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The ductility of reinforced concrete (R
addition, different parameters affect

parameters on the flexural beha
two steps. In the first one, 16 Rl
2300 mm with different lap-splic
the flexural performar
specimen was selected &
volume: 0%, 1% and 2%.

cross-section 150 mm wide and 200 mm high, and a length of
oduced and the influence of SF content and lap-splice length on

lap- spllce length. In the second step, a finite element software ABAQUS was
of longitudinal rebars ratio and concrete compressive of concrete on the perfor-

ete beams with lap-spliced bars and the results were compared with the case when
ected. The results showed that the lap-splice length could be decreased by 40%, relative to the

uld be neglected due to high reduction in slip as a result of adding SF.

1. Introduction issues that should be addressed in the design and construction of con-
crete structures [1]. The use of steel fibre-reinforced concrete (SFRC)
improves the ductile behaviour, the structural strength during transient

load cycles, and the post-cracking tensile capacity of various structures

Deficiencies and shortco s of concrete and steel, as the most
widely used building materia ve led researchers to adopt new

construction approaches. For instance, concrete’s tensile response and
its limitation in hazardous environments, along with steel’s low per-
formance against corrosion and its high unit weight, are among the main

[2-4]. The relatively low volume ratio of steel fibres (SF), usually limited
to less than 2%, offers a limited improvement, which is comparable to
conventional concrete prior to crack propagation [5]. On the other hand,

Abbreviations: A., transverse reinforcement area; Cy, side concrete cover; Cy, bottom concrete cover; Cj, free spacing between lap-spliced bars; d,, elastic failure
cracking factor; f;, compressive strength of concrete; d,, diameter of rebars; fs, tensile stress of rebars; f,, yield strength of rebars; i, ductility ratio; LVDT, linear
variable differential transformer; I, design lap-splice length; PPF, polypropylene fibres; RC, reinforced concrete; R, projected rib area normal to bar axis/(normal bar
perimeter x centre-to-centre rib spacing); S, transverse reinforcement spacing; SF, steel fibres; SFRC, steel fibre-reinforced concrete; p,,,,, maximum reinforcement
ratio; p, reinforcement ratio; Aggs, displacement corresponding to 85% of the beam’s maximum bending capacity; A,, displacement corresponding to the beam’s
maximum bending capacity; 7,, bond stress; 7y, maximum bond stress.
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after cracking, the presence of SF bridges the crack surfaces and im-
proves the tensile capacity and ductility in contrast to the brittle
behaviour of conventional concrete. This advantageous response of SF is
mainly governed by the developed bond between fibres and concrete,
the strength characteristics of the fibres and the effective distribution of
fibres along the cracks [6,7]. Incorporating an ample amount of SF leads
to a considerable tensile strength of concrete [8]. Additionally, SF en-
hances the SFRC members’ toughness against cracking, improves the
strain-hardening response of concrete prior to cracking, and increases
energy absorption [9,10]. Furthermore, the application of SF enhances
concrete’s resistance when subjected to shear and torsion loads [11,17].

To further investigate the performance of SFRC beams, Li et al.[17]
studied the effect of SF’s volume fraction, aspect ratio and fibre type on
the flexural strength of SFRC beams subjected to four-point bending
tests. Four volume fractions (0.5 %, 1%, 1.5%, and 2%), three types of SF
(straight, hooked-end, and corrugated) with 40, 60 and 80 aspect ratios
were used. Consequently, the ultimate flexural capacity of SFRC beams
was enhanced by 74.3%, 165%, and 112.7% compared to plain concrete
with the use of straight, hooked-end, and corrugated SF, respectively.
Moreover, the use of hooked-end SFRC beams provides the best flexural
response compared to other types of fibres. Biolzi and Cattaneo [18]
examined the shear and flexural behaviour of SFRC beams using a four-
point bending test. The effect of SF on failure mechanism, ductility,
initial cracking and crack patterns of the beams was also investigated.
Adjusted beam’s shear reinforcement system (SF, stirrup, none), various
ratios of shear span effective depth (1.5, 2.5 and 3.5), and concrete’s
compressive strength were regarded as the main factors in the analysis.
Following the experiments, they concluded that incorporating SF
significantly contributed to enhancing the shear and flexural capacity
and ductility of SFRC beams. The structural response of SFRC beams
under transient load cycles was investigated to further evaluate th
fect of incorporating SF in RC beams. Lee et al. [19] studied the s
tural behaviour of SFRC beams subjected to different loading ra
Different volume fractions of end-hooked SF were used to g3

decreased the residual and maximum disp
emphasized the fact that including low
and 1%) cannot significantly prevent

Ranjbaran et al. [20] condu an experimental study by testing seven
full-scale specimens subjected t&@four-point bending test. In addition to
a control specimen in the absence®f SF, six other specimens with 1%,
2%, and 4% SF contents in terms of volume were tested. Based on the
acquired results, they stated that using SF at a minimum of 2% volume
ratio enhanced the cyclic response of SFRC beams in addition to
improving the flexural and shear strengths and the ultimate displace-
ment. In another study, Roesler et al. [21] evaluated the critical re-
sponses of SFRC members. A total of 20 beams with various SF contents
were produced and tested. In addition, 10 different longitudinal rein-
forcement ratios ranging from 0.2% to 2.5% were used in order to assess
the influence of longitudinal rebar content. They found that the incor-
poration of SF led to a ductile performance with higher load-bearing
capacity and lower cracks width. Soutsos et al. [22] investigated the
flexural responses of SFRC beams under static and dynamic loads. Re-
sults of their study showed that the improvement influence of SF on the
flexural responses of RC beams was higher than in specimens tested
under a dynamic load.

