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Abstract

calculation equations was verified by test results.

properties, tensile constitutive model

Engineered cementitious composites (ECC) show the distinguished characteristics of high post-cracking resistance
and ductility. High-strength stainless steel wire rope (HSSSWR) has been successfully used for restoring or strength-
ening of existing structures. By combining the advantages of these two materials, a new composite system formed
by embedding HSSSWR into ECC was proposed and expected to be a promising engineering material for repair or
strengthening of structures. To investigate the tensile failure mechanism and mechanical properties of HSSSWR-
reinforced ECC, an experimental study on 27 HSSSWR-reinforced ECC plates was conducted considering the effects
of the reinforcement ratio of longitudinal HSSSWRs, formula of ECC and width of the plate. Test results revealed that
HSSSWR-reinforced ECC exhibit superior post-cracking resistance, deformation capacity and crack-width control
capacity. Increasing the reinforcement ratio of longitudinal HSSSWRs can effectively enhance the tensile strength,
crack-width control capacity, deformation capacity and tensile toughness of HSSSWR-reinforced ECC. Adding
thickener in ECC can significantly improve the crack-width control capacity and deformation capacity of HSSSWR-
reinforced ECC due to enhancing uniform distribution of polyvinyl alcohol fibers, but would slightly reduce the
cracking stress and maximum tensile stress by bringing small bubbles in the matrix. The tensile properties of HSSSWR-
reinforced ECC plates are almost not affected by varying the plate width. Besides, a tensile constitutive model was
developed for charactering the stress—strain relationship of HSSSWR-reinforced ECC in tension. Based on mechanical
theories and failure characteristics of HSSSWR-reinforced ECC, the model parameters were determined, and calcula-
tion equations of cracking stress and tensile strength were proposed. The accuracy of the developed model and
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1 Instruction

Engineered cementitious composites (ECC) are devel-
oped by using performance driven design approach of
short random fibers reinforced cementitious matrix com-
posites, which have distinguished material properties
such as remarkably high post-cracking resistance, ten-
sile ductility and toughness (Li, 2019; Li & Leung, 1992;
Li et al.,, 1993, 1995, 2004; Zhou et al., 2015). Compared

*Correspondence: irwinlike@163.com

' School of Civil Engineering, Zhengzhou University, Science Avenue
1004, Zhengzhou 450001, China

Full list of author information is available at the end of the article
Journal information: ISSN 1976-0485 / elSSN 2234-1315

@ Springer Open

with traditional fiber-reinforced concrete, ECC show
the more excellent characteristics of pseudo-strain-
hardening behavior and multiple cracking in tension (Li
et al,, 1995; Naaman & Reinhardt, 2006), and have been
successfully applied to civil engineering (Esmaeeli et al.,
2013; Fischer & Li, 2002a; Guan et al,, 2018; Hung &
Chen, 2016; Pan et al., 2020; Qi et al., 2018; Shang et al.,
2019; Yuan et al.,, 2014; Zheng et al., 2016). Many scholars
have carried out a lot of investigations on existing mem-
bers strengthened with ECC (Esmaeeli et al., 2013; Hung
& Chen, 2016; Shang et al., 2019; Zheng et al., 2016),
which demonstrated that ECC can significantly increase
the deformation capacity, energy absorption capacity and
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crack control capacity when used to strengthen existing
masonry or reinforced concrete (RC) structures. How-
ever, the strengthening effect of ECC on bearing capac-
ity of existing structural members is limited due to the
limited tensile strength of ECC. Therefore, ECC still need
to be used together with other high-strength reinforcing
materials. Many researches have been conducted on ECC
reinforced with steel reinforcements (Fischer & Li, 2002b;
Kunieda et al., 2010) and fiber-reinforced polymer (FRP)
reinforcements (Al-Gemeel et al.,, 2019; Hossain, 2018;
Hu et al., 2019; Li & Xiong, 2019; Zheng et al., 2016; Zhu
et al., 2018).

