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Abstract: One of the primary concerns about the design aspects is that how to deal with the shear reinforcement in the ultra-high
performance fiber reinforced concrete (UHPFRC) beam. This study aims to investigate the shear behavior of UHPFRC rectangular
cross sectional beams with fiber volume fraction of 1.5 % considering a spacing of shear reinforcement. Shear tests for simply
supported UHPFRC beams were performed. Test results showed that the steel fibers substantially improved of the shear resistance
of the UHPFRC beams. Also, shear reinforcement had a synergetic effect on enhancement of ductility. Even though the spacing of
shear reinforcement exceeds the spacing limit recommended by current design codes (ACI 318-14), shear strength of UHPFRC
beam was noticeably greater than current design codes. Therefore, the spacing limit of 0.75d can be allowed for UHPFRC beams.

Keywords: spacing limit, shear reinforcement, ultra-high performance fiber-reinforced concrete (UHPFRC), shear strength,

shear test, failure modes.

1. Introduction

Recently, the steel fiber-reinforced concrete (SFRC) has
been widely used as structural material due to its remarkable
mechanical properties compared to conventional concrete.
Through the numerous experimental studies, it turns out that
the addition of steel fibers can improve the structural capa-
bility of concrete (Fanella and Naaman 1985; Sharma 1986;
Narayanan and Darwish 1987, Wafa and Ashour 1992;
Ashour et al. 1992; Ezeldin and Balaguru 1997; Kwak et al.
2002). Even though SFRC has many advantages as struc-
tural material, some limitations still exist in the construction
of the large-scale structures that requires very high com-
pressive and tensile strength.

To overcome these limitations, ultra-high performance
fiber-reinforced concrete (UHPFRC) has been developed. The
UHPFRC has a compressive strength of about 150-200 MPa
and a tensile strength of 10 MPa or more (Rossi et al. 2005;
Farhat et al. 2007; Wille et al. 2011a, b; Park et al. 2012). In
addition, shear resistance of UHPFRC beam is outstanding.
Previous research on shear tests for UHPFRC beam has
focused on the I-shaped beam or girder without shear rein-
forcement because UHPFRC can reduce a web thickness of
the beam due to its great compressive and tensile strength.
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According to Baby et al. (2014), the presence of shear rein-
forcement has increased the shear capacity of the beams. Voo
et al. (2010) found that a significant distribution of shear
cracking occurs prior to the formation of the critical failure
crack. Due to its superior mechanical properties, the UHPFRC
has been successfully applied in the construction of bridges
and also used for retrofitting and strengthening existing con-
crete structures in building structures (Alaee and Karihaloo
2003; Meda et al. 2014).

One of the primary concerns about the design aspects is
that how to deal with the shear reinforcement in the
UHPFRC beams. The formation of inclined shear cracking
might lead directly to critical failure without warning. To
avoid sudden failure in beams, shear reinforcement is
required in a proper spacing so that the shear reinforcement
should intersect with the diagonal shear cracks, even when
shear reinforcement is not necessary according to the com-
putation. Current design codes for reinforced concrete (RC)
beams (ACI 318-14 2015; EC2 2004; CSA A23.3-04 2004;
AASHTO-LRFD 2004; MC2010 2012) requires a minimum
shear reinforcement in beams to ensure adequate reserve
shear strength and to prevent possible sudden shear failure,
when the factored shear force (V) exceeds 0.5¢V.. Here, ¢
is the strength reduction factor for shear and V. is the shear
strength provided by concrete. Also, a spacing limit of shear
reinforcement is served in design codes (ACI 318-14 2014;
CSA A23.3-04 2004).

For SFRC beams, ACI 544 (1988) reported that the steel
fibers show potential advantages as shear reinforcement.
Previous studies have identified the synergetic effect of fiber
volume fraction and presence of shear reinforcement on
shear behavior of beams (Mansur et al. 1986; Narayanan
1987; Li et al. 1992; Khuntia et al. 1999; Noghabai 2000).
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They found that the combination of steel fibers and shear
reinforcement depicted slow and controlled cracking and
better distribution of tensile cracks, and minimized the
penetration of shear cracks into the compression zone.
According to Parra-Montesinos (2006), SFRC beams that
contained fiber volume fraction (V) more than 0.75 %
exhibited a shear stress at failure greater than the conser-
vative lower bound value of 0.3\/fcl. Also, the use of a
minimum V; of 0.75 % has been recommended by ACI
Subcommittee 318-F.

However, the effect of shear reinforcement in a rectangular
UHPFRC beam section has not been recognized even
though the design shear strength for the UHPFRC structural
member is obtained by summing the shear strengths pro-
vided by cement matrix, steel fibers, and shear reinforcement
(JSCE 2004; K-UHPC 2012; AGFC 2013). Especially, a
spacing limit of shear reinforcement have not been provided
due to the lack of previous test data. Thus, it is necessary to
investigate the shear behaviour of the UHPFRC beams
regarding the spacing of shear reinforcement because the
rectangular beam section in building structures might require
sufficient beam width to provide the shear reinforcement.

In this study, shear tests for simply supported rectangular
UHPFRC beam sections with and without shear reinforce-
ment were performed to characterize the shear behavior
depending on the spacing of shear reinforcement. Also, the
shear contribution for the spacing of shear reinforcement is
discussed.

