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Abstract. The main aim of the current research is to investigate the flexural behavior of the reinforced concrete (RC) slabs
strengthened with strain hardening cementitious composites (SHCC) experimentally and numerically. Seven RC slabs were
prepared and tested under four-points loading test. One un-strengthened slab considered as control specimen while six RC slabs
were strengthened with reinforced SHCC layers. The SHCC layers had different reinforcement ratios and different thicknesses.
The results showed that the proposed strengthening techniques significantly increased the ultimate failure load and the ductility
index up to 25% and 22%, respectively, compared to the control RC slab. Moreover, a three dimensional (3D) finite element
model was proposed to analyze the strengthened RC slabs. It was found that the results of the proposed numerical model well
agreed with the experimental responses. The validated numerical model used to study many parameters of the SHCC layer such
as the reinforcement ratios and the different thicknesses. In addition, steel connectors were suggested to adjoin the
concrete/SHCC interface to enhance the flexural performance of the strengthened RC slabs. It was noticed that using the SHCC
layer with thickness over 40 mm changed the failure mode from the concrete cover separation to the SHCC layer debonding.
Also, the steel connectors prevented the debonding failure pattern and enhanced both the ultimate failure load and the ductility
index. Furthermore, a theoretical equation was proposed to predict the ultimate load of the tested RC slabs. The theoretical and
experimental ultimate loads are seen to be in fairly good agreement.
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1. Introduction

RC elements were constructed to perform their functions
proficiently over their service life. Despite that, most
structures need to rehabilitation and strengthening over the
design service life due to the deterioration of the structure
members output from change of usage, change of the
loading conditions, the lack of maintenance, the material
defect and the upgrading to current design codes provisions
(Sakr et al. 2019). Recently, numerous materials and
methods for strengthening of RC structure had been
developed such as the fiber reinforced polymer (FRP) and
the ultra-high performance fiber reinforced concrete
(UHPFRC) (Al-Osta et al. 2017).

Nowadays, research studies focused on strengthening
RC structures using ultra high performance strain hardening
cementitious composites (UHP-SHCC) (Basha et al. 2019).
The UHP-SHCC can be easily defined as cement based
matrix containing short fibers with higher mechanical
properties and durability (Kunieda et al. 2014). Various
studies reported the behavior of RC beams strengthened
with UHP-SHCC layers (Khalil et al. 2017, Hussein et al.
2012, Shin et al. 2007, Martinola et al. 2010, and Qi et al.
2019). It was concluded that the strengthening layer
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improved the strength, durability, and toughness of the
strengthened RC beams. Also, using the additional
reinforcement embedded in the strengthening layer delayed
the observed early strain localization and changed the brittle
failure mode to be more ductile. Moreover, the UHP-SHCC
enhanced the structural behavior of the RC slab-column
connections (Cheng and Montesinos 2010, Choi et al. 2007,
Afefy and EI-Tony 2019, and Ganesan et al. 2015).
Although having the superior mechanical properties, the
UHP-SHCC was not widely adopted in the strengthening of
the RC slabs until now. Few studies were available in the
literature regarding the behavior of such structures. Yun et
al. (2010) replaced the cover at the tensile side of the RC
one-way slabs with SHCC to improve the ultimate load and
the ductility of RC slabs. It was shown that the use of
SHCC cover had significantly increased the initial crack
load, the yield load, and the ultimate load of the tested RC
slabs. Also, a considerable reduction was observed in the
width and the spacing of the cracks for slabs with the SHCC
cover compared to the conventional RC slabs. The
difference of the current research was the use of the
reinforced SHCC layers with different reinforcement ratios
and different thicknesses to strengthen RC slabs at its soffit.
Abbaszadeh et al. (2017) studied the possibility of using
high performance fiber reinforced cementitious composites
(HPFRCC) for retrofitting two-way RC slabs. The results
showed that the proposed strengthening technique had a
great effect in improving the overall structural behavior of
the strengthened slabs since it achieved higher values of the
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Table 1The mix proportions of NSC and SHCC (kg/m3)

Material Water Portland Silica sand dolomite Supgr PE fiber Air avoids
content cement fume plasticizer (12mm)
SHCC 292 1243 223 149 - 14.9 14.6 0.6 kg/100 kg cement
NSC 175 350 - 637 1295 - - -

Table 2 The mechanical properties of the concrete for both
NC and SHCC

' Compressive Splitting tensile Flexural strength
Material ~ strength, g, strength, o (MPa)
(MPa) (MPa)
SHCC 47 3.50 6.50
NSC 31 3.05 4.40

toughness, the initial stiffness and the ductility compared to
those of the control slab. Also, Radik et al. (2011)
compared between the strengthening two-way RC floor
slabs using glass-fiber-reinforced polymer (GFRP) sheets
and the fiber-reinforced cement (FRC) layers. The FRC-
strengthened slabs exhibited a superior ductility more than
the GFRP-strengthened slabs.

Despite the valuable previous studies that investigated
the behavior of RC slabs strengthened with SHCC layers,
very few publications were available in the literature that
discussed the flexural strengthening of RC slabs using
reinforced SHCC layers with different thicknesses. In this
paper, the flexural behavior of RC slabs strengthened with
reinforced SHCC layers was experimentally investigated.
Additionally, a numerical finite element model was
proposed and verified against the experimental program.
The validated numerical model was used to investigate the
effect of various parameters on the behavior of the
strengthened RC slabs that not included in the experimental
program. Moreover, a theoretical equation was constructed
to estimate the ultimate load of the strengthened RC slabs.

2. Experimental program

Six normal strength RC one way solid slabs were
prepared and strengthened in the flexure with the reinforced
SHCC layers in addition to a reference specimen (not
strengthened). The experimental program considered the
thickness and the reinforcement ratio of the SHCC layer.
The flexural characteristics of the strengthened slabs will be
dramatically affected with the studied parameters.
Consequently, behavior of the strengthened RC slabs was
compared to the result of the reference slab on the level of
failure pattern, cracking load, failure load, and ductility.

2.1 Material properties

Table 1 summarized the mix proportions of the normal
strength concrete (NSC) and the UHP-SHCC. The SHCC
mixture was distinguished by containing silica fume to
improve the density and the fluidity, the super plasticizer to
secure the workability, the Polyethylene (PE) fiber to
ensure the ductile behavior in addition to control
propagation of the cracks, and the air avoids additives to
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Fig. 1 Stress strain curves of reinforcing steel bars

decrease the shrinkage by increasing the mix volume. The
shrinkage was resulted from the presence of high amount of
cement in the mixture. The PE fibers were 0.012 mm in
diameter and 12 mm in length while its weight in the mix
was 1.17% of the cement weight.

