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a b s t r a c t

Engineered Cementitious Composites (ECC) considers a type of ultra-ductile cementitious composites
with fiber reinforcement. It is developed for applications for economic purpose in the construction indus-
try. ECC characterizes by strain hardening and multiple cracking. This paper experimentally investigates
the performance of ECC concrete beams reinforced with conventional reinforcement bars. Advanced
Polyvinyl Alcohol Engineered Cementitious Composite (PVA-ECC) fibers were selected in this purpose.
Twelve RC beams were poured and tested to study flexure behavior under four-point loading test. Two
different longitudinal reinforcement percentages, variable volume ratios of (PVA) and polypropylene
fibers (PP) were used. optimizing the usage of PVA material trails to put it in the lower layer of the section
at point of maximum tension with variable thicknesses was conducted. Initial flexure cracking load, ulti-
mate load, the ductility and the load-to-deflection relationship at various stages of loading were evalu-
ated. Experimental outcomes revealed that the enhancement in maximum capacity is more significant
in the case of using PVA rather than PP. The maximum load increases by 20% and 34% for 1.0% and
2.0% of PVA contents in total section respectively. The relative ductility factor increases by 30% and
45% for 1.0% and 2.0% of PVA content. Results also depicted that a reasonable considerable increasing
in the load capacity when used limited layer thickness of PVA concrete. Nonlinear Finite Element
Analysis (NLFEA) was conducted for the purpose of simulating the behavior of experimentally tested
beams, regarding crack behavior and load-deflection response. Reasonable agreement was achieved
between the experimental results and NLFEA results.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The development of fiber reinforcing material for concrete has
undergone at the few last decades. In the 1960’s, the effectiveness
of short steel fibers in reducing the brittleness of concrete was
studied [12,11]. This improvement has continued using extension
of varied fiber types, such as carbon, glass, and synthetics.
Recently, hybrids mixture in which a combination of varied fiber
types or fiber lengths has been arises. Concrete with discrete fibers,
like polypropylene exhibits drop in the tensile resistance as a dis-
tinct crack expands during tension-softening, (PVA-ECC) fiber is
considered a promising alternative for fiber reinforced concrete
[15]. Deformation for ECC during the elastic and strain-hardening
phases is suitably defined as straining. The tensile resistance con-
tinues to rise during multiple micro cracking and the strain
increased continuously. Based on the load-to-deflection curve of
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concrete, the participation of concrete in uni-axial tension can be
defined as the tension-stiffening effect [1].

ECC concrete reveals its tensile ductility under tension load
[7,16,17,6,8]. When ECC concrete beam subjected to bending, a
multiple micro-cracking mechanism was formed at the zone of
maximum tension stresses. In addition, allowing it to encounter
a high curvature progress – an occurrence that has resulted in
the general name of ‘‘bendable concrete”. Regardless the element
geometry, deflection hardening is an essential property of ECC. This
is not the response for tension-softening FRC beam, in which
deflection hardening comes to be challenging to achieve as beam
depth increases [13]. The cost of PVA is estimated about 1/8 of high
modulus polyethylene (PE) fiber, and is even less than steel fiber of
the same volume basis. With some certain improvements in fiber
properties, PVA fiber introduces a promise as ECC reinforcement
[15].

Yuan et al. [18], studied the effects of the ECC concrete layer
thickness and position on the manners of the steel reinforced spec-
imens with ECC/concrete composite. The stresses provided by ECC
at tension region lead to larger area of concrete participating in
compression. Hence, the maximum moment capacity was
enhanced. Doo-Yeol Yoo et al. [4], investigated the behavior of
beams including ultra-high performance ECC. They recorded a
strain-hardening characteristic though the formation of fine micro
cracks at failure load. PAN JinLong et al. [10], carried out a four-
point load test to study the flexural characteristics of PVA with dif-
ferent ratio. It concluded that the ductility and bending strength of
ECC material are significantly larger than those of plain concrete. In
addition, when the volume fraction increased, the ductility
increases.