Fischer and Li (Fischer & Li, 2002b) performed uniaxial
tensile tests to investigate the influence of composite duc-
tility on the deformation behavior of the steel reinforced
ECC and its effects on the strain distribution in the rein-
forcement, composite matrix, and interfacial bond. The
results revealed the good deformation combination of
ECC and steel reinforcement which led to a more uni-
form strain distribution in reinforcement and ECC and
controlled damage at relatively large inelastic deforma-
tions. Kunieda et al. (Kunieda et al., 2010) assessed the
effect of different steel reinforcement ratios on crack
distribution of ultrahigh performance-strain harden-
ing cementitious composites (UHP-SHCC) through the
tensile tests. It was found that the increase of steel rein-
forcement ratio could lead to the increase of the number
of cracks and the decrease of the averaged crack spacing,
and the influence was insignificant when the reinforce-
ment ratio was beyond 0.6%. Zhu et al. (Zhu et al., 2018)
conducted an experiment study on the uniaxial tensile
behavior of carbon fiber-reinforced polymer (CFRP)
grid-reinforced ECC plates under both monotonic and
cyclic loading. Test results indicate that the envelope of
cyclic uniaxial tensile stress—strain curves followed the
static stress—strain curves no matter which cyclic load-
ing scheme was adopted. Al-Gemeel et al. (Al-Gemeel
et al., 2019) investigated the tensile performance of ring-
shape specimens reinforced with basalt fiber-reinforced
polymer (BFRP) grids and ECC under apparent hoop
tensile loading, and found that compared with ECC with-
out BFRP grids and conventional mortar reinforced by
BERP grids, the first crack load, peak load and energy
absorption ability of BFRP grid-reinforced ECC were
improved more notably. Although existing studies (Al-
Gemeel et al., 2019; Fischer & Li, 2002b; Hossain, 2018;
Hu et al.,, 2019; Kunieda et al., 2010; Li & Xiong, 2019;
Zheng et al., 2016; Zhu et al., 2018) show that ECC rein-
forced by steel or FRP reinforcements were feasible rein-
forcement materials for strengthening or rehabilitation of
concrete structures and can effectively improve ductility,
anti-cracking ability and bearing capacity of RC struc-
tures, some deficiencies of these strengthening materials
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remained. Specifically, the ultrahigh deformation capac-
ity of ECC cannot be fully utilized on account of the low
tensile strength and early yielding of ordinary steel bars,
when using ordinary steel bars to reinforce ECC. In addi-
tion, although FRP features the light weight, high ten-
sile strength and good corrosion resistance, the rupture
strains of FRP grids were much lower than the ultimate
strain of ECC, which would cause the underutilization of
ultrahigh deformation capacity of ECC. Moreover, FRP
costs relatively more than other conventional reinforcing
materials, which would be an impediment to their pro-
motion and application in the common constructions.
Therefore, a more appropriate reinforcing material with
relatively high strength, low price and ultimate strain
close to the ultimate strain of ECC needs to be used for
reinforce ECC to provide better reinforcement effect.

High-strength stainless steel wire rope (HSSSWR) fea-
tures relatively high tensile strength, good anti-corrosion
performance and relatively low price (Kim & Kim, 2011).
Steel wire ropes or steel wires in combination with epoxy
resins, plain mortar or permeable polymer mortar have
been successfully applied to restore or increase the capac-
ity of existing masonry or concrete structures (Ghai et al.,
2018; Kim & Kim, 2011; Li et al., 2018; Qeshta et al., 2015;
Shermi & Dubey, 2017). Nevertheless, previous studies
(Ghai et al., 2018; Huang et al., 2011; Kim & Kim, 2011;
Shermi & Dubey, 2017) show that the ultimate strength
of the steel wire ropes or steel wires cannot be effectively
exerted due to the brittle fracture of mortar or permeable
polymer mortar before the failure of steel wire ropes or
steel wires. Moreover, the disadvantages of epoxy resins
have been progressively observed by researchers, includ-
ing high cost, poor performance on wet surfaces or after
ultraviolet radiation, and poor fire resistance, etc. (Qeshta
et al,, 2016; Raoof et al., 2017). Therefore, HSSSWR needs
to be used with a matrix material of good crack-control
capacity and ductility to give full play to high strength of
HSSSWR.

As discussed above, compared with mortar and perme-
able polymer mortar, ECC exhibit much more excellent
ductility and crack-control capacity. Besides, the ultimate
tensile strain of HSSSWR, which is characterized by high
tensile strength, good anti-corrosion performance and
relatively low price, is about 3%, and is close to the ulti-
mate tensile strain of ECC. Furthermore, good bond per-
formance between HSSSWR and ECC has been revealed
by Zhu et al. (Wang et al., 2020; Zhu et al., 2020). There-
fore, HSSSWR could be appropriate reinforcing materi-
als for ECC to give full play to the excellent performance
of ECC, and ECC would be suitable matrix for HSSSWR
to fully exert the high tensile strength of HSSSWR. Com-
bining the advantages of both HSSSWR and ECC, a new
composite system, namely HSSSWR-reinforced ECC,
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which is formed by embedding HSSSWR into ECC, was
proposed, and the flexural strengthening method with
HSSSWR-reinforced ECC was verified to result in a more
significant increase in deformation capacity, crack-width
control capacity, stiffness, cracking strengths and ulti-
mate strengths of RC beams, compared with strength-
ening method by using HSSSWR and polymer mortar
(Yuan et al., 2020). Accordingly, HSSSWR-reinforced
ECC is expected to be a promising engineering material
for repair or strengthening of structures.

In order to promote the applications of HSSSWR-
reinforced ECC in strengthening of existing structures
which would often make this new composite material
subjected to tension, it is of great need to comprehen-
sively understand the tensile properties of HSSSWR-
reinforced ECC. Furthermore, it is essential to develop a
tensile constitutive model of HSSSWR-reinforced ECC
which would be needed for finite element analysis of the
mechanical behavior of existing structures strengthened
by HSSSWR-reinforced ECC, when HSSSWR-reinforced
ECC are considered to be a kind of composite material to
simplify the calculation. Therefore, in this paper, a total
of 27 specimens were designed to investigate the tensile
behavior of HSSSWR-reinforced ECC plates, considering
the effects of reinforcement ratio of longitudinal HSSS-
WRs, formula of ECC and width of the test specimen.
The experimental study aims to (1) evaluate the influ-
ences of the parameters mentioned above on the tensile
behavior of HSSSWR-reinforced ECC; (2) determine
the prediction formulas for cracking stress and tensile
strength of this composite material, and (3) develop a
tensile constitutive model of this composite material and
validate the accuracy of this model using the test results.