2. Current Design Guidelines for Shear

2.1 Shear Strength

The JSCE (2004) and K-UHPC (2012) design guidelines
provide the shear strength of UHPFRC beam with or without
shear reinforcement.

The design shear strength (V) is obtained by summation
of the shear strength provided by cement matrix, steel fiber,
and shear reinforcement as follows:

Va=Ve+Vp+ Vs (1)

where V., V4, and V; are shear strength provided by cement
matrix, steel fibers, and shear reinforcement, respectively.

The shear strength provided by cement matrix is obtained
as given:

V.= ¢,0.18\/f/b,d (2)

where ¢, is the member reduction factor and is recom-
mended as 0.77,fc/ is the compressive strength, b,, is the
beam width, and d is the effective depth of the beam.

The shear strength by steel fibers can be determined as
follows:

Vi = (t ;;”’ﬁ )bwz 3

where f,; is the design average tensile strength in the
direction perpendicular to diagonal tensile crack; f, is the
angle occurring between axial direction and diagonal tensile
crack plane. This angle shall be larger than 30°. The value of
z is distance from the position of the resultant of the com-
pressive stresses to the centroid of tensile steel (mm), gen-
erally d/1.15.

In these guidelines, the design average tensile strength in
the direction perpendicular to diagonal tensile crack can be
expressed as Eq. (4) since the material reduction factor
considers the orientation of the steel fibers. Thus, the value
of f,4 is obtained as follows:

Wy

fra = / o0 (W)dw = — aqa(w)dw 4)

0

where w, = max (w,, 0.3 mm); w, is the ultimate crack
width corresponding to peak stress on the outer fiber; ¢, is
material reduction factor (= 0.8); a(w) is the tension soft-
ening curve; and gw) is equal to ¢.o(w).

Shear strength by the shear reinforcement is provided in
K-UHPC recommendations (2012) and it can be determined
as follows:

Ayfy(sin o + cos o)
s

Vi= s d ()

where A, is the cross sectional area of shear reinforcement;

J« is the design yield strength of shear reinforcement; o, is

the angle between longitudinal axis of beam and shear
reinforcement; and s is the spacing of shear reinforcement. It
should be noted that JSCE guidelines does not provide this
term.

In AFGC design guidelines (2013), shear strength of
UHPFRC members is computed by summing
(Va=V.+ Vg + V) of the shear strength provided by
cement matrices; steel fibers; and shear reinforcements in the
same manner as other design recommendations assuming the
web shear failure.

For a reinforced section, the term of shear strength pro-
vided by cement matrices is given by:

021
k\/f!b,d (6)
ycf’yE

where y.is the partial safety factor on fibers and is assumed
to be a value of 1.3; 7 is a safety coefﬁcient' YefVE 1s equal to
1.5, k is determined by 1 + BGLp/fL foro.,, > 0;and 1 + 0.7
acp/fclc,o_os for 0., < 0; 0, is calculated by the equation of
N,iA.; N4 is the axial force in the cross section due to
prestressing; and A, is the area of concrete cross section.
The part of shear strength provided by the fiber is deter-

mined as follows:

Aﬁ,O’Rd_f
= 7
tan 0 )

where Ay, is the area of fiber effect and is assumed to be b,z
for rectangular section; z is the inner lever arm and is
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approximately equal to 0.9d; and 0 is the angle between the
principal compression stress and the beam axis, which a
minimum value of 30° is recommended; and o, /is residual
tensile strength and can be computed as follows:

1 1
Ky er Wiim

Wiim
Ordf = / oy (w)dw, where wiim
0

= max(wy, Wax) (8)

where K is the fiber orientation factor assuming to be a value
of 1.25; o(w) is a function of the tensile stress and crack
width; and w,,,, is the maximum crack width.

The shear strength by the vertical shear reinforcement is as
follows:

A,
Vs = ?zfy, cot 0 9)

Meanwhile, ACI 544 (1988) provides shear strength for
fiber-reinforced concrete proposed by Sharma (1986) as
follows:

2 d 0.25
ch = gﬁt (a) b,d (10)

where f;, is splitting tensile strength of FRC.

2.2 Minimum Shear Reinforcement

Current design provisions (ACI 318-14 2014; EC2 2004;
CSA A23.3-04 2004; AASHTO-LRFD 2004; MC2010
2012) for reinforced concrete (RC) beam provide the mini-
mum and maximum shear reinforcement as shown in
Table 1. According to Section 9.6.3 of ACI 318-14 (2015), a
minimum area of shear reinforcement should be provided in
beams where the factored shear force (V) exceeds 0.5¢.V..
In Section 9.2.2 of EC2 (2004), when design shear force
(V) is higher than design shear resistance (V) provided by
concrete (V; > V), sufficient shear reinforcement should be
provided in order that shear resistance (Vp,) is larger than
design shear force (V; < Vizy).

For fiber-reinforced concrete beams, when compressive
strength (fc/) is not exceeding 40 MPa, an overall height
(h) not > 600 mm, and the factored shear force not larger
than ¢0.17,/ /f.'b,,d, the minimum shear reinforcement would
not be required. Parra-Montesinos (2006) suggested that

shear strength of FRC with hooked or crimped steel fibers
exhibits greater than 0.29,/ /1. b,d.

