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Shear Behavior Of Ultra-High Performance Fiber
Reinforced Concrete Beams With
Minimum Web Reinforcement

Ahmed Yousef, Ahmed Tahwia, Nagat Mareamy

Abstract—An experimental and analytical investigation to study the shear behavior of Ultra-High Performance Fiber Reinforced Concrete (UHPFRC)
beams with minimum web reinforcement has been conducted. Five simply supported beams with a characteristic concrete cube strength approaching 188
MPa have been tested under two-points symmetric top loading. The main studied parameters are the shear-span-to depth ratio (a/d) and the minimum
vertical web reinforcement ratio in the form of the spacing between stirrups and the stirrup bar diameter. The steel fibers volume fraction of 1.5% is kept
constant for all the tested beams. The results of these tests have been used to examine the applicability of the shear design equations of ACI 318-2014
building code, Eurocode 2 (EC-2) and the Egyptian code (ECP-203-2017) when applied to UHPFRC beams. The design recommendations proposed by
the France Association of Civil Engineers (AFGC-2002) and also the design recommendations of the Korea Concrete Institute (KCI-2012) for UHPFRC
beams have been evaluated. An analytical model for predicting the shear strength and deformations of the studied UHPFRC is proposed using three
dimensional finite element program. The results of this study showed that the maximum spacing between stirrups required by the ECP-203-2017 is
applicable for UHPFRC beams, while the maximum spacing between stirrups required by ACI 318-2014 is not practically suitable for beams with
relatively small height and can be safely increased from 0.5d to be 0.75d. The equations of the shear strength of the reinforced concrete beams used by
the studied international codes highly underestimate the shear strength of the tested UHPFRC beams. The minimum recommendations of AFGC-2002
and also KCI-2012 are safe and conservative for design of UHPFRC beams provided with shear reinforcement less than that required by the studied
codes. The predictions of the ultimate shear strength of the tested beams using AFGC-2002 are approximately similar to that of KCI-2012. The steel
fibers volume fraction of 1.5% of the tested beams contributes by about 60% in the ultimate shear strength of the tested beams while the contribution of
the concrete and the vertical web reinforcement is about 40%. Including the effect of steel fibers in the finite element model showed good predictions for

the ultimate shear strength and the deformation response of the studied UHPFRC beams.

Index Terms — Beams, Codes, Finite Element Model, Minimum Web Reinforcement, Shear Strength, Shear Span-to-Depth Ratio,
Ultra-High Performance Fiber Reinforced Concrete (UHPFRC).

1 Introduction

Itra High-Performance Fiber Reinforced Concrete (UHP-

FRC) is an emerging material that has been developed in

the beginning of 1990 by France's research group. Be-
cause of its excellent mechanical behavior, in the form of high
compressive strength of values greater than 150 MPa and a
design value of tensile strength more than 8 MPa, durability,
energy absorption capacity and fatigue performance. Its very
high strength properties results in a great reduction in the
structural weight and consequently UHPFRC can be used in
wide range of applications such as long span bridges and high
rise structures [1], [2], [3], [4].

Numerous researches on UHPFRC have been carried out in
many countries all over the world [5], [6], [7]. In addition, ex-
perimental tests on the shear behavior of UHPFRC beams with
and without web reinforcement have been reported [8], [9],
[10]. All the international building codes such as ACI 318-2014
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Building Code [11], the Eurocode 2 (EC-2) [12] and the Egyp-
tian code (ECP-203-2017) [13] do not contain any provisions
for design of UHPFRC beams. In order to take into account the
contribution of the steel fibers, the first design recommenda-
tions for UHPFRC structures has been reported in 2002 [14]
by the France Association of Civil Engineers (AFGC-2002) [14].
Another design recommendations for UHPFRC has been pro-
posed by the Japan Society of Civil Engineers (JSCE-2008) [15].
Recently, the Korea Concrete Institute also developed design
recommendations for UHPFRC structures (KCI-2012) [16].

