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ABSTRACT

This study investigates the tensile performance a one-part strain hardening geopolymer
composite (SHGC) reinforced by ultra-high-molecular-weight polyethylene (PE) fibers. The
developed composite as a “dry mix” uses a small amount of solid activator rather than large
quantities of commonly used alkaline solutions and eliminates the necessity for heat curing.
The quantitative influences of curing condition (heat and ambient temperature curing) and
type of fiber (poly vinyl alcohol (PVA) and PE fibers) on the macroscale properties of the
matrix and composite including workability, density, compressive strength, and uniaxial
tensile performance were evaluated. A micromechanics-based investigation was performed
to explain the experimentally observed macroscopic high tensile ductility of the developed
one-part PE-SHGCs. The investigation involved determination of the matrix fracture prop-
erties and the fiber-matrix interface properties using fracture toughness tests and single-
fiber pullout tests, respectively. The fiber-bridging constitutive law of the composites was
computed via a micromechanics-based model to link the material microstructures to
macroscopic composite tensile performance. The results indicated that the ambient tem-
perature curing increased the compressive and tensile strengths, but reduced the tensile
ductility of the one-part PE-SHGCs. The one-part PE-SHGCs exhibited lower compressive and
tensile strengths, but higher tensile ductility compared to the one-part PVA-SHGC.

© 2016 Politechnika Wroctawska. Published by Elsevier Sp. z o.0. All rights reserved.

1. Introduction

on high-performance and/or environmentally sustainable
alternatives to ordinary Portland cement (OPC) is a rapidly
advancing field of research area. Geopolymer is a cement-less

Nowadays, sustainability and concern for environmental
impacts are becoming major considerations in construction
industry, in particular the CO, emissions and embodied
energy of cement and concrete. Therefore, the investigation

and sustainable alternative binder to OPC, which has been
increasingly studied over the past decades. It can be
manufactured at ambient or elevated temperature by alkali
activation of industrial by-products such as fly ash and slag. It
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hasbeen reported that production of fly ash-based geopolymer
requires 60% less energy and emits 80% less CO, as compared
to the manufacture of OPC [1,2].

Previous studies revealed that fly ash-based geopolymer
has good resistance to acid, sulfate and fire, negligible drying
shrinkage, high compressive strength, good bond with steel
bars and low creep [3-5]. It has also been demonstrated that
the performance of structural members (e.g. beams and
columns) made of geopolymer was comparable to that of
conventional OPC-concrete members [6]. Although some
studies have been conducted on fiber-reinforced geopolymer
composites [7-10], these studies are yet far limited as
compared to conventional fiber-reinforced cementitious com-
posites.

The feasibility of developing ductile fiber-reinforced geo-
polymer composite (DFRGC) and fiber-reinforced strain-
hardening geopolymer composite (SHGC) have been recently
demonstrated by complete replacement of the OPC binder
with fly ash-based geopolymer [11,12]. The developed DFRGC
exhibited strong deflection-hardening behavior with high
modulus of rupture of up to 11.5 MPa and very high deflection
capacity of up to 40 mm [11]. The developed SHGC demon-
strated high tensile strain capacity of up to 4.3% with low to
moderate compressive and tensile strengths of up to 27.6 MPa
and 3.4 MPa, respectively [12]. The authors of this paper
conducted a series of studies to systematically improve the
mechanical properties (in particular compressive and tensile
strengths) of the developed SHGC by optimizing the curing
condition, type of activator and mix proportion [13-16]. The
resulting fly ash-based SHGC developed by the authors
demonstrated significantly improved compressive and tensile
strengths of up to 63.7 MPa and 5.0 MPa, respectively, while
maintaining a high tensile strain capacity of up to 4.3% [14,15].
At the same time, the material sustainability assessment
results indicated that the resulting fly ash-based SHGC has
significantly lower environmental footprints (52% less carbon
emissions and 17% less energy consumption) as compared to
typical strain hardening cementitious composite (SHCC) [16].

