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Abstract

In this paper, the shear behavior of glass fiber reinforced polymer (GFRP) bars

reinforced ultra-high-performance concrete (UHPC) beams was investigated

through experimental tests. Eight GFRP bars reinforced UHPC I-beams were

tested until shear failure with various stirrup ratio, reinforcement ratio, and

shear span to depth ratio. The shear capacity, load–deflection relationship,

cracking pattern, and failure mode were investigated in detail. The results

show that the shear span to depth ratio has the greatest influence on the shear

capacity of the beam among the three parameters, followed by the stirrup ratio

and reinforcement ratio. The stirrup configuration can significantly improve

the shear capacity and deformation resistance of the beam and can effectively

reduce the stress concentration caused by the uneven distribution of steel

fibers, which affects the failure mode of the beam. Increasing the stirrup ratio

and reinforcement rate can improve the stiffness of the beam after cracking,

and the larger the shear span to depth ratio is, the more significant the

improvement effect is. Moreover, the stirrup enables the full development of

the tensile capacity of GFRP bars. The existing equations of shear strength

from five design codes and seven literatures are compared to the experimental

results of 54 UHPC beams. It showed that the formula from the codes AFGC-

2013 and JSCE-2006 codes is more accurate. The equations by Kwak, Jin, and

Thiemicke's provide the best predictions.

KEYWORD S

glass fiber reinforced polymer rebar, shear behavior, shear span to depth ratio, stirrup
ratio, ultra-high-performance concrete

Discussion on this paper must be submitted within two months of the print publication. The discussion will then be published in print, along with the
authors’ closure, if any, approximately nine months after the print publication.

Received: 11 November 2021 Revised: 23 March 2022 Accepted: 21 May 2022

DOI: 10.1002/suco.202100801

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Structural Concrete published by John Wiley & Sons Ltd on behalf of International Federation for Structural Concrete.

Structural Concrete. 2022;1–18. wileyonlinelibrary.com/journal/suco 1

https://orcid.org/0000-0002-9176-8159
mailto:feng.fu.1@city.ac.uk
mailto:dengxiaofang@gult.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/suco
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsuco.202100801&domain=pdf&date_stamp=2022-06-22


1 | INTRODUCTION

Fiber reinforced polymer (FRP) has the characteristics of
lightweight, high strength, good corrosion resistance, and
high tensile strength.1,2 It can be used as a substitute for
ordinary steel bars in some harsh environments, such as
marine structures and chemical storage tank systems. Ultra-
high performance concrete (UHPC) is a new type of green
and sustainable engineering material with high compactness,
durability, and excellent mechanical properties.3–5 Structural
members using UHPC exhibit better durability, energy dissi-
pation, and fatigue performance compared to conventional
concrete members. UHPC with addition of steel fibers has
been widely used in certain projects required higher
strength,6 better seismic performance, and desirable blast
resistance.7,8 Therefore, it has attracted considerable atten-
tion from engineering and academic communities. In addi-
tion, Due to its high compressive strength, it is more suitable
for prestressed concrete, which can further reduce the weight
of the structure components and costs. Thus, UHPC has
been widely used in bridge engineering—for example, the
60m span Sherbrooke Bridge (Quebec, Canada), and 120m
span Senyu Footbridge (Seoul, South Korea).

Since the advent of ultra-high performance concrete
in 1990s, in the past decade, extensive studies have been
made on the shear capacity of UHPC beams. Wu9 and
Baby10 carried out shear capacity tests on I-shaped UHPC
beams, and found that the fiber orientation has an impor-
tant influence on the shear capacity of beams. Moreover,
Wu proposed a simplified formulation to predict the first
diagonal cracking load and pointed out that the tradi-
tional reinforced concrete calculation model is not suit-
able for ultra-high performance concrete. Chen,11 Xu,12

and Liang13 carried out shear tests on reinforced ultra-
high performance concrete beams. The experimental
parameters were the volume fraction of steel fiber, shear
span to depth ratio, longitudinal reinforcement ratio, and
stirrup ratio. The test results indicated that the dosage of
steel fiber has the greatest influence on the shear strength
of beams and the stirrup ratio has the least influence.
However, the stirrup can affect the failure mode of
beams. According to the test results and existing UHPC
beam shear test data, the shear strength prediction for-
mula based on truss-arch theory is improved. Qi14 and
Xia15 carried out shear capacity tests on high strength
steel (HSS) reinforced ultra-high performance fiber
reinforced concrete (UHPFRC) beams. The test results
showed that shear span to depth ratio, ratio of the steel
fiber, fiber type, concrete strength and stirrup ratio have
improved the shear strength and ductility of UHPFRC
beams, especially post-cracking shear strength and
deformability, of UHPFRC beams. Compared with tradi-
tional concrete, the shear failure of HSS-UHPFRC beams

is not brittle, and the stiffness of the UHPFRC beams at
ultimate state was about 50% of initial beam stiffness.
Voo,16,17 Jin et al.,18 and Zheng19 tested prestressed RPC I-
beams without stirrups. The variables investigated were the
type and dosage of fibers, shear span to depth ratio, stirrup
ratio, and prestress level. The results show that the steel
fiber has bridging effect, and a large number of shear cracks
develop in the web before the critical diagonal cracks
appear, which improves the shear capacity of the beam,
prestressing can effectively improve the cracking load and
stiffness of beams. The bond performance of FRP reinforced
concrete has been found in20,21

Due to the complexity of shear mechanism of
UHPC,22 it is difficult to obtain accepted theoretical cal-
culation formula at present. The French UHPC guideline
AFGC-2013,23 the Japanese UHPC structural design and
construction guideline JSCE-200624 and the Swiss UHPC
standard SIA-2016,25 all based on Strut and Tie theory,
adopt semi-empirical and semi-theoretical shear strength
calculation formulas. Many shear calculation models
have been developed by scholars in various countries,
including limit equilibrium theory, plasticity theory, Strut
and Tie method, pressure field theory and truss-arch
theory.26 Kawk,27 Jin Lingzhi,18 Lim,28 and Thiemicke29

have analyzed and deduced the calculation model of
shear strength of UHPC beams without web reinforce-
ment. However, the calculation results of these formulas
are different and even contradictory, so the accuracy of
the calculation model of shear strength still needs further
verification.

