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HIGHLIGHTS

« A newly shear testing system to investigate shear resistance of UHPFRC was proposed.

« The shear related hardening behavior, accompanied by multiple crack formation was obtained.

« The shear resistances of UHPFRCs significantly depended on both the fiber volume and a/d.

« The shear strengths of UHPFRCs containing 0.5 and 1.5 vol.% smooth fibers were shown to exceed the direct tensile strengths about 1.6 times.
« A theoretical model predicting the shear strength of UHPFRC based on the direct tensile strength and a/d was proposed.
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The shear resistance of ultra-high-performance fiber-reinforced concrete (UHPFRC) was investigated by
using a newly proposed shear testing system. UHPFRCs displayed strain-hardening responses, in both
shear and tensile testing, accompanied with multiple microcracks. The shear resistance of UHPFRCs
was clearly influenced by their tensile resistance in addition to shear span to depth ratio (a/d). The shear

strengths of UHPFRCs generally exceed the direct tensile strengths about 1.6 times. A theoretical model
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predicting the shear strength of UHPFRCs was proposed based on the tensile strength and a/d ratio.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Ultra-high-performance fiber-reinforced concretes (UHPFRCs)
have demonstrated superior mechanical properties, including very
high compressive strengths (>150 MPa), tensile strengths
(>13 MPa), tensile strain capacities (>0.3%), and energy absorption
capacities (>30kJ/m?) even when containing only 1.5 vol%
deformed steel fibers [1,2]. These properties favor the enhance-
ment of the resistances of civil infrastructure and buildings to
extreme loads, such as seismic, impact, and blast loads [3-5].
Among these extreme load conditions, impacts typically generate
shear failure, rather than flexural failure, in infrastructure and
buildings; shear failure is usually both brittle and catastrophic in
concrete structures. However, very limited information is available
regarding the shear resistance of UHPFRCs, because no standard
test method exists for such concretes.
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Several methods have been applied to investigate the shear
resistances of UHPFRCs, as well as those of fiber-reinforced
concretes (FRCs). One popular shear test method uses push-off
specimens [6-11]. Two notches are made on the surface of the
push-off specimen to guide shear failure between the two notch
tips under tensile [6] or compressive loading [9]. Another popular
method uses punch-through specimens (PTS) [12-16]. The test
method to investigate shear strength of steel FRC was guided in
JSCE-SF6 [12] and was modified in technique by other researchers
[13-16]. In the modified PTS, two notches are made surrounding
the specimen, two adjustable yokes are installed, and support
plates are extended to prevent the specimen from moving. In
1967, losipescu proposed a shear test method using the losipescu
specimen. This test method has been developed by several
researcher to investigate shear resistance of concrete and FRC
[17-19].

However, current shear test methods cannot be directly applied
to investigate the shear resistance of UHPFRCs because they do not
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reflect the unique strain-hardening response, accompanied by the
formation of multiple microcracks, of UHPFRCs under tension.

In this research, a new test method was proposed to investigate
the shear resistance of UHPFRCs. The proposed setup was designed
to provide favorable conditions for multi-shear cracking. A prism
specimen without notches or reinforced steel bars was used for this
setup, easing the manufacture, installation, and operation of the
specimens during the test. Besides, the correlation between tensile
and shear resistance, i.e., the linkage between the material levels to
the structural level resistance of UHPFRCs was investigated.

This study aims to develop a fundamental understanding of the
shear resistances of UHPFRCs. The specific objectives are (1) to
develop a new and valid test method for the shear resistance of
strain-hardening UHPFRCs with multiple microcracks, (2) to inves-
tigate the shear resistances of UHPFRCs, and (3) to discover corre-
lations between the shear and tensile resistances of UHPFRCs.

2. Proposed shear test method for UHPFRCs

The proposed shear test system was designed to satisfy the fol-
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system should reflect the unique strain-hardening characteristics,
accompanied by the formation of multiple microcracks, of
UHPFRCs; and, (3) the proposed system should be simple to
operate.

