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HIGHLIGHTS

« Discussion of the performance of concrete beams containing ECC.

« PVA fibers enhanced the cracking load, ultimate capacity.
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« The inclusion of hybrid bars delayed the appearance of the first crack.

« PVA exhibits an improvement in the ductility factor and strain ductility.

« Nominal flexural strength and flexural rigidity were assessed.
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This paper investigates the flexural performance of engineered cementitious composite (ECC) concrete
beams reinforced with innovative hybrid bars. Hybrid bars combine the advantages of both FRP and steel
bars in enhancing the ultimate strength, ductility, and corrosion resistance compared with pure FRP or
steel bars. Twelve half-scale ECC-concrete beams were tested to study the flexure behaviour under
four-points loading test using polyvinyl alcohol (PVA) ECC fibers. Polyvinyl alcohol (PVA) fibers were used
in the ECC mix for this purpose. The experimental variables are the hybrid reinforcement ratios (0.85%,

fIEJI/)V:'/iOClnlj:)S;rS 1.26%, and 1.7%), PVA fiber ratio (0.0%, 0.75%, and 1.5%) and hybrid schemes (hybrid and GFRP bars).
Scyhemes The test results showed significant enhancement in the capacity of ECC concrete beams reinforced with

ECC hybrid bars or hybrid schemes. The achieved enhancements are 12% and 27% for PVA ratio of 0.75% and
PVA fibers 1.5% respectively. In the presence of PVA fibers, the ultimate strain of the bars is higher than that regis-
Flexural rigidity tered in the absence of PVA fibers. Non-linear finite element analysis (NLFEA) was carried out to validate
strain Ductility the experimental results. The NLFEA is adequately simulating the experimental results. Nominal flexural
strength and flexural rigidity were assessed with the experimental test results and validated with 77
available ECC-concrete beams from the literature. The validation proved that the assessments of the nom-
inal flexural strength and flexural rigidity are performed well in the prediction. Finally, a comprehensive
sensitivity study is conducted to illustrate the effect of PVA-ECC on the flexural rigidity of the beams. The
experimental evidence presented in the current study demonstrates the feasibility and plausible future of

the novel hybrid bars and PVA fibers especially for marine and waterfront concrete structures.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, concrete technology has been undergoing rapid devel-
opment, resulting in the production of a new concept of high-
performance concrete (HPC). High-performance concrete has been
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primarily used in tunnels, bridges and tall buildings. Investigating
the behaviour of HPC for the structural members was reported [1-
4]. The advantages gained by using HPC include reduction of the
size of concrete members, high early strength, durability, and
higher elastic modulus. In addition, service life is more than
100 years, high toughness and tensile strength [4]. Over the years,
the innovation of fiber reinforcing materials has been investigated.
The contribution of short steel fibers in the improvement of the
structural performance of concrete structures was studied [5-7].
This improvement has continued using the extension of varied
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Nomenclature

Ac area of the compression zone.

Aet area of ECC concrete in the tension side.

Ar the reinforcing area of FRP bars in tension

Anr area of the hybrid reinforcement bars

A the reinforcing area of steel reinforcement bars in ten-
sion

A; total cross-section area of the beam

a depth of the rectangular stress block

b width of the cross-section

C depth of compression zone in concrete

Cc the compression force of concrete

D flexural rigidity of the beam

Dkcc flexural rigidity of ECC-concrete beams

Dgc flexural rigidity of reinforced concrete beams

DF ductility factor

DFeyp, experimental ductility factor
DFy;. predicted ductility factor from NLFEA

DFg ductility factor of the control beam

d depth of the beam

d distance from the center of the tension bars to the con-
crete tension edge

E Modulus of elasticity

E. Modulus of elasticity for concrete

Ef Modulus of elasticity for GFRP bars

En- Modulus of elasticity for hybrid bars

E;s Modulus of elasticity for steel bars

e depth of ECC concrete in the tension side

Fpe bond efficiency of the fiber

fer rupture modulus of concrete

fe cylindrical compressive strength of the concrete

feep' cylindrical compressive strength of ECC concrete

fr tensile strength of FRP bars

for tensile strength of the hybrid bar

fu ultimate strength of the reinforcing bars

5y yield strength of the reinforcing bars

I energy absorption

Ior the cracked moment of inertia

Lo the effective moment of inertia

Lo exp.  the experimental effective moment of inertia

Lefr n. the nominal effective moment of inertia

Lexp. experimental energy absorption

Iy the gross moment of inertia

InL. predicted energy absorption from NLFEA

Iz energy absorption of the control beam

K initial stiffness

Klexp. experimental initial stiffness

Ko predicted initial stiffness from NLFEA

Kg initial stiffness of the control beam

k; constant value = 3 x 108

ks, constant value = 107

ks constant value = 1.46 x 10°

L length of the beam

Iy length of PVA fibers

M, applied moment at the yield load level

M., flexural cracking moment

M exp.  experimental moment strength

M, nominal flexural strength

m the modular ratio of PVA-ECC fiber

nf the modular ratio of GFRP bars

Npyr the modular ratio of hybrid bars
ng the modular ratio of steel bars
P, cracking load

Perexp.  €xperimental cracking load

PernL. predicted cracking load from NLFEA

Perr the cracking load of the control beam

P, ultimate load-carrying capacity

Pyexp.  €xperimental load-carrying capacity

Py.ni. predicted load-carrying capacity from NLFEA

Py the ultimate load-carrying capacity of the control beam
P, load at the yield level

Py.exp.  experimental load at the yield level

Py_ni. predicted load at the yield level from NLFEA

Py.r load at the yield level of the control beam

Ter tension force of ECC concrete

T tension force of steel reinforcement bars

Tf tension force of FRP bars

Thr tension force of hybrid bars

t depth of the cross-section

Vr Volume of PVA fibers

X flexural shear span

Ve depth of the neutral axis measured from the tension
side

Z the depth of the compression zone measured from the
neutral axis

o coefficient depends on the design code

B factor relating depth of equivalent rectangular compres-
sive stress block to neutral axis depth

Ba parameter accounted for the bond properties and elastic
modulus of FRP bars

Ehr the tensile strain of the hybrid bar

&nr, exp.  the experimental tensile strain of the reinforcing bars
EhrNL predicted tensile strain of the reinforcing bars from

NLFEA

Ehr, n. the nominal tensile strain of the reinforcing bars from
NLFEA

&y the tensile strain of the reinforcing bars at the yield le-
vel

Us strain ductility

Us, NL. predicted strain ductility from NLFEA

o density of the material

1% reinforcement ratio of GFRP bars = (A;/b.d)

Ohr reinforcement ratio of hybrid bars = (Ap,/b.d)

Pnrscn~ Teinforcement ratio of hybrid schemes

Opva percent by volume of PVA fibers

Ds reinforcement ratio of steel reinforcement bars = (Ay/b.d)

Ot total reinforcement ratio = (ps + pf + Pnr)

Ou deflection at the ultimate level

Su-exp. experimental deflection at the ultimate level

Su-NL. predicted deflection at the ultimate level from NLFEA
Ou-R deflection at the ultimate level of the control beam
dy deflection at the yield level

dy-exp.  €xperimental deflection at the yield level

Oy-NL. predicted deflection at the yield level from NLFEA

dy-R deflection at the yield level of the control beam
oc effective compressive strength of concrete

Oec effective compressive strength of ECC concrete
Oet effective tensile strength of ECC concrete

¢ diameter of PVA fibers

fiber types such as glass, carbon, and synthetics [8-10]. Polyvinyl
alcohol (PVA) fibers considered a type of promising synthetics
fibers that were innovated by Herrmann, et al. [11] and were
devolved in Japan by Dr. Sakurada’s [ 12]. Compared with the differ-

ent types of fibers, PVA fiber has many advantages including resis-
tance to corrosion, high strain capacity and ductility. Also, PVA
fiber provides strong bonding with the cement matrix and cracking
control over the long term. Accordingly, using PVA fibers in
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develop HPC would reduce the brittle behaviour of the traditional
concrete and enhance the flexure performance of the concrete
structures.