2 Experimental Program

2.1 Design of Specimens

In this study, a total of 27 specimens were designed to
evaluate the effects of variables on tensile behavior of
HSSSWR-reinforced ECC by using uniaxial tensile tests.
The test variables included the reinforcement ratio of
HSSSWR, formula of ECC and width of HSSSWR-rein-
forced ECC specimens. The design details of all test spec-
imens are summarized in Table 1. In Table 1, b, is the test
section width of HSSSWR-reinforced ECC specimens,
n is the number of longitudinal HSSSWRs used in the
specimen, and d and p,, represent the spacing and rein-
forcement ratio of longitudinal HSSSWRs. In the test,
there were totally 9 groups of specimens with 3 identi-
cal specimens for each group. The tensile plate specimens
are designed in the shape of dumbbell. In order to avoid
failure caused by stress concentration in the specimen
beneath the clamp during the loading process, two ends
of each specimen were strengthened by CERP sheets.
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Table 1 Parameters of HSSSWR-reinforced ECC specimens.

Group Group b.(mm) n d (mm) Pw
number
A Al 80 2 50 0.0028
A2 70 2 40 0.0032
A3 60 2 30 0.0037
A4 50 2 20 0.0048
A5 90 3 30 0.0037
B B1 80 2 50 0.0028
B2 70 2 40 0.0032
B3 60 2 30 0.0037
B4 50 2 20 0.0048
Specimen
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Fig. 1 Dimensions of HSSSWR-reinforced ECC specimens (unit: mm).

The CFRP sheets were bonded to the both surfaces sym-
metrically of the specimens by epoxy resin. Furthermore,
the curved sides of the specimen were applied to ensure
a smooth transition to avoid stress concentration. Fig. 1
shows the detailed dimensions of the specimens.

2.2 Material Properties

ECC were manufactured using ordinary Portland cement
(PO 42.5), fly ash, silica fume, silica sand, polyvinyl
alcohol (PVA) fibers, water, superplasticizer and thick-
ener. The two mix proportions of the specimens in this
paper are given in Table 2. When casting the HSSSWR-
reinforced ECC plate specimens, three ECC cubes of
70.7-mm side length and five ECC thin plates (with
dimensions of 280 mm x 40 mm x 15 mm) are manufac-
tured for uniaxial compression and tension tests, respec-
tively, to determine the material properties of each kind
of ECC used in the test. Table 3 lists the average values
of key parameters for ECC material properties including
initial crack stress in tension (f, ) and its corresponding

e,cr
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strain (g,cr), the ultimate tensile stress (f, ) and its ulti-
mate tensile strain (g, ), the compressive strength (f,) and
its corresponding strain (g,), and elastic modulus (E,).
Fig. 2 shows the tension test setup and the test results
(including typical tensile stress—strain curves and crack
patterns) of ECC, which indicated the characteristics

Table 2 Mix proportions of ECC.
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of pseudo strain-hardening and multiple cracking for
ECC. The ECC of formula 2 exhibited higher deforma-
tion capacity and lower tensile strength, compared with
the ECC of formula 1. In addition, tensile tests were
performed on three HSSSWR specimens to determine
the mechanical properties of the used HSSSWR with a

Types Cement Sand Fly ash Silica fume Water PVA fiber Superplasticizer Thickener
Formula 1 1 0.3 4 0.08 1 2% 0.06 0
Formula 2 1 0.3 4 0.08 1 2% 0.06 0.006
Table 3 Test results of ECC material properties.
Types f, o(N/mm?) Eocr f, (N/mm?) Eou f.(N/mm?) & E, (MPa)
Formula 1 2.19 0.0190% 353 2.79% 44.65 0.43% 11,500
Formula 2 1.92 0.0171% 346 2.97% 36.05 0.43% 11,250
@ 49 r © 4
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Fig. 2 The tension test setup and results of ECC: a direct tensile stress—strain relationship of ECC thin plates; b tensile test device of ECC; ¢ typical
tensile stress—strain curve of ECC and d crack patterns in different stages corresponding to the stress—strain curve of ECC.
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diameter of 2.4 mm. The tested average elastic modulus
(Ey), ultimate tensile strength (f)) and its corresponding
the tensile strain (g,) of the HSSSWR were 108.3 GPa,
1567 MPa and 0.0303, respectively. The tested typical
stress—strain curve and cross-sectional form of HSSSWR
are shown in Fig. 3.

2.3 Test Setup and Instrumentation

To research the tensile behavior of HSSSWR-reinforced
ECC plates, a series of uniaxial tension tests were con-
ducted by using a 100-kN capacity electronic universal
testing machine (Fig. 4). All tests were carried out under
displacement control at the rate of 0.2 mm/min. For each
specimen, two strain gauges were attached at the mid-
dle of the front and back surfaces of the specimen and
two LVDTs were installed on both sides of the specimen.
Load was measured by a load cell with a range of 100 kN.

1600
=
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£
S
400
0 1 1 1 1 1 1 I ]
0 0.01 0.02 0.03 0.04
Strain
Fig. 3 Stress—strain curves of HSSSWRs.
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In addition, the crack-width of the specimens was meas-
ured by a crack detector instrument.

3 Experimental Results and Discussion

3.1 Test Phenomenon and Results

The tensile failure process of HSSSWR-reinforced ECC
specimens is shown in Fig. 5. When the applied load
reached a certain value (23%-31% of the peak load), a
tiny crack with a width of only 0.02 mm appeared on the
surface near the middle of the specimens (Fig. 5(a)). As
the load continued to increase, new cracks appeared con-
tinuously on the surface of the specimens, but the width
of the existing cracks increased slowly. After reaching a
certain load (84%-96% of the peak load), the number of
cracks stopped increasing, which is referred to as the

4 W REES
Fig. 5 Crack patterns of the specimen in group B1: a at cracking load;
b at the saturation state and c at failure.
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r————

Fig.4 Test setup.