To estimate the splitting tensile strength for both the
NSC and the UHP-SHCC, three cylinders of 150 mm in
diameter and 300 mm in height for each material were cast
and tested. In the same way, three prisms had dimensions of
80x80x400 mm were prepared and tested to find the
flexural strength. In addition, the compressive strength of
the NSC and the SHCC were obtained by casting and
testing three cubes of 150x150x150 mm for each material.
The mechanical properties of the NSC and the SHCC were
listed in Table 2.

The uniaxial tensile tests were performed on the
reinforcing steel bars by using the universal testing machine
in order to obtain its mechanical properties. The types of the
used steel rebars were high tensile steel (HTS) and normal
mild steel (NMS). The yield stress of the HTS and the NMS
were 410 MPa and 245 MPa, respectively. The elasticity
modulus of the two steel types was 200 GPa. The stress
strain curves of the steel reinforcement used in the
experimental investigation for both HTS and NMS were
depicted in Fig. 1.

2.2 pecimen description

Seven half-scale RC slabs were prepared. One un-
strengthened RC slab to represent the control specimen (S0)
was casted in addition to six RC slabs were strengthened
using SHCC with different strengthening schemes. Details
of the slabs before the strengthening process were shown in
Fig. 2. The RC slabs had the same cross-sectional dimensions
of 400 mm in width, 80 mm in depth and 1800 mm in length.
The loaded span of all slabs was 1700 mm. Moreover, the
width of the RC slabs was reinforced by uniformly
distributed bottom longitudinal reinforcement of 4D10
while the length reinforced by distributed bars of D10 mm
spaced at 220 mm. The RC slabs were designed according
to the Egyptian code of practice, the ECP 203-2017.
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Fig. 2 Geometry and reinforcement details of the RC slabs before the strengthening process

D10mm/220mm
=
=
T v v ¥ 4D 10 mm
} 400 f
S0
(@) —
D10mm/220mm D10mm/220mm
2| =
=y [® ¢ * 4D 10mm L * * * 4D 10mm
s = a } 2N i R ) i ]
P =400 - 3 4\00 ; v
~/2D8mm / 2D8mm
ratio=1.25 ratio=0.84
Sl S2
(b) : (©) '
D10mm/220mm D1 0mm/220mm
2 2
g\,' " " * 4D 10 mm ot L !\?,,.t " ”,': 4 D 10 mm
Y T 400 S
./ 2D8mm ~«/3DBmm
: ratio=1_88
ratio=0.625
S3 S4
(d) ' () =
D10mm/220mm D10mm/220mm
" .
2 =
S+ L — - *| 4D 10 mm 2 = L L] * 4D 10 mm
> . H.___‘ -400 ,-—" s ; P, 7 r."'
“LAD8mm Y 2Dsmm
ratio=2.51 D6mm/220mm ratio=0.84
O @ 56

Fig. 3 Geometry and reinforcement of the RC slabs

2.3 Strengthening schemes

Geometry and reinforcement details for all RC slabs
were depicted in Fig. 3. The experimental methodology was
considered strengthening the whole length of the tensile
side of the RC slab. The variable parameters were the
thickness and the reinforcement ratio of the SHCC layer.
Specimens S1, S4, and S5 were strengthened with the same
thickness of SHCC layer which equal 20 mm but differed in
the longitudinal reinforcement ratio of the layer. On the
other hand, specimens S2 and S6 were strengthened with a
30 mm SHCC layer. Specimen S3 was strengthened with a
40 mm SHCC layer. As shown in Fig. 3(g), only specimen

Table 3 Details of the tested specimens

Dimensions of Reinforcement of SHCC layer

SHCC layer
Sllgb Thickness  width Longitudinal RFT Transversal RFT
(mm) (mm) No. of ratio % No. of ratio %
bars bars
SO - e
S1 20 400 2D8 126 - e
S2 30 400 2D8 0.84 - e
S3 40 400 2D8 0.63 - e
S4 20 400 3D8 1.88 - -
S5 20 400 4D8 251 e e
S6 30 400 2D8 0.84 8D6 0.42
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:
(c) the reinforcement shape into the form.

(d) using of the vibrator.

(e) shape of the slabs after casting.

Fig. 4 Manufacturing process of cast-in-situ the RC slab specimens
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Fig. 5 Test setup and instrument (All dimensions in mm)

S6 had SHCC layer which contained longitudinal and
transversal reinforcement. Table 3 shows dimension and
reinforcement ratio of SHCC layer for all tested slabs.

Fig. 4 shows the followed consecutive steps to produce
the RC slabs. For the strengthening procedure, firstly, the
tension soffit of the RC slab was well grinded and a wooden
form was fixed around it to ensure the required SHCC layer
thickness. Secondly, the RC slab surface was well cleaned
and the strengthening SHCC layer was cast with the
required thickness. Finally, the reinforcing bars were added
within the SHCC layer and its surface was well evened.
Curing of the strengthened RC slabs continued up to 15
days using wet towels of the wool to prevent the shrinkage
cracks.

2.4 Test setup

The experimental set-up was shown in Fig. 5. The full-
scale RC slabs were tested under a four-point loading
scheme. The two hinged supports were carried out using
rigid steel plates which had dimension of 400x100x30 mm.
The vertical deflection at middle span of the RC slab was
recorded using a 50 mm displacement gauge with an
accuracy of 0.01 mm. The RC slabs were tested under the

Fig. 7 Failure pattern for specimen SO

load control using a hydraulic jack with a capacity of 250
kN. A low loading rate of 0.5 kN/ 1 minute was applied in
the experiment in order to easily mark the observed cracks.
A rigid steel beam was used to transmit the jack load to the
beam. Two loading steel plates had size of 400x100%30
mm were placed under the rigid beam to distribute the
applied load uniformly over the concrete surface to avoid
the stress concentration.

3. Experimental results and discussions
3.1 Cracks propagation and failure modes

The experimental investigation showed that the first
crack (Per) of the control specimen (S0) appeared at the
middle part of the bottom side at 8 kN. The deflection at the
cracking load (Acr) was about 5.01 mm while the stiffness
(k) was equal to 1.02 kN/mm. As the applied load
increased, the number of the cracks increased and spread
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Fig. 10 Failure pattern for specimen S5

along the slab length, as shown in Fig. 6. At applied load
equal to 22 kN, the concrete cover spilt along the bottom
steel reinforcement. The concrete cover splitting continued
till the ultimate failure load (P,) of the specimen. The RC
control slab SO failed under flexural cracks followed by the
compression failure occurred under the right loading plate,
as depicted in Fig. 7.