Alfonso [2], was presented the results of flexural behavior eight
beams with SFRC external layers and RC internal layer. The SFRC
beams exhibited 70% greater energy absorption than RC beam.
Fang et al. [5], tested beam-column joints with ECC composite
exposed to cyclic loads. According to the results, the additions of
ECC materials in joint zone significantly enhance the load capacity
and ductility. In addition, the higher shear strength and ductility of
ECC concrete, the higher the energy dissipation encountered. D.
Nicolaides et al. [3], established a constitutive material model by
using the extracted results from the experimental outcomes of
beams with fiber reinforcement and subjected to three-point bend-
ing tests. Inverse analysis (least-square method) method was used
to develop a material model for which reaching to optimum corre-
lation between the test results and numerical load-deflection rela-
tionships. Most of the previous research works were limited to use
one kind of fiber as ECC material. for that reason, the performance
of beams with ECC material using mix of two kinds of fiber need to
be investigated.

The aims of this paper are, experimentally and analytically
investigate the performance of beams with ECC regarding the
cracking load, ultimate load, the ductility and the load-to-
deflection response. Two kinds of fibers were used for that pur-
pose, ECC in the form of PVA and polypropylene PP fiber. The paper
aims also to develops a numerical models using (NLFEA) to simu-
lates ECC beams performance and help to conducts more future
parametric studies. The developed numerical models were per-
formed using ANSYS software [22].
2. Test program

2.1. Test specimens

In this investigation, twelve concrete beams were cast. Two
control beams were poured without fibers for comparison, and
the rest of specimens included fibers. Two types of fiber materials
have been utilized in this investigation; ECC material in the form of
Poly viny1alchol fibers (PVA) and Polypropylene fibers (PP). The
geometrical and mechanical properties of the used fibers were
measured, Sayed et al. [23]. PVA fibers have a length of 12 mm, a
diameter of 39 mm, an elastic modulus of 42.8 GPa, nominal
strength of 1620 MPa and 6.0% elongation. Polypropylene fibers
(PP) have a length of 12 mm, a diameter of 22 mm, an elastic mod-
ulus of 3.45 GPa, nominal strength of 550 MPa and 21.0% elonga-
tion. Two specimens were poured without adding any fiber as
control beams with longitudinal reinforcement two 16 mm diam-
eter and two 12 mm diameter respectively. Another two beams
were cast totally with PVA volume ratio of 1.0% and 2.0%. Two
more beams were cast totally with PVA and PP fibers with volume
ratio of 0.50% and1.0% for each fiber. Three more beams containing
200 mm layer of PVA and PP fibers with volume content of 0.50%
and 1.0% were casted. Three more beams containing 100 mm layer
of PVA and PP fibers with volume content of 0.50% and 1.0% were
cast. The cross sectional dimensions and the span of the specimens
were kept constant for all the ten beams. The dimensions of all
specimens were 115 mm x 280 mm x 1850 mm. Seven beams were
reinforced using two steel bars of 16 mm diameter at the bottom
face that serves as the main reinforcement, the other five beams
were reinforced using two of 12 mm diameter. The yield stress
was measured to be 400 MPa. Two bars of 8 mm diameter were
used as top RFT and 8 mm diameter stirrups @ 100 mm c/c spacing
were used as shear reinforcement as presented in Fig. 1 and
Table 1.
2.2. Test setup

The specimens were tested in a machine of 1000 kN capacity.
Beams were simply supported over a span of 1650 mm. The load
was distributed on two plates kept 350 mm apart. The two loads
are symmetrical to centerline of the beam. The dimension between
the two loading plates is 350 mm. the edge dimension between the
load plate and the nearest support is 650 mm. The specimens were
tested under load control with the rate of 30–70 increments to fail-
ure. Strain gauges have been fixed at the longitudinal reinforce-
ment bars to record the strain in the steel bars as illustrated in
Figs. 2 and 3. Deflection at the centerline was measured for every
0.5 kN increment of load using a linear variable differential trans-
formers (LVDT) fitted at the center. The cracks during loading
stages were mapped out and other observations were recorded
during loading and at the failure; Fig. 4 shows crack propagation
of beam B1.
3. Experimental results and discussion

3.1. Initial crack load and ultimate load

All beam specimens were visually observed till the initial crack
occurred, the corresponding load was noted. Table 2 provides a
summary of the important experimental results for tested speci-
mens. The load at initial crack increases as the volume content of
fibers increases. PVA and PP material improve the residual strength
of concrete through additional fracture energy. After the first
cracks, fibers began to work during applying loads up to failure.
However, with the addition of polypropylene fibers (PP), the
increase in ultimate load is very marginal compared to (PVA). Com-
pared to control beam B1 for group A, the maximum load increases
by 20% and 34% for 1.0% and 2.0% of PVA fibers content ratio in
total section, respectively. The increasing ratio reaches to 11%
and 24% when using a mixer of both PVA and PP fiber with the
ratios of 0.5% and 1.0% for B4 and B5, respectively. It can be noticed
that using both PVA and PP with the volumetric ratios, 0.5% and



Fig. 1. Tested beams geometry and details.

