforcement by varying the fiber type and content.
Therefore, the test sets presented in Table 4 facilitate
the comparison. Panels with both longitudinal and
transverse reinforcements were used as control panels in
the respective studies. The proportions of concrete mix,
mixing procedures, and testing of panel specimens PV6,
PV13, C2C, and C2F2V3 can be found in the studies by
Vecchio (1982) and Susetyo (2009).

4 Development of Analytical Model

MCFT (Vecchio & Collins, 1986) was developed from
compression field theory (Collins, 1978; Mitchell &
Collins, 1974). Its development involves testing many
reinforced concrete panels by applying distinct loading
conditions, such as uniaxial compression, pure shear, or
a combination of shear and biaxial stresses. The MCFT
is formulated upon compatibility, equilibrium, and
constitutive laws of materials with a primary assumption
that, in concrete, the direction of principal stress
corresponds with the direction of principal strain. MCFT
also considers the cracked concrete as a new orthotropic
material with its unique characteristics, which strongly
affects the calculated response. Analysis based on MCFT
consists of a step-by-step procedure for calculating the
response of the loaded elements.

In this study, SFRC panel specimens subjected to
shear were investigated to compare their experimental
and analytical responses by applying modified
compression field theory. In the proposed analysis
procedure, strain hardening behavior of SFRC was
taken into consideration by modifying the material
constitutive laws. This principal modification along
with some minor modifications depicted in consecutive
sections will enable MCEFT to predict the shear strength
of SFRC with reinforcement in the longitudinal
direction only.

Table 4 Test sets
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4.1 Constitutive Laws of Materials

4.1.1 Constitutive Laws for Cracked Concrete

Concrete in compression: Eq. (1) is applied to determine
the behavior of the cracked concrete, where the value of
the strain in the concrete with respect to the peak stress
(€}) in cylinder compression is usually taken as —0.002
(negative quantity). The average maximum principal
compressive stress in the cracked concrete (fcz max) can
be expressed as given in Eq. (2). Both the Egs. (1) and (2)
were drawn from Vecchio and Collins (1986):

2¢e9 &9 2
fe2 = feamax ?é - (%) ], (1)
!
J2max = f; < 1.0. )
0.8-034(%)

Concrete in tension: to determine the tensile behavior
of SFRC, Eq. (3) provides the relationship between the
principal tensile stress (fcl) and strain (&1) in concrete
prior to cracking. In addition, a model proposed by
Naaman (1972) based on the statistical mechanics of
composite materials was adopted to represent the ductile
behavior of SFRC after cracking. Therefore, at this stage,
fe1 can be estimated using Eq. (4).

fe1 = Ecée1 for &1 < ecr(ascending branch), (3)

Opc — Occ

fe1 = Occ + X (€1 — &¢c) for (strain hardening branch).

(4)
where occ and oy are the first crack and post-cracking
strengths of the concrete, respectively, e.c and gpc are
the cracking strain and maximum strain in the concrete,
respectively, and E. is the modulus of elasticity of the
concrete in MPa. These parameters are derived as
follows:

pc cc

Specimen ID Concrete type f! (MPa) Fiber type Vs (%) Longitudinal steel Transverse steel
Psx (%) fyx (MPa) sy (%) fyy (MPa)
Tests conducted by Vecchio and Collins
PV6 Normal strength 298 - - 1.79 266 1.79 266
PV13 182 - - 1.79 248 - -
Test conducted by Susetyo
c2C High strength 90.5 - - 331 552 042 477
C2F2v3 76.5 RC80/30-BP 15 3.31 552 - -
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)}
Occ = omu(1l — Vp) + afeqvf<dff>r (5)
I
O'PC = )uTquf Zf ) (6)
E. = 47004 /f!, 7)

where the strength at the cracking of the concrete
(omu) = 0.33\/f! (MPa).

