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ABSTRACT: In order to better match the multi-level structural characteristics and multi-scale fracture process of cementitious
composite, multi-scale hybrid fiber-reinforced strain hardening cementitious composite (MsHySHCC) was designed by adding
hooked steel fiber and calcium carbonate (CaCO,) whisker into conventional polyvinyl alcohol (PVA) fiber-reinforced SHCC.
Compressive properties of PVA-SHCC and MsHySHCC were evaluated experimentally. The results indicate that the designed
MsHySHCC had a better compressive performance than that of PVA-SHCC. Moderately partially substituted PVA fibers by steela
fiber and CaCO, whisker enhanced the compressive parameters, however, further substitution of PVA fibers by increasing the
content of CaCO, whisker didn’t bring a higher promotion. Two kinds of semi-theoretical compression constitutive models were
developed from the perspective of damage mechanics theory and geometrical mathematical description, respectively. It was found
that both of the proposed models can be applied to predict the uniaxial compressive stress-strain relationships of PVA-SHCC and
MsHySHCCs.
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RESUMEN: Estudio experimental y modelo tedrico de la relacion tension-deformacion en compresion de SHCC reforzado con
fibras multiescala. Con el fin de combinar de la mejor forma posible las caracteristicas estructurales de compuestos base cemento
a varios niveles y su proceso de fractura a multiples escalas, se disefid un compuesto hibrido de base cemento de endurecimiento
por deformacion reforzado con fibras (MsHySHCC), afiadiendo fibra de acero en forma de gancho y fibra de carbonato de calcio
(CaCO,) en SHCC reforzado con fibra de alcohol polivinilico convencional (PVA). Se evaluaron las propiedades a compresion de
PVA-SHCC y MsHySHCC. Los resultados indican que el MsHySHCC disefiado tuvo un mejor rendimiento a compresion que el
de PVA-SHCC. Las fibras de PVA sustituidas parcialmente por fibra de acero y de CaCO, mejoraron los pardmetros de compresion,
sin embargo, una mayor sustitucion de las fibras de PVA no caus6 una mejora al aumentar el contenido de fibras de CaCO,. Se
desarrollaron dos tipos de modelos constitutivos de compresion semi-tedricos desde la perspectiva de la teoria de la mecanica del
dafio y la descripcion matematica geométrica, respectivamente. Se encontrd que ambos modelos propuestos se pueden aplicar para
predecir las relaciones de tension-deformacion a compresion uniaxial de PVA-SHCC y MsHySHCCs

PALABRAS CLAVE: Mortero; Refuerzo de fibras; Resistencia a compresion; Modelizacion; Propiedades mecanicas.
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1. INTRODUCTION

Strain hardening cementitious composite (SHCC)
has attracted wide attention in the field of civil engi-
neering because of its ultra-high ductility and obvious
characteristics of multiple cracking (1, 2). Recently, a
variety of fibers were used to prepare SHCC, such as
polyethylene (PE) fiber, polypropylene (PP) fiber, and
polyvinyl alcohol (PVA) fiber (3-7). In general, PVA
fiber reinforced SHCC (PVA-SHCC) have been wide-
ly studied. However, the relative high cost restricts its
large-scale engineering applications.

To solve the cost issue, fiber hybridization method
is usually employed (1, 8), especially for the hybrid
use of PVA fiber and steel fiber (SF) (8-11). As is
well known that cementitious materials have obvi-
ous multi-level structural characteristics, namely,
cement hydration product level, cement paste level,
mortar level and concrete level. These multi-level
structural characteristics of cementitious materials
also determine their multi-scale fracture process,
i.e., the generation, development and gradual evo-
lution of micro-cracks into macroscopic cracks, re-
sulting in the ultimate failure of cementitious ma-
terials. Theoretically, cementitious materials can be
greatly enhanced by multi-scale hybrid fibers from
microscopic scale level to macroscopic scale level.
But obviously, the only use of steel fiber and PVA
fiber is difficult to accomplish this task. Because the
geometry size of commonly adopted PVA fiber and
steel fiber can’t well match the microscopic scale of
cement hydration product and microscopic cracks,
thus can’t effectively improve the microscopic prop-
erties of cementitious materials.