Recently, improving the shear and flexural performance of RC beams
with lap-spliced rebars has been tried and many investigations were
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done to measure the critical response of RC beams with lap-spliced bars.
These bars affect the bond stress distribution between concrete and the
longitudinal tension rebars and so that the flexural response of RC beams
considerably declined with a brittle failure if sufficient lap-splice length
is not provided to the bars. According to existing literature, the influence
of admixtures, compressive strength of concrete and rib properties of the
reinforcements was also studied [23]. Moreover, different phenomena
such as corrosion in longitudinal rebars reduce the bond resistance be-
tween concrete and rebars, which is one of the main sudden failures in
RC beams, particularly when a lap-spliced is created in the longitudinal
tensile rebars [24]. In addition, many studies resulted in new analytical
and experiential models to predict the bond strength of rebars in RC
beams [25-28]. Conversely, the deformation and ductility of RC beams
with lap-spliced rebars is an important matter that has attracted the
attention of engineers in recent decades. Azizinamini et al. [29]
measured the efficiency of ACI 318-14 [30] to estimate the adequate
lap-splice length in RC beams to provide an appropriate ductility. They
found that providing enough sj ars over the lap-spliced bars plays
ate ductility of RC beams by
few investigations have been
¢ of rebars in RC beams with

n addition to a control specimen, six SFRC
ed to cyclic load application and the remaining
d by applying a static load. By evaluating the
ity, dissipated energy, ductility and displacement of SFRC
serted that, in the specimens with 2% SF, the required lap-
can be reduced by 20% without an adverse effect on
nd flexural capacity of beams.

a continuous effort, Karimipour et al. [33] examined the effect of
SF and polypropylene fibres (PPF) on the structural response of RC
beams with lap-spliced bars and recycled aggregates. In this experi-
mental approach, 40 specimens were prepared and subjected to a four-
point bending test. PPF and SF were separately used at 0%, 1% and 2%
in terms of volume to enhance the bond resistance between concrete and
steel bars and increase the specimens’ flexural capacity. Stiffness, ulti-
mate deformation, load-bearing capacity and ductility of beams were
monitored during the experiments. They concluded that the lap-splice
length can be decreased by 40% without reducing the beam’s flexural
strength by adding 2% of SF or PPF in addition to using 100% recycled
aggregate. In the design of RC beams, an ample amount of ductility by
maintaining the reinforcement ratio is required to prevent sudden fail-
ure in RC beams and increase the warning time of the potential collapse.
In this context, the bond between the reinforcement and concrete is one
of the most notable parameters in the design procedure of RC beams
with lap-spliced bars [34]. The efficacy of the lap-spliced bonding is
governed by diameter and embedment length of reinforcement, the
reinforcement ratio along the compressive strength of concrete and
concrete cover [35]. Increasing confinement using transverse rein-
forcement along the lap-splice length prevents the occurrence of split-
ting cracks and minimizes cracks’ width. It also improves the flexural
capacity of RC beams by enhancing the bond strength between rein-
forcement and concrete [36]. In RC beams, the reinforcement ratio (p)
should be less than the maximum value of the reinforcement ratio p,,,,
[37]. In this regard, Rezaiee-Pajand et al. [38] proposed an accurate
model to determine sufficient lap-splice length and required transverse
reinforcement over the lap-spliced bars. The results showed that their
model, with high agreement with the experimental results, could be
used as a useful tool to provide adequate lap-splice length to guarantee
the ductility of RC beams. In addition, they showed that the model
proposed by Esfahani and Kianoush [39] had very low agreement with
the experimental results and that it is not a suitable tool to estimate the
adequate lap-splice length of bars and the transverse reinforcement
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Fig. 1. Determination of the shape of the RC beam.

spacing in RC beams.

All previous studies found that providing sufficient lap-splice length
to offer an adequate ductility of RC is an important factor that should be
considered in designing RC beams with lap-spliced bars. For this pur-
pose, Cohen and Bertolt [40] presented the load-displacement rela-
tionship in an attempt to assess the ductility of the RC beams, as shown
in Fig. 1. They proposed the ductility index (i) as the ratio of displace-
ment corresponding to 85% of the beam’s maximum bending capacity
(Aggs) to the displacement corresponding to the beam’s maximum
bending capacity (A)), as presented by Eq. (1).

. Aogs
= 1
i A 1)

Y

2. Calculation of the lap-splice length

to Rezaiee-Pajand et al. [38] research, which is in good
the experimental results. In this regard, the lap-spli
calculated using Eq. (2).

fsds

= a\/]T; —3.23

where dp, and fs, f, are the diameter
tensile reinforcement and compres
tively. In addition, a is a modifg
reference [34].

3. Research significance

The literature reported that a Minimum lap-splice length should be
provided in RC beams to offer an adequate load-bearing capacity and
ductility [10-25]. Bond resistance is the main parameter affecting the
design lap-splice length [38]. Additionally, previous studies showed that
fibres significantly improve the bond resistance between concrete and
rebars. However, only a few limited studies have assessed the influence
of limited content of fibres on the flexural performance of RC beams
with lap-spliced bars [33,34]. However, there are more variables
influencing the flexural performance of SFRC beams with lap-splice bars
that have not been assessed so far including the transverse reinforce-
ment spacing along the splice bars and longitudinal tensile rebars ratio.
Therefore, in this study, the effect of different variables including the SF
content, lap-splice length, longitudinal rebars ratio and transverse
reinforcement spacing on the flexural responses and ductility of RC
beams was studied. Additionally, in terms of numerical evaluation of the
structural performance of RC member, slip between concrete and the
rebars is neglected, which is very important factor when there are
spliced bars and SF-reinforced concrete is used. Because. Existing
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Fig. 2. SF with hooked ends.

Table 1
Concrete mixes design.
Specimen  Water (kg/ Cement (kg/  NCA (kg/ NFA (kg/ SF (kg/
m®) m?) m?)
0% SF 165 950 0
1% SF 165 950 78
2% SF 165 950 156

Fig. 3. Direct tensile test setup.

software is unable to simulate fibres distribution in the concrete matrix.
Therefore, this study is the first investigation that developed a new finite
element simulation for bond-slip behaviour of rebars in SF-reinforced
concrete with connectors that play a spring role to model the exact
slip between concrete and the rebars in SF-reinforced concrete and high
accurate simulation of SFRC beams with lap-spliced bars, because slip
between the tensile rebars and concrete in the splice region is an
important parameter affecting the flexural performance and ductility of
RC beams.