However, the use of user-hostile alkaline solutions to
manufacture the fly ash-based SHGC matrix and the
necessity for heat curing are apparently the main two
obstacles, which hinder the widespread application of the
developed fly ash-based SHGC as a sustainable alternative to
typical SHCC. In commercial and mass production of the
SHGCs, handling large quantities of corrosive alkaline
solutions might be challenging. In addition, the necessity
for the heat curing could also limit the in situ application of
the developed SHGC. Recently, the authors of this paper
succeeded to overcome the aforementioned two main
obstacles by developing an ambient temperature cured
one-part SHGC [17]. The developed geopolymer composite
as a “dry-mix” uses a small amount of solid activators rather
than large quantities of corrosive alkaline solution and
eliminates the necessity for the heat curing, which in turn
considerably enhances the commercial feasibility and
widespread application of the SHGCs [17].

The aforementioned studies [13-17] clearly demonstrated
that SHGCs reinforced by poly vinyl alcohol (PVA) fibers (PVA-
SHGCs) can be successfully manufactured with comparable or
superior properties to PVA-SHCCs. However, the behavior of

the SHGCs reinforced by other types of fibers (e.g. polypropyl-
ene and polyethylene fibers) has received less attention.
Therefore, in this study a detailed micromechanics-based
investigation is performed to gain an in-depth understanding
of the tensile performance of the one-part SHGC reinforced by
ultra-high-molecular-weight polyethylene (UHMWPE, hence-
forth referred to as PE) fibers. In this regard, three mixtures
with two curing conditions, namely heat and ambient
temperature curing, and two types of fiber, viz. hydrophilic
PVA fiber and hydrophobic PE fiber, were prepared. A series of
experiments including matrix workability, density, compres-
sion, and uniaxial tension tests were conducted to determine
the quantitative influences of curing condition and type of
fiber on the macroscale properties of the matrix and compos-
ite. Matrix fracture toughness tests and single-fiber pullout
tests were also performed to determine the matrix fracture
properties and the microscale fiber-matrix interface proper-
ties, respectively. The fiber-bridging constitutive law o(3) of the
developed one-part SHGCs was computed using a microme-
chanics-based model to elucidate the experimentally observed
macroscopic tensile performance of the composites.

2. Experimental procedures
2.1.  Materials and mix proportion

In a previous study conducted by the authors, a suitable
ambient temperature cured one-part geopolymer matrix was
developed to be used for the manufacture of the one-part
SHGCs [18]. The results indicated that the ambient tempera-
ture cured one-part geopolymer matrix composed of fly
ash (50% w/w), slag (50% w/w), anhydrous sodium metasili-
cate powder (0.08% w/w) and water (0.35 w/w) exhibited
desirable mechanical properties, moderate setting time and
adequate rheology for uniform fiber dispersion [18]. Table 1
presents the one-part SHGC mix proportions investigated in
this study. As can be seen, three appropriate mix proportions
were designed to evaluate the influence of curing condition
and type of fiber on the matrix, fiber-matrix interface and
composite properties of the one-part SHGCs.

The low calcium (Class F) fly ash and slag used in this study
were supplied from Gladstone power station in Queensland,
Australia and Independent Cement and Lime Pty Ltd,
Australia, respectively. The chemical composition and loss
on ignition (LOI) of the fly ash and slag determined by X-ray
Fluorescence (XRF) are presented in Table 2. The total
percentages do not sum up to 100% because of rounding
errors. The X-ray diffraction (XRD) patterns of the fly ash and
slag are presented in Fig. 1. It should be noted that the
amorphous contents of fly ash and slag are considered as
reactive components, while the crystalline contents are
considered as unreacted components, which act as filler in
the one-part geopolymer matrix [17]. Therefore, unlike typical
SHCC mix 45 (M45) mixture [19], micro-silica sand was not
used in the one-part SHGC mixtures investigated in this study.
The anhydrous sodium metasilicate powder used in this study
has a chemical composition of 51 wt.% Na,O and 46 wt.% SiO,
(balance H,0). It was supplied by Redox, Australia. Properties
of the PVA and PE fibers used in this study are presented in
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Table 1 - Mix proportion of one-part ‘“dry mix” SHGCs.

