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a b s t r a c t

Strain-hardening ductile fiber-reinforced geopolymer composite, named Engineered Geopolymer Com-
posite (EGC), is a promising material for achieving green and durable civil infrastructure. Despite
increasing attentions of the unique material, inefficient trial-and-error approaches are often employed in
the material design, which slows the research and development. This paper proposed a new design
methodology of EGC that integrates three design techniques: Design of Experiment (DOE), micro-
mechanical modeling, and Material Sustainability Indices (MSI). The mix design of a preliminary version
of EGC was optimized to achieve higher compressive strength, maintain high tensile ductility, and
enhance the material greenness simultaneously. With the aid of the systematic design process, an
optimized EGC with improved compressive strength of 43.1MPa and high tensile ductility of 4.7% was
developed, while achieving 11% less embodied energy and 55% less CO2 equivalent emissions compared
with a standard Engineered Cementitious Composite (ECC). Therefore, the applicability and effectiveness
of the proposed design method were successfully demonstrated.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Ductile fiber-reinforced geopolymer composites have been
recently proposed for green and durable civil infrastructure [1]. In
essence, the new material technology combines geopolymer [2e4]
and Engineered Cementitious Composite (ECC) [5,6]. Enhanced
material greenness is attributed to the geopolymer matrix; it relies
on no ordinary portland cement (OPC) but can use industrial
byproducts, such as fly ash and slag, for the primary ingredient. Low
carbon footprints of cement-free geopolymer concrete have been
estimated by many researchers [7e10]. Besides the high material
greenness, fiber reinforcement imparts improved durability to the
material, as reported in ECC materials [11e13]. Synergistic inter-
action between fiber and matrix offers the strain-hardening char-
acteristic and high tensile ductility, suppressing inherent
brittleness of the geopolymer matrix. Further, when the material is
overloaded, damage is distributed as self-controlled multiple
microcracks. The tight cracking enables the ductile geopolymer to
maintain their mechanical and durability properties even when
highly damaged. With these unique properties, a new family of
ductile fiber-reinforced geopolymer composites e named Engi-
neered Geopolymer Composite (EGC) e shows great promise as a
sustainable construction material. So far, several previous studies
have demonstrated the feasibility of ductile geopolymer compos-
ites and reported their strain-hardening behavior and multiple-
cracking characteristics in tension and flexure [14e17].

While EGC is increasingly gaining attention in the research field,
difficulty in the material design slows the research and develop-
ment. One of the biggest challenges is the large number of design
variables. Geopolymer matrix typically involves more design vari-
ables than cement matrix, including types of alkaline activators and
solid aluminosilicate materials, their mix proportions, curing re-
gimes, etc. Moreover, optimization of fiber and fiber/matrix inter-
face properties is also required for EGC, which further expands the
degrees of freedom in the material design. As a result, empirical
trial-and-error approaches, which have been often employed in the
research field, are inefficient to explore the vast design space.

It should be also noted that EGC design is a multi-response
optimization problem. Many prior studies on geopolymer design
are only focused on compressive strength. Typically, a series of
specimens are prepared by varying several design factors (e.g. type
of alkaline activator, activator/fly ash ratio, etc.), and an optimum
design that provides the best response (i.e. compressive strength) is
determined. This traditional approach, however, is ineffective for
EGC development; high tensile ductility and enhanced material
greenness are desired properties in EGC optimization, as well as
fundamental mechanical properties such as compressive strength.
Finding an optimum mix design to simultaneously improve those
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multiple responses is time and cost intensive when relying on the
conventional trial-and-error approach. To facilitate research and
development of EGC materials, more efficient and systematic
design methodologies are needed.

This paper proposes a new design methodology for strain-
hardening fiber-reinforced geopolymer composites with high ten-
sile ductility and multiple micro-cracking characteristics. The
Design of Experiment (DOE), micromechanical modeling, and ma-
terial sustainability indices (MSI) are integrated to simultaneously
achieve higher strength, ductility, and material greenness. The
concept and design process of the integrated design method are
first outlined in the following section. Then, analytical and exper-
imental investigations are conducted to demonstrate the applica-
bility and effectiveness of the design method. Consequently, a
green and ductile (and, therefore, durable) EGC material is sys-
tematically developed.
2. Integrated design method

Fig. 1 illustrates the design scheme of the proposed integrated
method. It consists of three design phases: matrix, composite, and
environmental designs, each of which utilizes a specific material
design technique.

The matrix design phase is aimed at meeting requirements in
fundamental engineering properties such as compressive strength.
Design variables (types of ingredients, mix proportions, curing
regime, etc.) are optimized to achieve required performances, with
the aid of a statistics-based design method, called Design of
Experiment (DOE). Specifically, the method used in this study was
developed by Taguchi [18] and has been applied to numerous sci-
ence and engineering fields. In this approach, effects of design
variables (or “input factors”) on performance (or “output”) are
systematically quantified without explicitly testing every combi-
nation of input factors. Out of a number of possible combinations of
Fig. 1. Design scheme of the proposed integrated design method that combines th
input variables, only a portion of them is selected to test, based on a
fractional-factorial design planned by using an orthogonal array
(OA). The test results are then investigated based on the Analysis of
Variance (ANOVA) method. The detailed theories can be found in
literature (e.g. Ref. [19]). With this technique, experimental costs
can be substantially reduced, yet robust information about the
relationship between design variables and properties of interest is
obtained.

Once a desired matrix is developed, fiber and fiber/matrix
interface properties are tailored to impart high tensile ductility and
multiple-cracking characteristics to the material. The micro-
mechanical modeling is a design technique adopted in the com-
posite design phase [20]. For given matrix and fibers,
micromechanical parameters (matrix fracture toughness, bonding
properties between fiber and matrix, etc.) that govern the com-
posite tensile properties are measured by experimental techniques.
Then, the composite tensile behavior is simulated by using an
analytical model based on fracturemechanics, micromechanics and
probabilistic models. The simulation result guides required modi-
fication on micromechanical parameters for achieving desired
tensile ductility and tight multiple cracking. With the aid of the
micromechanical modeling, rapid development of various types of
Engineered Cementitious Composites (ECCs), including light-
weight, self-compacting, sprayable, and self-healing ECCs, has been
realized.

The last phase is the environmental design that evaluates overall
sustainability of the developed composite. In this study, the Ma-
terial Sustainability Indices (MSI) are employed to measure the
embodied energy consumption and carbon footprints associated
with the material production [21]. MSI values represent a partial
life cycle analysis (LCA) of the material greenness that accounts for
raw material acquisition, processing, and manufacturing while the
use and disposal phases are omitted. MSI are useful for quantifying
the overall environmental performance of materials, regardless of
ree design techniques for matrix, composite, and sustainability design phases.



Table 2
Chemical compositions and physical properties of fly ash.