On the other side, the cracking loads of the RC slab
specimens S1, S4, and S5 were 11, 13, and 10 kN,
respectively. It is noted that the first crack of these
specimens appeared at the same load level approximately.
On the contrary, there was a significant difference in the
cracking load of the SHCC layer due to the dissimilarity of
the additional reinforcement ratio. The cracking loads of the
SHCC layer of specimens S1, S4, and S5 were 2, 10, and 5
kN, respectively. Stiffness of the specimen S5 was the
highest compared to all strengthened specimens and equal
to 3.4 KN/mm because it contained the highest
reinforcement ratio embedded in the strengthening layer. Ac
of specimen S4 was 9.50 mm and equal 9.10 mm, and 6.30
mm for specimens S1 and S5, respectively. Specimens S1,
S4, and S5 failed under compression failure, as shown in
Fig. 8, Fig. 9 and Fig. 10.

The first crack of the RC slab and SHCC strengthening
layer of specimen S2 appeared at the same load level equal
to 3 kN. RC slab of specimen S6 had the highest cracking
load which equal 26.3 kN with 228% increasing ratio
compared to the control specimen. This referred to the
reinforcement mesh in orthogonal directions which helped
in delaying the formation of the first crack on the slab soffit.
The SHCC layer of specimen S6 cracked earlier than the
RC slab at the cracking load of 4.6 KN. As the applied load
increased, horizontal cracks appeared caused the splitting of
the concrete cover. A¢ of the specimens S2 and S6 was 3.10
and 15.85 mm while their stiffness was 1.28 and 2.84
kN/mm, respectively. Specimen S2 failed due to debonding

Fig. 11 Failure pattern for specimen S2

o

Fig. 13 Failure pattern for specimen S3

of SHCC layer, as shown in Fig. 11. The debonding started
at the mid-span and propagated toward to the supports.
Specimen S6 failed by the concrete cover splitting followed
by the compression failure in the RC slab due to high
resistance of the tension side, as depicted in Fig. 12.

In case of specimen S3, the first crack of the RC slab
appeared at 13 kN at the bottom soffit while it appeared at 5
kN in case of the strengthening layer. Deflection at the
cracking load was 9.40 mm while it was 5.01 mm in case of
the control specimen. This may be due to the high thickness
of the strengthening layer. Stiffness of S3 was 1.39 kN/mm.
Specimen S3 failed by debonding of the SHCC layer in the
mid span zone followed by the compression failure under
the loading plate, as shown in Fig. 13.

3.2 Load-deflection responses

The tested specimens were divided into three groups to
be compared together. The first one contained three
specimens (S1, S4, and S5) had the same thickness of the
strengthening layer which equal 20 mm in addition to the
control specimen SO. The second group involved S2 and S6
with 30 mm SHCC layer besides the control specimen.
Finally, specimens S1, S2, and S3 had the same SHCC
reinforcement value (2D8), plus the control specimen had
been listed in the third group. Table 4 concluded the results
of the tested specimens.

For the first group, as the reinforcement ratio within the
SHCC layer increased, both the ultimate failure load (P.)
and the deflection at the failure (A,) increased, as shown in
Fig. 14. The additional reinforcement bars can uniformly
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Fig. 16 Load deflection behavior of specimens S0, S1, S2
and S3

distribute the stress along the slab span and delay the crack
formation which helped in increasing the capacity of the
strengthened RC slab. The ultimate failure load of the
specimens S1, S4, and S5 increased by 11, 18, and 25%
compared to the control specimens while their deflections at
the failure were 55, 72, and 77 mm, respectively. The

{ Y
AY
F; A
/ |Ea :

/ A
/ y :
/ e —
/ e : T
>
|
A el Er
€t Et
(a)
Gc
A
[ TH T e

(b)
Fig. 17 Stress-strain curve of the concrete (a) tension and
(b) compression, Hibbitt et al. (2000)

strengthening pattern in this group reflected the efficiency
of the 20 mm reinforced SHCC layer in improving the
capacity and the failure deflection of the RC slabs.

The load deflection responses of the second group
specimens were shown in Fig. 15. Specimen S2 and S6 had
the same SHCC thickness and longitudinal reinforcement
ratio. The strengthening layer of specimen S6 contained the
transversal reinforcement which is not available in case of
the specimen S2. The ultimate load of the two specimens
was quite different. Specimen S6 failed at 35 kN which was
25% higher than the control specimen, while the specimen
S2 failed at 31 kN with increasing ratio of 11% compared to
the control slab. The ultimate load of the specimen S2 was
lower than that of S6 because it failed under debonding of
the strengthening layer hence the full capacity was not
reached. Deflections at the failure were 60 and 55 mm for
S2 and S6, respectively.

The load-deflection curves of the third group were
drawn in Fig. 16. Despite that the S3 specimen had the
highest thickness of the strengthening layer, it had not the
highest ultimate load capacity compared to the group
specimens. This may because the S3 failed due to the
debonding of the strengthening layer. Specimen S3 failed at
33 kN which was 18% higher than that of the control
specimen. On the contrary, the failure deflection of
specimen S3 was the highest among the tested specimens. It
failed at 83 mm compared to 57 mm in case of the control
slab due to the high thickness of the strengthening layer.

3.3 Ductility analysis

The efficiency of the proposed strengthening material
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Table 4 Test results of the tested specimens

Per (kN)

Beam ~RC UHP Acr Stiffness (kN/mm) Py I.ncreaose Ay Ay Ductility Index Inc.re.ase. in '[he0
dab  -SHCC (mm) (k=PIA) kN) inP.% (mm) (mm) (A=AJAy) ductility index %

SO 8 --- 5.01 1.02 28 --- 22 57 2.59 ---

S1 11 2 9.10 1.15 31 11 18 55 3.06 18.2
S2 3 3 3.10 1.28 31 11 19 60 3.16 22.0
S3 13 5 9.40 1.39 33 18 29 83 2.87 10.8
S4 13 10 9.50 1.41 34 18 25 72 2.88 11.2
S5 10 5 6.30 3.40 35 25 26 77 2.97 14.7
S6 263 4.6 15.85 2.84 35 25 20 55 2.75 6.2

should be evaluated on the level of improving the ultimate
load along with enhancing the ductility of the RC slabs. The
previous section 3.2 discussed the ability of the reinforced
layer of the SHCC to increase the ultimate load of the
strengthened slabs. Herein, a ductility analysis was
investigated to show the effect of the SHCC on the ductility
of the strengthened slabs. The ductility index (A) was
defined as the ratio between the deflection at the ultimate
load (Ay) to the deflection at the yield load (Ay) for each
slab. Table 4 listed the ductility index and the increasing
ratio of the ductility index for the strengthened specimens
compared to the control specimen.