The effect of PVA fibers inclusion on the mechanical properties
of ECC concrete was studied [13-17]. Hamoush et al. [13] investi-
gated the stress—strain behaviour in tension and compression for
specimens with PVA. The test results showed that PVA fibers
delayed the development of micro-cracks and the composite
demonstrated greater strength and crack resistance than normal
concrete. Also, the failure mechanism of the specimens subjected
to axial compression exhibited no strain-softening response and
the descending branch after peak stress was almost vertical. More-
over, Adding PVA fibers to normal concrete matrix enhanced the
post-cracking response which led to improved ductility and tough-
ness. Mechanical properties for specimens with PVA and PP fibers
have been studied in compression and tension by Xiang et al. [16].
The test results displayed that the compressive strength and the
elastic modulus of specimens with PP fibers were lower than spec-
imens with PVA fibers. In addition, specimens with PVA fibers
showed higher tensile strength and ultimate strain when com-
pared to specimens with PP fibers. Investigations on the behaviour
of concrete structures containing ECC were studied [18-22]. Exper-
imental test results for twelve RC beams containing ECC were con-
ducted by Shanour, et al. [18]. The main parameters were the steel
reinforcement ratio (ps), the height of ECC implementation in the
cross-section of the beams, type of fibers (polyvinyl alcohol
(PVA) and polypropylene (PP)) and volume of fiber (V). The deflec-
tion behaviour, cracking and the capacities of the tested beams
were evaluated. Specimens with PVA fibers showed better beha-
viour than specimens with PP fibers. ECC was heavily used in
non-structural applications mainly for thin slabs sections. There
are gaps in the research regarding their performance in other
structural elements.

The rapid corrosion of steel reinforcement bars is considered
one of the main causes for reducing the service life of RC struc-
tures. To achieve the requirements of ultimate limit state and dura-
bility for these structures, steel reinforcement bars should be
replaced or coated with non-corrosive materials. Fiber-reinforced
polymer (FRP) bars were used as an alternative material to resolve
the corrosion problem of steel reinforcement bars. The common
types of fibers are carbon, glass, and aramid. FRP bars provide high
specific strength and also good resistance to corrosion. Investiga-
tions on the behaviour of concrete beams reinforced with FRP bars
were studied [23-28]. FRP bars have linear stress—strain behaviour
under tension and up to failure with a lower elastic modulus and
no ductility compared to steel reinforcement bars [29]. This beha-
viour causes large deflections, crack widths and brittle failure.
Moreover, the observed investigated failure modes from the exper-
imental test results were compression failures. Based on these rea-
sons, FRP reinforcement is not recommended for moment
resistance frames [30-33].

To enhance the ductility, flexural capacity and providing more
corrosion protection for RC structures. Several researchers pro-
posed the concept of combining steel bars with FRP bars (hybrid
schemes) in RC structures [34-40]. In the hybrid schemes, FRP bars
are located at the corners of the concrete elements and steel rein-
forcement bars are placed inside the element for more protection.
Using steel reinforcing bars improves the ductility permitting the
tension failure and prevents the occurrence of compression failure
for RC structures. At the same time, the FRP bars increase the
capacity of the RC structures [41-45]. An experimental investiga-
tion on the hybrid reinforced beams containing ECC was presented
by Jie, et al. [34]. The ratio of the height of ECC in the cross section
to the total height of the cross section of the specimens and com-
binations of FRP and steel reinforcements were the main investi-
gated parameters. Test results showed that cracking, yield,

ultimate moments, and the stiffness of hybrid and ECC beams were
improved compared with reinforced concrete beams with the same
reinforcement.

An innovative reinforcing material for the flexural structural
element is created which called hybrid reinforcement bars. A less
common area of research relates to investigating the potential of
using two different materials (FRP or steel) together as reinforce-
ment in a hybrid bar [46-49]. These systems seek to capitalize
on the higher axial stiffness of one material like conventional steel,
while still benefitting from the corrosion resistance of FRP. Forty-
eight specimens of the hybrid reinforcement bars were experimen-
tally tested under uniaxial tensile test by Minkwan et al., [46] to
predict the tensile strength and the elastic modulus of the hybrid
bar. The test results showed a higher modulus of elasticity than
the GFRP bar. The mentioned previous research works were limited
to investigate the behaviour of the hybrid bars only. For that rea-
son, the investigation of the performance of concrete members
reinforced with hybrid bars is required.

This paper aims to introduce a more effective system by using
PVA-ECC concrete beams reinforced with innovative hybrid bars
to overcome the corrosion problems and the brittle behaviour of
the traditional concrete beams. The fundamental mechanical prop-
erties of the hybrid bars were evaluated and verified with the other
works. Twelve half-scale PVA-ECC concrete beams reinforced with
hybrid bars and hybrid schemes were experimentally tested under
four-point loads. The main parameters were the hybrid reinforce-
ment ratios, PVA fiber volume (Vf), and hybrid schemes (hybrid
and GFRP) bars. The cracking load, maximum load and load-deflec-
tion curves were discussed and the load-strain curves of the hybrid
bars were presented. Moreover, the cracks pattern and failure
modes have been observed. NLFEA was performed to simulate
the tested beams using ANSYS software [50]. Finally, nominal flex-
ural strength and flexural rigidity of PVA-ECC concrete beams rein-
forced with hybrid bars were validated with the experimental
results.

2. Experimental program
2.1. Hybrid bars manufacturing and testing

The hybrid and GFRP bars were produced by the authors using a
steel bar (steel core), glass fiber roving, and resin. Up to 70 glass
fibers roving to manufacture GFRP bars with 12 mm nominal diam-
eter were used while, 22 glass fibers roving were used to manufac-
ture the outer GFRP surface of the hybrid bar with a 14 mm
nominal diameter. Fig. 1 shows the produced hybrid bar and GFRP
bar.

The mechanical properties of the six hybrid bars, GFRP bars and
steel bars were investigated by a machine of 1000 kN capacity. The
tensile stress—strain curves for six hybrid bars are presented in
Fig. 2. Comparison between the tensile stress-strain curves for
steel bar, GFRP bar and the average tensile stress—strain curve for
six hybrid bars are shown in Fig. 3. The average tensile stress—
strain curves showed a bi-linear behaviour and acceptable ductility
against the brittle failure of GFRP bars. Moreover, higher elastic
modulus and lower tensile strength were recorded for hybrid bars
when compared to GFRP bars. The slope of the stress-strain curves
is determined as the average tensile modulus of elasticity of the
bars.

The idealized stress-strain curve for the six hybrid bars has
been assumed to simulate the bilinear best fitting of the experi-
mental tensile stress-strain curves for the hybrid bars. The ideal-
ized tensile stress of the hybrid bar can be calculated by the
following formula:

fhr =k 8}11’3 — szhrz + k38hr (1)
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(b) Ribbed 12 mm GFRP Bars

Fig. 1. Produced GFRP and Hybrid Bars.
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Fig. 3. Comparison between Tensile Stress-Strain Curves for Steel Bar, GFRP Bar and
Average Stress-Strain Curve for Hybrid Bar.

The values of the constants k;, k,, and k3 have been obtained
from the regression analysis using Datafit software [51], these val-
ues are (3 x 108),(107), and (1.46 x 10°) respectively. The idealized
tensile stress—strain curves for the hybrid bars were verified with
the tensile test results from the literature [46,48] as shown in
Fig. 4. The comparison showed good agreements between the pro-
duced hybrid bars in this research and the produced hybrid bars in
[46,48].

2.2. Materials and specimens

Twelve half-scale concrete beams reinforced with hybrid bars
and containing ECC were designed as a simply supported span with
an adequate amount of longitudinal and shear reinforcement. The
study investigated the influence of the fundamental parameters on
the flexural behaviour of concrete beams. The investigated param-
eters include the hybrid reinforcement ratios, the volumetric ratio
of PVA (Vj), and hybrid schemes (hybrid and GFRP bars). Four
beams labeled as (B1, B4, B7, and B10) were poured without PVA
fibers as control beams for comparison. Another group of four
beams were totally casted with a PVA volume ratio of 0.75%. The
last group of four beams were poured with a PVA volume ratio of
1.5%. The properties of PVA as provided by the supplier are listed
in Table 1. The shape of the PVA fibers is shown in Fig. 5. Further-
more, six cylindrical specimens of dimensions 150 x 300 mm were
tested to achieve the average compressive stress-strain curve for
each mix. The experimental stress-strain curve for concrete spec-
imens with and without PVA is presented in Fig. 6.

The twelve specimens were divided into four Groups (A, B, C,
and D). Each group consisted of three concrete beams with differ-
ent PVA volume ratios (0%, 0.75%, and 1.5%) and the same rein-
forcement ratio. Three different tensile reinforcement ratios (p;)
(0.85%, 1.26%, and 1.70%) were used. The first three Groups (A, B,
and C) were reinforced with hybrid bars while Group D was rein-
forced with hybrid schemes of hybrid bars and GFRP bars. The
average mechanical properties of the used reinforcing bars are pre-
sented in Table 2. For all tested beams, two 8 mm steel bars were
used as top reinforcement to hold stirrups and 8 mm diameter stir-
rups @ 100 mm c/c spacing were used as shear reinforcement. The
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Fig. 4. Comparison of the Idealized Tensile Stress-Strain Curves for the Hybrid Bars.
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Table 1
Properties of the Polyvinyl Alcohol (PVA).