In this paper, an experimental and analytical study to in-
vestigate the shear behavior of UHPFRC beams with mini-
mum shear reinforcement has been reported. The results of
these tests have been used to examine the applicability of the
shear design provisions of ACI 318-2014 building code, EC-2
and ECP-203-2017 when applied to UHPFRC beams. The rec-
ommendations of AFGC-2002 and also that of KCI-2012 for the
shear design of UHPFRC beams have been also evaluated. An
analytical model for predicting the shear strength and defor-
mations of UHPFRC beams is proposed using a three dimen-
sional finite element program.
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2 Recommendations for Shear
Design of UHPFRC Beams

2.1KCI-2012

The design shear strength V; of UHPFRC is obtained as

follows:

Va= Ve+ Vg + Vs 1)
Where V., Vp, and V; are the shear strength provided by the

contribution of cement matrix, steel fiber and shear reinforce-

ment, respectively. The shear strength provided by the cement

matrix is given as follows:

Ve=02,0.18+ f_ bod ®)

Where ¢, is the member reduction factor equal to 0.77, f.'is
the compressive cylinder strength, b, is the beam width and d
is the effective depth of the beam. The shear strength of the
steel fibers Vy, is given as follows:

V= @y (foua/tanPu) by z 3)

Where f,; is the design average tensile strength in the direc-
tion perpendicular to diagonal tensile crack, g, is the angle
between the diagonal tensile crack plane and axial direction of
the beam and shall be larger than 30° z is the distance from
the position of the resultant of the compressive stresses to the
centroid of tensile steel, generally equal to d/1.15. The value of
foa is calculated as follows:

fu=1w, [$,0, @ dw=1/w, [0 (w)dw @)
0 0

Where w, = max (w, , 0.3 mm), w, is the ultimate crack
width at the peak stress on the outer fiber, ¢. is the material
reduction factor taken equal to 0.8, o () is the tension soften-
ing curve and oy (w) is equal to ¢. oy (w).

The shear strength provided by the shear reinforcement V;
is given as follows:

Vs = @y [Ao fio (sinas + cosas ) /so] d (5)

Where A, is the cross sectional area of shear reinforcement,
fyo is the design yield strength of shear reinforcement, o is the
angle between longitudinal axis of beam and shear reinforce-
ment and s, is the spacing of shear reinforcement.

2.2 AFGC-2002

Equation (1) shows the design shear strength V4 which given
by the same (1), while the term of shear strength provided by
the cement matrix V. is given as follows:

Ve=(021/ygs ye) k A/ T, bud (6)
Where y is the partial safety factor on fibers and is
assumed to be a value of 1.30, jz is a safety coefficient, yy = is
equal to 1.5, and k is a factor for the case of prestressing. The
contribution of steel fibers Vj, can be calculated as follows:

Vi =(Ap Ogy ¢/ tant ) (7)

Where Apis the area of fiber effect and is assumed to be
b, z for rectangular sections, z is equal to 0.9d, 8 is the angle
between the principal compression stress and the beam axis
and can be taken with a minimum value of 30°, and or.y is the
residual tensile strength which can be calculated as follows:

2001

Wi
[o w dw ®)
0

Where wyi,, = max ( Wy , Wwax ), K is the fiber orientation
factor and can be taken equal to 1.25, or(w) is a function of
the tensile stress and crack width, wy. is the maximum
crack width.

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

Vs=(Av /S0 )z fpocot )

oraf=(1/kocg) (1/win)

3 EXPERIMENTAL PROGRAM

3.1 DETAILS OF TEST SPECIMENS

The details of the test program are given in Table 1. The test
specimens included five simply supported UHPFRC beams
from the same concrete mix tested under two points loads. All
the tested beams have constant rectangular cross-section of
total height 210 mm and width 120 mm as shown in Fig. 1. The
effective span of the beams [, is equal to 1150 mm and the dis-
tance c between the two loads has been varied to achieve the
desired a/d ratio. In order to ensure shear failure of the tested
beams, the main longitudinal tensile reinforcement of the
beams consists of 6 deformed bars with diameter 18 mm
placed in two layers. The yield strength of these bars is equal
to 491.2 MPa. The upper longitudinal reinforcement of the
beams consisted of two 12 mm diameter deformed bars with
yield strength equal to 480.1 MPa. The yield strengths f, of
the stirrups bar diameters 6 mm and 8 mm are equal to 336.2
MPa and 308.5 MPa, respectively.