Fly ash A Fly ash B

SiO2 46.09 42.20
Al2O3 23.15 22.51
Fe2O3 19.48 9.20
CaO 5.08 15.66
SO3 0.77 1.85
MgO 1.12 3.20
Na2O 0.58 0.98
K2O 1.73 1.53
Moisture 0.16 0.12
Loss on ignition 1.99 1.34
density 2.58 2.53
Fineness
(% retained on 45 mm sieve)

22.24 16.58
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the application, and compare the carbon and energy footprints of
different materials on a mass or volume basis.

Those three design stages are linked with each other and work
in a synergistic manner. For example, sustainability aspects are
considered in both the beginning matrix design stage and subse-
quent composite design stage by pre-screening out energy/carbon-
intensive ingredients. In addition, design variables that are found to
be “insignificant factors” based on the DOE study can be used to
either modify micromechanical parameters in the composite
design stage or lower the energy/carbon footprints for the envi-
ronmental design. This integrated design scheme enables system-
atic optimization for multiple objectives that EGC materials sort to
satisfy.

A preliminary version of EGC has been developed by the authors
[15], which has high tensile ductility of over 4% but relatively low
compressive strength of 27.6MPa. In this study, the proposed in-
tegrated design method is used to (1) improve the compressive
strength, (2) maintain the high tensile ductility, and (3) lower the
energy and carbon footprints of the EGC simultaneously. The
detailed design process adopted in this study is presented in the
following section.
3. Matrix development

A DOE study is conducted to modify the mix design of the
preliminary EGC matrix (shown in Table 1) for achieving higher
compressive strength.
3.1. Materials and methods

Two types of fly ashwere blended in themixture, labeled Fly ash
A and B, respectively, both of which were classified as class F fly ash
as designated by ASTM C 618 [22]. Table 2 lists the chemical com-
positions and physical properties of the fly ashes reported from the
manufacturer. F-75 Ottawa silica sand was used as aggregate. The
alkaline activator was prepared by dissolving laboratory-grade so-
dium hydroxide (NaOH) pellets in mixture of sodium silicate so-
lution (Na2SiO3 with 8.9 wt% Na2O, 28.7wt% SiO2, and 62.5 wt%
H2O) and tap water (labeled “Pre-mix water” in Table 1). The so-
lution preparation was done at least 24 h before its use as the
activator for geopolymer so that chemical equilibriumwas attained.
Additional water (labeled “Mix water” in Table 1) was used when
mixed with solid materials (i.e. fly ash and silica sand) to obtain
adequate rheology.

The mix design of the preliminary EGC matrix was different
from those of typical geopolymer mortars in two aspects. First, two
types of fly ash were blended to control the hardening property of
geopolymer mortar. When the fly ash A was singly used as the
reactant, specimens did not stiffen enough and fractured in
demolding one day after casting. On the other hand, the use of fly
ash B by itself resulted in too fast setting time to cast in molds.
These problems are likely to be related to the different amount of
CaO content between Fly ash A and B. Second, tap water (Pre-mix
water) was used to prepare the alkaline activator, while extrawater
(i.e. Mix water) was added during the mortar mixing. It was found
during the development of the preliminary EGC that adding the
mix water to the alkaline activator beforehand (i.e. no extra water
Table 1
Mix proportion of preliminary EGC matrix (by mass).

Fly ash A Fly ash B Sand Na2SiO3 NaOH (pellet) Pre-mix
water

Mix
water

0.8 0.2 0.3 0.256 0.056 0.039 0.12
was added during the mortar mixing) resulted in different viscosity
and flowability of the fresh geopolymer mortar. The reason for this
is unclear and further research will be required.

For the mortar mixing, fly ash and silica sand were first dry-
mixed for 2min. The activator solution and mix water were then
added to the mixture. After the fresh mortar reached the desired
fresh state, the mixturewas cast into molds on a vibration table and
cured at a room temperature (23± 3 �C) for 24 h. Subsequently, the
specimens were cured in an oven at 60 �C for 24 h, followed by air
curing at a room temperature until the age of 28 days prior to
testing. To measure the compressive strength, three 2-inch (51-
mm) cube specimens were prepared for each mix proportion and
subjected to uniaxial compression.
3.2. Statistical design approach

In this study, six ratios of the ingredients by mass were inves-
tigated as the design variables:

(1) FA(B)/FA e ratio of fly ash B to the total amount of fly ashes
(i.e. fly ash A plus B)

(2) S/FA e ratio of silica sand to FA
(3) Alk/FA e alkaline activator to FA ratio where Alk is the total

amount of Na2SiO3 solution, NaOH pellets, and pre-mix
water

(4) Na2SiO3/NaOH(sol) e ratio of Na2SO3 to NaOH solution where
NaOH(sol) is the total amount of NaOH pellets and pre-mix
water

(5) Pre-W/NaOH(sol) e reflecting the concentration of NaOH so-
lution where Pre-W is the amount of pre-mx water, and

(6) Mix-W/FA e ratio of mix water to FA, which affects the
rheology of the mixture.

These design variables were determined so that the values could
be simply calculated by taking the mass ratio of ingredients. Also,
the pre-mix water and mix water were separately considered,
based on the finding in the preliminary study mentioned in the
preceding section. As a result, however, the design variables here
are somewhat different from those commonly used in geopolymer
design. For example, the definition of the alkaline activator in this
study does not include the mix water, while many past studies
defined the alkaline activator including the total amount of water
used. Also, Na2O content and Ms modulus (SiO2/Na2O molar ratio)
of the alkaline activator are often used in the research community
to reflect the availability of alkali ions or silica, but this study used
Na2SiO3/NaOH(sol) and Pre-W/NaOH(sol) instead. Thus, in the
following results and discussion section, those commonparameters
were also calculated for each mix proportion so that the test results



Table 4
Compressive strength of 18 EGC mixtures with 3 samples each (in MPa).

Mix no. Measured compressive
strength
(3 samples)

Mean Standard deviation

1 45.5 33.9 31.5 37.0 7.5
2 33.5 33.1 33.0 33.2 0.3
3 24.9 27.4 26.2 26.2 1.3
4 24.3 21.8 22.1 22.7 1.3
5 50.1 49.7 53.1 51.0 1.8
6 49.2 48.6 49.0 48.9 0.3
7 26.9 26.7 28.3 27.3 0.9
8 39.3 37.6 37.0 38.0 1.2
9 40.5 38.7 43.4 40.8 2.4
10 38.0 34.5 39.5 37.4 2.6
11 27.6 31.1 32.1 30.3 2.3
12 52.7 39.9 35.6 42.7 8.9
13 32.6 38.5 36.5 35.9 3.0
14 46.8 46.8 47.9 47.2 0.6
15 44.6 45.4 45.5 45.2 0.5
16 47.0 43.0 43.7 44.6 2.1
17 34.1 33.8 37.4 35.1 2.0
18 38.9 36.0 37.1 37.3 1.5
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in this study could be compared with those in many prior studies.
In the preliminary EGC matrix, those six ratios were (1) 0.2, (2)

0.3, (3) 0.35, (4) 2.7, (5) 0.41, and (6) 0.12, respectively. To quantify
individual effects of the six factors, three different factor levels
were considered for each mixing ratio, meaning that there are
36¼ 729 possible combinations.