It was shown that the ductility indexes of all
strengthened RC slabs were greater than the ductility index
of the control slab. It reflected the efficiency of the PE fiber
used in the SHCC layer in distributing the cracks along the
whole span of the RC slab and prevented propagation of the
crack width. In addition, the use of reinforcing bars in the
SHCC layer significantly contributed in increasing the
ductility of the strengthened slabs with respect to the
control slab. The ductility indexes of the strengthened
specimens ranged from 2.75 to 3.16 compared to 2.59 in
case of the control slab. Specimen S2 had the largest
increasing ratio of the ductility index compared to the
control slab which equal 22%, while the increasing ratio of
the other specimens ranged from 6.2 to 18.2%.

4. Numerical analysis

The flexural behavior of RC slabs strengthened with
SHCC was analyzed numerically by a three-dimensional
(3D) non-linear finite element model carried out using the
finite element modeling software ABAQUS/standard.
Results of the numerically analyzed RC slabs strengthened
with SHCC layers were compared against the experimental
responses to validate the proposed finite element model.
Furthermore, many variables that affect the flexural
behavior of RC slabs strengthened with SHCC layers were
analyzed.

4.1 Material properties

4.1.1 Concrete and UHP-SHCC

The concrete damage plasticity model was used to
simulate the behavior of the concrete and the UHP-SHCC.
The used model assumes that the main two failure modes

are the tensile cracking and the compressive crushing
(Hibbitt et al. 2000). In case of uniaxial tension, the stress-
strain relationship obeys a linear elastic correlation till the
value of the failure stress is achieved; the failure stress
corresponds to the onset of micro cracking in the concrete
material. After the failure stress, the formation of micro-
cracks is represented with a softening stress-strain
relationship. Under uniaxial compression, the response is
typically represented by strain hardening followed by strain
softening beyond the ultimate stress.

Fig. 17 shows the uniaxial tensile and compressive
curves of the concrete according to the damaged plasticity.
The degradation of the elastic stiffness is classified by two
damage variables, d; and dc, which are assumed to be
functions of the plastic strains, temperature, and field
variables as illustrated below in the Egs. (1) and (2),
respectively

de = d(e77,6,£):0<d, <1 1)
d. =d.(e7,6,f):0<d. <1 )

The damage variables can take values from zero,
representing the undamaged material, to one, which
represents the total loss of the strength. If Eo is the initial
(undamaged) elastic stiffness of the material, the stress-
strain relations under uniaxial tension and compression
loading are estimated using Egs. (3) and (4), respectively

o= (1 —d)Eo(e, — &) 3)

0. = (1 —d)Eo(e. — &) @)

According to Egyptian code ECP 203-2017, the
following Eqg. (5) was used to calculate the elasticity
modulus (Eo) of the concrete and the SHCC.

E, = 4400 Jo_, (5)

Where o, is the compressive strength of the concrete
and the SHCC, as listed in Table 2. Values of the Eq of the
concrete and the SHCC were listed in Table 5.

Poisson’s ratio for both concrete and SHCC were
assumed and shown in Table 5. Stress-strain relationships in
the compression and the tension for the concrete and the
SHCC that incorporated in the proposed finite element
model were obtained by Saenz model 1964, as drawn in
Fig. 18. In the current modeling, the linear behavior of the
concrete was assumed in the elastic stage. The required
items in this stage were the elasticity modulus and
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Poisson’s ratio. On the other hand, the non-linear behavior
of the concrete in the tension as well as in the compression,
as shown in Fig. 19, were used in the plastic stage. For
SHCC modeling, the required items in the elastic stage were
the elasticity modulus and Poisson’s ratio and these values
were listed in Table 5. The compressive stress-strain
response of the SHCC in the plastic stage was simulated
within the finite element modeling as depicted in Fig. 20.
The plastic strains of the horizontal axis of Fig. 19(a) and
Fig. 20 were estimated as equal the strains of Fig. 18 minus
15% of the ultimate strain. The tensile stress-strain response
of the SHCC was based on the zero-span tensile model that
proposed by Zhang et al. (2013) and in conformity with
(Esmaeeli 2015). Fig. 21 illustrated the tensile stress-strain
response of the SHCC. The tensile strength of SHCC was
3.50 MPa while the tensile strain at ultimate stress was
0.015. The concrete damage plasticity model parameters for
the concrete and the SHCC materials were defined within
the proposed finite element model, as listed in Table 6.

4.1.2 Steel reinforcement

The steel rebars were modeled using the current
experimental measurements. The elastic modulus of the
steel reinforcement was 200 GPa. Moreover, the yield stress
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Fig. 19 Non-linear behavior of concrete: (a) In compression
and (b) In tension

of the HTS and the NMS were 410 MPa and 245 MPa,
respectively. A Poisson’s ratio of 0.3 was selected for the
steel reinforcement. The bond between the steel
reinforcement and the concrete was simulated as a perfect
bond (embedded region). In the embedded region modeling,
the bond slip between the rebar surface and the surrounded
concrete is not considered and this concept goes with the
current study. The truss element is the most famous method
to model the reinforcement and it only requires a cross-
sectional area of the rebar. The steel reinforcement was
modeled as a truss element.

4.1.3 UHP-SHCC!/ concrete interface

A cohesive surface model was used to represent the
interface between the concrete and the SHCC to capture the
debonding failure mode which occurred in the experiments.
It was impossible to be simulated by using the perfect bond
model. The cohesive behavior was simulated in terms of the
traction versus the separation. It allowed consideration of
the cohesive parameters as a function of the normal to shear
displacements ratio at the bonding interface. Also, it
assumed a linear elastic traction-separation law prior to the
damage. Three zones were necessary to construct the
traction separation of the cohesive surface model. The first
was the initial stiffness (K,). The second was the damage
initiation point (do, Tmax). The last was the damage evolution
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zone (Gg), as depicted in Fig. 22. Traction separation
response of the cohesive surface was drawn in Fig. 22
where the horizontal axis represented the normal strength
and the vertical axis represented the shear strength. It is
clear that the relationship between the traction stress and the
effective opening displacement was represented by the
initial stiffness (K,), the material strength (zmax), the
displacement at the fracture (Jr) and the fracture energy
(Ger). The Ger was equal to the area under the traction-
separation curve after the peak point. The initial stiffness K,
was defined using Eq. (6).