Length (I) (mm) Diameter (¢ ;) (mm) Tensile Strength (MPa)

Elastic Modulus (GPa) Density (p) (g/cm?) Elongation (%)

12 0.04 1620

42.80 13 7.0

I 111 I|f|nf‘!kmt1m.‘ T
2 _gfal @

J "‘Huu‘
izm. A S|

Fig. 5. Shape of Polyvinyl Alcohol Fibers (PVA).
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Fig. 6. Compressive Stress—strain curves for typical specimens.

geometry of the tested beams is detailed in Fig. 7 and summarized
in Table 3.

The concrete strength depends primarily on the properties of
the constituent materials (Portland cement, sand, coarse aggregate,
water, and PVA fibers), their mix proportions and the method of
their preparation, placing, compacting and curing. Table 4
presents the mix design for the concrete in the present work.
(Sikament®-R4PN) high range water reducer (HRWR) and slump
retaining concrete admixtures were used in the mix design.

Six cubes of dimensions 150 x 150 x 150 mm and three cylin-
ders of dimensions 100 x 200 mm were poured from each mix and
tested to evaluate the compressive strength and tensile strength of
the hardened concrete respectively. Furthermore, six cylindrical
specimens of dimensions 150 x 300 mm were tested to achieve
the average cylindrical compressive stress-strain curve for each
mix. The recorded results in Table 5 showed that the inclusion of

Table 2
Mechanical Properties of the Reinforcing Bars.

ECC-PVA fibers slightly enhanced the compressive strength of the
concrete. On the other hand, PVA fibers showed significant
enhancement for tensile strength than the gained enhancement
in compressive strength. Comparing with non-fibrous concrete,
using 1.5% PVA improved the compressive strength and tensile
strength by 7.5% and 85% respectively. Fadhil et al. [52] reported
that PVA does not affect the compressive strength of the tested
mixes. On the other hand, the inclusion of PVA fibers enhanced
the splitting tensile strength of the specimens. Similar observa-
tions were noted by Said et al. [19] reported that using PVA fibers
enhanced the tensile strength and flexural strength higher than
their companions without PVA fibers.

2.3. Test setup

The beams were tested in a machine of 1000 kN capacity. The
load was distributed on two plates kept with 400 mm apart. The
two loads were symmetrical to the centreline of the beam. The
beams were tested under load control. Strain gauges were fixed
at the longitudinal reinforcement bars to measure the strain of
the bars as illustrated in Figs. 8 and 9. The deflection at the centre-
line was recorded for every 0.5 kN increment of load using linear
variable differential transformers (LVDT) fitted at the center. The
cracks were mapped out during loading stages until failure.

3. Experimental results and discussion
3.1. Crack load and ultimate load
All beams were visually observed until the appearance of the

first crack with recording of the corresponding first cracking load.
Table 6 summarizes the observed test results. Generally, increasing

Reinforcement Type Diameter (mm)

Yield Strength (f,) N/mm?

Ultimate Strength (f,) N/mm? Young’s Modulus (E) (GPa)

MS 8 240
GFRP 12 -
C.0.V for GFRP - -

HR 14 380
C.0.V for HR - 4.80%

350 200
850 425
5.70% 5.40%
700 140
4.40% 4.20%

Note: MS = mild steel bar, GFRP = glass fiber reinforced polymer bar and HR = hybrid bar.
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Fig. 7. Tested Beams Geometry and Details.

fiber ratio of PVA improves the behaviour of reinforced concrete
beams in terms of first cracking load (P.) and ultimate load level
(P,). For beam B1 in Group (A), the inclusion of PVA fibers
enhanced the crack load (P.) for B2 and B3 by 14% and 38% respec-
tively. At the ultimate level, the load-carrying capacity improved
for B2 and B3 respectively by 8% and 24%. Compared with beam
B4 in Group B, the crack load (P.) was enhanced for B5 and B6
by 28% and 41% respectively. Moreover, the load-carrying capacity
was enhanced by 12% and 27% for B5 and B6. For Group D, com-
pared with the non-fibrous beam B10, the inclusion of PVA fibers
with the hybrid schemes improved the crack load (P.) for B11

and B12 by 6% and 14% respectively and also enhanced the load-
carrying capacity by 5% and 12% respectively. It was concluded
by Jie et al. [34] that the cracking and ultimate loads of beams con-
taining PVA fibers are higher than beams without PVA fibers.

Test results also showed an enhancement for (P.) and (P,) by
increasing the hybrid reinforcement ratio (p,). Reference to beam
B3, increasing the hybrid reinforcement ratio enhanced (P,,) for B6
and B9 respectively by 13% and 16%. Additionally, (P,) showed an
improvement by 27% and 47% for B6 and B9 respectively. Accord-
ingly, the hybrid bars displayed the main contribution to improve
the flexural capacity for the PVA-ECC concrete beams.



M. Said et al./Construction and Building Materials 259 (2020) 120395

Table 3
Details of the Tested Beams.

Group Beam Fiber content (PVA)Vy % Bottom RFT Bottom RFT Ratios Stirrups (Steel bars) Top RFT (Steel bars)
Af GFRP Ahr HR Pr % Phr % Pt %
A B1 0.00 - 2H14 - 0.85 0.85 10 ¢ 8/m’ 2¢8
B2 0.75 - 2H14 - 0.85 0.85 10 ¢ 8/m’ 2648
B3 1.50 - 2H14 - 0.85 0.85 10 ¢ 8/m’ 2¢8
B B4 0.00 - 3H14 - 1.26 1.26 10 ¢ 8/m’ 2¢8
B5 0.75 - 3H14 - 1.26 1.26 10 ¢ 8/m’ 2¢8
B6 1.50 - 3H14 - 1.26 1.26 10 ¢ 8/m’ 2¢8
C B7 0.00 - 4H14 - 1.70 1.70 10 ¢ 8/m’ 2¢8
B8 0.75 - 4H14 - 1.70 1.70 10 ¢ 8/m’ 2¢8
B9 1.50 - 4H14 - 1.70 1.70 10 ¢ 8/m’ 2¢8
D B10 0.00 3G12 2H14 0.85 0.85 1.70 10 ¢ 8/m’ 2¢8
B11 0.75 3G12 2H14 0.85 0.85 1.70 10 ¢ 8/m’ 2¢8
B12 1.50 3G12 2H14 0.85 0.85 1.70 10 ¢ 8/m’ 2¢8
Table 4
Concrete Mix Proportions per One Cubic Meter.
Mix No. Quantity required for 1 m? (kg) PVA-V; (%)
Cement Sand Coarse aggregate Water HRWR
1 550 620 1180 200 10 0.00
2 550 620 1180 200 15 0.75
3 550 620 1180 200 15 1.50
Table 5
Compressive and Splitting Strength.
Mix No. PVA-V; (%) Average Cylindrical Compressive strength (MPa) C.0.V (%) Average Splitting Tensile strength (MPa) C.0.V (%)
1 0.00 46.5 5.70 3.70 4.6
2 0.75 48.3 5.20 4.90 4.3
3 1.50 50.0 4.80 6.85 29
Applied Load (P)
Load Cell
Upper Steel
p/2| Spreader Beam |p/»
100 850 1 400 1 850 100
= iﬁiLoadlng Plate
>
=
o
Roller & A Strain Gauge B
Supporting Plate LVDT Supporting Plate
Testing Machine Bed
|100 2100 100

Fig. 8. Testing Setup Details.