4. Specimen specifications
4.1. Specifications of SF

To produce fibre-reinforced concrete, SF with hooked ends were
used, as shown in Fig. 2. The modulus of elasticity, tensile strength and
failure strain of fibres are 200 GPa, 2 GPa and 3%, respectively. In
addition, the length and equivalent diameter of SF are 60 mm and 0.9 +
0.03, respectively.
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Table 2
Rebars test results
Rebars Yield Ultimate Yield Ultimate Modulus of
diameter strength strength strain strain (%) elasticity
(mm) (MPa) (MPa) (%) (GPa)
8 371 508.49 0.1610 24.51 203.74
10 375 554.24 0.1667 27.14 222.65
20 408 677.99 0.2435 25.51 210.11
800
700

v
=
o

Stress (MPa)
N
=3
o

300
200 R

---210

100 — 20
0

0 5 10 15 20 25 30
Strain (%o)
Fig. 4. Strain-stress curve of the tensile reinforcement.

Table 3

Compressive and splitting tensile strengths of the concrete samples.

Compressive strength (MPa) Splitting tensile strength (MPa)

Average Coefficient of Average Coeffigi
value variation value vagk
Control 35.3 1.3 3.26
14-0% 33.6 3.6 3.17
14-1% 37.7 1.7
14-2% 39.3 1.2
0.91;-0%  34.3 1.3
09l;-1%  37.3 1.2
0.914-2% 40.3 0.7 X
0.814-0% 33.0 1.0 0.1
0.8l;-1%  38.7 0.2 0.1
0.80;-2%  40.3 0.6, 0.3
0.714-0% 33.3 0.7
0.714-1% 37.7 0.2
0.713-2%  39.7 0.2
0.614-0% 33.3 0.1
0.614-1% 38.0 1.2 6.37 0.3
0.613-2%  40.3 0.5 7.43 0.1

4.2. Concrete mixes

To manufacture the concrete specimens, cement was mixed with
gravel, sand and fibres (at 0%, 1% and 2%) and then a solution of water
and high-performance superplasticizer was added until the steel fibres
were uniformly distributed in the concrete matrix. The concrete mix
compositions are represented in Table 1. It should be mentioned that the
total water/cement ratio of all samples was kept constant at 0.41.

4.3. Steel rebars

Rebars with diameters of 20 mm, 10 mm and 8 mm were used as
tensile, compressive and transverse reinforcement, respectively. The
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installed rebars are identical in all the specimens and the compressive
and tensile bar areas are 157 mm? and 628 mm?, respectively. According
to Fig. 3, rebars were subjected to direct tension tests and their speci-
fications were measured. The results are presented in Table 2. In addi-
tion, Fig. 4 presents the strain-stress curve rebars obtained using the
direct tensile test.

4.4. Concrete properties

The compressive and splitting tensile strengths of concrete mixes
were measured at 28 days after curing. To measure the strengths of the
specimens, the average strength values of three 150 mm x 300 mm
cylindrical specimens were produced from the mix of each specimen and
then subjected to compressive and splitting tensile loading conditions
were recorded. The concrete tensile and compressive strength has been
determined according to C496,/C496M, BS EN 12390-1, 2 and 3 [39-43]
Table 3 summarizes the reported compressive and splitting tensile
strengths of the tested specig Bhere, [; is the lap-splice length
content in terms of volume

of SF increased both the

bridging role of
stress along th compressive strength of concrete

of 8.2% and 14.3% when 1% and 2%

engths of the same concrete mix for different specimens.
the average compressive strength of control specimens,

>5 and 33.3 MPa. This slight difference could be attributed to the
tory technician error, setup error and curing condition that are
normal in lab testing. The influence of fibres on the compressive and
splitting tensile strengths of concrete was studied by Karimipour and de
Brito in detail [23]. In addition, the distances from the extreme tension
and compression fibres were 162 and 25 mm, respectively. Furthermore,
the compressive stress—strain relationship of concrete with different SF
contents are presented in Fig. 5. To measure the stress-strain relation-
ship of concrete, three 150 mm x 300 mm cylindrical specimens were
produced from each mix (plain and SF-reinforced concrete) and then
positioned in a single ring that involved a strain gauge with the accuracy
of 0.001 mm according to ASTM C469 [45], as illustrated in Fig. 6. The
same observation was reported by Ran et al. [46] that confirms the
presented stress-strain relationship of concrete samples. Then, the
stress-strain relationship of specimens was recorded with the use of a
computer. It should be stated that these results are necessary to consider
as input variables for the numerical section of this study.

Regarding Fig. 5, with the addition of SF, the ultimate axial stress of
concrete significantly increased and the axial stress further increased for
higher SF contents. By increasing the applied load, cracks occurred on
the external surface of the unreinforced concrete samples, then widened
and, eventually, the specimen’s rapture can occur in the hardening zone.
Increasing the percentage of SF improved the resistance against failure,
and that increased the strain of concrete. In addition, the tensile
stress-strain relationship of concrete samples was measured according
to the study of Al-Osta et al [47] for different SF contents. The results are
illustrated in Fig. 7. Regarding this figure, it can be seen that, at the
elastic stage, the stress—strain relationship was linear until the tensile
stress reached a certain peak due to the bridging role of SF, which
transfers stress along cracks and corresponded to the appearance of the
first crack. After that, the tensile stress dropped abruptly and then
gradually decreased as the tensile strain continued to increase due to
increasing the slip between fibres and concrete. In most of the FRC
specimens, the tensile stress, after dropping abruptly upon first cracking,
gradually decreased as the tensile strain increased. However, in some of
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Fig. 5. Compressive stress—strain behaviour of concrete with entg§content.
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Fig 7. Tensile stress—strain behaviour of concrete with different SF content.

the SFRC, the tensile stress, after dropping abruptly upon first cracking,
gradually increased to an even higher peak than the first cracking
strength as the tensile strain increased, and thus exhibited strain hard-
ening behaviour. More details about the tensile stress—strain

/]
5
/1 7] i ! 150 mm i
A 3
et %% y - ~ /I/ 2 910 g
: P2 P2 o
| 600 mm | \/ \
' ' 1 2620 #8
A 1
L 1 4 1 1
150 mm 2000 mm 150 mm

Fig. 8. Geometry of the specimens and rebars layout.

relationship of SF content could be also found in the study performed by
Kwan and Chu [48].

