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Abstract:  This paper presents an experimental investigation into the shear behavior of reinforced ultra-high toughness ce-
mentitious composite (UHTCC) beams through flexural tests under a point loading, where UHTCC shows tension strain-
hardening and multiple cracking characteristics. The varied parameters include shear-span ratios of about 2.06, 3.08, and 4.11, and
web reinforcement ratios of 0%, 0.25%, 0.37%, and 0.55%. The experimental results reveal that reinforced UHTCC (RUHTCC)
beams have superior shear resistance compared with reinforced concrete (RC) beams and show stable crack propagation and
multiple cracking behaviors in shear. The use of UHTCC as the matrix of beams can serve as a replacement for minimum web
reinforcement. A small amount of stirrups used in RUHTCC slender beams results in a more ductile flexure-shear or even flexural
failure. However, the use of stirrups in both short beams and RUHTCC slender beams brings little improvement in ultimate shear
strength, and thus no shear synergy between UHTCC and stirrups is obtained. A tied-arch model and a truss model can be used to
represent the shear mechanism of RUHTCC short and slender beams, respectively. UHTCC web subjected to tension can be
considered as inclined tension web members in a truss model for RUHTCC slender beams.
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1 Introduction

Fiber reinforced concrete (FRC) shows superior
shear resistance and a diagonal crack pattern com-
pared with plain concrete. This is attributed mainly to
improved mechanical behavior due to the bridging
action of fibers across cracks, including post-cracking
tension behavior, aggregate interlocking action, and
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the dowelling action of longitudinal reinforcement
(Narayanan and Darwish, 1987; Li et al., 1992; Kwak
et al., 2002; Dinh et al., 2010). A series of equations
for predicting the shear strength of steel fiber rein-
forced concrete (SFRC) beams without stirrups and
with different strength concrete and fiber types has
been developed through analysis of existing experi-
mental databases (Narayanan and Darwish, 1987; Li
et al., 1992; Kwak et al., 2002; Slater et al., 2012;
Shahnewaz and Alam, 2014). Note that Shahnewaz
and Alam (2014), based on a genetic algorithm, con-
sidered the two-way and three-way interactions be-
tween parameters for obtaining a good prediction
result. However, traditional FRC is characterized by
tension strain-softening, and shows a limited en-
hancement in shear properties such as strength and
cracking behavior.
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Ultra-high toughness cementitious composite
(UHTCC) (Li et al., 2009), as a kind of high perfor-
mance fiber reinforced cementitious composite, was
designed according to steady-state cracking principles
and strain-hardening mechanisms (Li and Leung,
1992). UHTCC is also referred to as engineered ce-
mentitious composite (ECC) (Li et al., 2001), strain-
hardening cement based composite (SHCC) (van Zijl
and Wittmann, 2011), and ductile fiber reinforced
cementitious composite (DFRCC) (Kim et al., 2007).
This family of UHTCC material shows apparent ten-
sion strain-hardening behavior with an ultimate ten-
sile strain of 3%-6%, and excellent crack dispersion
capacity, with crack widths below 0.1 mm in the ul-
timate tension state (Li V.C. et al., 2001; LiH.D. et al.,
2009). Moreover, the basic mechanical properties (Xu
and Li, 2008), flexural toughness (Hou et al., 2012),
fracture properties (Liu et al., 2012), and durability
(Ahmed and Mihashi, 2007; van Zijl and Wittmann,
2011) of UHTCC are superior to those of plain FRC.
The structural application of UHTCC has been ex-
plored by Kunieda and Rokugo (2006).

The shear properties of UHTCC are important in
determining practical applications in shear critical
structural members, such as shear walls, coupling
beams, beam-column joints, and slab-column joints.
In recent years, several experimental studies on the
shear behavior of UHTCC have been performed. The
experimental results of Li et al. (1994) indicated that
the ultimate shear strength of ECC reinforced with
2% by volume of spectra polyethylene fiber (SPECC)
was far higher than that of plain concrete or FRC
reinforced with 1% by volume of steel fiber, and close
to that of an RC specimen with a 0.75% web rein-
forcement ratio. Shimizu et al. (2004) and van Zijl
(2007) showed that shear strength and strain both
increased when the volume fraction of fiber in
UHTCC increased. Xu ef al. (2012) investigated the
influence of the shear-span ratio and reinforcement
ratio on the shear behavior of RUHTCC beams
simply supported. The experimental results revealed
that RUHTCC beams showed high shear resistance,
stable crack propagation, and different shear transfer
mechanisms when the shear-span ratio changed.
Moreover, all the RUHTCC beams presented a di-
agonal multiple cracking pattern and high shear de-
formation capacity. In addition, a simulation method,
based on the smeared and fixed crack approach con-
sidering the tensile properties from panel tests, was

proposed to predict the shear behavior of RUHTCC
members (Suryanto et al., 2010a; 2010b). This model
was capable of simulating the shear response of
RUHTCC panels and beams well.

