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Abstract

Correlations between fiber characteristics and the compressive, flexural-tensile, and shear strengths of steel fiber reinforced
concrete (SFRC) are proposed in the literature to facilitate the code-compliant design. In this study, the correlation between
flexural-tensile and direct shear stresses on plain concrete (PC) and SFRC beams and columns is evaluated. The database
included 1767 data from direct shear tests of beam and column, and from four-point bending tests (4PBT) of PC and SFRC
beams. Data comprised measured results from this study and from the results of other research programs published in the
literature. The main characteristics of the database were fiber aspect ratios (//d, between 65 and 80), fiber volume fraction
(Vybetween 0.25% and 2%), and compressive strength of concrete (f. between 28 and 78 MPa). From the trends observed
in the experimental results, an empirical equation is proposed to estimate the direct shear and flexural-tensile performance
of SFRC. The results of the statistical analysis showed that the equation is a suitable tool to estimate the maximum direct
shear and flexural-tensile strengths of SFRC. The correlation between shear and flexural-tensile strengths would facilitate

SFRC code-compliant design.

Keywords Fiber-reinforced concrete - Steel fibers - Direct shear - Flexural-tensile - Four-point bending test -

Residual strength

1 Introduction

Shear failure in concrete structures is a sudden and catas-
trophic mode of failure [1]. One of the most promising
options for reinforcing structural elements are steel fibers.
Previous studies have shown the effectiveness of fibers in
improving different mechanical properties of concrete,
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particularly the tensile, bending and shear strengths of plain
concrete (PC) [2]. Lozano [3], for instance, studied the use
of SFRC in deep beams with fiber volume fraction (V) of
1% and 2% and found that factors such as the type of fiber,
aspect ratio (I/dp), V; and type of concrete influence the
shear strength of these elements. Lozano [3] concluded that
shear transfer in SFRC elements derives mainly from the
tensile and compressive strength of concrete. For example,
Lozano [3] argued that steel fibers improve the tensile
residual stress transferred through the cracks in deep beams
because the flexural strength of concrete with V, of 1.5%
can increase up to 150%. Sarta and Silva [4] also demon-
strated that flexural strength of SFRC beams with V;of 4%
and 6% increased by 45% and 56%, respectively, when
compared to PC. In terms of aspect ratio of fibers, Marmol
[5] observed that the greatest flexural capacity is obtained
when using a lower value of I/d; due to the increased
number of fibers present in the concrete matrix helping to
join the cracks. Barragan et al. [6] argued that the use of
steel fibers as shear reinforcement of concrete aids to
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modify the brittle shear failure mode by a mixed shear-
flexure mode.

In terms of the shear strength of SFRC, Wu et al. [7]
studied the shear behavior of ultra high performance con-
crete (UHPC) reinforced with V, of 0.5%, 1.5% and 2.5%
of steel fibers using the Z-type test method. These authors
argued that steel fibers improve the mechanical integrity of
concrete under shear stresses. Wu et al. [7] concluded that
the equations prescribed by ACI 318-08 Building Code [8]
and the PCI manual [9] fail in predicting accurately the
direct shear strength of UHPC. Loépez [1] found that the
shear strength of SFRC with V,of 0.5% is 7% higher than
that of PC, and that the increment is 30% and 55% for
SFRC with V;of 0.76% and 1.0%, respectively. Barragdn
et al. [6] studied the shear failure of SFRC based on the
Z-type push-off tests with fiber dosages (Dy) of 0, 20 and
40 kg/m®. They found that the cracks appearing during the
shear test may result not only in a decreased peak shear
strength but also in the specimens failing due to a mixed
shear-flexural mode [6]. Khanlou et al. [10] studied the
shear performance of SFRC with Dy of 20, 40, 60, and
80 kg/m® and found that the failure mode of the beam
changes from brittle to ductile failure when the steel fiber
dosage Dy is higher than 20 kg/m>. Araujo et al. [11], in
turn, studied the shear strength of SFRC beams with V; of
1% and 2%, and found that steel fibers are effective to
increase the shear strength of concrete. They noted that the
shear strength of concrete increased in 87% and 99% when
adding steel fibers with Vyof 1% and 2%, respectively [9].
Araujo et al. [11] also observed that after maximum shear
loading, the load abruptly decreases by approximately 60%
and 50% with V; of 1% and 2%, respectively.