At present, scholars from all over the world have
mainly studied the shear capacity of UHPC beams with-
out stirrup, while the research on the combination of
FRP reinforcement and UHPC is still rare. In view of the
high shear capacity of UHPC, there is a tendency to
arrange less or even no stirrup in UHPC structural mem-
bers, however, it may cause brittle shear failure without
obvious signs. It is not clear whether the stirrup has great
influence on the shear capacity of UHPC beams, espe-
cially on the ductility and failure modes of UHPC beams
with FRP reinforcement. Based on this, in this paper
8 GFRP bars reinforced UHPC beams without and with
stirrup were tested. The shear capacity of UHPC beams is
studied with the stirrup ratio, longitudinal reinforcement
ratio and shear span to depth ratio as variables.

2 | EXPERIMENTAL METHODS

2.1 | Test specimens

To study the shear capacity of GFRP bars reinforced
UHPC beams, eight simply supported I-beams without
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and with stirrup were designed and manufactured with
the reinforcement ratio ρs(1.4%, 2.3%), the stirrup ratio
ρsv(0%, 0.67%) and the shear span to depth ratio λ = a/d
(1.6, 2.6). The beams without stirrup and those with stir-
rup were divided into group 1 and group 2. All beams

have the same cross-sectional dimensions. The details of
beams of cross-sectional parameters and reinforcement,
is shown in Figure 1. The specimens were named follows
the rule that XB-Y-Z, where X stands for beam length
(3700 mm with “S” and 4600mm with “L”), B stands for

FIGURE 1 Details and

reinforcement layout of beams;

(a) section size and

reinforcement arrangement of

beam without stirrup and

(b) section size and

reinforcement arrangement of

beam with stirrup

TABLE 1 Details of GFRP reinforced UHPC beam specimens

Specimen
#

Shear span
a, mm

Web width
bw, mm

Height
h, mm

Tensile
reinforcement

Reinforcement
ratio, ρs %

Stirrup
spacing
C8mm

Stirrup
ratio ρsv % λ

S1-1.4-1.6 750 100 500 2Φ25 1.4 — — 1.6

S1-2.3-1.6 750 100 500 2Φ20+ 2Φ25 2.3 — — 1.6

L1-1.4-2.6 1200 100 500 2Φ25 1.4 — — 2.6

L1-2.3-2.6 1200 100 500 2Φ20+ 2Φ25 2.3 — — 2.6

S2-1.4-1.6 750 100 500 2Φ25 1.4 150 0.67 1.6

S2-2.3-1.6 750 100 500 2Φ20+ 2Φ25 2.3 150 0.67 1.6

L2-1.4-2.6 1200 100 500 2Φ25 1.4 150 0.67 2.6

L2-2.3-2.6 1200 100 500 2Φ20+ 2Φ25 2.3 150 0.67 2.6

Note: Φ is GFRP reinforcement; C is HRB400 grade steel bar.
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presence or absence of web reinforcement (1 means no stir-
rup, 2 means stirrup), Y stands for longitudinal reinforce-
ment ratio and Z stands for shear span to depth ratio. The
specific design parameters of test beam are listed in Table 1.

2.2 | Material properties

2.2.1 | UHPC properties

Test group 1 and 2 beams are casted in the same batch, and
the mixture ratio is shown in Table 2. The properties of the
test specimen materials are summarized in Table 3. The
cubic compressive strength (f 0c) was obtained from 100
mm cubes stressed under load control at a rate of
1.2 MPa/s. The prism compressive strength (fc) was mea-
sured by three (100� 100� 300 mm) prisms using a load
control method with a rate of 1.2 MPa/s. The cylinder
compressive strength (fcc) was obtained from 100mm cyl-
inders under load control at a rate of 1.2 MPa/s. The
cubic tensile splitting strength (fts) was obtained from
tests on three 100 mm cubes at a rate of 0.2 MPa/s.
Finally, the modulus (Ec) was also measured, as the
stress–strain curve was plotted when the 150� 150� 300
mm prisms were tested. All test beams and test blocks
shall be cured under the same standard curing condi-
tions, and the test beams and test blocks shall be loaded
at the same time.

2.2.2 | GFRP and HRB400 properties

The GFRP bars and HRB400 bars used in the test are pro-
duced by Nanjing Feng Hui Composite Material Co., Ltd.

and Jin sheng Steel Co., Ltd., respectively. The details of
reinforcing mesh and reinforcing bars are showed in
Figure 2. Table 4 shows the mechanical properties of
GFRP bars and HRB400 bars measured by standard
tensile test.

2.3 | Loading system and measurement
scheme

2000 kN hydraulic jack and distribution beam are used to
apply symmetrical concentrated load, and JHBU pressure
sensor with total range of 1500 kN is used to record the
applied load in real time. When the test beam is damaged
or the load drops to 80% of the ultimate bearing capacity,
the loading process will be stopped. In order to ensure
the accuracy of cracking load observed in the early stage
of the test and the accuracy of the test curve at the peak
load, loading is applied by increment. The loading system
is shown in Figure 3, where Pu is the estimated shear
strength.

During the test, the following data were collected:
(1) Five dial gauges were arranged at the top of the beam
at the support, the bottom of the beam at the
corresponding loading point and the bottom of the mid-
span beam to measure the vertical displacement; (2) Four
rectangular strain rosette are arranged diagonally from
the bearing point at the bottom of the beam to the load-
ing point, five gauges are arranged vertical arrangement
of beam midspan, and two gauges are arranged at the top
of the beam midspan, so as to measure the concrete
strain at the diagonal direction the normal strain and the
strain at the top surface; (3) In order to obtain the bend-
ing deformation of the beam in the loading process,

TABLE 2 Proportioning of UHPC

Material consumption, kgm�3

Quartz sand

Cement Finea Mediumb Coarsec Silica fume Superplasticiser Steel fiber Water

1054.6 210.9 843.6 210.9 316.4 21.1 156 242.5

Note: Straight section steel fiber is used, with diameter D = 0.2 mm and length L = 13 mm.
aSize 0.16–0.32 mm.
bSize 0.3–0.6 mm.
cSize 0.6–1.25 mm.