4.5. Geometrical properties of the concrete specimens

In this study, a total number of 16 RC beams with height, width and
length of 200, 150, and 2300 mm, respectively were prepared using
different SF contents. Five lap-splice lengths were considered: 1, 0.914,
0.8l4, 0.71; and 0.61; where l; denotes the sufficient calculated lap-splice
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Fig. 9. Four-point flexural test setup.

length. One specimen was considered as a control without lap-splice bar
and SF. Fig. 8 shows the geometrical properties and layout of the lon-
gitudinal and transverse rebars. It should be noted that the longitudinal
rebars ratio for the control specimen and those with lap-spliced bars is
constant.

5. Test setup and loading conditions

Specimens were tested under a four-point bending setup at 28 days
after curing, as shown in Fig. 9. The purpose of this test was to determine
the flexural performance and ductility of beams with lap-spliced bars.
The tested beam with a 2000 mm span had two simple supports and was
subjected to axial load with 600 mm eccentric distance. One speci,
was selected as the control. During the text procedure, displacement
constantly monitored and loading remained up to the specimen’s failu

To perform a load, 500 kN capacity load-cell was used andgfFe
at 5 mm/min rate. The deflection of the beam was
e ac

Linear Variable Differential Transformer (LVDT) wijtf
0.001 mm, placed at the mid-span under the spegi#fen.

6. Experimental results

6.1. Load-displacement behaviour

of the specimens

In this section, the load—displa
s per Fig. 10a, there is
that with adequate lap-

was studied. The results are g
a difference between the g D
splice length (I3), which A ap-splice length is enough.

Additionally, adding SF sig ntly 1mproved both the load-bearing
capacity and mid-span displac&@ent of specimens when the design
lap-splice length (I;) was provided and the performance of the beam was
further improved with increasing SF content. Additionally, adding SF
delays the crack initiation and acts after the cracks appear which led to
increasing the deformation after the maximum load-bearing capacity
with no significant reduction in load capability when a sufficient lap-
splice length was provided (Fig. 10a).

Conversely, reducing the lap-splice length led to reducing both the
maximum load-bearing capacity and the deformation of the beams while
adding SF improved the performance of beams with reduced lap-splice
length. According to Fig. 10b, reducing the lap-splice length by 10%
without SF slightly declined the maximum mid-span displacement of the
beam. Reducing the lap-splice length by more than 10% (0.91;) sub-
stantially declined the maximum strength and deformation of the
specimens. However, with the use of SF, the lap-splice length could
decrease by 20% with no reduction in the maximum load-bearing ca-
pacity of RC beams with lap-spliced bars (Fig. 10c). This could be
attributed to the improvement of the bond resistance of tensile rebars in

1 lap-splice length when 2% SF were
, adding SF did not affect the structural
hen the lap-splice length declined by 40%

influence of lap-splice length on the flexural
ecimens was measured considering the SF content con-
Its are presented in Fig. 11. Regarding Fig. 11a, there is no
ifference between the load-bearing capacity and deforma-
of the control specimen and that produced with sufficient lap-splice
(lp). On the other hand, the reduction in lap-splice length without
SF decreased the maximum resistance and deformation of RC beams due
to increasing the slip between the longitudinal tensile rebars and con-
crete. Therefore, a sudden reduction in load-bearing capacity was
observed after a maximum load-bearing capacity of beams when more
than 10% lap-splice length decreased. Conversely, adding 1% SF led to
improving the load-bearing capacity and deformation, and the lap-splice
length could decrease by 20% with no reduction in flexural strength of
RC beams. This could be attributed to increasing bond resistance and
reducing slip between longitudinal tensile rebars and concrete. How-
ever, the addition of 1% SF did not significantly affect the
load—displacement relationship of RC beams when the lap-splice length
decreased by more than 20%. Furthermore, a significant improvement
in load-deformation behaviour of RC beams with up to 20% reduction in
lap-splice length was observed when 2% SFF were added (Fig. 11c).
Additionally, there is no substantial difference between the control
specimens and that having 0.71; in terms of maximum displacement and
load-bearing capacity. However, a 40% reduction in lap-splice length
substantially decreased the flexural behaviour of RC beams whereas 2%
SF were added. Furthermore, the changing trend in maximum mid-span
displacement and load-bearing capacity of the specimens, and their
values are presented in Figs. 12 and 13.

The lap-splice length could be cut by 20% when 2% SF were used
with no reduction in strength and deformation of the beams. Conversely,
reducing the lap-splice length by 30% in 2% SFRC beams substantially
decreased the mid-span displacement; however, the ultimate strength
slightly dropped. Therefore, the addition of 2% SF improved the
maximum load-bearing capacity of specimens with I, 0.91; and 0.8l4
lap-splice length by 25%, 12.5% and 11%, respectively, relative to that
control specimen without splice and SF. Additionally, the maximum
displacement of specimens with l;, 0.9; and 0.8l; lap-splice length
increased respectively by 22%, 13% and 3% when 2% SF were added.
Conversely, the maximum strength and displacement of the specimen
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Fig. 10. Influence of SF content and lap-splice length on the load-displacement behaviour of specimens.
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Fig. 12. Influence of SF content on the maximum mid-span displacement of specimens with different lap-splice lengths.

specimens with different lap-splice lengths.