According to ACI Committee 363 (2005), concrete can
be categorized as high-strength and normal-strength
(low-strength) concrete. High-strength concrete exhibits
compressive strength exceeding 55 MPa. The values
of the equivalent bond strength at the interface of the
fiber and matrix (‘L’eq) were selected based on these two
categories. For high-strength concrete, 7oq = 5.6 MPa and
for normal-strength concrete, T.q = 4.65. These average
values were obtained directly from the fiber pull-out tests
conducted by Liao et. al. (2015) using hooked-end steel
fibers with different mix proportions. Alternatively, Teq
can be estimated from the VEM, teq = 0.825\/ﬁ MPa.
However, this model can underestimate the pull-out
strength of hooked-end steel fibers because it considers
only the effect of frictional bond characteristics and not
the mechanical anchorage (Lee et al., 2011; Voo & Foster,
2003). Moreover, o and 4 are, respectively, taken as 0.25
and 0.65, which are the products of several coefficients;
in this study, these values were derived from the uniaxial
tension tests conducted by Susetyo (2009).

Shear
Strain €y
y
Yy
2
2 26 1
Normal
Strain
x
ex
—€ €1
Mohr’s Circle

Fig. 3 Strain compatibility for cracked element
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Furthermore, inserting e, = 0.007 into Eq. (4) yields
Eq. (8). In the direct tensile test, the maximum tensile
strain is 0.7% (Chao et al., 2007; Liao et al., 2006).
Antithetically, plain concrete also reaches a maximum
tensile strain value of 0.7% (Evans & Marathe, 1968);
hence, Eq. (8) is conservative for both plain concrete and
SERC:

O — O,
s <o (61 — &cc)- (8)

= O, —_—
Jer =0+ 5507 = fec

4.1.2 Models for Conventional Reinforcement

For bare reinforcing steel bars, the usual bilinear, elastic-
perfectly plastic stress—strain relationship is assumed and
can be expressed as

Jox = Eséy, 9)

fsy = E53y7

where E; is the elastic modulus of steel bars, f; and
E; are the stress and strain in steel, respectively, and &,
and ¢, are the strain in steel in the x and y directions,
respectively.

(10)

4.2 Strain Compatibility

Assuming that at any instance of loading, the strains in
steel and concrete are the same (&5 = & = &), Mohr’s
circle for strains in the ¢ and y /2 coordinate system (as
shown in Fig. 3) represents the geometric relationships
for the three strain components from Egs. (11) to (13).

Average Strains
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Yay = 2(6x — €2)/ tan b, (11)
Ex = &1+ & — Ey, (12)
&1 + g9 tan2 6
= 13
&y 1+ tan260 (13)

The principal compressive strain in concrete (g3)
(negative quantity) can be numerically evaluated as
follows:

/ fc2
g =¢e.|1—4/1— .
C( chmax)

The equation for determining angle 6 based on Mohr’s
compatibility truss model is as follows:

(14)

Ex — &2
tan29 = —

gy — & (15)

4.3 Force Equilibrium

Before cracking, the applied forces are resisted by the
combined action of steel and concrete. Based on the
finding presented in Vecchio and Collins (1986), the
following equilibrium equations were adopted after
eliminating the difference between the actual cross-
sectional areas of concrete before and after incorporating
the reinforcing bars. In other words, reduction in the
cross-sectional area of concrete due to the presence of
reinforcement was not considered.

Jr = Jex + Psifss (16)
Sy =Sy + psifsys (17)
Vey = (fer — fey)/ tan, (18)
fox =fa — t::lye’ (19)
Jey =1y = Pssfeys (20)
Je2 =fe1 — vyy(tan + 1/ tan6), (21)

where f; and f, are the stresses applied to the element
in the x and y directions, respectively, fcx and fc, are
the stresses in the concrete in the x and y directions,
respectively, psy and psy are the reinforcement ratios in
the x and y directions, respectively, and vy is the shear
stress.
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After cracking, it is necessary to consider the stresses
in the reinforcement at the crack location, which can be
calculated as follows. Fig. 4 shows the stresses at different
locations in the SFRC element.

fsxcr :fsx + (fa1 +fci + Vei/ tang)/psx' (22)

The average spacing of the cracks is necessary to
establish the relationship between the principal tensile
strain and the crack width. In this study, the values of the
average crack spacing (sp) were obtained directly from
experimental results. Accordingly, the crack width can be
calculated as follows:

w = €1g, (23)
where sy is the crack spacing measured at angle 6.
1
sp= —.
sin 0 + cosf
Smux Smy
For a given crack width, the maximum resistance to
shear stress can be calculated as follows:

0.31 + 24w/ (a + 16)’

(24)

(25)

Vcimax =
where a is the maximum size of the aggregate.