TABLE 3 Mechanical properties of

test specimens
Test group # f 0c, MPa fc, MPa fcc, MPa fts, MPa Ec, MPa

1 133.5 114.5 102.2 6.4 45.6

2 136.8 111.9 103.4 6.5 45.3

Abbreviations: f 0c, cubic compressive strength; fc, prism compressive strength; fcc, cylinder compressive
strength; fts, cubic tensile splitting strength; Ec, modulus of elasticity.
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gauges are arranged on the surface of GFRP at the sup-
port, the loading point, the midpoint of the shear span
and the middle of the span; (4) in the shear span, the
gauges are arranged on the surface of stirrup diagonally
from the bearing point to the loading point. On the one
hand, the contribution of stirrups to the shear resistance
of diagonal direction can be examined, on the other
hand, more accurate cracking load value can be obtained.
(5) The width and cracks patterns on the beam surface
under various loads are observed, recorded, and painted.
The strain and deflection data of the test beam were col-
lected by the DH3816N static data acquisition system.

The ZBL-F103 crack width observation instrument with a
precision of 0.02 mm was used to observe the crack
width. The placement of measuring points of LVDT and
strain gauges are shown in Figure 4. Similar test setup
can be found in30–33

3 | TEST RESULTS AND
DISCUSSION

Table 5 provides a summary of the test results. Each char-
acteristic load has considered the deadweight of the test

FIGURE 2 GFRP

reinforcement mesh

TABLE 4 Mechanical properties of GFRP reinforcement and HRB400 bars

Types
Diameter,
mm

Cross
sectional
area, mm2

Yield
strength,
Mpa

Ultimate tensile
strength, fy, Mpa

Elastic
modulus,
Ef, Gpa

Yield
strain,
mm/mm

Ultimate
strain,
mm/mm

GFRP 25 490.9 — 778.4 46.2 — 0.018

GFRP 20 314.1 — 595.3 46.5 — 0.019

HRB400 8 50.3 447.2 648.6 200 0.0022 —

FIGURE 3 Load control

CAO ET AL. 5



beams. In order to conveniently calculate the influence of
diagonal cracks on the shear strength of beams and more
accurately compare the cracking performance of beams,
the load after the main diagonal cracks is completely
formed is defined as the cracking load of shear cracking
load. Failure modes are defined based on observing the
actual failure of beams.

3.1 | Crack patterns and modes of failure

Figure 5 shows the crack development and failure modes
of beams with different longitudinal reinforcement and
stirrup ratio. The failure modes of beams are listed in

Table 5. The failure modes of L1-1.4-2.6 and L2-1.4-2.6
beams show that the stirrups prevent the beams from
shear failure. This is because the stirrups “bridges” the
concrete on both sides of the diagonal crack, effectively
preventing the formation of the diagonal crack and limit-
ing its expansion, increasing the dowel action of the
GFRP bars and the height of the concrete shear zone,
that is, enhancing the shear strength of beams. The devel-
opment of diagonal cracks is limited by stirrups, while
the development of flexural cracks is mainly affected by
GFRP bars. Therefore, the arrangement of stirrup
improves the shear strength of the beam, which makes
its flexural capacity lower than its shear capacity. With
the increase of load, the tensile GFRP reinforcement at a

FIGURE 4 Layout of measuring

points and test setup; (a) measurement

point arrangement and loading device

and (b) test setup

TABLE 5 Test results and failure modes of test beams

Specimen # PF,cr, kN PD,cr, kN Pu, kN Vu, kN Δcr, mm Δu, mm Failure mode

S1-2.3-1.6 107.5 380.2 750.2 375.1 12.2 38.05 SCF

L1-1.4-2.6 80.5 226.4 444.2 222.1 18.8 62.4 DTF+ STF

L1-2.3-2.6 86.2 305.9 576.1 288.05 22.8 68.1 DTF+ STF

S2-1.4-1.6 105.6 345.6 801.4 400.7 12.4 38.5 SCF+ SR

S2-2.3-1.6 112.1 401.4 975.2 487.6 12.2 42.6 SCF+ SR

L2-1.4-2.6 90.6 275.8 544.3 — 26.7 69.4 RR

L2-2.3-2.6 94.4 311.5 760.4 380.2 20.3 72.4 SCF+ SR

Abbreviations: PF,cr, flexure cracking load; PD,cr, shear cracking load; Pu, peak load; Vu, shear strength (Vu = Pu/2); Δcr, flexure cracking deflection; Δu, peak
deflection; DTF, diagonal tension failure; RR, reinforcement rupture; SCF, shear compression failure; STF, shear tension failure; SR, stirrup rupture.
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flexural crack in the pure flexural section of the beam
has a strong stress concentration phenomenon compared
with other cracks, that is, the tensile deformation of
GFRP reinforcement and the width of flexural crack
increases rapidly. Finally, the fiber on the surface of
GFRP reinforcement is torn, resulting in flexural failure
of the beam, such as beam L2-1.4-2.6.

Shear failure were observed for all the UHPC beams
except beam L2-1.4-2.6, beams S1-2.3-1.6, S2-1.4-1.6,
S2-2.3-1.6, and L2-2.3-2.6 first formed multiple vertical
cracks in the pure bending zone and extended to the
compression zone as the load increased. Subsequently,
many bending-shear type cracks appeared at the bottom
of the lower flange in the shear-span zone and a few
web-shear type diagonal cracks observed in the middle of
the web of beams. Immediately afterwards, a certain
web-shear type diagonal crack rapidly extended to the
bearing point and loading point, and several parallel
diagonal cracks appeared adjacent to it. Finally, after the
main diagonal crack is formed, the stirrup is pulled off or
the beam is sheared off directly at the main diagonal
crack with the sound of the steel fibers being pulled out.
Unlike Shear compression failure, diagonal tensile failure
in beams (S1-1.4-1.6, L1-1.02-1.6, L1-1.75-1.6) is com-
bined with shear tensile failure. When the lower end of
the main diagonal crack develops to the GFRP bar and
moves downward under the load, causing the tensile
GFRP bar and the diagonal crack to develop horizontally
along the skin of the GFRP bar due to bond loss.
Resulting in the final failure of the diagonal crack is the
main tensile stress-controlled concrete pull-off failure, as

shown in Figure 5. While the diagonal tensile failure is
rapid and sudden at the time of failure, without obvious
signs of failure.

