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ARTICLE INFO ABSTRACT

Keywords: Strain-hardening geopolymer composite (SHGC) lately emerged as a promising alternative to traditional strain-
Micromechanics hardening cementitious composite with added advantages of industrial by-product utilization and enhanced
Tenfile . sustainability. However, as the design of SHGC requires multi-factor optimization, the application of traditional
2:2;1};‘; :imng trial-and-error method is inefficient and hinders the development of this material.

Slag This paper aims at the development of a slag/fly ash-based SHGC with low slag content using a micro-
Fly ash mechanical model to guide the composite mixture design. To this end, experimentally characterized physical

properties of fiber, matrix and interface are used as input for the micromechanical model, which serves as a
predictive tool for the tensile performance of SHGC. Following the guidance, a slag/fly ash-based SHGC with
tensile strain capacity of 4.8% and ultimate tensile strength above 3.8 MPa was systematically developed. The
feasibility and effectiveness of using micromechanics as the design basis of SHGC are demonstrated and

experimentally verified.

1. Introduction

Engineered cementitious composite (ECC) [1] is a strain-hardening
cementitious composite (SHCC) with a micromechanics design basis
[2]. Reinforced with only a small volume fraction of randomly distrib-
uted short cut fibers, SHCC shows extraordinary tensile strain capacity,
which is several hundred times larger than conventional OPC concrete.
The added functionality of this material has been further explored for
concrete repair applications due to its high ductility and multiple
cracking behavior [3,4]. However, the high amount of ordinary Portland
cement (OPC) usage in SHCC makes it a high energy embedded product
and increases the CO, emission, which negatively impacts its sustain-
ability performance. To improve the greenness of SHCC, researchers
have partially replaced cement with supplementary cementitious ma-
terials (SCMs) to reduce the OPC content [5-7]. Up till now, the industry
and scientific communities are still striving for an improvement on a
more sustainable approach to make SHCC.

Towards the further enhanced greenness of SHCC, an emerging so-
lution involves the utilization of cement-free alkali-activated binder to
replace the traditional cementitious binder as matrix in SHCC. Alkali-
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activated materials (AAMs) including those classified as geopolymer,
which have the potential of transforming different industrial by-
products and wastes into cement-free building materials, have
emerged as a sustainable and environmentally friendly alternative to the
OPC binders. These materials are derived from the reaction of an alkali
metal source (solid or dissolved) with a solid (alumino-)silicate powder
[8,9]. In comparison to traditional cementitious binders, they maintain
comparable and even better performance concerning mechanical prop-
erties and durability. Furthermore, it is reported that concrete based on
AAMs in comparison with OPC-based concrete can reduce 80% or even
higher carbon emissions [10,11]. Additionally, the environmental
impact of concrete based on AAMs could be reduced even further if
waste-derived activators are used [12]. Up till now, a variety of mineral
precursors (e.g., metakaolin) and industrial by-products have been used
for AAMs preparation, among which AAMs or geopolymer based on
blast furnace slag and class F fly ash are most intensively studied [8,9,
13,14]. Previous studies of slag/fly ash-based AAMs have focused on
microstructure development, nature of reaction products and mechan-
ical properties [15-19] and its application as binder material for con-
struction has been greatly promoted.
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Recently, several types of strain-hardening geopolymer composite
(SHGC) developed using different mineral precursors can be found in the
literature. For instance, Lee et al. developed a slag-based alkali-activated
mortar with tensile strain up to 4.7% [20]. Ohno and Li researched on
the feasibility of strain-hardening fly ash-based geopolymer composite
and developed a ductile engineered geopolymer composite (EGC) based
on two kinds of fly ashes and polyvinyl alcohol (PVA) fiber [21,22].
Furthermore, they also proposed an integrated design method, which
includes using a statistical design method for the matrix, micro-
mechanical modelling for the composite behavior and determination of
sustainability indices for the environmental design [22]. Nematollahi
et al. developed SHGC using PVA fibers, including a fly ash-based EGC
by heat curing [23,24] and a slag/fly ash-based SHGC cured at ambient
temperature [25]. In addition, Nematollahi et al. also investigated the
feasibility of using high modulus polyethylene (HMPE) fiber in a
one-part SHGC with the added advantage of material handling during
preparation [26]. Farooq et al. investigated the tensile performance of
several types of eco-friendly ductile geopolymer composite (EDGC)
reinforced with different micro-fibers and strain-hardening was ach-
ieved by PVA fibers EDGC [27]. Almost all the above-mentioned SHGCs
exhibit good strain-hardening behavior (>3%) and multi-cracking
characteristics. At the same time, it is proved that the developed
SHGC brings tremendous environmental benefit with considerable
lower embodied energy and carbon equivalent emissions in comparison
with normal SHCC (e.g., M45 [28]) and SHCC with SCMs incorporation
(e.g., High volume fly ash ECC [6]) [22,25]. It is important to note that
the term geopolymer by its definition strictly relates to a synthetic alkali
aluminosilicate  material, ~which is characterized by its
three-dimensional aluminosilicate network [8]. However, it seems that
the term geopolymer is more frequently used by civil engineers for
AAMs especially in the researches with regard to the development of
strain-hardening composite. Considering the low slag content (i.e., low
Ca content) used for SHGC preparation and the terminology consistency
with previous literature, this study adopts the term geopolymer as in
strain-hardening geopolymer composite (SHGC).