5 Solution Method

A solution method is proposed based on the equations
presented in the previous section, as shown in the solu-
tion algorithm in Fig. 5. For this trial-and-error method,
the number of iterative cycles is required for an assumed
value of f; until all conditions are fulfilled, which pro-
vides one point on the vy vs. yyy curve.

Cracked Location

Uncracked Location
Fig. 4 Stresses in steel and concrete at the uncracked and cracked
locations
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Fig. 5 Solution algorithm

At the initial stage (S), it is necessary to input all mate-
rial properties, crack spacing characteristics, and prop-
erties of the fibers. The iterative procedure for obtaining
the entire vy vs. yx, curve starts by assuming the values
of &1, 6, and f (Steps 1 to 3). Before Step 6, it is necessary

to ensure that the condition fi2/fco max < 1.0 is satisfied;
otherwise, the solution is not possible (Vecchio & Col-
lins, 1986). If this condition is not satisfied, then another
value of 6 close to 45° can be assumed or a lower value

of g1 can be selected. Consequently, this condition should
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Table 5 Failure patterns for the SFRC panels

Condition Prediction

Condition 1:
for < Vamax (0.18 + 0.3k2) tan @ + pgy (£, — fiy),
wherek = 164 — 1/tan 6, butk >0

Condition 2:fo» < feomax
Condition 3: fyer < fix

Slip-on the crack

Concrete shear failure

Yielding the
reinforcement

;
6 —
5 -
=
s
< 44
w»
w»n
-
n
w3
]
]
7 — PV6
R 1 ---PVI3
— C2C
1 ---C2F2V3
—— HFF1V1
- - - HFF2V2
0 T T T T T T T

0 1 2 3 4 5 6 7 8
Shear Strain (x10-* mm/mm)

Fig. 6 Shear stress—strain response

be satisfied along with the three decision-making steps in
the solution algorithm.

Compared with the upper half section, the lower half
section of the solution algorithm is more complex. Minor
modifications need to be made in the original MCFT in
the calculation of Af;; to better characterize the behavior
of SFRC with reinforcement in the longitudinal direction
only. For each load stage, the computation of v and fi;
may follow different routes, as indicated in the algorithm.
It should also be noted that the calculated value of
fsxer increases with an increase in the value of f;. By
calculating a series of f; values and repeating Steps 1 to
11, the complete vy vs. yyy curve can be obtained.

The guidelines established by Vecchio and Collins
(1986) were adopted to determine the failure pattern. The
failure pattern can be determined by satisfying any of the
conditions at the failure stage in Table 5. These conditions
can be applied either individually or in combination with
other conditions.
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4.5
— PV6
4 ---PVI3
ST, — C2C
3.5 1 - ---C2F2V3
e ’ — HFF1V1
34 - - - HFF2V2

Principal Tensile Stress (MPa)

0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9

Principal Tensile Strain (x10- mm/mm)

Fig. 7 Principal tensile stress—strain response

Table 6 Summary of the panel test results

Panel Concrete Experimental

observations
el (x107) f! (MPa) Ver (MPa) vy (MPa)

c2C 2.703 90.5 2.57 6.40

PV6 25 29.8 2.00 4.55

PV13 2.7 18.2 173 2.01

C2F2V3 2.224 76.5 1.59 6.31

HFF1V1 2.708 35 1.63 422

HFF2V2 2.853 21 1.90 3.31

6 Discussion of Experimental Results

Figs. 6 and 7 show the shear and tension responses of the
panels, respectively. Fig. 6 shows the linear shear stress—
shear strain response of the panel until the occurrence of
the first crack. The values of the shear stress at the occur-
rence of the first crack (v¢) and ultimate shear strength
() are listed in Table 6. Panels PV13 and C2F2V3
achieved maximum shear stresses of 44.18% and 98.59%,
respectively, compared with those of control panels PV6
and C2C, respectively. It can be observed from Fig. 6 that
SERC panel C2F2V3 with RC65/35-BN fibers achieved
a shear strength approximately equal to that of control
panel C2C. Similar observations can also be drawn for
the panels HFF2V2 and PV13 without transverse rein-
forcement; with only 0.75% addition of fibers indicated an
improved shear strength by 39%. This is because the addi-
tion of fibers significantly increases shear strength (Kwak
et al., 2002; Narayanan & Darwish, 1987). RC panel PV13
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without longitudinal reinforcement achieved less than
half the shear strength of control panel PV6. It can also
be observed that SFRC panels HFF1V1 and HFF2V2 can
achieve a shear stress of at least 73% compared with that
of control panel PV6. The shear resistance exhibited by
panel HFF2V2 is less than that of panel HFF1V1 because
the equivalent shear resistance cannot be achieved at a
low fiber content (Susetyo et al., 2011). Despite this, the
response exhibited by panel HFF2V2 is satisfactory when
it is considered that transverse reinforcement was not
provided. Fiber-type RC80/30BP achieved the highest
shear stress value because of its high tensile strength, as
represented by the response of panel HFF1V1 in Fig. 8,