Although UHTCC has fine shear capacity, the
use of web reinforcement in RUHTCC members is
still needed, especially for members with a large shear
requirement. However, limited studies have been
performed on the coupling effect between UHTCC
and stirrups. In contrast, related studies have been
conducted concerning the coupling shear mechanism
of plain FRC and stirrups. Swamy and Bahia (1979)
and Liu (2010) showed that for SFRC beams with a
reinforcement ratio of 2%-4%, a 0.75%-0.8% vol-
ume fraction of steel fiber combined with a small
quantity of web reinforcement can result in a ductile
yielding behavior. A synergy between fiber and stir-
rups was shown in (Majdzadeh et al., 2006; Liu,
2010). The maximum load showed 7% synergy for
one beam with a 0.14% web reinforcement ratio and a
0.5% volume fraction of steel fiber, and 10% synergy
for another beam with the same stirrup ratio and
fraction of synthetic fiber (Majdzadeh et al., 2006).

In this paper, the shear properties of RUHTCC
beams with different stirrup ratios and shear-span
ratios are investigated. The shear mechanism of
RUHTCC beams and the coupling shear effect of
UHTCC and stirrups are explored through analysis of
crack behavior, shear strength, failure mode and
stirrup mechanical behavior compared with that of
RC counterpart beams.

2 Experimental
2.1 Beams

A total of 14 beams were tested in this study,
including eight RUHTCC beams and six RC coun-
terpart beams. All the beams had the same cross sec-
tion with a depth (k) of 180 mm and width (b) of
120 mm, and the same cover thickness of 25 mm. The
longitudinal reinforcement ratio (p) used was 3.25%
for all beams.

The varied parameters were the web reinforce-
ment ratio (py) and shear-span ratio (a/d), where a is
the shear span length and d denotes the effective
depth of the cross section. The span lengths (/) were
designed as 300, 450, and 600 mm, which corre-
sponded to shear-span ratios of 2.06, 3.08, and 4.11,
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respectively. Also, the lengths of the beams were 850,
1150, and 1450 mm with a free length of 125 mm
outside of two supports. The stirrup ratios were taken
as 0%, 0.25%, 0.37%, and 0.55%. The last three
stirrup ratios had stirrup spacings of 225, 150, and
100 mm, respectively. For RUHTCC beams with a
shear-span ratio of 3.08, these four types of stirrup
ratios were used, whereas only two stirrup ratios of
0% and 0.37% were used for the remaining series.
Note that in the case of a web reinforcement ratio of
0.37%, the corresponding stirrup spacing of 150 mm
corresponds to the maximum detailing stirrup spacing
suggested in Chinese code GB50010-2010 (SAC,
2010). The geometry and reinforcement configura-
tions of beams are shown in Fig. 1, and details of the
beams are summarized in Table 1.

Based on different variable parameters, the beam
characteristics can be simply described. The materials
of concrete and UHTCC are denoted by C and U,
respectively. The shear-span ratio used is simplified
as the corresponding integer 2, 3, or 4. The four web
reinforcement ratios are represented by w0 (0%), wl
(low ratio of 0.25%), wm (middle ratio of 0.37%), and
wh (high ratio of 0.55%). Therefore, a RUHTCC
beam with shear-span ratio of 3.08 and a web rein-
forcement ratio of 0.25% is denoted by U3-wl. In
addition, beams with a shear-span ratio of 2.06 are
termed short beams, while those with a shear-span
ratio of 3.08 or 4.11 are termed slender beams.

2.2 Material properties

The mass mixture proportion of concrete used
was m(cement):m(water):m(sand):m(coarse aggregate)
=1:0.535:1.563:2.900. The sand used in the concrete
had a grain size range of 0.35-2 mm and coarse ag-
gregate was about 25 mm in grain size. The mortar
matrix of UHTCC was made from plain cement, wa-
ter, fine sand, mineral addition, and superplasticizer.
A volume fraction of 2% of polyvinyl alcohol (PVA)
fiber was used as the reinforcement fiber. This type of
PVA fiber has a diameter of 0.04 mm, a length of
12 mm, a tensile strength of 1600 MPa, and a tensile
elastic modulus of 40 GPa.

Concrete compressive strength f¢, and splitting
tensile strength f;, were tested using cube specimens
of 150 mm in dimension. The uniaxial tension prop-
erty of UHTCC was tested using thin plate specimens
350 mm long, 50 mm wide, and 15 mm thick. The
tested tensile stress-strain curves (Fig. 2) show the

apparent tensile strain-hardening behavior. The
compressive strength of UHTCC was measured using
70.7 mm” specimens, and the splitting tensile strength
was obtained using 100 mm® specimens. The tested
mechanical properties of concrete and UHTCC are
summarized in Table 1.

Deformed rebar with a diameter of 18 and 20 mm
was used for longitudinal tension reinforcement. The
stirrup used was made of smooth rebar with a diam-
eter of 6.5 mm, and the longitudinal detailing rein-
forcement in the compression zone was a smooth steel
bar with a diameter of 6.5 mm. The yielding strength
(fy) and ultimate tensile strength (f,) of the rebar were
tested according to the Chinese code GB/T228-2002
(SAC, 2002). The test results are listed in Table 2.
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Fig. 1 Geometry and reinforcement configuration of
beams tested without stirrups (a) and with stirrups (b)
(unit: mm)

The values in brackets denote the size corresponding to beams
with an a/d of 2.06 and 4.11, respectively (the same below)
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Table 1 Tested mechanical properties of concrete and UHTCC