Recently, as a novel cheap microfiber, calcium
carbonate (CaCO,) whisker (CW) was introduced to
improve the mechanical properties of PVA-SHCC
and hybrid SF/PVA-SHCC on microscopic scale
level. Therefore, a new type of hybrid fiber rein-
forced SHCC, which is named multi-scale hybrid
fiber reinforced strain hardening cementitious com-
posite (MsHySHCC), was designed (12-25). Me-
chanical properties and reinforcing mechanisms of
MsHySHCC have been widely investigated in pre-
vious literatures.

Ma et al. (26) studied the CW effects on the
mechanical properties of PVA-SHCCs, and the re-
sults indicated that the CW addition improved the
compressive property and tensile behavior of PVA-
SHCC. Additionally, the robustness of tensile stress-
strain curves was also significantly improved. Pan
and Cai (27) investigated the mechanical properties
of SHCC containing PVA fibers and CWs. Based on
the observations from their study, CWs can be used
to partially substitute PVA fibers. Cao et al. (12-25)
studied the rheological behaviors, mechanical prop-
erties and shrinkage performances of MsHySHCC.
They found that the designed MsHySHCC has very
satisfactory mechanical properties.

To PVA-SHCC and MsHySHCC, the fully under-
stand of their compressive properties and compres-
sion constitutive model is the important precondi-
tion to promote their widely application in structural
design. Therefore, many scholars have evaluated
the compressive properties and tried to describe the
compressive constitutive relationship of SHCC and
hybrid fiber reinforced SHCC from an empirical
or theoretical perspective. Ding et al. (4) reported
the compressive behavior of PE fiber reinforced ul-
tra-high ductility cementitious composites with the
compressive strength from 40 MPa to 120 MPa.
They found that the compressive strain at peak stress
falls in the range of 3000-4000 ue and increases with
the increasing compressive strength. Zhou et al. (28)
studied the stress-strain behavior of PVA-SHCC in
uniaxial compression. But they found the strain at
peak load is between 4000 and 5000 ue, and there
is little correlation between the peak strain and the
compressive strength. Yu et al. (29) studied the com-
pressive stress-strain behavior of PE fiber reinforced
ultra-high performance SHCC with a compressive
strength of 120 MPa. In their study, the compres-
sive strain corresponding to the peak stress reached
2954 ue. Xu et al. (30) investigated the compressive
properties of PVA fiber reinforced ultra-high tough-
ness cementitious composites experimentally. Their
results showed that the compressive toughness and
ductility were obviously improved. The average
strain at peak stress was 5654 ue. Xu (30) and Zhou
(28) proposed their theoretical compressive models
for PVA-SHCC by using a geometry-based method,
respectively. However, more damage mechanism
should be taken into consideration in their compres-
sive constitutive models.

Yun (31) reported the compressive strength and
compressive stress-strain curves of hybrid PVA and
PE fiber-reinforced SHCC under different water to
binder ratio. The results showed that the compres-
sive strength and the corresponding strain increased
with the increasing of PE fiber content. Pourfalah
(9) investigated the compressive behavior of PVA-
SHCC and hybrid fiber reinforced SHCC. The hy-
brid fibers used in this study are PVA fiber and micro
steel fibers. The addition of hybrid fibers increased
the compressive strength and the compressive strain
at peak stress. It should be noted that the compres-
sive strains at peak stress are about 11000 ug in this
study, which are obviously larger than those in other
literatures. Wang et al. (10) studied the stress-strain
behavior of PVA-steel hybrid fiber reinforced SHCC
in compression. The effect of additional steel fiber
content on the compressive performance was in-
vestigated. The results showed that the stress-strain
behaviors of hybrid PVA-steel fiber SHCC were im-
proved with increasing steel fiber content. A simple
compressive stress-strain model was proposed by
fitting their experimental data, and this model gave
satisfactory predictions of the complete stress-strain