Loading Loading
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saturation state, as shown in Fig. 5(b), and the surfaces
of the specimens were covered with fine cracks almost
parallel to each other. At this time, the maximum crack
widths of the specimens were between 0.08 mm and
0.28 mm, which are much less than the crack-width lim-
its in the normal service limit state of 0.3 mm and 0.4 mm
required by Chinese design specification of concrete
structures (Ministry of Housing and Urban—Rural Devel-
opment of the People’s Republic of China (MOHURD):
Code for Design of Concrete Structures 2015) and ACI
224 (Committee, 2001), respectively. Then as the load
increased, the widths of existing cracks grew steadily.
When the peak load was reached, a few small cracks con-
nected to form a main crack on the monitored zone of
the specimen, accompanied by clear sounds of pulling out
or fracture of PVA fibers, and one longitudinal HSSSWR
ruptured at the main crack. Then the load fell rapidly, and
the other longitudinal HSSSWRs ruptured as the width
of the main crack quickly increased, after which the test
was stopped. It can be observed that the HSSSWRs in
the specimen did not rupture at the same time in the test.
This may be because of the small differences between
tensile stresses of longitudinal HSSSWRs in the speci-
men under axial tension due to the different tightness of
HSSSWRs which may occur during manufacturing speci-
mens. The maximum crack widths of the specimens at
peak load were in the range of 0.5 mm-1.13 mm. The typ-
ical failure mode of the specimens is shown in Fig. 5(c).
Those phenomena indicate that HSSSWR-reinforced
ECC have good post-cracking resistance and crack-width
control capacity due to multiple cracking characteristic of
ECC and good bond property of the HSSSWR and ECC.
Table 4 shows average values of test results of crack-
ing stress (f;,.,), cracking strain (g, ), maximum tensile
stress (f;,u), the strain corresponding to f;,, (g,,), the
tensile stress at the beginning of the saturation state(f, ),
the strain corresponding to f, (¢,,,), the maximum crack-
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maximum crack-widthat peak load(w,,,, ), the elastic
modulus before cracking(E,,), the peak tensile toughness
index (71,) and the total tensile toughness index (71,) for
each group of specimens.

3.2 Stress-Strain Curves

Fig. 6 describes the tensile stress—strain curves of ECC
and HSSSWR-reinforced ECC specimens. As shown in
Fig. 6, three main stages can be obviously observed in
the tensile stress—strain curves of ECC and HSSSWR-
reinforced ECC specimens, as follows: (1) linear elastic
stage; (2) elastic—plastic stage and (3) falling stage. The
linear elastic stage is from initial loading to cracking. The
cracking load of HSSSWR-reinforced ECC specimens
is 23%-31% of the corresponding peak load, while the
cracking load of ECC is 56%-62% of the corresponding
peak load. This is attributed to the fact that adding HSSS-
WRs in ECC significantly enhanced the tensile strength.
In this stage, both ECC and HSSSWRs are in the elastic
state, and the stress increased linearly as the strain grew.
The elastic—plastic stage is from the cracking to the peak
load. In this stage, the tensile stress increased nonlinearly
with an increase in the tensile strain. The small fluctua-
tions of the curve in this stage were caused by initiation
and development of the cracks of HSSSWR-reinforced
ECC specimens. The HSSSWRs and ECC can still carry
the load together in the elastic—plastic stage due to the
bridging role of PVA fibers after cracking and good bond
performance between HSSSWRs and ECC. Since the first
HSSSWR ruptured at the peak load, a falling stage can be
observed after peak point in the stress—strain curve.

3.3 Cracking Stress and Strain

3.3.1 Effect of HSSSWRs Reinforcement Ratio on Cracking
Stress and Strain

It can be seen from Table 4 that the cracking strains

of HSSSWR-reinforced ECC specimens are between

widthat the beginning of the saturation state(w,,,,, ), the ~ 0.0172% and 0.0202%, which are close to those of the
Table 4 Test results of HSSSWR-reinforced ECC specimens.

Group feeclMPa) £, (%) f,,(MPa) &,,(%) f,(MPa) £,(%) Wypu(mm) wy, (mm) E(MPa) TI, T,
number

Al 2.20 0.0190 7.06 3.087 6.52 1.987 0.28 1.13 11,579 0.1670  0.1846
A2 2.25 0.0192 7.74 3.106 6.94 2215 0.22 1.07 11,719 0.1875  0.2054
A3 241 0.0196 8.57 3.158 7.77 1.896 0.20 0.87 12,296 0.2075  0.2235
A4 2.56 0.0202 10.15 3.289 9.55 2.081 0.13 0.73 12,673 02462  0.2556
A5 244 0.0197 8.65 3.112 7.79 1.908 0.21 0.88 12,386 0.1893  0.2182
B1 1.97 0.0172 6.41 3.293 540 1.868 0.12 0.67 11,453 0.1636  0.1894
B2 1.99 0.0173 7.56 3418 6.71 2.143 0.11 0.60 11,503 0.1811 0.2199
B3 2.07 0.0174 842 3412 7.53 2.295 0.09 0.57 11,897 0.2037  0.2297
B4 2.19 0.0178 9.44 3335 9.10 2134 0.08 0.50 12,303 02045  0.2675
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Fig. 6 Tensile stress—strain curves of ECC and HSSSWR-reinforced
ECC specimens in a group A and b group B.