When shear failure occurs in Figure 5, it is found that
after beam is completely broken or the stirrup is pulled
off, the UHPC beam is no longer subjected to shear force.
The shear force at the main diagonal crack wsnill be
resisted entirely by the GFRP bar, which has low modu-
lus of elasticity and poor shear resistance, resulting in the
bottom GFRP reinforcement being sheared off instanta-
neously. Compared with the failure mode of UHPC
beams with steel bar under similar conditions, none of
the bottom longitudinal bars were sheared off after the
shear failure of UHPC beams with steel bar, which was
still able to connect the concrete on both sides of the
main diagonal crack.34 This indicates that the GFRP bar
reinforced UHPC beams are more brittle, less ductile.

It can be observed from Figure 5 that the ranges of
the inclination angles of the main diagonal cracks in the
test UHPC beams without and with stirrup at the failure
are 42� to 67� and 40� to 46�, respectively. The steel fiber
distribution has an effect on the shear capacity of the
ultra-high performance concrete beams, and the diagonal
crack angle depends on the direction of the principal ten-
sile stress, which is influenced by the state of steel fiber
distribution. Therefore, the inclination angle of the main
diagonal crack in the beams without stirrup is large and
random, while the stirrup can weaken the effect of stress
concentration generated by the uneven distribution of
steel fibers, resulting in a smaller inclination angle of the
main diagonal crack in the beams with stirrup and a

FIGURE 5 Comparison of

failure modes of GFRP bars

reinforced UHPC beams under

different reinforcement ratio

and shear span to depth ratio;

(a) UHPC beams without stirrup

and (b) UHPC beams with

stirrup
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tendency to increase with the increase of longitudinal
reinforcement ratio.

3.2 | Load–deflection relationship

Figure 6 presents the relationship of mid-span deflection
with the applied load for the UHPC beams with and
without stirrup. The different longitudinal reinforcement
and stirrup ratio are compared in the figure. Generally,
the load–deflection curves might be specified into three
different stages. The first stage is the pre-cracking stage
prior to the occurrence of first flexural crack. In which,
the behavior of the curves for the beams with or without
stirrup were approximately the same and linear with sim-
ilar stiffness. The second stage is from the first flexural
crack to the full formation of main diagonal cracks.
Accompanied by the release of internal energy, the beam
stiffness degrades, the slope of the curve decreases signifi-
cantly, and the stationary point occurs. At this stage, it
enters the elastoplastic state, and the deflection curve
trend of beams with and without stirrup is still roughly
the same. The third stage is the formation of the main
diagonal crack until failure occurs, the height of the
shear compression zone is basically unchanged, the beam
stiffness decays less, and the deflection growth rate
remains stable as the load increases. This is consistent
with the findings of Yang.35 As can be observed from
Figure 6a,b, the slope of the deflection curve decreases
for beams without stirrup compared to beams with stir-
rup, due to the restraint provided by the stirrup for the
concrete and longitudinal GFRP bars.

Figure 6a,b shows the decrease of beam mid-span
deflection with increasing the longitudinal reinforcement
or stirrup ratio for the same load. The slope of the load–
deflection curve of the L = 4600 mm beam increases
more significantly than that of the L = 3700 mm beam
under the same parameters, which indicates that the stiff-
ness of the L = 4600 mm beam is more influenced by the
longitudinal reinforcement or stirrup ratio. This is due to

the greater shear span to depth ratio and lower bending
line stiffness of the L = 4600mm beam, which results in
greater deflection, making the pinning effect of the
increased longitudinal reinforcement on the UHPC beam
and the restraining effect of the stirrup on the UHPC and
GFRP bars more pronounced.

3.3 | Effect of longitudinal
reinforcement or stirrup ratio on crack
width

Most design codes for steel reinforced concrete structures
limit the allowable flexural crack width to protect steel
reinforcing bar and stirrup from corrosion and to main-
tain the durability of the structure. Other reason to con-
trol the crack width includes aesthetic and shear effects.
The Japan Society of Civil Engineers (JSCE)36 has a maxi-
mum allowable crack width limit of 0.5 mm when con-
sidering aesthetics only. CAN/CSA S806-1237 allows
crack widths of 0.5 mm for exterior exposure and 0.7 mm
for interior exposure, while ACI 440–1538 recommends
that the CAN/CSA S806-12 limits be used for most cases.
However, there is no explicit limit required for the shear
diagonal crack width.

The effect of longitudinal reinforcement or stirrup
ratio on crack width was considered in this study.
Figure 7 shows the relationship between the shear load
and the measured main shear diagonal crack width.
From Figure 7a, it can be seen that the shear diagonal
crack width of L = 3700 mm beam decreases with
increasing longitudinal reinforcement or stirrup ratio at
the same load, and the effect of stirrup ratio is more obvi-
ous. This is because the HRB400 stirrup restricts the
development of microcracks inside the concrete, thus
limiting the crack width on the surface of the beam.
From Figure 7b, it is found that the crack development
pattern of L = 4600 mm beam and the effect of longitudi-
nal reinforcement or stirrup ratio on shear diagonal crack
are basically the same as those of L = 3700 mm beam,

0
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FIGURE 6 Load versus mid-span

deflection curve of beam with and

without stirrup (PD,cr is the load when

the main diagonal crack of the beam

without stirrup is fully formed);

(a) L = 3700mm and (b) L = 4600mm
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but the slope of shear load-shear diagonal crack width
curve of L = 4600 mm beam is smaller as well as the
maximum crack width is larger after the diagonal crack
is fully formed, that is, the stiffness loss and deformation
of L = 4600 mm beam are larger.