3.2. Load-deflection curves

The experimental load-deflection curves for Groups A, B, C, and
Group D are plotted in Figs. 10-13 respectively. Generally, the
load-deflection curves consist of three main branches, the first
branch is linear that specifies the response until the initial cracks
and the second branch is also, linear fitting that represents the
response until the yield of longitudinal reinforcement. After the

yielding of reinforcement, increasing the deflection took place for
successive loads. Beams containing PVA exhibit higher mid-span
deflection before failure with extended ductile plateau more than
control beams due to the strain hardening and multiple micro-
cracking behaviours of PVA. To evaluate the contribution of hybrid
bars and PVA fibers on the flexural performance of the tested
beams, the following measurements can be observed from the
load-deflection curves:
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Fig. 10. Load-Deflection Curves of the Tested Beams for Group A.
Fig. 9. Typical Beam during Testing.
300
3.2.1. Initial stiffness (K) 558
Using hybrid bars as tension reinforcement exhibit an improve- ° : : )
ment in the stiffness (K) which, can be defined as the ratio between 200 /,, e i e i I |
load at yield level (P,) to the corresponding displacement (4,) [19]. 2 ’r_—-—— “ %
For the same fiber content, comparing with beam B2, increasing § 150 / \
the hybrid reinforced ratio enhanced the stiffness for B5 and B8 g /
by 39% and 37 respectively. On the other hand, a reduction in the ~ 100 i
stiffness was observed for beam B11 by 13%. The reduction in the / — B4(VI=0%)
stiffness occurred due to the existence of GFRP bars with lower 50 — = B3(V=0.75%)
modulus of elasticity. The provision of PVA fibers for the tested — - BG(VI=1.5%)
beams slightly enhanced the stiffness of beams reinforced with 0 : : :
hybrid bars. For Group A, the observed enhancement in stiffness 0 10 20 30 40 30 60 70 80 90 100

for B2 and B3 was 1.5% and 13% with reference to beam B1. More-
over, it was also recorded that the inclusion of PVA fiber is an effec-
tive way to enhance the stiffness of the hybrid schemes beams
containing GFRP bars. Compared to beam B10, the stiffness was
improved by 24% and 36% for beams B11 and B12 respectively.

3.2.2. Energy absorption (I)

Energy absorption (I) is defined as the area under the load-de-
flection curve. It is the function of the ultimate load (P,) and the
corresponding ultimate deflection (6,) [19]. It was noticed from
the recorded results that, generally, the energy absorption
enhanced by increasing PVA-ECC fiber content. For Group A, the
energy absorption for B2 and B3 was higher than B1 by 58% and
87%. Also, for Group D, the energy absorption was improved for
beams reinforced with hybrid schemes by 27% and 47% for B11
and B12 regarding beam B10. Also, energy absorption improved

Table 6
Experimental Results of the Tested.

Deflection (mm)

Fig. 11. Load-Deflection Curves of the Tested Beams for Group B.

by increasing the hybrid bars reinforcing ratio. The energy absorp-
tion was increased for B6 and B9 by 27% and 52% compared to B3.
Moreover, the inclusion of hybrid bars with GFRP bars enhanced
energy absorption of B12 by 33% when compared to B3.

3.2.3. Ductility factor (DF)

Ductility factor (DF) for the tested beams can be defined as the
ratio between the deflection at the ultimate level (§,) to the deflec-
tion at the yield level (8,) [18]. PVA fibers are generally showed an
improvement in the ductility of the tested beams. It reaches the
extreme strength in the post- cracking deformation in addition to
a relatively large inelastic deformation capability. For Group A,

Group Beam Vf Experimental Test Results

Relative Experimental Results to the Control Beams

(%) P., P, 3y P, Su K (kN/ I (kN. DF y % &% EIR A - L i
(kN) (kN) (mm) (kN) (mm) mm) mm)
A B1 0.00 29 135 10 157 61 13.5 8300 6.10 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00
B2 0.75 33 154.5 113 170 83 13.67 13,115 7.35 1.14 114 113 108 136 1.01 158 1.20
B3 1.50 40 181 11.89 195 88 15.22 15,500 7.40 138 134 119 124 144 113 187 1.21
B B4 0.00 32 155 9 193 67 17.2 11,800 7.44 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B5 0.75 41 200 10.5 217 82 19.05 16,400 7.81 128 129 117 112 122 111 139 1.05
B6 1.50 45 222 11 246 86 20.18 19,600 7.82 141 143 122 127 128 117 166 1.05
C B7 0.00 34 220 12 246 73 183 16,900 6.08 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B8 0.75 42 240 13 261 84 18.46 20,418 6.462 124 1.09 1.08 106 1.15 1.01 121 1.06
B9 1.50 46 250 135 285 90 18.52 23,600 6.667 135 114 113 1.16 123 1.01 140 1.10
D B10 0.00 35 230 23 245 66 10.0 14,100 2.87 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B11 0.75 37 248 20 258 80 12.40 17,900 4.00 1.06 1.08 0.87 105 121 124 127 139
B12 1.50 40 265 19.5 273 86 13.59 20,600 441 114 1.15 085 1.11 130 136 146 1.54




M. Said et al./Construction and Building Materials 259 (2020) 120395

300
250 / ‘::—-——: 1 |. _____
: S vl
/ 'l
200 1
2
ol f
T 150
S i
i*l7
100 :
l — B7(Vf=0%)
50 - = BS(VI=0.75%) |
— - BY(VI=1.5%)
0 T T :
0 10 20 30 40 S50 60 70 80 90 100

Deflection (mm)

Fig. 12. Load-Deflection Curves of the Tested Beams for Group C.
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Fig. 13. Load-Deflection Curves of the Tested Beams for Group D.

compared to beam B1, the DF showed an improvement for B2 and
B3 respectively by 20% and 21%. Also, significant enhancement in
the DF was observed for beams B11 and B12 respectively by 39%
and 54% compared to B10 in Group D. Accordingly, the inclusion
of PVA fibers for beams reinforced with hybrid schemes decreases
the degradation of the DF for the beams due to the brittle beha-
viour of GFRP bars. Meng et al. [20] observed that the ductility fac-
tor enhanced by increasing the PVA volume ratio in the PVA
concrete beams.

3.3. Strains in the hybrid bars

The strains of the hybrid bars (&) at the ultimate level were
measured and recorded in Table 7. Also, the load-hybrid strain

Table 7
Experimental Hybrid Strain of the Tested Beams.

Load(kN)

Load(kN)

Load(kN)

300
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Fig. 14. Load-Hybrid Strain of the Tested Beams for Group A.
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Fig. 15. Load-Hybrid Strain of the Tested Beams for Group B.
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Fig. 16. Load-Hybrid Strain of the Tested Beams for Group C.

Group Beam Strain at Yield Level, (&) Reinforcing Strain, (&pr) Strain Ductility,u, = %
A B1 0.0025 0.0153 6.10
B2 0.0025 0.0168 6.70
B3 0.0025 0.0180 7.11
B B4 0.0025 0.0112 4.48
B5 0.0025 0.0127 5.08
B6 0.0025 0.0145 5.78
C B7 0.0025 0.0074 2.96
B8 0.0025 0.0090 3.60
B9 0.0025 0.0108 4.30
D B10 0.0025 0.0048 1.90
B11 0.0025 0.0060 241
B12 0.0025 0.0070 2.81
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Fig. 17. Load-Hybrid Strain of the Tested Beams for Group D.

curves for Groups A, B, C, and Group D are plotted in Figs. 14-17. A
close examination of the strain measurements reveals that the
strain of the hybrid bars at the ultimate level (&) exceeds the
strain at the yield level (g,) for all beams. Accordingly, all beams
have been failed in a ductile manner in the tension zone as a con-
sequence of the under reinforcement ratios. Based on the strain
measurements, the bond failure was not observed in all the test
specimens. From the load-hybrid strain curves, the strain ductility
(us) was defined as the ratio between strain in the hybrid bars at
the ultimate level to the strain at the yield level (us= & [ &) [33].

Test results showed that increasing the hybrid reinforcement
ratio reduced the strain ductility of the tested beams. Compared
to B1, the strain ductility decreased by 20% and 50% for B4 and
B7. On the other hand, the provision of PVA fibers displayed
acceptable improvement in the strain ductility of the tested beams.
For Group C, comparing with beam B7, the strain ductility was
improved for B8 and B9 by 25% and 46%. Moreover, using hybrid
schemes for concrete beams with PVA-ECC fiber showed a great
efficiency to overcome the brittle behaviour of GFRP concrete
beams. The ductility of beams reinforced with hybrid bars was
increased with the inclusion of PVA fibers. The strain ductility of
beams B11 and B12 was higher than B10 by 15% and 41% respec-
tively. Meng et al. [20] recorded that when compared with the nor-
mal concrete matrix, the PVA matrix allows a higher strain to be
developed in the tensile reinforcement bars. Furthermore, the
stress distribution in the tensile reinforcement showed more
uniformity for PVA concrete beams when compared to the ordinary
RC beams.