L18 orthogonal array was adopted in this study to assign the six
factors with three levels each. The factor levels and corresponding
absolute values of each mixing ratio are shown in Table 3. The L18
orthogonal array can accommodate 1 two-level factor and 7 three-
level factors, testing only 18 combinations. In some types of
orthogonal arrays and their arrangements, interaction effects be-
tween factors are confounded with a specific factor effect, leading
tomisevaluation on themain effect. The advantage in use of the L18
orthogonal array is that all the interaction effects are almost evenly
spread across main factor effects, allowing more accurate evalua-
tions on the main effects. When only 6 three-level factors are
considered, they should be assigned to the third through eighth
columns so that the degree of uniform distribution of confounding
is maximized. Therefore, the first and second columns are set as
empty columns that have no assigned factors. Based on the pre-
pared L18 orthogonal array, three 2-inch (51-mm) cubes were cast
for each of the 18 different mix proportions.

Using the resulting experimental data, an ANOVA study was
conducted to analyze the relationship between each design vari-
able and the output (i.e. compressive strength). The sum of squares
(SS) for each factor, which reflects deviation from the mean caused
by the factor, was calculated and then normalized by the degree of
freedom (DOF) to find the mean square (MS). SS and MS for error
were also computed tomeasure the variation attributed to inherent
experimental errors. Subsequently, the F-ratio was calculated for
each factor by taking the ratio of MS-for-factor to MS-for-error, the
magnitude of which reflects the significance of the factor on the
output. Finally, factors were classified as either significant or
insignificant factors based on a statistical F-test with 5% signifi-
cance level.

It should be mentioned that trends of factor effects in the above
approach are derived from the selected ranges of the factor levels. It
is possible that a different trend is found outside the ranges,
resulting in a different conclusion on the significance of the factors.
Nevertheless, a lot of insights on the main factor effects can be
obtained from a minimal number of experiments, predicting the
most promising direction for optimization of the design variables.
Table 3
L18 orthogonal array for EGC matrix development.

Mix no. Assigned factors, their absolute values and codes (levels)

e e FA(B)/FA S/FA Alk/

1 (1) (1) 0.2 (1) 0.2 (1) 0.30
2 (1) (1) 0.3 (2) 0.3 (2) 0.35
3 (1) (1) 0.4 (3) 0.4 (3) 0.40
4 (1) (2) 0.2 (1) 0.2 (1) 0.35
5 (1) (2) 0.3 (2) 0.3 (2) 0.40
6 (1) (2) 0.4 (3) 0.4 (3) 0.30
7 (1) (3) 0.2 (1) 0.3 (2) 0.30
8 (1) (3) 0.3 (2) 0.4 (3) 0.35
9 (1) (3) 0.4 (3) 0.2 (1) 0.40
10 (2) (1) 0.2 (1) 0.4 (3) 0.40
11 (2) (1) 0.3 (2) 0.2 (1) 0.30
12 (2) (1) 0.4 (3) 0.3 (2) 0.35
13 (2) (2) 0.2 (1) 0.3 (2) 0.40
14 (2) (2) 0.3 (2) 0.4 (3) 0.30
15 (2) (2) 0.4 (3) 0.2 (1) 0.35
16 (2) (3) 0.2 (1) 0.4 (3) 0.35
17 (2) (3) 0.3 (2) 0.2 (1) 0.40
18 (2) (3) 0.4 (3) 0.3 (2) 0.30
In addition, confirmation experiments are typically conducted to
verify the prediction from the analysis results. Based on those
findings, an optimum mix proportion of EGC matrix can be deter-
mined by selecting optimum levels for significant factors.

3.3. Results and discussion

Table 4 lists compressive strength of the 18 mixtures with three
specimens each. The SS, MS, and F-ratio of each factor are sum-
marized in Table 5. According to the ANOVA results, the most
influential factor is Pre-W/NaOH(sol), which reflects the concen-
tration of NaOH solution. The second highest F-ratio is found in
Mix-W/FA, which affects the rheology of the mixture and is
therefore assumed to affect the pore size distribution of the hard-
ened matrix. The third most significant factor is FA(B)/FA, followed
by S/FA. The other factors e Alk/FA and Na2SiO3/NaOH(sol) e are
suggested to be insignificant within the selected ranges of the
factor levels since those F-ratios are less than the theoretical F-
score at 5% significance level (i.e. F0.05,2,41¼3.23).

To investigate trends of the factor effects, main-effects plots that
plot mean compressive strength at each level of parameters are
FA Na2SiO3/NaOH(sol) Pre-W/NaOH(sol) Mix-W/FA

(1) 2.4 (1) 0.31 (1) 0.10 (1)
(2) 2.7 (2) 0.41 (2) 0.12 (2)
(3) 3.0 (3) 0.51 (3) 0.14 (3)
(2) 2.7 (2) 0.51 (3) 0.14 (3)
(3) 3.0 (3) 0.31 (1) 0.10 (1)
(1) 2.4 (1) 0.41 (2) 0.12 (2)
(1) 3.0 (3) 0.41 (2) 0.14 (3)
(2) 2.4 (1) 0.51 (3) 0.10 (1)
(3) 2.7 (2) 0.31 (1) 0.12 (2)
(3) 2.7 (2) 0.41 (2) 0.10 (1)
(1) 3.0 (3) 0.51 (3) 0.12 (2)
(2) 2.4 (1) 0.31 (1) 0.14 (3)
(3) 2.4 (1) 0.51 (3) 0.12 (2)
(1) 2.7 (2) 0.31 (1) 0.14 (3)
(2) 3.0 (3) 0.41 (2) 0.10 (1)
(2) 3.0 (3) 0.31 (1) 0.12 (2)
(3) 2.4 (1) 0.41 (2) 0.14 (3)
(1) 2.7 (2) 0.51 (3) 0.10 (1)



Table 5
ANOVA results on six design variables of EGC matrix (unpooled).

Factors DOF Sum of square Mean square F-ratio

FA(B)/FA 2 377 189 7.47
S/FA 2 242 121 4.80
Alk/FA 2 0.903 0.452 0.0179
Na2SiO3/NaOH(sol) 2 92.9 46.4 1.84
Pre-W/NaOH(sol) 2 1330 665 26.3
Mix-W/FA 2 530 265 10.5
Error 41 1035 25.2 e

Total 53 3608 e e

Note: F0.01,2,41¼ 5.16, F0.05,2,41¼ 3.23, F0.10,2,41¼ 2.44.
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prepared for the test results (Fig. 2). As can be seen, an increase of
Pre-W/NaOH(sol) and Mix-W/FA monotonically lowers the
compressive strength in the selected ranges. In contrast, an in-
crease of FA(B)/FA and S/FA raises the compressive strength. Besides,
statistically insignificant effects of Alk/FA and Na2SiO3/NaOH(sol), as
mentioned above, can be seen in the plots.