Beam [ (mm) b (mm) d (mm) ald p (%) Pw (%) few (MPa) Jsp (MPa)
C2-w0 600 120 146 2.06 3.25 0 48.85+2.44 3.55+0.21
C2-wm 600 120 146 2.06 3.25 0.37 48.85+2.44 3.55+0.21
U2-w0 600 120 146 2.06 3.25 0 46.59+1.86 5.89+0.23
U2-wm 600 120 146 2.06 3.25 0.37 46.59+1.86 5.89+0.23
C3-w0 900 120 146 3.08 3.25 0 48.85+2.44 3.55+0.21
C3-wm 900 120 146 3.08 3.25 0.37 48.85+£2.44 3.55+0.21
U3-w0 900 120 146 3.08 3.25 0 45.73£1.51 5.89+0.23
U3-wl 900 120 146 3.08 3.25 0.25 45.73%1.51 5.89+0.23
U3-wm 900 120 146 3.08 3.25 0.37 45.73+1.37 6.07+0.25
U3-wh 900 120 146 3.08 3.25 0.55 45.73+1.37 6.07+0.25
C4-w0 1200 120 146 4.11 3.25 0 48.85+2.44 3.55+0.21
C4-wm 1200 120 146 4.11 3.25 0.37 48.85+2.44 3.55+0.21
U4-w0 1200 120 146 4.11 3.25 0 45.73£1.37 6.07+0.25
U4-wm 1200 120 146 4.11 3.25 0.37 45.73£1.37 6.07+0.25
covered by a grass curtain and cured outside by wa-
5¢ tering them three times a day to maintain humid
= conditions. The comparison specimens were cured in
% the same environment as that of the beams.
12}
é 2.4 Test instruments and program
é Specimen 1 ‘\‘ The shear tests were conducted on a 10000 kN
= e Specimen 2 electronic universal test machine. All the beams were
"""" Specimen 3 ' simply supported and subjected to a concentrated

O 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Tensile strain

Fig. 2 Uniaxial tensile stress-strain curves of UHTCC

Table 2 Tensile strength of rebar

Rebar fy (MPa) fu (MPa)
D6.5 316+6.36 450+8.85
D18 3924+5.21 554+9.32
D20 350+4.35 520+8.45

2.3 Fabrication and curing

All the beams were cast in a plywood mold, and
all the comparison specimens for measuring the ma-
terial mechanical properties were made at the same
time. Layer casting and vibration techniques were
used for obtaining a fine compactness, where each
layer was taken as half the depth of the beams. After
casting, a layer of plastic membrane was used to cover
the beams and comparison specimens to reduce the
loss of water. Afterwards, the beams were further

loading at the mid-span point. A load cell with a
maximum measurement capacity of 300 kN was used
to minimize the test error. Two pairs of linearly var-
iable differential transformers (LVDTs) were fixed at
the supports and at mid-span locations. The net de-
flection was taken as the difference between the dis-
placement at mid-span and at the supports. Another
pair of LVDTs was arranged diagonally in the web of
the shear span region to obtain the total diagonal
crack opening. The detailed arrangements of the
loading and test set-ups are shown in Fig. 3.

The beams were loaded through the coupled load
and displacement control mode. The load was applied
in increments of 3-7 kN, e.g., 3 kN for RC beam
C4-w0 and 7 kN for beams with an a/d ratio of 2.06.
During every loading increment, the manual dis-
placement control mode was used, and the displace-
ment rate was about 0.10-0.15 mm/min. For beams
showing flexural yielding, a higher rate of 0.30-
0.40 mm/min was used after the yielding of the lon-
gitudinal reinforcement. When the integer time of
load increment was reached, the applied load
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remained for about 5 min to allow time to mark the
crack propagation pattern and measure the diagonal
crack width using a crack observation apparatus with
a precision of 0.02 mm.

Electric resistance strain gauges with a gauge
length of 2 mm were attached to longitudinal tension
rebar at the mid-span location to monitor strain de-
velopment. Also, strain gauges were attached to stir-
rups at the mid-depth location to study the behavior of
confining reinforcement. All the test data were
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Fig. 3 Arrangement of test and loading set-ups (unit:
mm)

collected synchronously using an dynamic data ac-
quirement system connected to a computer.

3 Results and discussion
3.1 Shear crack characteristics

Fig. 4 shows the crack pattern of test beams at
the ultimate shear failure. All the beams showed a
critical diagonal crack, except for beams C4-wm,
U4-wm, and U3-wh with a final critical flexural crack.
A diagonal multiple cracking mode appeared in all the
RUHTCC beams regardless of the shear-span ratio
and web reinforcement ratio, whereas RC beams had
only 1-2 diagonal cracks. Therefore, the use of
UHTCC with tensile strain-hardening and fine crack
dispersion capacities apparently improves the shear
behavior of beams. Comparing the crack pattern in
RUHTCC short beams (a/d=2.06) and slender beams
(a/d=3.08 and 4.11), on the short beams the diagonal
cracks propagated almost in a line from the support to
the loading point, whereas on the slender beams many
more diagonal cracks were distributed almost in par-
allel in the shear span region.
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Fig. 4 Crack patterns at the ultimate failure: (a) a/d=2.06; (b) a/d=4.11; (c) a/d=3.08