Materiales de Construccion 72 (345), January-March 2022, €272. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2022.06021


https://doi.org/10.3989/mc.2022.06021

Experimental study and theoretical modeling for the compressive stress-strain relationship of multi-scale hybrid fiber-reinforced SHCC « 3

behavior of hybrid fiber SHCC. Al-Gemeel et al.
(11) reported the compressive behavior of steel fiber
hybrid PVA fiber reinforced SHCC containing glass
microspheres. The results showed that the mono-fi-
ber SHCC has a higher compressive strength than
hybrid fiber reinforced SHCC. From the compressive
stress-strain curves, it can be found that the addition
of hybrid fibers not only decreased the compressive
strength of PVA-SHCC, but also decreased the strain
at peak stress, which are obviously contrary to the
results of Wang (10) and Pourfalah’s studies (9).

From the discussions on the previous literatures,
it can be found that the effects of SF-PVA hybrid
fibers and SF-PVA-CW multiscale hybrid fibers on
the compressive behavior of SHCC are not fully
understood, and even sometimes obtained contrary
conclusions in previous literatures. Moreover, the
studies on the theoretical compressive constitutive
models are still very limited. Although some schol-
ars have modified the Lemaitre’s damage model to
describe the compression constitutive relationship
of normal concrete, these existing concrete damage
constitutive models are not applicable to hybrid fi-
ber-reinforced cementitious composite, especially
for hybrid fiber reinforced SHCC and MsHySHCC.
Therefore, a further experimental and theoretical in-
vestigation on the compressive behavior of hybrid
fiber reinforced SHCC is still needed.

In this paper, a kind of MsHySHCC was designed
by adding hooked steel fiber and CaCO, whisker
into conventional PVA-SHCC. Compressive proper-
ties of PVA-SHCC and designed MsHySHCC were
evaluated experimentally. The effect of steel fiber,
PVA fiber and CaCO, whisker on the compressive
stress, compressive strain and compressive tough-
ness was discussed. Based on the experimental re-
sults, a damage constitutive model and a geometri-
cal mathematical model were proposed. Through the

analysis in this paper, an in-depth understanding for
compressive behavior of PVA-SHCC and MsHySH-
CC will be given, which is of great significance for
their large-scale structural engineering applications
in the future.

2. EXPERIMENTAL PROCEDURE

Raw materials for mortar matrix used in this study
were ordinary Portland cement P-O 42.5, Class-I
fly ash, fine quartz sand (particle size 100-210 pm,
mean size 150 um) and water. The ratio of cement,
quartz sand and fly ash was 1:1.8:4, and the water
to binder ratio was 0.34. The amount of superplasti-
cizer (polycarboxylic acid type, water reducing ratio
28.3%) was 0.5 wt.% of binder content. The mul-
tiscale hybrid fiber system was composed of steel
fiber, PVA fiber and CaCO, whisker. Their basic in-
formation was shown in Figure 1. Volume fraction
of different fibers in each designed group was shown
in Table 1.

Before compressive test, the tensile stress-strain
curves were experimentally obtained to verify
whether the designed MsHySHCCs can achieve
strain-hardening behavior. Typical tensile stress-
strain curves are shown in Figure 2. It can be seen
that all the designed mix proportions can present an
obvious tensile strain-hardening performance, espe-
cially for MsHySHCC-1 and MsHySHCC-2.

The mixing, preparation and curing processes of
compression specimens are shown in Figure 3. Af-
ter mixing, the fresh mixture was placed into a steel
mold with size of 70.7 mm X 70.7 mm x 70.7 mm,
which was then vibrated on a vibration machine
for 20 seconds to make the mixture dense. After 24
hours, the mold was demolded, all specimens were
put into a curing box with a temperature of 20+2 °C

Hooked steel fiber

#Zhengiang fiber Co. Ltd., China

PVA fiber

#Kuraray Co. Ltd., Japan

CaCO; whisker

@ Fengzhu whisker Co. Ltd., China

#Length 13 mm

# Diameter 200 pm

# Aspect ratio 65
#Tensile strength 2 GPa

#Length 12 mm
#Diameter 39 pm

# Aspect ratio 308
#Tensile strength 1.6 GPa

@ Length 20-30 pm
#Diameter 0.5-1 pm

@ Aspect ratio 20-60
#Tensile strength 3-6 GPa

FiGure 1. Basic information of fibers used in this study.
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TaBLE 1. Volume fraction of different fibers in each designed groups.