The shear diagonal crack widths measured at 90% of
the ultimate load for S1-1.4-1.6, S1-2.3-1.6, S2-1.4-1.6,
S2-2.3-1.6, L1-1.4-2.6, L1-2.3-2.6, L2-1.4-2.6 and L2-2.3-2.6
are 3.8, 3.2, 2.9, 2.5, 4.7, 3.9, 2.45 and 2.1 mm. In addition,
the decreases in the width of the main shear diagonal
crack with increasing longitudinal reinforcement ratio
were 15.8% and 13.8% for the beams without and with
stirrup at L = 3700mm, respectively, while the decreases
were 17.0% and 14.3% for the beams without and with
stirrup at L = 4600 mm, respectively. The decreases in
the width of the main shear crack with increasing rein-
forcement ratio for the beams with low and high rein-
forcement ratio at L = 3700 mm. The main shear
diagonal crack width of beams with low reinforcement
ratio and high reinforcement ratio of L = 3700mm
decreases by 23.7% and 21.9% respectively with the
increase of stirrup ratio, while that of beams with low
reinforcement ratio and high reinforcement ratio of
L = 4600 mm decreases by 47.9% and 46.2% respectively,
which shows that the diagonal crack width of beams with
low reinforcement ratio is more affected by stirrup ratio
and the restraining effect of stirrup on diagonal crack is
more obvious.

3.4 | Reinforcement and concrete strain

Figure 8 shows the relationship between load and GFRP
reinforcement mid-span strain and concrete strain at the
top of the span for GFRP reinforced UHPC beams with-
out and with stirrup. Generally, the load–strain curves of
GFRP bars and concrete for GFRP reinforced UHPC
beams with and without stirrup follow the same trend in
their load–span deflection curve. Before cracking, the
load–strain curves are approximately linear, while the

beam stiffness suddenly decreases after concrete crack-
ing. The slope of the corresponding load–strain curves
suddenly decreases and the curves show a turning point.
It is clearly seen from Figure 8a,b that the concrete and
GFRP reinforcement strains of the configured stirrup and
the corresponding no stirrup beams follow the same
development trend, while the concrete and GFRP rein-
forcement strains decrease with increasing reinforcement
ratio under the same load. This is because the height of
the concrete shear compression zone increases signifi-
cantly with the increase of the longitudinal reinforce-
ment ratio after beam cracking, resulting in a higher
stiffness of the high reinforcement beam than the low
reinforcement beam.

In addition, the tensile strains of GFRP bars in the
range of 9246.2–12,965.4 με and 13,959.0–16,014.1 με for
the beams with L = 3700mm and 4600 mm under shear
damage, respectively. This indicates that the tensile
strains of GFRP bars in shear damage do not reach the
ultimate tensile strains and are 51.37%–72.03% of the ulti-
mate strains and 77.55%–88.97%. This is due to the fact
that the beam is designed for shear damage before bend-
ing damage. In contrast, the L2-1.4-2.6 beam suffered
bending damage due to insufficient reinforcement ratio,
and the maximum strain of GFRP bars was 17065.5 με,
which had reached the ultimate tensile strain. It is note-
worthy that the strain of GFRP tendons changes greatly
when the shear damage occurs in the beam configured
with stirrup, and the tensile properties are fully utilized.
However, after the damage, the GFRP tendons fracture
directly, and the beam has no excess bending deforma-
tion performance and excessive brittleness.

3.5 | Load–strain of stirrup

Figure 9 shows the shear load–stirrup strain relationship
for the GFRP reinforced UHPC with stirrup strain beam.
As shown in the figure, the curve can be divided into
three stages, the stirrup strain grows linearly and not
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more than 100 με from the early stage of loading to the
appearance of the shear diagonal crack. After the appear-
ance of the shear diagonal crack, the stirrup strain
increases suddenly, but because of the bridging effect of
the steel fibers in the UHPC at this time, the crack width
is small, that is, the UHPC can still withstand a certain
tensile stress after cracking, and the stirrup strain grows
slowly. When the critical shear diagonal crack is formed,

with the increase of the crack width, the steel fibers are
continuously pulled out, the shear force on the stirrup is
gradually increased, and the stirrup strain increases
sharply. When the ultimate load is approached, the stir-
rup strain increases to 7000–9000με, then gradually
increases until the stirrup is pulled out and the beam is
Shear compression failure. Moreover, combined with the
damage modal diagram, it can be observed that the main
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deformation of the stirrup is at the shear diagonal crack,
and the closer the stirrup strain gauges are to the main
diagonal crack, the higher the strain value is, and the
sudden increase of strain only occurs at the stirrup inter-
secting with the shear diagonal crack. The strains in the
stirrups of the L = 4600 mm beams are smaller compared
to those of the L = 3700mm beam. This is because the
Shear-to-span ratio of the L = 4600 mm beam is relatively
large, the shear span section is longer, and the inclination
angle of the main diagonal crack at the time of beam fail-
ure is around 40�, and there are more stirrups reinforce-
ment intersecting the diagonal crack. According to
Figure 9b, we can see that stirrup gauges 1–4 are not at
the main diagonal crack, so the strain of stirrup gauges
1–4 is smaller.

3.6 | Effect of different parameters on
shear strength of UHPC beams

Figure 10 shows the effect of different longitudinal rein-
forcement ratio, stirrup ratio and shear-to-span ratio on
the shear strength of GFRP-reinforced UHPC beams.
According to Figure 10a, it can be seen that for beams
with shear-to-span ratio of λ = 1.6 (λ = 2.6), the shear
strength of beams without and with stirrup at high rein-
forcement ratio increased by 13.4% and 21.7% (29.6% and
39.7%), respectively, compared to beams with low rein-
forcement ratio. This indicates that the pinning action of
the longitudinal reinforcement has an effect on the shear
strength of the UHPC beam and the contribution of the
longitudinal reinforcement should be properly consid-
ered in the calculation model. In Figure 10b, it is shown
that the configuration of stirrup increases the shear
strength of beam with longitudinal reinforcement ratio of

ρs = 1.4% and ρs = 2.3% by 21.2% and 30.0% (22.4% and
31.9%) for a shear-to-span ratio of λ = 1.6 (λ = 2.6),
respectively. This is due to the fact that stirrup is one of
the main factors affecting beam shear strength, and the
ability to limit cracks by stirrup, the beam shear strength
with stirrup is greatly improved. The data in Figure 10c
show that the shear strength of beams without stirrup
(with stirrup) with reinforcement ratio of ρs = 1.4% and
ρs = 2.3% is reduced by 32.8% and 23.2% (32.1% and
22.0%), respectively, when the shear-to-span ratio is
increased from 1.6 to 2.6. The analysis shows that what is
really related to shear failure is the diagonal tensile stress
generated by the combination of shear stress and longitu-
dinal bending positive stress. Increasing the reinforce-
ment rate can effectively reduce the longitudinal bending
stress, so increasing the reinforcement rate can weaken
the effect of shear-to-span ratio.