2.3 Spacing Limits for Shear Reinforcement

ACI 318-14 (2014) prescribes the spacing limitation of
shear reinforcement in Section 9.7.6.2.2. Spacing of shear
reinforcement installed perpendicular to the axis of the
member should not exceed d/2 in beams nor 600 mm.
Where shear strength contributed by shear reinforcement
(Vy) exceeds 0.33\/fc,’bwd, maximum spacing should be
reduced by one-half. EC2 suggests the spacing limits as
0.75d or 600 mm. In Section 11.3.8.1 of CSA A23.3-04
(2004), the spacing of shear reinforcement shall not exceed
0.7d, (d, = max (0.9d, 0.72h)) or 600 mm in case of beams
with an overall thickness greater than 750 mm. According to
MC2010 (Section 7.13.5.2), shear reinforcement generally is
provided in their spacing not exceed 0.754 or 500 mm.
However, current design guidelines for UHPFRC members
does not provide the spacing limits for shear reinforcement.

3. Experimental Program

3.1 Specimen Description

Test specimens which had a same dimension were
designed in accordance with K-UHPC (2012) guidelines as
shown in Fig. 1. As shown in Table 2, primary test param-
eter is the spacing (s) of shear reinforcement. Figure la
shows the cross-section of the test specimens. Rectangular
cross-sectional specimens had a dimension (b,, x &) of
150 x 290 mm, where, b,, is the beam width and / is the
overall height of the beam. The effective depth (d) of the
beam is 220 mm and the shear span to depth ratio (a/d) is
3.0. Concrete cover is 30 mm. To induce shear failure, four
D29 (dp, =29 mm)  high-strength reinforcements
(f, = 600 MPa) were used, where d, is a diameter of rein-
forcing bars and f, is a design yield strength of reinforce-
ment. The longitudinal reinforcement ratio (p) is equal to the
value of 0.078. Shear reinforcement [D10 (d, = 10 mm),

Sy = 400 MPa] was designed in accordance with ACI

318-14 (2014). Therefore, the moment capacities (M,,) of all
specimens were 338.3 kN m and shear strength corre-
sponding to moment capacity was 512.6 kN.

The SB1 specimen is a control test specimen without shear
reinforcement. (see Fig. 1b) This specimen was designed as

Table 1 Minimum shear reinforcement for RC beam in current design codes.

Design codes

Minimum shear reinforcement

ACI 318-14 (2014)

Pvmin = 0062\/]7/f}’f > 035/}37

EC2 (2004)

Pymin = 0.08 \/]7/1\1[

CSA A23.3-04 (2004)

Pyvmin = 0.06 \/J?/fn

AASHTO-LRFD (2004)

Pymin = 0.083 \/ﬁ/ﬁ’l

MC2010 (2012)

Py min = 0.08 \/f?/ﬁ’f

fc/ is the compressive strength of concrete (in MPa) and f,, is the design yield strength of shear reinforcement (in MPa).
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Fig. 1 Details of the test specimens (unit: mm). a Cross section, b SB1 specimen, ¢ SB2 specimen (s = 0.75d), d SB3 specimen

(s = 0.5d), e SB4 specimen (s = 0.3d).

Table 2 Test variables.

Specimens| f;; (MPa) | V(%) a/d o1 (%) oy (%) | £, MPa) (£, MPa)| s (mm) | M, (kN- | Vaum Va (kN) | Var/Va
m) (kN)
SB1 11.5 1.5 3 0.78 - 617.7 537.5 - 338.3 512.6 347.6 1.47
SB2 11.5 1.5 3 0.78 0.6 617.7 537.5 165 338.3 512.6 449.8 1.14
SB3 11.5 1.5 3 0.78 0.9 617.7 537.5 110 338.3 512.6 501.0 1.02
SB4 11.5 1.5 3 0.78 1.4 617.7 537.5 66 338.3 512.6 603.2 0.85

for is measured tensile strength obtained using direct tension test; Vyis fiber volume fraction; a/d is the shear span-to-depth ratio; p; is the
longitudinal reinforcement ratio (4,/b,,d); p, is the shear reinforcement ratio (4,,/b,,$); 4 is the area of the longitudinal reinforcement; Ay, is
the area of the shear reinforcement; f, is measured yield strength of longitudinal reinforcement; f,, is measured yield strength of shear
reinforcement; s is the spacing of shear reinforcement; M, is the flexural moment strength; Vg4, is the shear force at flexural moment strength;
¥V, is the shear strength determined in accordance with JSCE and K-UHPC recommendations.

the specimen failed by diagonal tension failure
(Vaumn > V). The SB2, SB3, and SB4 specimen has shear
reinforcement with a spacing of 0.75d (165 mm),
0.5d (110 mm) and 0.3d (66 mm), respectively (Figs. lc to
le). Here, the spacing of 0.5d is a spacing limit provided in
ACI 318-14 (2014). In SB3 and SB4 specimens, shear
reinforcements were provided at a spacing. Thus, the shear
reinforcement ratios of SB2, SB3, and SB4 specimens were
0.6, 0.9 and 1.4 %, respectively.