Groups Specification Steel fiber (SF) /% PVA fiber (PVA) /% CaCO, whisker (CW) /%

Control-1 Matrix 0 0 0

Control-2 CW1 0 0 1

Control-3 CwW2 0 0 2

PVA-SHCC PVA2 0 2 0

MsHySHCC-1 SF0.25PVA1.75CW1 0.25 1.75 1

MsHySHCC-2 SF0.5PVA1.5CW1 0.5 1.5 1

MsHySHCC-3 SF0.75PVA1.25CW1 0.75 1.25 1

MsHySHCC-4 SF0.25PVA1.5CW2 0.25 1.5 2

MsHySHCC-5 SF0.5PVA1.25CW2 0.5 1.25 2

MsHySHCC-6 SF0.75PVAICW2 0.75 1 2

10 Uniaxial compression test was carried out using

ol :_'_'_&:ﬁ’yss}:[%%_z T ﬁzgigggg; an electro-hydraulic servo material testing machine.

ol MsHySHCC-4 - MsHySHCC-5 Tl}e loading method was the dlsplaqemqnt control
B === MsHySHCC-6 with a rate of 0.2 mm/min. The loading instrument
< T ' ' for the compression test is shown in F.igure 4. .
PRy In order to evaluate the compressive properties
£ sk (compressive strength, compressive peak strain
E ik and compressive toughness) more accurately, the
£ Weibull distribution method was employed in this
=3 study. The standard Weibull distribution equation

2 can be expressed as Equation [1].

1

0 1 1

1 Il
1.5 2.0 2.5

Tensile strain /%

0.5 1.0

Ficure 2. Typical tensile stress-strain curves of designed MsHy-
SHCCs.

and a humidity of 95%, and were kept there for 28
days. To ensure the accuracy of the experimental re-
sults, for each design mix 6 specimens were casted.

=

J\

Water

Superplasticizer
Cement

Mixing ' 2 min (Step 2)
(Step 1)
Mixing
#—
2 min

CaCO: whlsker

Silica sand

(Step 3) Mixing '5 min

Steel ﬁber PVA fiber

P=1-e [G‘J [1]

where P is the failure probability; o is the vari-
able parameter; o, is the characteristic strength (also
called scale parameter); m is the Weibull modulus
(also called shape parameter). When double loga-
rithm transformation is used, then the Equation [1]
can be further expressed as Equation [2].

Specimen modeling

70.7mmx70.7mm~70.7mm)|

(Step 5)

Mixing /
=

1 min
(Step 4)

Fresh composite

20°C and 95% RH for 28d

Standard curing box

FIGURE 3. Mixing process and specimen preparation.
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Ficure 4. Loading setup for compression test.

| 15[ min(a)-min(a) 2

According to Equation [2], a linear relationship
can be achieved between In(c) and In[In(1/1-P)]. It
should be noted that the data value of In(s) need to
be arranged in ascending order before performing
linear fitting. The slope and intercept of the linear
fitting formula are the Weibull modulus m and the
characteristic strength o, respectively. Taking the
compressive strength of PVA-SHCC group as an
example, its linear fitting curves and probability dis-
tributions are illustrated in Figure 5(a) and 5(b), re-
spectively. It can be seen that the shape parameter m
is 40.68 and the scale parameter o is 37.1. As illus-
trated in Figure 5(b), the strength value (36.8 MPa)
corresponding to P=0.5 is employed as the compres-
sive strength of PVA-SHCC. It is important to note
that the experimental data analysis for compressive
strength, compressive peak strain and compressive
toughness in the following parts of this paper also
used the above Weibull distribution method.