Despite the outstanding performance of the SHGC in previous
studies, challenges still exist regarding the mixture design of SHGC,
which involves even more factors to be considered compared to tradi-
tional SHCC design [22]. The micromechanical model developed by Li
et al. [29,30], providing a solid theoretical design basis, has been used in
previous studies on SHGC [25,31]. However, most of these studies,
along with studies in SHCC, used this model mainly on already devel-
oped mixtures to explain the origin of strain-hardening behavior and
sometimes for optimization purposes. Rarely has the micromechanical
model served as a predictive tool to guide the design of SHGC from
scratch.

The main aim of this work is the development of a slag/fly ash-based
SHGC with low slag content using micromechanical modelling to pro-
vide able guidance for the mixture design. The influencing physical
properties of fiber, matrix and interface as input parameters were
characterized through intensive experimental processes and the micro-
mechanical model served as a predictive tool for the tensile performance
of SHGC. In addition, the feasibility and effectiveness of using micro-
mechanical modelling for the design of SHGC are demonstrated and
experimentally verified.

2. Materials and methods
2.1. Materials

The solid precursors used in this study were ground granulated blast
furnace slag and Class F fly ash according to ASTM 618 [32] produced
locally in the Netherlands. The material density of slag and fly ash are
2890 kg/m> and 2440 kg/m?, respectively. The d50 particle size for slag
is 17.88um and 33.19pm for fly ash. The chemical compositions
measured from X-ray fluorescence along with other properties of
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precursors (including LOI at 950°C and fineness passing 45 pm) are
shown in Table 1. The fiber used in this study is polyvinyl alcohol (PVA)
fiber with 1.2% oiling on the surface, the mechanical and physical
properties of which are presented in Table 2.

The crystalline phases were determined using powder X-ray
diffraction (XRD). The XRD patterns of slag and fly ash are shown in
Fig. 1. The major crystalline phases in fly ash are quartz, mullite and
hematite, while the blast furnace slag contains mainly amorphous
phases. The only minor crystalline phase of calcite is detected due to
possible carbonation. All precursors contain considerable amounts of
amorphous phases as can be reflected from the hump in the XRD pat-
terns (from 17° to 35° for fly ash and from 25° to 35° for slag). The
reactivity of slag could be indicated by its abundant amorphous content
(over 98%). On the other hand, the reactivity of fly ash is reflected by its
reactive silica content of 43.04% and reactive alumina content of
15.51%, as reported in a previous study [19]. The same solid precursors
have also been used in several previous studies [33-35] and good me-
chanical properties were achieved.

The alkaline activator was prepared by dissolving solid NaOH pellets
(analytical grade, purity>98%) and liquid sodium silicate (NagO:
8.25 wt%, SiOy: 27.50wt%) in distilled water. The activator was
allowed to cool down to room temperature prior to mixture preparation.

2.2. Micromechanics-guided design

2.2.1. Micromechanics criteria for composite strain-hardening

The pseudo strain-hardening (PSH) criteria used within the micro-
mechanical model by Li and Leung [29] were adopted following a
J-integral energy approach suggested by Marshall and Cox [36]. The
fundamental requirement for PSH is a steady-state crack opening under
tension. To elaborate, an alternative flat crack propagation mode over
the oval-shaped Griffith-type crack propagation mode is considered
desirable for the PSH to occur. These requirements ensure a sequential
initiation and steady-state propagation of matrix micro-cracking, which
enables PSH and multiple cracking of SHCC instead of catastrophic
failure by formation of one single crack.

To ensure PSH to occur in SHCC reinforced with randomly oriented
short cut fibers, the following two criteria have to be met, including a
strength-based criterion (Equation (1)) and an energy-based criterion
(Equation (2)). Both criteria are schematically illustrated in Fig. 2,
which shows the complete fiber bridging stress (c) versus crack opening

(8).

0. < 09 (@)

o0
Jiip < 6060 — / o(8)ds=J, )
0

The first criterion is the strength-based criterion for crack initiation
(Equation (1)), which requires that the first cracking strength (og) of
matrix must not exceed the maximum fiber bridging strength (co). In
other words, this ensures that the initiation of a new crack can occur
when the tensile stress level does not exceed the fiber bridging capacity.

The second criterion is the energy-based criterion for flat crack
propagation (Equation (2)), which requires the crack-tip toughness (Jp)
of the composite matrix to be lower than the maximum available com-
plementary energy (J,’). The Jp represents the energy to break-down
the matrix material at the crack tip, which approaches K?%./E., when
the fiber content is small. Here the Kj. and E,, refer to the fracture
toughness and elastic modulus of the matrix, respectively. The energy
balance during a steady-state (SS) crack propagation is presented as
Equation (3), where the work done (04ds) on the crack body is
consumed as the strain energy by fiber bridging and the remaining as the
complementary energy for crack tip propagation. Hence, in this case, the
complementary energy for SS crack propagation equals to Jip. On the
other hand, the J,’ represents the maximum complementary energy
considering the upper limit for the fiber bridging, i.e., when the peak
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Table 1
Chemical compositions and properties of raw materials.
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Oxide (wt %) Si0y Al,O3 Fe,03 CaO MgO SO3 Na,O K20 LOI Fineness, % passing 45 pm
Slag 32.91 11.84 0.46 40.96 9.23 1.60 - 0.33 1.15 95
Fly ash 52.90 26.96 6.60 4.36 1.50 0.73 0.17 - 3.37 81
S
Table 2 ’ S
Physical and mechanical properties of PVA fiber. L i p =009 — I o(o )d 0
Fiber = Diameter Density Length Strength Young’s P ! 0
(pm) (g/cm3) (mm) (MPa) modulus o A 2
GP: “
(GPa) Oo L ,_'_
PVA 40 1.30 6-12 (tobe 1640 41.1 3TN ) S5
~ ! ~ 55
selected) P < : - J‘ ( $)d S J
S c.o.— |o(o)do=J..
N 1 .
(o7 § . , KA ) tip
stress and crack opening reached their maximum value oy and §,. Here . g 0
the Ji;p and the J,,’ are marked as the shaded area and the hatched area in af :
Fig. 2, respectively. - |
|
Oys iy '
K? |
o~ [ ao)ds =g~ ® :
2 Em >
Unsatisfied strength criterion exhausts the fiber bridging capacity of Oss %0 0

the composite. On the other hand, violation of the energy criterion re-
sults in Griffith-type crack propagation. Either violation prevents the
composite to exhibit the strain-hardening behavior but rather promote a
conventional tension softening behavior.