4 | COMPARISONS OF EXISTING
EQUATIONS FROM THE CODES AND
AVAILABLE LITERATURE

As the shear damage mechanism of reinforced concrete
beams is very complex. There are many factors affecting
the shear strength, and these factors are also correlated to
each other, and some factors cannot be derived from the
exact quantitative relationship. Therefore, it is very diffi-
cult to accurately predict the shear strength of the beams.
The shear strength of UHPC beams has further complica-
tion, due to the need to include the contribution of the
“bridging” effect of the steel fibers to the shear strength
of the beams, which further increases the complexity of
the calculation model from the mechanical theory.
Therefore, based on the experimental data in this paper
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TABLE 6 Shear strength models of UHPC beams for different codes and proposed equations

Source Shear strength models Parameters

ACI318M-1440 Vu ¼
ffiffiffiffi
f 0c

q
þ120ρs

d
a

� �h i
bwd
7 þAsvf yvd

s
f 0c is the cubic compressive strength; ρs is the longitudinal
reinforcement ratio; a, bw and d are the length of the
shear span, effective width and effective depth of beam,
respectively; Asv is cross sectional area of stirrup; f yv is

the yield strength of stirrup; s is stirrup spacing.

AFGC-201323 VRd ¼ 0:21
γcf γE

ffiffiffiffiffiffi
f cc

p
bwdþ bwzσRd,f

tanθ þAsvf yvz
s

σRd,f ¼ 1
K

1
ωlim

R ωlim

0 σ ωð Þdω
γcf γE is the structural safety factor, generally taken as 1.5;

fcc is cylinder compressive strength; z is the length of the
internal force arm, taken as z = 0.9d; σRd,f is the residual

tensile strength of UHPC fiber; K is the influence factor
considering the direction of steel fiber, generally taken as
1.0; ωlim denotes the limit value of crack width; σ ωð Þ
denotes the relationship between UHPC crack width and
tensile stress; θ is the angle between the principal
compressive stress and the beam axis.

Eurocode 241 VRd ¼ 0:18k 100ρsf c
0ð Þ1=3

h i
bwdþAsvf yvz

s cotθ k¼ 1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi
200=d

p
, other parameters are the same as the

above specifications.

JSCE-200636 Vu ¼ 0:18
γb

ffiffiffiffiffiffi
f cc

p
bwdþ f vdbwz

γbtanθ
þAsvf yvz

s
f vd is the design ensile strength of UHPC at shear diagonal
cracks, other parameters with the above specifications.

SIA-201625 VRd ¼VRd,U þVRd,S

VRd,U ¼ 0:5bwz f Utedþ f Utudð Þ
tanθ

VRd,S ¼Asv

s
� z � f yv � cotθþ cotβð Þ � sinβ

f Uted ¼
ηt �ηhU �ηk � f Utek

γU
, f Utud ¼

ηt �ηhU �ηk � f Utuk
γU

β is the angle between stirrup and beam axis; f Uted and
f Utud are tensile elastic ultimate strength and tensile
strength of UHPC, respectively; where ηt is a reduction
factor (generally 1.0) considering the length of load
action, ηhU and ηk are a fiber distribution coefficient
considering the thickness of test specimen and casting
process, respectively; γU is a partial coefficient of
structural safety; f Utek and f Utuk are the tested standard
values of tensile elastic ultimate strength and tensile
strength of UHPC. Other parameters are the same as
above.

Kwak et al.27 vu ¼ 2:1 � e � f 0:7spfc ρs
d
a

� �0:22þ0:8v0:97b

h i
bwdþAsvf yvz

s
e is arch action factor (1 for a/d> 3.5 and 3.5d/a for a/d>
3.5); fspfc is computed value of split tensile strength of
concrete (f spfc ¼ f 0c= 20� ffiffiffiffi

F
p� �þ0:7þ ffiffiffiffi

F
p

,
vb ¼ 0:41 � τ �F); τ represents the average bond stress
between straight steel fiber and matrix; referring to the

research results of Ali et al.42 (τ¼ 0:6
ffiffiffiffiffiffi
f cc

p
); F is the fiber

factor (F¼ L=Dð Þ �ρf �df ); L and D are the length and

diameter of steel fiber respectively, df is bond factor of

steel fiber (0.5 for straight, 0.75 for crimped, 1.0 for
hooked).

Ashour39 vu ¼ 2:11 � ffiffiffiffiffiffi
f cc

3
p þ7F

� �
ρs d=að Þ1=3
h i

bwdþAsvf yvz
s

Same parameters as above.

Thiemicke29 Vu ¼VcþVsþVf

Vc ¼ 0:15
γ1

k1 100ρsf c
0ð Þ1=3

� �
bwd

Vs ¼ k2f yzcot θð Þ
Vf ¼ f tbzcot θð Þ

γ1 design safety factor contributing to UHPC shear
strength; k1 is prestress enhancement coefficient, and
reinforced concrete is taken as 1.0; k2 is the calculation
coefficient of stirrup's contribution to shear strength;
Other parameters are the same as above.