1.5

4 Experimental value
1.0 - Fitted value
[ A
0.5F
= 00f
=05}
= L
= - _
T-10F y =40.68x-147.01
- L R*=0.951
15F
I A
2.0 F
5 I 1 " 1 " 1 L L " 1 L 1 " 1 L
357 358 359 360 361 362 363 3.64
x=Inc
(a)

3. RESULTS AND DISCUSSION

3.1. Compressive failure mode

Figure 6 shows the compressive failure mode of
PVA-SHCC and MsHySHCCs specimens after com-
pression loading. Figure 7 presents the axial defor-
mation D, and lateral deformation D, of specimen
at 0.85 times peak stress. From Figure 6, it can be
observed that all the SHCC specimens display an ex-
tremely ductile performance under compression. The
D, and D, values of all the designed MsHySHCCs in
Figure 7 are lower than those of PVA-SHCC, which
indicate the designed MsHySHCCs keeps a higher
anti-deformability than PVA-SHCC due to the effec-
tive crack stabilization and fiber-bridging effects.

An in-depth analysis of Figure 7 shows that the
hybrid use of hooked steel fiber and CaCO, whisker
has higher cracking control ability than PVA fiber,
and a high content of steel fiber means a better an-
ti-deformability, as have been widely discussed by
previous literatures (1, 9-11). However, compared to
MsHySHCC-1, MsHySHCC-2 and MsHySHCC-3,
further decreasing the content of PVA fiber and in-
creasing the content of CaCO, whisker can’t effec-
tively improve the compressive behavior of SHCC
(see MsHySHCC-4, MsHySHCC-5 and MsHySH-
CC-6). This implies that the macro fibers (e.g. steel
fiber and PVA fiber) have stronger cracking control
ability than that of micro fiber (e.g. CaCO, whisker).

3.2. Compressive stress-strain curves

Typical compressive stress-strain curves of con-
trol groups, PVA-SHCC and MsHySHCCs are
shown in Figure 8. Figure 9 summarizes the average
compressive stress-strain curves of each group. The

1.0

4 Experimental value
Fitted value

0.9 r
0.8
0.7

206+
2osh-
=}

€04
£o.

03

P=0.5 f=36.8 MPa

0.2
0.1

1 1 1 1 1 1
35.5 36.0 36.5 37.0 37.5 38.0
Compressive strength /MPa

(b)

FIGURE 5. Linear fitting curves and probability distributions for the compressive strength of PVA-SHCC.
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(a) PVA-SHCC

(c) MsHySHCC-2

(e) MsHySHCC-4

(b) MsHySHCC-1

~ (d) MsHySHCC-3

(f) MsHySHCC-5

(g) MsHySHCC-6
Ficure 6. Compressive failure mode of PVA-SHCC and MsHySHCCs specimens.

following results and discussions can be addressed:

(1) Compared to mortar matrix without whis-
kers, the introduction of CaCO, whisker improves
the compressive behavior due to the micro reinforc-
ing mechanisms, such as whisker pullout, whisker
bridging and crack deflection, as shown in Figure 10.
Compared to control groups, the addition of macro
fibers decreases the strength, but improves the post-
peak behaviors of compression specimens.

(2) All the pre-peak curves are linear and elastic un-
til about 40-60% of the peak, then the curves deviate
from linear stage and become increasingly nonlinear
up to the peak stress. Compared to PVA-SHCC, the
ascending slop of MsHySHCCs increases slightly due
to the high elastic modulus of steel fiber and CaCO,
whisker. In the descending stage, the MsHySHCCs
has a relative higher residual stress value than that
of PVA-SHCC due to the addition of hooked steel fi-
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Ficure 7. (a) Axial deformation and (b) lateral deformation at 0.85 times peak stress.

bers and CaCO, whiskers, which can provide a better
bridging effect than mono PVA fibers.