Table 1
Detail of test beams.

Groups Specimen Concrete cube compressive
strength (MPa)

Fiber content
(PVA)Vf %

Fiber content
(PP)Vf %

Thickness of
Layer (mm)

Bottom RFT. Transverse RFT.

Bars Yield strength
(MPa)

Bar size
(mm)

Yield strength
(MPa)

Group
A

B1 55 0.00 0.00 ——— 2Ø16 400 10Ø8/m’ 240
B2 55 1.00 0.00 280 2Ø16 400 10Ø8/m’ 240
B3 55 2.00 0.00 280 2Ø16 400 10Ø8/m’ 240
B4 55 0.50 0.50 280 2Ø16 400 10Ø8/m’ 240
B5 55 1.00 1.00 280 2Ø16 400 10Ø8/m’ 240
B6 55 2.00 0.00 100 2Ø16 400 10Ø8/m’ 240
B7 55 1.00 1.00 200 2Ø16 400 10Ø8/m’ 240

Group
B

B8 55 0.00 0.00 ——— 2Ø12 400 10Ø8/m’ 240
B9 55 0.50 0.50 100 2Ø12 400 10Ø8/m’ 240
B10 55 1.00 1.00 100 2Ø12 400 10Ø8/m’ 240
B11 55 0.50 0.50 200 2Ø12 400 10Ø8/m’ 240
B12 55 1.00 1.00 200 2Ø12 400 10Ø8/m’ 240

Fig. 2. Testing setup details.
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1.0%, give lower gain in the load capacity when compared with the
same ratio of only PVA fibers. Therefore, ECC fibers exhibits much
better behavior than discrete fibers. The increase in load carrying
capacities when using ECC material might be due to strain harden-
ing and multiple micro-cracking behavior of ECC. An attempt to
optimize usage of PVA material is to put it in the lower layer of
the concrete section at a point of maximum tension. This is con-
ducted through 100 mm and 200 mm thick layer of concrete con-
taining PP and/or PVA fibers as depicted earlier in Fig. 1 for B6
and B7, respectively. The results reveal that a reasonable increasing
in the load capacity in which it reaches 25% and 20% for B6 and B7,
respectively.

Yuan et al. [18], found that increasing ECC layer enhance the
moment capacity. They reached that the moment capacity
increases linearly with the increase in ECC thickness. With increas-
ing the ECC thickness, the tension region is strengthened and the



Fig. 3. Typical beam during testing.

Fig. 4. Crack propagation of beam B1.
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neutral axis shifts downwards. The stresses provided by ECC in the
tension zone lead to larger area of concrete participating in com-
pression. The maximum moment capacity is hence improved.

For Group B, which has longitudinal reinforcements less than
Group A, the load increases, in a 100 mm layer of the beam cross
section, by 10% and 25% for 0.5% and 1.0% by mixing both of PVA
and PP fiber content ratio respectively. On the other hand, the per-
centage of increasing reaches to 19% and 39% when using a mix of
Table 2
Experimental results.

Groups Beam
specimen

Fiber content
(PVA)Vf %

Fiber content
(PP)Vf %

Thickness of
Layer (mm)

Initi
PCT (

Group
A

B1 0.00 0.00 ——— 29.0
B2 1.00 0.00 280 33.0
B3 2.00 0.00 280 34.0
B4 0.50 0.50 280 30.0
B5 1.00 1.00 280 28.0
B6 2.00 0.00 100 31.0
B7 1.00 1.00 200 32.0

Group
B

B8 0.00 0.00 ——— 26.0
B9 0.50 0.50 100 30.0
B10 1.00 1.00 100 29.0
B11 0.50 0.50 200 28.0
B12 1.00 1.00 200 30.0
both PVA and PP fiber with the ratios of 0.5% and 1.0% for B11 and
B12, respectively. Suji et al. [21], were recorded 18.6% to 34.39%
increase in the ultimate load carrying capacity of the beams con-
taining fibers.