Considering material variability mainly due to the heterogeneous
fiber dispersion as well as the flaw distribution, sufficient margins be-
tween o5 and 6o, Jijp and Jp’ have to be maintained for PSH behavior to
occur.

Previous studies on SHCC proposed two purely empirical PSH indices
for both strength and energy criteria to be used to reflect the margin
sizes and thus the possibility of saturated multiple cracking and PSH
behavior, namely the strength PSH index (c0/0¢) and the energy PSH
index (Jy’/Jip) [38]. Although not quantitatively related in a direct
manner, the higher values of these two indices indicate the greater
possibility of saturated multiple cracking and PSH behavior and thus
better tensile strain capacity of the composite. It has been determined
from experimental data that a co/cf.>1.5 and a Jp'/Jgzp > 3.0 are
needed for a robust tensile strain-hardening performance [22,24,38,39]
of SHCC.

2.2.2. The starting point and matrix design
The starting point of the matrix design originates from a PVA fiber-

Q
Q
I
\\J MM m
. M
5 Fly ash
Slag
I d T ¥ T * T . T " T . 1
10 20 30 40 50 60 70
2 theta (°)

Fig. 1. XRD patterns of solid precursors (Q: quartz, M: mullite, Hm: hematite
and C: calcite).

Fig. 2. The representative c-8 relationship for fiber bridging [37].

reinforced alkali-activated composite that exhibits good deflection-
hardening behavior [35]. It has been reported that the microstructure
and reaction kinetics of slag (-fly ash) based geopolymer is significantly
influenced by the available silica content for geopolymerization reac-
tion. Thus, the silicate modulus (Ms = SiO5/NasO molar ratios) of the
alkaline activator plays an important role and strongly determines the
mechanical properties of the mixture [40-42]. With regard to
compressive strength specifically, there always seems to be an optimum
range of activator silicate modulus. One preliminary study of the authors
reveals that satisfactory compressive strength was achieved by a slag-fly
ash binder with 30 wt% slag and 70 wt% fly ash as solid precursor.
Additionally, mixtures with silicate modulus higher than 1.5 tend to
yield lower compressive strength [35]. With the assumption that the
activator silicate modulus is the main influence factor on mechanical
properties for certain precursor combinations, this study has chosen four
different moduli (0.8, 1.0, 1.2 and 1.5) and the mixtures were named
MO0.8, M1.0, M1.2 and M1.5 accordingly. The NayO wt.% content with
respect to binder mass was kept constant at 4%. The water to binder
(w/b) ratios were kept constant at 0.32 to guarantee adequate work-
ability for all mixtures. The detailed matrix design is presented in
Table 3.

For matrix mixtures preparation, the solid precursors were first dry-
mixed for S5minat a low speed using a HOBART® mixer. Alkaline
activator solution was then added gradually into the mixer and the
batches were mixed for an additional 5 min at medium speed. The fresh
paste mixtures were cast in polystyrene prism molds
(40 x 40 x 160 mm®) or cylindrical molds of 55 mm in diameter (D) and
110 mm in length (L). All mixtures were then compacted by vibration

Table 3
Matrix mixture proportions of slag-fly ash geopolymer for SHGC (with respect to
total binder mass).

Mixture Precursor (wt.%) Alkaline activator (wt.%)

Slag Fly ash NayO Si0, Water
MO0.8 30 70 4 3.1 32
M1.0 3.88
M1.2 4.65
M1.5 5.8
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and sealed with plastic wrap. The samples were cured in a climate room
(20°C and >98% RH) prior to testing.

2.2.3. Micromechanical parameters determination

To implement the micromechanical model, determination of
micromechanical parameters regarding matrix (of and Jgp) and fiber
bridging properties (o and Jy’) are necessary. In this study, oz and Jgp
(=K%/Ep) are directly obtained from tensile splitting tests, fracture
toughness and elastic modulus tests, respectively. 6o and J,,” are deter-
mined from the ¢-8 relationship simulated by the micromechanical
modelling using experimentally tested data on fiber/matrix interface.

2.2.3.1. Matrix parameters determination. The splitting tensile strength
was measured as the first cracking strength (og) of the matrix in
accordance with ASTM, C496 Standard [43]. It should be noted that the
splitting tensile tests were conducted using cylindrical specimens with
55 mm in diameter (D) and 110 mm in length (L). The o, is calculated
following Equation (4):

_ 2P, Max

%= 7LD “)

where Ppax [N] is the maximum load during splitting, L [mm] and D
[mm] are the length and diameter of the specimen, respectively.