(3) Partially substituted PVA fibers by steel fi-
bers and CaCO, whiskers increased the compressive
strength, as can be seen from Figure 8(d) ~ (j) and
Figure 9. Previous studies confirm that the use of mi-
cro steel fiber can enhance the shear capacity during
cracking process, thus can increase the peak crack
bridging stress contributed by steel fiber (1, 9-11).
Meanwhile, the addition of CaCO, whisker can im-
prove the compactness of composite and the micro re-
inforcing mechanisms presented in Figure 10 can also
bring beneficial effect on the compressive strength
(15, 23, 26, 27). Therefore, the compressive strength
of MsHySHCC:s is higher than that of PVA-SHCC.

(4) With the increase of steel fiber and CaCO,
whisker content, the descending stage becomes
plumper, yielding higher residual load bearing ca-
pacity. This is because the steel fiber and CaCO,
whisker used in this study are rigid fiber with very
high elastic modulus and stiffness. They can well
hinder the growth and propagation of cracks, thus
providing a significant improvement effect on re-
sidual load bearing capacity. Inversely, PVA fiber is
a kind of flexible synthetic fiber, and its influence
on the residual load bearing capacity is weaker than
that of steel fiber and CaCO, whisker.

3.3. Compressive parameters

Based on the compressive stress-strain curves in
Figure 8 and Figure 9, compressive strength, compres-
sive peak strain and compressive toughness of test-
ed groups can be determined by Weibull distribution
method mentioned in Section 2. Figure 11 displays
the experimental results of compressive strength and

compressive strain at peak stress. It can be seen that
compared to mortar matrix without whiskers, the ad-
dition of CaCO, whisker increases the compressive
strength and compressive peak strain owing to the mi-
cro-mechanism in Figure 10. However, the introduc-
tion of macro fibers decreases the compressive strength
and increases the compressive peak strain. Compared
to PVA-SHCC, partially substituted PVA fiber by steel
fiber and CaCO, whisker improves the compressive
strength but decreases the compressive peak strain.
Increasing whisker content can further improve the
compressive strength, although the content of PVA fi-
ber is further decreased. The compressive peak strain
of PVA-SHCC and MsHySHCCs ranges from 3200
to 4100 pe. The compressive peak strain of MsHySH-
CCs is smaller than that of PVA-SHCC, which implies
that the MsHySHCCs have a higher elastic modulus,
because the peak stress of MsHySHCCs is larger than
that of PVA-SHCC. Furthermore, it seems that there is
little correlation between the peak strain and the con-
tent of steel fibers or CaCO, whiskers.

Compressive toughness is used to evaluate the
energy absorption capacity of PVA-SHCC and
MsHySHCCs under compression loading, which
is numerically equal to the area enclosed under
the stress-strain curve, also called strain energy, as
given in Table 2. It can be seen that the addition of
multi-scale fibers improves the pre-peak strain en-
ergy, post-peak strain energy and total strain energy
compared to the mono use of PVA fibers. Consistent
with the trend shown in the above compression fail-
ure photos, the higher the content of steel fiber, the
greater the compression toughness value, as shown
in Figure 12(a). But further substituted PVA fibers
by CaCO, whiskers can’t further significantly in-
crease the compressive toughness of MsHySHCCs,
as shown in Figure 12(b).
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Ficure 8. Compressive stress-strain curves of tested specimens.

3.4. Compression constitutive model

3.4.1. Model-1: Damage constitutive model

Based on the strain equivalent principle, previous
literatures state that the compressive damage consti-
tutive model of plain concrete can be expressed as

Equation [3], (32, 33).

Control-3
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Compressive strain /ue

(@)

(3]

Epk

where o is the compressive stress of concrete,

MPa; E is the eclastic modulus of concrete, GPa; &
is the compressive strain of concrete; €, is the peak
compressive strain; m is the shape parameter, which

can be calculated by Equation [4].
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FiGure 9. Summary results of average compressive stress-strain
curves.
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Ficure 11. Experimental results of (a) compressive strength and
(b) compressive peak strain.
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Ficure 10. SEM images showing: (a) whisker pullout; (b) whis-
ker bridging; (c) crack deflection.

me——l— [4]

1 (Egpk)
n
fpk

where f,, is the compressive strength (peak com-
pressive stress), MPa.