Mix ID One-part “dry mix” Water® PVA fiber  PE fiber Curing condition
geopolymer binder
Fly ash Slag  Solid activator®
One-part PE-SHGC-H 0.50 0.50 0.08 0.35 - 0.02 Heat curing
One-part PE-SHGC-A 0.50 0.50 0.08 0.35 - 0.02 Ambient temperature curing
One-part PVA-SHGC-A 0.50 0.50 0.08 0.35 0.02 - Ambient temperature curing

Note: All numbers are mass ratios of the precursor weight (fly ash + slag) except fiber content (volume fraction).

& Composed of anhydrous sodium metasilicate powder.
> Added to the one-part “dry mix” geopolymer binder.

Table 3. The PVA and PE fibers were supplied by Kuraray Co.
Ltd., Japan and Toyobo Co. Ltd., Japan, respectively.

2.2. Mixing, curing and testing of specimens

To make the one-part geopolymer matrix, fly ash, slag and
solid activator were added to a Hobart mixer and dry mixed for
about 3 min. Tap water was then gradually added to the mix
and the mixing was continued for another 8 min. After the
matrix ingredients were thoroughly mixed to achieve a
consistent fresh flowable state, the flowability of the geopo-
lymer matrix (before addition of the fibers) was measured to
ensure that the flowability was within the desired range for
achieving good fiber dispersion. Finally, the fibers (2% v/v) were
gradually added to ensure uniform fiber dispersion. The total
mixing time for each mix was about 20 min. The fresh
geopolymer matrix and composite were cast into different
molds and compacted via a vibrating table.

For the ambient temperature curing, the specimens were
cured in air at ambient temperature (23 + 3 °C) for 24 h. The
hardened specimens were then demolded and cured in a water
tank at a temperature of 23 + 3 °C for 27 days after de-molding.
For the heat curing, the molds were sealed to avoid excessive
loss of moisture and kept in an oven at a temperature of 60 °C
for 24 h. Subsequently, the molds were taken out from the
oven and left undisturbed to cool down. The specimens were
then demolded and kept in the laboratory at ambient
temperature (23 +3°C) until the testing day. The ambient

Table 2 - Chemical composition of the fly ash and slag.

Chemical Component (wt.%)

Fly ash Slag
Al,05 25.56 12.37
Sio, 51.11 32.76
Ca0 4.3 44.64
Fe,0; 12.48 0.54
K,O 0.7 0.33
MgO 1.45 5.15
Na,0 0.77 0.22
P,05 0.885 0.014
TiO, 1.32 0.51
MnO 0.15 0.37
SO3 0.24 4.26
LOI* 0.57 0.09

@ Loss on ignition.

temperature cured specimens were tested 28 days after
casting, while the heat cured specimens were tested 3 days
after casting. It was reported that age does not have significant
influence on strength of geopolymers when the heat curing
period is ended [5,20].

Mini slump test was performed to measure the workability
of the one-part geopolymer matrix. Details of the mini-slump
test is given in Nematollahi and Sanjayan [21]. The compres-
sive strength of each mix was measured in accordance with
ASTM C109 [22]. In this regard, for each mix a minimum of six
50 mm cube specimens (three matrix specimens and three
composite specimens) were prepared. The density of each mix
was calculated by weighing the cube specimens at the testing
day. Uniaxial tension tests were performed to characterize the
tensile performance of the developed one-part SHGCs. For
each mix, a minimum of three rectangular coupon specimens
measuring 400 mm x 75mm x 10 mm were prepared. All
coupon specimens were tested in uniaxial tension under
displacement control at the rate of 0.25 mm/min over a gauge
length of about 80 mm. Further details of the uniaxial tension
test is given in Nematollahi et al. [14].

Three-point bending tests on single edge notched beam
specimens were conducted to determine the matrix fracture
properties of the one-part geopolymer matrix comprising
elastic modulus (E,,), fracture toughness (K,) and crack tip
toughness (Ji,). For each mix, a minimum of four matrix
prisms (without addition of the fibers) measuring of
60 mm x 60 mm x 280 mm were prepared. The E,, and K,, of
each mix were computed using effective crack model (ECM)
developed by Karihaloo and Nallathambi [23]. Details of the
three-point bending test and the formulas for calculating
the E,, and K,, are given in Nematollahi et al. [14]. Single-fiber
pullout tests were also performed to determine the fiber-
matrix interface properties of each mix comprising chemical
bond strength (Gg), frictional bond strength (zo), and slip-
hardening coefficient (8). Details of the single-fiber pullout test
and the procedure for calculation of interface parameters can
be found in Redon et al. [24] and Nematollahi et al. [17].