The fracture toughness (Ki.) and elastic modulus (Ep,) at 28 days
were experimentally obtained. The E,, were measured using prism
samples according to ASTM C469 [44]. The K. were determined using
single-edge notched specimens with 40 mm in depth (W), 40 mm in
width (B) and 160 mm in length. The single-edge notches with 1.5 mm in
width, 40 mm in length and 12 mm in notch depth (a) were prepared
using a diamond cutting saw prior to testing. The relative notch depth
ratio o (o = a/W) was kept to be 0.3, which is considered to be practical
to conduct experiments under the current test configuration. The
three-point bending (3 PB) tests were performed on a closed-loop INS-
TRON machine with the crack mouth opening displacement (CMOD)
rate of 0.01 mm/min. The CMOD was controlled using two LVDTs,
which were attached to the two sides of the preformed notch on the side
surfaces of the prism. The prism was supported over a load span (S) of
120 mm. The detailed testing set-up is shown in Fig. 3. At least 6 spec-
imens were tested for each mixture.

Assuming linear elastic fracture mechanics (LEFM) holds for the fine
grain matrix material (without fiber), K. is computed from Equation (5)
using the peak load Pyjax [N] from the 3 PB test, as has been widely used
in previous studies and recommendations [22,45-47].

. _ 15 Pus SVaa 0.68 — 0.744q
T B wW? 1—2.155a + 1.161a
Unit: mm P

W=40

I 1=
79’ $=120 Qf —5=a0

I 1

Fig. 3. Three-point bending test configuration for single-edge notched
prism specimen.
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where B is the specimen width [mm], W is the specimen depth [mm], S is
the loading span [mm], a is the notch depth and a = a/W (0.3) is the
relative notch depth ratio. Additionally, the compressive strength of
matrix specimens cured for 28 days was measured in accordance with
NEN 196-1 standard [48].

2.2.3.2. Interface parameters determination. The interface properties
were determined using single fiber pullout tests following previous
studies by Redon et al. [49]. A micro tension-compression testing device
(Kammrath & Weiss) was used as shown in Fig. 4. Both the surface of the
thin specimen and the free end of the PVA fibers were glued to two small
metal blocks. Afterwards, they were mounted on the testing device using
two metal blocks, which were fixed to an actuator and a load cell. A101b
(44.48 N) load cell was included in the system for pullout load testing
with an accuracy of 0.1%. Displacement-controlled pullout was con-
ducted with a constant displacement rate of 0.01 mm/s to avoid fiber
rupture while revealing reliable information of the frictional force. At
least 20 tests were conducted for each fiber/matrix combination. More
details of this experimental set-up can be found in Ref. [34].

To quantitatively determine the interface properties, at least three
interface characteristics including chemical bond Gy, frictional bond 7o,
and slip-hardening coefficient , were derived from the single fiber
pullout curves according to Equations (6)—(8) [49].

2P, — P,)°
g, =2l ©)
T Efdf
T) = L, @)
d; ((AP/AS|AS—0)
G (LBE/8918578) | 8
ﬁ Le< ﬂTodf + ( )

where E¢, df and L. are the elastic modulus, diameter and embedded
length of PVA fiber respectively. AP/AS is the initial slope of the pullout
load vs displacement. P, is the load up to full debonded length
(debonded length Ly = embedded length L.) and Py, is the load when the
fiber begins to slip.

2.2.4. Micromechanical modelling

Micromechanical modelling based on fracture mechanics provides
an opportunity of tailoring micro-parameters and thus modification of
the failure mode, the tensile strength, and ultimate tensile strain of
composite material [50]. In this study, the micromechanical modelling
was performed using a modified fiber bridging constitutive law devel-

>+ 0.36 — 2.088a + 4.611a° — 6.499a° + 4A232a“) )

oped by Yang et al. [51]. The model links the single fiber/matrix
interaction to the fiber bridging behavior of a single crack (c-8 rela-
tionship), and the simulated results are used to evaluate the potential for
PSH of composite material as described in Section 2.2.1. The most
important simulated results from the model are the ¢-5 relationships of
single fiber bridging. Although the matrix micro-spalling [52] and the
Cook-Gordon effect [53] were not taken into consideration for brevity,
the two-way pullout mechanism was considered here to improve the
accuracy of crack opening prediction [39]. Given the dimension of
samples, the fiber distribution within geopolymer matrix was considered
to be two-dimensional. The apparent strength [54], snubbing coefficient
[54] and strength reduction factor [55] of PVA fiber was assumed to be
the same as in previous studies, which have been estimated
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Fig. 4. Single fiber pullout test: (a) Micro tension-compression device, (b) photo and schematic tests set-up.

experimentally in cementitious systems and used in previous SHGC
design [22]. The experimentally tested micromechanical parameters of
matrix and interface presented in Section 3.1 served as modelling input.
The simulation results from micromechanical modelling could guide the
required selection or modification of the micromechanical parameters to
achieve the desired strain-hardening performance of SHGC.

The micromechanical modelling in this study was conducted for two
purposes. On one hand, the knowledge on simulated results aids the
selection of fiber length (L¢) and fiber volume (Vy) for an optimal com-
posite design. On the other hand, it serves as a prediction tool for the
final tensile performance of selected mixtures to guide the SHGC
development.

2.3. Tensile performance verification

The tensile performance of four composite mixtures following the
guidance of micromechanics-based composite design was evaluated by
uniaxial tensile tests, which served as verification for the effectiveness of
the micromechanics-guided design approach. Specifically, the test seeks
to confirm if the most promising composite mixture suggested by the
micromechanical modelling could exhibit significant strain-hardening
behavior with high tensile ductility over 3%, which is considered com-
parable to SHCC materials. The matrix mixtures were firstly prepared
and the PVA fiber was slowly added. The fresh composite mixtures were
then cast into dogbone-shaped molds and were sealed after compact
vibration. All composite mixtures were cured under identical conditions
as matrix mixtures for 28 days before mechanical testing.