Some of those observed trends agree with previous studies
while the others do not. Regarding either Pre-W/NaOH(sol) or Mix-
W/FA ratio, it is consistent with research findings by Hardjito and
Rangan [23] that a higher amount of water in the mixture reduces
the compressive strength. The observed trend of FA(B)/FA is also in
agreement with reported effects of calcium compounds on the
compressive strength of geopolymer materials [24]. Since fly ash B
contains a larger amount of calcium oxide (CaO) than fly ash A, it is
suggested that a higher FA(B)/FA ratio would cause more formation
of C-S-H gel in the geopolymer matrix, contributing to higher
compressive strength development, as reported by Yip et al. [25].
On the other hand, the fact that compressive strength increases
with an increase of S/FA ratio does not agree with a previous study
Fig. 2. Mean responses at each level of factors ar
by Thakur and Ghosh [26]. The insignificant effects of Alk/FA and
Na2SiO3/NaOH(sol) seem inconsistent with the study by Hardjito
and Rangan [23] and many other studies.

However, as mentioned in the preceding section, the factors
used in this study are somewhat different from commonly used
parameters in past studies, and therefore direct comparison with
previous findings may be misleading. For doing a fair comparison,
four commonly used parameters are calculated for 54 samples (i.e.
3 specimens for 18 mixtures) and plotted with their compressive
strength (Fig. 3).

Regarding the relationship between compressive strength and
the ratio of the alkaline activator to FA, no significant correlation
can be seen as the data are largely scattered in the selected range.
Thus, it seems difficult to find an optimum mix design of the geo-
polymer matrix based on this parameter. In contrast to the finding
here, the alkaline activator-to-FA ratio is often considered an
influential factor on strength of geopolymer materials and has been
intensively studied in the research field.

As an alternative design parameter, Hardjito and Rangan [23]
proposed “water-to-geopolymer solids ratio” based on their
extensive experimental investigation on effects of various design
parameters on compressive strength and workability of fly ash-
based geopolymer concrete. The water-to-geopolymer solids ratio
represents the ratio of the total mass of water (including water
contained in Na2SiO3 and NaOH solution) to the total mass of fly ash
and solids in Na2SiO3 and NaOH solution. In the present case, both
the pre-mix water and mix water are included in the total amount
of water. Hardjito and Rangan found that the compressive strength
of geopolymer concrete decreases as the ratio of water-to-
geopolymer solids ratio increases [23].

In the obtained results in this study, a general decreasing trend
can be seen for the water-to-geopolymer solids ratio, compared to
e plotted to visualize the main factor effects.



Fig. 3. Plots of compressive strength versus four parameters commonly used in past research, for 54 samples tested in this study.
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that for the alkaline activator-to-FA ratio (Fig. 3). However, large
variations can be still seen in the data, especially for the ratio of
around 0.27. This implies that a lower ratio does not always provide
higher compressive strength.

In the case of the Na2O content and Ms modulus of the alkaline
activator, the observed trends somewhat agree with the findings
from previous studies. The former parameter represents the mass
ratio of Na2O content in the alkaline activator to FA, and the latter
indicates the molar ratio of SiO2 to Na2O in the activator. For the
Na2O content, previous studies reported general increasing trends
in compressive strength (e.g. Refs. [27e30]), while the obtained
data in the present study show a weak increasing trend (Fig. 3). On
the other hand, a decreasing trend can be seen for the Ms modulus
in this study, which is in agreement with findings in Refs. [27,31].
Nevertheless, relatively large variations in the data, especially for
the plot of Na2O content, should be noted.

The obtained results and above discussion imply the complex
chemistry in geopolymer formation that has not been fully un-
derstood yet. While some parameters proposed in past studies
seem to have a significant correlation with compressive strength,
the observed large variations suggest that optimizing the geo-
polymer mix design based on general trends for those parameters
are not straightforward. This would be a primary reason that there
is currently no comprehensive design procedure for geopolymer
concrete and that trial-and-error approaches are still often used in
the research field.

For obtained results in the present study, a further study would
be required to fully understand the mechanisms behind the re-
lationships between those design variables and compressive
strength of EGC mortar. Nevertheless, with the aid of the statistical
approach, an optimum EGC mixture design can be systematically
predicted, even without such complete understanding of the
mechanisms.
3.4. Optimum conditions

According to the ANOVA results and the main-effects plots,
optimum conditions for the significant factors are (1) FA(B)/FA¼ 0.4,
(2) S/FA¼ 0.4, (5) Pre-W/NaOH(sol)¼ 0.31, and (6) Mix-W/FA¼ 0.10.
Due to their monotonic increasing/decreasing trend, it may be
argued that a higher/lower ratio than the selected ranges could lead
to further improvement on the compressive strength. However, it
was found in a verification experiment that any of those directions
resulted in too fast setting or too high viscosity of the fresh mixture
to cast.

Meanwhile, due to their insignificant effects, factor levels of (3)
Alk/FA and (4) Na2SiO3/NaOH(sol) can be set to any value in the
selected ranges, without compromising the compressive strength.
In the proposed integrated design scheme, these insignificant fac-
tors are utilized to complement optimization in the other design
stages. For example, levels of those insignificant factors can be
selected so that desired modifications on micromechanical pa-
rameters are made in the composite design phase. Besides, a higher
material greenness can be achieved by choosing appropriate levels
of those factors for the environmental design stage. In the present
study, priority is put in the sustainability aspect. In the case of Alk/
FA, it is obvious that a lower ratio of the factor provides a higher
material greenness as fly ash is an industrial byproduct while the
alkaline activator consists of primary products. On the other hand, a
higher ratio is preferred for Na2SiO3/NaOH(sol) since Na2SiO3 pro-
duction is less energy and carbon intensive than NaOH (detailed in
Section 5). Therefore, (3) Alk/FA¼ 0.3 and (4) Na2SiO3/NaOH(-

sol)¼ 3.0 were chosen for their optimum EGC matrix mixture. The
resultant mixture design is presented in Table 6. The water-to-
geopolymer solids ratio, alkaline activator-to-FA ratio, Na2O con-
tent, and Ms modulus of the activator for this mix design are 0.23,
0.4, 0.059, and 1.1, respectively.



Table 6
Mix proportion of optimum EGC matrix (by mass).

Fly ash A Fly ash B Sand Na2SiO3 NaOH (pellet) Pre-mix
water

Mix
water

0.6 0.4 0.4 0.225 0.052 0.023 0.10
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3.5. Verification experiment for compressive strength

To verify that the mix proportion predicted by the DOE study is
indeed an optimum, verification experiments were conducted.
Three 2-inch (51-mm) cube specimens of the predicted optimum
EGC mortar were prepared and their compressive strength was
measured as in the L18 experiments. Then, the measured
compressive strength was compared with a statistically predicted
mean and its confidence interval (CI). If the mean compressive
strength of the confirmation experiment is inside the CI, then it is
concluded that the predicted optimum condition is valid. Other-
wise, more rounds of experiments will be required to detect any
significant confounded interaction or unknown factor that was not
taken into account in the first trial. The detailed procedures can be
found in literature [19].

