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Abstract: To determine the validity of steel fiber reinforced expanded-shale lightweight concrete
(SFRELC) applied in structures, the shear behavior of SFRELC structural components needs to be
understood. In this paper, four-point bending tests were carried out on reinforced SFRELC beams
with stirrups and a varying volume fraction of steel fiber from 0.4% to 1.6%. The shear cracking force,
shear crack width and distribution pattern, mid-span deflection, and failure modes of test beams were
recorded. Results indicate that the shear failure modes of reinforced SFRELC beams with stirrups
were modified from brittle to ductile and could be transferred to the flexure mode with the increasing
volume fraction of steel fiber. The coupling of steel fibers with stirrups contributed to the shear
cracking force and the shear capacity provided by the SFRELC, and it improved the distribution of
shear cracks. At the limit loading level of beams in building structures at serviceability, the maximum
width of shear cracks could be controlled within 0.3 mm and 0.2 mm with the volume fraction of
steel fiber increased from 0.4% to 0.8%. Finally, the formulas are proposed for the prediction of
shear-cracking force, shear crack width, and shear capacity of reinforced SFRELC beams with stirrups.

Keywords: steel fiber reinforced expanded-shale lightweight concrete (SFRELC); reinforced SFRELC
beam; stirrups; volume fraction of steel fiber; shear cracking; shear crack width; shear capacity

1. Introduction

In the construction of high-rise buildings and large span spatial structures as well
as long span bridges, the self-weight of the structure is a key issue which should be of
concern. This promotes the development of lightweight aggregate concrete. Due to the
different resources and manufactured methods, many kinds of lightweight aggregates
are market supplied. The material widely used for structural concrete in China is the
sintered expanded-shales. After a series experimental studies, a high-performance steel
fiber reinforced expanded-shale lightweight concrete (SFRELC) is produced. The sintered
expanded-shale and the ceramsite sand are used for the aggregates of SFRELC to realize
the lightweight itself. On the previous studies, SFRELC has the characteristics of structural
material with desirable mechanical properties [1,2], volume stability [3], and good dura-
bility [4]. Moreover, the bond of a steel bar with SFRELC is reliable [5]. This provides the
foundation of SFRELC applied in structural engineering.

The studies on the flexural behavior of reinforced SFRELC beams under static concen-
trated loads indicated that the cracking moment, flexural stiffness, and bearing capacity
as well as ductility are effectively promoted with the increasing volume fraction of steel
fibers from 0.4% to 1.6%, and the crack growth is confined with decreased spacing and
width [6-8]. A fatigue life of reinforced SFRELC superposed beams with ductile failure

Materials 2021, 14, 1107. https:/ /doi.org/10.3390/ma14051107

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-4823-7723
https://orcid.org/0000-0002-0344-2707
https://orcid.org/0000-0002-9657-8450
https://doi.org/10.3390/ma14051107
https://doi.org/10.3390/ma14051107
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14051107
https://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/14/5/1107?type=check_update&version=2

Materials 2021, 14, 1107

20f13

mode was prolonged by preventing fatigue fracture of longitudinal tensile rebar and reduc-
ing crack growth, and the failure could be expected with the trend curves of fatigue flexural
stiffness [9]. By the experimental study on shear-cracking force and shear crack extension,
mid-span deflection, shear failure mode, and shear capacity, the effective enhancement
of steel fibers was confirmed on the shear behavior of reinforced SFRELC beams without
stirrups; however, the brittle failure could not be prevented with the rupture of expanded
shales along diagonal cracks [10]. This indicates the efficiency of steel fiber to increase the
behavior of reinforced SFRELC beams in tension.

Currently, few studies were reported on the shear behavior of steel fiber reinforced
lightweight aggregate concrete (SFRLAC) beams with stirrups. Nes and Qverli [11] studied
the structural behaviors of layered beams with SFRLAC and conventional concrete, and the
results show that the stirrups might be reduced due to the ductility of SFRLAC in tension
increased by steel fibers; the shear capacity of test beams increased with the increased
content of steel fiber and depended on the distribution and orientation of steel fibers.
Jiao et al. [12] investigated the shear behavior of reinforced SFRLAC beams, and the results
indicate that accompanied with the rupture of coarse lightweight aggregate on the failure
sections, the failure of test beams changed from shear to flexural shear with the increasing
amount of steel fiber; the shear capacity provided by stirrups and the shear ductility of test
beams could be increased by the presence of steel fiber due to the enhanced bond property
of stirrups with SFRLAC.