Uniaxial tensile tests were conducted using dog-bone shaped com-
posite samples recommended by the Japan Society of Civil Engineers
[56], which is shown in Fig. 5 (b). Dog-bone samples with a testing
volume of 13 x 80 x 30 mm® were clamped using two pairs of steel
plates, which were tightened with bolts. Four Al plates were glued on
both sides of the specimen 1 day prior to clamping to improve the
frictional force. Two LVDTs were mounted on both sides of the spec-
imen. Following RILEM recommendation [57], this set-up includes both
rotationally fixed ends. The tests were conducted using displacement
control by LVDTs at a rate of 0.01 mm/s. At least 4 samples were tested
for each composite mixture.

3. Results and discussions
3.1. Micromechanical parameters

3.1.1. Matrix properties

The mechanical properties of the matrices determined by various
experiments are summarized in Table 4. The splitting tensile strength
(fsp) is tested according to the modified ASTM C496 standard [43] in this
study as the first cracking strength oy instead of uniaxial tensile strength
for greater data stability.

With increasing activator silicate modulus values (M0.8-1.5), the
compressive strength (f.) and elastic modulus (Ey,) are evidently influ-
enced and the trend of which agrees well with each other. Both prop-
erties first increase with the increase of silicate modulus and then
decline after reaching a maximum value at the modulus of 1.2. This

1 T (b) Unit: mm
60 13
nl T 1 — I
Steel plate 40 |_Glued Al plate
-~
- \ 40
EE" 7‘30" - 30 r=25
4 40
) Glued Al plate
Specimen i |
- 40
1 —

Fig. 5. Uniaxial tensile test: (a) Experimental set-up and (b) dimensions of dog-bone shaped samples.
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Table 4
Matrix properties as input parameters for the micromechanical model.
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Matrix Compressive strength f. (MPa) Splitting tensile strength f; (MPa) Elastic Modulus E,, (GPa) Fracture toughness K. (MPa) Crack tip toughness Jg, (J/m?)
MO0.8 57.3+1.1 2.9+0.34 11.9+0.33 0.229 +£0.011 4.46 £0.45
M1.0 59.6 +1.1 2.4+0.27 12.4+0.35 0.241 +£0.009 4.70 £0.37
M1.2 62.3+1.2 2.0+0.19 13.0+0.30 0.194 +0.007 2.89+£0.21
M1.5 54.4+0.7 2.8+0.47 9.2+0.53 0.153 £+ 0.004 2.54+0.15

influence of activator silicate modulus has been confirmed by a previous
study on slag/fly ash-based geopolymer pastes/mortars [58]. The frac-
ture properties, including fracture toughness (Ky.) and crack tip tough-
ness (Jyip) are found to first increase from silicate modulus of 0.8-1.0 and
then decrease with higher silicate modulus. The highest value of Kj.
reaches 0.241 J/m? at the silicate modulus of 1.0. Furthermore, it could
be observed that the influence of silicate modulus on Kj. follows a
different trend compared to that of compressive strength and elastic
modulus. According to the authors, this disagreement might indicate
that the microstructure and reaction products also largely influence the
fracture behavior of slag/fly ash-based geopolymer matrix [46,59]. The
results of mechanical properties suggest that geopolymer matrix is very
sensitive to alkaline activation conditions. In this case, changing the
silicate modulus from 1.0 to 1.2 might result in differences in the
amount of reaction products and/or in the chemical nature of reaction
products, which consequently leads to different fracture properties [59].

3.1.2. Fiber/matrix interface properties

Due to the hydrophilic properties to hydrates, PVA fiber presents
special interface features compared with other synthetic fibers, which is
characterized by its chemical bonding (Gg), initial fictional bonding ()
and slip-hardening coefficient () [49]. As has been described in Section
2.2.3, these interface properties were quantitatively determined using
single fiber pullout tests and are summarized in Table 5. With the
increment of activator silicate modulus, the development of G4 and f
coincide well with each other. Their values first increase and then
decrease after reaching the maximum at modulus of 1.0. Interestingly,
Gq shows identical trends as Kjc and Jyp as a function of activator silicate
modulus. As has been discussed in Section 3.1.1, this might serve as
evidence that chemical bonding is also closely related to the micro-
structure and reaction products. The main reaction products were
characterized in identical systems as C-(N)-A-S-H type gel [59]. By
increasing the silicate modulus of alkaline activator, more available
silica species were introduced into the matrix and consequently changed
the global reaction and chemical nature of the reaction products [41,60,
61]. Thus, the adhesion properties of PVA fiber/matrix changed
accordingly, which was reflected by the variation of Gq in a range from
1.57 to 3.20 J/m>

Unlike Gq which is predominantly related to chemical adhesion
properties, To and p on the other hand, are more physically related to the
friction during pullout processes. As shown in Table 5, it is found that
7o follows a different trend than Gq, reaching a maximum value at
modulus of 1.2. On the other hand, § shows a similar trend as G4 (Ki. and
Jiip) with the increase of silicate modulus. This inconsistency between
7o and f could be due to the different mechanisms behind. 7, following

Table 5
PVA fiber-matrix interface properties as input parameters for the micro-
mechanical model.