Fig. 1 illustrates the expected shear deformation as well as the
shear force diagram (SFD) and bending moment diagram (BMD) of
UHPFRC specimens in the proposed test system. Both ends of the
specimen are fixed while the load (P) is applied through two sep-
arate points at a distance of 60 mm, as shown in Fig. 1a. The geom-
etry of the specimen and the load/boundary conditions are
designed to generate shear failure in the UHPFRCs, rather than flex-
ural failure, as shown in Fig. 1b. Consequently, the shear span (a),
which is the distance between the loading and supporting points,
is varied to generate the shear-related hardening response accom-
panied by the formation of multiple microcracks. As the load is
applied to the specimen, the region ABCD experiences shear defor-
mation, as shown in Fig. 1a. The engineering shear strain is defined
as the change in angle between the lines AB and AD, that is the ver-
tical displacement of the middle part of the specimen (J) per shear
span (a), as shown in Eq. (1):
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Fig. 1. Proposed shear test setup.
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where 7,, is the engineering shear strain, ay is the angle between AB
and A’B’, and «, is the angle between AD and the y-axis.

3. Experiments

An experimental program was designed to investigate the shear
resistances and the correlation between shear and tensile behavior
of UHPFRCs. Sixteen sets of shear specimens and two sets of tensile
specimens were prepared, combining different fiber volume con-
tents and shear-span-to-depth ratios a/d, as illustrated in Fig. 2.
The cross-sectional area of the shear and tensile specimens was
constant at 50 x 50 mm. Three specimens were at least prepared
per set. In the notation of the test sets, as shown in Fig. 2, the first
letter designates the type of specimen (“T” for tensile and “S” for
shear); the next two characters represent the fiber volume content
(“05” for 0.5 vol.% fibers content). The last two characters naming
the sets of shear test specimens represent the a/d ratio (“04” indi-
cates a/d = 0.4).

3.1. Materials and specimen preparation

The composition of matrix mixture and compressive strength of
the ultra-high-performance concrete (UHPC) matrix was shown in
Table 1 while the properties of steel fiber was listed in Table 2 [20].
The average diameter of the silica sand is below 0.5 mm, while the
average diameters of the silica fume and silica powder are about
0.1 pm and 10 pm, respectively. The silica powder and silica fume
contain more than 98% SiO,.

A Hobart type laboratory mixer with a controllable rotation
speed and a 20-L capacity was used to prepare the UHPC mixture
following the mixing procedure recommended in [20,21]. The
cement, silica fume, silica powder, and silica sand were dry-
mixed for 10 min. Water was then added to the dry mixture at
intervals of 2-3 min. A superplasticizer was added gradually until
the mixture showed workability and viscosity adequate for uni-
form fiber distribution. The fibers were dispersed by hand into
the UHPC mixture and further mixed. The workability was charac-
terized by a flow test [22] with the spread value was referenced by
[23]. The mixture with fibers was carefully placed in molds using a
wide scoop.

Shear span (a) to
depth (d) ratio

a/d=0.0
a/d=0.4
a/d=0.5
a/d=0.6
a/d=0.7
a/d=0.8

Shear test

UHPFRCs
4

Tensile test

All specimens were covered by plastic sheets and stored in a
laboratory at room temperature for 48 h prior to demolding. After
demolding, specimens were cured in a hot water tank at the tem-
perature of 90 £ 3 °C for 3 days. All specimens were tested at the
age of 21 days in dry condition. Two layers of polyurethane were
sprayed on the surfaces of the dry specimens to detect cracks more
easily after failure.

3.2. Test setup and procedure

Shear tests were performed using the proposed setup and a uni-
versal test machine (UTM), as shown in Fig. 3a. During the tests,
the loading speed was 1 mm/min under displacement control.
The applied load was measured by a load cell in the UTM, while
the vertical displacement (§) of the specimen was measured by
two LDVTs attached to the bottom of the specimen by the alu-
minum frame. The speed of data acquisition was 1 Hz during the
shear tests.