However, to fiber-reinforced cementitious com-
posite, the addition of fibers improves the compres-
sive toughness of cementitious composite, thus mak-
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TaBLE 2. Compressive toughness for PVA-SHCC and MsHy-
SHCCs.

Pre-peak  Post-peak Total

strain strain strain Relative
Groups energy energy energy toughness
/(N'mm/ /(N'mm/ /(N -mm/ index
mm?) mm?) mm?)
PVA- 1.00
SHCC 6.92 24.38 33.61
MsHy- 1.16
SHCC-1 7.64 31.80 38.98
MsHy- 1.26
.94 4. 42.2
SHCC-2 7.9 34.06 0
MsHy- 1.35
SHCC-3 7.73 34.58 45.47
MsHy- 1.37
31 25. 45.
SHCC-4 7.3 5.66 5.99
MsHy- 1.34
SHCC-5 6.83 28.40 44.90
MsHy- 1.23
SHCC-6 7.41 31.74 41.29

ing the compressive stress-strain curves plumper.
Therefore, a fiber reinforcing factor R/ is employed
in the above model to consider the effect of volume
and geometrical characteristic of fibers (34). And R/,
can be expressed as Equation [5].

o 1(EY
RE, =27, Z[?] (5]

s

where n =2 (two types of macro fibers, i.e. steel fi-
ber and PVA fiber); g is the fiber bonding coefficient
(35), taken as 1 and 1.2 for PVA fiber and hooked
steel fiber, respectively; p is a dimensionless param-
eter, taken as 1.3 and 1 for PVA fiber and hooked
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e
030 | «
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/e
Lo
000 [ ] 1 1 1
0.000 0.005 0.010 0.015 0.020
&
(b)

FIGURE 13. (a) Average post-peak curve for control groups; (b) relationship of ED_and &.
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FIGURE 14. Relationship of (a) £ and R]v; (b) TT and R]v.

steel fiber, respectively; V. is the volume content of
fiber i, %; [, is the length of fiber i, mm; d, is the di-
ameter of fiber i, mm; E, is elastic modulus of fiber i,
GPa; E,; is the elastic modulus of steel fiber, GPa, as
shown in Figure 1.

To PVA-SHCC and MsHySHCCs, the post-peak
load decreases more slowly and the energy absorp-
tion capacity is higher. In order to describe the post-
peak stress-strain relationship more accurately, an
energy method was employed in this paper to de-
scribe the post-peak strain behavior. According to
Ou and Tsai’s study (34), the toughness index 77 was
used to consider the effect of fibers on the compres-
sive toughness of cementitious composite. And 77
can be calculated by Equation [6].

_ED

TI =
ED,

[6]

where ED is the energy absorption capacity of
PVA-SHCC and MsHySHCCs, which is numerical-
ly equal to the area enclosed under the stress-strain
curve; ED . is the energy absorption capacity of con-
trol mortar, which can be integrated through the
stress-strain curves in Figure 13. Moreover, accord-
ing to Ezeldin’s suggestion (33), ED and ED, can be
defined as the area enclosed under the compressive
stress-strain curve when the compressive strain is
0.015.

In this paper, the relationship between elastic
modulus £ and fiber reinforcing index R/ is shown
in Figure 14(a). The relationship between toughness
index 77 and fiber reinforcing index R/ is shown in
Figure 14(b).

The post-peak compressive stress-strain relation-
ship of PVA-SHCC and MsHySHCCs can be ex-
pressed as Equation [7].