Interface  Chemical Frictional Slip- Snubbing Strength
bonding bond hardening coefficient ~ reduction
energy Gq 7o (MPa) coefficient coefficient
(J/m?) B

MO0.8 1.57+0.84 1.81+0.78 0.33+0.11 0.2 0.33

M1.0 3.20+1.26 280+0.76  0.39+0.12

M1.2 2.86+1.08 4.01+1.16 0.26+0.09

M1.5 2.53+1.04 3.13£1.10 0.25+0.06

coulomb-type friction law, is determined by the fiber-matrix friction
coefficient and the shrinkage-induced residual normal stress of matrix
onto the fiber surface [62,63]. While for p, fiber abrasion between fiber
surface and matrix during the pullout process can instigate a so-called
‘jamming’ effect due to the accumulation of stripped fibrils on the
fiber surface [64]. This effect tends to be more severe when the fracture
surface roughness of the matrix is higher. As has been previously re-
ported, the fracture surface roughness is positively related to the matrix
fracture toughness (Ki.) [65]. Consequently, the trend of p with
increasing activator silicate modulus in this study agrees well with Ky, in
Table 4. Although previous studies reported that the trend of 1 is also
consistent with Ky [25], it is not found in this study. Since the normal
force also plays a significant role in determining friction, this inconsis-
tency could be due to the synergistic effect of surface fracture roughness
(in line with Kj.) and shrinkage-induced normal stress.

It is worth noting that the average value of Gq in SHGC matrix is in
general 1.5 to 2.5 times higher than that in conventional SHCC [62]. In
addition, the average 7 is also found to be about 2-3 times higher [7,
62]. On the other hand, the average p for SHGC is much lower compared
to those in SHCC, which typically lies between 0.58 and 0.63 [51]. These
findings are in line with several previous studies of SHGC [22,66] and
thus demonstrate significant differences in interface properties of SHGC.
It is believed that this difference is at least partially due to the differ-
ences in the chemical composition of the reaction products, as has
already been discussed previously in this section and Section 3.1.1.
Further experimental studies on the influence of SHGC microstructure
and reaction products near the interface are needed for further clarifi-
cation of these differences.

3.2. Selection of fiber volume and fiber length

It is well acknowledged that fiber properties play significant roles in

the performance of fiber-reinforced composite. Among those, fiber vol-
ume (Vy) and fiber length (Lg) are the two most convenient ones to be
adjusted in comparison to the modification of fiber surface character-
istics. Therefore, as a first step, the micromechanical model was used to
aid in the selection of L¢ and Vi for an optimal composite design. To this
end, the critical fiber volume (V?rit) as a function of L¢ for saturated
strain-hardening was determined by inputting all micromechanical pa-
rameters (Tables 4 and 5) into the micromechanical model and taking
into account of the two strain-hardening criteria. More specifically, by
changing V{1t for each Ly, the V§fit vs L curve is inversely fitted to meet
the two PSH index requirements, i.e., the strength PSH (c¢/0¢) > 1.5
and the energy PSH (Jy’/Jyip) > 3.
The calculated curves for V?rit as a function of L¢ for M0.8-1.5 are
shown in Fig. 6(a)-(d). All curves for VEit ys L concave upwards while
decreasing. As illustrated in all four figures, increasing L¢ leads to lower
V§Uit indicating that longer L¢ is more effective to achieve strain-
hardening.

In order to choose V¢ and L¢ for potential strain-hardening, the
overlapping area above both curves is considered (meeting both criteria
(1) and (2)) and is shown in Fig. 6 (e). The goal here is to adopt a
minimum fiber content to achieve saturated strain-hardening and mul-
tiple cracking. Although larger L¢ proves to be more effective, it is
recognized that longer fiber length also negatively influences mixture
workability and hinders proper fiber dispersion inside the matrix. Thus,
the limits of V¢ up to 3% and L¢ up to 12mm are set as boundary
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conditions. In the end, a V¢ of 2% and L¢ of 8 mm were selected for
further studies. The corresponding point of (L, V¢) is also marked in
Fig. 6 (e). This point meets both strain-hardening criteria for all four
mixes studied.

It is observed that the point corresponds to selected V¢ and L¢ (8 mm,
2%) is furthest away from the V§™ vs L¢ curves of M1.2, suggesting that
this mix could be the most promising for strain-hardening. This obser-
vation will be further substantiated in the following section. Further-
more, it is important to note that the V¢ and L¢ chosen this way might not
be optimal for each of the investigated mixtures to achieve saturated
strain-hardening with minimum fiber addition. However, for later ten-
sile performance verification and comparison purposes, this study chose
this V¢ and L¢ combination for all composites. This micromechanics-
guided mixture design of SHGC is shown in Table 6, and was further
evaluated by micromechanical modelling and the tensile performance of
which are experimentally verified in the follow-up section.

3.3. Micromechanical modelling of stress vs crack opening relationships

Micromechanical modelling was employed to compute the 6-5 re-
lationships as described in Section 2.2.4, in order to predict the tensile
performance of the four SHGC mixtures listed in Table 6. The simulated
6-8 curves are illustrated in Fig. 7 (a). As can be seen, ¢-6 relationships
for SHGC mixture M0.8-1.5 show clear differences. The fiber/matrix
interface properties play crucial roles here for crack bridging behavior
and thus determine the shape of the -8 curves. At least three charac-
teristics of 6-8 curves dominated by different interface properties could
be observed. The magnitude of the y-intercept is positively related to Gg,
which indicates that a certain load is needed to destroy the chemical
bonding. As fiber length, diameter and volume content are already
selected, the peak bridging stress is largely governed by t¢ [55]. In
addition, f influences the shape second peak/peak shoulder (if any),
which corresponds to the post fiber pullout process during crack
bridging. As mentioned previously in this work, several output param-
eters could be obtained from the ¢-8 relationships. Accordingly, the
predicted peak bridging stress (cp), the corresponding crack opening
(80) and the complementary energy (Jp,’) are listed in Table 7. Compared
to conventional SHCC, Gq obtained in this study are typically higher and
thereby could result in smaller crack width by suppressing the crack
opening during the strain-hardening stage [22]. Besides, while a rela-
tively lower § might lead to lower peak bridging capacity oo, the rela-
tively higher 1 is actually beneficial for yielding a higher 6y and Jy’.
Hence, as long as both criteria are met, a high tensile strain capacity
could still be achieved.