corresponding ECC shown in Table 3, which indicates
that adding HSSSWRs in ECC hardly had effect on the
cracking strain. Fig. 7 shows the comparison of test
results of specimens with different reinforcement ratios
of longitudinal HSSSWRs (p,,). As shown in Fig. 7, the
cracking stress (f;, ) increased slightly with an increase
in the reinforcement ratio of HSSSWRs (p,). Specifi-
cally, as indicated in Table 4, the cracking stresses (f;, )
of specimens Al A2, A3 and A4 increased by 1.4%, 2.7%,
10.0% and 16.9% compared with that of ECC of formula
1, respectively, and the cracking stresses of specimens
Bl B2, B3 and B4 increased by 2.6%, 3.6%, 7.8% and
14.1% compared with that of ECC of formula 2, respec-
tively. Moreover, the elastic modulus before cracking
(E,,) of specimens increased with an increase in the rein-
forcement ratio of HSSSWRs (p,,). These results show
that adding HSSSWRs in ECC can enhance the crack-
ing stresses and elastic modulus of ECC. This is to be
expected, because before cracking, the applied load was
carried together by ECC and the internal HSSSWRs

which were both in elastic stage.
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Fig. 7 Effects of the reinforcement ratio of HSSSWRs on cracking
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3.3.2 Effect of ECC Formula on Cracking Stress and Strain

As shown in Table 4, under the condition of the same
reinforcement ratio (p,,), the cracking stresses of speci-
mens B1, B2, B3 and B4 decreased by 10.5%, 11.6%, 14.1%
and 14.5%, compared with that of the corresponding
specimen in group A, respectively, and the elastic modu-
lus before cracking(E,,) of the specimen in group B was
lower than that of the corresponding specimen of group
A. The reason may be that the cracking stress and elas-
tic modulus of ECC of formula 1 are relatively high com-
pared with those of ECC of formula 2.

3.4 Tensile Strength and Its Corresponding Strain
3.4.1 Effect of HSSSWRs Reinforcement Ratio on Tensile
Strength and Its Corresponding Strain

It can be seen from Fig. 7 and Table 4 that the maximum
tensile stresses (f;,,) of specimens Al A2, A3 and A4
increased by 100.0%, 119.3%, 142.8% and 187.5%, respec-
tively, compared with that of ECC of formula 1, and the
maximum tensile stresses (f;, ) of specimens B1 B2, B3
and B4 increased by 85.3%, 118.5% 143.4% and 172.8%,
respectively, compared with that of ECC of formula 2.
This indicates that the tensile strength (maximum ten-
sile stress) of HSSSWR-reinforced ECC increased sig-
nificantly with an increase in the reinforcement ratio
of HSSSWRs. The same phenomenon that the tensile
strength would be increased by increasing reinforcement
ratio was also observed in steel bars reinforced ECC
(Kunieda et al., 2010) and CFRP grid-reinforced ECC
(Zhu et al., 2018). This is to be expected, because the
applied peak load was carried by ECC and the internal
reinforcing materials together. As shown in Table 4, the
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strains corresponding to the maximum tensile stresses
(&,,) of the specimens ranged from 3.087% to 3.418%,
which were close to the maximum tensile strain of
HSSSWR, and were larger than those of the correspond-
ing ECC shown in Table 3. This indicates the deformation
capacity of ECC can be effectively improved by adding
HSSSWRs in ECC. The reason for enhancing deforma-
tion capacity may be that adding HSSSWRs can delay the
development of cracks, which contributes to increasing
ultimate deformation.

3.4.2 Effect of ECC Formula on Tensile Strength and Its
Corresponding Strain

The maximum stresses of specimens B1, B2, B3 and B4
decreased by 9.2%, 2.3%, 1.8% and 7.0%, compared with
that of the corresponding specimen with the same value
of p,, in group A, respectively, which is attributed to the
fact that the tensile strength of ECC of formula 2 is rela-
tively low compared with that of ECC of formula 1. The
strains corresponding to the maximum stresses of speci-
mens in group B were larger than those of specimens in
group A. This demonstrates that adding thickener can
improve the deformation capacity of HSSSWR-rein-
forced ECC by enhancing uniform distribution of PVA
fibers.

3.5 Tensile Toughness

3.5.1 The Method Used to Evaluate Tensile Toughness
Toughness is an important property for evaluating the
energy absorption capacity of a composite material
before failure, which can be quantitatively described by
the integration of the load—displacement curve of the
composite material (Dong et al., 2019). In this paper, the
tensile toughness of HSSSWR-reinforced ECC (in MJ/
m?) was calculated by the integration of the stress—strain
curve. The total integral area of the stress—strain curve
of the HSSSWR-reinforced ECC specimens was defined
as the total tensile toughness (71,), and the integral area
of stress—strain curve under peak stress was defined as
the peak tensile toughness (Tlp). With this method, the
total tensile toughness (71,) and the peak tensile tough-
ness (T1,) for each specimen are calculated and listed
in Table 4. The peak tensile toughness and total ten-
sile toughness of ECC with formula 1 calculated using
the same method are 0.0890 MJ/m> and 0.1043 MJ/m?,
respectively, and the peak tensile toughness index and
total tensile toughness index of ECC with formula 2 are
0.0884 MJ/m3and 0.1044 MJ/m?> respectively.