In order to examine the applicability of the minimum vertical
web reinforcement required by the studied codes, the provid-
ed vertical web reinforcement of the tested beams is varied in
the tested beams by using different spacing between stirrups (
Sy =200 mm and 100 mm ) and different stirrups bar diameters
(d, = 6 mm and 8 mm ). Table 2 compares the provided verti-
cal web reinforcement ratio ( p, = A, / bw so ) of the tested
UHPFRC beams with the minimum requirements of the codes
Pomin and also compares the provided spacing between stir-
rups s, with the maximum allowable spacing between stirrups
Somax Tequired by the studied codes. According to ECP-203-
2017, pomin is equal to the greater of 0.15% or 0.4/f, and the
minimum bar diameter douix is equal to 6 mm, while s, is
equal to 200 mm. According to ACI 318-2014, p,, i is equal to

the greater of ( 0.062 \/f_C / fr ) or 0.35/f, and sqm is equal to
the least of 0.5d or 600 mm, while for the case of shear strength
contributed by shear reinforcement V; exceeds ( 0.33 \/f_C bod),
Somax Should be reduced by one-half. According to EC-2, pymin

is equal to ( 0.08\/f_cl / fr ) and sy is equal to the least of

0.75d or 600 mm. From Table 2, it can be seen that the tested
beams BSU1 and BSU2 provided with stirrups with diameter 6
mm which satisfies dymin required by ECP-203-2017, while
beams BSU2, BSU4 and BSU5 with stirrups spacing equal to
200 mm which satisfies s, . The provided p, of the tested

IJSER © 2017
http://www.ijser.org



International Journal of Scientific & Engineering Research Volume 8, Issue 12, December-2017

ISSN 2229-5518

beam BSU2 is equal to 0.12 which is less than pymix required
by ECP-203-2017. The provided s, for all the tested beams is
greatly more than s,u» required by ACI 318-2014 and the
provided p, of the tested beams BSU2, BSU4 and BSU5 is less
than p,.i» required by this code, while p, for beam BSU1 is
equal to pymin. For EC-2, the provided s, for beams BSU2,
BSU4 and BSU5 is more than s,u.. required by this code,
while the provided p, of beams BSU1, BSU2, BSU4 and BSU5
is less than p, yin.

3.2 Mix DESIGN oF UHPFRC AND TEST SETUP

In the Ultra High-Performance Fiber Reinforced Concrete
(UHPFRC) mix design, Portland cement type CEM I 52.5 N,
conforming with the requirements of the Egyptian standards
ES4756/1-2013, with specific gravity of 3.16 and siliceous
sand 0/4 was adopted as the coarse aggregate. The detailed
mixture proportions for one cubic meter are summarized in
Table 3. The steel fibers used in the present study were
hooked-ended straight fiber of a type available in the Egyptian
market. The steel fiber length and equivalent diameter of the
fibers are equal to 25.0 mm and 1.0 mm, respectively, and thus
the aspect ratio is equal to 25. The tensile strengths of the
fiber has been supplemented by direct tension test, and these
fibers have yield strength and tensile strength equal to 552.2
MPa and 828.3 MPa, respectively. The amount of steel fibers
volume fraction used for all the tested beams has been kept
constant of about 1.5%. The cube concrete compressive
strength f., based on an average of three cube specimens (cube
50 mm x 50 mm x 50 mm) and the cylinder concrete compres-
sive strength f.' based on ( cylinder 50 mm x 100 mm) of the
UHPFRC mix are 188.1 MPa and 172.9, respectively, while the
splitting cylinder tensile strength f;, and the flexural strength f;
( based on 40 mm x 40 mm x 160 mm prisms) are 11.9 MPa
and 39.7 MPa, respectively.

The beams were simply supported and tested in a loading
frame with a capacity of 200 ton under two-point loading as
shown in Fig. 2. Dial gauges were mounted at the bottom face
of the beams at mid-span and under the loading points. Two
days before testing the beams were allowed to dry and paint-
ed with white color to facilitate crack detection. Each beam
specimen was instrumented with electrical strain gauges on
the main longitudinal reinforcing bars at mid-span and on the
vertical web reinforcement in the shear zone. Load was ap-
plied in small increments and all deformation readings were
recorded at the end of each load increment. The initiation and
propagation of cracks were marked and the widths of cracks
within the shear span zone were recorded.

4 EXPERIMENTAL RESULTS

4.1 CRACKING BEHAVIOR AND MODES OF FAILURE

All the tested UHPFRC beams failed in shear mode, except
the tested beam BSU3 which failed in the compression zone at
the mid span before reaching the shear failure. Photographs of
of the tested beams showing typical observed cracking pat-
terns and failure mode are given in Fig. 3. The numbers writ-
ten along the cracks on the photographs indicate the termina-