In view of the above research studies, the interaction of steel fiber with stirrups needs
to be identified. However, there is lack of research on the shear behavior of reinforced
SFRLAC beams, let alone the shear behavior of reinforced SFRELC beams. In this condition,
we may learn from the shear functions of steel fiber and stirrups in steel fiber reinforced
concrete (SFRC) beams based on the similar shear mechanisms. A number of experimental
studies indicate that steel fibers have potential advantages when used to supplement
or replace stirrups in reinforced SFRC beams, which can effectively improve the shear
behavior in combination with stirrups. Zhao et al. [13-15] indicate that the improvement
of steel fibers on shear-cracking force and shear capacity of reinforced SFRC beams is
consistent to that of the tensile strength of SFRC, which was independent of the stirrups.
Meanwhile, the distribution of diagonal cracks was affected by the interaction of steel
fibers and stirrups. Stirrups in a small spacing made the uniform width of diagonal cracks,
while steel fibers limited the extension of these cracks. Researchers exhibit that [16-19] the
inclusion of steel fibers in adequate content can change the failure mechanism from brittle
shear into ductile flexure. This confirms the possibility of using steel fiber reinforcement
instead of increasing the stirrups amount to achieve analogous performance for reinforced
SFRC beams. Similarly, steel fiber reinforcement can be used with a combination of reduced
stirrups to satisfy the shear capacity and ductility of reinforced SFRC beams [19-23]. As
a result, replacing minimum stirrups was feasible by a certain amount of steel fibers in
the condition of reinforced SFRC beams in flexural failure [24-27]. On the other hand,
the minimum stirrups play a better role of controlling shear cracks than steel fibers in
terms of more diagonal cracks with small width at failure, and they effectively mitigate
the size effect of depth on the shear capacity of reinforced SFRC beams [28,29]. A study
performed by di Prisco and Romero [30] shows that in combination with stirrups, the
hybrid fibers are quite substantial to the diagonal shear of thin-webbed reinforced concrete
beams. Moreover, a certain amount of steel fiber trends are more effective than stirrups for
the control of shear cracks on reinforced SFRC beams with different shear span to depth
ratios, while the contribution of steel fibers on the shear capacity of reinforced SFRC beams
depends on the situations of different ratios of stirrups [31-34].

2. Research Significance

Due to the shear behavior of reinforced concrete beams closely connected to the
properties of concrete, the attention should be noted on the shear behavior related to
aggregate type, which affects the strength of concrete, the dowel action of longitudinal
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reinforcement, the interlocking action of aggregates along the cracked section, and the
bond-slip of stirrups with concrete [5,10,35-37]. Obviously, current study is insufficient
on the shear behavior of reinforced SFRELC beams, and it cannot be applied as a reliable
design consideration. In this paper, an experimental research study was carried out to fill
in the research gap on the shear behavior of reinforced SFRELC beams with stirrups. Ten
test beams were designed to pronounced shear failure. Test results are directly compared to
the previous study of reinforced SFRELC beams without stirrups [10] and evaluated with
the specifications of current design codes [37-39]. Finally, the predictive formulas for the
shear-cracking force, shear capacity, and shear crack width of reinforced SFRELC beams
are proposed considering the featured strengthening effect of steel fibers with stirrups.

3. Experimental Work
3.1. Production of SFRELC

Grade 52.5 ordinary silicate cement, sintering expanded shale, ceramsite sand, poly-
carboxylic acid super-plasticizer, milling steel fiber, and tap water were used for SFRELC.
The properties of cement were 27.4% water requirement of normal consistency, 51.7 MPa of
compressive strength, and 9.2 MPa of tensile strength at 28 days. The sintered expanded
shale was continuous grading with a maximum particle size of 20 mm, bulk and particle
densities of 800 and 1274 kg/m?3, cylinder compressive strength of 5.0 MPa, and water
absorption for 1 h of 6.1%. The ceramsite sand was the by-product of sintered expanded
shale in continuous grading with particle size of 1.6-5 mm, a fineness modulus of 3.56, bulk
and particle densities of 946 and 1659 kg/m3, and water absorption for 1 h of 9.0%. The
steel fiber was of milling type in length I = 36 mm and equivalent diameter d; = 1.35 mm,
the aspect ratio I¢/d¢ = 27.1. The mix water was the tap water of Zhengzhou city, China.