3.2 Test Set-Up and Instrumentation

Figure 2 shows the test set-up and instrumentation. Simply
supported beams were loaded with a capacity of 1000 kN
actuator by displacement control. Deflection of the beam

330 330

P
L300 660 [ 660 L300
T T * T 1
“ca “c1 “cr
135 )
=c5 =C2 =c8 Strain 290
135 gauges
_C6 _C3 _Co
? ﬁ Lv2 ﬁ Lv1 ﬁ Lv3 ¥
P/2 TP /2
I
T

Fig. 2 Test set up (unit: mm).

was measured using three Linear Vertical Displacement
Transducers (LVDTs). One is installed at the mid-span of the
beam and others are at one-half distance (330 mm) of both
sides with respect to mid-span.
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Strains of the longitudinal and shear reinforcing bars was
measured by using strain gauges during the tests. The
location of the strain gauges is presented in Fig. 1. Strain
distribution of concrete was obtained at top, mid-height, and
bottom of the beam using strain gauges.

4. Material Properties

4.1 Materials and Mix Design of UHPFRC

The UHPFRC is a kind of reactive powder concrete that
coarse aggregates were not included. Fine aggregates consist
of sand with a diameter of < 0.5 mm, which is the largest
component of the UHPFRC. Portland cement is used as the
binder, and the filler material is crushed quartz with an
average diameter of 10 Im and a density of 2600 kg/m>. The
workability provided by the low water-to-cement ratio of the
concrete is maintained by the addition of a high-performance
water reducing agent, a polycarboxylate superplasticizer
with a density of 1060 kg/m>. In Table 3, the proportions of
the components are shown in terms of weight ratios.

Two different straight-shaped steel fibers with a diameter
of 0.2 mm are used to produce the UHPFRC containing steel
fibers. According to Park et al. (2012), the overall shape of
tensile stress—strain curves of the UHPFRC was substantially
dependent on the type of macro fibers. The addition of micro
fibers had an effect on the strain hardening and multiple
cracking behaviors. For each batch, UHPFRC includes both
steel fibers with different lengths of 16 and 19 mm. The
fibers had a yield strength of 2500 MPa. Test specimens
were produced after adding in a volume of 1.5 % of the total
mix volume.

4.2 Compressive Behavior of UHPFRC

Compression tests for cylindrical test specimens with a
diameter of 100 mm and a height of 200 mm were per-
formed to obtain the compressive strength of UHPFRC in
accordance with ASTM C39/C39M (2005). Figure 3a shows
stress—strain curves of the test specimens with a fiber volume
fraction of 1.5 %. Compressive strength was measured using
universal testing machine controlling by displacement and
axial strain (¢.) was obtained using two strain gauges on the
opposite surface of the test specimen. Loading rate was
0.3 mm/min during the tests. The cylindrical test specimens
were produced with each batch simultaneously and were
cured by steam curing at a temperature above 90 °C for
48 h, and then they cured at room temperature for 60 days
until testing.

The UHPFRC showed a linear-elastic behavior until the
end of the test. After reaching the peak strength, a brittle
failure occurred as shown in Fig. 3b. However, a post-peak

behavior was not observed in all of the test specimens. The
average compressive strength (o) and ultimate strain (e.,)
were determined to be 166.9 MPa and 0.0041 mm/mm,
respectively. The modulus of elasticity (E,.) was a value of
41.1 GPa, where it was calculated using ultimate stress and
strain corresponding to ultimate stress under stress—strain
relationship in accordance to AFGC design recommenda-
tions (2013).

4.3 Tensile Behavior of UHPFRC

The tensile strength of UHPFRC was obtained using direct
tension tests for dog-bone shaped specimens in accordance
with K-UHPC (2012) guidelines as shown in Fig. 4a. Test
specimens had an overall width of 125 mm, a height of
300 mm, and a thickness of 25 mm, but an effective width
and a height are 75 and 150 mm, respectively. To induce
critical crack at the center of the specimen, notches were
installed at both sides of the specimen. The length (a¢) and
width of the notches was 12.5 and 2 mm, respectively.

Test specimens are loaded with 100 kN actuator by dis-
placement control. During the test, a loading speed is
0.3 mm/min. The tensile stress was computed with the load
divided by an effective cross-sectional area of the specimen,
which is equal to (75 — 2 x 12.5) x 25 mm = 1250 mm?.
The effective cross-sectional area is defined as the area
considering the width except for the overall notch length.

Figure 4b shows tensile strength-crack opening relation-
ship of the notched specimens. Crack opening was measured
using clip gauges with a capacity of 10 mm installing at both
notches. As shown in Fig. 4b, after reaching the peak tensile
stress, the stress gradually decreased as increasing the crack
opening. The significant variation of the peak tensile stress is
because the non-uniform distribution of the steel fibers at the
notch tip. Test results showed that the average tensile stress
(f.) was 11.5 MPa.

4.4 Tensile Behavior of Reinforcing Bars
Uniaxial tension tests for D29 (d, =29 mm,

f, =600 MPa) and D10 (d, = 10 mm, f,, = 400 MPa)

reinforcing bars were also carried out in accordance with
ASTM A370-14 (2014). The average tensile stresses of
longitudinal (D29) and shear (D10) reinforcement were
617.7 and 537.5 MPa, respectively.

5. Test Results

5.1 Damage and Crack Patterns

The amount of shear reinforcement greatly affected the
damage and crack patterns for UHPFRC rectangular cross-
sectional beams (Vy= 1.5 %). Figure 5 shows damage and

Table 3 Mix proportion (weight ratio).