Results of previous studies confirm that steel fibers are a
reinforcement alternative for concrete elements such as
slabs, beams, columns, and walls. The increasing use of
this material requires tools to correlate the performance of
SFRC under an easily obtained flexural-tensile stress and
that under direct shear stress, which is difficult to deter-
mine experimentally. Establishing such numerical corre-
lations between the mechanical properties of SFRC under
simplified and complex loading conditions are also essen-
tial to facilitate the process of code-compliant design.
Carrillo et al. [12, 13] developed models to correlate the
tensile performance of concrete reinforced with hooked-
end steel fibers using four-point bending tests (4PBT) with
that using three-point bending tests (3PBT) and double
punch tests (DPT). The present study evaluated the per-
formance of SFRC under flexural-tensile and direct shear
stresses. The study included three direct shear test methods
to adequately evaluate the correlation between direct shear
stress of beams and columns, and flexural-tensile stress of
beams. The test methods used to evaluate shear strength of
PC and SFRC were the Z-type method [1], the standard
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method of the Japanese Society of Civil Engineering JSCE-
SF6 [14], and the standard shear test of the International
Federation of Prestressing (FIP) [15]. Shear stress at
cracking and maximum limit states, and three residual
shear stresses were determined during testing. The flexural-
tensile strength of SFRC was evaluated according to the
four-point beam test (4PBT) established by the ASTM
C1609 American standard [16], since this is a commonly
used standard in the literature to determine flexural-tensile
performance of SFRC. Compressive strength, modulus of
elasticity, and Poisson’s ratio of the PC and SFRC were
also experimentally assessed. Slump, unit mass and fiber
dosage of fresh concrete were measured to evaluate the
fresh state of the PC and the SFRC. In this study, a
numerical correlation is proposed to estimate the basic
properties of SFRC under bending and direct shear stresses
of SFRC. The correlation models were developed between
shear and flexural-tensile strengths through the trends of
shear strengths as a function of flexural-tensile stresses. An
analysis of variance (ANOVA) was carried out to identify
the variables that significantly influence the correlation
between direct shear and flexural-tensile stresses. Models
were calibrated by using 1,767 data from beam and column
direct shear tests and flexural-tensile tests of PC and SFRC
beams tested in this study and those reported by previous
research programs.

2 Experimental Program and Description
of the Database

2.1 Description of the Variables
and Characteristics of the Specimens

Direct shear tests on beams and columns, and four-point
bending tests (4PBT) on PC and SFRC beams were con-
ducted in the present study. The database included 1767
data from 52 tests: 31 are direct shear tests and 21 are
4PBT. Nineteen of the 52 tests were conducted in the
present study, while the other 33 correspond to tests
reported in studies available in the literature. Fourteen of
the 19 tests from the present study were direct shear tests
on beam and column specimens tested using the JSCE-SF6
method [14] (6 beam specimens), the FIP method [15] (4
beam specimens), and Z-type method [1] (4 column
specimens); and 5 were 4PBT of beam specimens tested
according to the ASTM C-1609 standard [16]. Results of
previous studies confirmed that the mechanical properties
of SFRC depend on fiber content (V,), aspect ratio of the
fiber (I/dy), and compressive strength of concrete (f.).
Therefore, the variables used were compressive strength of
concrete (f. between 28 and 78 MPa), fiber content (V,
between 0.3% and 2.0%), and aspect ratio (//d;between 65
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and 80) of steel fibers. According to the ASTM C-1609
standard [12], the following parameters were studied:
flexural strength at first cracking (f,,), maximum flexural-
tensile strength (f,...), and the flexural-tensile residual
stresses associated with deflections of 0.75 mm (f700),
1.5 mm (f7300) and 3 mm (f7,;50). For direct shear tests, the
parameters studied were shear strength at first cracking
(t.;), maximum shear strength (t,,.), and three shear
residual stresses (7,720, Tni00, Tnso)-

2.2 Geometry of Specimens and Reinforcement
of Specimens

As previously explained, three test methods were used in
this study to assess the direct shear strength of concrete:
JSCE-SF6, FIP standard and Z-type methods. The dimen-
sions of PC and SFRC beams and columns subjected to
direct shear tests depend on the test method. Width and
length of beams for JSCE-SF6 and FIP standard methods
were: 150 mm and 600 mm, and 250 mm and 540 mm,
respectively. Width and length of columns tested using the
Z-type method were 200 mm and 440 mm, respectively.
Twelve SFRC specimens were constructed; eight beams for
the JSCE-SF6 and FIP standard methods, and four columns
for the Z-type method. Two PC beams were also con-
structed for characterizing the direct shear strength of PC
using the JSCE-SF6 method.