3.4. Failure modes and cracks pattern

Tracing the cracks at different load levels is one of the most
powerful procedures to identify the failure mechanism and high-
lighting the related effect of the experimental variables. The cracks
pattern for Groups A, B, C, and D were the same as presented in
Figs. 18-21. Generally, initial crack for all tested beams appeared
in the beam mid-span at the flexural region followed by consecu-
tive cracks away from this region in the direction of supports with
increasing load increments. Increasing load values led to deeper

Fig. 18. Cracks Pattern for Group A.
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Fig. 19. Cracks Pattern for Group B.

Fig. 20. Cracks Pattern for Group C.
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B11

B12

Fig. 21. Cracks Pattern for Group D.

and widened cracks with a major flexural crack in the maximum
moment area at the failure load level. The failure type for all tested
beams was recorded as a flexure failure by tensile crisis of bars.

Due to the strain hardening behaviour property of PVA fibers,
this type of fibers could sustain tension load after cracking with
improved the load-capacity. Using PVA fibers for the tested beams
delayed the appearance of the first cracking with reference to the
non-fibrous beams. Increasing the fiber content delayed the
appearance of the first crack by 28% and 40% for beams B5 and B6
when compared to B4. Also, increasing the hybrid reinforcement
ratios resulted in less spread cracks and less visual crack width.
Moreover, using the hybrid schemes of hybrid bars with GFRP bars
increased the cracking loads and reduced crack propagation. The
inclusion of PVA fibers in the beams reinforced with hybrid
schemes enhanced the cracking loads and decreased the propaga-
tion of cracks. The crack pattern of the tested beams recorded the
same pattern of the tested beams by Shanour et al. [18].

4. Non-linear finite elements analysis (NLFEA)

NLFEA was performed to simulate the tested concrete beams.
The commercially available finite element analysis software pack-
age ANSYS (ANSYS release 12.1) [50] was used. The load-deflection

curve is an important aspect of verifying the behaviour of beams. It
includes beneficial parameters such as: cracking loads (P), the
load at yield point (Py), the corresponding deflection (4,), the ulti-
mate load (P,), the corresponding ultimate deflection (d,), and
energy absorption (I). Also, the strain ductility (us n..) was pre-
dicted. Accordingly, comparing the predicted results from the ide-
alized models with the experimental results is an efficient method
to validate the models.

4.1. Finite element geometric and material idealization

The structural element types used for the geometric idealization
of the different materials are Solid 65 for concrete as its capability
to the plastic deformation, cracking and crushing in three direc-
tions. 3-D spar elements (Link 8) was used for idealized reinforcing
bars and stirrups. It has two nodes and three DOF. Also, it has the
capability of plastic deformation. Solid 45 was idealized at the
location of loading and supports in the concrete beams to avoid
stress concentration problems. Perfect bond was assumed between
the concrete and bars. The PVA fiber reinforcements were simu-
lated as smeared reinforcements in Solid 65 element represented
through volumetric ratio to represent the actual fiber volumes
used in each beam specimen. Said et al. [33] used the same ele-
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ELEMENTS AN

NOV 19 2019
02:17:54

TYPE NUM

(a) Concrete Element; Solid65

ELEMENTS AN

NOV 19 2019

TYPE NUM 02:21:21

(b) Reinforcing Bar Element; Link8

Fig. 22. Finite Element Simulation Models for the Tested Beams.

ments and procedures for modelling concrete beams with GFRP
bars. They get reasonable agreement comparing test results. For
concrete in compression, the Hognestad-Popvics stress-strain
curve [53] was used. Linear elastic behaviour was adopted for
the GFRP bars. The idealized stress—strain curve for the hybrid bars
shown in Fig. 4 and Eq. (1) was used in the idealization. The 3-D
model for a typical beam is presented in Fig. 22.

4.2. NLFEA model verification

NLFEA results were verified with the experimental test results.
First, cracks appeared at the maximum tension zone in the mid-
span. Then, the cracks propagated in an upward direction through
the depth of the beam. New cracks occurred in the shear region due
to increasing the load, as shown in Fig. 23.

All beams showed similar patterns of crack development and
propagation. NLFEA showed the first formation of vertical cracks
in the mid-span at load levels of 28-42 kN. The predicted cracking
loads (P.-n.) were close to experimental crack loads (Per-exp.). The
average value of the ratio (Per-exp, [ Per-ni) is 1.07 with a standard
deviation of 0.025.

4.3. Load- deflection comparison

The analytical results for all beams were very close to the exper-
imental results. Generally, the load-deflection curves for the tested
beams displayed similar features. A comparison of the load-deflec-
tion curves extracted from ANSYS and test results for all the beams
are plotted in Fig. 24 and listed in Table 8. The comparison evinced
that, at the yield level, the overall average ratio [Py, exp. [ Py, n] iS
1.05, and the average yield deflection ratio [ , exp. / 8y, n] iS
0.97. At the ultimate level, the average ratio [Py, exp. / Py, ni] for
all beams is 1.012 and the average value of deflection ratio [5 ,,
exp. | 8, n] is 1.01. Also, the average energy absorption ratio [I
exp. | In] for all beams is 1.038. Moreover, the average strain duc-
tility [ps, exp. [ M5, n] i 0.96 for all tested beams. Accordingly, the
current models reasonably predicted the flexural behaviour of
the PVA concrete beams reinforced with hybrid bars.

5. Flexural capacity and flexural rigidity

The strain compatibility method was performed to compare
the experimental results with the nominal flexural strength
(M;,).The nominal flexural strength is estimated for a single
hybrid RC rectangular beam of a cross-section (b x t). The pro-
posed equation of the current research is an enhancement equa-
tion of ACI-code 318-18 [54]. The main assumptions to predict
the nominal flexural strength were considered. Moreover, the
idealized stress—strain curve for the hybrid bar and the contribu-
tion of PVA fibers in the tension side were considered. Fig. 25
presents the simplified rectangular stress block considering all
combinations of reinforcement steel bars, FRP bars and hybrid
bars. Accordingly, the equilibrium equation can be expressed as
follows:

Cc = Ts + Tf + Thr + Tet (2)

The compression force of concrete (Cc) can be estimated
depending on the rectangular stress block which, calculated gener-
ally as:

Ce = Oec ¥ Ac (3)

The compressive strength of PVA-ECC concrete (o..) can be
defined as:

Tec = Uiy (4)

The coefficient («) assumed to be 0.85, according to ACI-code
318-18 [54]. Also, the cylindrical compressive strength of the
PVA-ECC concrete (fecp). Additionally, the area of compression zone
(Ac) was defined as:

A.=ba 5)
The depth of the rectangular stress block (a) was estimated as:
a=p.C (6)

Factor () should not exceed 0.85 but shall not be taken less
than 0.65 [54]. It can be calculated as:
f,ecp - 28:|

f=0.85—0.05 { . (7)
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Fig. 23. Cracks Propagation for Beam B1.

Conclusively, Cc can be defined as:
C.=0.85 *f,exp xbxa (8)

For under reinforced section, the tension force of reinforcing
bars Ts, Tr and Tj, can be calculated as follows:

Ts =fy * A 9)
Tf :ff *Af (10)
Tir = fir * Anr (11)

Due to the excellent performance of PVA-ECC in tension, (Te)
can be estimated as follows:

Ter = Oer % At (12)

The area of ECC concrete in the tension side (A;) can be defined
as follows:

A =be (13)
The tensile strength of PVA-ECC concrete (O,,) can be predicted
as [18]:
g = 0.00772 (l’% PpyaFre (14)
f

The bond efficiency of the fiber (F,.) varies from 1.0 to 1.2
depending upon fiber characteristics. The percent by volume of
the used fibers (ppya) can be calculated as follows:

e
Prva = Vf?loo (15)
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Fig. 24. Comparison of Predicted Deflections with Experimental Values.

Based on the rectangular stress block and the equilibrium equa-
tion, (a) and (C) can be predicted. Accordingly, M, can be estimated
as:

My = [(Af, + Arfy + Aufi) (4~ 5)]

+ |Oxbxex t+c_a
et 5 o)

A simplified method for flexural rigidity (D) prediction of
PVA-ECC concrete beams reinforced with hybrid bars or schemes
at the yield load level is presented. The flexural rigidity at the

(16)

yield load level can be defined as (D = E I). According to the
ACI 440.1R-03 [55] code, the effective moment of inertia of con-
crete beams (lg5) up to the serviceability loading level can be

defined as:
Mo\ Mo\
o= () e |1 () o

The value of the applied moment (M,) was calculated based on
the measured experimental yield load and accordingly calculating
the yield moment by the elastic analysis.