3.5.2 Effect of HSSSWRs Reinforcement Ratio on Tensile
Toughness

The relationship between tensile toughness and rein-

forcement ratio of longitudinal HSSSWRs is shown in
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Fig. 8. As shown in Fig. 8, the peak tensile toughness
and total tensile toughness of HSSSWR-reinforced ECC
specimens increased with an increase in the reinforce-
ment ratio of HSSSWRs, and are much higher than those
of ECC. This shows that increasing the reinforcement
ratio of longitudinal HSSSWRs can effectively improve
the energy absorption capacity of the specimens through
delaying the development of cracks and enhancement of
bearing capacity.

3.5.3 Effect of ECC Formula on Tensile Toughness

As indicated in Fig. 8, under the condition of the same
reinforcement ratio (p,,), the peak tensile toughness of the
specimen of group A was higher than that of the speci-
men of group B, but the total tensile toughness of group
A was lower than that of group B. The reason may be that
adding thickener would reduce the cracking stress and
the maximum tensile stress of HSSSWR-reinforced ECC
caused by bringing small bubbles in the matrix of formula
2, which makes the peak tensile toughness of group B less
than that of group A. However, adding thickener also can
enhance uniform distribution of PVA fibers, which can
improve the crack-width control and deformation capac-
ity of this composite material, so the total tensile tough-
ness of group B was higher than that of group A.

3.6 Analysis of Crack Width

3.6.1 Effect of HSSSWRs Reinforcement Ratio on Crack Width
As indicated in Table 4 and Fig. 9, the maximum crack-
width at the beginning of the saturation state(w,,, )
orat peak load (w,,,, ,) decreased with an increase in the
reinforcement ratio longitudinal HSSSWRs (p,,). This
demonstrates that increasing the reinforcement ratio
contributes to improving crack-width control capacity
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of HSSSWR-reinforced ECC. The reason may be that
the longitudinal HSSSWRs can delay the development
of cracks through the good bond performance between
HSSSWRs and ECC.

3.6.2 Effect of ECC Formula on Crack Width

It can be seen from Fig. 9 that under the condition of the
same reinforcement ratio (p,,), the maximum crack-width
at the beginning of the saturation state(w,,,, ) orat peak
load (w,,,,,,) for the specimen with ECC matrix of for-
mula 2 is smaller than that of the specimen with ECC
matrix of formula 1. In addition, it can be observed in
the test that the specimen with ECC matrix of formula
2 had more cracks and smaller crack spacing compared
with the specimen with ECC matrix of formula 1. The
above phenomena demonstrate that adding thickener can
improve the crack-width control capacity of HSSSWR-
reinforced ECC due to enhancing uniform distribution of
PVA fibers.

3.7 Effect of Specimen Width on Tensile Properties

A comparison between test results of specimens A3 and
A5 (which are of the same test parameters except for
specimen widths) in Fig. 6a and Table 4 shows that the
tensile stress—strain curve and the test values of material
performance indicators (including f;, .., € s foe.i0 Ese frvsr
Ews Winaxws Winaxw Eso T1, and T1) for these two speci-
mens are close. This demonstrates that changing speci-
men width has little effect on the tensile properties of
HSSSWR-reinforced ECC. This may be because the size
effect on tensile properties of ECC can be negligible due
to ductile nature of ECC material (Lepech & Li, 2003;
Rokugo et al., 2007).
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3.8 Comparison with ECC Reinforced with Steel Bars
or FRP Grids

In order to compare the strengthening effect of HSSSWR
on ECC with that of other reinforcing materials on ECC,
a comparison was made with the previous studies on
ECC reinforced with steel bars or FRP grids (Kunieda
et al., 2010; Zhu et al., 2018). The comparison of test
results of maximum tensile stress(f,,,) and its corre-
sponding strain (g, ,) of HSSSWR-reinforced ECC speci-
mens in this paper are compared with those of steel
bar-reinforced ECC specimens in literature (Kunieda
et al,, 2010) and CFRP grid-reinforced ECC specimens
in literature (Zhu et al., 2018), as shown in Table 5. The
comparison presented in Table 5 (S-1-1 versus Al,
S-2-1 versus A4, MC1 versus A2, and MC2 versus A4)
indicated that the tensile strength (f,,,) and its corre-
sponding strain to (g,,) of HSSSWR-reinforced ECC
specimens are higher, compared with those of steel bar-
reinforced ECC specimens or CERP grid-reinforced ECC
specimens, even though both the tensile strength of ECC
matrix (f,,) and reinforcement ratio (p,) of the steel
bar-reinforced ECC specimens or CFRP grid-reinforced
ECC specimens are higher than those of HSSSWR-rein-
forced ECC specimens. This demonstrates that HSSSWR
exhibits better reinforcement efficiency when used to
reinforce ECC, compared with steel bars or CFRP grids.
This is attributed to the fact that the low tensile strength
and early yielding of ordinary steel bars lead to the rela-
tively low tensile strength of ECC reinforced by ordinary
steel bars. In addition, the rupture strain of CFRP grids
was much lower than the ultimate strain of ECC, which
would cause the underutilization of tensile strength and
deformation capacity of ECC, so the tensile strength and
ultimate strain of CFRP grids-reinforced ECC were rela-
tively low.

