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A B S T R A C T   

This study introduces ultra-ductile fly ash-based engineered geopolymer composites (UD-EGCs). Four mixtures of 
UD-EGCs with different ratios of sodium metasilicate pentahydrate (SMP)-to-sodium hydroxide (SH) were 
designed and prepared at an identical water-to-binder ratio. Polyethylene (PE) fibers at 1.75 vol% were used as 
reinforcements. Experimental and analytical investigations of mechanical properties, micromechanical analysis, 
and chemical characterization of UD-EGCs were performed at both meso- and micro-scales. The UD-EGC mix-
tures were found to strain-harden with ultra-high ductility. Notably, the mixture using an SMP/SH ratio of 1.5 
achieved a tensile strain capacity of 13.7% and a tensile strength of 6.8 MPa. Moreover, all mixtures were 
lightweight, with density below 1.83 g/cm3. From the chemical analysis, C-(N)-A-S-H and N-A-S-H were verified 
as the primary geopolymeric products of fly ash-based engineered geopolymer composites.   

1. Introduction 

For the last three decades, extensive research has been conducted on 
engineered cementitious composites (ECCs) – a class of fiber-reinforced 
cementitious composites possessing excellent tensile ductility. Unlike 
normal concrete, ECCs exhibit pseudo strain-hardening behavior and 
multiple-cracking phenomena [1]. Using micromechanical design the-
ory, the crack width of ECC is inherently controlled, commonly below 
100 μm [2]. As a result, ECC materials have much potential for 
enhancing the infrastructure durability [3]. Moreover, due to its supe-
rior tensile strain capacity, which is several hundreds of times higher 
than that of normal concrete, ECC can be used for structures subjected to 
extreme loads due to natural (earthquake, hurricane, tsunami, etc.) or 
man-made disasters (terrorism, explosion, collision, etc.). However, ECC 
materials have certain limitations. For example, these materials utilize a 
low water-to-binder (w/b) ratio, commonly in the range of 0.2 to 0.3 [4], 
which necessitates the use of a large amount of ordinary Portland 
cement (OPC). The manufacture of OPC releases a considerable amount 
of CO2 into the atmosphere, contributing to environmental pollution and 
exacerbating the greenhouse effect [5–8]. These are issues that need to 

be tackled urgently [9]. Environmental degradation is exacerbated 
when the use of natural resources is unsustainable; therefore, resource 
efficiency has an important impact on environmental degradation. The 
problems of both resource efficiency and environmental degradation in 
the construction materials industry should not be underplayed. For 
example, in its manufacturing process, OPC consumes a disproportion-
ately high volume of raw materials and energy, and produces a lot of 
CO2. Around 8% of all CO2 emission comes from cement production [10, 
11]. The construction industry only continues to grow, which means 
that the demand for OPC supply is constantly increasing, and the source 
materials used in OPC production will be exhausted in the not too 
distant future [12]. Thus, using more eco-friendly or recycled con-
struction materials in a sustainable manner is key to improving resource 
efficiency and reducing environmental degradation. 

In an effort to address this limitation, a new class of cement-free 
inorganic binders named geopolymers has been developed to replace 
OPC. Originally developed by Kuhl [13,14], geopolymers are 
eco-friendly and sustainable inorganic binders, combining pozzolanic 
materials (fly ash, slag, metakaolin, etc.) and alkali activators. As re-
ported in the literature, one-part geopolymers yielded less than 10% of 
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global warming potential compared with OPC-based mixtures [15]. 
Different from the hydration process of OPC, geopolymer synthesis 
basically involves a sequence of processes, including dissolution, 
speciation equilibrium, gelation, reorganization, polymerization, and 
condensation [16]. Notably, thermal curing, i.e., heat curing or steam 
curing, is essential to speed up the geopolymerization [17]. Therefore, 
geopolymers are more appropriate for the fabrication of precast struc-
tures than for on-site construction [16,18]. As reported, the mechanical 
properties of geopolymer concrete are similar to those of normal con-
crete, or even higher in certain cases [19]. Especially, geopolymer 
concrete is commonly used as fire-resistant construction material or for 
building structures exposed to toxic and corrosive environments not 
tolerated by traditional concrete [20]. 