(17)
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Fig. 24 (continued)

The flexural cracking moment (M,,) is calculated as follows:

I
Mcr :fcr}%

(18)

The rupture modulus of concrete (f,,) is defined according to ACI

318-18 [54] as:

fcr =0.62 f,c

(19)

The depth of the neutral axis measured from the tension side
(y¢) as shown in Fig. 26, can be calculated as:

<%) + [(ns - 1)As + (nf — 1)Af + (nhr — 1)Ahr] d
A

¢ =

(20)

The modular ratios of reinforcing steel bars (ny), GFRP bars (ny),
and hybrid bars (ny,) were defined as (E; /E.), (Ef /Ec), and (Ep, /Ec)



0.94
0.89
0.95
0.97
0.96
0.93
0.96

Hsexp
HsnL
0.95
0.97

DFexp
DFy,

1.01
1.18
117
0.94
0.99
0.98
0.89
0.94
1.02

Texp.
Ino
0.99
1.10
1.09
0.94
1.01
1.01
0.99
1.01
0.97

1.10
1.12
1.16
0.99
1.06
1.09
1.00
1.02
1.12

Kne

Kexp.

Su—exp
Su-NL

0.92
1.08
1.07
0.99
0.98
0.91
0.94
0.96
0.92

Py_exp.
Py_n
1.05
1.04
1.03
0.97
1.04
0.98
0.95
0.98
0.99

0.91
0.91
0.91
1.05
0.99
0.93
1.09
1.02
0.90

Jy NL

Oy—exp

1.11
1.02
06
08

1.
1.05

Py nL
1.03
1.02
1.
1.05
1.

py—txl’

Experimental Results/ NLFEA Results

Per_exp
[

6.02 635 1.04
6.21 6.88 1.03
6.31 7.52 1.08
791 5.04 1.07
7.92 532 1.06
797 592 1.07
7.02 3.06 1.06
6.87 3.84 1.08
6.53 4.48 1.12

DF  ps

I (kN.

mm)

11,900
14,200
12,600
16,300
19,500
17,150
20,312
24,255

8420

K (kN/
(mm) mm)
12.30
12.18
13.15
17.44
17.92
18.47
184
18.03
16.67

Ju

77.0
82.0
68

84.0
94.0
77.3
87.3

150.1 66.1

Pu

163
189
200
208
252
260
265
289

(kN) (mm) (kN)
122

151
171

dy
10.98
12.4
13
8.6
10.6
11.8
11
12.7
15

90

Py

150
218
204
229

1

NLFEA Results

PLT

(kN)

S
6.10 28
6.70 32
7.11 37
5.08 38.5
5.78 42
296 32

n
744 448 30

7.81
7.82

6.28
6.462 3.60 39

6.667 4.30 41

DF

6.10
7.35
7.40

I (kN.

mm)

13,115
15,500
11,800
16,400
19,600
16,900
20,418
23,600

8300

K (kN/
(mm) mm)

61

13.67
15.22
17.2

19.05
20.18
183

18.46
18.67

135

5“
83
88
67
82
86
73
84
90

Pu
(mm) (kN)
157
170
195
193
217
246
246
261

5)’

10
11.89
10.5
11
12

13

1545 113

Py
(kN)
135
181
155
200
222
220
240
252

(kN)
29
33
40
32
41
45
34
42

Beam Experimental Results
P cr

B2
B3
B4
B5
B6
B7
B8

Comparison of Experimental Results with NLFEA Results.
B1

Table 8

M. Said et al./Construction and Building Materials 259 (2020) 120395 17

01

98.0

250

285

135

46

B9

respectively. Also, the total cross-section area of the beam (A;) is
55583R calculated as follows:
Or——Q Qo
82955?5 Ac = (b.t) + (ns — 1)As + (np — 1)As + (Mr — 1)Anr (21)
e-mrme= Accordingly, the gross moment of inertia (I,) can be obtained as:
o2 § § g.u: b3 ¢ 2
o= [en(s0)]
82~58351
T 2: + [(ns_1)As+(nf_l)Af+(nhr_1)Ahr} (.Vt_d/)z (22)
% '§ § 5 E § The parameter (f4) is accounted for the bond properties and
o R elastic modulus of FRP bars, it is defined by ACI 440.1R-03 [55]
588338 as follows:
— -0 M
nssR8% ﬁd:O.S{g+l} (23)
— O 00O ® S
o g 5 :n,f To predict the cracked moment of inertia (I.;). The depth of the
i = compression zone (Z) measured from the neutral axis should be
P B calculated. Fig. 27 shows the contribution of the tensile reinforce-
2222382 ment bars and PVA-ECC fiber in the tension zone. Accordingly, Z
© < o can be calculated as:
QN
2 ﬁ § - = [(nsAs + nyA; + nyAne) (d — Z)] + moech(d - Z) (24)
838 0 is predicted from Eq. (14) and m is the modular ratio of PVA
QR = (Epya/ E.). Accordingly, the cracked moment of inertia (I.;) can be
- calculated as:
= bt? 2 2
S=¢ Iy = <?) + [nsAs + 1Ar + NieApe | (d — Z)” + moe(d — Z) (25)
w9 Based on the previous equations, the effective moment of iner-
©r~® tia (If) and the flexural rigidity (D) at the yield level could be pre-
T n oo dicted. The analysis procedure for calculating M, and I, can be
NI easily implemented by hand calculations or a spreadsheet. M,
o9 and I were calculated for all tested beams using Eq. (16) and
SRR Eq. (17) respectively. The experimental value of the moment of
inertia (Ief; exp.) Was calculated based on the measured yield load
LI (Py, exp.) and the corresponding displacement (Jy, exp.). Accordingly,
AN AN AN . .
for the four-point bending beam, l¢j exp. Was calculated as follows
o [54]:
IS
Py exp X
8§33 Lfrexp. = ﬁ@p —4X%) (26)
%8R Table 9 presents a comparison between the experimental and
N nominal flexural strength. It concluded that good agreements
288 between the experimental and the nominal flexural strength
g were achieved. The average ratio of [M,, exp. /| My for the tested
- beams is 1.04. Also, the average ratio of [l exp. | ler, ] for the
o n tested beams is 1.05 with 0.07 standard deviation and the coef-
=INEN ficient of variation equals 6.8%. Moreover, Table 9 includes a
T comparison with 77 ECC concrete beams reinforced with hybrid
bars previously tested by [18,20-21,34-35,41]. The nominal flex-
83 ural strength and the flexural rigidity generally performs well in
- % o predicting the flexural strength. The overall average value of the
JI8K ratio [My, exp. / Mp] is 1.015 with a standard deviation of 0.085
and the coefficient of variation equals 8.5%. Also, the overall
nee - average value of the ratio [lef; exp. / lefr, n.] is 1.03 with a standard
S deviation of 0.087.
cxw § § Using the flexural rigidity predictions at the yield level, sensitiv-
NS g E ity studies are performed to investigate the effect of fiber content
E ° (Vy) on the ratio between the flexural rigidity for PVA-ECC beams
GRS .- g (D, gcc) and the flexural rigidity for RC beams (Dgc) at the yield
R "'; % level. From Fig. 28, it can be concluded that the flexural capacity
EEEZ288 of PVA-ECC beams (D, gcc) is improved by increasing fiber volume
(Vy). Considering the constant (pp,) ratio as 0.85, the increase of
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(Vy) from 0.0 to 1.5% enhances the D, gcc by 30%. As presented in
Fig. 29, increasing the hybrid reinforcement ratio (pp,) showed sig-
nificant enhancement in the flexural rigidity at the yield level of
PVA-ECC beams. Keeping the fiber volume (V;) as 1.5%, increasing
onr from 0.85% for B3 to 1.7% improved the flexural rigidity for
B9 (hybrid bars) and B12 (hybrid schemes) by 63% and 40% respec-
tively. Accordingly, using the hybrid bars in reinforcing PVA-ECC
beams are more effective than the hybrid schemes bars.

6. Conclusions

The flexural behaviour of PVA-ECC concrete beams reinforced
with locally produced hybrid bars was investigated. Based on the
experimental results and the comparison with the NLFEA and pre-
dicted nominal flexural strength in this study, the following con-
clusions can be drawn:

1) Generally, the provision of PVA fibers exhibits an enhance-
ment in the cracking load and the load-carrying capacity of
the tested beams. The enhancement in the ultimate capacity
was 12% and 27% for the PVA ratio of 0.75% and 1.5%. The
increase in the load-carrying capacities using PVA-ECC
material can be illustrated by the strain hardening and mul-
tiple micro-cracking behaviours.

N
o o e N4
s
E\é -~ momb@z
:@ ] ]

Hybrid bars (niAhr)
b FRP bars (n747)
Steel bars (nsAs)

Fig. 27. Compression Zone Prediction.