Fig. 3b shows the tensile tests using the UTM as in the shear
tests. The detail of tensile test setup refers to Tran et al. [20]. Both
ends of the tensile specimen are bell-shaped and reinforced with
steel wire meshes to prevent failure outside of the gauge lengths,
measuring 100 mm in this study, of the specimens. The speed of
loading was 1 mm/min and the data acquisition frequency was
1 Hz, as in the shear tests. Two LVDTs were attached to the speci-
men by an aluminum cage to measure the elongation of the spec-
imen during testing. The load signal was measured by a load cell at
the top of the specimen.

3.3. Test results

The shear load (stress) versus vertical displacement (strain)
responses of the UHPFRCs are provided in Fig. 4 according to differ-
ent a/d ratios, while the average numerical value of shear parame-
ters are summarized in Table 3. The curves in Fig. 4 are averaged
from the results of at least three specimens per set and the scale
of the vertical axis in Fig. 4a differs from the others in Fig. 4. The
engineering shear strain was calculated using Eq. (1), while the
shear stress was calculated using Eq. (2):
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Fig. 2. Experimental program.
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Table 1
Composition of matrix mixture by weight ratio and compressive strength [20].
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Cement (Type I) Silica fume Silica sand

Silica powder

Super-plasticizer Water Compressive strength, (MPa)

1 0.25 1.10 0.30

0.067 0.2 180-200

Table 2
Properties of steel fiber.

Fiber type Diameter, d; (mm) Length, I (mm)

Density, (g/cc)

Tensile strength, (MPa) Elastic modulus, (GPa)

Smooth 0.2 19

7.90

2580 200

Loading block
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b) Tensile test setup [20]

Fig. 3. Shear and tensile test setup for UHPFRCs at static rate.

where 7 is the average shear stress over the cross section (MPa), P is
the applied load (kN), b is the width of the specimen (mm), and d is
the depth of the specimen (mm). It is noted that the engineering
strain could not be calculated for a/d = 0.0 because the span length
was zero.

The overall shape of the shear stress-versus-strain curves of the
UHPFRCs depends primarily on the fiber volume contents, as
shown in Fig. 4. Specimens with no fiber show sudden drops in
resistance immediately after the first crack occurs, whereas the

UHPFRC with fibers experience ductile failure in all tests. The
UHPFRC specimens with higher fiber volumes clearly display
higher shear resistances, regardless of the a/d ratios. The average
ultimate shear strengths of the UHPFRCs are 7.3, 13.4, and
21.7 MPa for the addition of 0.0, 0.5, and 1.5vol.% fiber and
a/d = 0.4, respectively.

The failure modes of the UHPFRCs were significantly affected by
the a/d ratios. The UHPFRC specimens generally experienced shear
failure when the a/d ratio was between 0.4 and 0.7, but flexural
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Fig. 4. Average shear stress-versus-strain curves of UHPFRCs according to different shear-span-to-depth (a/d) ratios.

failure for the a/d ratio of 0.8. The flexural failure occurs owing to
the bending moment at the ends and the middle of specimen
increase as the shear span (a) increase, as illustrated in Fig. 1b.
The effects of the a/d ratios on the shear resistances of the UHPFRCs
are discussed in Section 4.2.

The typical cracking behaviors of the UHPFRCs during shear
testing are shown in Fig. 5. As seen in this figure, the specimens
generally fail by the formation of two major inclined cracks as
the a/d ratio is increased from 0.0 to 0.7, as shown in
Fig. 5a and b, or three major flexural cracks for the a/d ratio of
0.8, as shown in Fig. 5¢. The inclined shear cracks connect the inner
edge of the supporting block and the outer edge of the loading
block. The specimen of the S05-04 series produces only two major
inclined cracks, whereas the specimen of the S15-07 series pro-
duces multiple microcracks in addition to the two major inclined
cracks.

Fig. 6 provides the tensile stress-versus-strain responses of the
UHPFRCs, while the tensile parameters of the UHPFRCs are sum-
marized in Table 3. The UHPFRCs with 1.5 vol.% steel fibers (T15)
demonstrate tension-related strain-hardening behavior, whereas

those with 0.5vol.% steel fibers (T05) show tension-related
strain-softening responses. The average tensile strength of T15 is
11.9 MPa, while that of TO5 is 7.5 MPa. Moreover, the strain capac-
ity (6.95 x 1073) of T15 is much higher than that (0.5 x 10~3) of
TO5. The typical cracking behavior of UHPFRCs in tension is shown
in Fig. 7. Fig. 7a shows the cracking behavior of the strain-softening
TO5 and Fig. 7b shows the formation of multiple microcracks in
strain-hardening T15.