3.2. Ductility factor (DF)

ECC materials exhibit an improvement in ductility. It reaches
the extreme strength in the post- cracking deformation regime in
addition to a relatively large inelastic deformation capability. Dan-
cygier et al. [20] obtained higher structural ductility in beam spec-
imens with fibers. An attempt was made in this study to obtain the
(DF) for tested beams. The ductility factor can be defined as the
percentage of the deflection at maximum load (du) to the deflection
when steel RFT starts to yield (dy). The values of (DF) are depicted
in Table 3. Concrete beams with PVA material have more ductile
behavior than the control beam. It was noted that in the case of
PVA, as the fiber volume ratio increases, the ductility also
increases. Comparing the relative ductility factor to control beam
B1 for Group A, the relative ductility factor increases by 30% and
45% for 1.0% and 2.0% of PVA volume ratio in the beams’ cross sec-
tion. However, when using a mix of both PVA and PP fiber with the
ratios of 1.0%, (DF) increased by 36% which indicate slightly higher
than B1 due to adding PP fiber. For Group B, the ductility of spec-
imens in this group exhibits low ductility than Group A due to
lower longitudinal reinforcements. The (DF) increases by 32% and
13% for 0.5% and 1.0% mix of both PVA and PP fiber content ratio,
in 100 mm layer of the cross section. On the other hand, the ductil-
ity improvement reaches to 16% and 90% when using a mix of both
PVA and PP fiber with the ratios of 0.5% and 1.0% for B11 and B12,
respectively.

3.3. Load-deflection response

The experimental load to mid-span deflection curves are
depicted in Figs. 5 and 6. The plots represent the deflection value
measured by the LVDT mounted at mid-span of beam. In general,
the load-deflection curve consists of three main regions, the first
region is a linear zone that specifies the response till the initial
cracks, the second region is also a linear zone that represents the
response till the yield of longitudinal reinforcement and the third
region indicates the response after the yielding of reinforcement.
At this region, high rate of increasing deflection took place for suc-
cessive loads. It can be obviously found that specimens containing
PVA and PP exhibit higher mid-span deflection before failure with
extended ductile plateau more than control beam specimen as
shown in Fig. 5a and b. Beam specimens with a 100 mm and 200
mm thickness of both PVA and PP exhibit rational ductility, and
an increase in the load capacity. Fig. 6, shows that the specimen
al racking load,
kN)

Ultimate load,
PEXP (kN)

Strength gain
factor

Maximum Mid-span
Deflection (mm)

115 1 31
138 1.2 46
154 1.34 48
127 1.11 23
143 1.24 46
144 1.25 40
139 1.2 37

81 1 19
89 1.1 25
101 1.25 22
96 1.19 23
109 1.35 38



Table 3
Ductility factor.

Groups Beam
specimen

Fiber content (PVA)
Vf %

Fiber content (PP)
Vf %

Thickness of Layer
(mm)

Deflection at ultimate
load (du)

Deflection at yield
load (dy)

Ductility Factor
(du/dy)

Absolute Relative

Group
A

B1 0.00 0.00 ——— 31 5.6 5.5 1
B2 1.00 0.00 280 46 6.5 7.1 1.3
B3 2.00 0.00 280 48 6.0 8.0 1.45
B4 0.50 0.50 280 24 5.3 4.5 0.82
B5 1.00 1.00 280 46 6.1 7.5 1.36
B6 2.00 0.00 100 40 7 5.7 1.04
B7 1.00 1.00 200 37 7.2 5.1 0.93

Group
B

B8 0.00 0.00 ——— 19 5.1 3.7 1
B9 0.50 0.50 100 25 5.1 4.9 1.32
B10 1.00 1.00 100 22 5.3 4.2 1.13
B11 0.50 0.50 200 23 5.3 4.3 1.16
B12 1.00 1.00 200 38 5.4 7.0 1.9
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B12 has the maximum ductility compared to the beams in Group B
high ductility. It may be attributed to the high fiber volumetric
ratio for low reinforcement ratio. For all specimens, it was not pos-
sible to forecast the concrete cracking load exactly from the load-
deflection curve. Therefore, the first crack load was noticed only
through the visual observation made during testing.