To calculate the predicted mean and its CI, SS and DOF of
insignificant factors are combined with those of errors, which is a
procedure known as ‘pooling’. The pooled ANOVA results are
summarized in Table 7. For the sake of brevity, columns of the L18
orthogonal arrays are labeled A through H from the left; the four
significant factors e FA(B)/FA, S/FA, Pre-W/NaOH(sol), and Mix-W/FA
are therefore C, D, G, and H, respectively. Then, the predicatedmean
compressive strength of the optimum EGC mortar is expressed as:

mC3D3G1H1
¼ C3 þ D3 þ G1 þ H1 � 3T (1)

where mC3D3G1H1
is the predictedmean at the optimum condition, Xi

represents the mean at i-th level of the parameter X (as plotted in
the main-effects plots) and T is the total mean of all the data. The
corresponding CI is given by the following equation:

CI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fa;1;yeVep

"
1
heff

þ 1
r

#vuut (2)

Fa;1;ne represents the F-ratio at a significance level of awith the DOF
of pooled errors ne; Vep is the variance (equivalent to MS) of the
pooled errors; heff is the effective number of replications expressed
as (Total number of samples)/(1 þ Total DOF associated with sig-
nificant factors); r is the sample size for the confirmation experi-
ment. In the present case, a, ne, Vep, heff and r are 0.05, 45, 25.1, 6, and
3, respectively.

Table 8 presents the measured and predicted compressive
strength of the optimum EGC matrix. As can be seen, the measured
compressive strength of 50.5MPa is quite close to the predicted
mean of 52.0MPa and inside the CI ranging from 44.8 to 59.1MPa.
Table 7
Pooled ANOVA results on six design variables of EGC matrix.

Factors DOF Sum of square Mean square F-ratio

FA(B)/FA 2 377 189 7.52
S/FA 2 242 121 4.83
Pre-W/NaOH(sol) 2 1330 665 26.5
Mix-W/FA 2 530 265 10.6
Error 45 1129 25.1 e

Total 53 3608 e e
Therefore, the result verifies the predicted optimum condition for
EGC matrix mixture. Since the resultant compressive strength of
50.5MPa is sufficiently high for various kinds of infrastructure
applications, the primary objective of this matrix development
stage was successfully achieved.
4. Composite design

In this design stage, the micromechanical modeling technique is
used to develop a strain-hardening ductile EGC based on the
optimized EGC matrix.
4.1. Micromechanical modeling

Tensile strain-hardening behavior of fiber-reinforced brittle
mortar composites is realized by sequential formation of matrix
micro-cracking. A fundamental requirement for the multiple
cracking is steady-state flat crack propagation prevailing under
tension. To ensure the steady-state cracking in composites rein-
forced with randomly oriented short fibers, the following strength-
and energy-based criteria need to be met [32] [33]:

sfc � s0 (3)

Jtip � s0d0 �
Zs0

0

sðdÞdd≡J 0b (4)

The first condition requires that the first cracking strength (sfc)
is lower than the fiber bridging capacity (s0) of the composite. sfc is
determined by the flaw size and fracture toughness of the matrix
while s0 depends on fiber and fiber/matrix interface properties.
Violation of this criterion results in a single, localized crack for-
mation with limited ductility. On the other hand, the second con-
dition determines the crack propagation mode of the composite. Jtip
is the crack tip toughness which represents the energy required for
crack propagation. When the fiber content is small, Jtip approaches
Km
2 /Em where Km and Em are the fracture toughness and Young's

modulus of the matrix. To achieve the flat crack propagation, Jtip
should be lower than the complementary energy Jb’ which is
calculated from the fiber bridging stress s versus crack opening
d relation (sed relation) as shown in Fig. 4. Violation of this con-
dition causes oval-shaped Griffith cracking [34]. When both the
two conditions are satisfied, a flat crack initiates from a pre-existing
flaw and extends indefinitely through the matrix. Repeated for-
mation of such steady-state cracks lead to self-controlled multiple
cracking and strain-hardening along with high ductility.

To ensure the satisfaction of the two criteria, determination of
the crack bridging behavior is essential. Since the sed relation is a
result of synergistic interactions between fiber, matrix, and their
interface, micromechanical parameters that govern the interactions
need to bemeasured. A single-fiber pullout test, developed by Katzs
and Li [35], is typically used to determine fiber/matrix interface
properties including the frictional bond (t0), chemical bond (Gd),
and slip hardening coefficient (b) [36]. Those measured micro-
mechanical parameters are used to predict the composite behavior
by using a scale-linking model [37]. The analytical scale-linking
model accounts for the single-fiber bridging behavior and proba-
bilistic distributions of orientations and embedment lengths of the
numerous bridging fibers. sfc, s0, Jtip, and Jb’ are determined based
on the measured micromechanical parameters and the simulated
sed relation, and required modifications on the parameters, if
needed, are systematically predicted for achieving desired com-
posite tensile properties.



Table 8
Measured and predicted compressive strength of optimum EGC matrix (in MPa).

Measured compressive strength
(3 samples)

Measured mean Predicted mean Predicted CI

50.2 50.9 50.5 50.5 52.0 [44.8, 59.1]

Fig. 4. Conceptual fiber bridging stress versus crack opening relation [61].

M. Ohno, V.C. Li / Cement and Concrete Composites 88 (2018) 73e8580
4.2. Experimental and analytical methods

For the optimized EGCmatrix, small prismatic specimens with a
single fiber embedded in the center were prepared for conducting
the single-fiber pullout test. The specimen thickness (i.e. fiber
embedment length) varied from 0.9mm to 2.7mm. Due to the
preceding successful applications in ECC materials, polyvinyl
alcohol (PVA) fiber with 1.2% oil coating by weight [38] was
employed. From the obtained single-fiber pullout curves, t0, Gd, and
bwere computed based on the equations in Ref. [36]. To determine
the matrix fracture toughness (Km), notched beam specimens with
305mm in length, 76mm in height and 38mm in thickness were
prepared for conducting a three-point bending test. Four specimens
with the notch depth-to-height ratio of 0.4 were tested in accor-
dance with ASTM E399 [39]. In addition, four dogbone-shaped
mortar specimens for uniaxial tension testing were prepared to
measure the matrix Young's modulus (Em) and the matrix tensile
strength which was approximated as the composite first cracking
strength (sfc). The rectangular gage section measured 100mm in
length, 30mm inwidth, and 13mm in thickness. All the specimens
were subjected to the same curing condition as that in the DOE
study and tested at the age of 28 days. The detailed testing con-
figurations can be found in Refs. [40] and [41].

The sed relation was computed by using a modified fiber-
bridging constitutive law developed by Yang et al. [42]. For the
sake of brevity, two-dimensional fiber distribution was assumed
and both the matrix micro-spalling and the Cook-Gordon effect
were not taken into account. The apparent strength [43], snubbing
coefficient [43] and strength reduction factor [44] [45] of the PVA
fiber were assumed to be the same as those found or estimated for
cement matrix. To determine the effect of fiber volume fractions
(Vf), three different input values of 1.0, 1.5, and 2.0% were used. The
micromechanical parameters used in the simulation are listed in
Table 9. From the predicted sed relation, s0 and Jb’were determined
to compare with experimentally measured sfc and Jtip.