2) The inclusion of the hybrid bars enhanced the cracking load,
ultimate capacity, ductility factor, and energy absorption of
test beams. The enhancement in the ultimate capacity was
23% and 57% for B4 and B7 regarding B1. Also, the improve-
ment in energy absorption was 50% and 104% for B4 and B7.

3) Increasing PVA-ECC content delayed the appearance of the
first crack of the tested beams. Increasing the PVA ratio
delayed the appearance of the first crack by 14% and 38%
for beams B2 and B3. Moreover, at failure load, less spread
cracks and less visual crack width was observed.

4) PVA fibers allow a higher strain to be developed in the
hybrid bars. Increasing the PVA content improved the strain
ductility of the hybrid bars by 25% and 46% for B8 and B9
regarding B7.

5) According to the results of tested specimens, the hybrid
schemes showed a change in the failure mode from com-
pression failure to tension failure, which indicated more
ductile behaviour for the beams. Also, bond failure was not
observed for the tested beams.

6) The application of NLFEA to the tested beams yielded accept-
able load-carrying capacities and load-deflection curves.
The analysis adequately reflected the trend of experimental
results. At the ultimate level, the overall average ratio [Py, exp.
| P, ni.] was 1.012 with a standard deviation of 0.04, and the
coefficient of variation equal to 3.8%.



Table 9
Experimental and Nominal Flexural Strength.

Author Beam f. Geometrical Parameters Bottom RFT PVA-ECC Parameters Mexp. (kN.m) I exp. (mm*) M, (kN.m) Iegr, n. (mm?) "I"'/Tp Loftexp

Teffn
b d La.a X As  fy Af Jr Ane fur P Vf(%) lg(mm) ¢;(mm) e(mm)
MPa (mm) (mm) (mm) (mm) HTS MPa FRP MPa HR HR %

Present B1 465 150 275 2100 850 - - - - 2H14 630 085 - - - - 66.725 101940972 60 95060082 111 1.07
B2 48 150 275 2100 850 - - - - 2H14 630 085 0.75 12 0.039 300 72.25 110381944 67 109688629 1.08 1.01
B3 50 150 275 2100 850 - - . B 2H14 630 085 1.5 12 0.039 300 82.875 126614583 75 125397440 1.11 1.01
B4 465 150 275 2100 850 - - - - 3H14 630 1.26 - - - - 82.025 125315972 82 131002391 0.99 0.96
B5 48 150 275 2100 850 - - - - 3H14 630 1.26 075 12 0.039 300 92.225 140899305 90 142781941 1.02  0.99
B6 50 150 275 2100 850 - - . B 3H14 630 1.26 1.5 12 0.039 300 104.55 159729166 98 156965340 1.06 1.02
B7 46.5 150 275 2100 850 - - - - 4H14 630 1.7 - - - - 104.55 150225281 102 154889358 1.02  0.97
B8 48 150 275 2100 850 - - - - 4H14 630 1.7 0.75 12 0.039 300 110.925 169468750 112 172725492 0.99 0.98
B9 50 150 275 2100 850 - - - - 4H14 630 1.7 1.5 12 0.039 300 121.125 190640656 118 185657788 1.03  1.03
B10 46,5 150 275 2100 850 - - 3G12 850 2H14 630 1.7 - - - - 104.125 159079861 102 134279848 1.02 1.18
B11 48 150 275 2100 850 - - 3G12 850 2H14 630 1.7 0.75 12 0.039 300 109.65 167520833 109 147233170 1.01 1.14
B12 50 150 275 2100 850 - - 3G12 850 2H14 630 1.7 1.5 12 0.039 300 116.025 177260416 115 162323799 1.01 1.09
Shanour, et al. [18] B1 44 115 255 1650 650 216 400 - - - - 137 - - - - 37.4 82999725 38.01 89031618 098 0.93
B2 44 115 255 1650 650 216 400 - - - - 137 1 12 0.039 280 44.9 87532817 45.52 93609841 0.99 0.94
B3 44 115 255 1650 650 2¢16 400 - - - - 137 2 12 0.039 280 50.1 92612847 52.15 98421146 096 0.94
B4 44 115 255 1650 650 2¢16 400 - - - - 137 05 12 0.039 280 413 76025843 46.50 81982665 0.89 0.93
B5 44 115 255 1650 650 216 400 - - - - 137 1 12 0.039 280 46.5 89794303 52.00 94214341 089 0.95
B6 44 115 255 1650 650 2¢16 400 - - - - 137 2 12 0.039 100 46.8 70338871 42.45 77613915 1.10 091
B7 44 115 255 1650 650 2¢16 400 - - - - 137 1 12 0.039 200 45.2 71745648 52.08 79328197 0.87 0.90
B8 44 115 255 1650 650 212 400 - - - - 077 - - - - 26.3 52865214 22.12 54961342 1.19 0.96
B9 44 115 255 1650 650 2¢12 400 - - - - 0.77 0.5 12 0.039 100 28.9 63853627 25.48 59494803 113 1.07
B10 44 115 255 1650 650 2§12 400 - B - - 077 1 12 0.039 100 32.8 64492163 28.78 59494803 1.14 1.08
B11 44 115 255 1650 650 212 400 - - - - 0.77 05 12 0.039 200 31.2 59084651 30.38 58286792 1.03 1.01
B12 44 115 255 1650 650 2§12 400 - - - - 077 1 12 0.039 200 354 67525316 37.96 62554472 093 1.08
Meng, et al. [20] B1 45 100 180 1800 600 2¢12 400 - - - - 1.26 - - - - 16.25 28137428 15.22 27935619 1.07 1.01
B2 47 100 180 1800 600 2¢12 400 - - - - 126 22 12 0.039 200 214 28723625 21.21 30024143 1.01  0.96
B3 49.8 100 180 1800 600 2§12 400 - - - - 126 - - - - 16.25 28137428 15.32 27935619 1.06 1.01
B4 519 100 180 1800 600 2§12 400 - - - - 126 22 12 0.039 200 21.2 28723625 21.61 30024143 098 0.96
Alyousif, et al. [21] B1 49 125 215 830 215 216 520 - - - - 150 1.5 8 0.039 250 52.4 52747843 47.29 59888227 1.11 0.88
B2 49 125 190 780 190 4416 520 - - - - 339 15 8 0.039 250 54 42279429 53.40 45166629 1.01 094
B3 49 125 215 1260 430 216 520 - - - - 150 1.5 8 0.039 250 47.5 48860541 47.29 47947523 1.00 1.02
B4 49 125 190 1160 380 4¢16 520 - - - - 339 15 8 0.039 250 55.5 53387716 56.70 54970587 098 0.97
B5 49 125 215 1690 645 2¢16 520 - - - - 150 1.5 8 0.039 250 47 52005836 47.29 57282472 099 091
B6 49 125 190 1540 570 4416 520 - - - - 339 15 8 0.039 250 55 60638701 56.70 68713234 097 0.88
B7 549 125 215 830 215 2§16 520 - - - - 1.50 - - - 41 48045107 39.39 49991661 1.04 0.96
B8 549 125 190 780 190 4416 520 - - B . 339 - . - B 46 37694657 53.40 34973807 0.86  1.08
B9 549 125 215 1260 430 2§16 520 - - - - 1.50 - - - - 42 43796429 39.39 42853125 1.07 1.02
B10 549 125 190 1160 380 4416 520 - - - - 339 - - - - 48 40782283 53.40 39533855 090 1.03
Jie, et al. [34] HB1 30 150 175 1400 500 2§12 408 - - - - 086 - - - - 19.3 36901600 15.53 34230306 1.24 1.08
HB2 314 150 175 1400 500 2§12 408 - - - - 086 2 12 0.039 51 19.5 37284000 17.22 36422303 113 1.02
HB3 314 150 175 1400 500 212 408 - B - - 086 2 12 0.039 100 19.8 37857600 20.00 41914183 099 0.90
HB4 314 150 175 1400 500 2§12 408 - - - - 086 2 12 0.039 200 225 43020000 24.46 45545939 092 094
HC1 30 150 175 1400 500 212 340 1G8 1250 - - 1.053 - - - - 22 48073142 20.78 41645450 1.06 1.15
HC2 314 150 175 1400 500 212 340 1G8 1250 - - 1.053 2 12 0.039 51 239 45696800 21.81 46665498 1.10 0.98
HC3 314 150 175 1400 500 2412 340 1G8 1250 - - 1.053 2 12 0.039 100 25.7 46798476 24.25 46215171 1.06 1.01
HC4 314 150 175 1400 500 212 340 1G8 1250 - - 1.053 2 12 0.039 200 254 43168711 28.45 47161505 0.89 0.92
HD1 30 150 175 1400 500 110 400 2G8 1250 - - 0.682 - - - - 18.3 29158000 18.96 25051952 097 1.16
HD2 314 150 175 1400 500 1410 400 2G8 1250 - - 0.682 2 12 0.039 51 18.6 29636000 19.92 28023232 093 1.06
Jie, et al. [34] HD3 314 150 175 1400 500 1410 400 2G8 1250 - - 0.682 2 12 0.039 100 22 35053333 23.42 32741143 094 1.07

(continued on next page)
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Table 9 (continued)

(V14

Author Beam f, Geometrical Parameters Bottom RFT PVA-ECC Parameters Mexp, (KN.) Iy exp, (Mmm®) My, (kN.m) Igy  (mm?*) # Legf exp.