Based on the micromechanical design basis of ECC, strain-hardening 
fiber-reinforced engineered geopolymer composites (SH-EGC) have 
been developed recently from a variety of aluminosilicate source ma-
terials, alkali activators, and short polymeric fibers [21]. Both metallic 
and polymeric fibers have been used for reinforcing SH-EGC. Steel fibers 
possessing high elastic modulus and tensile strength have been used to 
obtain high strength SH-EGC [22,23]. On the other hand, hydrophilic 
polyvinyl alcohol (PVA) fibers with lower elastic modulus and tensile 
strength than steel fibers have been used to achieve high tensile ductility 
of SH-EGC [24,25]. Polyethylene (PE) fibers are hydrophobic polymeric 
fibers whose tensile strength is approximately two times higher than 
that of the PVA fibers, and the elastic modulus of the PE fibers is half that 
of steel fibers. PE fibers have been used to achieve a SH-EGC with both 
high strength and high ductility [7,24]. 

Overall, SH-EGCs using PE fibers are capable of achieving tensile 
properties as good as those of ECCs. Nematollahi et al. (2016) investi-
gated the micromechanics of high-ductile PE fiber-reinforced one-part 
slag/fly ash blended geopolymer composites, achieving tensile strain 
capacity up to 5.5% and tensile strength of 4.6 MPa [26]. Later, Choi 
et al. (2016) developed PE fiber-reinforced alkali-activated slag com-
posites with ultra-high tensile strain capacity of 7.5% and tensile 
strength of 13.1 MPa [7]. Shaikh et al. (2018) reported tensile strain 
capacity up to 6% and tensile strength of over 4 MPa for a 
PE-fiber-reinforced conventional (two-part) slag/fly ash blended-based 
composites [27]. Interestingly, Yu and co-workers [28–32] proposed a 
new class of ultra-high-performance ECC (UHP-ECC) reinforced by PE 
fibers, with a remarkable tensile strain capacity of up to 12% and a 
tensile strength of up to 17 MPa, representing a tensile performance far 
superior to those of SH-EGCs. 

In the present paper, a new class of PE fiber-reinforced fly ash-based 
ultra-ductile engineered geopolymer composites (UD-EGC) were devel-
oped employing a new technique based on the dissolution of sodium 
silicate pentahydrate particles into sodium hydroxide solution. The UD- 
EGC was optimized using different sodium silicate pentahydrate/sodium 
hydroxide ratios. At the meso-scale, the tensile behavior of UD-EGC was 
evaluated using direct tension tests. At the micro-scale, a 
micromechanics-based investigation via single fiber pull-out tests was 

performed to characterize the fiber-matrix bond properties of UD-EGC. 
The results were implemented in fiber-bridging analyses to investigate 
the fiber bridging behavior of UD-EGC. The morphology and chemical 
composition of the UD-EGC matrix were studied using scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
techniques. 

2. Materials and experimental methods 

2.1. Materials and mix proportions 

Table 1 lists the mix designs investigated in the present study. The w/ 
b ratio was 0.345 for all mixtures. Fly ash was the main source of 
aluminosilicate. The chemical compositions of fly ash, as determined by 
X-ray fluorescence (XRF) analysis, are listed in Table 2. The fly ash was 
activated by alkali activators comprising sodium metasilicate pentahy-
drate (SMP) powder and sodium hydroxide (SH) solution, which has not 
been previously reported in the literature. Because SMP is water-based, 
it can be dissolved in an aqueous solution at elevated temperature. 
Specifically, the technique to prepare the alkali solution was based on 
three successive steps. First, crystalline flakes of SH were added to water 
to obtain the SH solution with a specific molar concentration of 7.2 M. 
The dissolution of SH is a highly exothermic process. Second, fine SMP 
powder was introduced into the hot SH solution, which was stirred well 
for 5 min to ensure complete dissolution of SMP. Finally, the sodium- 
based liquid activator was cooled for an additional 30 min before mix-
ing with fly ash and other constituents of UD-EGC. 

A superplasticizer (SP) and a viscosity modifying admixture (VMA) 
were used to control the viscosity of the matrix materials and ensure a 
good fiber dispersion. The SP was a polycarboxylate-based super-
plasticizer, and the VMA was methylcellulose (C6H7O2(OH)x(OCH3)y). 
In addition, a defoamer based on mineral substances without silicone 
was used to minimize the air bubbles created during the mixing process. 
The PE fibers with high tensile strength and elastic modulus were added 
at the end. Table 3 lists the physical properties of the PE fiber. 

2.2. Specimen preparation 

Fly ash and sodium-based alkali-activator solution were mixed in a 
planetary mixer for 2 min at 90 revolutions per minute (rpm) and for 
another 3 min at 180 rpm. SP, VMA, and defoamer were then added to 
the mixture to achieve a rheology favorable for good fiber dispersion 

Table 1 
Mix proportions of UD-EGC (weight ratios of binder).  