The mix proportion of SFRELC was primarily designed by the absolute volume
method and adjusted to keep the slump of fresh SFRELC at (120 £ 20) mm [7,10,37,40].
The volume fraction v; of steel fiber was changed to 0%, 0.4%, 0.8%, 1.2%, and 1.6%. The
fiber factor A¢ = 27.1v¢. The additional water for pre-wetting the sintered expanded-shale
and ceramic sand was computed with 1 h water absorptions.

The fresh SFRELC was mixed by a single-horizontal-shaft mixer. The expanded shale
and ceramic sand with the additional water was firstly pre-wetted in the mixer for 1 h.
Then, the cement and half dosage of the mix water were added and mixed for 30 s. The
super-plasticizer and the residual mix water were added during the mixing, and the steel
fiber was sprinkled into the mixer and mixed for 3 min [3-7,10].

According to the specification of China code JG/T472 [40], the standard specimens for
the test of strength of SFRELC were fabricated and cured at the same condition of test beams.
The splitting tensile strength fz of SFRELC was tested by three cubes of 150 mm, and the
axial compressive strength f;. was tested by three prisms of 150 mm x 150 mm x 300 mm.
The tested values are presented in Table 1.

Table 1. Dimension, influencing factor of test beams, and main tested results.

Strength of SFRELC (MPa) Computed Shear Force (kN)

Identifier b (mm) hy (mm) vf (%)

ffc fft V) Vua

LC2.5-0.25-0a 150 362 0 36.4 2.80 143 177
LC2.5-0.25-0b 155 362 0 36.4 2.80 145 178
LC2.5-0.25-0.4a 150 362 0.4 42.4 3.04 151 179
LC2.5-0.25-0.4b 150 362 0.4 42.4 3.04 151 179
LC2.5-0.25-0.8a 155 362 0.8 49.2 3.17 157 182
LC2.5-0.25-0.8b 155 362 0.8 49.2 3.17 157 182
LC2.5-0.25-1.2a 150 362 1.2 51.6 3.31 160 182
LC2.5-0.25-1.2b 150 362 1.2 51.6 3.31 160 182
LC2.5-0.25-1.6a 150 362 1.6 52.3 3.62 170 182
LC2.5-0.25-1.6b 155 364 1.6 52.3 3.62 171 182
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3.2. Design and Fabrication of Test Beams

The reinforced SFRELC beams were designed to have a pronounced shear behavior
with the popular rectangular section. As found in previous study [10], the shear capacity of
reinforced SFRELC beams without web reinforcements depends on the shear span to depth
ratio, the longitudinal reinforcement ratio, and the tensile strength of SFRELC. The effects
of steel fiber focused on the bearing capacity of SFRELC in the shear and compression zone,
the interlock among aggregates along sides of diagonal cracks, and the dowel action of
longitudinal tensile rebar. In the designing of test beams with stirrups, the shear capacity
V4 was supposed as the independent contribution of stirrups with the composition of the
beams without web reinforcements [37-39], that is,

Vi = Viey + Vv 1)

The shear resistance V., provided by SFRELC was computed by formula [10],

0.115 + 0.192A + 28.7p
View = N 06 frbho. 2)
The shear resistance V provided by stirrups was computed by formula [38,39],
VSV - psvfyvbh()' (3)

In the formulas, b is the sectional width; hy is the sectional effective depth,
hg =h — ¢s — d/2, his the sectional depth, cs is the concrete cover; fy, is the tensile strength
of SFRELC; p is the ratio of longitudinal rebars, p = As/bhy, taken p = 3.0% when p > 3.0%;
A, is the cross-sectional area of longitudinal tensile rebars; A is the shear span to depth
ratio, A = a/hg, taken A = 4 when A > 4, a is the shear span; psy is the ratio of stirrups,
Psv = Asv/bs; Agy is the cross-sectional area of stirrups; s is the spacing of stirrups; fyy is
the yield strength of stirrups.