4. Discussions

4.1. Shear stress-versus-strain responses of UHPFRCs obtained using
the proposed test method

The typical shear stress-versus-strain responses of UHPFRCs as
obtained by the proposed test system are illustrated in Fig. 8. Both
UHPFRCs containing 0.5 and 1.5 vol.% steel fibers display similarly
shaped responses. The initial portion of the curves is linear prior to
the first shear cracking; afterwards, both UHPFRCs show nonlinear
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Table 3
Shear test results.
Test Fiber volume Shear span to depth ratio Specimen Ultimate shear strength, Tnax  Shear strain capacity, = Note
series content (%) (a/d) (MPa) Y max
S00-00 0.0 0.0 1 16.46 - Failed in shear mode
2 17.55 -
3 17.47 -
4 16.12 -
5 16.41 -
6 17.38 -
Aver. 16.90 -
Standard 0.64 -
deviation
S05-00 0.5 1 27.20 - Failed in shear mode
2 26.73 -
3 27.01 -
4 25.64 -
5 26.78 -
Aver. 26.67 -
Standard 0.61 -
deviation
$15-00 1.5 1 47.56 - Failed in shear mode
2 46.95 -
3 47.95 -
4 46.83 -
Aver. 47.32 -
Standard 0.53 -
deviation
S00-04 0.0 0.4 1 7.68 0.055 Failed in shear and flexure
2 7.47 0.028 mode
3 6.86 0.046
Aver. 7.34 0.043
Standard 042 0.014
deviation
S05-04 0.5 1 12.61 0.040 Failed in shear mode
2 13.87 0.034
3 13.65 0.054
4 13.97 0.038
5 12.32 0.054
6 14.10 0.044
Aver. 13.42 0.044
Standard 0.76 0.008
deviation
S$15-04 1.5 1 21.44 0.052 Failed in shear mode
2 21.31 0.055
3 21.85 0.053
4 22.30 0.061
5 21.79 0.045
Aver. 21.74 0.053
Standard 0.38 0.006
deviation
S00-05 0.0 0.5 1 5.93 0.039 Failed in shear and flexure
2 5.91 0.030 mode
3 5.79 0.021
4 7.50 0.033
5 6.71 0.037
Aver. 6.37 0.032
Standard 0.73 0.007
deviation
S05-05 0.5 1 11.82 0.066 Failed in shear mode
2 11.80 0.067
3 12.10 0.048
4 12.51 0.042
5 12.26 0.038
Aver. 12.10 0.052
Standard 0.30 0.014
deviation
$15-05 1.5 1 21.15 0.063 Failed in shear mode
2 19.82 0.052
3 20.99 0.053
4 20.80 0.060
5 20.35 0.061
Aver. 20.62 0.058
Standard 0.54 0.005
deviation
S00-06 0.0 0.6 1 5.52 0.016 Failed in shear and flexure

(continued on next page)
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Table 3 (continued)
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Test Fiber volume Shear span to depth ratio  Specimen Ultimate shear strength, T.x  Shear strain capacity, Note
series content (%) (a/d) (MPa) Y max
2 5.53 0.018 mode
3 5.86 0.020
Aver. 5.64 0.018
Standard 0.19 0.002
deviation
S05-06 0.5 1 11.21 0.075 Failed in shear mode
2 11.51 0.047
3 10.83 0.067
4 10.66 0.056
Aver. 11.05 0.061
Standard 0.38 0.012
deviation
S$15-06 1.5 1 18.37 0.091 Failed in shear mode
2 18.46 0.075
3 19.02 0.081
Aver. 18.61 0.082
Standard 0.35 0.008
deviation
S05-07 0.5 0.7 1 10.95 0.052 Failed in shear mode
2 10.90 0.040
3 10.87 0.037
4 10.14 0.039
Aver. 10.71 0.042
Standard 0.39 0.007
deviation
$15-07 1.5 1 16.28 0.061 Failed in shear mode
2 14.70 0.063
3 14.99 0.063
4 16.47 0.066
Aver. 15.61 0.063
Standard 0.89 0.002
deviation
S05-08 0.5 0.8 1 8.79 0.071 Failed in flexure mode
2 6.88 0.089
3 8.18 0.068
Aver. 7.95 0.076
Standard 0.98 0.011
deviation
S15-08 1.5 1 11.39 0.089 Failed in flexure mode
2 11.67 0.076
3 11.24 0.089
Aver. 11.43 0.084
Standard 0.22 0.007
deviation