22
2.0 *
1.8
1.6 - .
= L
1.4 -
L TI=098RI,+1 R*=0.947
1.2
1.0 e
0.8 S S . E—
0.0 0.2 0.4 0.6 0.8 1.0 1.2
RI,
(b)
1 TI-1)ED
o=E¢ exp[——(i)m]+k¥ [7]
m &

pk

Where k is an enhancement coefficient, which is
employed to represent the enhancement effect of fi-
bers on the post-peak residual stress. And £ can be
expressed as Equation [8].

k=1-E¢ exp[—i(i)m] /apk [8]

pk

Therefore, the compressive stress-strain relation-
ship of PVA-SHCC and MsHySHCCs can be ex-
pressed as Equation [9].

Egexp —l(ij 0<e<eg,
m\ &,
o= - [9]
1 TI -1)ED,
Egexp ——(ij +k(—)" £>&,
m{ &, g

Figure 15 shows the comparison between exper-

imental result and theoretical result calculated by
model-1. It can be observed that the proposed mod-
el-1 can well calculate and predict the compressive
constitutive relationships of PVA-SHCC and MsHy-
SHCCs.

3.4.2. Model-2: Geometrical constitutive model
Many current specifications have given the geo-

metrical mathematical equations to describe the
ascending and descending curves of compressive
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F1GuRE 15. Comparison between experimental result and theoretical result calculated by model-1.

constitutive relationship of normal concrete, as pre-
sented in Equation [10], Equation [11] and Equation

[12].
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n—1+x" "
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Ee¢ Pe E>&,
a, (x-1) +x
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FIGURE 16. Relationship between ¢z and RI f, .
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where E is the elastic modulus of designed com-
posite and £ =-10.3RI >+ 27.8R[ + 1.8, as shown in
Figure 14(a); , is the dimensionless parameter to
describe the descending characteristics of compres-
sive stress-strain curves.

Compared to normal concrete, PVA-SHCC and
MsHySHCC will obtain a higher post-peak residual
bearing capacity due to the addition of fibers. There-
fore, the descending parameter ¢, of PVA-SHCC
and MsHySHCC will be different from that of nor-
mal concrete. And obviously, «, is directly related
to the fiber reinforcing index R/ . Based on the ex-
perimental results and regression analysis, the rela-
tionship between ¢, and RI, f,, can be illustrated in
Figure 16.

Figure 17 presents the comparison between ex-
perimental result and theoretical result calculated by
model-2. It can be seen that the proposed model-2

can also well calculate and predict the compressive
constitutive relationships of PVA-SHCC and MsHy-
SHCCs. Compared to damage constitutive mod-
el (model-1), this geometrical constitutive model
(model-2) is more concise, but it lacks the mecha-
nism description to some extent. Nevertheless, both
of the proposed models can be applied to predict the
uniaxial compressive stress-strain relationships of
PVA-SHCC and MsHySHCC:s.

4. CONCLUSIONS

Compressive behaviors of multi-scale fiber re-
inforced strain hardening cementitious composite
(MsHySHCC) were investigated experimentally in
this paper. From this study, the following conclu-
sions can be addressed.
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The addition of CaCO, whisker increased the com-
pressive strength and toughness of mortar matrix by
the micro-mechanism of whisker pull-out, whisker
bridging and crack deflection, thus improved the
compressive performance of MsHySHCC.

(2) The hybrid use of hooked steel fiber and CaCO,
whisker had higher cracking control ability than PVA
fiber, and a high content of steel fiber means a better
anti-deformability. Moderately partially substituted
PVA fibers by steel fiber and CaCO, whisker can en-
hance the compressive behaviors of PVA-SHCC. But
excessive reduction of PVA fiber content will degrade
the compressive performance of MsHySHCC.

(3) Based on the experimental data, a damage
constitutive model and a geometrical mathematical
model were proposed semi-theoretically. Through
the comparison between experimental results and
theoretical results calculated by these two models,
it can be found that both of the models can well cal-
culate and predict the compressive constitutive rela-
tionships of PVA-SHCC and MsHySHCC. The geo-
metrical constitutive model is more concise, but the
damage constitutive model can describe the damage
and reinforcing mechanism to some extent.
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