2002

tion of cracks observed at the end of a particular load stage,
where loads indicated on the photographs are the total ap-
plied load 2V in tons. Table 4 presents the measured diagonal
cracking strength ( V,) and the ultimate strength (V,,exy) of the
tested beams in this program. Diagonal cracks usually oc-
curred in both shear spans of the beam after the formation of
flexural cracks in the mid-span region. After the development
of diagonal shear cracks, the width of the flexural crack
becomes very limited. The diagonal shear crack usually orig-
inated suddenly in the middle of the shear span and propa-
gated toward the support and loading point from a subse-
quent increase of applied load. With a further increase of the
applied load, the existing diagonal shear cracks propagated
very slowly while a few numbers of new inclined cracks were
formed. Finally, shear failure occurred suddenly by fracture of
the concrete along the inclined crack. As shown from the pho-
tographs, the span of the tested beams BSU1, BSU2, BSU4, and
BSUS collapsed due to excessive destruction of concrete in the
shear span, while beam BSU3 collapsed due to crushing of the
compression zone at the mid BSU4 with a/d equal to 2.75.

T
_?_ i

~123 113l

1400 mm

Fig. 2 Test setup of the tested beams.
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TABLE 1
DETAILS OF TEST PROGRAM

Beam feu fe bxh ald Main longitudinal bars ~ Stirrups (vertical web reinforcement)
MPa MPa mm ratio lower upper S0 do po

mm mm (%)

BSU1 188.1 1729 120x210 2.75 6D18 2D12 100 6 0.24

BSU2 188.1 1729 120%210 2.75 6D18 2D12 200 6 0.12

BSU3 188.1 1729 120%210 2.75 6D18 2D12 100 8 0.42

BSU4 188.1 1729 120x210 2.75 6D18 2D12 200 8 0.21

BSU5 188.1 1729 120%210 3.00 6D18 2D12 200 8 0.21

TABLE 2
COMPARISON BETWEEN THE PROVIDED STIRRUPS AND THE MINIMUM SHEAR
REINFORCEMENT REQUIRED BY THE STUDIED CODES

Beam ald Provided vertical web Requirements of the international codes for Some and pomin
Ratio  reinforcement (stirrups) ACI 318-2014 EC-2 ECP-203-2017
Sv dv Po Sv,max Pomin Sv,max Po.min Somax Po,min
mm mm % mm (%) mm (%) mm (%)
BSU1 2.75 100 6 0.24 85 0.24 125 0.31 200 0.15
BSU2 275 200 6 0.12 85 0.24 125 0.31 200 0.15
BSU3 275 100 8 0.42 85 0.26 125 0.34 200 0.15
BSU4 275 200 8 0.21 85 0.26 125 0.34 200 0.15
BSU5  3.00 200 8 0.21 85 0.26 125 0.34 200 0.15

TABLE 3
UHPFRC MIX PROPORTIONS FOR ONE CUBIC METER (Kg/m®)
Cement  Silica Fume Sand  QuartzPowder  Water Superplasticizer
Kg Kg Kg Kg Kg Kg
900 225 775 270 168 36

Records of the longitudinal steel strains at the mid-span of
the tested beams showed that the tensile strains in the region
of maximum bending moment at the mid span are almost uni-
form at every load level. Failure of all the tested beams oc-
curred before yielding of the longitudinal bars. Tensile steel
strains increase approximately at a constant rate. Formation of
inclined diagonal shear cracks has no effect on the strain read-
ings of the longitudinal bars. For the same a/d ratio, the strain
readings in the longitudinal bars of the tested UHPFRC beams
are approximately similar. Records of the strains in the verti-
cal legs of the stirrups in the shear span of the tested beams
are compared in Fig. 6. It can be seen that the recorded tensile

steel strain in the stirrup leg is very small at the first stage of
loading and increase approximately at a constant rate. When
the diagonal shear crack is initiated, the strain rate increases
more fast until reaching the yield value just before the applied
ultimate load. After yielding of the stirrup leg, the recorded
strains increase with very fast rate with decreasing the applied
load and very fast increase of the shear crack width until
crushing of the concrete in the shear zone. For the same a/d
ratio, increasing the stirrup diameter and reducing the spacing
between stirrups reduce the recorded strains of the tested
beams at the same load.
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TABLE 4
SUMMARY OF TEST RESULTS

Beam ﬂ/ d ZVCV 2Vu,ax;7 VCV Vu,axy Vcr/ Vu,exp Vu,exp
(kN) (kN)  (kN) (kN) by f,
BSU1 275 175 450 87.5 225.0 0.389 0.891
BSU2 275 150 405 75.0 2025 0.370 0.790
BSU3 275 190 505 95.0 2525 0.376 0.998
BSU4 2.75 160 430 80.0 2150 0.372 0.852
BSU5 3.00 150 380 75.0 190.0 0.395 0.753