Meanwhile, the flexural capacity of test beams was designed by using the formulas
provided in previous study [7],

X X X
My, = fyAs (ho — E) + frubx (h -2 - Et) @)
frebx = fy Ag + frrubxe )
X
Xt = h— ﬁ (6)
frru = 1.86Aef; @)

where My, is the moment capacity of the reinforced SFRELC beam; x is the compressive
depth of the cross-section; x; is the equal tensile depth of the cross-section; fy is the yield
strength of longitudinal tensile rebars; fg,, is the equal tensile strength of SFRELC in the
tensile zone of the cross-section, f; is the tensile strength of the SFRELC matrix; and A¢ is
the fiber factor, i.e., the product of v¢ and l¢/ds.

Based on above formulas, ten beams were designed; two of them identified as a/b
were the same in each group, as presented in Table 1. The width b = 150 mm, the depth
h =400 mm, the length 1 = 3200 mm, and the span lyp = 2900 mm. Details of the rebars
in the test beams are presented in Figure 1. The longitudinal tensile rebars were two
hot-rolled HRB500 ribbed rebars with diameter d = 25 mm, the concrete cover ¢g = 25 mm.
The constructional compression rebars were two hot-rolled HPB300 plain rebars with a
diameter of 8 mm. The stirrups were the hot-rolled HPB300 plain rebar with a diameter of
6 mm.

The tensile strength of rebars was measured. The yield strength fy = 517 MPa and the
ultimate strength was 598 MPa for the hot-rolled HRB500 ribbed rebar with a diameter of
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25 mm. The yield strength fyy = 398 MPa and the ultimate strength was 529 MPa for the
hot-rolled HPB300 plain rebar with a diameter of 6mm.

25 mm
ik 268 mm
El %6 mm ¢8 mm ‘ ‘
S ] $6 mm g g
™ #25 - F
—— 2625 mm 1y
Jvmm 6x150 mm = - é‘
-— mm w

(a) (b)
Figure 1. Layout of reinforcements in test beams: (a) longitudinal section; (b) transversal section.

The shear span to depth ratio of the test beams A = 2.5, the shear span of test beam
a=905mm. The spacing of stirrups s = 150 mm, the stirrups ratio psy = 0.25%. The
measured sectional dimension, the shear force V1) computed by Formula (1), and that
V@) (= Mg, /a) computed by Formula (4) for the test beams are also presented in Table 1.
This shows that the test beams were designed to fail in shear due to V(1) being less than
Vu 4)-

( )The fresh SFRELC was cast twice into the steel form, and it was compacted with the
outside vibrators fixed on the steel form. The screeding top-surface was covered by plastic
film for 48 h before being demolded. After being demolded, the test beams were cured
with sprayed water for 7 days and then placed in the outdoor environment before testing.

3.3. Test Method

As presented in Figure 2, the four-point bending test was carried out with the shear
span a = 905 mm and the pure bending segment of 1090 mm. The beam was simply
supported on the supports. A hydraulic jack fixed on a loading frame were used to exert
the symmetrical concentrated loads on the top surface of the test beam by a spreader
steel beam.

) Hydraulic jack

o Load gauge 10 mm i -
LVDTs Spreader| | |beam LVDTs : i
! IIn s |
S !
Test beam i

= - - 1 i

1 905mm _  100mm 905 mm
B LVDTs -
1 30 mm 2900 mm measured point of crack width
(a) (b)

Figure 2. Test method: (a) testing apparatus; (b) measuring of shear crack width.

Load gauges were linked to the hydraulic jack to measure the values of loads. The
mid-span deflection was determined by three displacement sensors (LVDTs-linear variable
differential transformer) placed at the supports and mid-span section of the test beam. The
width of the shear crack on the side surfaces that intersected the stirrups of the test beam
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was detected with a reading microscope. The angle of the shear crack with the bottom
surface of the test beam was determined as the diagonal angle of the shear crack.

4. Test Results and Analyses
4.1. Patterns of Crack Distribution and Failure

The crack distribution and failure mode of test beams are presented in Figure 3. The
shear cracks appeared on the shear span after the flexural cracks appeared at the pure
bending segment. This indicates that the shear-cracking resistance of the diagonal section
was higher than the flexural cracking resistance of the normal section for test beams.