4 Tensile Stress-Strain Model

of HSSSWR-Reinforced ECC
4.1 Proposed Stress-Strain Model
As analyzed above, the tensile stress—strain curves of
HSSSWR-reinforced ECC can be divided into three
stages. Only the first two stages (elastic stage and elas-
tic—plastic stage) are discussed below considering that
the third stage (falling stage) would not be used in prac-
tice. So a two-stage model is proposed for describing
stress—strain relationship of HSSSWR-reinforced ECC
in tension, as shown in Eq. (1) and Fig. 10. Fig. 10 shows
a typical tensile stress—strain model curve for HSSSWR-
reinforced ECC. In this model, a linear stress—strain
relationship is adopted in the elastic stage, and in the
elastic—plastic stage, the total stress is shared by ECC and
HSSSWR together. In addition, the strength utilization
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Fig. 10 A typical tensile stress—strain model curve for
HSSSWR-reinforced ECC.

coefficient of HSSSWR (y) is introduced in the elastic—
plastic stage, considering the inadequate utilization of
tensile strength of HSSSWR. This may be caused by the
small differences between tensile stresses of longitudi-
nal HSSSWRs in the reinforced ECC under axial tension
because of the different tightness of HSSSWRs which
may occur during construction. The other reason may be
that the relative slip between HSSSWRs and ECC would
cause stress hysteresis of longitudinal HSSSWRs:

fre = {Esegse Ese = Esecr 1)
Visow +fe  Esecr < Ese < Eseu

where f,, and ¢, are the tensile stress of HSSSWR rein-

forced ECC and the strain corresponding to f,,, respec-

tively; fand f, are the tensile stresses of ECC and

longitudinal HSSSWRs, respectively.

4.2 Analysis of Model Parameters

4.2.1 Elastic Stage

Before the cracking of HSSSWR-reinforced ECC, the
external load is carried by HSSSWR and ECC together,
which are in the elastic stage. The slip between the
HSSSWR and ECC was very small in this stage, which
can be ignored (Zhu et al., 2020). According to the strain
coordination between HSSSWR and ECC, the force equi-
librium equation of HSSSWR reinforced ECC in tension
can be expressed by Eq. (2a):

EgeeseAse = EceAe + EsesAs, (2a)

where ¢, €, and ¢, are the tensile strain of HSSSWR rein-
forced ECC, ECC and HSSSWR, respectively; A,,, A, and
A, are cross-sectional areas of HSSSWR reinforced ECC,
ECC and longitudinal HSSSWRs, respectively. The cross-
sectional areas of HSSSWR reinforced ECC and ECC
can be assumed to be equal considering the small rein-
forcement ration of longitudinal HSSSWRs. The strains

Page 11 of 15

of HSSSWR reinforced ECC, ECC and HSSSWR can be
considered to be the same according to the strain coor-
dination between HSSSWR and ECC in the elastic stage.
Thus, the elastic modulus of HSSSWR-reinforced ECC
(E,) can be obtained as follows:

Ay
E.=E. +ESA—.

se

(2b)

4.2.2 Elastic-Plastic Stage

In the elastic—plastic stage, the stress—strain relation-
ship involved with the stress—strain relationships of both
HSSSWRs and ECC. A function form of cubic polyno-
mial is adopted to describe the tensile stress—strain rela-
tionship of the HSSSWR based on the regression analyses
of the tensile test results of HSSSWRs. The proposed
tensile stress—strain model of HSSSWRs is expressed as
follows:

2 3
fs—aes+(3—2a)(83> +(a—2)<85> ,

fs,u N Es,u S, Es,u
3)

where f; , is the ultimate tensile stress of the HSSSWR;
g and g, , are tensile strain and ultimate tensile strain of
the HSSSWR, respectively; a is the material coefficient,
which was determined to be 3.33 by regression analyses
of test results.

The stress—strain model for ECC in tension proposed
in our previous research (Liu, 2018) was adopted to
express the tensile stress of ECC (f)):

_ﬂz,cr e

Ee,cr €
f;? o (031% + 069) e,u Se,cr E 86 S Se,u

Ee = Eecr

(4)

where ¢, is the strain corresponding to f,. As discussed
above, the cracking strain of HSSSWR-reinforced ECC
are close to those of ECC due to the strain coordination
of these two materials, so €, . can be set to be equal to
€

se,cr

ecr

4.2.3 Strength Utilization Coefficient of HSSSWR

By substituting Eq. (2), Eq. (3) and Eq. (4) into Eq. (1), the
tensile constitutive model of HSSSWR-reinforced ECC
can be expressed as:

(Ee + Es%)“:se Ese = Esecr
2 3
Ese Ese Ese As
3.33 — 3.66 + 1.33 —_—
fse = v Ese,u (‘Ese,u) <Sse,u> fs,u Age
Ese
+ (0‘317 + 0'69)fe,u Esecr = Ese = Ese,cu
Ese,u
(5)
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The failure mode of HSSSWR-reinforced ECC is the
rupture of the longitudinal HSSSWR, so the ultimate
strain of HSSSWR reinforced ECC mainly depends on
the ultimate strain of HSSSWR, which can be expressed
by e, ,=¢,,. By regression analysis of test results of all
specimens except for specimens A4, A5 and B4 using
Eq. (5), the value of strength utilization coefficient of
HSSSWR (y) and the corresponding coefficient of deter-
mination (the square of correlation coefficient) for each
specimen was obtained, as shown in Table 6. The values
of y for the specimens in Table 6 are very close to each
other, so the value of y in Eq. (5) was taken to be the aver-
age value (0.73).