4.2 LoAD-DISPLACEMENT RELATIONSHIPS AND
STRAIN

RESPONSE

The total applied load ( 2V ) versus the mid-span deflection
curves for the tested UHPFRC beams with different a/d ratio
and different percentages of p, are shown in Fig. 5. In early
stages of loading, the beams behaved in a truly elastic manner.
In general, changing the value of p,% of the tested beams with
the same a/d ratio did not have considerable effect on the as-
cending part of the load deflection curves. After reaching the
ultimate load there was minor differences in deflection magni-
tudes of the beams of the same 4/d ratio and different p,%. As
can be seen from Fig. 5, beam BSU2 with 4/d equal to 2.75 and
with provided p, equal to 0.12, which is less than the mini-
mum required by the codes, has similar stiffness as the beam
BSU1 with the same a/d ratio and with p, is equal to 0.24. In-
creasing the a/d ratio leads to a considerable reduction in the
stiffness of the tested beams. Beam BSU5 with a/d ratio equals
to 3.0 is less rigid than beam BSU4 with a/d equal to 2.75.

Records of the longitudinal steel strains at the mid-span of
the tested beams showed that the tensile strains in the region
of maximum bending moment at the mid span are almost uni-
form at every load level. Failure of all the tested beams oc-
curred before yielding of the longitudinal bars. Tensile steel
strains increase approximately at a constant rate. Formation of
inclined diagonal shear cracks has no effect on the strain read-
ings of the longitudinal bars. For the same a/d ratio, the strain
readings in the longitudinal bars are approximately similar.
Records of the strains in the vertical legs of the stirrups in the
shear span of the tested beams are compared in Fig. 6. It can
be seen that the recorded tensile steel strain in the stirrup leg
is very small at the first stage of loading and increase approx-
imately at a constant rate. When the diagonal shear crack is
initiated, the strain rate increases more fast until reaching the
yield value just before the applied ultimate load. After yield-
ing of the stirrup leg, the recorded strains increase with very
fast rate with decreasing the applied load, and at the same
time very fast increase of the shear crack width takes place
until crushing of the concrete in the shear zone. For the same
a/d ratio, increasing the stirrup diameter and reducing the
spacing between stirrups reduce the recorded strains of the
tested beams at the same load.

4.3 I%i‘FFECT OF VERTICAL WEB REINFORCEMENT
ATIO.

The effect of the provided vertical web reinforcement ratio

2004

0% in the form of the spacing between stirrups s, and the stir-
rup bar diameter d, on the diagonal cracking strength and the
ultimate shear strength of the tested beams can be observed
from Table 4 and Fig. 4. It can be seen that, the smaller the s,,
the slower the diagonal crack development and the smaller the
d., the faster the diagonal crack development. For the tested
beam BSU1 with s, equals to 100 mm, the development of di-
agonal cracks was considerably slower than that of the similar
beam BSU2 but with s, equal to 200 mm. For beam BSU4
with stirrup bar diameter 8 mm and s, equals to 200 mm, the
development of diagonal cracks was slightly slower than that
of the similar beam BSU2 with stirrup bar diameter 6 mm and
s, equal to 200 mm. It should be noted that, beams BSU2, BSU4
and BSU5 have the maximum spacing between stirrups s, max
allowed by the ECP-203-2017. It can be seen that, reducing the
spacing between stirrups slower the development of the diag-
onal cracks more than increasing the diameter of the stirrups.
For Beam BSU2 with s, equal to 200 mm which is equal t0 Sy max
allowed by ECP-203-2017, the recorded diagonal cracking load
V.- was about 86% of that of the similar beam BSU1 with the
same d, and half the spacing between stirrups ( s, = 100 mm),
while V., for beam BSU2 with d, equal to 6 mm was 94% of
beam BSU4 with the same s, but with d, equal to 8 mm. It
should be noted that the provided s, for all the tested beams is
greatly more than s, .. required by ACI 318-2014. However,
good overall behavior was observed for UHPFRC beams rein-
forced with the maximum spacing between stirrups.