3. Results and discussions
3.1.  Workability, density and compressive strength
The workability of the fresh one-part SHGC matrix is given in

Table 4. It should be pointed out that the relative slump value
reported in Table 4 is based on the mini-slump test without the
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Fig. 1 — XRD patterns of the fly ash and slag.
Table 3 - Properties of the PVA and PE fibers.
Fiber type Diameter Length Young's Elongation Density Nominal
(nm) (mm) modulus (GPa) (%) (g/cm®) strength (MPa)

PVA-RECS 15 40 8 41 6 1.3 1600
PE-SK71 12 12 123 3-5 0.97 3500

Table 4 - Workability, density and compressive strength results.

Mix ID Matrix workability® Density (kg/m?) Compressive strength
(MPa)®
Matrix Composite Matrix Composite
One-part PE-SHGC-H 3.52 1880 1837 447 +4.1 339437
One-part PE-SHGC-A 1895 1844 48.6+4.1 443+22
One-part PVA-SHGC-A 1895 1849 48.6 +4.1 48.7 +4.1

# In terms of relative slump value of the fresh matrix.
® The numbers indicate Average + Standard Deviation.

25 times tamping of the flow table. Visual observations
revealed that the one-part SHGC matrix exhibited thixotropic
properties. In other words, the fresh one-part SHGC matrix
exhibited adequate workability to guarantee uniform fiber
dispersion as being mixed and vibrated, thanks to its
thixotropic properties.

The average density of each mix is also given in Table 4. As
can be seen, the curing condition and type of fiber did not have
any significant effect on the density of the developed one-part
SHGCs and their corresponding one-part SHGC matrices. The

density of the developed one-part SHGCs, regardless of the
curing condition and type of fiber, was relatively lower than
that of the corresponding one-part SHGC matrices. This could
be due to a fiber-induced air entrapping effect, leading to a
composite with higher porosity than the matrix material alone
[25]. The density of the developed one-part SHGCs was in the
range of 1837-1849 kg/m?, which is 23% less than that of a
normal weight concrete with a density of 2400 kg/m® and meet
the density requirement for lightweight concrete (below
1850 kg/m?) [26]. It should be pointed out that the density of
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the developed one-part SHGCs is 11-12% less than that of
typical SHCC M45 (2077 kg/m?) [19]. This may be attributed to
the lower specific density of fly ash (2.45 g/cm®) and slag
(2.85 g/cm®) than that of cement (3.15 g/cm?) and exclusion of
micro-silica sand from the one-part SHGC mixtures.

The average compressive strength of each mix is also given
in Table 4. As can be seen, the compressive strength of the
ambient temperature cured one-part PE-SHGC-A and its
corresponding matrix was higher than that of the counterpart
heat cured matrix and composite. With regards to the type of
fiber, the compressive strengths of the one-part PE-SHGCs,
regardless of the curing condition, were 9-24% lower than that
of the corresponding one-part SHGC matrices. As mentioned
earlier, this could be attributed to the higher porosity of the
composite specimens than that of the matrix specimens,
due to the fiber induced damage effect [25]. Nevertheless, the
compressive strength of the ambient temperature cured one-
part PVA-SHGC-A was comparable to that of the ambient
temperature cured one-part SHGC matrix. In addition, the
compressive strength of the ambient temperature cured one-
part PVA-SHGC-A was slightly higher than that of the ambient
temperature cured one-part PE-SHGC-A. This could be due to
the lower aspect ratio of the PVA fibers than that of the PE
fibers, which suggests that the PVA fibers may induce less fiber
damage effect (air entrapping effect) in the composite
compared to the PE fibers.

The compressive strength of the developed one-part SHGCs
ranged from 33.9 MPa to 48.7 MPa, which is well above the
compressive strength requirement of 17 MPa for structural
lightweight concrete [26]. Among all one-part SHGCs, the
ambient temperature cured one-part PVA-SHGC-A exhibited
the highest compressive strength, comparable to SHCC M45
(52.6 MPa) [19]. However, unlike SHCC M45, the ambient
temperature cured one-part PVA-SHGC-A contains no cement,
and therefore it has significantly lower environmental
footprints compared to the SHCC M45, in which its cement
content is still 1.5 times that of normal concrete [19].