Water-binder ratio Cement Zirconium Filler Fine aggregate Water-reducing
admixture
0.2 1.0 0.25 0.3 1.1 0.02
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Fig. 4 Direct tensile test for UHPFRC. a Dog-bone shaped specimen, b stress—strain curves.

crack patters at the end of the tests. For control specimen
SB1 which does not contain the shear reinforcement, flexural
cracks initiated at the bottom of beam at the mid-span, and
then the diagonal cracks occurred at the end of the flexural
cracks. Finally the diagonal tension failure occurred after the
yielding of longitudinal reinforcing bars. In this specimen,
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Fig. 5 Damage and crack patterns at the end of the test.
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Fig. 3 Uniaxial compression test for UHPFRC. a Stress—strain curves, b failure mode.
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compression failure at the compression zone was also
observed with shear cracks.

In case of SB2 specimen, a diagonal tension failure as well
as the compression failure of concrete occurred and shear
reinforcement yielded prior to the yielding of longitudinal
reinforcement. In this specimen, the compression failure and
the yielding of longitudinal reinforcement occurred almost
simultaneously. The specimen SB3 adopted the minimum
shear reinforcement (s = 0.5d) in accordance with ACI
318-14 (2014) showed a compression failure of concrete at
the compression zone occurred prior to shear failure. The
inclined shear cracks were developed subsequently after the
flexural yielding of longitudinal reinforcing bars. For SB4
specimen installing the shear reinforcement at the spacing of
0.3d, flexural failure occurred without observation of critical
shear cracks due to the excessive amount of shear rein-
forcement. After the compression failure of concrete, the
yielding of longitudinal and shear reinforcement was fol-
lowed. Test results indicated that if the minimum shear
reinforcement is installed at a spacing of 0.5d presented in
ACI 318-14 (2014), the flexural failure may occur prior to
shear failure. On the other hand, for beams with the spacing
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which is greater than minimum values in current design
codes, the yielding of shear reinforcement might be observed
prior to the yielding of flexural reinforcement and com-
pression failure.

5.2 Load-Displacement Relationship

Figure 6a shows the load—displacement relationship of test
specimens. Here, the displacement is a deflection measured
at the mid-span of the beam. Figure 6b depicts definition of
yielding point and ductility. The value of V} is the yield
strength, V.. is the peak shear strength, Vi is the
strength at failure, 4,, 4@ ypear and Az are the displace-
ment corresponding to the strength of V), V,eur and Viinre,
respectively. The displacement at failure is defined as the
deflection when the load dropped to 80 % of the peak load.
The secant stiffness at a point of two-third of the measured
peak strength is used to idealize the elastoplastic curve that
passes through the peak point of the load—displacement
curve, and the displacement at an intersecting point between
the two lines is used to determine the yield point on the
curve (Pan and Moehle 1989). The ultimate shear strengths
of the UHPFRC beams are reported in Table 4 in terms of
the average shear stress which is defined as the peak shear
force divided by the beam width and effective depth
(v, = V,/b,,d). The ductility (n) is defined as the ability of
the structure or parts of it to sustain large deformations
beyond the yield point, which is obtained in terms of dis-
placements, as the maximum displacement (V) divided
with the yield displacement (4,).

As shown in Fig. 6, the peak load of the beams with shear
reinforcement was greater than the beams without shear
reinforcement. However, initial stiffness was very similar
regardless of the presence of shear reinforcement and their
spacing. For the control specimen (SB1), non-linear behav-
ior showed after reaching the yielding point due to the
yielding of longitudinal reinforcing bars and flexural cracks.
Eventually the load suddenly dropped due to the diagonal
tension failure after reaching the peak load. In case of the
specimen SB2, SB3, and SB4, the strength was maintained
almost being constantly at the peak strength, and then the
strength dropped abruptly due to the compression failure at

1400
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1200 - ——sB2
s e
1000 - S 2:2
pa yosB2 0 T
X 800 - /K
B 600 { / sB1 Y., -SB3
o N S
— 400 NS ssmmn ‘
[
200 SB4
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(a) Displacement (mm)

the compression zone without critical shear cracks even
though several inclined cracks occurred. Unlike the control
specimen, the strength gradually decreased due to the shear
reinforcement after the compression failure of concrete.
However, the peak strength of the beams with shear rein-
forcement was very similar. These results indicated that the
shear reinforcement ratio might not influence on the peak
strength of UHPFRC beams with shear reinforcement.

Shear reinforcement also had an effect on improvement of
deformation capacity. Ductility (u) of beams with shear
reinforcement also appeared to be somewhat higher than the
control specimen. The ductility of the control specimen was
2.04 and in case of the specimens with shear reinforcement
(SB2, SB3, and SB4) were between 2.15 and 2.23.

5.3 Strain Response

Figure 7 shows the strain response of the test specimens.
To measure the strains, strain gauges were used. Flexural
yielding and shear yielding are defined as the point when the
strain of the reinforcing bars reaches a yield strain (=0.002).
Also, a concrete failure is defined as a failure at the com-
pression zone of the beam, that is, the compressive strain at
the extreme fiber of the beam reaches an ultimate limit state
of the UHPFRC. To define the ultimate state of the
UHPFRC, the ultimate strain determined using material tests
was used. Material tests showed that the ultimate strain of
UHPFRC was between 0.003 and 0.0032. The specimen
SB1 shows the diagonal tension failure after flexural yield-
ing. In this specimen, the flexural yielding occurred prior to
concrete failure. For SB2 specimen installed shear rein-
forcement at the spacing of 0.75d, shear reinforcement
yielded before flexural yielding and concrete failure. In case
of the SB3 specimen, a flexural-shear failure occurred. The
strain of shear reinforcement reaches the yield strain after
flexural yielding and concrete failure. On the other hand, the
SB4 specimen which is over-reinforced beam shows that
shear yielding occurred before the flexural yielding, but after
concrete compressive failure. As shown in Fig. 5, the ulti-
mate failure mode was the compressive concrete failure. In
this study, a critical shear crack was not observed during the
tests.