The results of the tests showed that the requirements of
ECP-203-2017 for syu. can be safely applied for UHPFRC
beams. The requirements of ACI 318-2014 for s, is not prac-
tically suitable for UHPFRC beams with relatively small
heights and can be safely increased to be 0.75d instead 0.50d.
From Table 4, it can be seen that the ultimate shear strength
of the tested beams slightly increases as the provided ver-
tical web reinforcement ratio p,% increases for the beams of
the same a/d ratio. Despite the provided p,% of beam
BSU1 is equal to 0.24% which increases about 200% of that of
the similar beam BSU2 with p,.uix% according to ECP-203-
2017, the increase in the shear strength was only about 9.7%.
In addition, beam BSU4 with p,% is equal to 0.21% which in-
creases about 175% of that of the similar beam BSU2 with
Pomin%, the increase in the shear strength was only about 4.8%.
For beam BSU3 with p,% equal to 0.42% which increases about
350% of that of the similar beam BSU2 with p,min%, the in-
crease in the shear strength was about 22.9%. This showed
that, the steel fibers plays the great role in resisting the shear
stresses of UHPFRC beams and the effect of increasing p,%
more than the minimum required by ECP-203-2017 has not
considerable effect on the shear strength of the tested beams,
and consequently the requirements of this code for pymin% can
be safely applied for UHPFRC beams containing steel fibers of
1.5%. It should be noted that, according to ACI 318-2014,
the provided p, of beams BSU2, BSU4 and BSUS is less than
Pomin, While p, for BSU1 is equal to p,min, while according to
EC-2, the provided p, of beams BSU1, BSU2, BSU4 and BSUS5 is
less than p,,min. However, good overall behavior was observed
for all the tested UHPFRC beams reinforced with p, less than
Pomin Tequired by these codes. This indicates that the re-
quirements of ACI 318-2014 and EC-2 for the minimum verti-
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cal web reinforcement ratio can be safely reduced when ap- plied to UHPFRC beams containing steel fibers of 1.5%.
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Fig. 3. Photographs of the crack patterns of the tested beams (Note: load marked on the specimens are in tons)
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In addition, beam BSU4 with p,% is equal to 0.21%
which increases about 175% of that of the similar beam BSU2
with py,min%, the increase in the shear strength was only about
4.8%. For beam BSU3 with p,% equal to 0.42% which increases
about 350% of that of the similar beam BSU2 with p, uin%, the
increase in the shear strength was about 22.9%. This showed
that, the steel fibers plays the great role in resisting the shear
stresses of UHPFRC beams and the effect of increasing p,%
more than the minimum required by ECP-203-2017 has not
considerable effect on the shear strength of the tested beams,
and consequently the requirements of this code for pymin% can
be safely applied for UHPFRC beams containing steel fibers of
1.5%. It should be noted that, according to ACI 318-2014,
the provided p, of the tested beams BSU2, BSU4 and BSUS is
less than p,min, while p, for BSU1 is equal to pmin, while ac-
cording to EC-2, the provided p, of beams BSU1, BSU2, BSU4
and BSUS5 is less than p,min. However, good overall behavior
was observed for all the tested UHPFRC beams reinforced
with p, less than p,uin required by these codes. This indicates
that the requirements of ACI 318-2014 and EC-2 for the min-
imum vertical web reinforcement ratio can be safely re-
duced when applied to UHPFRC beams containing steel fibers
of 1.5%.

5 Comparison of Test Results with
Codes Predictions

The shear design equations adopted by ACI 318-2014, ECP-
203-2017 and EC-2 are used to calculate the ultimate shear
strength of the tested UHPFRC beams of this study. It should
be noted that the provided p, of the tested beams is compared
in Table 2 with the minimum requirements of the studied
codes, while the ratio between the calculated ultimate shear
strength V. using the studied codes and the measured ex-
perimental ultimate shear strength V.., are given in Table 5. It
can be seen that, for the tested beams, the average ratio be-
tween V, n and V., for ACI 318-2014, ECP-203-2017 and EC-
2 is equal to 0.352, 0.376 and 0.386, respectively. This indicates
that, the recorded values of V.. of all the tested beams was
substantially greater than that calculated from all the studied
codes although all the tested beams were provided with stir-
rups having s, greatly more than s, .. required by ACI 318-
2014, while for EC-2, the provided s, for beams BSU2, BSU4
and BSU5 is more than s, required by this code. This
showed that the equations for calculation of the shear strength
adopted by the studied codes are not applicable to UHPFRC
beams because the adopted equations do not take into consid-
eration the considerable contribution of the steel fibers in re-
sisting shear stresses. It should be noted that, according ACI
318-2014, if the normalized shear strength of reinforced con-
crete beam containing steel fibers is greater than 0.29, the steel
fibers can use as the shear reinforcement for the beam ( for f;' <
40 MPa, d < 600 mm ). The calculated values of the normalized
shear strength in Table 4 for all the tested UHPFRC beams
with fibers percent 1.5% is considerably greater than 0.29 with
an average value of 0.86.