3.2 Matrix fracture properties

Fracture properties of the developed one-part SHGC matrices
(without addition of the fibers) are summarized in Table 5. It
should be noted that the E,, values reported in Table 5 were not
experimentally measured using cylindrical specimens in
compression, instead they were derived based on ECM [23]
from the linear part of the load-deflection curve of the notched
beam specimen in three-point bending tests. Therefore, they

should only be considered as relative values enabling us to
compare the elastic modulus of the one-part SHGC matrices.
As can be seen, the elastic modulus of the ambient tempera-
ture cured one-part SHGC matrix was slightly higher than that
of the heat cured matrix. This is consistent with the results
presented in Table 4, where the compressive strength of the
ambient temperature cured one-part SHGC matrix was
marginally higher than that of the heat cured matrix.

As can be seen in Table 5, the fracture toughness of the
ambient temperature cured one-part SHGC matrix was also
higher than that of the heat cured matrix. This indicates that
crack propagation in the ambient temperature cured one-part
SHGC matrix is likely to be more tortuous; thereby, consumes
more energy than that of the heat cured matrix. This trend is
confirmed by visual observations of the fracture surface of the
specimens. Fracture toughness is a measure of stress
concentration in front of the crack tip when the crack starts
to propagate [27]. There are several studies on fracture
properties of conventional OPC concrete. For instance,
Golewski and Sadowski [28] studied the effect of addition of
fly ash on mode II fracture toughness and internal micro-
structure of OPC concrete. In contrast, studies on fracture
properties of geopolymer materials are still far limited [29].
The fracture toughness of concrete is mainly affected by
the size, texture and angularity of the coarse aggregates, as
well as the microstructure of the paste [29]. Thereby, it can
be inferred that the main reason for the difference in the
fracture toughness of the one-part SHGC matrices lies in
their different geopolymer microstructures originated from
their different curing conditions, because all other parameters,
except the curing condition, were kept constant for both
matrices. According to Li et al. [30], the Ji;, can be calculated
from the following equation:

2
Jip = 22 (1

As can be seen in Table 5, the Jy of the ambient
temperature cured one-part SHGC matrix was higher than
that of the heat cured matrix, which corresponds to its higher
K. It is thereby concluded that the ambient temperature
curing reduces the brittleness of the one-part SHGC matrix.

3.3. Fiber—-matrix interface properties
The fiber-matrix interface properties of each mix are summa-

rized in Table 6. With regards to effect of the curing condition
on the interface properties, both 7o and B of the ambient

Table 5 — Matrix fracture test results.

Matrix fracture
toughness?, K,,, (MPa m*?)

Crack tip
toughness®, Jy;, (//m?)

Mix ID Matrix elastic
modulus?, E,, (GPa)
Heat cured one-part 4.8 £+ 0.25°
SHGC matrix
Ambient temperature cured one-part 5.3 +£0.29°
SHGC matrix

0.287 +0.0127¢ 17.2

0.316 + 0.0136 © 18.8

2 Following ECM [23].
b Following Eq. (1) [30].
¢ The numbers indicate Average + Standard Deviation.
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Table 6 - Fiber-matrix interface properties.

Mix ID Chemical bond strength,

Frictional bond strength,

Slip hardening coefficient,

Gy (J/m?) 7o (MPa) B
One-part PE-SHGC-H - 1.32 £0.49 0.014 +£0.0013
One-part PE-SHGC-A - 1.36 £ 0.40 0.019 + 0.0015
One-part PVA-SHGC-A 1.03 £0.34 2.14 + 0.62 0.041 + 0.0070

Note: The numbers indicate Average + Standard Deviation.