According to the proposed constitutive model
expressed by Eq. (5) and theory of mechanical equilib-
rium, the following equations for calculating the crack-
ing stress (f,,.,) and maximum tensile stress (f,,,) of
HSSSWR reinforced ECC can be obtained as follows:

{fse,cr = (Ee + Es%) Ese,cr

(6)
oo = 0.73f 5% + fou

4.3 Model Verification

In order to verify the accuracy of the proposed tensile
constitutive model of HSSSWR reinforced ECC, Fig. 11
presents the comparison of the test stress—strain
curves from initial loading to peak load of all speci-
mens in Table 1 and the proposed model expressed
by Eq. (5). The peak point of the stress—strain curve
(the end of the stress—strain curve) in Fig. 11 indicates
the first HSSSWR rupture point. As shown in Fig. 11,
the proposed model agrees well with the test stress—
strain curves in the elastic stage. In the elastic—plas-
tic stage, the proposed model consists with the overall
trends of the test stress—strain curves, considering the
fluctuations of the test curves due to the appearance
and development of cracks in this stage. The compari-
son indicates that the proposed model can be applied
to describe the stress—strain relationship of HSSSWR
reinforced ECC. Besides, the test values of cracking

Table 6 Fitting values of y for specimens.

Group number Y R?

Al 0.73 0.9267
A2 0.72 0.9459
A3 0.75 0.9607
B1 0.71 09157
B2 0.72 0.9755
B3 0.72 0.9325
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stress and maximum tensile stress (tensile strength)
are compared with the calculated values using Eq. (6),
as shown in Table 7. In Table 7, ¢ and ¢ represent test
values and calculated values, respectively, and r is
the ratio of the test value to the calculated value. In
Table 7, the average value of the ratios of test values
to calculated values for cracking stresses of specimens
is 1.02 with a variation coefficient of 0.03. In addition,
the average value of the ratios of test values to calcu-
lated values for tensile strengths of specimens is 1.08
with a variation coefficient of 0.05. This indicates that
Eq. (6) can be accepted to predict the cracking stress
and tensile strength of HSSSWR-reinforced ECC.

5 Conclusions

The tensile performance of HSSSWR-reinforced ECC is
investigated experimentally and theoretically. The effects
of influence factors (reinforcement ratio of HSSSWR,
formula of ECC and width of the test specimen) on ten-
sile characteristics of HSSSWR-reinforced ECC were dis-
cussed and revealed. A stress—strain model is developed
for HSSSWR reinforced ECC in tension:

1. Adding HSSSWRs in ECC was verified to be an effec-
tive measure to enhance both the tensile strength and
deformation capacity of ECC under tension. Com-
pared with steel bars or CFRP grids, HSSSWR exhib-
its better reinforcement efficiency when used to rein-
force ECC. The final failure of HSSSWR-reinforced
ECC was characterized by longitudinal HSSSWR
rupture and pullout of PVA fibers at the main
cracked section. Multiple cracks, good crack-width
control capacity and high deformation capacity of
HSSSWR reinforced ECC were observed due to the
bridging role of the internal PVA fibers and retarding
effect of HSSSWRs on the development of cracks.

2. Increasing the reinforcement ratio of longitudinal
HSSSWRs is suggested to be used to improve the ten-
sile strength, crack-width control capacity, deforma-
tion capacity and tensile toughness of HSSSWR rein-
forced ECC under tension. The enhancement effect
of increasing the reinforcement ratio of HSSSWR
on the cracking stress of HSSSWR reinforced ECC
is much lower than that on the tensile strength. The
tensile properties of the HSSSWR reinforced ECC
plates are almost not affected by increasing the plate
width.

3. Adding thickener in ECC can be adopted to signifi-
cantly improve the crack-width control capacity and
deformation capacity of HSSSWR reinforced ECC
under tension due to enhancing uniform distribution
of PVA fibers, although the cracking stresses and ten-
sile strength of HSSSWR reinforced ECC would be
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Table 7 Comparison of calculated results of cracking stress and tensile strength by using Eq. (6) and test results.

Group number f.. . (MPa) fi.,.(MPa)
t c r t 4 r

Al 2.20 2.24 0.98 7.06 6.74 1.05
A2 2.25 2.27 0.99 7.74 7.20 1.07
A3 241 2.33 1.03 8.57 7.82 1.10
A4 2.56 242 1.06 10.15 8.67 1.17
A5 244 2.35 1.04 8.65 7.82 1.11
B1 1.97 1.99 0.99 641 6.67 0.96
B2 1.99 2.01 0.99 7.56 7.13 1.06
B3 2.07 2.03 1.02 842 7.75 1.09
B4 2.19 2.09 1.05 9.44 8.60 1.10

slightly decreased as a result of bringing small bub-
bles in the matrix. The cracking strain of HSSSWR
reinforced ECC is close to that of the ECC matrix.

4.

The tensile stress—strain curve of HSSSWR rein-
forced ECC can be divided into three stages, includ-
ing linear elastic stage, elastic—plastic stage and fall-
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ing stage. The proposed tensile stress—strain model
and calculation equations of model parameters
were validated to be acceptable for predicting ten-
sile mechanics of HSSSWR reinforced ECC through
being compared with the test results.
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