Khanlou et al. [10] pointed out that notches must be
made in beams subjected to direct shear tests to induce
failure on specific failure planes. The dimension of the
notch is equivalent to 1/10 of the height of the test speci-
men. Test methods have different numbers of shear planes
(N,,). The FIP and Z-type methods define one shear plane,
while the JSCE-SF6 method requires two shear planes. In
terms of bending tests, width and length of PC and SFRC
beams were 150 mm and 600 mm, respectively. The study
also comprised compression tests on 9 cylinders to deter-
mine the mechanical properties in compression; 3 of the
cylinders were made of PC and 6 cylinders were made of
SFRC. Diameter and heigh of the cylinders mere 150 mm
and 300 mm, respectively, and they were tested according
to the ASTM C-39 standard [17].

2.3 Test Setups
2.3.1 Direct Shear Test Setup

Figure 1 shows the setup of the direct shear tests that were
carried out in the study. Rollers were used to apply the
loads during the FIP and JSCE-SF6 direct shear tests. In Z-
type tests, plates were used to apply continuous loads.
Linear variable differential transducers (LVDTs) with a
capacity of 25 mm were used in the direct shear tests to

measure the longitudinal and transverse displacements.
Figure 1b shows the transverse LVDTs that were used to
determine the crack width in the FIP method. A displace-
ment-controlled rate of 0.007 mm/s was used during the
three direct shear test methods. Carmona and Cabrera [19]
recommended Eq. (1) to estimate the direct shear strength
of the SFRC.

Pmax
X = l
fmax =N, % b x I m

where 7,,,, is the maximum shear strength (MPa), P, is
the maximum load recorded during the test (N), N, is the
number of shear planes, and &’ and b correspond to the
effective height and width of the area under load (mm).

Five shear stresses were identified in the direct shear
tests to conduct a correlation analysis with the flexural-
tensile stresses. Shear stress at cracking () and maximum
(Tymax) limit states, and three residual shear stresses (7,,)
were determined during testing. Residual stresses were
established at three residual displacements (D,,), which
were calculated as the ratio of the effective height of the
specimen and predefined constants (n) for each type of
direct shear test. Displacement D,, is a function of the test
method since it depends directly on the specimen’s effec-
tive height. Carmona and Cabrera [19], and Higashiyama
and Banthia [20] tested SFRC beams using the JSCE-SF6
method and used n values of 40, 30 and 10, and 80, 40, 25,
20, 15 and 10, respectively. In the present study, n values
of 120, 100 and 80 were used since they fit both the
specimen dimensions and values of the residual shear
strength measured in direct shear tests.

2.3.2 Bending Test Setup

The ASTM C-1609 standard [16] describes the American
flexural test or four-point bending test (4PBT). This test
procedure allows assessing the post-cracking performance
of SFRC beams. The bending test uses a simply supported
beam under two loads located in the middle thirds of the
clear span. Figure 2a shows the instrumentation of the
4PBT, which includes two LVDTs to measure deflection at
the center of the beams. Figure 2b shows the typical load—
deflection curve obtained in the 4PBT test. The ASTM
C-1609 standard [16] indicates that flexural-tensile stresses
must be calculated at loads associated with the proportional
limit or first crack appearance (P,,), maximum load (P,,..),
and loads at deflection of 0.75 mm (Py00), 1.5 mm (P,
300), and 3 mm (Py;50). Equation (2) is used to calculate
flexural-tensile stresses at limit states, where P is the load
on N, L is the clear span in mm, while b and d are the width
and height in mm, respectively. Bending tests were con-
ducted using a universal test machine with a maximum
compressive capacity of 2000 kN. Equation (2) was used to
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Fig. 2 Four-point bending test—4PBT: a setup (dimensions in mm), b parameters established by ASTM C-1609 [16]

calculate flexural-tensile stresses (f), where f, is the first
crack flexural strength, f,,.. is the maximum flexural-ten-
sile strength, and f; 600, f1.;300 and fi,;50 are residual flexu-
ral-tensile strengths at deflections of L/600, L/300 and L/
150, respectively. The ASTM C-1609 standard [16] indi-
cates that the estimated stress must be within a range of
beam stresses (f,,.,) from 2.44 MPa to 7.46 MPa.