temperature cured one-part PE-SHGC-A were higher than
those of the counterpart heat cured composite. This could be
due to the higher matrix fracture toughness of the ambient
temperature cured one-part SHGC matrix. Lang et al. [31]
reported that there is a positive correlation between fracture
surface roughness and fracture toughness. As fracture
toughness increases, fracture surface roughness increases.
Therefore, it can be inferred that in the ambient temperature
cured one-part PE-SHGC-A the fracture surface roughness in
the fiber-matrix interfacial zone is higher, due to its higher
matrix toughness, as shown in Table 5. This increases
the contact surface between the fiber and the matrix in the
interfacial zone during the fiber slippage, and thereby leading to
the higher frictional bond strength in the ambient temperature
cured one-part PE-SHGC-A. Similarly, due to the higher matrix
fracture toughness, and thereby rougher fracture surface in the
fiber-matrix interfacial zone in the ambient temperature cured
one-part PE-SHGC-A, the fiber is more likely to be abraded
during fiber slippage and a jamming effect is more likely to
occur, leading to the relatively higher g value of the ambient
temperature cured one-part PE-SHGC-A.

With regards to effect of the type of fiber on the interface
properties, unlike PE fiber, as expected the PVA fiber due to its
hydrophilic nature exhibited a chemical bond with the
ambient temperature cured one-part SHGC matrix [32]. In
addition, the t; and B of the ambient temperature cured one-
part PVA-SHGC-A were considerably higher than those of the
counterpart composite reinforced by the PE fibers. The higher
frictional bond strength of the PVA fibers with the surrounding
one-part SHGC matrix is also attributed to its hydrophilic
characteristics [32]. The significantly higher g of the PVA fibers
is due toits lower elastic modulus [24]. As shown in Table 3, the
elastic modulus of the PVA fibers is 3 times less than that of
the PE fibers. According to Redon et al. [24], the lower the fiber
hardness than that of the surrounding matrix, the higher the
possibility of fiber damage and jamming effect in the slippage
regime, resulting in higher g value.

3.4. Uniaxial tensile performance

Tensile stress-strain responses of the developed one-part
SHGCs are presented in Figs. 2-4. As can be seen, all one-part
SHGCs, regardless of the curing condition and type of fiber,
exhibited strong strain hardening behavior. The uniaxial
tension test results including the average measured ultimate
tensile strength (o.,) and tensile strain capacity (e,) and the
estimated first-crack strength (oy) are summarized in Table 7.
As can be seen, the developed one-part PE-SHGCs exhibited
moderate to high ultimate tensile strength in the range of
3.3-4.2MPa and very high tensile ductility in the range of
4.9-5.5%, whereas the ambient temperature cured one-part
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Fig. 2 - Tensile stress-strain responses of heat cured one-
part PE-SHGC-H.
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Fig. 3 - Tensile stress-strain responses of ambient
temperature cured one-part PE-SHGC-A.
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Fig. 4 - Tensile stress-strain responses of ambient
temperature cured one-part PVA-SHGC-A.

PVA-SHGC-A exhibited high ultimate tensile strength and very
high tensile ductility of up to 4.6 MPa and 4.2%, respectively.
In terms of the effect of the curing condition on the tensile
performance of the one-part PE-SHGCs, as can be seenin Table 7,
the first-crack strength and the ultimate tensile strength of the
ambient temperature cured one-part PE-SHGC-A were 33% and
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Table 7 - Uniaxial tension test results.

Ultimate tensile strength, o, (MPa)

Tensile strain capacity, e, (%)

Mix ID First-crack strength, or. (MPa)
One-part PE-SHGC-H 21+024

One-part PE-SHGC-A 2.8 £0.66

One-part PVA-SHGC-A 4.1+ 0.095

3.34+0.50 5.5+ 0.52
4.2 4+ 0.66 494 0.68
4.6 £0.26 42+0.71

Note: The numbers indicate Average + Standard Deviation.

27% higher, respectively than those of the counterpart heat
cured composite. The higher first-crack strength of the ambient
temperature cured one-part PE-SHGC-A corresponds to its
higher matrix fracture toughness, as shown in Table 5 [33].
The higher ultimate tensile strength of the ambient temperature
cured one-part PE-SHGC-A is attributed to the fiber-matrix
interface properties. In other words as shown in Table 6, the 7,
and B of the ambient temperature cured one-part PE-SHGC-A
were higher than those of the counterpart heat cured composite,
resulting in its higher fiber bridging strength [14,15].