LC2.5-0.25-0b
LC2.5-0.25-0.4a
LC2.5-0.25-0.4a

1.C2.5-0.25-0.8a
LC2.5-0.25-0.8b

LC2.5-0.25-1.2a (b
1C2.5-0.25-1.2b ||

LC2.5-0.25-1.6a

'LC25-0.25-1.6b

Figure 3. Crack distribution and failure mode of test beams.

For test beams LC2.5-0.25-0a/b without steel fiber reinforcement, one or two main
diagonal cracks appeared on the shear span, and the shear failure with wider diagonal
cracks took place. With the increasing volume fraction of steel fibers v, the number of shear
cracks increased, the diagonal cracks slowly extended, and the diagonal angle of the main
shear crack tended to be reduced slightly. Meanwhile, the shear-compression zone existed
clearly with uncrack depth near loading points. The shear failure with smaller diagonal
cracks took place on test beams with v¢ < 0.8%, and the failure in the shear compression
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mode took place on test beam LC2.5-0.25-1.2a with v¢ = 1.2%. This is in keeping with the
pronounced shear failure of design.

However, test beam LC2.5-0.25-1.2b with v¢ = 1.2% failed in shear accompanied by
flexure, and test beams LC2.5-0.25-1.2a/b with v¢ = 1.6% failed in flexure. Due to the shorter
diagonal cracks extended on shear span, a larger shear-compression zone was reserved
near the loading points. This effectively increased the shear resistance provided by the
uncracked SFRELC in shear compression. Meanwhile, the presence of stirrups confined the
extension of diagonal cracks, which benefits the steel fibers bridging the diagonal cracks
to transfer tensile stress. Hence, the enhancement of steel fibers on the shear capacity of
reinforced SFRELC beams with stirrups was higher than that of reinforced SFRELC beams
without stirrups. This led to a lower value predicted by Formula (2), which was based
on the research of reinforced SFRELC beams without stirrups [10]. In this condition, the
positive interaction of steel fibers and stirrups on the shear capacity of reinforced SFRELC
beams should be considered.

As exhibited in Figure 4, similar changes existed for the mid-span deflection of test
beams. This indicates a slight difference on the dowel action of longitudinal reinforcement.
Therefore, the function of steel fibers was reflected to increase the number of shear cracks
and to decrease the crack width. This enhances the interlocks of aggregates along the
cracked section, and it reduces the bond-slip of stirrups with SFRELC.

200

—a—[C2.5-0.25-0a
—3—LC2.5-0.25-0b
—0—1.2.5-0.25-042 \
150 | ——1C2.5-0.25-04b: - == - - ) 7. 7ah bt

|

|

|

|

|

I

—A—1(2.50.25-0.8a g
—A—L,(2.5-0.25-0.8b '
I

V (kN)

1
SR RS [ [
1 1
| I
|

I I
—v—LC25-025-1.2a
- - —v—LC2.5-0.25-1.2b
—*—LC2.5-0.25-1.6a
—#—1C2.50.25-1.6b

100 F- - - - -

50 F-- -t - - -

10 12 14 16
a; (mm)

o

[\

QY Sy
ANfF-=-=---
o]

Figure 4. Mid-span deflection of test beams.

Figure 5 presents the maximum width of the main shear cracks on test beams at
different loading levels V/V,. With the increase of v¢, the shear cracking took place
at an increased loading level, and the crack opened slowly with a smaller width at the
same loading level after cracking. At the limit loading level of 0.74 for beams of building
structures at serviceability, the maximum width of shear cracks on beams without steel fiber
was close to 0.4 mm, which is controlled at normal environment; when the v¢ = 0.4%, the
maximum width reduced to be within 0.3 mm; when the v > 0.8%, the maximum width
reduced to be within 0.2 mm. This provides a good adaptability of reinforced SFRELC
beams in a more severe environment [38,39].

4.2. Shear-Cracking Force

The shear-cracking force V. computed by the loads corresponding to shear crack-
ing are presented in Table 2. In this study, the shear cracking was determined as an
initial inclined web crack or a shear—flexural crack was beginning to turn to the load
point [10,37-39]. With the increase of vy, the initial shear crack width tended to reduce from
0.06 mm to 0.03 mm. This exhibited that steel fibers played a role to confine the opening of
shear cracks.
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1.0

—a——3—1.C2.5-0.25-0a/b

—o——0—L(C2.5-0.25-0.4a/b
—A——A—[C2.5-0.25-0.8a/b
—vy——v—LC2.5-0.25-1.2a/b
—k——#—LC2.5-0.25-1.6a/b

0.0 0.2 0.40 0.6 0.8 1.0

Wmax (mm)

Figure 5. Shear crack widths of test beams at different loading levels.