4.3. Results and analysis

Table 10 summarizes the test results of the single-fiber pullout
test, matrix fracture toughness test, and mortar-dogbone uniaxial
tension test. The average chemical bond (Gd) between the
optimized EGC matrix and PVA fiber is 6.1 J/m2, which is 4e5 times
higher than those found in ECC materials [38] [42]. On the other
hand, the average frictional bond (t0) of 0.7MPa and the average
slip-hardening coefficient (b) of 0.33 for EGC are lower than those
for ECC; Li and Wu reported 1.11MPa and 1.15 for t0 and b,
respectively [38], while Yang et al. found 1.31e1.91MPa and
0.58e0.63 [42]. Thus, interfacial properties of EGC are significantly
different from those of ECC materials. The reason for this is unclear,
but it might be possible that interfacial layers between EGC matrix
and PVA fiber consist of different types of compounds from those in
PVA-ECC. A further research is required to investigate the micro-
structure and chemical compositions of EGC interfacial layers.

It should be also noted that the measured interfacial properties
have large standard deviations. While such large variations have
been often observed for the single-fiber pullout test in past studies
(e.g. Ref. [36]), a verification experiment is important to verify the
composite tensile behavior that was predicted based on the
measured micromechanical parameters. This is presented in the
following section.

Despite the large standard deviations, the average data of
measured interfacial properties seem to represent general bonding
characteristics of EGC matrix and PVA fiber. The strong chemical
bond typically results in smaller crack width by limiting the crack
opening during the strain-hardening stage. While the weaker
frictional bond and smaller slip-hardening coefficient might cause
lower bridging capacity (s0), a high tensile ductility can be achieved
by suppressing fiber rupture and facilitating fiber pullout. Indeed,
the preliminary version of EGC exhibited smaller average crack
width than ECC materials, with high tensile ductility of over 4.5%
[15].

Regarding the matrix properties, EGC matrix shows relatively
weaker and more brittle characteristics than ECC matrix; the frac-
ture toughness (Km) of 0.37 MPa*m1/2, Young's modulus (Em) of
7.9 GPa, and tensile strength (approximated as sfc) of 1.4MPa on
average are about half of those of ECC materials [46] [47]. It should
be mentioned, however, that this is beneficial for satisfying the
strength- and energy-based criteria, as sfc and Jtip in Eqs. (3) and (4)
are reduced. From these results, Jtipz Km

2 /Em was determined to be
17.3 J/m2.

Fig. 5 shows the computed fiber bridging capacity (s0) and
complementary energy (Jb’) versus fiber volume fractions (Vf). As



Table 9
Micromechanical parameters used as model input.

Fiber properties Interface properties

Diameter (mm) Length
(mm)

Young's modulus (GPa) Apparent strength (MPa) Volume
(%)

Snubbing coefficient Strength reduction coefficient

39 12 42.8 1092a 1.0, 1.5, 2.0 0.2b 0.33b

a Reduced fiber strength when the fiber is embedded in cementitious matrix [38].
b Assumed values based on experiment [42].

Table 10
Measured micromechanical parameters of optimum EGC matrix.

Interface properties a Matrix properties

Chemical bond
(J/m2)

Frictional bond
(MPa)

Slip-hardening coefficient Fracture toughness
(MPa*m1/2)

Young's modulus
(GPa)

Tensile strength
(MPa)

6.1± 6.8 0.70± 0.38 0.33± 0.31 0.37± 0.02 7.9± 2.1 1.4± 0.4

a Averaged values of 42 specimens for single-fiber pullout test.

Fig. 5. Computed (a) fiber bridging capacity and (b) complementary energy with their PSH indices. Dashed lines indicate recommended PSH values for practical design [48].
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can be seen, an increase of Vf elevates both s0 and Jb’ almost linearly.
It is obvious that the fiber content has a significant impact on
tensile properties of the composite. In addition, the ratios of s0/sfc
and Jb’/Jtip e called pseudo strain-hardening (PSH) index for
strength and energy, respectively e are shown in the graphs of
Fig. 5. Both of them are greater than unity for all the series, meaning
that both the strength- and energy-based criteria are satisfied.
According to the analytical and experimental study by Kanda and Li
[48], s0/sfc� 1.3 and Jb’/Jtip� 2.7 are recommended to achieve
robust tensile strain-hardening in ECC, due to the material vari-
ability caused by the random matrix flaw size and fiber dispersion.
The computed energy PSH values are considerably higher than the
recommended value, while there is a smaller margin between the
computed strength PSH index of the Vf-1.0% case and the recom-
mended value. If any of the computed PSH values violates either of
the two necessarily conditions, appropriate modifications will be
done on the micromechanical parameters, including a different
length, diameter, volume fraction, or oiling quantity [38] of the PVA
fiber. Use of a different type of fiber, such as polyethylene (PE) or
polypropylene (PP) fiber, is another possibility. In this study, the
predicted sed relation suggests that the optimized EGC matrix
reinforced with the PVA fiber can exhibit tensile strain-hardening
and multiple cracking with high ductility, even for a fiber volume
fraction of 1.0%.
4.4. Verification experiment for tensile ductility

To verify the prediction by the micromechanical modeling
study, a verification experiment was conducted. Particularly, the
test aimed to confirm if the EGC with 1.0% fiber volume could
exhibit significant strain-hardening behavior with high tensile
ductility of over 3% (i.e. comparable performance to ECC materials).
Three batches of the optimized fresh EGC mortar were prepared
and PVA fiber was slowly added so that each of the batches had the
fiber content of 1.0, 1.5, and 2.0%. Four dogbone-shaped specimens
were prepared from each of the mixture and subjected to the same
curing condition as that in the DOE study. In addition, three 2-inch
(51-mm) cube specimens were prepared to measure the composite
compressive strength. Uniaxial compressive and tensile tests were
conducted at the specimen age of 28 days.

Fig. 6 shows the tensile stress-strain curves of the EGC speci-
mens with three different fiber volume fractions. As predicted, all
the series exhibit strain-hardening behavior with high tensile
ductility. However, EGC with 1% fiber volume shows relatively large
load drops during the strain-hardening stage, which is associated
with the larger crack width than the other cases. Moreover, vari-
ability among specimens is large and both the first cracking
strength (sfc) and ultimate tensile strength (i.e. fiber bridging ca-
pacity s0) are also limited.



Fig. 6. Tensile stress-strain curves of all EGC series show strain hardening with high
ductility.
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The degree of the variability is clearly related to the predicted
PSH indices. While both the strength and energy PSH indices are
greater than the recommended values, the margin gets smaller as
the fiber volume is decreased, as shown in Fig. 5. Variability among
specimens, especially in tensile ductility, gets larger with the
reduced fiber content. Therefore, PSH indices determine the degree
of robustness of tensile ductility, as well as the satisfaction of the
strength and energy criteria.