3.4. Mode of failure

Specimens were experimentally tested for flexure by applying
four-point loading tests. The failure type was recorded as a flexure
failure for all beams. The beams showed initial cracking in the high
bending moment region and then the cracks propagated in the ver-
tical direction as the load was increased. At approximately 80–90%
of the ultimate load, shear cracks appeared near the supports and
proceeded towards the compression zone. As mentioned previ-
ously, ECC material demonstrates strain hardening property, there-
fore, it could sustain tension load after cracking and it could be
indicated that the load capacity would have increased. At the stage
of ultimate failure, crush in compression region of concrete was
observed in all specimens. Beams for Group A showed the same
pattern of failure and the modes of failure are shown in Fig. 7a to
g. Xu et al. [14], recorded similar mode of failure for concrete
beams strengthened with ECC layer.

Fig. 8a to e show the crack pattern and failure mode for Group B.
It can be seen that the same failure mode as illustrated for Group A
was exhibited.

4. Non-linear finite elements analysis (NLFEA)

(NLFEA) was conducted to modeling the tested beams. Software
package, ANSYS (ANSYS release 9.0) [22], was the current proce-
dure to conduct the analytical study. The load-deflection curve is
the important aspect in verifying the specimen’s behavior. It
includes response parameters such as ultimate loads, first cracking
load, and maximum deflection. Therefore, comparing the load-
deflection curves extracted from analytical results with experi-
mental curves is considered an efficient method to validate the
non-linear model.

Beams were modeled using 1998 equal-size isoparametric 3-D;
Solid65 elements as presented in Fig. 9a. Solid65 element haves the
capability of plastic deformation, three directions cracking, and
crushing. The concrete material model is characterized by its capa-
bility to predict the failure of brittle materials. Both cracking and
crushing failure modes are accounted for. The failure surface is
shown as 3-D failure surface in principal stress space [22]. Flexural
and shear reinforcements were modeled as discrete reinforcement
using 3D spar elements (Link 8) as shown in Fig. 8b. This element
includes two nodes and three DoF. Link 8 also haves the capability
of plastic deformation. Bilinear kinematic hardening model was
used for steel reinforcement. The fiber reinforcements were mod-
eled as smeared reinforcements in the Solid 65 element repre-
sented through volumetric ratio to represent the actual fiber
volumes used in each beam specimen. Mohamed et al. [9], used
the same elements and procedures for modeling concrete beams
with GFRP bars. They get reasonable agreement comparing test
results.

4.1. NLFEA model verification

NLFEA results were compared to the experimental results of all
beams. Flexural first cracks started when the cracking moment
reached in the pure bending zone. Cracks were first observed at
the zone of maximum tension near the high moment zone at
mid-span. The cracks start to propagate in an upward direction
through the beam depth. New cracks take place near the shear
region by increasing the load, as presented in Fig. 10.

Referred to Table 3, NLFEA showed a first formation of vertical
cracks in the mid-span at loads of 24–36 kN. The predicted crack-
ing loads; Pc-nu were revealed to be in a reasonable convention
with the experimental loads; Pc-exp with a mean Pc-nu/Pc-exp ratio
of 1.06 and a coefficient of variation (C.O.V) of 7.3%. Comparison
between the numerical and experimental ultimate loads are listed
in Table 4. It can be observed from Table 4 that, reasonable agree-
ment was achieved between the test results and the analytical
results. The percentage of the predicted to experimental ultimate
strength for the beams ranged between 0.94 and 1.10, with a mean
value of 1.05 and a coefficient of variation, C.O.V, of 5.4%. Implicitly,
the analysis reflected the significance of test parameters investi-
gated on the load-carrying capacity.

4.2. Load- deflection comparison

The load-deflection responses recorded by the numerical model
were compared to the experimental results where good convention
has been achieved. Comparison of the load-deflection plots
obtained from ANSYS and experiments for all the ten beams are
presented in Figs. 11 and 12 for Group A and Group B, respectively.
Thus the numerical model developed using ANSYS has shown to
provide accurate prediction of the load–deflection behavior of
PVA & PP fiber reinforced beams. Slight deviations in the load-
deflection curves could be illustrated as follows:

1. In the experimentally tested beams, micro cracks produced by
drying shrinkage in the concrete were observed whereas the
numerical model does not include the effect of micro cracks.
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Fig.5. Load–midspan deflection of tested beams for Group A.
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2. In the finite element analysis, perfect bonding is assumed
between the concrete and the steel reinforcement, but the same
assumption would not be true for the experimentally tested
beam. The current model reasonably predicted the behavior of
the specimens after cracking and up to 98% of failure load. In
conclusion, to the range of the test parameters investigated,
the application of NLFEA model presented in current study
yielded satisfactory cracking load, load-carrying capacity, and
load-deflection relationship.