Strength
Peak
Vpeak / )
Failure
» - )
g Vp@ak i Y|e|d|lng i Vfﬂi/ll"é‘ - O'SVP(‘ak
| | | Ductility
I I : failure
I I .
B AT,
| | | o
(b) A, A, A . Displacement

Fig. 6 Load—displacement relationship and definition of yielding point. a Load—displacement relationship, b definition of yielding

point and ductility.
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Table 4 Summary of test results.

Specimens| Failure | At initial cracking At yielding At peak At failure Viest Viest u
mode Acr (mm) Ver (kN) A_v (mm) V;) (kN) A(@Vpeak Vpeak (kN) Aﬁzilum V/&zi!ure (MPa) v fcf (A_/izilur ("/
(mm) (mm) (kN) (MPa) 4,)
SB1 S 2.1 339.7 6.7 347.8 8.2 475.8 26.4 172.0 144 1.12 2.04
SB2 SY 1.1 150.2 7.1 479.1 11.1 537.3 153 408.9 16.3 1.26 2.15
SB3 C 3.6 555.6 7.3 359.8 11.8 551.7 16.3 441.0 16.7 1.29 2.23
SB4 F 1.2 190.5 7.3 296.1 10.9 567.0 16.0 436.1 17.2 1.33 2.19

Ve is the initial cracking strength; V), Vy,ear, and Vi, are the yield strength, peak strength, shear strength at failure, respectively. 4., 4,,
A@vpeak» a0d Az, are the measured displacement corresponding to the strength of V,, V,, Vjear, and Ve at the mid-span of the test
specimen, respectively. u is the ductility obtained by the equations of A,/ 4,. It should be note that S means the diagonal tension failure; SY
is the shear yielding; C is the compression failure of concrete; F is the flexural yielding.

1400 1400
Longitudinal Concrete
1200 - Longitudinal A 1200 - /rebar (L4) (c1) ’/At maximum
1000 -{rebar (L1) g At maximum N P e m—————
z I A= - ; At yielding
X< 800 + : ,x"/\ \At yielding < 800 - f : S(tgrzu)p/
ke 600 4 i 7 Concrete % 600 ! i
g e g/
| | 1
400 VN 400 i ! O Longitudinal rebar yielding
200 A /.: : O Reinforcing bar yielding 200 - : O Stirrup yielding
0 4 i O Concrete crushing 0 i O Concrete crushing
0.000 0.002 0.004 0.006 0.008 0.000 0.002 0.004 0.006 0.008
Strain (mm/mm) Strain (mm/mm)
(a) (b)
1400 1400
O Longitudinal rebar yielding Longitudinal X
1200 { © Stirrup yielding At maximum 1200 rebar (L2) ’/At maximum
> 1000 T~ ! P XNatyielding 21000 1 j\i Strup [ “Atyielding
= 800 { 83/ | < 800 | ~T(s2)
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8 600 - ‘ (c7) 8 600 - i,/ Concrete
— 400 | i — 400 | o en .
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200 A r:t?:rl(llj_;;]a ) 200 A : O Stirrup yielding.
0 ) O Concrete crushing 0 1 O Concrete crushing
0.000 0.002 0.004 0.006 0.008 0.000 0.002 0.004 0.006 0.008
Strain (mm/mm) Strain (mm/mm)
(c) (d)

Fig. 7 Measured strain values of concrete, longitudinal and shear reinforcement. a SB1, b SB2 (s = 0.75d), ¢ SB3 (s = 0.5d),
d SB4 (s = 0.34).

6. Discussion of Test Results results indicated that the steel fibers substantially contribute

to enhancement of the shear resistance of UHPFRC beams.

6.1 Effect of Shear Reinforcement on Shear The shear contributions of UHPFRC are reported in Table 5,
Strength where the shear resistances (V,, Vp, and V) are obtained
The ultimate shear strength of the UHPFRC beams was using AFGC recommendations. As shown in Table 5, cur-
dependent on the presence of shear reinforcement. The shear rent design guidelines had some conservatism to the test
strength of the beams with shear reinforcement was larger results. Among the component of shear resistance for the
than that of control specimen and was improved about beams, shear strength provided by steel fibers was deter-
13-19 %. However, the effect of the amount of shear rein- mined to be the greatest value regardless of shear rein-
forcement was insignificant. Although the area of shear forcement. Especially, in case of the control specimen, the
reinforcement increases about 55.6 % with respect to the shear strength was more largely affected by the shear con-
current design codes, the increase of shear strength was only tribution of steel fibers (V,../Vy, = 1.76) than cement matrix
about 2.6 % (in case of SB3 and SB4). In addition, provided (Viesd/ Ve = 6.2). On the other hand, in case of the specimens
that the amount of shear reinforcement decreases about with shear reinforcement, the shear resistances were affected
37.5 % regarding the minimum shear reinforcement, dete- by shear contributions by steel fibers and shear reinforce-
rioration of the shear strength was in about 2.6 %. These ment. As increasing the amount of shear reinforcement,
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Table 5 Shear contributions of UHPFRC.