P x L

f=—
" b xd?

(MPa) (2)

3 Results and Discussion

3.1 Slump, Unit Mass and Fiber Dosage
of Concrete

Table 1 summarizes the average values (X) and the coef-
ficient of variation (CV, in parenthesis) of the test results
associated with the fresh state of the PC and the SFRC. As
shown in the table, measured dosage (Dy) of steel fibers of
specimens tested in this study were of 32.0 and 58.1 kg/m".
The actual dosages of steel fibers in concrete were deter-
mined per EN 14488-7 [18] from the mass of fibers con-
tained in cylinders with a diameter of 150 mm and a height
of 300 mm.

A
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Table 1 Mechanical properties of concrete in fresh state

Property PC SFRC-30 SFRC-60
Slump, mm 250 230 180

Unit mass, kg/m® 2233 (0.8%) 2360 (0.9%) 2321 (1.6%)
D poms kg/m® - 30 60

Dy, kg/m’ - 32.0 (8.9%) 58.1 (12.1%)
Vinoms % - 0.38 0.76

Vi, % - 0.41 0.74

Vr x I/dy - 26.6 48.1

3.2 Compression Tests on Cylinders

Figure 3 shows the typical failure modes of specimens
tested under compression. As shown in the figure, spalling
of concrete is reduced as the fiber dosage (D) increases
from 32.0 to 58.1 kg/m3. Markovich et al. [21] and Bar-
ragan et al. [6] also reported the bridging effect of steel
fibers for closing the cracks due to a more distributed
tension stresses on concrete. Table 2 summarizes the
average values and the CV (in parenthesis) for the mea-
sured compressive strength (f’.), modulus of elasticity
(Ecp), and Poisson’s ratio (v) of the PC and SFRC. Values
of the measured slump, actual fiber dosage (Dy) and unit
mass are included in the table. The values presented in the
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Fig. 3 Typical failure modes of cylinders tested under compression: a PC, b Dy = 32.0 kg/m®, ¢ D= 58.1 kg/m®

Table 2 Compressive mechanical properties of concrete

Property PC SFRC-30 SFRC-60

f e MPa 47.3 (4.0%) 52.7 (2.9%) 52.6 (0.9%)

E ., MPa 25,172 (1.6%) 26,028 (9.0%) 24,773 (3.5%)
v 0.2 (1.3%) 0.2 (6.4%) 0.2 (19.2%)

table were obtained from three cylinders for each type of
test and concrete (PC and SFRC).

Figure 4 shows the compressive stress—strain curves of
PC and SFRC specimens with fiber dosage (D) of 32.0 kg/
m” and 58.1 kg/m>. It can be observed in the figure that the
/¢ of SFRC with Dy of 32.0 kg/m® (52.7 MPa) and 58.1 kg/
m? was approximately 11.3% higher than the value of f. of
PC (47.4 MPa). The difference between the value of f,. of
SFRC with Dy of 32.0 and 58.1 kg/m® was lower than
0.2%, so it is considered that the variation of D, did not
affect f'.. The effect of fibers on the /. of SFRC has been
previously reported in several studies and it depends on the
value of fiber volume fraction (V). For V; values lower than

1%, Lozano [3] pointed out that the effects of SFRC on f'..
are practically non-existent. On the other hand, Sarta and
Silva [4] observed that the /. of SFRC with Vi of 4% and
6% was 17.3% and 17.5% higher, respectively, than that of
the f. of PC.

3.3 Direct Shear Tests

Figure 5 shows the typical failure modes of specimens
tested under direct shear. Figure 5c, d show an increase in
the number of small cracks of SFRC as the dosages
increases; for instance, SFRC beams with Dy of 58.1 kg/m3
and tested using the FIP method exhibited more small
cracks close to shear planes than those observed in beams
with Dy of 32.0 kg/m’.