Mix ID Binder Water SP VMA Defoamer Fiber (vol%) 

Fly ash SH SMP 

UD-EGC10 0.80 0.10 0.10 0.345 0.009 0.001 0.001 1.75 
UD-EGC15 0.75 0.10 0.15 0.345 0.003 0.001 0.001  
UD-EGC20 0.70 0.10 0.20 0.345 0.003 0.001 0.001  
UD-EGC25 0.65 0.10 0.25 0.345 – 0.005 0.001   

Table 2 
Chemical composition of fly ash (%).  

SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO SO3 TiO2 Other 

74.59 14.38 3.02 2.75 1.77 0.82 0.75 0.69 0.70 0.53  

Table 3 
Physical properties of PE fiber.  

Diameter 
(μm) 

Length 
(mm) 

Tensile strength 
(MPa) 

Density (g/ 
cm3) 

Elastic modulus 
(GPa) 

12 18 2700 0.97 88  
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and to prevent unintentional air bubbles during mixing. Subsequently, 
the PE fibers were slowly introduced into the mixture. Then, the mixing 
procedure was continued for an additional 5 min at a relatively high 
speed of 270 rpm. When mixing was completed, the fresh mixture was 
poured into molds (three 50-mm cubes for the cube compression test and 
three dumbbell-shaped specimens for the uniaxial tension test). For the 
micromechanical tests, the same mixture without PE fibers was pre-
pared, and the mixture was cast into three single fiber pullout molds and 
three prismatic beam molds with pre-existing notch. All the specimens 
were removed from the molds after curing for five days in air at 23 ◦C ±
3 ◦C, and were then placed in an oven at 80 ◦C for 36 h. The hardened 
specimens were subsequently placed in a curing chamber at 23 ◦C ± 3 ◦C 
until 28 days of age. 

2.3. Density and mechanical tests 

The hardened density (ρh) of UD-EGC mixtures was measured using 
the weight of 50-mm cube specimens at 28 days of age, according to the 
following equation: 

ρh =
wa

wa − wb
× ρw (1)  

where wa and wb were the weights of cube specimens in air and in water, 
respectively. ρw was the density of water, equal to 1 g/cm3. It should be 
noted that wa was obtained in a surface-dried condition, while wb was 
measured in a state of complete water immersion. The compressive 
strength (fc) of cube specimens was determined in accordance with 
ASTM C109 [33]. 

Tensile specimens with dumbbell shape were adopted to evaluate the 
tensile performance. Specifically, uniaxial tension tests were performed 
in universal tensile testing machine according to the recommendations 
of the Japan Society of Civil Engineers (JSCE) [34]. Fig. 1 shows the 
specimen geometry with specific dimensions and the uniaxial test setup. 
The tensile load was applied to specimens at a loading rate of 0.1 
mm/min. Two linear variable differential transducers were attached to 
either sides of the tensile specimen to measure the elongation within the 

gauge length (80 mm). After the tension tests, the number of cracks 
within the gauge length for each specimen was counted manually using 
a magnifier. The average crack spacing was calculated by dividing the 
gauge length by the number of cracks. From the assumption that all 
deformations occurred at the cracks (i.e. elastic deformation of the un-
cracked matrix was negligible compared to the crack openings), the 
average crack width was calculated by dividing the elongation at ulti-
mate tensile strength of each specimen by the number of cracks. 

2.4. Matrix fracture toughness and single fiber pullout tests 

As specified in ASTM E399 [35], a notched prism beam was adopted 
to measure the fracture toughness of the matrix. Fig. 2 shows the di-
mensions of the notched beam and the test configuration. A notch with 
depth of 45 mm was artificially generated on the beam by removing a 
plastic piece placed in the mold during casting specimens. 

For the single fiber pullout tests, a single PE fiber was embedded into 
the matrix with an embedded length of 3 mm. The specimen dimensions 
and the test setup of the fiber pullout test are shown in Fig. 3. The 
bottom of the specimen was fixed to an aluminum plate, whereas the 
free-end of the fiber was gently affixed to an acrylic plate. The fiber 
pullout test was performed following Radon et al. (2001) [36]. Specif-
ically, a load cell (load capacity: 5 N) and a laser displacement sensor 
were used to measure the pullout load and the pullout distance of fibers, 
respectively. The load was applied at a displacement rate of 10 μm/s. 