Ko = & ()

te

(a) Concrete elements

(b) SHCC elements

(c) Steel reinforcement elements

Fig. 23 The used mesh size

Table 5 Parameters of the concrete and the SHCC

Property Source Concrete SHCC
Compressive strength .
(MPa) Current experiments 31 47
Tensile strength (MPa) Current experiments  3.05 3.5

Modulus of elasticity ~ Calculated according 255 30
(GPa) ECP 203-2017 ’
Poisson's ratio Assumed 0.2 0.22

Where t. was the concrete cover (25 mm) and G, was
the shear modulus of the concrete. The G, was calculated
from the following Eg. (7).

_ _Eo
Ge = 2(1+p) ™

Where Eg was the elasticity modulus of the SHCC layer
(30 GPa) and p was poison ratio (0.22).

The G, equaled 12.29 GPa. Also, in this study, zmax Was
considered to be 0.6 MPa and G, =900 J/m? as
recommended by Obaidat et al. (2010).

4.2 Elements, boundary conditions and mesh size of
FEM

An eight-noded linear brick element (C3D8R) was used
to model the concrete, the SHCC and the loading plates. A
two-noded linear 2D truss element (T3D2) was used in
modeling the steel reinforcement, as depicted in Fig. 23.
The used mesh size was chosen based on the numerical
trials with mesh sizes ranged from 1.0 to 5.0 cm?. In the
current study, a fine mesh with maximum area of 3.0 cm?
was used because a finer mesh did not show a significant
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Table 6 Concrete damage plasticity model parameters of the Table 7 Model size and CPU time

concrete and the SHCC Number of  Degree of freedom CPU time
e - - Beam ID .
. Dilation . fbo Viscosity elements (DOF) (minutes)
Material Eccentricity - K
angle feo parameter SO 3080 13758 45
SHCC 36 0.1 1.16  0.667 0

Flexural cracks

Compression failure

(b)

||
]
=]
[
=

Debonding failure

(d)
Fig. 25 Numerical versus experimental failure pattern: (a) So, (b) S1, (c) S2, (d) S3 (e) S4 (f) S5, and (g) S6
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Fig. 25 Continued

difference in the results. In order to display the shear stress
on the specimen’s width, which caused the debonding on
the concrete/SHCC interface, a 3D finite element model
with hinged-hinged supports was proposed. Table 7 showed
number of the elements and number of the degrees of
freedom for some specimens. The loading was applied
using a quasi-static analyzing technique with a monotonic
increasing force. The force was applied at the top of the RC
slab. Specimens had been analyzed using four-point
bending system. The steel loading plates had been tied up
with the specimens’ surfaces to remove the stress
concentrations around the points of the loading and the
supports.

5. Numerical validation

In this section, the numerical results obtained using the
finite element model were compared to the experimental
responses to check its accuracy. Fig. 24 showed that the
numerical and the experimental load-deflection behavior of
all slabs. Two results were in a good manner. Also, Table 8
listed values of the ultimate loads and the ultimate
deflections of all slabs. It was concluded that the numerical
finite element well predicted the behavior of the analyzed
specimens on the levels of the ultimate load and the
deflection at failure. The ratio between the experimental
(Py, exp) and the numerical (Py, num) ultimate loads ranged
from 0.87 to 1.00. The ratio between the experimental (Ay,
exp) and numerical (Ay, num) deflection at the failure ranged
from 0.93 to 1.04. In addition, there was a match across the
load-deflection curve of each specimen. The numerical

model not only able to predict the load deflection behavior
of the analyzed RC slabs, but also it can effectively capture
the failure mode, as shown in Fig. 25. Fig. 25(a) showed the
flexural cracks followed by the compression failure of the
control slab. The compression failure patterns occurred in
the specimens S1, S4, and S5, as obviously depicted in Fig.
25(b), Fig. 25(e), and Fig. 25(f), respectively. On the other
hand, Fig 25(c) and Fig 25(d) showed the numerical
intermediate debonding failure pattern at the mid-span zone
for the specimens S2 and S3 which well agreed with the
experimental failure patterns. Finally, Fig. 25(g) showed the
numerical and experimental concrete cover separation
which occurred in case of the specimen S6.

6. Parametric study

The validated FEM was used to run a parametric
analysis. Three parameters were numerically studied. The
first was effect of the additional reinforcement ratio of the
SHCC layer. The second was the layer thickness. The last
was using the steel connectors to adjoin the concrete/SHCC
interface. The numerical investigation included effect of
these parameters on the behavior of the strengthened slabs.

6.1 Effect of the reinforcement ratio within the SHCC
layer

This section investigated the effect of the reinforcement
ratio within the SHCC layer on the behavior of the slabs. A
new 12 RC slab specimens with different ratios of the
additional reinforcement ratio of the SHCC layer were
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Table 8 Comparison between the numerical and

experimental results
P, (kN) A, (mm)

Table 10 Results of the analyzed RC slabs strengthened
with reinforced SHCC layers using different reinforcement
ratios

Beam Experimental Numerical P,/ Experimental Numerical Au, exp/
Puexp KN)  Pynum (KN) Pynum Au, exp (mm)Au, num (mm)Au, num

SO 28 29 0.96 57 60 0.95
S1 31 312 099 55 59 0.93
S2 31 319 097 60 60 1.00
S3 33 34 0.97 83 80 1.04
S4 34 34 1.00 72 74 0.97
S5 35 365 095 71 80 0.96
S6 35 40 0.87 55 55 1.00

Table 9 Reinforcement ratio for the analyzed specimens

Dimensions of Reinforcement of SHCC layer

Slab SHCC layer _
ID  Thickness width LNo:)lgi)tfl}d1nal RFT E(e)mzersal RFT
(mm) (mm) barg  [Atio % barg  atio %
SO --- e
S1 20 400 2D8 1.26 - -
R1 20 400 4D8 252 eeeee e
R2 20 400  4D10 393 eeeee eeeee
S2 30 400 2D8 084 - -
R3 30 400 4D8 1.68  --- e
R4 30 400  4D10 262 meeem e
S3 40 400 2D8 063 - -
RS 40 400 4D8 1.26 - -
R6 40 400  4D10 196 - -
S4 20 400 3D8 1.88 e e
R7 20 400 6D8 377w e
R8 20 400  6D10 5890 e -
S5 20 400 4D8 251 e e
R9 20 400 8D8 502 e e
R10 20 400  8D10 785  -em- e
S6 30 400 2D8 0.84 8D6 0.42
R11 30 400 4D8 1.67 8D6 0.42
R12 30 400 4D10 2.62 8D6 0.42

modeled. Table 9 showed the analyzed 12 RC slab
specimens using the validated numerical model in addition
to the 7 tested specimens. The specimen S3 had the least
ratio of 0.63 % while the specimen R10 had the highest
ratio of 7.85 %. The numerical results of the analyzed slabs
can be found in Table 10. It was can be noted that, the
increase of the SHCC reinforcement ratio did not improve
significantly the ultimate load capacity of the specimens
that failed under the compression failure: S1, S4, and S5, as
depicted in Fig. 26. On the other hand, the two specimens
S2 and S3 failed due to the debonding of the SHCC layer.
S2 and S3 showed a different behavior with increasing the
SHCC reinforcement ratio. In case of specimen S3, the
SHCC layer was completely debonded at the failure load
which explained why the ultimate failure load of the
specimens R5 and R6 were approximately equal to the
ultimate failure load of specimen S3. On the contrary, the
SHCC layer of specimen S2 debonded only in the middle
span zone which reflected the possibility of increasing the
ultimate load with the increase of the SHCC reinforcement
ratio. The ultimate load of the specimens R3 and R4 were