256 Hou et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2015 16(4):251-264

RC slender beams without stirrups had an ap-
parent interface splitting crack along the longitudinal
reinforcement (Figs. 4b and 4c), a feature considered
to be a trigger of unstable shear crack propagation
(Kim and White, 1999), while the use of detailing
web rebar effectively limited the formation of this
type of crack. However, the short beams and all the
RUHTCC beams showed none of this type of splitting
crack along the longitudinal steel bar. Note that the
mechanical mechanisms differ: the confinement of
the support reaction in short beams greatly limits the
development of a splitting crack, whereas the out-
standing mechanical properties of UHTCC are mainly
responsible for this phenomenon in RUHTCC beams.
In RUHTCC beams, although a number of diagonal
cracks interacted with the reinforcement, the tensile
stress carried by UHTCC was maintained due to the
bridging connection action of fibers across the cracks
and the tensile confinement of strain-hardening
characteristic. Thus, no stress concentration formed at
the point of interaction between the diagonal crack
and the rebar. Consequently, the relative slip between
UHTCC and reinforcement was eliminated and the
deformation compatibility between them was ensured,
leading to stable shear crack development in
RUHTCC beams.

The comparison between the crack patterns of
RUHTCC beams with different transverse rein-
forcement ratios shows that with an increase in stirrup
ratio, the number of inclined cracks gradually de-
creases in slender beams, whereas the trend seems
unclear in short beams. The elastic modulus of stir-
rups is far larger than that of UHTCC after cracking,
and therefore the stirrup in the web may confine the
development of diagonal cracks. However, for the
short beams with a shear span length of 2.06d, the
transverse detailing stirrups were located near the two
ends of inclined cracks, which may have resulted in
only a relatively slight confinement of crack
development.

Fig. 5 shows the change in the maximum crack
width with the increase in applied load. RUHTCC
beams showed a stable diagonal crack propagation
and had a maximum crack width of 0.3 mm for short
beams and 0.2 mm for slender beams, whereas the
maximum crack width was high up to 1.2 mm for RC
counterpart beams. This advantage can be attributed
to the prominent crack control capacity of UHTCC

itself. Moreover, the web reinforcement had almost
no effect on the maximum diagonal crack width for
RUHTCC beams. In contrast, the transverse rebar
used in RC beams resulted in a small reduction of the
maximum crack width from 1.25 mm to 0.96 mm. As
a result, the maximum diagonal crack width was de-
pendent mainly on the crack control capacity of the
material itself rather than on the web stirrup provided.
Note that the use of stirrups in an RC beam with an
ald of 3.08 (Fig. 5b) could not apparently slow down
the increase in diagonal crack width. This was mainly
because the principal diagonal crack in the beam web
resulted in the yielding of the stirrup, and the con-
finement effect on the shear crack was weakened
greatly. At a crack width of 0.1 mm (Fig. 5), the cor-
responding load was larger than the so-called ultimate
service load (taken as 0.6P,, where P, is the ultimate
load) (Xu et al., 2012) for all the RUHTCC beams. In
other words, the diagonal crack width at the service
load is expected to be lower than 0.1 mm, which sat-
isfies the required crack width limitation in a harsh
environment.
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Fig. 5 Evolution of the maximum diagonal crack width
for tested beams: (a) short beams with an a/d of 2.06;
(b) slender beams with an a/d of 3.08
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Fig. 6 compares the total diagonal crack opening
(Wiota1) for all the beams. Beams with stirrups had a
smaller total diagonal crack opening than beams
without stirrups, except for beam C4-w0. This phe-
nomenon further demonstrates the confinement effect
of stirrups on the propagation of diagonal cracks.
Moreover, the slender beams with an a/d of 4.11
showed a large difference in the wyy,, While the re-
maining series of beams with the same shear-span
ratio and stirrup ratio had a similar wy,,. In the case of
beams with an a/d of 4.11, RUHTCC beam U4-w0
had the maximum value of wyy,, followed by
RUHTCC beam U4-wm, and RC beams C4-wm and
C4-w0. This arose mainly from the difference in
failure characteristics. Beam U4-w0 showed final
shear failure with apparent diagonal crack develop-
ment, while beams U4-wm and C4-wm presented
final flexure failure with limited diagonal crack
propagation, and beam C4-w0 showed an immediate
shear failure at the shear cracking without the de-
velopment of diagonal cracks.
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Fig. 6 Comparison of total diagonal crack opening wi,,

Comparing the total diagonal crack opening in
Fig. 6 and the maximum diagonal crack width in
Fig. 5, note that the two values are almost equal for
RC beams with the same shear-span ratios of 2.06 and
3.08 due to the development of a single macro diag-
onal crack, whereas the total crack opening is the sum
of the crack width of all the diagonal cracks for
RUHTCC beams. This further demonstrates the ex-
cellent crack dispersion capacity of UHTCC in shear.