2.5. Chemical analysis 

At micro-scale, the hydration products of UD-EGC were character-
ized based on SEM and EDS analysis. Specifically, a sample with volume 
smaller than 1 cm3 detached from the tensile specimen was vacuumed 
and covered with palladium before testing. An SEM using secondary 
electron imaging mode and an EDS based on X-ray elemental mapping 
were adopted to investigate the morphology and to perform chemical 
analysis. 

Fig. 1. (a) Specimen geometry and (b) tension test setup.  
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3. Results and discussion 

3.1. Compressive strength and density 

Fig. 4 presents the compressive strength (fc) and hardened density 
(ρh) of each mixture at 28 days of age. In general, higher SMP/SH ratio 
resulted in lower density. The UD-EGC20 mixture showed the lowest ρh 
of 1.44 g/cm3, lower than those of the UD-EGC10 and UD-EGC15 mix-
tures by 21.4% and 13.2%, respectively. This trend is likely due to in-
crease in porosity of UD-EGC caused by the increase in crystalline SMP 
particles. Even though the SMP particles were completely dissolved in 
the pretreatment stage, the particles were likely reformed during the 
mixing process. The temperature to fully dissolve sodium silicate is 
150 ◦C–160 ◦C, which is much higher than the temperature generated by 

mixing NaOH with water (section 2.1) [37]. Therefore, during curing in 
the oven, hardened SMP particles might have increased the porosity of 
the geopolymer matrix, leading to a decrease in density. Fig. 5 presents a 
cross-section of the UD-EGC specimen showing millimeters-sized pores 
in the matrix. The UD-EGC mixtures studied show density values lower 
than the upper bound of lightweight concrete (1.92 g/cm3 [38,39]). 

Although the porosity increased with increasing SMP/SH ratio, fc 
increased with the increase in the SMP/SH ratio from 1 to 2. The fc of the 
UD-EGC20 mixture was 22.4 MPa, which was higher than those of the 
UD-EGC10 and UD-EGC15 mixtures by 42.6% and 16.1%, respectively. 
According to past studies, an increase of SMP/SH ratio promoted the 
geopolymerization rate, inducing higher fc [40,41]. It seems that fc was 
more significantly influenced by the geopolymerization rate than by the 
porosity. However, once the SMP/SH ratio exceeded 2, fc decreased 

Fig. 2. Fracture toughness test showing (a) specimen configuration and (b) test set-up.  
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because excessive alkali content retarded the geopolymerization reac-
tion. As a result, fc of the UD-EGC25 mixture was 27.6% lower than that 
of the UD-EGC20 mixture. According to the ACI 318 Code [42], a min-
imum specified compressive strength for structural concrete is 2500 psi, 
corresponding to 17.2 MPa. The UD-EGC15 and UD-EGC20 mixtures 
satisfied the requirement. 

3.2. Tensile behavior 

Fig. 6 shows the tensile stress-strain curves of the UD-EGC mixtures 
at 28 days of age. All mixtures showed the pseudo strain-hardening and 

multiple cracking behavior similar to ECC. Stress fluctuations after the 
first cracking were observed until the peak stress (tensile strength); each 
stress drop indicates the occurrence of a new crack. The stress-strain 
curves of the three specimens of each mixture were similar, indicating 
the repeatability of the test results. Interestingly, all mixtures exhibited 
ultra-ductile behavior with tensile strain capacity of over 10%. The first 
cracking strength (fcr), tensile strength (fts), tensile strain capacity (εts), 
and toughness (Et) are summarized in Table 4. 

The tensile stress-strain curves for all mixtures can be represented 
using a trilinear model as shown in Fig. 7. The strain-hardening criteria 
of UD-EGC mixtures was apparently satisfied as fts was higher than fcr for 
all mixtures [43,44]. In general, fcr increased with a rise of the SMP/SH 
ratio. Specifically, the fcr of UD-EGC25 was 2.34, 1.35, and 1.08 times 
that of the UD-EGC10, UD-EGC15, and UD-EGC20 mixtures, respec-
tively. Similar to fcr, fts also increased with increase in SMP/SH ratio, 
although there was a slight decrease in fts when the SMP/SH ratio 
exceeded 2.0. 

In terms of εts, the UD-EGC15 mixture showed the highest tensile 
strain capacity, with a remarkable Et. Although Et represents the ability 

Fig. 3. Fiber pullout test showing (a) specimen configuration and (b) test 
set-up. 

Fig. 4. Compressive strength and density of UD-EGC mixtures.  