Ductility ~ Increase

P, Increase A, A, . .
. Index in the ductility
0,
(kN) in P,% (mm) (mm) (A=AJA)  index %

Failure

Beam
mode

Flexural
cracks
followed by
compression
failure
Compression
Failure
Compression
Failure
Compression
Failure
Debonding
of the SHCC
layer
Debonding
of the SHCC
layer
Debonding
of the SHCC
layer
Debonding
of the SHCC
layer
Debonding
of the SHCC
layer
Debonding
of the SHCC
layer
Compression
Failure
Compression
Failure
Compression
Failure
Compression
Failure
Compression
Failure
Compression
Failure
Concrete

S6 40 379 20 55 2.75 0.83 cover
splitting
Debonding
of the SHCC
layer
Debonding
of the SHCC
layer

SO 29 - 22 60 2.73 -

S1 312 76 18 59 3.28 20.19

R1 317 93 20 60 3.00 10.00

R2 323 114 21 62 2.95 8.25

S2 319 10 19 60 3.16 15.79

R3 346 193 20 66 33 20.88

R4 36 242 21 72 3.42 25.27

S3 34 172 29 80 2.76 1.15

RS 341 176 29 81 2.79 241

R6 342 179 30 82 2.73 0.22

S4 34 172 25 74 2.96 8.53

R7 343 183 25 75 3.00 10.00

R8 347 197 26 76 2.92 7.18

S5 365 259 26 80 3.08 12.82

R9 36.6 262 29 81 2.79 241

R10 36.8 269 29 81 2.79 241

RIl 48,6 676 22 70 3.18 16.67

R12 50 724 22 71 3.23 18.32

34.6 and 36 kN while it was 31.9 kN for the specimen S2.
The high reinforcement ratio within the SHCC not only
improved the ultimate load but also enhanced the ductility
of specimens R3 and R4. The increasing ratio of the
ductility index of the specimens S2, R3, and R4 were 15.79,
20.88, and 25.27%, respectively, compared to the control
specimen SO. This reflected the efficiency of the proposed
strengthening techniques. Moreover, the failure pattern of
the specimen S6 changed from the concrete cover splitting
to the debonding of the SHCC layer. The reason was the
increase of the SHCC reinforcement ratio which caused a
significant increase in both the ultimate load and the
ductility index. The increasing ratio of the ultimate load of
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Load (kN)
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Deflection (mm)

Deflection (mm)

(b)

Fig. 26 The numerical load deflection responses: (a)
specimens So, S1, R1, R2, S2, R3, R4, S3, R5 and R6, (b)
specimens S4, R7, RS, S5, R9, R10, S6, R11 and R12

the specimens S6, R11, and R12 were 37.9, 67.6, and
72.4% referenced to the SO while the increasing ratio of the
ductility index of these slabs were 0.83, 16.67, and 18.32%,
respectively.

6.2 Effect of the thickness of the SHCC layer

To explain the effect of the SHCC layer thickness on the
behavior of the strengthened RC slabs, 17 specimens were
analyzed using the FEM. The geometry of these slabs were
shown in Table 11. The thickness ranged from 10 mm
which equal 12.5% of the slab depth to 60 mm which equal
12.5% of the slab depth. The 17 numerical slabs were
derived from the 7 experimental slabs. Table 12 listed
values of the ultimate loads and deformations of all slabs.

It was noticed that the specimens with 10 mm thickness
of SHCC layer did not improve the ultimate failure load
significantly compared to the control specimen due to the
rupture of the strengthening layer, as depicted in Fig. 27.
The increase of the SHCC layer thickness did not
significantly improved the ultimate load or the ductility
index for the specimens failed under the compression
failure mode. On the contrary, in case of the specimens

Table 11 Dimensions of the analyzed specimens using
different thickness of SHCC layers

Dimensions of SHCC layer Reinforcement of SHCC layer

Sllgb Thickness Width Longitudinal =~ Transversal
(mm) (mm) RFT ratio % RFT ratio %
SO --- - e e
T1 10 400 126 -
S1 20 400 126 -
T2 40 400 126 -
T3 60 400 126 -
T4 10 400 084 -
S2 30 400 084 -
T5 40 400 084 -
T6 60 400 084 -
T7 10 400 063 -
S3 40 400 063 -
T8 60 400 063 -
T9 10 400 1.8 -
S4 20 400 1.8 -
T10 40 400 188 -
T11 60 400 18 -
T12 10 400 251 -
S5 20 400 251 -
T13 40 400 251 -
T14 60 400 251 -
T15 10 400 0.84 0.42
S6 30 400 0.84 0.42
T16 40 400 0.84 0.42
T17 60 400 0.84 0.42

Fig. 27 The numerical failure pattern of specimen T1

failed due to the debonding of the SHCC layer, the increase
of the SHCC thickness contributed in delaying of the
debonding load. The ultimate load and the ductility index of
the specimens T5 and T6 remarkably enhanced compared to
the specimen S2. The increasing ratio of the ultimate load
of the specimens S2, T5, and T6 were 10, 46.2, and 49.7%
compared to the SO. The increasing ratio of the ductility
index of these specimens were 15.75, 17.58, and 38.10%,
respectively.

As the SHCC layer thickness increased from 30 to 40
mm, the failure pattern converted from the concrete cover
splitting in the specimen S6 to SHCC debonding in the
specimen T16. As a result, the ultimate load of the T16
reached 55 kN and it reached 40 kN in case of the S6. Also,
the ductility index obviously improved with increasing the
SHCC layer thickness. The increasing ratio of the ductility
index of the specimens S6 and T15 were 0.73 and 6.96%
compared to SO.