To assess the potential of SHGC to achieve strain-hardening and
multiple cracking, two PSH indices, i.e., energy PSH index (Jy’/Jyip) and
strength PSH index (oc(/0f), were calculated using experimentally-
attained input matrix and interface properties, and the micro-
mechanical modelling output (i.e., J,’ and 6¢). The results of both PSH
indices for all designed SHGC are summarized in Fig. 7 (b). This study
followed previous research concerning conventional SHCC, which pro-
posed two empirical values for two PSH indices: 1.5 for strength PSH
index and 3 for energy PSH index [22,24,38,39]. As illustrated in Fig. 7
(b), both PSH indices are greater than those suggested for all the

Table 6
Composite mixture design of slag/fly ash-based SHGC.

Mixture  Precursor Fiber Alkaline activator
Slag Flyash Vg L¢ Na,O Si0, Water
(wt. (wt.%) (vol (mm) (wt.%) (wt.%) (wWt.%)
%) %)

MO0.8 30 70 2 8 4 3.1 32

M1.0 3.88

M1.2 4.65

M1.5 5.8
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mixtures, which indicates that both the strength and energy-based
criteria are well met. Therefore, according to the prediction by micro-
mechanical modelling, all designed mixtures could exhibit tensile
strain-hardening behavior with multiple cracking. Particularly among
others, M1.2 reveals both high energy and strength PSH indices. On the
contrary, M0.8 and M1.5 only have high energy PSH indices while the
strength PSH indices are comparably lower than the others. M1.0, on the
other hand, has a high strength PSH index (2.3) while its energy PSH
index (5.7) is the lowest among all mixtures. Consequently, M1.2 ac-
cording to the prediction is considered optimal with the highest poten-
tial for tensile strain-hardening and multiple cracking behavior.

3.4. Uniaxial tensile performance verification of designed mixtures

Experimental verification was performed to evaluate the effective-
ness and accuracy of the prediction by micromechanics-guided design
approach. The uniaxial tensile performance of the proposed SHGC
MO0.8-1.5 is shown in Fig. 8. The tensile test results characterized by first
cracking tensile strength (o¢), ultimate tensile strength (o), tensile
strain capacity (¢) and average crack width are presented in Table 8. It is
found that all SHGC mixtures exhibit evident strain-hardening behavior
although the tensile strain capacity varies largely. of is obtained by
taking the stress value at the moment when the first crack initiates.
Compared to the tensile splitting strength (fs) of the SHGC matrices
presented in Table 4, of is found to be a bit higher than f of the plain
matrix, which is due to the enhanced role of fiber bridging on the
composite first crack strength [67]. This observation also agrees well
with the fact that og is comparably higher than the matrix uniaxial
tensile strength, which was reported in previous research of SHGC [22].
Additionally, it is found that with increasing activator silicate modulus
used to prepare SHGC, the trend of oy is in good agreement with that of
fst. This correlation is reasonable and also confirms the feasibility of
using f; instead of of. as input for the micromechanical model.

Additionally, all SHGCs exhibited moderate ultimate tensile strength
oylt in the range of 3.4-4.4 MPa. Theoretically, oy should be equal to
simulated peak bridging stress 69. However, the 6, from uniaxial tensile
tests compared to oo is found to be considerably lower. Moreover,
inconsistency between oy and 7o as shown in Table 5 is found in this
study, which does not agree with the trend of 6 in simulation results.
These discrepancies could be attributed to the simplified assumption
made when computing the -6 relations. The micromechanical model
considers the fibers to be in a perfect state of random distribution within
the matrix. In the experiments, however, the actual fiber dispersion is
influenced by the processing details and may be expected to deviate
from a perfectly random dispersion. As 6 is governed by the weakest
section with the lowest fiber content, these differences between simu-
lated and experimental results are unavoidable. In fact, this is also the
reason that M1.2 does not show the highest oy as predicted in Table 7.
Similar findings on those discrepancies were reported in previous
studies concerning both SHCC [68] and SHGC [23] system.

As for tensile ductility, moderate to high tensile strain capacity are
found within the range of 2.3%-4.8%. As predicted, M1.2 shows
promising strain-hardening behavior with the highest tensile ductility
up to 4.8%. It is worth noting that although M1.5 yields lowest tensile
ductility (2.3%), this tensile strain capacity is already several hundred
times that of conventional concrete. Additionally, the average crack
width was also estimated using the actual elongation calculated from the
tensile strain capacity and the number of visible cracks on the sample
surface. As listed in Table 8, the crack widths of SHGC are within a range
of 28.4-84.2 pm. However, it seems that the experimentally obtained
average crack width is not consistent with the predicted crack width in
Table 7. According to Li et al. [69], the actual loaded crack width should
be smaller than the experimentally estimated values, because the actual
number of micro-cracks developed during loading of the coupon spec-
imen was more than the number of visible cracks on the surface of the
unloaded specimen. This discrepancy is further discussed in Section 3.5.
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Table 7
Predicted peak bridging stress.
Predicted properties MO0.8 M1.0 M1.2 M1.5
Peak bridging stress 6o (MPa) 5.4 5.9 6.5 5.8
Complementary energy J,’ (J/m?) 32.8 27.5 22.5 28.4
Crack opening &y (pm) 35.5 23.8 18.9 26.5