Fig. 5. Cross section of UD-EGC20 specimen (scale unit: cm).  
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to absorb energy under quasi-static tensile load, it is also a measure of 
the tensile strain capacity of composites reinforced by synthetic fibers. 
In general, higher εts led to higher Et. The UD-EGC15 and UD-EGC20 
mixtures achieved relatively higher values of εts and Et . εts of the UD- 
EGC15 mixture was higher than that of the UD-EGC10, UD-EGC20, 
and UD-EGC25, by 9.5%, 11.6%, and 25.7%, respectively. Thus, the 
tensile strain capacity of the UD-EGC mixtures increased with increase in 
SMP/SH ratio from 1.0 to 1.5, but then decreased for SMP/SH ratio 
greater than 1.5. A likely explanation for this observation is that the 
higher amount of sodium silicate pentahydrate induced excessive 
bonding between the matrix and the reinforcing fiber, leading to a lower 
tensile strain capacity. Micromechanical analysis is adopted in the next 
section to explain this further. 

Table 5 lists the tensile strength-to-compressive strength ratio of the 
mixtures. The stress ratio of conventional concrete is approximately 
10%. The stress ratios of UD-EGC mixtures are higher than those of 
normal concrete by 3.5–4.5 times, indicating the great potential of UD- 

Fig. 6. Tensile behavior of: (a) UD-EGC10, (b) UD-EGC15, (c) UD-EGC20, and (d) UD-EGC25 mixtures.  

Table 4 
Tensile properties of UD-EGC mixtures.  

Mixture fcr (MPa)  fts (MPa)  εts (%)  Et (MPa m/m)  

UD-EGC10 2.13 ± 0.14 7.11 ± 0.11 12.49 ± 0.09 0.58 
UD-EGC15 3.70 ± 0.11 6.79 ± 0.58 13.68 ± 0.85 0.71 
UD-EGC20 4.63 ± 0.26 8.10 ± 0.42 12.26 ± 0.71 0.78 
UD-EGC25 4.99 ± 0.34 7.18 ± 0.21 10.88 ± 0.93 0.66  

Fig. 7. Comparison of tensile performance of each UD-EGC mixture.  

Table 5 
Tensile strength-to-compressive strength ratios 
of UD-EGC mixtures.  

Mixtures fts/fc (%)  

UD-EGC10 45.2 
UD-EGC15 35.1 
UD-EGC20 36.1 
UD-EGC25 44.2  
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EGC mixtures to enhance structural performance in term of tensile 
behavior. It is rare for an inorganic composite to have fts close to 50% of 
its fc. In fact, fc is usually seen as a performance indicator in structural 
design. However, for UD-EGC, fts may serve as an indicator of perfor-
mance of composite structures. 

Fig. 8 shows the cracking patterns of the UD-EGC mixtures, which are 
quantified by crack number (ηc), crack spacing (ls), and average crack 
width (ωc), as shown in Table 6. Fig. 8 shows the multiple cracks along a 
length of 5 cm. ηc of the UD-EGC15 mixture, which showed the highest 
tensile stain capacity, was higher than that of the UD-EGC10, UD- 
EGC20, and UD-EGC25 mixtures by 18.6%, 5.4%, and 24.6%, respec-
tively. ls of all mixtures ranged from 1.00 mm to 1.21 mm, suggesting 
saturated crack patterns. ωc values are in a range of 131 μm–148 μm. 
These values are approximately two times higher than those (55 μm–67 
μm) of ultra-ductile behavior alkali-activated slag based composites 
[43] but slightly smaller than those (121 μm–288 μm) of the 
ultra-ductile ECC [30]. The main reason for the high value of ωc is likely 
related to a lower fiber/matrix bond in the present compositions. 

Fig. 9 compares the tensile behavior of the UD-EGC15 mixture with 
that of fly ash and slag blended geopolymer composites in the literature. 
The PE-AAS-Ca [43], UB [45], and UD-EGC15 mixtures showed similar 
values of fcr, whereas the fcr of the HGP-1% PE mixture [27] was 
two-third of fcr of the other three mixtures. The fts of the UD-EGC15 
mixture was higher than that of the HGP-1% PE and UB mixtures by 
61.7% and 36.6%, respectively, but lower than that of the PE-AAS-Ca 
mixture by 11.5%. Interestingly, εts of the UD-EGC15 mixture was 
higher than that of the HGP-1% PE, PE-AAS-Ca, and UB mixtures by 
188%, 56.3%, and 0.96%, respectively. Overall, the UD-EGC15 mixture 
showed outstanding tensile properties compared to the other mixtures 
reported in the literature. According to the ISO 6935–2, the tensile strain 
capacity of the C-class steel used for reinforcing concrete should be 
higher than 7% at maximum force and 14% at fracture [46]. Hence, it 
can be seen that the tensile strain capacity of the UD-EGC15 mixture 
meets these requirements. 