responses up to the peaks of the curves. Both UHPFRCs demon-
strate ductile failure, even in the specimen with only 0.5 vol.%
fibers, rather than tensile failure. As illustrated in Fig. 8, the peak
shear stress in the curve is labeled as the ultimate shear strength
(Tmax), While the shear strain at the peak value is labeled as the
shear strain capacity (ymax). The values for both gy and ypax of
the UHPFRCs are summarized in Table 3.

The UHPFRCs with only 0.5% fibers interestingly show shear-
related hardening responses, as shown in Figs. 4 and 8, although
they demonstrate strain-softening in tension, as shown in Fig. 6.
These different responses under shear and tensile deformation
can be attributed to the different fiber bridging mechanisms in
these modes. The fiber bridging mechanism of UHPFRCs in tension
is mostly fiber pullout, whereas that in shear follows the dowel
effects of short fibers crossing the cracked sections because of
the different fiber orientations during the casting of the specimens,
as illustrated in Fig. 9.

The cracking behaviors of the UHPFRCs in shear were also
clearly influenced by the fiber volume contents: the specimens
with 1.5 vol.% fibers experienced the formation of multiple micro-
cracks, while the specimens with 0.5 vol.% fibers exhibited local-
ized single instances of cracking, as shown in Figs. 5 and 8,

respectively. Although the UHPFRCs in shear showed different
cracking behaviors with different fiber volumes, all specimens
eventually failed with two inclined major cracks, as shown in
Fig. 5. The failure pattern with inclined cracks is very similar to
the typical shear failure observed in normal concrete [24] or the
punching shear failure of UHPFRC slabs [25].

Overall, the obtained results from the proposed test method, as
shown in Figs. 4, 5, and 8, indicated that the proposed method
could successfully reflect the shear-related strain-hardening
response, accompanied by the formation of multiple microcracks,
characteristic of UHPFRCs in shear resistance. Consequently, it
can be concluded that the proposed test method is valid for inves-
tigating the shear resistance behaviors of strain-hardening
UHPFRCs or other FRCs.

4.2. Shear resistance of UHPFRCs

The effect of a/d ratio on the shear strength 7, of the UHPFRC
is shown in Fig. 10. The 7,4, of the UHPFRCs with 1.5 vol.% fibers is
decreased from 47.3 to 15.6 MPa as the a/d ratio is increased from
0.0 to 0.7, while those of UHPFRCs containing 0.5 vol.% fibers
decreased from 26.7 to 10.7 MPa. Moreover, the shear strength of
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Fig. 5. Cracking behaviors of UHPFRCs during shear test.
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the UHPFRC without fiber was also significantly influenced by the
a/d ratio. The decrease of 7,4« with increasing a/d ratio has been
reported by several researchers [26,27].

The shear strengths of the UHPFRCs were also significantly
affected by the addition of steel fibers, as shown in Figs. 4 and 8:

increased fiber contents correlate to increased shear strength. Sim-
ilar trends in the enhancement of shear strength by the addition of
steel fibers has been reported by other researchers [8,14]. The
addition of fibers is effective in enhancing both the tensile and
shear resistance of UHPFRCs.