Jin18
Vu ¼ 0:07

λ�0:852
þ49:086ρs

f cc

� �
f ccbwd 1þβf ρf

	 


0:755þ0:054Adð ÞþAsvf yvz

s

λ is the shear span to depth ratio; βf is the influence

coefficient of steel fiber on shear strength; ρf is the

volume ratio of steel fiber; Ad is the shape adjustment
factor (Ad ¼ λ for 1:0< λ<2:5, Ad ¼ 2:5 for λ≥ 2:5), refer
to Rebeiz.43
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TABLE 7 Characteristics of beams used for comparison of design methods

Reference No.
f 0c,
MPa

fcc,
MPa

bw,
mm

d,
mm λ

ρs,
% θ

Asv,
mm2

s,
mm

fyv,
MPa

ρf,
% Vexp

This study 1 133.5 102.2 100 465 1.60 1.4 60� — — — 2 330.7

2 133.5 102.2 100 465 1.60 2.3 60� — — — 2 375.0

3 133.5 102.2 100 465 1.60 1.4 50� — — — 2 222.3

4 133.5 102.2 100 465 1.60 2.3 67� — — — 2 288.1

5 136.8 103.4 100 465 1.60 1.4 50� 100.5 150 447 2 400.5

6 136.8 103.4 100 465 1.60 2.3 45� 100.5 150 447 2 487.6

7 136.8 103.4 100 465 1.60 2.3 40� 100.5 150 447 2 380.2

Altug Yavas34 8 121 96.8 50 225 3.10 0.8 35� — — — 0 22.9

9 121 96.8 50 225 3.10 1.2 38� — — — 0 21.6

10 121 96.8 50 225 3.10 1.7 40� — — — 0 25.3

11 121 96.8 50 225 3.10 2.2 45� — — — 0 33.4

Zagon44 12 137.6 110.1 60 380 2.50 3.16 32� — — — 1 121.0

13 137.6 110.1 60 380 2.50 3.16 35� — — — 1 160.0

14 137.6 110.1 60 380 2.50 3.16 45� — — — 1 70.0

15 137.6 110.1 60 380 2.50 3.16 38� — — — 1 129.0

16 137.6 110.1 60 380 2.50 3.16 47� — — — 1 119.0

17 137.6 110.1 60 380 2.50 3.16 45� — — — 1 189.0

18 137.6 110.1 60 380 2.50 3.16 45� — — — 1 80.0

19 137.6 110.1 60 380 2.50 3.16 40� — — — 1 154.0

Tamas
meszoly45

20 185.2 166.7 60 310 3.2 5.1 33� 157.1 125 594 2 540.0

21 184.2 165.8 60 310 3.2 5.1 35� 157.1 125 594 2 578.0

22 154.3 138.9 60 310 3.5 5.1 31� 157.1 125 594 0 337.0

23 172.9 155.6 60 310 3.5 5.1 32� 157.1 125 594 0 369.0

24 169.7 152.7 60 310 3.5 5.1 33� 157.1 200 594 2 443.0

25 162.8 146.5 60 310 3.5 5.1 29� 157.1 200 594 2 516.0

26 169.8 152.8 60 310 3.5 5.1 33� 157.1 200 594 1 445.0

27 168.2 151.4 60 310 3.5 5.1 30� 157.1 200 594 0 300.0

28 170.4 153.4 60 310 3.5 5.1 30� 157.1 300 594 2 446.0

29 165.6 149.0 60 310 3.5 5.1 31� 157.1 300 594 1 398.0

30 174.9 157.4 60 310 3.5 5.1 30� 157.1 300 594 0 253.0

31 160.8 144.7 60 310 3.5 5.1 23� — — — 0 82.0

32 169.6 152.6 60 310 3.5 5.1 30� — — — 0 63.0

33 166.6 149.9 60 310 3.5 5.1 33� — — — 0 51.0

Jin18 34 133.1 106.5 70 350 2.0 2.9 35� — — — 0.75 224.1

Xu12 35 141 126.9 120 320 1.73 6 47� 157.1 500 572 4.5 706

36 122 109.8 120 320 2.08 6 45� 157.1 300 572 4.5 431

37 122 109.8 120 320 2.08 6 40� 157.1 200 572 4.5 511

Chen11 38 108.2 97.38 150 275 1.2 5.23 40� 56.5 200 465.7 0 445

39 118 106.2 150 275 1.2 5.23 33� 56.5 200 465.7 1 645

40 132.3 119.07 150 275 1.2 5.23 37� 56.5 200 465.7 2 720

41 164.8 148.32 150 275 1.2 5.23 31� 56.5 200 465.7 3 845

42 118 106.2 150 275 1.2 5.23 41� 56.5 200 465.7 1 580

(Continues)
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TABLE 7 (Continued)

Reference No.
f 0c,
MPa

fcc,
MPa

bw,
mm

d,
mm λ

ρs,
% θ

Asv,
mm2

s,
mm

fyv,
MPa

ρf,
% Vexp

43 118 106.2 150 275 1.2 5.23 38� 56.5 100 465.7 1

44 118 106.2 150 275 1.2 5.23 35� 56.5 150 465.7 1 655

45 118 106.2 150 275 1.2 5.23 38� 56.5 200 465.7 1 560

46 118 106.2 150 275 1.2 5.23 42� 56.5 200 465.7 1 490

47 118 106.2 150 275 1.4 5.23 33� 56.5 200 465.7 1 525

48 118 106.2 150 275 1.6 5.23 45� 56.5 200 465.7 1 475

Yang35 49 174.5 157.05 50 640 2.5 1.17 30� — — — 1 488

50 188.2 169.38 50 640 2.5 1.17 30� — — — 1.5 527

51 185.5 166.95 50 640 2.5 1.17 46� — — — 2 712

52 168.9 152.01 50 640 3.4 1.17 55� — — — 1 279

53 193 173.7 50 640 3.4 1.17 30� — — — 1.5 404

54 188.5 169.65 50 640 3.4 1.17 44� — — — 2 437

FIGURE 11 Correlations of Vexp and Vcal
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and the experimental data of other scholars, the formulas
of UHPC from codes of many countries and many
scholars' are compared and analyzed.

Table 6 gives the formula of shear strength of UHPC
beams for different codes and available literature. For the
no stirrup beams, the calculation formula mainly consid-
ered the “bridging” effect of UHPC and steel fibers. For
the contribution of stirrup, the calculation formula is
basically the same, that is, therefore, on the basis of the
shear strength calculation model for beams without stir-
rup by Kwak,24 Ashour,34 and Jin,15 the shear strength
calculation model for beams with stirrup can be obtained
by adding the web calculation formula. Except for
ACI318M-1435 and Eurocode 2,36 all the calculated
models consider the contribution of steel fiber “bridging”
to the shear strength of beams, and the results of Altug
Yavas34 and Yang et al.35 showed that the shear strength
of beams can be increased by 120%–200% for dosage of
steel fibers from 0% to 2.0%, so the steel fibers are not
negligible in the shear resistance of beams.