3.3. Micromechanical analysis 

According to micromechanical theory, strength-based and energy- 
based criteria must be satisfied to facilitate pseudo strain-hardening 
behavior in fiber-reinforced brittle matrix composites [47,48]. Specif-
ically, the strength and energy criteria can be expressed as shown in 
Equations (2) and (3). 

σfc ≤ min(σ0) (2)  

Jtip ≤ σ0δ0 −

∫δ0

0

σ(δ)dδ = J ′

b (3) 

Fig. 8. Observed cracking patterns of UD-EGC mixtures.  

Table 6 
Cracking patterns of UD-EGC mixtures.  

Mixtures ηc  ls (mm)  ωc (μm)  

UD-EGC10 65.3 ± 2.4 1.18 ± 0.04 147.5 ± 5.8 
UD-EGC15 77.5 ± 4.7 1.00 ± 0.06 136.7 ± 14.8 
UD-EGC20 73.8 ± 6.9 1.09 ± 0.09 132.7 ± 4.3 
UD-EGC25 62.2 ± 5.4 1.21 ± 0.11 131.3 ± 12.6  

Table 7 
Matrix properties and interfacial properties of UD-EGC15 and UD-EGC20 
mixtures.  

Mixture Km (MPa 
m1/2)  

Em (GPa)  Jtip  τ0 (MPa)  β  

UD- 
EGC15 

0.07 ±
0.00 

8.29 ±
0.41 

0.57 ±
0.07 

0.55 ±
0.14 

− 0.0127 ±
0.0055 

UD- 
EGC20 

0.11 ±
0.01 

9.35 ±
0.18 

1.26 ±
0.30 

0.63 ±
0.11 

− 0.0008 ±
0.0009  

Fig. 9. Tensile stress-strain behavior of UD-EGC15 mixture and those of pre-
vious studies. 

Fig. 10. Computed fiber-bridging curves of UD-EGC15 and UD- 
EGC20 mixtures. 
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Fig. 11. Microstructural characterization of: (a) UD-EGC15 and (b) UD-EGC20 mixtures.  
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where σfc is the first cracking strength and min (σ0) is the bridging ca-
pacity of the least bridged crack. Due to non-homogeneous fiber 
dispersion, each crack has a different bridging capacity (σ0). In a mul-
tiple cracking process, min(σ0) is the minimum of the bridging capacities 
among all the cracks formed until the next crack formation. Jtip is 
approximated as the crack tip toughness of the matrix and J′

b is the 
complementary energy of fiber bridging [47,48]. 

The strength-based criterion of UD-EGC was satisfied, as demon-
strated in Section 3.2. The stress performance index (PSHS) is defined by 
σ0/σfc [47]. PSHS values of the UD-EGC15 and UD-EGC20 mixtures, 
which showed relatively high tensile behavior in terms of tensile 
strength and tensile strain capacity, were 1.84 and 1.75, respectively. 

J′

b was obtained from the fiber bridging stress-crack opening (σ− δ), 

Table 8 
Computed information on micromechanical properties of UD-EGC15 and UD- 
EGC20 mixtures.  

Mixture σ0 (MPa)  δ0 (μm)  Jb
′ (J/m2)  

UD-EGC15 7.71 107.10 184.03 
UD-EGC20 8.37 95.40 191.20  

Table 9 
Chemical compositions of UD-EGC matrices.  

Mixture Element C O Na Al Si Ca 

UD-EGC15 Atomic (%) 24.86 41.75 6.43 3.49 21.21 2.26 
UD-EGC20 Atomic (%) 26.82 42.93 9.36 3.16 16.51 1.22  

Fig. 12. Matrix with un-hydrated fly ash of: (a) UD-EGC15 and (b) UD-EGC20 mixtures.  

Fig. 13. Morphology of PE fiber embedded in matrix of: (a) UD-EGC15 and (b) UD-EGC20 mixtures.  

Fig. 14. Morphology of fractured PE fiber pulled out from: (a) UD-EGC15 and (b) UD-EGC20 mixtures.  
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while Jtip was obtained from the matrix fracture toughness (Km) and 
elastic modulus (Em) through the ratio Km

2/Em. Km was obtained from 
Equation (4), according to Ref. [49].  

where B and W are the thickness and height of the notched beam 
(Fig. 2), respectively. α is the relative notch depth ratio to the beam 
height. 