Figure 6 shows the shear stress—displacement curves of
the specimens measured during direct shear tests. The scale
of the figure was selected to show all the curves at the same
figure; however, this scale hinders the option to adequately
visualize the curves of plain concrete (PC). Two specimens
are shown in Fig. 6 for each Dy in the JSCE-SF6 and FIP
methods; in the case of the Z-type method, one specimen is

60
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Fig. 4 Compression stress—strain curves: a PC, b Dy = 32.0 kg/m?®, ¢ D= 58.1 kg/m®
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Fig. 6 Shear stress—displacement curves measured during direct shear tests: a FIP, b JSCE-SF6, ¢ Z-type

reported for each Dy, since two specimens failed due to
bending and not due to direct shear. Mattock et al. [22] and
Higashiyama and Banthia [20] also observed that the fail-
ure mode of Z-type specimens can be governed by bending
or mixed shear-bending instead of direct shear stresses.

It is observed in Fig. 6 that the maximum shear stress
(Tmax) 1n the SFRC specimens occurs after cracking (z.,),
while the 1,,,, of the PC specimens occurs simultaneously
with 7.,. The PC specimens only reported 7., since there is
no contribution from the fibers. It is also observed in the
figure that 7., of the specimens with D, of 58.1 kg/m® was
40% at average (between 27.6% and 52.8%) greater than
that of specimens with Dy of 32.0 kg/m>. Yoo et al. [23],
Gao et al. [24] and Marmol [5] argued that 7., of the SFRC
depends on the strength of the concrete matrix since the
steel fibers are activated after 7., which triggers the
development of residual shear stresses. As expected and
previously reported by Higashiyama and Banthia [20],
Fig. 6 shows that the shear strength of the SFRC after 7,,,,
decreases as the displacement and the corresponding crack
opening increase [25].

Table 3 summarizes values of shear stress at cracking
(t.,) and maximum (7,,,,) limit states, and three residual

shear stresses (t,) measured during direct shear tests.
Measured values of f°. and V of each specimen is included
in the table. The table shows that shear stress at the
cracking state (t.,) of the specimens containing more V;
presents higher shear stresses both at first cracking and
maximum shear limit states. An previously explained,
increase in the number of small cracks in all specimens
tested using the FIP and Z methods of SFRC as the dosages
increases was observed. In the present study, the 7., of
SFRC obtained by means of the JSCE-type method with V;
of 0.74% (5.35 MPa) was approximately 53% higher than
that of specimens with V,of 0.41% (3.5 MPa). Yoo et al.
[23] pointed out that the 7., of SFRC depends on the tensile
strength of the steel fibers after the first cracking shear
strength. In the present study, the t,,,, of JSCE specimens
with Vy of 0.74% (5.65 MPa) was approximately 26% and
28% higher than the 7,,,, strength of FIP-type specimens
(4.50 MPa) and Z-type tests (4.40 MPa), respectively.

3.4 Bending Tests on Beams

Figure 7 shows the typical failure modes of specimens
under four point bending test (4PBT). Fracture of all the
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Table 3 Direct shear and compressive strengths of specimens
Author ID fcMPa V% Illd; t.,MPa 7,, MPa 1,,50MPa 1,00 MPa 1,5 MPa
This study 7-0.41-1 52.7 041 65 2.9 3.6 2.3 2.1 1.9
7-0.74-2 52.6 0.74 3.7 44 2.5 23 2.1
FIP-0.41-1 52.7 0.41 4.4 43 34 2.7 1.7
FIP-0.41-2 52.7 0.41 37 5.1 1.2 1.0 0.8
FIP-0.74-1 52.6 0.74 4.5 4.4 3.6 2.7 1.8
FIP-0.74-2 52.6 0.74 33 4.6 34 - -
JSCE-PC-1 47.3 0.00 29 - - - -
JSCE-PC-2 47.3 0.00 3.8 - - - -
JSCE-0.41-1 52.7 0.41 3.6 3.7 1.4 1.3 1.3
JSCE-0.41-2 52.7 0.41 34 3.8 3.1 2.8 2.5
JSCE-0.74-1 52.6 0.74 5.0 59 3.7 3.6 3.6
JSCE-0.74-2 52.6 0.74 5.7 54 2.3 1.7 1.5
Araujo et al. [11] Ar-JSCE-0-1 51.8 000 65 4.1 - - - -
Ar-JSCE-1-1 65.3 1.00 3.1 8.6 74 53 3.8
Ar-JSCE-2-1 71.3 2.00 35 9.5 9.3 8.8 7.3
Barragan et al. [3] Ba-Z-0.00-1 40.2 0.00 80 5.2 5.2 - - -
Ba-Z-0.25-1 38.9 0.25 6.1 6.2 2.1 14 -
Ba-Z-0.5-1 38.3 0.50 6.0 59 33 3.0 3.0
Ba-Z-0.00-2 7.7 0.00 5.5 5.5 - - -
Ba-Z-0.25-2 76.5 0.25 5.0 8.2 4.7 4.1 4.0
Ba-Z-0.5-2 77.8 0.50 8.2 10.0 54 5.0 4.7
Mostafazadeh and Abolmaali [24] Mo-JSCE-0-1 28.3 0.00 65 4.2 - - - -
Mo-JSCE-0.25-1 31.3 0.25 4.7 - 2.6 2.1 1.6
Mo-JSCE-0.52-1 33.0 0.52 5.0 - 3.1 2.8 2.6
Mo-JSCE-0.78-1  32.8 0.78 5.6 - 35 32 24
Mo-JSCE-1.00-1  31.1 1.00 6.0 - 4.7 4.3 3.8
Mo-JSCE-0-2 34.0 0.00 55 - 0.8 0.8 -
Mo-JSCE-0.25-2 394 0.25 6.3 - 3.6 33 3.0
Mo-JSCE-0.52-2  39.9 0.52 6.8 - 5.0 4.8 4.0
Mo-JSCE-0.78-2  39.8 0.78 7.4 - 54 5.1 4.3
Mo-JSCE-1.00-2  38.3 1.00 7.9 - 5.7 53 5.1