IUSER © 2017

http://www.ijser.org



International Journal of Scientific & Engineering Research Volume 8, Issue 12, December-2017

ISSN 2229-5518

6 Comparison of Test Results with
the Design Recommendations of
AFGC-2002 and KCI-2012 for
UHPFRC Beams

In order to take into account the contribution of the steel fibers
in the design of UHPFRC structures, two design recommenda-
tions has been proposed, the first by the France Association of
Civil Engineers (AFGC-2002) and the second by the Korean
Concrete Institute (KCI-2012). The shear design methods
adopted by AFGC-2002 and KCI-2012 are used to calculate the
ultimate shear strength of the tested UHPFRC beams of this
study and the calculated values are compared with the rec-
orded experimental ultimate shear strength in Table 6. It can
be seen that, the average ratio between V., and V,, arcc of the
tested beams is equal to 1.446, while the average ratio between
Viep and V, kcr is equal to 1.462. This indicates that, the AFGC-
2002 and KCI-2012 predictions for the ultimate shear strength
are safe and conservative when applied for UHPFRC beams
provided with shear reinforcement less than the minimum
required by the studied codes. The comparison showed that
there is very small differences between the predictions of the
ultimate shear strength using KCI-2012 and AFGC-2002 rec-
ommendations for all the tested beams. In fact, this little dif-
ference in the predictions of the two recommendations result-
ed from the small difference in the safety factors considered in
each method. It should be noted from Table 6 that, the average
percentage of the predicted contribution of the steel fibers Vg
compared with the predicted ultimate shear strength of the
tested beams V, arcc using the AFGC-2002 recommendations
is about 58.3%, while the average percentage of the predicted
contribution of the concrete V. and the shear reinforcement V:
is only 41.7%. The average percentage of Vs compared with
the predicted V., kc using the KCI-2012 recommendations is
about 59.2%, while the average percentage of V. and the shear
reinforcement Vi is only 40.8%.

7 Analytical Modeling for UHPFRC
Beams Using Finite Element
Program

In order to predict the complete response of reinforced con-
crete beams such as, displacements, strains and stresses dis-
tributions, ultimate shear loads and failure modes, and crack-
ing patterns, a three dimensional nonlinear finite element
model using the computer program ABAQUS [17] is utilized.
Concrete is modeled using a three dimensional reinforced
concrete element named SOLID C3D8R element, which is ca-
pable of cracking in tension and crushing in compression. The
element is defined by eight nodes having three translational
degrees of freedom ( X, y and z ) at each node. The main and
web reinforcement are modeled using a bar element (T2D3)
within the concrete solid 65 element. The bar element is as-
sumed to be smeared within the concrete solid element. Each
specimen is meshed according to the reinforcement details
and size. Fig. 7 shows the finite element meshing of the tested
beam BSU1.

2008

In this model, nonlinear constitutive models of UHPFRC
and reinforcement are introduced. The modulus of elasticity
for steel E,, is taken equal to 200 GPa and the Poisson's ratio is
equal to 0.30. The bond between concrete and reinforcement
was assumed to be perfect. Based on experimental tests con-
ducted in this study, the elasticity modulus E. of UHPFRC is
calculated from the following proposed simple equation:

E.=3737 \[f, (MPa) (10)

For the tested beams with f., is equal to 188.1 MPa, the
adopted value of E. is equal to 51253 MPa. The tensile strength
of UHPFRC is taken equal to 8 MPa and the Poisson's ratio is
taken equal to 0.20.

To examine the accuracy of the nonlinear finite element
model, the obtained results are compared with the results of
the tested UHPFRC beams of the present study. A comparison
between the recorded experimental cracking load and The
recorded ultimate load and the predicted values for the tested
beams calculated from the finite element model are given in
Table 7. The mean value of the ratio of V. to Vi rem for
UHPFRC beams is equal to 1.012, while the mean value of the
ratio of Vereyp to Vereum is equal to 1.028. This shows that the
nonlinear finite element model provides accurate prediction of
the diagonal cracking load and the ultimate shear load for the
tested UHPFRC beams. The same results can be concluded for
the deformation response of the tested beams. It is clear that
the adopted nonlinear finite element model provides useful
tool in understanding the shear behavior of UHPFRC beams.
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Fig. 7. Meshing of UHPFRC beam BSUL using finite element model.
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Fig. 8. Stress distribution of UHPFRC beam BSU1 using finite
element model.