The interfacial properties, i.e. frictional bonding strength (τ0) and 
strain-hardening coefficient (β), were calculated from the single fiber 
pullout curves using Equation (5) to Equation (7) [36]. 

Gd =
2(Pa − Pb)

2

π2Ef df
3 (5)  

τ0 =
Pb

πdf Le
(6)  

β=
df

Le

[(
1

τ0πdf

)(
ΔP
ΔS

)

ΔS→0
+ 1

]

(7) 

Here Ef , df , and Le are the elastic modulus, diameter, and embedded 
length of PE fiber, respectively. ΔP/ΔS represents the initial slope be-
tween the pullout load and pullout distance. 

Table 7 lists the values of Km, Em, Jtip, τ0, and β for the two best- 
performing UD-EGCs, i.e., UD-EGC15 and UD-EGC20 mixtures at 28 
days of age. Em was obtained from the initial slope of the tensile stress 
versus strain curves, as shown in Fig. 6. Overall, UD-EGC20, which has 
higher strength than UD-EGC15, showed higher fracture toughness of 
matrix and frictional bond strength than those of UD-EGC15. 

Based on the micromechanical parameters, theoretical fiber-bridging 
analysis was performed to get further insights into the tensile behavior 
of the UD-EGCs investigated in this study. Theoretical fiber-bridging 
curves were obtained from the fiber-bridging constitutive law [50,51]. 
The fiber strength reduction value, snubbing coefficient, and spalling 
coefficient used for the computation were obtained from past studies, 
with values of 0.475, 0.3, and 500, respectively [50,52,53]. Fig. 10 
shows the simulated fiber-bridging curves of the two best-performing 
UD-EGCs. 

Table 8 lists the peak bridging stress (σ0), maximum crack opening 
(δ0), and complementary energy (J′

b), obtained from the theoretical 
fiber-bridging curves. Specifically, σ0 of the UD-EGC20 mixture was 
higher than that of the UD-EGC15 mixture by 8.4%. It can be confirmed 
that steady-state flat cracking was achieved as J′

b > Jtip. Moreover, based 
on J′

b, energy performance indexes (PSHE) of UD-EGC15 and UD-EGC20 
were obtained through the ratio J′

b/Jtip. PSHE of the UD-EGC15 mixture 
was 322, which is 2.12 times higher than that of the UD-EGC20 mixture. 

3.4. Microstructure analysis 

Fig. 11(a) and (b) utilized a map of elements of the UD-EGC mixtures 
instead of a spectrum picked up at a certain position because EDS 
mapping was able to scan whole sections of the matrix. The chemical 
components are listed in Table 9. As expected, elemental Si was domi-
nant due to the high amount of SiO2 contained in fly ash and SMP. Based 
on the percentages of atomic elements, it is likely that calcium-(sodium) 
aluminosilicate hydrate (C-(N)-A-S-H) and sodium aluminosilicate hy-
drate (N-A-S-H) were the major geopolymeric products. Furthermore, 
unhydrated fly ash particles were detected in the matrix (Fig. 12) which 

may explain the observed modest fc of the UD-EGC mixtures. It is sup-
posed that the SMP was not as reactive as traditional sodium silicate, 
leading to an incomplete activation between fly ash particles and alkali 

activators during the geopolymerization process. 
Fig. 13 shows the fiber embedded in the matrix, whereas Fig. 14 

displays the morphology of a fractured fiber pulled out from the two UD- 
EGC mixtures. As observed in these figures, the PE fibers were robustly 
bonded to the matrix material, contributing to the achievement of 
excellent tensile behavior. Needle-like crystals can be found at several 
positions around the PE fiber and matrix. Based on this morphology, the 
presence of ettringite was observed. As reported previously, massive 
amounts of secondary ettringite (delayed ettringite formation) are 
frequently detected when specimens are cured above 70 ◦C [54]. The 
pencil-tip shape of the fiber end suggests that the PE fiber ruptured 
during the crack opening process (Fig. 14). 

4. Conclusions 

In this research, meso- and micro-scale characterization of ultra- 
ductile fly ash-based engineered geopolymer composites (UD-EGC) 
was presented. The composite density, compressive strength, and tensile 
performance measurement were characterized. Micromechanical and 
chemical analyses were conducted to further understand the mechanical 
properties and ultra-ductile behavior of these composites. The following 
conclusions can be drawn: 

1. The compressive strength of UD-EGC mixtures increased with in-
crease in the SMP/SH ratio. However, the compressive strength 
dropped when this ratio exceeded 2.0. The maximum compressive 
strength was 22.4 MPa, achieved for the UD-EGC20 mixture.  