6.3 Effect of the use of the steel connectors to adjoin
the concrete/ SHCC interface
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Table 12 Results of the analyzed strengthened RC slabs
using different thickness of SHCC layers

Ductilit Increase
Beam P, Increase A, Ay Fn dexy in the Failure
(kN) in P, % (mm) (mm) ,, ductility mode
(A=AJA).
index %

Flexural cracks

SO 29 - 22 60 273 followed by

compression
failure

TI 298 28 17 55 323 1832 SHCC Rupture

SI 312 76 18 59 328 2015 Compression
Failure

T2 314 83 18 60 333 2198 Compression
Failure

T3 315 86 19 62 326 1941 Compression
Failure

T4 295 17 16 55 344 2601 SHCC Rupture

Debonding of the

S2.319 10 19 60 316 1575 TRETEC T

Debonding of the

TS 424 462 25 80 321 1758 Rl

Debonding of the

T6 434 497 22 83 377 3810 GRecpol

T7 292 07 24 69 288 549 SHCC Rupture

Debonding of the

334 17229 80 276 110 CSgHecE o

Debonding of the

TS 345 19 29 81 279 220 CgeePol

T9 303 45 22 63 286 476 SHCC Rupture

S4 34 172 25 74 296 84  Compression
Failure

TI0 342 179 25 74 296 842  Compression
Failure

TI1 346 193 26 75 288 549  Compression
Failure

T12 313 79 21 67 319 16.85
S5 365 259 26 80 3.08 12.82

SHCC Rupture
Compression

Failure
TI3 366 262 24 81 33§ 238 Compression
Failure
T4 367 266 27 80 296 842  Compression
Failure

T15 30 34 16 44 2.75 0.73
S6 40 379 20 55 2.75 0.73

SHCC Rupture
Concrete cover

splitting
Debonding of the

Ti6 55 89.7 25 73 2.92 6.96 SHCC layer
Debonding of the

T17 55 89.7 24 69 2.88 5.49 SHCC layer

The steel connectors distributed along the longitudinal
reinforcement and embedded in the RC slab with a length of
60 mm were carried out, as shown in Fig. 28. The steel
connectors were used to prevent the debonding of the
SHCC layer and used to enhance the mechanical behavior
of the analyzed RC slabs. The steel connectors were
modeled as NMS with its properties. Table 13 showed the
number, the diameter, and the spacing of the used steel
connectors for each analyzed RC slab. Four specimens were
strengthened using a SHCC layer with connectors. The
connectors fixed at the additional rebars of the layer.

The proposed strengthening techniques using the steel
connectors tied both the strengthening layer and the RC slab
proved its ability to prevent the debonding failure mode
causing a significant increase in the ultimate load and in the

Fig. 28 The arrangement of the steel connectors of the
specimen S2-SC

Table 13 Geometry of the analyzed specimens with the
connectors

Dimensions of Reinforcement
Slab SHCC layer of SHCC layer Steel
ID Thickness width Longitudinal Transversal connectors
(mm) (mm) RFT ratio % RFT ratio %

S0 . . . =
2 30 400 084 e e
$2-SC 30 400 084 e 2D8@175
mm
R3- 39 400 168 e 4D10@87.5
SC m
3 40 400 063 e e
S3-SC 40 400 063 - 2D8@175
mm
R6- 40 400 196 - 4D10@87.5
SC m

ductility index. Fig. 29. Showed the numerical failure
pattern of the specimen R3-SC. The failure pattern changed
from the debonding of the SHCC layer that occurred in the
specimens S2 and S3 to the concrete cover splitting that
occurred in the specimens R3-SC and R6-SC. This occurred
because using connectors of 4D10 spaced at 87.5 mm. The
increasing ratio of the ultimate load of the specimens S2,
R3-SC, S3, and R6-SC were 10, 55.2, 17.2, and 44.8%
compared to the SO. In addition, the increasing ratio of the
ductility index of these slabs were 15.75, 15.38, 1.10, and
6.59%, respectively. On the other hand, the specimens S2-
SC and S3-SC with connectors of 2D8 spaced at 175 mm
had the same failure pattern (debonding of the SHCC layer)
compared to the specimens S2 and S3 without steel
connectors. Although, the lower amount of the steel
connectors did not prevent the debonding failure mode, it
delayed the debonding mechanism and increased the
ultimate load of the strengthened slabs, as listed in Table
14,

7. Theoretical analysis

The nominal failure moment (M,,) of both control and
SHCC strengthened RC slab specimens was obtained using
a theoretical model of their cross section. The current
proposed theoretical model constructed based on the
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Table 14 Results of the RC slabs strengthened using SHCC layers anchored by steel connectors

Increase in Ay Ay Ductility Index Increase in the .

Beam — Pu (kN) p o (mﬁn (mm) (A=AtZ/Ay) ductility index % Failure mode

30 29 N 2 60 273 . Flexural craclfs follf)wed by

compression failure

S2 31.9 10 19 60 3.16 15.75 Debonding of the SHCC layer
S2-SC 36 24.1 21 68 3.24 18.68 Debonding of the SHCC layer
R3-SC 45 55.2 27 85 3.15 15.38 Concrete cover splitting

S3 34 17.2 29 80 2.76 1.10 Debonding of the SHCC layer
S3-SC 37 27.6 31 88 2.84 4.03 Debonding of the SHCC layer
R6-SC 42 44.8 33 96 2.91 6.59 Concrete cover splitting

4

Fig. 29 The numerical failure pattern of the specimen R3-SC

@

(b) (©

Fig. 30 The analytical model of the SHCC-strengthened RC slabs: (a) cross-section of the strengthened RC slab, (b)

strains distribution and (c) equivalent forces

assumptions of the Egyptian code for design and
construction of concrete structures, ECP 203-2017. The
analysis used internal forces which estimated based on the
sectional stress-strain distribution to predict the nominal
failure moment as shown in Fig. 30. The suggested
assumptions can be summarized as follows:

1. Plane sections before bending remain plane after

bending.

2. The tension force developed in the concrete is

neglected.

3. An equivalent rectangular stress block may be used to

simplify the calculation of the concrete compression

force.