Specimens| s (mm) | V. (kN) | ¥ (kN) | ¥ (KN) | Vi (kN) | Vet Viest Viest Viest Viest Viest
Vv, Vi Vs Ve+ Vo | Vo + Vs | Ve + TV + Vs

SBI - 76.7 270.9 - 475.8 6.20 1.76 - 1.37 1.76 1.37

SB2 0.75d 76.7 2709 | 1022 | 5373 7.01 1.98 5.26 1.55 1.44 1.19

SB3 0.5d 76.7 2709 | 1534 | 5517 7.19 2.04 3.60 1.59 1.30 1.10

SB4 0.3d 76.7 2709 | 2556 | 567.0 7.39 2.09 2.22 1.63 1.08 0.94

s is the spacing of shear reinforcement; d is the effective depth; V., V7, and V; are shear strength provided by cement matrices, steel fiber and
shear reinforcement obtained in accordance with AFGC design guidelines (2013); and V., is the peak shear force determined from the tests.

shear contribution provided by shear reinforcement
decreased. However, if the spacing of shear reinforcement is
0.75d (p, = 0.9 %), the effect of shear resistance provided
by shear reinforcement decreased while the shear contribu-
tion by steel fibers increased. If the shear reinforcement
provides in about 1.4 % (s = 0.3d), the shear contributions
by steel fibers and shear reinforcement was very similar
(Viesd Vip = 2.09 and Viei/ Vi = 2.22) even though the shear
resistance is larger than test results. On the contrary to this,
in case of the UHPFRC beam with a shear reinforcement
ratio of 0.6 %, the effect of the shear reinforcement was less
significant than other reinforced beams.

From these results, it is found that the steel fibers irregu-
larly distributed on the diagonal cracked section play a key
role to restrain the shear crack along with the shear
reinforcement.

6.2 Evaluation of Shear Strength

The shear strength predictions of FRC beams were eval-
uated as to whether or not they are applicable to UHPFRC
beams. For comparisons, the existing shear strength models
for SFRC beams proposed by Sharma (1986), Narayanan
et al. (1987), Ashour (1992), ACI 544 (1997), Kwak et al.
(2002) were used. They are summarized in Table 6.

Sharma (1986) investigated the effect of steel fibers on
shear strength performing seven SFRC beams with a com-
pressive strength of about 45 MPa. From their shear tests, it
is found that steel fibers are effective in increasing the shear
strength and SFRC beams have a high post-cracking
strength. Narayanan and Darwish (1987) carried out shear
tests for forty-nine SFRC rectangular cross-sectional beams
with a compressive strength of 40—79.5 MPa regarding shear
span to depth ratio (a/d), longitudinal and shear reinforce-
ment, presence of shear reinforcement, and the fiber factor
(F = (L/D)pd)). Based on the observations of first cracks in
shear, empirical shear strength equation was suggested for
the evaluation of cracking shear strength. Ashour et al.
(1992) tested eighteen HSFRC beams (fL./ = 93 MPa) with
or without shear reinforcement. Test variables were shear
span-to-depth (a/d), longitudinal reinforcement ratio, fiber
volume fraction. They found that shear strength of beams
increase with an increase of fiber volume fraction and a
decrease in a/d. On the basis of test results, predictions of
shear strength for high-strength SFRC beams without shear
reinforcement. ACI 544 (1997) adopted the shear strength
equations proposed by Sharma (1986) based on the test
results. The proposed equations follows the method of ACI
318 for calculating the contribution of stirrups to the shear

Table 6 Existing shear strength models.

Authors

Shear strength models

Sharma (1986)

V= kf;/(d/a)OZS
where k = 2/3; a/d is the shear span-to-depth ratio; f/ = 0.17\/ Jops if
the tensile strength is unknown, and f., is the concrete cylinder
compressive strength

Narayanan et al. (1987)

v, = e[0.24]§pﬁ + 80p %] + v

where f,. is the computed split-cylinder strength of fiber concrete
(= fuf 20 — JF) + 0.7 + 1.0,/F); p is the longitudinal
reinforcement ratio; F is the fiber factor (=(L/Dy)Vidj; e is the arch
action factor, 1.0 for a/d > 2.8 and 2.8d/a for a/d < 2.8; f,,,is the
cube strength of fiber concrete; Vis the fiber volume fraction; dyis a
bond factor, 0.5 for round fibers, 0.75 for crimped fibers, and 1.0 for
indented fibers; v, is equal to the equations of 0.417F, and 7 is the
average fiber matrix interfacial bond stress, taken as 4.15 MPa

Ashour et al. (1992)

For a/d > 2.5 v, = (2.11/fy + 7F) (p2) "

Kwak et al. (2002)

2/3 /3
Vv = 3.76]212//[6 (p g) +0.8vp

where e is the arch action factor, 1 for a/d > 3.4, and 3.4d/a for a/
d<34
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capacity, to which is added the resisting force of the concrete
calculated from the shear stress. Kwak et al. (2002) per-
formed twelve four-point shear tests for normal—
(30.8 MPa) and high-strength (68. 6 MPa) SFRC beams
without shear reinforcement considering fiber volume frac-
tion (Vy= 0, 0.5, 0.75 %) and shear span to depth ratio (a/
d = 2, 3, and 4). Shear strength equations for shear cracking
was proposed to improve the accuracy of existing proce-
dures suggested by Narayanan and Darwish (1987).