4.5

2.5

Shear Stress (MPa)

»——a HFF1V1
o———eo HFF2V2

0 T T T T T T
0 01 02 03 04 05 06 07

Maximum Crack Width (mm)
Fig. 8 Propagation of cracks in panels HFF1V1 and HFF2V2
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with superior crack control characteristics compared
with that of panel HFF2V2. This observation agrees with
the results reported by Susetyo et. al. (2011); the com-
pressive strength of concrete does not significantly affect
the shear strength of SFRC panels, but has an effect on
the type of fiber and aspect ratio. The aforementioned
results indicate that the shear strength increased by 28%
when the fiber content increased by a factor of two (from
0.75 to 1.5%) from panel HFF2V2 to HFF1V1. Increase in
fiber aspect ratio indicates higher post-cracking defor-
mation capabilities. Because of the lower dosage of the
fibers, shear strain attained by panel HFF2V2 was 37%
lower compared to panels HFF1V1 and C2F2V3.

The principal tensile stress—strain response of the
panels is shown in Fig. 7. The occurrence of the first
crack indicates the point of maximum principal tensile
stress in the RC panels. All SFRC panels exhibited strain
hardening behavior because of the presence of fibers that
initiated bridging effect over the cracks and transmission
of tensile stresses. However, because of the gradual
deterioration of the bond between the reinforcement
and concrete, all the RC panels exhibited strain softening
behavior. Panel C2C exhibited brittle behavior, which
is a property of high-strength concrete; moreover, the
principal tensile stress decreased until failure after the
occurrence of the first crack. In contrast, in specimen
C2F2V3, an increase in the principal tensile stress and
shear stress enhanced crack propagation control.

All the SFRC panels failed because of shear slip on the
crack surface, after all the fibers were pulled out of the
matrix, as well as loss of aggregate interlock. Fig. 9a, b
shows the failure modes of panels HFF1V1 and HFF2V2,
respectively. In panel PV13, the load suddenly decreased
to 1.73 MPa as soon as the panel reached the peak load

(@)

Fig. 9 Failure stage of the panel:a HFF1V1, b HFF2V2
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of 2.01 MPa, and the concrete failed in shear before rein-
forcement yielding. In addition, RC panel PV6 failed
owing to yielding of the transverse reinforcement. Sud-
den failure occurred in panel C2C as a result of major
concrete spalling and rupture of the transverse reinforce-
ment. At the stage of failure, plastic deformation of steel
fibers was observed along the cracked surface in panels
HFF1V1 and HFF2V2.

7 Verification of the Model
The proposed analytical model was used to predict
the shear stress—strain response of the SFRC panel
specimens to evaluate its accuracy. The values of the
ultimate shear strength predicted using the proposed
analytical procedure (vymodet) and the experimental
results (vuexp) are presented in Additional file 1. The
shear strength obtained using the proposed model
was compared with experimental results to verify its
accuracy. The dataset for 30 SFRC panels were compiled
as presented in Additional file 1, of which 18 panels
were used for monotonic loading, whereas the other 12
panels were used for reversed cyclic loading (Carnovale
& Vecchio, 2014; Chasioti & Vecchio, 2017; Luo &
Vecchio, 2016; Susetyo et al., 2011). Variations in the
type of steel fibers used can be observed. Furthermore,
the prediction results obtained using the proposed model
for the two panels containing MAC matrix fibers (DC-P3
and DC-P5) are also presented in the bottom two rows of
Additional file 1.