- The value is not reported

(a) (b)

(©

Fig. 7 Typical failure modes of beams tested under bending: a PC, b Dy = 32.0 kg/m?, ¢ Dy=58.1 kg/m®

beams occurs inside the middle third of the span as
requested by ASTM C-1609 standard [12]. Table 4 sum-
marizes the values of bending tensile strength and com-
pressive strength of specimens in this study and those
reported by other studies available in the literature, where
f.r1s the flexural-tensile strength at first cracking, f;,., is the

maximum flexural-tensile strength, and f7 500, /7300 and f,
150 are residual flexural-tensile strengths for mid-span
deflections of L/600, L/300 and L/150, respectively. Data
from the bending test of PC and from one specimen with V,
of 0.41% in this study were not included in the table,
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Table 4 Flexural tensile strength and compressive strength of specimens

Autor fe Ve Ser Smax Srmsoo S1s300 Sris0
MPa % MPa MPa MPa MPa MPa
This study 52.7 0.41 6.77 7.20 6.76 7.20 5.79
52.6 0.74 6.32 8.19 7.48 8.00 7.97
52.6 0.74 6.86 7.41 7.28 7.04 5.71
Araujo et al. [11] 51.8 0.00 - - - - -
65.3 1.00 2.60 2.70 0.77 0.48 0.34
71.3 2.00 4.02 4.15 2.31 1.16 0.77
Barragan et al. [3] 40.2 0.00 1.60 1.62 - - -
38.9 0.25 1.73 1.76 0.97 1.07 -
38.3 0.50 1.93 1.94 2.08 2.23 -
71.7 0.00 1.95 - - - -
76.5 0.25 1.93 2.8 2.71 2.73 -
77.8 0.50 2.40 4.8 4.67 4.71 -
Mostafazadeh and Abolmaali [26] 28.3 0.00 - 3.33 0.13 - -
31.3 0.25 - 3.57 0.68 0.73 0.67
33.0 0.52 - 4.00 1.47 1.83 1.37
32.8 0.78 - 4.01 3.27 3.31 3.08
31.1 1.00 - 3.96 3.68 3.87 3.07
34.0 0.00 - 3.60 - - -
394 0.25 - 4.27 0.80 0.93 0.67
39.9 0.52 - 4.53 1.87 1.79 1.31
39.8 0.78 - 4.49 2.87 3.28 2.85
38.3 1.00 - 4.47 3.81 3.96 2.77

- The value is not reported

because beam instrumentation did not work adequately
during those tests.