In contrast, the tensile strain capacity of the ambient
temperature cured one-part PE-SHGC-A was 11% lower than
that of the counterpart heat cured composite. The reasons for
different tensile ductility of the heat cured and ambient
temperature cured one-part PE-SHGCs can be described in
terms of the two pseudo strain hardening (PSH) performance
indices recommended by Kanda and Li [34], which could be
calculated based on the micromechanics modeling of fiber-
bridging behavior. Adequate margins between maximum fiber
bridging stress (oo) and tensile first cracking strength (o), as
well as complementary energy (;,) and J;, are desirable to have
robust PSH behavior in short fiber reinforced brittle matrix
composites. This is because of random distribution of fibers
and pre-existing flaw size in the composite [35]. Two PSH
performance indices, namely PSH strength index (oo/o5) and
PSH energy index (;, /J;;) were proposed by Kanda and Li [34] to
be able to assess these margins quantitatively. Theoretically,
both PSH performance indices must be greater than unity to
achieve the PSH behavior in the composite. The higher the PSH
performance indices, the greater the possibility of saturated
multiple cracking and PSH behavior, which in turn results in
higher tensile strain capacity of the composite.

In this study, the micromechanical model developed by
Yang et al. [36] was used to compute the fiber-bridging
constitutive law o(5) of the developed one-part SHGCs. The
resulting PSH performance indices are presented in Fig. 5. As

M PSH Strength  ® PSH Energy

PSH index

One-part PE-SHGC-H
(Heat cured)

One-part PE-SHGC-A  One-part PVA-SHGC-A
(Ambient cured) (Ambient cured)

Fig. 5 - PSH indices of the developed one-part SHGCs.

can be seen, in all composites both PSH performance indices
exceed unity, and hence it can be concluded that the necessary
strength and energy-based conditions for the PSH behavior are
satisfied. Therefore, all one-part SHGCs developed in this
study exhibited strain hardening behavior. In addition, the
PSH strength and energy indices of the heat cured one-part PE-
SHGC-H were 5% and 21%, respectively higher than those of
the counterpart ambient temperature cured composite. As a
result, it is not surprising that the heat cured one-part PE-
SHGC-H with higher PSH performance indices exhibited higher
tensile strain capacity than that of the counterpart ambient
temperature cured composite.

With regards to the effect of the type of fiber on the tensile
performance of the one-part SHGCs, as shown in Table 7,
the first-crack strength and the ultimate tensile strength of the
ambient temperature cured one-part PVA-SHGC-A were 46%
and 10% higher, respectively than those of the ambient
temperature cured one-part PE-SHGC-A. The higher first-crack
strength of the ambient temperature cured one-part PVA-
SHGC-A is attributed to its higher fiber-matrix interface
properties, especially the strong chemical bond of the PVA
fibers with the one-part SHGC matrix, as shown in Table 6. In
general, the first-crack strength of the composite is governed
by the matrix properties, as well as fiber bridging properties,
especially the chemical bond strength [37]. The higher
ultimate tensile strength of the ambient temperature cured
one-part PVA-SHGC-A is attributed to the significantly higher
70 and B of the PVA fibers as shown in Table 6, resulting in its
higher fiber bridging strength [14,15].

In contrast, the tensile strain capacity of the ambient
temperature cured one-part PVA-SHGC-A was 14% lower than
that of the ambient temperature cured one-part PE-SHGC-A.
Similar to the above discussion, the reasons for the lower
tensile ductility of the ambient temperature cured one-part
PVA-SHGC-A could also be described based on the two PSH
performance indices. As can be seen in Fig. 5, the PSH strength
and energy indices of the ambient temperature cured one-part
PVA-SHGC-A were 25% and 6%, respectively lower than those
of the ambient temperature cured one-part PE-SHGC-A. This
can be attributed to the strong chemical bond and higher
frictional bond and slip hardening coefficient of the PVA fiber
with the ambient temperature cured SHGC matrix, as well as
the lower strength of the PVA fiber, which result in lower
complimentary energy of the composite. Therefore, the tensile
strain capacity of the ambient temperature cured one-part
PVA-SHGC-A was lower than that of the ambient temperature
cured one-part PE-SHGC-A.