Tegrn
b d Laa X As k& A ff Anr Jor e Vf(%) ly(mm) ¢;(mm) e(mm)
MPa (mm) (mm) (mm) (mm) HIS MPa FRP MPa HR HR %

HD4 314 150 175 1400 500 1410 400 2G8 1250 - - 0.682 2 12 0.039 200 219 37336580 26.27 39880702 0.83 094
HE1 30 150 175 1400 500 2¢12 400 2G8 1250 - - 0814 - - - - 21.2 38604190 2147 32783574 099 1.18
HE2 314 150 175 1400 500 2412 400 2G8 1250 - - 0814 2 12 0.039 51 23.6 45123200 23.53 40707879 1.00 1.11
HE3 314 150 175 1400 500 2412 400 2G8 1250 - - 0814 2 12 0.039 100 26.8 45548088 26.69 43779325 1.00 1.04
HE4 314 150 175 1400 500 2§12 400 2G8 1250 - - 0814 2 12 0.039 200 27.5 52580000 28.82 50121807 095 1.05
HF1 30 150 175 1400 500 2¢10 400 1G8 1250 - - 0.790 - - - - 173 40710892 17.27 34661763 1.00 1.17
HF2 314 150 175 1400 500 2410 400 1G8 1250 - - 0.790 2 12 0.039 51 20.1 43921371 19.36 36980183 1.04 1.19
HF3 314 150 175 1400 500 210 400 1G8 1250 - - 0.790 2 12 0.039 100 214 46762057 22.20 41147604 096 1.14
HF4 314 150 175 1400 500 2410 400 1G8 1250 - - 0.790 2 12 0.039 200 19.7 43047314 2431 47166717 0.81 091
HG1 30 150 175 1400 500 2¢12 400 1G8 1250 - - 1.053 - - - - 243 46461600 22.01 41166292 1.10 1.13
HG2 314 150 175 1400 500 2§12 400 1G8 1250 - - 1.053 2 12 0.039 51 283 43287680 24.40 45329761 1.16 095
HG3 314 150 175 1400 500 2412 400 1G8 1250 - - 1.053 2 12 0.039 100 25.1 47991200 25.34 49143577 0.99 0.98
HG4 314 150 175 1400 500 2412 400 1G8 1250 - - 1.053 2 12 0.039 200 27.1 47104727 29.29 50326278 093 094
HH1 30 150 175 1400 500 2¢12 500 1G8 1250 - - 1.053 - - - - 26.6 46235636 25.04 39368613 1.06 1.17
HH2 314 150 175 1400 500 2412 500 1G8 1250 - - 1.053 2 12 0.039 51 28.8 48947200 28.78 43623842 1.00 1.12
HH3 314 150 175 1400 500 2412 500 1G8 1250 - - 1.053 2 12 0.039 100 28.7 48777244 28.92 47516482 0.99 1.03
HH4 314 150 175 1400 500 2412 500 1G8 1250 - - 1.053 2 12 0.039 200 27.2 49529904 30.54 51400993 0.89 0.96
HK1 30 150 175 1400 500 - - 3G8 1250 - - 0.574 - - - - 17.8 8007905 16.48 7854528 1.08 1.02
HK2 314 150 175 1400 500 - - 3G8 1250 - - 0.574 2 12 0.039 51 204 9177600 20.85 9909449 0.98 093
HK3 314 150 175 1400 500 - - 3G8 1250 - - 0.574 2 12 0.039 100 223 12038851 2222 13159664 1.00 0.91
HK4 314 150 175 1400 500 - - 3G8 1250 - - 0.574 2 12 0.039 200 22 12787456 21.01 14382966 1.05 0.89
Qu, et al. [35] B1 225 180 220 1800 600 4412 363 - - - - 1.14 - - - - 32.37 114695742 319 118117224 1.01 0.97
B2 225 180 220 1800 600 - - 4G12 782 - - 1.14 - - - - 43.89 139962821 40.2 138979420 1.09 1.01
B3 225 180 220 1800 600 2612 363 2G12 782 - - 1.14 - - - - 38.28 105235204 41.2 97733577 093 1.08
B4 225 180 220 1800 600 1616 336 2G16 755 - - 152 - - - - 39.66 97287370 42.5 86179416 093 1.13
B5 225 180 220 1800 600 2616 336 2G10 778 - - 141 - - - - 36.36 115950061 39.8 120295884 0.91 0.96
B6 22,5 180 220 1800 600 2§16 336 2G12 782 - - 158 - - - - 42.57 135753413  45.01 127123940 0.95 1.07
B7 225 180 220 1800 600 1610 363 2Gl10 778 - - 0.6 - - - - 23.55 68272425 22.8 62994534 1.03 1.08
B8 225 180 220 1800 600 6616 336 2G16 755 - - 4.05 - - - - 63.3 240964700 66.5 225851237 095 1.07
Lau, et al. [41] B1 39 280 355 4200 2100 - - 4G16 593 - - 081 - - - - 158.8 182857946 152.52 162692342 1.04 1.12
B2 413 280 355 4200 2100 - - 4G25 528 - - 198 - - - - 238 269489009 218.21 243122414 1.09 1.11
B3 423 280 355 4200 2100 - - 3G12 603 - - 034 - - - - 79.5 135027581 68.09 116743877 117 1.16
B4 425 280 355 4200 2100 - - 4G25 603 - - 046 - - - - 107 171044927 89.97 147791836 1.19 1.16
B5 34 280 355 4200 2100 - - 1G25 205 - - 049 - - - - 220 695183687 200.05 582747879 1.10 1.19
B6 40 280 355 4200 2100 2¢25 336 1G20 588 - - 127 - - - - 150 509538043 153.18 537996408 0.98 0.95
B7 39.3 280 355 4200 2100 220 579 2G25 582 - - 162 - - - - 261 838236403 255.85 751640036 1.02 1.12
B8 40 280 355 4200 2100 2625 550 2G20 558 - - 156 - - - - 229 1037192995 252.20 985333345 0.91 1.05
B9 39 280 355 4200 2100 4¢20 340 - - - - 1.26 - - - - 147.4 1540634002 141.84 132770533 1.04 1.16
B10 459 280 355 4200 2100 4425 340 - - - - 198 - - - - 250 1715616308 216.60 157836700 1.15 1.09
B11 353 280 355 4200 2100 2412 507 - - - - 023 - - - - 44 65698678 39.93 58471823 1.10 1.12
Number of Specimens 89 89
Average 1.015 1.027
Standard deviation 0.084 0.087

Coefficient of variation 8.29% 8.46%
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Fig. 28. Effect of PVA-Fiber Volume (Vj) on the Flexural Rigidity.
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Fig. 29. Effect of Hybrid Reinforcement ratio on the Flexural Rigidity.

7) The nominal flexural strength and flexural rigidity for ECC-
concrete beams reinforced with hybrid bars prove to be a
successful analytical tool for predicting the flexure perfor-
mance. The nominal flexure strength and flexural rigidity
predictions for 89 experimental test results were on the safe
side and showed consistent predictions. The overall average
value of the ratio [My, exp. / Mp] is 1.015, with a standard
deviation of 0.084, and the coefficient of variation equals 8%.

8) The sensitivity studies of the proposed model indicate that
flexural rigidity for ECC concrete beams is improved by
increasing fiber volume (V). Comparing with the non-
fibrous concrete beam, the increase of (V) to 1.5% enhances
the flexural rigidity by 30%.

Based on this investigation, consideration should be given to
the feasibility and plausible future of the novel hybrid bars and
PVA fibers especially for marine and waterfront RC structures.
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