5. Ultimate moment strength

The experimental ultimate moment capacityMexp for each beam
was calculated (using the relation P/2*0.65, where P is the failure
load). In the purpose of comparing experimental results with
design code equations, ACI code was introduced.

ACI Committee 544 [19] represents equation to estimate the
nominal momentMn of a singly reinforced steel fibrous rectangular
concrete beam of cross- section b � h as follow:

Mn ¼ Asf y d� a
2

� �
þ rtbðh� eÞ h

2
þ e
2
þ a
2

� �
ð5-1Þ
rt ¼ 0:00772
‘

df
qf Fbe ð5-2Þ

Where rt is the tensile stress in fibrous concrete, ‘is fiber length, df
is fiber diameter, qf is the percent by volume of steel fibers, Fbe is the
bond efficiency factor of the fiber which varies from1.0 to 1.2
depending upon fiber characteristics [19], a is the depth of rectan-
gular stress block, d is the distance from extreme compression fiber
to centroid of tension reinforcement and e is the distance from
extreme compression fiber to top of tensile stress block of fibrous
concrete.

Based on the material and geometry described earlier in section
2.0, Mn was calculated for all beam specimens using Eq. (5-1). The
stress of main reinforcements was considered yield stress. The ten-
sile stress rt is calculated for both PVA and PP fiber in case of spec-
imens which contains the two types of fibers. Therefore, Eq. (5-2)
was modified to be:

rt ¼ rt
PVA þ rt

PP ð5-3Þ
rt

PVA ¼ 0:00772 ‘
df
qf FbeWhere = ‘12 mm, df =39 mm and Fbe =1.0

rt
PP ¼ 0:00772 ‘

df
qf FbeWhere = ‘12 mm, df =22 mm and Fbe =1.0

Table 5 shows the comparison between experimental and pre-
dicted ultimate moment using ACI 544 equations. It can be con-
cluded good agreements between the experimental and
predicted ultimate moment. The average ratio of Mn/Mexp for all
specimens is 1.07 with 0.12 standard deviation and coefficient of
variation equal 10.86%.
6. Conclusions

This investigation studied the flexural performance of speci-
mens containing engineered cementitious composites. Based on
the purpose of this investigation and considering the materials
used and the comparison of the test and numerical outcomes,
the following conclusions can be drawn:



(a) Specimen B1 

(b) Specimen B2 

(c) Specimen B3 

(d) Specimen B4 

(e) Specimen B5 

(f) Specimen B6 

Fig. 7. Cracks pattern of Group A.
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(g) Specimen B7 

Fig. 7 (continued)

(a) Specimen B8 

(b) Specimen B9 

(c) Specimen B10 

(d) Specimen B11 

(e) Specimen B12 

Fig. 8. Cracks pattern of Group B.
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(a) Concrete element; Solid65 (b) Reinforcing bar element; Link8 

Fig. 9. Typical idealization of test specimen.

(a) At cracking load, Pc (b) At failure 

Fig. 10. Cracks spread for Specimen B2.

Table 4
Comparison of experimental results with NLFEA results.

Specimens Experimental results NLFEA results Numerical results/Experimental
results

cracking load, Pc-exp (kN) Failure load, Pexp (kN) cracking load, Pc-nu (kN) Failure load, Pnu (kN) (Pc-nu)/(Pc-exp) (Pu-nu)/(Pu-exp)