2. All UD-EGC mixtures were lightweight with density below 1.83 g/ 
cm3. The density tended to decrease with increase in the SMP/SH 
ratio, at least up to SMP/SH = 2.0.  

3. All mixtures reached tensile strain capacity over 10%. UD-EGC15 
attained a remarkable tensile strain capacity of 13.7% and a tensile 
strength of 6.8 MPa at 28 days of age. These properties are higher 
than those of fly ash-based engineered geopolymer composites as 
well as engineered cementitious composites reported in the 
literature.  

4. The observed ultra-ductile behavior of UD-EGC is supported by 
micromechanical analyses. Specifically, the stress and energy per-
formance indices of the best-performing UD-EGC15 mixture were 
1.84 and 322, respectively, significantly greater than that required 
for robust strain-hardening with saturated multiple cracking.  

5. Chemical analyses revealed the presence of C-(N)-A-S-H and N-A-S-H 
as dominant geopolymeric products. Unhydrated fly ash particles 
were observed after the geopolymerization process. Ettringite, likely 
formed as a result of high curing temperature, was identified through 
its typical morphology of needle-like crystals. 
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Km =
1.5PmaxS

̅̅̅̅̅̅
πα

√

BW2

(
0.68 − 0.744α

1 − 2.155α + 1.161α2 + 0.36 − 2.088α+ 4.611α2 − 6.499α3 + 4.232α4
)
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H.H. Nguyễn et al.                                                                                                                                                                                                                             



Cement and Concrete Composites 122 (2021) 104133

11

Acknowledgements 

This work was supported by the National Research Foundation of 
Korea (NRF) grant funded by the Korea government (MSIT) (No. 
2019R1A2C4069794). 

References 

[1] V.C. Li, On engineered cementitious composites (ECC), J. Adv. Concr. Technol. 1 
(3) (2003) 215–230. 

[2] V.C. Li, S. Wang, C. Wu, Tensile strain-hardening behavior of polyvinyl alcohol 
engineered cementitious composite (PVA-ECC), ACI Mater. J. 98 (6) (2001) 
483–492. 

[3] M.D. Lepech, V.C. Li, Water permeability of engineered cementitious composites, 
Cement Concr. Compos. 31 (10) (2009) 744–753. 

[4] R. Ranade, V.C. Li, M.D. Stults, W.F. Heard, T.S. Rushing, Composite properties of 
high-strength, high-ductility concrete, ACI Mater. J. 110 (4) (2013) 413–422. 

[5] V. Malhotra, Introduction: sustainable development and concrete technology, 
Concr. Int. 24 (7) (2002) 22. 

[6] B. Nematollahi, J. Qiu, E.-H. Yang, J. Sanjayan, Microscale investigation of fiber- 
matrix interface properties of strain-hardening geopolymer composite, Ceram. Int. 
43 (17) (2017) 15616–15625. 

[7] J.-I. Choi, B.Y. Lee, R. Ranade, V.C. Li, Y. Lee, Ultra-high-ductile behavior of a 
polyethylene fiber-reinforced alkali-activated slag-based composite, Cement Concr. 
Compos. 70 (2016) 153–158. 

[8] J.-I. Choi, S.-E. Park, H.H. Nguyễn, S.L. Cha, B.Y. Lee, Strain-hardening and high- 
ductile behavior of alkali-activated slag-based composites with added zirconia 
silica fume, Materials 12 (21) (2019) 3523. 

[9] R. Pierrehumbert, There is no Plan B for dealing with the climate crisis, Bull. At. 
Sci. 75 (5) (2019) 215–221. 

[10] G. Fayomi, S. Mini, O. Fayomi, A. Ayoola, Perspectives on Environmental CO2 
Emission and Energy Factor in Cement Industry, IOP Conference Series: Earth and 
Environmental Science, IOP Publishing, 2019, 012035. 

[11] J.G. Olivier, J.A. Peters, reportTrends in Global CO2 and Total Greenhouse Gas 
Emissions: 2017 Report, PBL Netherlands Environmental Assessment Agency The 
Hague2017. 

[12] Q.-H. Lương, H.H. Nguyễn, J.-I. Choi, H.-K. Kim, B.Y. Lee, Effects of crumb rubber 
particles on mechanical properties and sustainability of ultra-high-ductile slag- 
based composites, Construct. Build. Mater. 272 (2021), 121959. 
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