3.2 Load-deflection behavior

Fig. 7 shows the load-deflection curves of the
beams. The flexural stiffness of RC beams was
slightly higher than that of RUHTCC beams with the

same parameters, whereas the stiffness of beams ap-
peared to decrease with an increase in shear-span ratio
from 2.06 to 4.11. Beams with stirrups had larger
stiffness than those without stirrups. This implies that
both the shear-span ratio and stirrup ratio affect the
load-deflection behavior of beams. In particular, the
shear-span ratio seems to play a controlling role.
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Fig. 7 Load-deflection curves of beams tested: (a) a/d=
2.06; (b) a/d=3.08; (c) a/d=4.11

All the beams showed linear load-deflection
behavior in the initial stage, while nonlinear charac-
teristics became more apparent after shear cracking,
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especially for RC beams. All the RUHTCC beams
showed stable and continuous load increases with
deflection up to the ultimate failure, and the devel-
opment of shear cracks did not result in an abrupt load
drop. This can be attributed to the elimination of in-
terface splitting cracks along the longitudinal rein-
forcement and outstanding tension capacity in the
post-cracking stage. The fine crack control capability
of UHTCC avoids the formation of a principal diag-
onal crack, which would lead to a redistribution of
shear stress prior to the peak load. In contrast, RC
short beams and slender beams with stirrups pre-
sented relatively stable load-deflection behavior, but
showed a slight load drop due to stress redistribution
at the formation of the principal diagonal crack.
Based on load-deflection and cracking behavior,
failure modes can be divided into two main categories:
shear failure showing critical shear cracks, and flex-
ural failure (F) with only flexural principal cracks.
Shear failure can be sub-divided into shear failure
prior to yielding of the longitudinal steel bar and
flexure-shear failure (FS) after yielding, according to
the load-deflection behavior. Further, based on shear
crack evolution patterns, there are three kinds of
failure modes for shear failure prior to yielding: di-
agonal tension failure (DT), showing direct failure
once shear cracking occurs, shear tension failure (ST),
showing a coupled interface splitting crack along the
longitudinal reinforcement and the crush of the matrix
material in the compression zone, and shear com-
pression failure (SC), showing the crush of matrix in

the compression zone and the occurrence of a critical
shear crack without an interface splitting crack. Ta-
ble 3 summarizes the detailed failure modes for all the
beams.

The use of stirrups has an apparent influence on
the failure mode and load-deflection behavior. For RC
slender beams, the provision of detailing stirrups can
transform the shear tension or diagonal tension failure
modes into shear compression failure or even ductile
flexural failure. For RUHTCC slender beams, the
application of a low web rebar ratio of from 0.25% to
0.55% transforms shear compression failure into
ductile flexure-shear failure or flexure failure for
beams with an a/d of 3.08. The use of detailing stir-
rups changes the flexure-shear failure to flexure fail-
ure for beams with an a/d of 4.11. For short beams,
although the use of stirrups cannot change the failure
mode, the descending branch in the post-peak stage
becomes gentler (Fig. 7a).

Although beams failing in flexure-shear and
flexure show apparent flexural yielding deformation,
the ductility index needs to be estimated (6,/dy, dy is
the yielding deflection and d, is the ultimate deflec-
tion). The calculated results are listed in Table 3.
RUHTCC beams failing in flexure had a high ductil-
ity index up to 4.28-5.28, beyond the ductility index
of 3.0 suggested in seismic design (Shuaib and Ray,
1991). However, other beams showing flexural
yielding had ductility indexes ranging from 1.63 to
2.95, slightly lower than the suggested ductility re-
quirement. Therefore, moderate web reinforcement

Table 3 Experimental results of test beams

Beam Ver Va Vy Oy 55 iy Wiotal Ew Failure

(MPa) (kN) (MPa) (mm) vy v (mm) (um/m) mode
C2-w0 1.89 94.16 5.37 3.94 - 2.84 1.31 - SC
C2-wm 1.78 96.00 5.48 2.55 - 3.36 1.02 2175 SC
U2-w0 1.94 95.86 5.47 3.53 - 2.82 1.28 - SC
U2-wm 1.88 94.10 5.37 2.77 - 2.86 1.12 1535 SC
C3-w0 1.75 34.79 1.99 3.36 - 1.13 1.21 - ST
C3-wm 1.55 51.90 2.96 3.21 - 1.91 1.06 Failure SC
U3-w0 1.51 66.60 3.80 6.49 - 2.52 1.34 - SC
U3-wl 1.86 70.55 4.03 12.50 2.95 2.16 1.13 2210 SC
U3-wm 1.51 67.62 3.86 7.21 1.63 2.56 1.08 1800 FS
U3-wh 1.57 74.55 4.26 19.60 528 2.71 0.72 1250 F
C4-w0 1.66 29.15 1.66 2.72 - 1.00 0.10 - DT
C4-wm 1.53 48.50 2.77 14.28 2.74 1.81 0.59 1703 F
U4-w0 1.63 50.67 2.89 12.48 1.96 1.77 0.88 - FS
U4-wm 1.57 51.87 2.96 24.82 4.28 1.89 0.44 1487 F

ver 18 the cracking shear strength; V, is the ultimate shear force; v, is the ultimate shear strength; and &, is the maximum strain of stirrups at

the peak load or the flexural yielding of the beam
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needs to be provided to obtain adequate flexural duc-
tility or even flexure failure for an actual engineering
structure.

3.3 Mechanical behavior of web reinforcement

It is well known that the direct shear transfer of
stirrups is the most important factor for improving the
shear resistance of beams. To investigate the shear
transfer behavior of web stirrups, the evolution of
stirrup strain with the applied load was investigated
for four beams, U2-wm, C2-wm, U3-wm, and C3-wm,
representing a comparison of RUHTCC and RC short
and slender beams with a stirrup ratio of 0.37%. The
development of stirrup strain in the left and right
shear span was not symmetric, especially with a faster
strain increase after the formation of the principal
diagonal crack (Fig. 8). During loading from 50 kN to
75 kN, the stirrup strain showed a large increase
mainly due to the occurrence of shear cracking at this
stage. Moreover, for RC beam C3-wm, the stirrup at
about 225 mm from the mid-span reached the yielding
state, showing a drastic increase in strain (Fig. 8c).
However, the stirrups in other beams did not show
this yielding phenomenon.