A. Karimipour et al.

1d-0% s %
- \,.‘l\‘ '-'.“"
LX) by
/ > " o
P Ry v
e Y ,fl e’
°» " % A
I o P R -
m— A
0.71d4% . - S

e

,\,-.

Fig. 14. Cracks propagation and failure mode of the specimens with lap-spliced bars g

Engineering Structures 249 (2021) 113362

7 ‘“""—WW 1
% . B3

| M T X.L‘* r‘

" 0.91d-2% - 3 o
18 AW il
g f;:““‘m_r/ N
- / / / } Vs i(}_’ . 'IS < T L
U _A— ? r -
071d2% ¢ e i |
WL 73§ 4 ALY
u//u £ 18 \u & a b N \(’z\ o
/ \{ ‘n, " # ‘\\

with 0.7l; declined
respectively.

hen 2% SF were added,

e and cracks distribution in typical speci-
icient lap-splice length played an effective role in
specimens with enough lap-splice length failed
rmation. In addition, using SF decreased the cracks width
ks propagated by increasing SF content. By reducing the

attributed to the large reduction in bond strength of the rebars over
iced region. Therefore, cracks concentrated at the spliced region.
On the other hand, since SF improved the bond resistance between the
longitudinal rebars and concrete, specimens failed with more deforma-
tion and flexibility when 2% SF were added. In addition, both initial and
failure crack width were measured using HFBTE CK-102 Digital Con-
crete Crack Width Gauge Meter, and the results are presented in Table 4.

There, the addition of SF decreased both the maximum and initial
cracks width due to the bridging role of fibres and transferring the
tensile stress along the cracks. Conversely, reducing the lap-splice length
increased the width of the cracks and it substantially increased when the
lap-splice length declined by 40%. In addition, SF did not significantly
decrease the cracks width in specimens with 0.6l; lap-splice length,
which shows the importance of providing an adequate lap-splice length.

= Control
m 0% SF
m1% SF
= 2% SF

Table 4
Cracks width and load-bearing capacity of specimens
Specimen  Loading of first Specimen’s Initial Crack width
crack occurrence failure load cracks’ at the peak
(kN) (kN) width (mm)  load (mm)
Control 28.8 107.0 3.5 19.3
14-0% 25.5 105.8 3.1 11.6
14-1% 32.7 130.8 2.6 8.8
14-2% 36.6 141.3 2.2 6.6
0.914-0% 22.5 102.1 5.0 27.5
0.914-1% 29.7 118.6 3.8 20.9
0.914-2% 32.4 125.4 29 16.0
0.814-0% 20.1 100.3 5.9 32.5
0.814-1% 28.9 115.6 4.5
0.814-2% 29.6 118.3 3.4
0.714-0% 18.2 80.1 6.5
0.714-1% 21.1 88.5 5.0
0.714-2% 23.4 93.6
0.614-0% 14.2 64.8
0.614-1% 16.3 73.2
0.614-2% 18.7 73.9
6
5
35
E.
(=]

0.81d
Lap-splice length

0.6ld

—0—0% SF
=0=1% SF
=0=2% SF

0.71d

0.81d

18
1.6
0.6i I
0.6ld

Fig. 15. Influence of SF on the ductility of the beam for different lap-splice lengths.
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Fig. 16. Simulated response of concrete subjected to compression by finite
element simulation.

6.3. Ductility

As mentioned above, the ductility and deformation of RC beams at
the failure point are very important issues. In this section, the influence
of SF on the ductility of RC beams with various lap-splice lengths was
studied. The results are presented in Fig. 15.

There is no difference between the control specimens without lap-
spliced bars and those reinforced with ;. In addition, adding SF had a
significant improvement influence on the ductility of specimens and
ductility was further improved by increasing SF contents. However,
adding SF did not significantly enhance the ductility of RC beams with
0.6l;. Therefore, specimens failed with deformation, which functions as
an alarm to residents to leave the place under the beam. Without SF, the
ductility of specimens considerably decreased when the lap-splice le
declined: it dropped by 62.5%, 67.2%, 67.8% and 79.7% when the 1
splice length decreased by 10%, 20%, 30% and 40%, respegs
lap-splice length could be cut by 30% (0.71;) when 2%
with no reduction in ductility.

7. Numerical results

In this section, the influence of vggious parX@eters, including

formance and ductility
y studied. For this
d in finite element
slip and no-slip be-
novelty of this study becau ere is no study to perform a bond-slip
analysis between the rebars a oncrete when SF were used. In addi-
tion, previous investigations haW® only measured the influence of
limited SF contents and lap-splice lengths [26-28].

7.1. Materials’ definition

The most important issue in numerical analysis is the accurate and
exact definition of materials. Following the experimental results, SFRC
beams with lap-spliced bars were adopted to the ABAQUS software as a
finite element approach to analyse the effect of different main param-
eters on the critical responses of RC beams under flexure. To simulate
the linear and nonlinear properties of concrete, the isotropic SOLID
C3D8R element was used in the model. Nonlinear characteristics of
concrete were considered to determine the concrete damage by finite
element simulation. Concrete’s failure was analysed by employing the
generalized state of the Drucker-Prager’s inner cone collapse criterion.
Compressive strength, nonlinear strain, compression damage (d.) and
corresponding strain were analysed to determine the stress-strain
response of concrete subjected to compression. In the numerical
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Fig. 18. Tensile response of concrete after cracking.

analyses, the real strain values were converted to a nonlinear strain
using the following function, as illustrated in Fig. 16 [49]:

=, e 3
c c

Furthermore, the plastic strain values that correspond to the con-
crete’s compressive strength were determined using the equation below
[49]:

o,

—in

d.
g _

glogn %
T T (1—d) E

4
The compression damage (d.) is also calculated using the following
proposed function:

e

do=1-|—2
) 0.2¢in 4 %=

Eo

)

Based on the experimental results, concrete’s compressive and ten-
sile strengths were simulated using the finite element model. To eval-
uate the stress—strain relationship of concrete subjected to tension,
characteristics such as nonlinear strain, tensile damage and corre-
sponding strain were considered and the actual strain was converted to
the nonlinear strain. Fig. 17 shows the concrete’s tensile strength using
the finite element method. In this regard, the values of the strain of
plastic corresponding to the tensile strength of the concrete at any given
moment are determined by Eq. (6) [49].
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Fig. 20. Bond-slip response of ribbed bars.