Table 2. Test and calculation results of shear-cracking force, shear capacity, and failure mode.

Ve (KN) . Vu (kN)
Identifier f::ﬂ:::; Computed by Computed by
Test Computed Test Formulas (1), (3) and (10) Formula (11)
LC2.5-0.25-0a 80 77.7 Shear 165 143 124
LC2.5-0.25-0b 80 79.8 Shear 156 145 125
LC2.5-0.25-0.4a 920 84.3 Shear 178 151 130
LC2.5-0.25-0.4b 85 84.3 Shear 165 151 130
LC2.5-0.25-0.8a 90 91.8 Shear 180 160 137
LC2.5-0.25-0.8b 95 91.8 Shear 172 160 137
LC2.5-0.25-1.2a 100 90.3 Shear 187 166 141
LC2.5-0.25-1.2b 95 90.3 Shear-flexural 179 166 141
LC2.5-0.25-1.6a 105 100.4 Flexural 201 173 147
LC2.5-0.25-1.6b 105 103.1 Flexural 198 175 149

To facilitate compressive analysis, the shear stress 1, was computed as the shear-
cracking force on the unit sectional area,

Ter = Ver/bhy. 8)

As presented in Figure 6, the shear stress T and the tensile strength f; have linear
relationships with the fiber factor A¢. The digits 0.72 and 0.64 before A; in the fitness formula
are the strengthening coefficients of steel fiber on T and fg, respectively.

25
20F
- °
& 1S5 T :1,4.4(1+0.72}L) R=0.997
S s £) 14.0
- _am i
510+ Y- -w 3.5
- 13.0 &
o5t f;=2.8(1+0.64Ay), R=0.998 1, 5 2:
120+
L 1 1 L 1.5
00 0. 02 03 04 05
A (%)

Figure 6. Changes of 1, and fg with Ay.
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Obviously, the strengthening coefficient 0.72 of . is greater than the 0.64 of fy.
This is differing from the fact that the T, of reinforced SFRELC beams without stirrups
increased almost the same with fg; [10]. Therefore, the reinforcement of steel fiber on the
shear cracking resistance is not only controlled by the tensile strength of SFRELC but also
improved by the stirrups due to the beneficial stress distribution of SFRELC at shear span.

To simplify the computation, the beneficial effect of stirrups on shear cracking re-
sistance can be considered as a reliability reserve. The same formula can be used for
predicting the shear-cracking force of reinforced SFRELC beams with or without web
reinforcement [10],

(245 20p
er = <?\ 35 A+1.1)fftbh°‘ ©

Table 2 presents the calculated values of Vi by using Formula (9). Based on the
statistical analysis, the average of ratios of test to calculation results is 1.034 with the
coefficient of variation as 0.027. Therefore, a slightly lower value is predicted by using
Formula (9).

4.3. Shear Capacity

The test peak shear force V, computed by the peak load on test beams is summarized
in Table 2. Due to the failed shear and shear-flexural patterns of test beams with v¢ = 1.2%,
the peak shear forces of them were falling in between shear failure and flexural failure. Due
to failed flexural pattern of test beams with v¢ = 1.6%, the peak shear forces were lower
than the shear capacity.

In the premise of the shear force provided by stirrups calculated by Formula (3), the
beneficial effects of stirrups can be comprehensively counted by correcting the shear force
subjected by SFRELC. From Formula (1), we can obtain V¢, = Vy — V. Referenced to
Formula (8), let T¢, = Viey /bhg. The fitted linear relationship of T4, with A is presented in
Figure 7. The strengthening coefficient of steel fiber that interacted with stirrups on shear
resistance provided by SFRELC is 0.78, which is greater than that of 0.64 (see Figure 6) for
tensile strength of SFRELC. This reflects the coupling effect of steel fibers with stirrups on
the shear capacity provided by SFRELC.

3.0

T, =1.92(140.78%,), R=0.903 &

Figure 7. Changes of ¢, with As.