3.5 Correlation Between Flexural-Tensile
and Direct Shear Stresses

To facilitate estimation of the direct shear stress of SFRC
from the results of the widely used four-point bending test
(4PBT), a model to correlate the direct shear stress of
SFRC associated with 1., T,720, Tn100, Tnso and the flexural-
tensile stress of SFRC associated to f..,. fre00, fr300 and f;50
is developed in this section. An analysis of variance
(ANOVA) was carried out to identify the variables that
significantly influence the correlation between direct shear
and flexural-tensile stresses. The variables studied in the
ANOVA were the compressive strength of SFRC (f.),
reinforcement index (RI = V; x [/dj), and number of shear
planes of the test specimen (N,). The ANOVA compares
the difference of the variance generated by the studied
variable and the intrinsic variance of the data to evaluate
the influence of the studied variable (independent variable)

@ i!; @ Springer

on the intrinsic or dependent variables. Identification of
independent variables that significantly influence the cor-
relation between shear and flexural-tensile stresses was
carried out by means of an ANOVA. In this study, the
dependent variables are t.,, Tyax, Tni20, Tni00, Tnsos fer fimax,
Jf1600» f1300 and f7;s50. Those variables were correlated with
the independent variables: f., RI and N,,.

The ANOVA analysis establishes the characteristic
value of Fisher’s distribution (F) and compares it to the
critical value of F' of the independent variables. The value
of F was calculated for each independent variable and
residual strength, and then the critical value of F (F ;) was
calculated. The value of F,.,;, was equal to 3.68 and it was
calculated from Fisher’s distribution with a significance
level of 5%. In Fig. 8, F.,; is represented by a continuous
horizontal red line. The variables with F > F,, indicate
that they influence both flexural-tensile and direct shear
strengths. Figure 8 shows the ANOVA to determine the
incidence of /., RI and N, on the shear and flexural-tensile
stresses of SFRC. The results of the ANOVA analysis in
Fig. 8 showed that the variable with more influence on the
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Fig. 8 ANOVA

shear and flexural-tensile stress values of SFRC was f..
The statistical results shown in Fig. 8 suggest that the
Reinforcement Index (RI = V; x l/dy) affects post-crack-
ing shear and flexural-tensile stresses of SFRC. The
ANOVA results also demonstrated that, except for the
flexural-tensile stress f;;s0, the effect of the N, factor is
lower than the effect of /. and RI on direct shear and
flexural-tensile stresses.

Sarbini et al. [2] used the results of bending test on
150 mm x 150 mm x 750 mm beams to develop equa-
tions to predict the shear stress of beams reinforced with
steel bars and steel fibers. These authors identified the
critical state where steel fibers still develop additional
tension to increase the direct shear strength of SFRC. In the
present study, the correlation between direct shear stress
and flexural-tensile stress of SFRC was performed from a
database including the results obtained during direct shear
tests (see Table 3) and during the bending test (see
Table 4) of this study and of those reported by Barragan
et al. [6], Aradjo et al. [11], and Mostafazadeh and Abol-
maali [26].

Figure 9 shows the values of direct shear strength at
limit states of cracking, maximum strength and residual
strengths  (T,720, Tnioo. Tnso)» and the flexural-tensile
strengths (f..,. finax, fLsoo fr300 fr150) of SFRC tested in this
study and those reported in the literature [6, 11, 26]. Based
on ANOVA results, the parameters /., RI and N, were used
to normalize direct shear and flexural-tensile stresses of
studies reported by different authors with different material
strengths, fiber dosages and types of fibers. For the crack-
ing limit state, the data of PC and SFRC in Fig. 9a were
normalized exclusively with /. since this limit state is the
onset of the main effect of the fibers on performance of
SFRC. For limit states of maximum strength and residual
strengths, Fig. 9b—e show that f., RI and N,, were used to
normalize post-cracking shear and flexural-tensile stresses.
From the trends in Fig. 9, Eq. (3) is proposed in this study
to estimate direct shear strengths of SFRC (7., Tax, Tnizo,
Tu100, Tnso) as a function of flexural-tensile strengths (f.,.

fma}o fLéOO! fL300) fL150)~ The variables H and M, and the
constant K are used in Eq. (3), where H represents the
ratios of shear strengths t.,/\/f ¢, Twar/(\/f'e X N, x RID),
tnIZO/(\/fc X Np X RI)’ Tn]()()/(\/fc X ]Vp X R[)» Tn80/
(\/ o x N, x RI), M corresponds to the ratios of flexural-
tensile strengths fcr/\/fca fmux/(\/fc X Rl)a fL600/(\/fc

x RI), fL300/(\/fL. x RI), fu50/(\/fc x RI), respectively,

and K corresponds to the constant of the trend, which
corresponds to the slope of the line between the data of
direct shear strengths and flexural-tensile strengths. Table 5
summarizes the values of the variables H and M, and the
constants K included in Eq. (3).