Table 5
Properties of the simulated specimens

d. 0,

(1—d)E. ©

=pl —in

& =g'—
e stress and modulus of elasticity,
ension within the cracks. On
carrying considerable tensile
thin cracks. Such an effect

In which 6, and E, denote th

e occurrence of cracks. This linear
e tensile behaviour of concrete after

Specimen SF (%) 1y (mm) Specimen SF (%) 1y (mm) S (mm) dp (mm)
g —0%-80-24 0 600 0.8l —1%-60-20 1 480 60 20
13 —0%-80-20 0 0.8l; —1%-40-24 1 480 40 24
I3 —0%-60-24 0 0.8l —1%-40-20 1 480 40 20
14 —0%-60-20 0 0.61; —1%-80-24 1 360 80 24
13 —0%-40-24 0 0.61; —1%-80-20 1 360 80 20
14 —0%-40-20 0 0.61; —1%-60-24 1 360 60 24
0.81; —0%-80-24 0 0.615 —1%-60-20 1 360 60 20
0.81; —0%-80-20 0 0.615 —1%-40-24 1 360 40 24
0.81; —0%-60-24 0 0.6l; —1%-40-20 1 360 40 20
0.81; —0%-60-20 0 14 —2%-80-24 2 600 80 24
0.81; —0%-40-24 0 480 40 24 14 —2%-80-20 2 600 80 20
0.81; —0%-40-20 0 480 40 20 14 —2%-60-24 2 600 60 24
0.61; —0%-80-24 0 360 80 24 1y —2%-60-20 2 600 60 20
0.61; —0%-80-20 0 360 80 20 lg —2%-40-24 2 600 40 24
0.61; —0%-60-24 0 360 60 24 14 —2%-40-20 2 600 40 20
0.61; —0%-60-20 0 360 60 20 0.8l —2%-80-24 2 480 80 24
0.61; —0%-40-24 0 360 40 24 0.8l; —2%-80-20 2 480 80 20
0.61; —0%-40-20 0 360 40 20 0.8l —2%-60-24 2 480 60 24
13 —1%-80-24 1 600 80 24 0.8l —2%-60-20 2 480 60 20
13 —1%-80-20 1 600 80 20 0.8l; —2%-40-24 2 480 40 24
I3 —1%-60-24 1 600 60 24 0.8 —2%-40-20 2 480 40 20
14 —1%-60-20 1 600 60 20 0.61; —2%-80-24 2 360 80 24
I3 —1%-40-24 1 600 40 24 0.6l —2%-80-20 2 360 80 20
13 —1%-40-20 1 600 40 20 0.6l; —2%-60-24 2 360 60 24
0.81; —1%-80-24 1 480 80 24 0.615 —2%-60-20 2 360 60 20
0.81; —1%-80-20 1 480 80 20 0.615 —2%-40-24 2 360 40 24
0.81; —1%-60-24 1 480 60 24 0.6l —2%-40-20 2 360 40 20

11



A. Karimipour et al. Engineering Structures 249 (2021) 113362

(@ (b)

Fig. 21. Finite element simulation of specimens in ABAQUS a) without slip and b) with slip (using connector).
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Fig. 22. Load-displacement rel, e specimens with 0.8l; and without SF a) with no-slip and b) with slip.
d=1-2 ®) element model to simulate bond action and consider the slip-force
=
1 response between concrete and the rebars. The assigned translator
o . element at the concrete-rebar interface consisted of two nodes, as pre-
where ¢ and f; 1r'1d1cate the stress ffach and tensile strength of sented in Fig. 19. The slippage at various interface locations was defined
concrete, respectively. ) ) o using nodes’ relative displacement in the direction of slippage [50]. The
Furthermore, the translat nt VggingggPorated into the finite properties of the reinforcement were used according to the results of the
140 140
120 120
100 100
g 80 g 80
= T
S 6 5 6
40 40
20 —— Experim ental 20 —— Experim ental
! - = “Modelling - = -Modelling
0 0
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100

Displacement (mm) Displacement (mm)

(a) (b)
Fig. 23. Load-displacement relationship of the specimens with 0.8]; and 2% SF a) with no-slip and b) with slip.
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and Eq. (9) [51].
S
Tpmar(o) 0 < S <8
S
TpmaxS1 <SS
(C)]

Tp =

where 73, S, 75 max, and 7y are the bond stress, slip, maximum bond stress,
and lower constant level (=40% of 7p mqy), respectively. Moreover, S1 ~
S4 are the model parameters that were considered according to previous
studies [52]. In this study, the effect of transverse reinforcement spacing
along the lap-spliced region and longitudinal tensile rebars ratio on the
flexural behaviour and ductility of RC beams with different lap-splice
lengths and SF contents was analysed. In addition, the cross-section
dimension of all specimens was kept constant. The specimen’s specifi-
cations are presented in Table 5.

7.2. Verification

In this section, two plain and SFRC specimens considering with and
without slip were calibrated using existing experimental data - to
ascertain the validity of the used numerical model. As also mentioned
above, to correctly define the behaviour of materials, the stress—strain

(a)

13

nship of materials was defined in the software. Fig. 21 shows the
conducted simulation in ABAQUS software with slip (with connector)
and without slip. Additionally, according to the low slip between the
transverse reinforcement and concrete in RC beams, the slip for trans-
verse reinforcement was neglected and a tie element (embedded state)
was utilized for transverse reinforcement [42-45].