TABLE 5
COMPARISON BETWEEN THE EXPERIMENTAL RESULTS AND THE ULTIMATE SHEAR
STRENGTH PREDICTED BY THE STUDIED CODES

Beam ACI 318-2014 ECP 203-2017 EC-2
Ve Vs Vi,cal Vical Ve Vs Vical Vical Ve Vs Vical Vical
View (KN) (kKN) (kN)  Vuewp (kN)  (kN) (kN)  Viuexp (kN) (kN) (kN) View
BSU1 225.0 456 323 779 0.35 54.8 28.1 82.9 0.37 56.0 29.1 85.1 0.38
BSU2 2025 456 162 61.8 0.31 54.8 14.0 68.8 0.34 56.0 14.5 70.5 0.35
BSU3 2525 456 52.7 983 0.39 548  45.8 100.6  0.40 56.0 47.4 1034 041
BSU4 2150 456 264 720 0.33 54.8 229 77.7 0.36 56.0 23.7 79.7 0.37
BSU5 190.0 45.6 264 720 0.38 548 229 77.7 0.41 56.0 23.7 79.7 0.42

TABLE 6

COMPARISON BETWEEN THE EXPERIMENTAL RESULTS AND THE ULTIMATE SHEAR
STRENGTH CALCULATED USING THE DESIGN RECOMMENDATIONS FOR UHPFRC

Beam  ald KCI -2012 AFGC-2002
Viexp Ve Vi Vs Viukar  ( Vuexp/ Viker) Ve Vi Vs Viukcr  (Viexp/ Viuarce)
(kN) (kN)  (kN) (kN)  (kN) (kN) _(kN) _ (kN) _(kN)
BSU1 275 2250 372 874 249 1495 1.51 376 904 291 157.1 1.43
BSU2 275 2025 372 874 125 137.1 1.48 376 904 145 1425 1.42
BSU3 275 2525 372 874 40.6 1652 1.53 376 904 474 1754 1.44
BSU4 275 215.0 372 874 203 1449 1.48 376 904 237 1517 1.42
BSU5 3.00 190.0 372 874 203 1449 1.31 376 904 237 151.7 1.52
TABLE 7

COMPARISON BETWEEN THE EXPERIMENTAL RESULTS AND THE ANALYTICAL MODEL
USING FINITE ELEMENT PROGRAM
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Beam Cracking Load and Ultimate Load Cracking Displacement and Maximum Displacement
V, V, A A
VCV,FEM Vcr,exp ﬂ Vu,exp Vu,FEM ﬂ Acr,FEM Acr,exp ﬂ Au,exp Au,FEM ﬂ
Ver, FEm u,FEM or,FEM u,FEM
(kN) (kN) (kN)  (kN) (mm)  (mm) (mm) (mm)
BSU1 78.0 82.5 1.06 225.0 205.0 1.10 0.57 0.40 072 234 253 0.92
BSU2 57.0 62.5 1.10 2025 1935 1.05 0.48 037 077 295 3.04 0.97
BSU3 97.0 925 0.95 2525 2850  0.89 0.33 035 112 260 247 1.05
BSU4 63.0 70.0 1.11 215.0 205.5 1.05 0.27 0.28 1.04 263 253 1.04
BSU5  65.0 60.0 0.92 190.0 196.5  0.97 0.62 048 0.83 347 324 1.07
that of AFGC-2002 (the average ratio between the experi-
. mental ultimate shear strength and that predicted using
Conclusion

Based on the results of this experimental and analytical study
on the shear behavior of Ultra-High Performance Fiber Rein-
forced Concrete (UHPFRC) beams containing steel fibers vol-
ume fraction of 1.5% with a characteristic concrete cube
strength approaching 188.1 MPa and reinforced with mini-

mum web reinforcement, the following can be concluded:

1- The steel fibers plays a great role in resisting the shear
stresses of UHPFRC beams. The provided vertical web rein-
forcement ratio of the tested UHPFRC beams was considera-
bly less than the minimum ratio required by ACI 318-2014
building code and Eurocode-2 ( EC-2 ), however, good overall
behavior was observed for all the tested UHPFRC beams.

2- The equations for calculating the shear strength adopted
by the studied international codes highly underestimate the

AFGC-2002 and KCI-2012 is equal to 1.446 and 1.462, respec-
tively). The average contribution of the steel fibers for the test-
ed UHPFRC beams is about 60% of the recorded ultimate
shear strength.

6- Including the effect of steel fibers in the proposed finite
element model accurately predicts the ultimate shear strength
and the deformation response of the tested UHPFRC beams
provided with vertical web reinforcement ratio considera-
bly less than the minimum required by the codes.
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