The obtained results by the uniaxial tensile test verification confirm
that the most promising SHGC designed following micromechanics
guidance could exhibit significant strain-hardening behavior with high
tensile ductility of 4.8% and ultimate tensile strength of 3.8 MPa.
Actually, three of the designed SHGC fulfill the requirements of a tensile
ductility over 3% and ultimate tensile strength over 3 MPa, which is
considered comparable to conventional SHCC with moderate strain-
hardening performance. Thus, the slag/fly ash-based SHGC being com-
parable or even outperforming certain SHCC materials was successfully
developed in this study with the aid of micromechanical modelling. It is
believed that the developed SHGC constituents of cement-free matrix
could primarily enhance the sustainability of the material by simulta-
neously reducing the embodied energy and CO; footprint [22,25,70].
Besides, the experimental verification also served another purpose: to
check the reliability of using the average value of micromechanical
parameters as model input. Due to limitations by the testing techniques
and inhomogeneity induced by processing, some of the input parame-
ters, especially those with regard to interface properties, have relatively
large standard deviations. However, the experimental verification con-
firms that the average values of these properties are considered adequate
to be used as input data for the micromechanics-guided design of SHGC.

3.5. Discussion on using micromechanics-guided approach for SHGC
design

The development of SHGC compared to that of SHCC is evidently
more complicated because many more parameters have to be considered
particularly regarding the matrix and interface. These parameters could
be related to the chemistry of alkaline activator (Napx0%, silicate
modulus, water content) [40-42], the chemical/physical properties of
solid precursors [15,58], but also temperature and humidity related
curing regime [71-73]. Up till now, due to these complications, the
systematic approach of geopolymer concrete design is still not yet
developed. Thereby, it further adds to the difficulties when it comes to
the design of SHGC. Furthermore, as a novel material recently gaining
increasing attention, the available literature with regard to the devel-
opment of SHGC is still limited. Considering the different origins of solid

precursors and large variances in their chemical/physical properties, it
seems that the design of SHGC can only work on a case by case basis.
With already existing difficulties related to tensile performance testing
of SHGC, the development of SHGC using traditional trial-and-error
method would be even more time consuming and largely depend on
the very specific circumstances rather than comprehensive scientific
knowledge. The micromechanics-guided design approach in this study,
on the other hand, is demonstrated to be more effective and practical for
SHGC system. The mechanical properties and tensile ductility of pro-
posed SHGC mixtures could be adequately predicted, offering able
guidance for composite mixture design while avoiding a large number of
tests.

As for the implementation of the micromechanical model, it is worth
noting that the values for both energy and strength PSH indices in this
study were harvested from the purely empirical values from conven-
tional SHCC. It is observed that these values seem to be compatible with
SHGC systems. However, further study is still needed to find more ac-
curate/suitable values for SHGC systems based on different solid pre-
cursors. Certain discrepancies do exist with regard to the predictive
properties, including the ultimate cracking strength and crack width,
which is mainly due to differences between ideal and realistic fiber
dispersion. However, the trend for predictive tensile strain capacity is
considered satisfactory and could thereby offer useful guidance towards
optimal tensile performance in the design process of SHGC.

Finally, it is worth mentioning that the optimal SHGC mixtures, for
instance, M1.0 and M1.2; still have room for improvement with regard
to their mechanical properties, i.e., first and ultimate cracking strength.
Future studies will focus on the enhancement of their mechanical
properties while maintaining satisfactory tensile ductility.

4. Conclusions

This study successfully developed several sustainable slag/fly ash-
based strain-hardening geopolymer composite (SHGC) with low slag
content. The optimal mixtures showed excellent strain-hardening and
multiple cracking performances following the guidance from micro-
mechanical modelling. Based on the results and discussions of this study,
the following conclusions can be drawn:

o The optimal SHGC mixture M1.2 based 30 wt% slag, 70 wt% fly ash
activated by sodium-based silicate solution in this study exhibits
promising tensile strain capacity up to 4.8% and ultimate tensile
strength of 3.8 MPa, which is considered satisfactory compared to
that of conventional SHCC materials.
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Table 8

The tensile performance of designed SHGC.

Mixture  First cracking Ultimate tensile Uniaxial Average
strength o strength oy tensile strain ¢ crack width
(MPa) (MPa) (%) (pm)

MO0.8 3.44+0.12 4.44+0.19 3.24+0.32 28.4

M1.0 2.840.08 4.2+0.18 4.0+0.38 58.4

M1.2 2.6 £0.16 3.8+0.19 4.8 +0.46 84.2

M1.5 2.7+0.15 3.44+0.21 2.3+1.22 61.0

e The silicate modulus of alkaline activator directly influences the
matrix and interface properties and the final strain-hardening
properties of SHGC. This study confirms that for a mixture with a
given slag/fly ash ratio, changing activator silicate modulus is an
efficient approach for modification of the strain-hardening perfor-
mance of SHGC.

e The consistency of increasing chemical bonding Gq and fracture
toughness Kj. with increasing activator silicate modulus serves as
evidence that the matrix and interface properties predominantly
relate to the chemical nature of the reaction products. On the other
hand, the frictional bond and slip-hardening coefficient are more
physically related to the fiber/matrix interaction. Particularly, the
slip-hardening coefficient p affected by the fracture surface

10

roughness of the matrix correlates well with the matrix fracture

toughness K.

Compared to conventional SHCC, SHGC demonstrates significant

differences in interface properties including a stronger chemical

bond and frictional bond but a lower slip-hardening coefficient,

which, according to the micromechanical model, could lead to

higher bridging stress and small crack opening.

e The empirical values of energy and strength PSH indices derived
from conventional SHCC are observed to be valid for SHGC as well.

e The micromechanical model linking micromechanical and compos-
ite properties serves as an effective tool for the development of SHGC
by assisting in the selection of suitable fiber properties, predicting
the potential tensile performance and offering guidance for formu-
lating tailoring strategy.
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