Referencing the form fg = fi(1 + 0.64A¢), Formula (2) can be transferred to be Formula (10)
as follows,

0.115 + 0.192A + 28.7pf
A—0.6 '
Referring to the design principle of shear capacity with sufficient reliability for re-

inforced concrete and SFRC beams specified in worldwide design codes such as CSA
23.3-04 [41], Eurocode 2 [42], ACI 318-14 [43], JG] /T465 [39], and ACI 544.4R [44], a lower

Viuw = (14 0.78A¢)bhy. (10)
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computed shear capacity of reinforced SFRELC beams can be calculated on the basis of the
design formula of lightweight-aggregate concrete beams [37],

156,

Va=3710

Asf
f¢(1 + 0.78A¢)bhg + Vs " ho (11)

where A =1 when A <1, and A =4.0 when A > 4.0. 3, =0.7 + 20p.

The computed shear capacities of test beams are presented in Table 2. By using
Formula (11), the shear capacities of test beams are predicted with the average reduc-
tion of 30.8%. This gives a conservative shear capacity of the reinforced SFRELC beams
with stirrups.

4.4. Shear-Crack Width

To predict the shear-crack width of reinforced SFRELC beams in normal service condi-
tion, the formulas for reinforced SFRC beams are revised and expressed as follows [14],
UEV'“‘ ho - 1/0.83 — 0.64Ahy /1 (12)

'

S

Winax = (1= 1.21))

oo V09V,
SV T 0.6Apgybhy

where wayx is the maximum width of shear cracks intersected with stirrups; osym is the
tensile stress of stirrups; Egy is the modulus of elasticity of stirrups; and 1y is the span.

Within the loading level of the normal service state, the comparison of the test and
computation results of the maximum width of shear cracks is presented in Figure 8. The
ratios varied from 0.346 to 1.621, the variation tended to decrease with the increasing
volume fraction of steel fiber. Based on the statistical analysis, the ratio was 1.0 on average
with a coefficient of variation of 0.274.

(13)
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Figure 8. Comparison of test to calculation results of the maximum diagonal crack width.

Due to the randomness of shear crack extension, the width of the main diagonal cracks
was affected by complex factors. It is difficult to accurately predict the width of shear
cracks. Therefore, the width of shear cracks is always indirectly limited by using the design
method of a conservative shear capacity [37-39]. In this study, the design shear capacity of
test beams by Equation (11) was reduced by 30.8% compared with the test results. This
indicates the real loading level at normal serviceability will be reduced by 30.8% from
the limit loading level of 0.74; that is, 0.74/1.308 = 0.566. From Figure 5, the crack width
could be strictly controlled within 0.2 mm even 0.1 mm. This provides a good condition of
reinforced SFRELC beams applied in severe environment.
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5. Conclusions

Based on the shear testing of reinforced SFRELC beams with stirrups, and compared
with the shear behavior of reinforced SFRELC beams without stirrups in previous study,
conclusions are drawn as follows:

(1) Steel fiber had a higher strengthening effect coupling with stirrups on the shear-
cracking resistance of reinforced SFRELC beams. For simplifying the calculation, the
beneficial effect can be neglected to provide a conservative result only considering
the strengthening of steel fiber on the tensile strength of SFRELC.

(2)  With the increase of steel fiber content, the shear failure could be modified with good
ductility and transferred to the flexure. The stirrups improved the distribution of
shear cracks with reduced spacing and width. This provided a good condition of
SFRELC subjected to shear force to improve the shear capacity provided by SFRELC.
Considering the effect of steel fiber reinforcement on the shear capacity of beams
provided by SFRELC, the formulas are proposed for the prediction and the design of
shear capacity of reinforced SFRELC beams with stirrups.

(3) With the increase of steel fiber content, the maximum width of shear cracks became
smaller after shear cracking, and it extended slowly at the same loading level of test
beams. The reduction of maximum width of shear cracks promoted the adaptability
of reinforced SFRELC beams in a severe environment. Based on the test results, the
formula for the prediction of maximum width of shear cracks is proposed.

(4) The study was limited to the changes of steel fiber content in condition of the constant
shear span to depth ratio and stirrups ratio. To build a broad recognized method for
the design of reinforced SFRELC beams under shear stress, many more systematical
research studies need to carried out to identify the effects of multiple factors.
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