2400} (3)
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For the slender beam C3-wm, the formation of a
principal inclined crack resulted in a drastic increase
in stirrup strain owing to the redistribution of shear
stress. The shear stress carried by aggregate interlock
action was transferred to the transverse rebar. More-
over, the crack width rapidly increased after the for-
mation of the principal diagonal crack, resulting in a
sharp increase in tensile strain of the stirrup inter-
secting with this crack. However, regardless of the
failure mode, in RUHTCC beams the stirrup strain
increased in a relatively gentle way during loading.
This can be explained as follows. In RUHTCC beams,
diagonal cracks propagated in a stable manner and
had a small opening. Also, no principal diagonal
crack showing an abrupt increase in width appeared
prior to the peak load. Therefore, a relatively stable
development of stirrup strain is obtained under these
conditions.

However, for RC short beams, the stirrup strain
showed no sharp increase although there was a prin-
cipal diagonal crack formed in the beam web (Fig. 8a).
Note that only two pieces of stirrup were arranged in
each shear span of the short beams, one close to the
side of the support plate and the other close to the
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Fig. 8 Evolution of stirrup strain with the applied load for four representative beams
(a) C2-wm; (b) U2-wm; (c) C3-wm; (d) U3-wm. x is the distance from the stirrup location to the mid-span
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side of the loading plate. This implies that the stirrups
may intersect with the ends of the principal inclined
crack which opened mainly between the two stirrups.
Thus, the stirrup showed a gentle strain increase and
no yielding was observed.

Table 3 summarizes the maximum tensile strain
(ew) of stirrups at the peak load or at the flexural
yielding of beams. The tension strain of a strain gauge
in beam C3-wm was beyond the upper bound at the
peak load due to a rapid opening of the principal di-
agonal crack intersecting with the stirrup. Moreover,
the maximum stirrup strain &, of RUHTCC beams
was lower than that of RC comparison beams with the
same parameters. This may have resulted from the
fine deformation compatibility between the stirrups
and UHTCC after the shear cracking. As expected,
the &, at the point of yielding of RUHTCC beams
with an a/d of 3.08 decreased with the increase in
stirrup ratio owing to the reduced contribution of
stirrups when subjected to similar flexural yielding
loading.

3.4 Cracking and ultimate shear strength

Generally, nominal shear stress can be calculated
by

V=", (1)

where V is the shear force at the calculated section,
and b is the width of the cross section. The cracking
shear strength v, denotes the nominal shear stress at
the shear cracking, and the ultimate shear strength (v,)
corresponds to the shear stress at the ultimate shear
force (V,). Note that the shear stress at the ultimate
state of beams failing in flexure and flexure-shear
cannot represent the true shear capacity, because the
yielding of longitudinal reinforcement dominates the
ultimate load level. However, for uniform and con-
venient expression, the ultimate shear strength v, is
also used for these beams.

Table 3 summarizes the calculated results. The
cracking shear strength of RC beams ranged from
1.53 to 1.89 MPa, and that of RUHTCC beams from
1.51 to 1.94 MPa (Table 3). It seems that the short
beams have a cracking shear strength about 0.2—
0.3 MPa larger than that of slender beams. Moreover,
the stirrups provided had little influence on the shear

cracking strength, except for beam U3-wl, because of
the slight shear contribution of web reinforcement up
to the shear cracking.

Fig. 9 shows the variation in ultimate shear
strength with the shear-span ratio and stirrup ratio.
The ultimate shear strength of short beams was far
larger than that of slender beams, regardless of the RC
beams and RUHTCC beams. This phenomenon arises
mainly from different shear transfer mechanisms. The
tied-arch model in short beams is governed by the
crush of the inclined strut and compression zone un-
der the loading plate. However, the beam action
model in RC slender beams and the truss model in
RUHTCC slender beams are dominated by both the
tension properties of the beam web and the compres-
sion capacity of the compression zone under the
loading plate. Obviously, the tied-arch system is ex-
pected to show a higher shear resistance than beam
action and truss systems.