The test results of 7 beams from this study and
47 beams from the literature of 7 different scholars were
used to validate the calculated models of ACI318M-14,
AFGC-2013, Eurocode 2, JSCE-2006, Swiss SIA-2016,
Kwak, Ashour, Thiemicke, and Jin. Table 7 lists the
parameters and shear strength of 54 ultra-high perfor-
mance concrete beams with long straight steel fiber and
in the range of 0% to 2% admixture for all beams.
Figure 11 shows the correlation between the calculated
and tested values of shear strength for 54 beams with dif-
ferent codes and proposed equations. The calculated
values do not take into account the safety factor in order
to better reflect the accuracy of the code calculation for-
mula. The diagonal solid line in the figure indicates the
line with zero tolerance (i.e., Vcal = Vexp) and the diago-
nal dashed line indicates the line with 15% tolerance

(Vcal = 0.85Vexp, Vcal = 1.15Vexp). The correlation
between the predicted and experimental values of each
computational model can be clearly seen in Figure 11.

The influencing factors of design methods are sum-
marized in Table 8. The reasons for the large variability
of the calculation results of design methods are derived
through analysis and comparison. The main statistical
parameters are mean and coefficient of variation (COV),
the former is an indication of accuracy but cannot be
relied upon to measure the accuracy as it is varied based
on safety margins of the design equations, while the lat-
ter is a measure of precision.

1. The mean value of V exp=V cal of ACI318M-14 and
Eurocode 2 are 3.21 and 2.53 respectively, and the
COV are 0.62 and 0.60 respectively. ACI318M-14 and
Eurocode 2 codes are applicable to ordinary concrete
below C80, but the strength of concrete in this test is
much greater than C80. The difference between ordi-
nary concrete matrix and UHPC matrix is large, these
design equations does not consider the bridging effect
of steel fiber, and the calculation results are too con-
servative and the dispersion is the largest, which is not
suitable to be applied to the prediction of shear
strength of UHPC beam.

2. The mean value of V exp=V cal of Ashour's equation is
2.29 and the COV is 0.57. This theoretical formula is
based on the derivation of high-strength fiber con-
crete, which underestimates the shear contribution of
UHPC and needs further study.

3. The mean value of V exp=V cal of AFGC-2013 and SIA-
2016 are closer to 1 than those of ACI318M-14,
Eurocode 2 and Ashour, with mean values of 1.58 and
1.78, respectively, and COV of 0.42 and 0.39, respec-
tively, which are more conservative predictions. These
design equations consider the contribution of UHPC

TABLE 8 Analysis of influencing factors of the design methods

Design methods Mean COV

Influencing factors

UHPC matrix Steel fiber Longitudinal bar Size effect

ACI318-14 3.21 0.62 √ � √ �
AFGC-2013 1.58 0.42 √ √ � �
Eurocode 2 2.53 0.6 √ � √ √

JSCE-2006 1.32 0.44 √ √ � �
SIA-2016 1.78 0.39 √ √ � �
Kawk 1.37 0.38 √ √ √ �
Ashour 2.29 0.57 √ √ √ �
Thiemicke 0.95 0.38 √ √ √ √

JIN 1.23 0.53 √ √ √ �
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matrix and steel fiber to the shear strength, but do not
consider the influence of longitudinal reinforcement.
This study shows that the longitudinal reinforcement
has a greater influence on the shear strength of UHPC
beams.

4. The mean value of V exp=V cal of JSCE-2006 code is
1.32, and the COV is 0.44. This theoretical formula is
optimized based on the shear strength of AFGC-2002
specification, considering the bridging effect of UHPC
matrix and steel fiber on the shear contribution. The pre-
diction result of JSCE-2006 is in good agreement with the
test value, and the dispersion is relatively good.

5. The mean value of V exp=V cal of Jin's equation is 1.23
and the COV is 0.53. This theoretical formula is
obtained by using a semi-empirical and semi-
theoretical method, taking into account the factors
such as UHPC matrix, steel fibers and longitudinal
reinforcement, etc., and the mixture ratio of test speci-
mens in Jin's paper is the same as that in this paper.
Therefore, the predicted values of this calculation
model match with the test values, but some of the data
dispersion is large.

6. The mean value of V exp=V cal of Kwak and Thiemicke's
equations are 1.37 and 0.95 respectively, and COV are
0.38 and 0.38 respectively. These theoretical formulas
consider more influencing factors and analyze the
shear contribution of each influencing factor more
comprehensively. The predicted values are most con-
sistent with the test values with the least dispersion,
which can predict the shear bearing capacity of UHPC
beams well.

5 | CONCLUSIONS

Shear capacity tests were conducted on eight UHPC I-
shape beams to analyze the effects of reinforcement ratio,
stirrup ratio and shear-to-span ratio on the shear strength
and performance of the beams. Based on the test results
of this study and other seven literatures, formulas from
different codes and researchers were examined and the
most accurate formula for calculating the shear capacity
of UHPC beams was recommended. The following con-
clusions were drawn from the analysis of the test results:

1. The stirrup can effectively reduce the stress concentra-
tion caused by the uneven distribution of steel fibers and
reduce cracks; and the GFRP bar reinforced UHPC
beams can be changed from diagonal tension failure to
diagonal compression failure or flexural failure.

2. Under the same load, the mid-span deflection and
shear diagonal crack width of GFRP bar reinforced

UHPC beams decrease with the increase of reinforce-
ment ratio or stirrup ratio, and the greater the shear
span depth ratio, the more significant the decrease of
mid-span deflection and crack width.

3. The shear capacity of GFRP bar reinforced UHPC
beams increases with the increase of stirrup ratio and
reinforcement ratio, but decreases with the increase of
shear span depth ratio. The stirrup ratio increased
from 0.0% to 0.67% and the reinforcement ratio
increased from 1.4% to 2.3%, the maximum shear load
capacity of the beam increased by 31.9% and 29.3%
respectively. The larger the shear span depth ratio, the
more significant the pinning effect of longitudinal bars
on UHPC beams and the restraining effect of stirrup
on UHPC and GFRP bars.

4. It is found that the calculated values of JSCE-2006
codes matches the best to the experimental values
among the codes from various countries; Moreover,
the calculation models proposed by Thiemicke, Kwak,
and Jin are more accurate, which can well predict the
shear capacity of UHPC beams.
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