A theoretical model is proposed here to predict the shear
strengths of UHPFRCs, as shown in Fig. 11, based on the measured
tensile resistance and a/d ratio of a specimen. The following
assumptions were considered in the proposed model: (1) Speci-
mens predominantly experience shear failure; (2) Shear failure is
governed by diagonal tensile failure along the A-B direction, as
described in Fig. 11; and (3) The tensile resistance of UHPFRCs is
governed by the fiber pullout resistance.

As seen in Fig. 11, half of a given specimen was modeled
because it is symmetrical. The crack slip shear force (F,), tensile
forces of the fibers (Fp), and reaction force at the support (P/2)
were considered in modelling.

The Fp, is the total resistance of all fibers across the crack. Since
the fibers are randomly distributed across the crack, Fg, can be cal-
culated using Eq. (3):

Fp = Jo Ny x ( J (EfAsép) sin ado)
s [V¢bdLg !
= I (%57) < (3EArds) &)

__ _2ab ﬂ
= Tcoso X d; x7T

where Ej, Ay, &g, and Ny are the elastic modulus, area, strain, and
number of fibers across the crack, respectively [28]. In Eq. (3), the
strain &g, can be calculated by assuming that the net fiber pull-out
length is about [;/4 [29]. T represents the equivalent bond strength
at the interface between the fiber and the concrete matrix.
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Fig. 7. Cracking behaviors of UHPFRCs in tension.
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The post-cracking tensile strengths of UHPFRCs can be theoret-
ically predicted, according to Naaman [30], using Eq. (4):

Opc = /lrlivf (4)
d
where / is a coefficient considering the group effect, fiber orienta-
tion, averaged embedded length, and spalling effect [31].
Substituting Eq. (4) into Eq. (3) yields:

_ 2ab Ope

Fﬂ’_ncosexT (3)
Based on force equilibrium,

Fp = g cos 0 (6)

By combining Egs. (5) and (6),
P 2ab oy )

Consequently, the shear strength is calculated by dividing both
sides of Eq. (7) by the cross-sectional area (bd) of the specimen:

_2 Opc 1
TmaxfﬁXTX(a/d-f—a/—d) (8)

Eq. (8) clearly demonstrates the dependency of the shear
strength of UHPFRC on both the post-cracking tensile strength
and the a/d ratio. To evaluate the proposed model, the test results

were compared to the model, as summarized in Table 4. Notably,
the proposed model is not applicable for the case of a/d=0.0,
because the failure mode of the specimen was assumed to be diag-
onal tensile failure.

The theoretical shear strength (t.,) calculated from Eq. (8) for
the UHPFRCs is compared with the experimental results (7ey) in
Table 5. In calculating 1., the coefficient A is assumed to be 0.96
[31]. The value of 4=0.96 is used to calculate the lower bound
value for UHPFRCs containing 0.5 and 1.5 vol.% smooth fibers in
this study, because higher fiber contents typically produce lower
values of 4 [31]. In addition, the post-cracking tensile strengths
used to calculate 74, are from Table 4: o, was 11.9 and 7.6 MPa
for the UHPFRCs with 1.5 and 0.5 vol.% fibers, respectively. As
demonstrated in Table 5, the calculated 7, are in good agreement
with 7. As the a/d ratio is increased from 0.4 to 0.7, the ratio
between ., and 1, varies between 0.92 and 1.00 for UHPFRCs with
0.5 vol.% fibers and between 0.93 and 1.04 for the UHPFRCs with
1.5 vol.%, respectively. The standard deviation (SD) and coefficient
of variation (COV) are also shown in Table 5.

4.3. Correlation between tensile and shear strength of UHPFRCs

The shear strengths of the UHPFRCs, normalized by the post-
cracking tensile strengths, are shown in Fig. 12 according to differ-
ent a/d ratio. As seen in Fig. 12, the shear strengths (7,x) of the
UHPFRCs are always higher than the tensile strengths (o)), regard-
less of the a/d ratio for the specimens. However, as the a/d ratio is
increased from 0.4 to 0.7, the T;4x/0pc of the UHPFRCs with 0.5 vol.
% fibers is decreased from 1.8 to 1.4, while that of the UHPFRCs
with 1.5 vol.% fibers is decreased from 1.8 to 1.3. The average value
of the normalized shear strengths (Tmay/0pc) for both UHPFRCs con-
taining 0.5 and 1.5 vol.% steel fibers is about 1.6. This value is in
excellent agreement with previous results reported by van Zijl
[17] and Li et al. [18] for fiber reinforced cementitious composites.