The results calculated from the proposed analysis pro-
cedure are plotted against the experimental results in
Fig. 10a, b. The coefficient of variation (CoV) values for
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monotonic and reversed cyclic loading conditions is
15.41% and 22.34%, respectively. Reversed cyclic load-
ing conditions significantly affects the fibers bridging
over the cracks and negatively affects the SFRC response
(Carnovale & Vecchio, 2014; Luo & Vecchio, 2016). It
is evident from CoV that shear strength prediction for
monotonic loading condition is in close agreement with
the experimental results compared with that of reversed
cyclic loading condition. In other words, the method
presented in this paper is suitable for monotonic load-
ing condition only and does not consider the effects of
reversed cyclic loading conditions. In situations where
shear strength is a principal concern, the application of
the proposed analysis procedure for reversed cyclic load-
ing condition is not advisable at present.

Fig. 11 shows plots of the shear stress—strain response
predicted for panels HFF1V1 and HFF2V2 using the pro-
posed analysis procedure. The analysis results are in good
agreement with experimental results for panel HFF2V2,
as shown in Fig. 11b; however, minor deviations can be
observed in the predicted response for panel HFF1V1,
as shown in Fig. 11a. This anomaly is due to the sensitiv-
ity of the tension model (Eq. 8) and does not affect the
analysis method presented. The calculated «, 4, and eq
values from the uniaxial tension test and fiber pull-out
test affect the sensitivity of the model. Contrastingly, the
calculated value of E. (Eq. 7) does not affect the analy-
sis response. Results from uniaxial tension tests may be
easily affected by the distribution of aggregates, improper
mixing, orientation and distribution of fibers in three-
dimensional (3D) space, and the experimental process
(Liao et al., 2020; Naaman & Shah, 2022; Susetyo, 2009).
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Fig. 10 Shear stress calculated using the proposed analysis procedure and the test results: a monotonic, b reversed cyclic



Wagh et al. Int J Concr Struct Mater

(2023) 17:29

Shear Stress (MPa)

HFF1V1
- == Test
—— Analysis

0 T T T T T

0 1 2 3 4 5 6

Shear Strain (x10%)

(@)

Page 12 of 13

Shear Stress (MPa)

HFF2V2
== - Test
—— Analysis
0 T T T T T
0 1 2 3 4 5 6
Shear Strain (x10%)
(b)

Fig. 11 Comparison of the shear stress—strain response from test and analysis: a HFF1V1; b HFF2V2

Table 7 Predicted failure patterns for the panels tested in this

study

Specimen ID Applicable conditions Failure pattern
HFF1V1 Condition 1 and Condition 2 Shear slip
HFF2V2 Condition 1 and Condition 2 Shear slip

According to the conditions presented in Table 5, the fail-
ure pattern for both panels tested in this study can be cat-
egorized as shear—slip failure after satisfying the first two
conditions listed in Table 7.

At present MCFT is being used in advanced research
areas, such as fire analysis, fatigue analysis, and dynamic
analysis for blast and impact loads (Sadeghian &
Vecchio, 2018). Also, the use of SFRC is increasing to
fix the practical engineering complications. To take the
complete advantage of strain hardening properties of
SERC in structural application, the proposed study based
on MCFT can be useful for researchers and structural
engineers for developing computer programs to predict
the shear strength.

8 Conclusion

In this study, the experimental results for three normal
concrete panels and three SFRC panels were analyzed.
The applicability of MCFT was evaluated to accurately
determine the shear response of the SFRC panel. The
main results and conclusions are summarized as follows.

1. The presence of fiber stimulates bridging effect over
the cracks, and all the HF-SHSFRC panel specimens
exhibited good performance in terms of shear and

tension compared with conventionally reinforced
concrete panels because of the strain hardening
behavior. The type of fiber used also affects the
strength of the concrete.

2. The proposed analysis procedure enhanced the
suitability of MCFT for predicting the shear stress—
strain response of SFRC panels by incorporating
the effect of strain hardening due to the presence
of fibers. The values of a, 4, and 7eq obtained from
the tension model can affect the sensitivity of the
response.

3. The proposed analysis procedure was validated by
comparing the result with experimental results from
30 SERC panels. The solution method presented in
this paper accurately predicted the shear strength as
well as the failure pattern.
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