The crack pattern of each composite is presented in Fig. 6.
As can be seen, uniform crack distribution with similar spacing
was observed in all developed one-part SHGCs, regardless of
the curing condition and type of fiber. Saturated multiple
cracking behavior (i.e. numerous micro cracks with very tight
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Fig. 6 - Typical multiple cracking pattern of (a) ambient
temperature cured one-part PE-SHGC-A, (b) heat cured one-
part PE-SHGC-H, and (c) ambient temperature cured one-
part PVA-SHGC-A.

width) was observed on the surface of the coupon specimens,
corresponding to the very high tensile strain capacity of the
developed composites. It should be pointed out that the
number of cracks formed during testing of the specimens was
more than the number of visible cracks on the surface of the
specimens after unloading, which illustrated in Fig. 6. This is
because many of the micro cracks formed during testing,
completely closed when unloaded the specimens, which
thereby made them hard to be detected on the specimen's
surface after the test [14,33].

4, Conclusions

A detailed micromechanics-based investigation was conducted
in this study to fully explain the experimentally observed high
ductile behavior of a one-part SHGC reinforced by high strength
and high modulus PE fibers. The quantitative effects of curing
condition and type of fiber on the matrix and fiber-matrix
interface properties, along with their consequent quantitative
influences on the macroscale properties of the developed one-
part SHGCs were experimentally investigated. The crack
bridging relation and the pseudo-strain hardening (PSH)
performance indices of the composites were computed using
the existing micromechanical model to elucidate the experi-
mentally observed macroscopic tensile performance of the
developed one-part SHGCs. The following conclusions are
drawn:

(1) The first-crack strength of the ambient temperature cured
one-part PE-SHGC was considerably higher than that of
the counterpart heat cured composite. This corresponds
the higher fracture toughness of the ambient temperature
cured one-part SHGC matrix. In addition, the ultimate
tensile strength of the ambient temperature cured one-part
PE-SHGC was also noticeably higher than that of the
counterpart heat cured composite. This is attributed to
the higher o and g of the PE fiber with the ambient

temperature cured one-part SHGC matrix. In contrast, the
tensile strain capacity of the heat cured one-part PE-SHGC
was higher than that of the counterpart ambient tempera-
ture cured composite. This result is well consistent with
the calculated PSH performance indices of the composites,
where both PSH strength and energy indices of the heat
cured one-part PE-SHGC were relatively higher, resulting in
the higher tensile ductility of the heat cured composite.

(2) The type of fiber had significant effects on the microscale
fiber-matrix interface properties, and thereby on the
macroscopic tensile performance of the composite.
The first-crack strength of the ambient temperature cured
one-part PVA-SHGC was significantly higher than that of
the ambient temperature cured one-part PE-SHGC. This is
due to the higher interface properties, especially the strong
chemical bond (Gg) of the PVA fiber with the one-part SHGC
matrix. In addition, the ultimate tensile strength of the
ambient temperature cured one-part PVA-SHGC was also
higher. This is due to the significantly higher o and g of the
PVA fiber with the one-part SHGC matrix, resulting in
the higher fiber bridging strength of the composite.
However, the tensile strain capacity of the ambient
temperature cured one-part PVA-SHGC was lower than
that of the ambient temperature cured one-part PE-SHGC.
This result is also in good agreement with the computed
PSH performance indices of the composites, where both
PSH strength and energy indices of the ambient tempera-
ture cured one-part PVA-SHGC were relatively lower. This
is attributed to the strong G4 and higher o and 8 of the PVA
fiber with the one-part SHGC matrix, along with the lower
strength of the PVA fiber, which result in lower compli-
mentary energy of the ambient temperature cured one-
part PVA-SHGC.

(3) The ambient temperature curing condition increased the
micro-scale fiber-matrix interface properties (frictional
bond 1, and slip hardening coefficient g) of the PE
fiber with the one-part SHGC matrix. This is attributed to
the higher fracture toughness of the ambient temperature
cured one-part SHGC matrix, in which increases the
roughness of the fracture surface in the fiber-matrix
interfacial zone, and thereby increases the contact surface
between the fiber and matrix in the interfacial zone during
the fiber slippage.

(4) The ambient temperature curing condition marginally
increased the compressive strength, elastic modulus and
fracture toughness of the one-part SHGC matrix. It is
thereby concluded that ambient temperature curing condi-
tion reduces the brittleness of the one-part SHGC matrix.
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