To perform the simulation, the analysed model was verified against
the conducted experiments on the specimens. Figs. 22 and 23 compare
the load-displacement responses of specimens with different lap-splice
lengths, SF contents and slips - according to experimental and simula-
tion results. There, ignoring the slip between the rebars and concrete
(embedded region) led to considerable error between the experimental
and analytical results by simulation when SF were not used because the
slip value is large in plain concrete beams. Conversely, the embedded
region with no-slip could be considered with acceptable performance
when 2% SF were added because the bond resistance increased and the
slip between the longitudinal tensile rebars and concrete significantly
declined. However, considering the slip between the rebar and concrete
gave high accurate results, relative to the experimental results. There-
fore, the results showed the accuracy and efficiency of the simulation
and the presented models could be utilized for both plain and SF con-
crete beams.

Additionally, cracking and its propagation was compared, as pre-
sented in Fig. 24, which also shows the accuracy of the simulation in
terms of the flexural behaviour of SFRC beam with lap-spliced bars.
After the verification, the influence of the longitudinal tensile rebars
ratio and transverse reinforcement spacing along the splice length on the
flexural performance of ductility of SFRC beams with different lap-splice
lengths (I3, 0.81; and 0.61y).
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Fig. 26. Influence of longitudinal tensile rebar ratio on the maximum capacity
of SFRC beams with lap-spliced bars.

7.3. Load-displacement and ductility of the specimens

7.3.1. Influence of longitudinal tensile rebar ratio
Fig. 25 shows the influence of longitudinal tensile rebar ratio on the
load-displacement performance of RC beams with lap-spliced bars and
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Fig. 27. Influence of longitudinal tensile rebar ratio on the maximum defor-
mation of SFRC beams with lap-spliced bars.

different SF contents. There, the flexural strength increased and the
maximum deformation declined with an increase in longitudinal tensile
rebar ratio. Moreover, with the use of SF, both the maximum load-
bearing capacity and mid-span displacement of RC beams with various
lap-splice length improved. The effect of SF on improving the
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Fig. 28. Influence of longitudinal tensile rebar ratio on the ductility of SFRC
beams with lap-spliced bars.

performance of RC beams with a higher longitudinal rebar ratio was
greater. This could be attributed to a higher confinement area around
the rebars with an increase in their diameter due to increasing the bond
resistance between the longitudinal tensile rebars and concrete.
Regarding Fig. 25, the addition of SF played an effective role in
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significantly improving the maximum bearing capacity of the RC beam
when the required lap-splice length was cut by 20% (0.8l3). The
improvement influence of SF on the behaviour of specimens declined
and, when the lap-splice length declined by 40%, the use of SF had an
insignificant influence on maximum flexural strength and deformation
of RC beams. Therefore, the lap-splice length could be cut by 20% when
SF were added. It should be stated that adding SF does not have a sig-
nificant influence on improving the performance of RC beams, and at
least 0.8l; lap-splice length should be provided when SF are added.
Additionally, increasing the longitudinal rebar ratio did not consider-
ably affect the load-bearing capacity of RC beams when the lap-splice
length declined by a high percentage (40%) due to a substantial drop
in bond resistance between the tensile rebar and concrete.
Furthermore, the maximum load-bearing capacity and mid-span
displacement of the specimens are presented in Figs. 26 and 27,
respectively. According to Fig. 21, the strength of RC beams with the
required lap-splice length (l;) improved by 39.3% and 67.8% when the
longitudinal rebars ratio incre % and respectively 1% and 2%
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Fig. 30. Influence of transverse reinforcement spacing along the lap-splice length on the load-displacement relationship of SFRC beams with 0.8l lap-spliced bars.
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Fig. 32. Influence of t

this figure, the ductility o ms aeemned with a reduction in lap-
splice length. Moreover, incorporation of SF improved the
ductility due to raising the bond tance between the tensile rebar and
concrete, and transferring the stress along the cracks’ width. Addition-
ally, reducing the diameter of the longitudinal tensile rebars led to
reducing the ductility of the specimens. In addition, using SF signifi-
cantly improved the ductility of RC beams with lap-spliced bars when
higher diameter rebar was used for longitudinal tensile rebars. The
addition of SF did not significantly improve the ductility of the RC-beam
with lap-splice length when both splice length and tensile rebars ratio
decreased. Therefore, for those specimens with l; lap-splice length, the
increase in longitudinal tensile rebar diameter with 1% and 2% SF
improved the ductility respectively by 49.4% and 60.2%. In addition,
when a higher longitudinal tensile rebar ratio (with 24 mm diameter or
3% longitudinal ratio) with 0.81; was used, the addition of 1% and 2% SF
improved the ductility respectively by 13.7% and 20.9% in comparison
with the specimen with the required splice length (I;) and without SF
(I1 —0% —60 —24). In other cases, the ductility considerably declined
with a reduction in lap-splice length, even if SF were added. Thus, the
minimum reduction of 61%, 60% and 58% was observed when the lower
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spacing along the lap-splice length on the maximum capacity of SFRC beams with lap-spliced bars.

longitudinal tensile rebar ratio with 0.614 lap-splice length was used with
0%, 1% and 2% SF, respectively.

7.3.2. Influence of transverse reinforcement spacing along the lap-splice
length

In this section, the influence of transverse reinforcement along the
splice length on the flexural responses and ductility of RC beams was
numerically investigated. The results are presented in Figs. 29 and 30 for
different lap-splice lengths and diameters of the longitudinal tensile
rebar. There, the reduction in transverse reinforcement spacing along
the splice length improved the load-bearing capacity and deformation of
RC beams with various lap-splice lengths. Therefore, providing adequate
transverse reinforcement is important to provide an appropriate
load-displacement behaviour of RC beams with lap-spliced bars, while
the improvement influence on the flexural strength increased with an
increase in longitudinal rebar ratio. This could be attributed to
increasing the confinement strength around the rebars and the bond
resistance with an increase in longitudinal rebar ratio. Conversely, the
improvement effect of reducing transverse reinforcement spacing
declined with a reduction in lap-splice length. Therefore, a slight
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Fig. 33. Influence of transverse reinforcement spacing along the lap-splice length on the m u SFRC beams with lap-spliced bars