As shown in Table 7, the existing shear strength equations
for SFRC beams were very conservative compared to the
experimental data. This means that they would be unrea-
sonable to predict the shear strength of the UHPFRC beams
with a compressive strength more than 160 MPa. On the
other hand, AFGC recommendations (2013) showed a rel-
atively accurate evaluations of UHPFRC beams with and
without shear reinforcement.

6.3 Steel Fibers as Shear Reinforcement

According to ACI 318-14 (2014), when the normalized
shear strength (vtest/\/ fcl) defined as divided the average
shear stress by the square root of the compressive strength is
greater than 0.29\/ fcl (MPa), the steel fibers can use as the
shear reinforcement for SFRC beam (fcl < 40 MPa,
d < 600 mm). Parra-Montesinos found that the shear
strength of SFRC beam strength was larger than 0.3\/ fc,
(MPa) when fiber content (V) is equal to or greater than
0.75 %.

Normalized shear strengths were evaluated whether or not
current design codes are applicable to UHPFRC beams with
shear reinforcement. As reported in Table 4, normalized
shear strengths of all the specimens with V= 1.5 % were
larger than 1.12\/fc/ (MPa) regardless of the presence of
shear reinforcement and its spacing as shown in Fig. 8.

These results indicate that if the rectangular beam contains
UHPFRC with fiber volume fraction of 1.5 %, shear rein-
forcement need not be provided.

6.4 Spacing Limit of Shear Reinforcement
for UHPFRC Beam

As aforementioned, current design codes for reinforced
concrete beam provide the spacing limit of shear reinforcement
as 0.5d in ACI 318-14 (2014) when the factored shear force Vu
exceeds 0.5¢ V.. Also, CSA A23.3-04 (2004) suggests its dis-
tance as 0.7d,, where d,, is a maximum value between 0.9d and

2.0 -
f. =166.9MPa; V/» =1.5%
co 15 1 SB3 SB4
SB1 S}SZ o o

Viest | VF

1.0 1 Nv

ltest

/\Jf =1.12 (UHPFRC)

05 1 . /{f 2029 (FRC,ACI318)

0.0
Specimens

Fig. 8 Lower bound of normalized shear strength for
UHPFRC.

0.72h. To investigate the effect of spacing limit, this study
considered the distance of 0.75d, 0.5d, and 0.3d.

Test results showed that even though the spacing of shear
reinforcement exceeds the spacing limit recommended by
ACI 318-14 (2014), shear strength of UHPFRC beam was
substantially greater than current design codes. Based on the
test results, it is concluded that the spacing limit of 0.75d can
be allowed for UHPFRC beams.

7. Summary and Conclusions

In this study, shear tests on simply supported UHPFRC
rectangular beam sections with and without shear rein-
forcement were carried out to investigate the shear behaviour
considering the spacing of shear reinforcement. The main
test parameter was the spacing of shear reinforcement.
Findings obtained through the experiments are as follows:

1. Compression and direct tension tests were carried out to
investigate the material properties of UHFRC. The
UHPFRC used in this study showed a linear-elastic
behavior until the end of the test and a brittle failure
occurred after reaching the peak strength, not observing
a post-peak behavior in all of the test specimens. The
average compressive strength was 166.9 MPa and the
modulus of elasticity was about 41.1 GPa. Also, tensile
strength of UHPFRC obtained using direct tension tests
was determined to be about 11.5 MPa.

Table 7 Comparison between the predicted strength and test data.

Specimens Sharma (1986) Narayanan and Ashour et al. (1992) | Kwak et al. (2002) AFGC (2013)
Darwish (1987)

SB1 2.79 3.71 6.30 3.12 1.37
SB2 2.09 2.56 3.58 227 1.19
SB3 228 2.86 4.18 2.49 1.10
SB4 2.46 3.15 4.83 2.71 0.94
Mean 2.41 3.07 4.72 2.65 1.15

SD 0.30 0.49 1.17 0.36 0.08
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2. The steel fibers substantially contributes to enhancement
of the shear resistance of UHPFRC beams. The shear
strength of the beams with shear reinforcement was
larger than that of control specimen and was improved
about 13—19 %. In addition, the steel fibers in UHPFRC
beam play a key role to restrain the shear crack along
with the shear reinforcement.

3. Shear reinforcement also had an effect on improvement
of deformation capacity. The ductility of beams with
shear reinforcement also appeared to be higher than the
control specimen. The ductility of the control specimen
was 2.04 and in case of the specimens with shear
reinforcement (SB2, SB3, and SB4) were between 2.15
and 2.23.

4. The AFGC recommendations (2013) showed a rela-
tively accurate evaluations of UHPFRC beams with and
without shear reinforcement compared to the existing
shear strength equations for SFRC beams.

5. Even though the spacing of shear reinforcement exceeds
the spacing limit suggested by current design code (ACI
318-14), shear strength of UHPFRC beam was substan-
tially greater than current design codes. Therefore, the
spacing limit of 0.75d can be allowed for UHPFRC
beams.
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