4. The tension reinforcement bars had yielded.

Based on the aforementioned assumptions, the nominal
failure moment of the slab section was estimated using Eg.
(8) while the location of the neutral axis (c) was calculated
using Eq. (9).

a a
M, =Tsx (ds - E) + Ts,add X (ds,add - Z)
+Tshce x (ds,add - %) (8)
c= As X fy+Asadd X fy+ft,sHce X AsHcc (9)

0.8x0.67X feyu x b

where T, is the tensile force developed in the tension

reinforcement, T 544 is the tensile force developed in the
reinforcement of the SHCC layer, Tgycc IS the tensile force
of the SHCC layer, C, is the compressive force developed
in the rectangular compressive stress block, dg is the
distance between the slab top soffit and the center of the
tension reinforcement, dg.qq is the distance between the
slab top soffit and the center of the reinforcement embedded
in the SHCC layer, tgycc is the thickness of the SHCC
layer, ais the height of the rectangular compressive stress
block = 0.8 ¢, A is the area of the tensile reinforcement
embedded in concrete, A;,q4q IS the area of the SHCC
reinforcement, Agycc is the area of the SHCC layer, f, is
the yield strength of the tensile reinforcement embedded in
concrete, f) .qq is the vyield strength of the SHCC
reinforcement, f; sycc i the tensile strength of the SHCC
layer, f,,, is the compressive strength of concrete, b is the
width of the RC slab, €., is the ultimate strain of concrete
in compression, &, is the strain of the tensile reinforcement
embedded in concrete, g5 444 is the strain of the tensile
reinforcement of the SHCC and &gy is the strain of the
SHCC layer. All parameters required to determine both ¢
and M, were listed in Table 15. The ultimate failure load
(P,) was estimated simply using the nominal failure
moment by applying the principles of structural analysis.
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Table 15 Comparison between the experimental and theoretical ultimate failure loads

Main steel Additional steel
Beam eg:ﬁgigf:lg;g;e emsb}e;g(gclial}l]le;he fisucc  Asuce ¢ a ds dsqaa Mn  Putheo Pu,exp Pu,exp/
4 7 oot oot (MPa) (mm?) (mm) (mm) (mm) (mm) (kN.m) (kN) (kN) Pu,theo
) g IV
(mm?) (MPa) (mm?) (MPa)
SO 314.16 410 - - - - 194 155 70 - 8.02 2828 28 0.99
S1 314.16 410 100.5 245 3.5 8000 27.3 21.8 70 90 952 3359 31 0.92
S2  314.16 410 100.5 245 3.5 12000 294 235 70 95 1038 36.62 31 0.85
S3 314.16 410 100.5 245 3.5 16000 315 252 70 100 1122 39.57 33 0.83
S4  314.16 410 150.8 245 3.5 8000 29.2 233 70 90 1028 3626 34 094
S5 314.16 410 201 245 3.5 8000 31 24.8 70 90 11.02 3886 35 0.90
S6  314.16 410 100.5 245 3.5 12000 294 235 70 95 10.38 36.62 35 0.96

The calculated theoretical failure loads (P, e,) Of the
tested RC slab specimens combined with the experimental
results were listed in Table 15. It was shown that the
theoretical model can estimate the ultimate failure loads of
the RC slab specimens with acceptable accuracy compared
to the experimental results. Ratios between the experimental
and the theoretical ultimate failure loads ( P,exp /
Py, theo) ranged from 0.83 to 0.99.

8. Conclusions

Based on the experimental investigation of the flexural
behavior of the RC slabs strengthened with reinforced
SHCC layers, the following findings could be drawn:

1. RC slab specimens strengthened using 20 mm of

reinforced SHCC layers (S1, S4, and S5) failed under

compression failure. Specimen S5 with the largest
reinforcement ratio (2.51%) had the highest ultimate

failure load equal to 35 kN with increasing ratio of 25%

compared to the control RC slab. Despite that, specimen

S5 failed under compression failure, it failed with a

sufficient ductility index (14.7% higher than the control

specimen).

2. As the SHCC layer thickness increased, the failure

pattern for the strengthened RC slabs changed from

compression failure to SHCC debonding as occurred for

specimens S2 and S3 with 30 mm and 40 mm

strengthening layer thickness, respectively.

3. Specimen S6 which failed under concrete cover

splitting had the highest RC slab cracking load (26.3

kN) and the highest ultimate failure load (25% higher

than the control specimen) among all tested specimens.

On the other hand, specimen S5 had the highest stiffness

while specimen S2 had the highest ductility index.

Additionally, results of the numerical FEM agreed well
with the experimental responses for both control and
strengthened RC slabs in terms of the ultimate failure load
and failure pattern. The cohesive surface model used in the
numerical model proved its proficiency to capture the
debonding failure mode which is impossible in case of
using perfect bond between concrete substrate and SHCC
layers. Moreover, the numerical FEM used in a parametric
study to show the effect of the reinforcement ratio within
the SHCC layer, the thickness of the SHCC layer, and use

steel connectors to adjoin the concrete/ SHCC interface on
the behavior of the strengthened slabs. Based on the
investigated parametric study using the numerical model,
the following conclusions could be obtained:
4. The increase of the SHCC reinforcement ratio did not
increase remarkably the ultimate failure load of the
specimens failed under compression failure. On the
contrary, the ultimate failure load and the ductility of
specimen S2 which failed due to the debonding of the
UHP-SHCC were improved.
5. The failure pattern of the specimen S6 changed from
concrete cover splitting to debonding of the SHCC layer
by the increase of the SHCC reinforcement ratio causing
a significant increase for both the ultimate failure load
and the ductility index.
6. Specimens with 10 mm thickness of SHCC layer did
not improve the ultimate failure load significantly
compared with the control specimen because of the
rupture of the strengthening layer. Also, neither the
ultimate failure load nor the ductility index significantly
improved for the specimens failed under the
compression failure mode by the increase of the SHCC
layer thickness.
7. For specimens failed by the debonding of the SHCC
layer, the increase of the SHCC thickness contributed in
the delay of the debonding load. As a result, the ultimate
failure load and the ductility index of the specimens T5
and T6 enhanced remarkably compared to specimen S2.
8. As the SHCC layer thickness increased from 30 to 40
mm, the failure pattern converted from concrete cover
splitting in specimen S6 to SHCC debonding in
specimen T16. As a result, the ultimate failure load for
specimen T16 was equal to 55 kN compared to 40 kN in
case of specimen S6. Also, the increasing ratio of the
ductility index for specimens S6 and T15 compared to
the control specimen SO were 0.73 and 6.96,
respectively.
9. The failure pattern changed from debonding of the
SHCC layer for specimens S2 and S3 to concrete cover
splitting for specimens R3-SC and R6-SC after using
connectors of 4D10 spaced every 87.5 mm. The
increasing ratio of the ultimate failure load for
specimens S2, R3-SC, S3, and R6-SC compared to the
control specimen SO were 10, 55.2, 17.2, and 44.8%,
while the increasing ratio of the ductility index were
15.75, 15.38, 1.10, and 6.59%, respectively.
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