For short beams, the ultimate shear strength was
similar regardless of the type of matrix materials and
stirrup ratios. The similar compression strength of
UHTCC and concrete results in a similar load carry-
ing capacity of a tied-arch system for RUHTCC and
RC beams without stirrups. In addition, the confine-
ment effect of stirrups with a spacing of 150 mm gave
little improvement in compressive strength of the
inclined strut and top compression zone. As suggested
in Chinese code GB50010-2010 (SAC, 2010), only if
a spiral or welded stirrup with a spacing between
40 mm and the maximum value of 80 mm and d.,/5
(deor 1s the diameter of the core section inside the
stirrup) is provided for the circle column, the
strengthening effect of the stirrup may be considered.
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Fig. 9 Change in ultimate shear strength with the shear-
span ratio and stirrup ratio
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For slender beams, the ultimate shear strength of
RUHTCC beam U3-w0 was about 3.80 MPa (Ta-
ble 3), which is far larger than the 2.96 MPa of RC
beam C3-wm with a stirrup ratio of 0.37%. This ex-
perimental result fully demonstrates the outstanding
shear resistance of UHTCC, the use of which can save
at least 0.37% on web reinforcement. Majdzadeh et
al. (2006) indicated that the composite use of stirrups
and FRC in slender beams resulted in a synergic in-
fluence on shear resistance. However, with respect to
the RUHTCC slender beams in the present tests, the
ultimate shear strength of beams with stirrups was
almost comparable to that of beams without stirrups.
This implies that there is no synergic effect between
UHTCC and stirrups. For RUHTCC beams with an
a/d of 3.08, the use of a 0.25%—0.55% stirrup ratio
resulted in flexural yielding of longitudinal rein-
forcement, and the yielding load of beams U3-wl,
U3-wm, and U3-wh was similar to the ultimate load
of beam U3-w0. For RUHTCC beams with an a/d of
4.11, flexural yielding occurred even if no transverse
rebar was provided. Consequently, a small load in-
crease after the yielding of reinforcement is expected
to lead to a slight improvement in shear stress at the
ultimate failure.

Generally, the use of the minimum transverse
stirrup ratio is necessary to avoid sudden shear failure
after shear cracking of plain RC beams. However, for
reinforced FRC beams with a depth below 610 mm, a
provision is suggested by ACI 318-08 (ACIL, 2008)
that a 0.75% volume fraction of deformed steel fiber
can be used as the minimum web reinforcement when
subjected to a factor shear stress between ®©(1/12)f;’
and ®©(1/6)f.', where f.' represents the cylinder com-
pressive strength, taken as 0.79f, (Cheng et al.,
2008). This is attributed mainly to the superior shear
resistance with the low bound of 0.3/, MPa for
SFRC beams with a fiber volume fraction no lower
than 0.75% (Parra-Montesinos, 2006). In the case of
RUHTCC beams without stirrups studied here, the
slender beams showing a final shear failure had an
ultimate shear strength of 0.48£,""2-0.63£,""> MPa
and the short beams 0.86fc’(1/ ) MPa. The low bound
0.487."""? of the shear resistance of RUHTCC beams
without stirrups is higher than the O.3fc’(1/2) of SFRC
beams. Moreover, the ratio of v /v, is another key
factor determining shear behavior after shear crack-
ing. It is assumed that the minimum stirrup ratio may

not be required if the value of v,/v,, is beyond 1.30,
implying an adequate capacity to prevent abrupt col-
lapse (Ozcebe et al., 1999). For RUHTCC beams
without stirrups, the calculated v,/v.; shown in Table 3
ranges from 1.77 to 2.82, which is far larger than 1.30.
Therefore, based on these two points, UHTCC used as
the matrix of beams can substitute for the minimum
web reinforcement of RUHTCC beams.

4 Shear mechanism of RUHTCC beams

RUHTCC beams show a shear transfer mode
different from that of RC beams. The shear of RC
beams is resisted mainly through the shear resistance
of the matrix in the compression zone, the aggregate
interlocking action along the diagonal crack and the
doweling action of longitudinal reinforcement.
However, for RUHTCC beams, the use of refined
sand as the aggregate of UHTCC results in complete
loss of aggregate interlocking action. Instead, the
bridging connection action of fibers across diagonal
cracks plays an important role in shear transfer of
RUHTCC beams. The doweling action is greatly
enhanced due to the fine interface bond and defor-
mation compatibility between UHTCC and the rein-
forcement. Therefore, the shear of RUHTCC beams is
carried by UHTCC in the compression zone, rein-
forcing fibers bridging across inclined cracks and the
improved doweling action of the reinforcement. In
addition, the direct shear contribution of web rein-
forcement is important for beams with stirrups.
Fig. 10 shows the shear transfer mode in the inclined
section for RUHTCC beams.
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Fig. 10 Shear transfer mode in the inclined section for
RUHTCC beams

The shear mechanism varies with the shear-span
ratio and the type of matrix materials. For RC beams
without stirrups, the shear mechanism can be ex-
plained by the cantilever teeth-arch model with a tied
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rebar. The cantilever teeth (representing the beam
action mechanism) carry most of the shear for beams
with a shear-span ratio larger than 3.0, whereas the
tied-arch (denoting the arch action mechanism)
transfers most of the shear for beams with a shear-
span ratio lower than 2.0.

For RUHTCC slender beams without stirrups,
the cantilever teeth model seems to be inappropriate.
The cracked UHTCC web (Fig. 4) can still be con-
sidered as a whole due to the remaining tensile stress
across the diagonal cracks and a small crack opening.
UHTCC can carry both tensile and compressive
stress, and UHTCC web subjected to tensile stress can
serve as a web stirrup arranged diagonally. Consid-
ering the diagonal crack extension length of beam
U3-w0 failing in typical shear (Fig. 4c), it seems that
an arch-truss model is reasonable to represent the
shear mechanism of RUHTCC beams. In this model,
the inclined tension and compression members are
both composed of UHTCC web, and the compression
and tension chord members represent UHTCC in the
compression zone and the longitudinal tension rebar,
respectively. For RUHTCC slender beams with stir-
rups, another truss model with two types of tension
web members is used to represent the shear mecha-
nism. In addition to the stirrup as a web member,
UHTCC web between adjacent stirrups can be used as
an inclined tension web member. Fig. 11 shows the
shear models of RUHTCC beams.