H=KxM (3)

Figure 9a shows that the results of direct shear and
flexural-tensile strengths at limit states of cracking and
maximum strength (z., and f,.,) measured in this study are
in line with the trend of the values reported by Aratjo et al.
[11]. The values of f.. and f,,,, measured in this study,
however, are not in line with the trend of the data reported
by Barragan et al. [6], since the values of f.. and f,..
reported by these authors ranged from 1.6 to 4.6 MPa,
which are significantly lower than the results obtained in
this study (6.3 MPa a 7.4 MPa). The values of f 500, f1/300
and f7,;50 measured in this study are not in line with the
trend of the data reported by Mostafazadeh and Abolmaali
[26], since the values reported by these authors ranged
from 0.13-4.5 MPa, which are lower than the values
obtained in this study (close to 7.03 MPa).

4 Conclusions

Measured results in the study aided to identify that com-
pressive strength of SFRC was 11.4% (52.7 MPa/
47.3 MPa) and 11.2% (52.6 MPa/47.3 MPa) higher than
that of PC when increasing V; from 0.41 to 0.74%,
respectively. In terms of bending tests, the results of the
study showed that, as previously reported by other studies,
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Fig. 9 Direct shear strengths as a function of flexural-tensile strengths (units in MPa): a t.,~f.,, b Tuax—~max € Tnizo~L600, A Tri0o—f 13005 € Tuso—f

L/150

Table 5 Variables of Eq. (3) (units in MPa)

H K M

to/\f e 0.736 N

Tad (Jf e X Np x RI) 0.664 Fuad Jf e x RI)
Tar20/(\Jf X N, x RI) 0412 f woodl(\Jf e x RD)
Tur0o/(f e X N, x RI) 0.339 frrs00/(JF e x RI)
Tusol(\/f « X N, x RI) 0.276 Sinsol(Jf ¢ x RI)

flexural-tensile cracking strength does not vary signifi-
cantly by increasing the content of steel fibers. Maximum
flexural-tensile strength of SFRC in this study and other

A
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studies reported in the literature increased proportionally
with the content of steel fibers; for instance, f,,,, of SFRC
beams with V; of 0.76% was 8.3% higher than that of
beams with V; of 0.38%.

Shear test results showed the significant effects of steel
fibers on shear strength of SFRC. The maximum shear
strength (t,,,,) of SFRC with V; of 0.76% obtained using
the JSCE-SF6 method was 50.6% (5.65 MPa/3.75 MPa)
higher than that of SFRC with V, of 0.38%. The t,,,, of
SFRC obtained using the Z-type method exhibited a similar
behavior to that observed when using the JSCE-SF6 tests.
The shear strength of SFRC with 0.76% obtained using the
Z-type method was 22% higher than that of SFRC with V,
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of 0.38%. The contribution of steel fibers to residual shear
strength of concrete allows greater displacements due to
the suitable adherence of fiber to concrete.

A numerical correlation was also proposed to estimate
the direct shear and flexural-tensile properties of SFRC in
beams and columns at the limit states of first cracking,
maximum strength and residual strengths. According to the
results of the analysis of variance (ANOVA), the parame-
ters f'., RI and N, were included in the equations of cor-
relation between direct shear and flexural-tensile strengths.
The variables RI and N, affect residual shear strengths
(Tn120- Thioos Tnso), since the effect of steel fibers on per-
formance of concrete is mainly observed after cracking.
Variable f. had the most significant influence on all
dependent variables (fo,, finaxs fro00 fr300 fL1505 Ters Tmaxs
Tn1205 Tnioo and T,gp) in this study. The numerical correla-
tion was planned using simple variables of shear and
flexural-tensile strengths at first cracking, maximum and
residual strengths, which can be easily implemented in
building codes. The correlation model developed is prac-
tical for code-compliant design purposes since the direct
shear performance of SFRC can be estimated from the
results of the commonly used bending test. The equations
proposed in this study can be used to calculate the average
mechanical properties of SFRC that comply with the fol-
lowing characteristics: normal-weight concrete, compres-
sive strength of concrete ranging from 28 to 75 MPa, with
Vi from 0.3 to 2.0%, and with [/d; of steel fibers ranging
from 65 to 80. The results of this study would stimulate the
use of SFRC in code-based design because the proposed
correlation aids to estimate direct shear performance from
the results of a widely used bending test.
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