The test results are also compared with the theoretical normal-
ized shear strength (Tmax/0pc) using Eq. (8), as is shown in Fig. 12.
The theoretical T,,q/0pc ratios of the UHPFRCs containing 0.5 and
1.5 vol.% fiber are identical for specific a/d ratios because equal val-
ues of / are assumed in the calculation. Similar to the experimental
results, the theoretical 7,,4/0pc ratio is also decreased as the a/d
ratio is increased from 0.4 to 0.7. Consequently, the proposed the-
oretical model is considered valid for estimating the shear
strengths of UHPFRCs.
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Fig. 9. Pull-out mechanism of fiber across cracks during shear test.
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In this study, a comprehensive experimental program was
undertaken to validate a proposed test method for investigating
the shear resistances of UHPFRCs. In addition, the shear resis-
tances, as well as the correlations between the shear and tensile
resistances, of UHPFRCs were investigated. The following observa-

tions and conclusions could be drawn from the study:

1. The proposed test method is valid for investigating the shear
resistances of strain-hardening UHPFRCs or other FRCs. The
strain-hardening behavior, accompanied by multiple crack for-
mation, characteristic of UHPFRCs in tension can be measured,

even in shear failure, by the proposed test system.

2. The shear resistances of UHPFRCs significantly depended on
both the fiber volume and shear-span-to-depth ratio (a/d).
Higher a/d ratios promoted lower shear strengths, while higher
fiber volumes promoted higher shear strengths. The shear

0 0.1 0.8
Shear span to depth ratio, a/d
Fig. 10. Effect of a/d ratio on shear strength of UHPFRCs.
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Fig. 11. Theoretical model predict shear strength of UHPFRCs.
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Table 4
Tensile test results.
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Test series Specimen First cracking strength, ol (MPa) Post cracking strength, o, (MPa) Strain capacity, €y
T15 1 8.76 11.88 0.006
2 8.22 11.71 0.007
3 9.15 12.22 0.012
4 9.18 11.92 0.003
Average 8.83 11.93 0.007
Standard deviation 0.45 0.21 0.004
TO5 1 7.70 0.0006
2 7.62 0.0005
3 7.12 0.0004
Average 748 0.0005
Standard deviation 0.31 0.0001
Table 5
Ultimate shear strength of UHPFRCs.
a/d Vy=0.5% Vy =1.5%
Tex (MPa) T (MPa) Tex/Tin Tex (MPa) T (MPa) Tex/ Tt
0.4 13.42 14.58 0.92 21.74 22.95 0.95
0.5 12.10 12.57 0.96 20.62 19.79 1.04
0.6 11.05 11.40 0.97 18.61 17.94 1.04
0.7 10.71 10.70 1.00 15.61 16.85 0.93
SD 0.03 SD 0.06
cov 3.45% cov 6.09%
2 Ministry of Land, Infrastructure and Transport. The opinions
& Experiment (V=0.5% expressed in this paper are those of authors and do not necessaril
p ; y
. reflect the views of the sponsors.
i o =1.5%) |
Experiment (Vf 1.5%)
—— Theoretical model
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strengths of UHPFRCs with 1.5 vol.% fibers decreased from 47.3
to 15.6 MPa as the a/d ratio increased from 0.0 to 0.7, while
those of UHPFRCs containing 0.5 vol.% fibers decreased from
26.7 to 10.7 MPa.

3. UHPFRC with 1.5 vol% steel fibers demonstrated strain-related
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with 0.5 vol.% steel fibers showed strain-hardening in shear fail-
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4. The good agreement between the calculated and measured
results showed that the proposed theoretical model, based on
the direct tensile resistance and shear-span-to-depth ratio,
could be valid for estimating the shear resistances of UHPFRCs.
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