Reinforcement

u2-wj/ \
B

Tty
— —

(c)

Fig. 11 Shear transfer mechanism of RUHTCC beams
(a) Truss model for slender beams without stirrups; (b) Truss
model for slender beams with stirrups; (c) Tied-arch model for
short beams

For RUHTCC short beams with a shear-span
ratio lower than 2.0, the shear transfers mainly by the
tied-arch model. The complete tied-arch model can be
obtained only if there is full debonding between the
matrix of beams and the longitudinal rebar. However,
this phenomenon cannot occur for RUHTCC beams
because the fine deformation compatibility ensures
the interface bond between UHTCC and reinforce-
ment. All the diagonal cracks in the flexural-shear
zone extend almost to the compression zone under the
loading point (Fig. 4a). In other words, the tensile
stress of longitudinal reinforcement in the inclined
section is governed by the moment at the mid-span
location. Consequently, the stress gradient of the
longitudinal reinforcement at different locations is
expected to be very small. Based on this point, the
shear mechanism can be represented by a tied-arch
model in which the inclined compression strut is
composed of UHTCC web and the longitudinal rebar
is used as a tension chord member (Fig. 11c).

In this study, qualitative analysis and description
was applied only to the arch-truss model for
RUHTCC slender beams without and with stirrups,
and the tied-arch model for RUHTCC short beams.
But the detailed configuration of these models used to
predict the shear strength of RUHTCC beams is in-
sufficient in relation to, for example, the size and
spacing of UHTCC tension and compression web
members, the inclined angle of web members, and the
mechanical behavior and failure criteria of UHTCC
web and chord members. Therefore, further experi-
mental and theoretical studies are greatly needed.

5 Conclusions

In this study, the shear properties of RUHTCC
beams with different shear-span ratios and web rein-
forcement ratios were investigated through flexural
tests under a concentrated loading at the mid-span
location. The experimental results reported mainly
concern the shear crack characteristics, load-
deflection behavior, stirrup behavior, shear strength,
and shear mechanism. Based on the results reported,
the following conclusions are drawn:

1. RUHTCC beams showed an apparent diago-
nal multiple-cracking pattern regardless of shear-span
ratios and web reinforcement ratios, demonstrating
the prominent crack control capacity of UHTCC in
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shear. No interface splitting crack formed along lon-
gitudinal reinforcement due mainly to the bridging
action of fibers across diagonal cracks and the fine
deformation compatibility between UHTCC and re-
bar of RUHTCC slender beams and the confinement
effect of the support for all the short beams.

2. RUHTCC beams showed a stable crack evo-
lution mode. The maximum shear crack width was
merely 0.3 mm when approaching the ultimate load,
and within 0.1 mm at the service load, which satisfies
the crack width demand in harsh environments. The
total diagonal crack opening was similar in RUHTCC
and RC beams with the same variation parameters,
which indicates the excellent crack dispersion capa-
bility of UHTCC in shear.

3. For RUHTCC beams with a 3.25% rein-
forcement ratio and an a/d of 3.08, the use of a small
web stirrup ratio of 0.25% transformed brittle shear
failure into ductile flexure-shear failure showing
flexural yielding behavior, and a 0.55% stirrup ratio
gave rise to a flexural failure with a ductility index of
5.28. RUHTCC beams with the same reinforcement
ratio and an a/d of 4.11 showed a ductile flexure-shear
failure even if no transverse rebar was provided, and a
configuration of detailing stirrup resulted in final
flexure failure with a ductility index of 4.28. How-
ever, for RUHTCC short beams, the use of a detailing
stirrup did not change the original shear compression
failure mode.

4. The stirrup strain of RUHTCC beams devel-
ops relatively gently during loading due to the tight
diagonal cracking characteristic in beam web.

5. The ultimate shear strength of RUHTCC
beams with an a/d of 3.08 and without stirrups was
higher than that of RC counterpart beams with a web
reinforcement ratio of 0.37%, which further demon-
strates the outstanding shear carrying capacity of
UHTCC itself. Short beams showed an ultimate shear
strength far larger than that of slender beams, due
mainly to crush control of the inclined strut and the
top compression zone in a tied-arch system.

6. RUHTCC beams without stirrups had a ulti-
mate shear strength of 0.48ﬁ’(1/2)—0.63ﬁ’(1/2> MPa, and
a ratio of ultimate shear strength to shear cracking
strength of from 1.77 to 2.82. Thus, the use of
UHTCC as the matrix of beams can substitute for the
minimum web reinforcement.

7. The configuration of web stirrups gave little
enhancement to the ultimate shear strength of

RUHTCC short and slender beams. Thus, no apparent
synergy in shear resistance between UHTCC and
stirrups was apparent for the beams in this study.

8. For RUHTCC beams, except for UHTCC in
the compression zone and the improved doweling
action of longitudinal reinforcement, fibers bridging
across diagonal cracks play an important role in shear
transfer rather than aggregate interlocking along the
diagonal crack. A tied-arch model can be used to
represent the shear mechanism of RUHTCC short
beams and a truss model for RUHTCC slender beams.
For RUHTCC slender beams, UHTCC web subjected
to tension can be considered as inclined tension web
members of a truss model.
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