10

Ductility

Fig. 34. Influence

enhancement in the load-displacement performance of RC beams as a
result of a reducing transverse reinforcement spacing was observed
when the lap-splice length declined by 40% (0.6l;). According to
Figs. 29 and 31, the lap-splice length could be cut by 40% when the
transverse reinforcement spacing along the splice length was halved and
2% SF were added. Furthermore, the values of maximum load-bearing
capacity and deformation are shown in Figs. 29 and 30, respectively.
According to Fig. 32, in specimens with 2% tensile rebar ratio, the
maximum strength of RC beams improved by 29.1% and 16.7% when
the lap-splice length declined respectively by 20% and 40%, and 2% SF
were added, relative to the same specimen with the required lap-splice
length (I; —0% —80 —20). In addition, in the beams with 3% tensile
rebar ratio, the splice length declined by 20% and 40% but the ultimate
load-bearing capacity improved by 58.3% and 417% when 2% SF were
added and the stirrup spacing along the splice length was halved.
Additionally, in the beams with 2% and 3% tensile rebar ratio and 0.8l4
lap-splice length, the maximum mid-span displacement improved
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nsverse reinforcement spacing along the lap-splice length on the ductility of SFRC beams with lap-spliced bars.

respectively by 33% and 22% when 2% SF were added (Fig. 33).

Fig. 34 provides the influence of transverse reinforcement spacing on
the ductility of RC beams with various lap-splice lengths, SF contents
and longitudinal tensile rebar ratios. There, the reduction in transverse
reinforcement spacing along the splice length played an important role
in improving the ductility of the RC beam when sufficient lap-splice
length was provided (I;), and the maximum improvement was ob-
tained when 2% SF were also added. Therefore, the ductility improved
by 94% and 157% when 2% SF were used in RC beams with 3% tensile
rebars ratio and the transverse reinforcement spacing was cut by 20 mm
and 40 mm, respectively. Additionally, in 2% SFRC beams with 2%
tensile rebar ratio, the ductility improved by 48.7% 100% when the
transverse reinforcement spacing decreased by 20 mm and 40 mm along
the splice length, respectively. Conversely, a reduction in transverse
reinforcement spacing did not significantly improve the ductility of the
specimen when the lap-splice length decreased, especially if a high
percentage reduction (40% in this study) was performed. However, the
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addition of SF significantly enhanced the ductility, particularly when 2%
SF were added.

8. Conclusions

In this study, the effects of different parameters including SF content,
lap-splice length, longitudinal tensile rebar ratio and transverse rein-
forcement spacing along spliced bars was experimentally and numeri-
cally investigated. Following the experimental results, finite element
method software, ABAQUS, was utilized and a novel simulation was
developed to model the bond-slip behaviour of steel rebars in SFRC
beams. Analysing the effect of using various parameters on the flexural
responses and ductility of RC beams with lap-spliced bars considering
slip between concrete and the tensile rebars was the prime objective of
this study. According to the main results of this study, the following
conclusion could be drawn:

1. The simulated flexural responses of the RC beam with lap-spliced
agree well with its experimental behaviour, considering similar pa-
rameters in both the experimental and analytical approaches.
Incorporating translator elements at the concrete-reinforcement
interface enhances the precision of the conducted simulation.
Therefore, the finite element method is a useful tool to model the
bond-slip performance of rebars in both plain and fibre-reinforced
concrete members;

2. In SFRC beams with SF contents above 1%, the slip between the
rebars and concrete can be neglected and the embedded element
(with no-slip) can be used to simulate the structural performance of
RC beams;

3. The addition of SF significantly improved the strength and
displacement of specimens when sufficient lap-splice length (I4)
provided and the performance of the beam was further impr
with increasing SF content. The reduction in lap-splice length le
reducing the maximum strength and deformation of he

could be cut by 20% with no reduction in the
capacity of RC beams. Additionally, addi:
structural performance of specimens
declined by 40%;
4. The cracks width declined and the
lice length, specimens
herefgye, cracks concen-

length increased the
tially increased when
not significantly decreas®
the lap-splice length, whic
ficient lap-splice length;

5. The addition of SF substantially improved the ductility of the spec-
imens, but adding fibres did not considerably improve the ductility of
RC beams with 0.6l;, and the ductility of beams decreased when the
lap-splice length decreased;

6. Flexural strength improved and deformation decreased by increasing
the longitudinal tensile rebar ratio. The influence of SF on improving
the performance of RC beams further increased by increasing the
tensile rebar ratio. Additionally, increasing the longitudinal rebar
ratio did not significantly improve the load-bearing capacity of RC
beams when the lap-splice length declined by 40%;

7. Ductility declined by reducing the diameter of the tensile rebar ratio.
Moreover, the addition of SF substantially improved the ductility of
RC beams with lap-spliced bars when higher diameter longitudinal
tensile rebars were used. However, the use of SF did not significantly
improve the ductility of RC beam with lap-splice length when both
the splice length and tensile rebars ratio decreased;

€ cracks width in specimens with 0.6l
ows the importance of providing suf-
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8. Reducing the transverse reinforcement spacing along the spliced bars
improved the strength and deformation of RC beams with various
lap-splice lengths. Therefore, providing sufficient transverse rein-
forcement is important to provide the proper behaviour of RC beams
with lap-spliced bars. Moreover, the improvement influence on the
flexural strength increased with an increase in longitudinal rebar
ratio. Therefore, the lap-splice length could be cut by 40% when the
transverse reinforcement spacing was halved and 2% SF were used,
as well;

9. Reducing the transverse reinforcement spacing along the splice
length played an important role in improving the ductility of the RC
beam when sufficient lap-splice length was provided (I), while a
reduction in transverse reinforcement spacing did not significantly
improve the ductility of the specimen when the lap-splice length
decreased by 40% (0.6l;). However, the addition of SF significantly
enhanced the ductility, especially when 2% SF were used.

work reported in this paper.
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