B1 29.0 115 30 125 1.03 1.09
B2 33.0 138 32 152 0.97 1.10
B3 34.0 154 36 170 1.06 1.10
B4 30.0 127 33 140 1.10 1.10
B5 28.0 143 32 154 1.14 1.08
B6 31.0 144 29 155 0.94 1.08
B7 32.0 139 36 145 1.13 1.04
B8 26.0 81 24 79 0.92 0.98
B9 30.0 89 33 94 1.10 1.06
B10 29.0 101 32 98 1.10 0.97
B11 28.0 96 32 97 1.14 1.01
B12 30.0 109 33 103 1.10 0.94
Mean 1.06 1.05
Standard deviation 0.078 0.057
Coefficient of variation 7.3% 5.4%
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� Generally, ECC fibers in form of PVA exhibits much better
behavior than discrete fibers in the form of polypropylene PP.
The increase in load carrying capacities when using ECC mate-
rial can be illustrated by the strain hardening and multiple
micro-cracking behavior.
� The maximum load increases as the volume content of fibers
increases. The load increases by 20% and 34% for 1.0% and
2.0% of PVA ratio, respectively. The percentage of increase
reaches to 11% and 24% when using a mix of both PVA and PP
fiber of ratios of 0.5% and 1.0% for B4 and B5, respectively.
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Fig.11. Comparison of predicted deflections with experimental values of Group A.
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Fig.12. Comparison of predicted deflections with experimental values of Group B.

A.S. Shanour et al. / Construction and Building Materials 180 (2018) 23–34 33
� A reasonable increasing in the maximum load capacity ranged
from 20% to 25% when using a limited layer thickness of PVA
concrete (100 mm or 200 mm).

� For lower longitudinal reinforcements ratio, the percentage of
increasing in the load reaches to 19% and 39% when using a
mixer of both PVA and PP fiber with the ratios of 0.5% and
1.0% for B11 and B12, respectively. It may be revealed that
ECC materials improve the behavior more significantly at low
reinforcement ratios.

� ECC materials exhibits an improvement in ductility. It reaches
its extreme strength in the post- cracking deformation regime.
In addition to a relatively large inelastic deformation capability.
The relative ductility factor increases, in the total beam section,
by 30% and 45% for PVA ratios of 1.0% and 2.0%, respectively.
� Using limited layer thickness of PVA concrete (100 mm thick-
ness layer of the cross section), ductility increases by 32%
and 13% for a mix of PVA and PP fiber content ratios of
0.5% and 1.0%, respectively. The optimized usage of PVA
material achieved a reasonable ductility, ECC material
demonstrates strain hardening property, therefore, the con-
crete continued to sustained tension load after cracking and
the carrying load capacity increased; therefore, most of the
recorded failure modes is a compression failure under the
loading plated.

� The load-deflection, initial crack load and the maximum load
predicted by using nonlinear NLFEA model, using ANSYS soft-
ware, gave good convention comparing with the experimental
results.



Table 5
Comparison of ultimate moment.

Groups Beam
specimen

Fiber content
(PVA) Vf %

Fiber
content (PP)
Vf %

Thickness of
Layer (mm)

Experimental
failure load, Pexp
(kN)

Experimental ultimate
moment, Mexp (kN.m)

ACI 544 Predicted
moment Mn (kN.m)

Predicted moment/
Experimental moment
Mn/Mexp

Group
A

B1 0.00 0.00 ——— 115 37.4 38.00 1.02
B2 1.00 0.00 280 138 44.9 45.54 1.02
B3 2.00 0.00 280 154 50.1 52.20 1.04
B4 0.50 0.50 280 127 41.3 48.21 1.17
B5 1.00 1.00 280 143 46.5 56.85 1.22
B6 2.00 0.00 100 144 46.8 46.79 1.00
B7 1.00 1.00 200 139 45.2 56.35 1.25

Group
B

B8 0.00 0.00 ——— 81 26.3 22.10 0.84
B9 0.50 0.50 100 89 28.9 29.12 1.01
B10 1.00 1.00 100 101 32.8 35.68 1.09
B11 0.50 0.50 200 96 31.2 32.74 1.05
B12 1.00 1.00 200 109 35.4 42.42 1.20

Mean 1.07
Standard deviation 0.12
Coefficient of variation 10.86%
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� The percentage of the predicted to experimental ultimate
strength results for the beams was ranged between 0.94 and
1.10, with a mean value of 1.05 and a coefficient of variation,
C.O.V, of 5.4%. Implicitly, the analysis revealed the impact of test
parameters considered on the load-carrying capacity.

� Comparing the experimental and predicted ultimate moment
using ACI 544 equations; good agreements was achieved. The
average ratio ofMn/Mexp for all specimens is 1.07 with 0.12 stan-
dard deviation and coefficient of variation equal 10.86%.
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