Table 11 summarizes themeasuredmechanical properties of the
three series of EGC. As the fiber volume increases, the compressive
strength, first cracking strength and ultimate tensile strength are all
increased. While the composite compressive strength is unex-
pectedly lower than the EGC mortar, EGC with 1.5% and 2.0% fiber
volume fractions have adequate strength of over 40MPa, which is
appropriate for various applications. The ductility of EGC with 1.5%
Vf is slightly larger than EGC with 2.0% Vf, but the variability among
specimens is much smaller in the 2.0% case.

Interestingly, the observed strength PSH indices in Table 11 (i.e.
ratio of the ultimate composite tensile strength to the first cracking
strength observed in the experiment) are considerably lower than
the model predicted values. This discrepancy results from the dif-
ference between the observed first cracking strength and the
mortar tensile strength that was used as the model input. As can be
seen in Fig. 6, the composite first cracking strength is higher than
the mortar strength of 1.4MPa and increases with an increment of
the fiber volume, while the same value was used for all the three
cases in the model. The composite first cracking strength was
determined by a point of the stress-strain curve after which a sig-
nificant non-linearity was observed. However, Yang and Li showed
in their numerical simulation study [49] that, when the matrix
tensile strength is low compared with cohesive traction associated
with fiber bridging, composite stress at the peak, after which a
significant non-linearity occurs (and the steady-state cracking
stage begins), can be larger than the matrix strength due to the
enhanced role of the fiber bridging. Due to the higher first cracking
strength of the composite, the observed strength PSH values re-
ported in Table 11 can apparently be lower than the model pre-
dicted values.

While all the EGC series have strain-hardening and multiple-
cracking characteristics with high tensile ductility, it was found
that smaller fiber content lowers compressive and tensile strength
and causes larger variability in the ductility. Due to the adequate
compressive strength and excellent tensile properties, EGC with 1.5
and 2.0% Vf are promising for large-scale infrastructure applica-
tions. In the following section, material greenness of these two
series is examined in the final environmental design stage.

5. Environmental performance comparison

5.1. Materials and methods

Environmental performances of the developed EGC-1.5% and
EGC-2.0% were compared with that of the preliminary version of
EGC, in terms of the Material Sustainability Indices (MSI) [21]. For
references, MSI of normal cement concrete and ECC materials were
also investigated. In the present study, embodied energy con-
sumption and global warming intensity (GWI) associated with unit
volume of the materials were calculated by accounting for all the
required energy and generated emissions in the cradle-to-gate
phases: raw material acquisition, processing and manufacturing.
For the carbon footprints calculation, 100-year global warming
potential (GWP) values of the ICPP 2013 report [50] were used to
calculate the carbon dioxide (CO2) equivalent emissions.

Life cycle inventory data of the ingredients used in this study are
listed in Table 12. The data were collected from scientific literatures
and environmental reports from industrial bodies, which report
both the energy consumption and greenhouse gas emissions and
have significance in the research field. The carbon intensity asso-
ciated with temperature curing of EGC was obtained from a study



Table 11
Mechanical properties of EGC with three different fiber volume fractions.

Series Compressive strength
(MPa)

Tensile strain capacity
(%)

First cracking strength
(MPa)

Ultimate tensile strength
(MPa)

Strength PSH

Vfe1.0% 38.5± 5.4 3.0± 1.3 2.5± 0.3 3.5± 0.2 1.40
Vfe1.5% 43.1± 3.0 4.7± 0.7 2.9± 0.2 5.3± 0.3 1.83
Vfe2.0% 43.3± 1.0 4.4± 0.1 3.5± 0.1 5.4± 0.3 1.54

Table 12
Life cycle inventories of raw ingredients of concrete, ECC and EGC materials.

Ingredients Embodied energy
(MJ/kg)

GWI
(kg CO2-eq/kg)

Portland cement [59] 4.8 0.93
Coarse/fine aggregate [60] 0.12 0.0062
Fine silica sand [61] 0.17 0.025
Fly ash [60] 0.11 0.0074
PVA fiber [62] 101 3.4
Super plasticizer [61] [63] 35 1.5
Watera 0 0
Sodium hydroxide pellets [64] 18 0.86
Sodium silicate (3.3WR, 37% solids) [65] 4.6 0.43

a Assumed negligible.

Fig. 7. (a) Embodied energy and (b) global warming intensity for EGC, concrete, and
ECC materials.
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on CO2 equivalent emissions from geopolymer and cement-
concrete production conducted by Turner and Collins [51]. They
assumed that liquid petroleum gas (LPG) was used for the tem-
perature curing, and used a CO2-emission factor of 1.54 kg CO2-eq/
L for LPG. To calculate the energy associated with the LPG use, the
higher heating value (HHV) of 25.5MJ/L [52] was used in this study.

For the reference studies, two types of cement concrete were
considered: non-air-entrained (Non-AE) and air-entrained (AE)
concrete, both of which were designed, based on the ACI 211 mix
design method [53], to have 6000 psi (41MPa) compressive
strength (i.e. similar strength to the developed EGC materials). For
ECCmaterials, themost studied versioneM45 [54]e and a greener
version that contains high volumes of fly ash (FA/C¼ 2.8) e HVFA
ECC [55] e were examined. The mixture designs of those materials
are shown in Table 13.

5.2. Results and discussion

Fig. 7 shows the computed energy- and carbon-MSI of the EGC,
concrete, and ECC materials. As a result of optimizations during the
matrix and composite design phases, the embodied energy of the
preliminary EGC is reduced from 5.95 to 5.12 GJ/m3 in EGC-1.5%,
while the GWI from 325 to 291 kg CO2-eq/m3. Therefore, with the
aid of the proposed integrate design method, 14 and 10% reduction
Table 13
Mixture proportions of EGC, concrete, and ECC materials (in kg/m3).

Prelim
EGC

EGC-2.0% EGC-1.5% N

Type I cement 4
Coarse aggregate 1
Fine aggregate 6
Fine silica sand 340 460 463
Fly ash 1131 1151 1157
PVA fiber 26 26 19.5
SP
Water 179 142 142 1
NaOH (pellet)
(pellets)

63.5 59.8 60.1

Na2SiO3 289 259 260

a Designed for compressive strength of 6000 psi (41MPa), slump of 3 in (76mm), maxi
capacity of 0.5% and 0.7% for coarse and fine aggregate, respectively. The air contents of
was achieved in the embodied energy and carbon equivalent
emissions, respectively.

The significant contributors in the embodied energy of EGC
series are the alkaline activator and PVA fiber, which account for 40
and 46%, respectively, of the total energy for EGC-2.0% and 45 and
38% for EGC-1.5%. While the total energy consumption of EGC is
greater than that of concrete, the geopolymer binder (i.e. energy
associated with fly ash, alkaline activator, and temperature curing)
consumes comparable energy to the cement binder in normal
concrete. The use of the energy-intensive PVA fiber is responsible
for the high energy consumption of EGC. The large embodied en-
ergy of the synthetic fiber is associated with the ‘feedstock energy’
(i.e. heat content of the petroleum-based ingredients), as well as
the consumed energy for the manufacturing process. Due to the
on-AE concretea AE concretea ECC M45 HVFA ECC

70 547 571 324
079 1079
47 492

456 456
685 906
26 26
6.8 5.3

93 175 332 320

mum aggregate size of 1 in (25mm), fine aggregate modulus of 2.80, and absorption
Non-AE and AE concrete are 1% and 4.5%, respectively.



M. Ohno, V.C. Li / Cement and Concrete Composites 88 (2018) 73e8584
high energy intensity of the PVA fiber, ECC materials also have
larger embodied energy than normal concrete. With the smaller
fiber volume, EGC-1.5% has 11% less embodied energy than EGC-
2.0%.

In the case of carbon equivalent emissions, EGC materials show
an excellent performance; GWI of EGC-1.5% is 56e65% of those of
concrete materials, and 30% less even when compared with the
greenHVFA ECC. Unlike the embodied energy, the carbon footprints
of the PVA fiber are moderate, which offers an advantage in the
GWI reduction. On the other hand, high GWI values of concrete and
ECC are a result of the high carbon intensity of cement materials;
indeed, production of 1 kg of Portland cement is estimated to emit
0.84e1.15 kg of CO2 [56], contributing 5e8% to the global man-
made CO2 emissions [57] [58]. Therefore, use of no cement mate-
rials in EGC has a significant impact on the GWI reduction. In
addition, byminimizing the fiber content, a further reduction in the
carbon footprints is possible as demonstrated in EGC-1.5%.
6. Conclusion

This paper proposed a novel design methodology of Engineered
Geopolymer Composite (EGC) that integrates the design of exper-
iment (DOE), micromechanical modeling and life cycle analysis
(LCA) methods. The integrated design method was applied to a
preliminary version of EGC (with compressive strength of 27.6MPa
and tensile ductility of 4.3%) to achieve three design objectives
simultaneously: to improve compressive strength, maintain high
tensile ductility, and enhance thematerial greenness. As a result, an
optimized EGC with compressive strength of 43.1MPa and tensile
ductility of 5.3% was successfully developed, while reducing 14%
embodied energy and 10% CO2 equivalent emissions compared
with the preliminary EGC. The embodied energy and GWI of the
optimized EGC are 11 and 55% lower, respectively, than a standard
version of ECC (M45). The applicability and effectiveness of the
proposed design method were demonstrated through the sys-
tematic design process and the achieved results.

In addition, the following new findings were obtained during
the investigation;

- Compressive strength of EGC matrix increases when a larger
amount of fly ash with higher calcium content e even those
classified as class F (i.e. low-calcium) fly ash e is incorporated.

- EGC matrix has relatively low tensile strength and more brittle
behavior compared with ECC matrix materials, while the
compressive strength is comparable. This is, however, beneficial
in achieving robust tensile strain-hardening and multiple
cracking.

- Strong chemical bond, weak frictional bond and small slip-
hardening coefficient were found in EGC, which contribute to
smaller crack width and higher tensile ductility.

- The optimized EGC shows high tensile ductility of 3.0% even
with the small fiber volume fraction of 1.0%. However, due to a
small margin between the first cracking strength and fiber
bridging capacity, variability among specimens is larger than
EGC with higher fiber contents.

- EGCmaterials have a significant advantage in terms of the global
warming intensity (GWI) associated with the material produc-
tion. Although the embodied energy of EGC is higher than
normal concrete, improvement is possible by reducing the vol-
ume fractions of energy-intensive PVA fiber.

- EGC with 1.5% PVA fiber shows balanced properties in tension
and compression, and in MSI. This composite has suitable me-
chanical properties for civil infrastructure applications and
support infrastructure sustainability through a low GWI.
The proposed design method is applicable to not only fly ash-
based fiber-reinforced geopolymer but most other types of fiber-
reinforced brittle matrix composites. The efficient and systematic
design process facilitates the research and development of high
performance sustainable construction composite materials.

Acknowledgements

This work was supported by the National Science Foundation
(Grant CMMI 1068005 to the University of Michigan) and the
support is gratefully acknowledged. The authors also acknowledge
the material suppliers Headwaters Resources (Fly ash), PQ Corpo-
ration (Sodium silicate), and Kuraray (PVA fiber) for providing
materials used in this study.

References

[1] A.R. Sakulich, Reinforced geopolymer composites for enhanced material
greenness and durability, Sustain. Cities Soc. 1 (2011) 195e210, https://
doi.org/10.1016/j.scs.2011.07.009.

[2] J. Davidovits, Geopolymer Chemistry and Applications, third ed., Institut
Geopolymere, Saint-Quentin (France), 2008.

[3] P. Duxson, A. Fern�andez-Jim�enez, J.L. Provis, G.C. Lukey, A. Palomo, J.S.J. Van
Deventer, Geopolymer technology: the current state of the art, J. Mater. Sci. 42
(2007) 2917e2933, https://doi.org/10.1007/s10853-006-0637-z.

[4] J.L. Provis, J.S.J. van Deventer, Geopolymers-structure, Processing, Properties
and Industrial Applications, Woodhead Publishing, Cambridge (UK), 2009.

[5] V.C. Li, On engineered cementitious composites (ECC). A review of the ma-
terial and its applications, J. Adv. Concr. Technol. 1 (2003) 215e230, https://
doi.org/10.3151/jact.1.215.

[6] M. Kunieda, K. Rokugo, Recent progress on HPFRCC in Japan required per-
formance and applications, J. Adv. Concr. Technol. 4 (2006) 19e33, https://
doi.org/10.3151/jact.4.19.

[7] J. Davidovits, Global warming impact on the cement and aggregates in-
dustries, World Resour. Rev. 6 (1994) 263e278.

[8] M. Weil, K. Dombrowski, A. Buchwald, Life-cycle analysis of geopolymers, in:
J.L. Provis, J.S.J. van Deventer (Eds.), Geopolymers - Struct. Process. Prop. Ind.
Appl, Woodhead Publishing, Cambridge (UK), 2009, pp. 194e210, https://
doi.org/10.1533/9781845696382.2.194.

[9] B.C. McLellan, R.P. Williams, J. Lay, A. Van Riessen, G.D. Corder, Costs and
carbon emissions for geopolymer pastes in comparison to ordinary portland
cement, J. Clean. Prod. 19 (2011) 1080e1090, https://doi.org/10.1016/
j.jclepro.2011.02.010.

[10] C. Ouellet-Plamondon, G. Habert, Life cycle assessment (LCA) of alkali-
activated cements and concretes, in: F. Pacheco-Torgal, J. Labrincha,
C. Leonelli, A. Palomo, P. Chindaprasit (Eds.), Handb. Alkali-activated Cem.
Mortars Concr, Woodhead Publishing Limited, 2015, pp. 663e686, https://
doi.org/10.1533/9781782422884.5.663.
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