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A B S T R A C T   

In this study, Engineered/Strain-Hardening Cementitious Composites (ECC/SHCC) incorporating geopolymer 
fine aggregates were successfully developed with high strength and high ductility. A multi-scale investigation 
was conducted to gain an in-depth understanding of the microstructure and ductility enhancement mechanism of 
geopolymer aggregate ECC (GPA-ECC). The use of geopolymer fine aggregates enabled the high-strength ECC to 
achieve higher tensile ductility and finer crack width compared to existing ones with similar compressive 
strength in the literature. It was found that the GPA reacted with the cementitious matrix, and the width of the 
GPA/matrix interfacial transition zone (ITZ) was larger than that of the silica sand/matrix ITZ. Moreover, the 
GPA achieved a strong bond with the cementitious matrix and could behave as “additional flaws” in high- 
strength matrix, resulting in saturated multiple cracking and excellent tensile ductility of ECC. This study pro
vides a new avenue for developing high-performance fiber-reinforced cementitious composites based on artificial 
geopolymer aggregates.   

1. Introduction 

Engineered/Strain-Hardening Cementitious Composites (ECC/ 
SHCC) are fiber-reinforced cement-based materials with tensile strain- 
hardening behavior and high ductility [1,2]. Based on the micro
mechanical design criteria [3,4], ECC are developed to overcome the 
quasi-brittle nature of conventional concrete materials and enhance the 
resilience and sustainability of civil infrastructures [5–7]. Generally, the 
compressive strengths of normal ECC range from 20 MPa to 80 MPa 
[8–10], and the tensile strain capacities vary within 1%–6% (100–600 
times that of plain concrete) [11–13]. In recent years, increasing efforts 
have been focused on improving the compressive strength (e.g., over 
120 MPa [14]), tensile ductility (e.g., over 8% [15]), and sustainability 
(e.g., using alternative binders [16]) of ECC materials to broaden their 
practical applications in civil infrastructures. According to the micro
mechanics of strain-hardening cement-based materials [1], fine silica 
sand is commonly used in both normal- and high-strength ECC. How
ever, the cost of silica sand is significantly higher than that of natural 
river sand, and the exploitation of natural silica rocks also imposed a 
negative impact on the environment. To address such challenge, efforts 

have been made to produce ECC materials with alternative fine aggre
gates (e.g., sea-sand [17], crumb rubber [18], iron ore tailings [19], 
waste glass [20] and recycled fine aggregates [21]). 

Artificial aggregate is an emerging technology aiming to alleviate the 
shortage problem of natural aggregates [22,23]. Such aggregates are 
usually made from industrial wastes/by-products, and thus can help 
reduce the environmental burden caused by natural resources excava
tion and solid waste landfill [24], leading to an attractive one-stone 
two-bird solution. Generally, the artificial aggregates can be classified 
into three groups: sintered aggregates [25], traditional cold-bonded 
aggregates (i.e., using Portland cement as binder) [26], and geo
polymer aggregates [27]. Among these technologies, sintered aggre
gates can achieve the best mechanical performance and the lightest 
weight, but the practical application of sintered aggregates is limited to 
a large extent due to the high energy consumption and cost of the sin
tering process (usually over 1000 ◦C). By contrast, traditional 
cold-bonded aggregates and geopolymer aggregates (GPA) can be pro
duced at the ambient temperature, making them more economical for 
industrialization [26,28]. Considering the sustainability issue, GPA may 
provide a better option than traditional cold-bonded ones, as the 
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production of cementitious binders (e.g., Portland cement or hydrated 
lime) usually leads to higher carbon emission compared to most types of 
geopolymers [29], which is a critical problem resulting in the climate 
crisis today [30]. However, similar to the traditional cold-bonded ag
gregates, GPA are much weaker than natural aggregates in terms of the 
strength and modulus, which is a major limitation for their practical 
applications in concrete structures [31]. 

In this study, GPA were innovatively utilized as fine aggregates to 
fully replace fine silica sand in high-strength ECC materials with the 
following motivations. (1) Alkali-activation is an effective way to turn 
industrial/urban/agricultural by-products/wastes (e.g., coal fly ash 
[32], GGBS [33], rice husk ash [34], red mud [35], coal bottom ash [36], 
mine tailings [27], palm oil fuel ash [37], and peat-wood fly ash [38]) 
into environmentally-friendly geopolymer aggregates. (2) A strong 
interface was observed between alkali-activated fly ash/slag paste and 
Portland cement paste [39,40], indicating that GPA may exhibit excel
lent bond with cement-based matrix. (3) The comparatively low strength 
and modulus of GPA can be taken advantage of to reduce the cracking 
strength and to modify the fracture toughness of high-strength ECC 
matrix, which is beneficial for the saturated multiple cracking behavior 
of ECC under direct tension [41]. It is noted that the weakness of using 
artificial aggregates in ordinary concrete is usually associated with the 
reduced strength and modulus, but such weakness may be utilized to 
tailor the matrix of ECC to enhance their tensile ductility. Therefore, this 
paper explored the use of geopolymer fine aggregates to replace fine 
silica sand to tailor the ECC matrix properties. 

A multi-scale investigation was conducted to understand the mi
crostructures and tensile properties of high-strength ECC with different 
contents of GPA. First, the mechanical properties including the 
compressive strength, tensile behavior, and crack patterns of GPA-ECC 
were investigated. Second, in order to understand the mechanisms 
behind the properties, the reaction kinetics and the interfacial properties 
of the matrix incorporating GPA were analyzed based on the calorimetry 
test, Back Scattered Electron (BSE) with Energy Dispersive Spectroscopy 
(EDS), and microhardness test, as compared to its counterpart with silica 
sand. Finally, the internal cracking behavior and the size distributions of 
matrix flaws and geopolymer aggregates were analyzed by X-ray 
computed tomography (XCT), leading to an in-depth understanding of 
the cracking behavior of GPA-ECC. 

2. Experimental program 

2.1. Raw materials of artificial aggregate and ECC 

Coal fly ash (FA) and Type I 52.5 N Portland cement used in the 
study, both provided by Green Island Cement Co. Ltd., Hong Kong, were 
used as the precursor for GPA production and the binder for ECC pro
duction, respectively. Ground granulated blast-furnace slag (GGBS) 
transported from Mainland China was also used as the supplementary 
precursor in artificial aggregate production to facilitate ambient curing 
of the GPA. Silica fume (SF) was used as the highly reactive supple
mentary cementitious material (SCM) in the preparation of high- 
strength ECC. 

Table 1 presents the chemical compositions and loss on ignition 
(LOI) of the raw materials from x-ray fluorescence (XRF) analysis. The 
FA used in the study is classified as Class F with the total content of SiO2, 
Al2O3, and Fe2O3 (86.6%) higher than 50%, the CaO content (6.42%) 
less than 18%, and LOI (3.48%) less than 6% according to ASTM 
C618-19 [42]. It is noted that the oxidation of sulfur-rich species in 
GGBS is the major reason for the negative LOI value obtained in the 
study [43]. The morphologies of these raw materials are shown in Fig. 1. 
Most of FA particles are spherical but some impurities exist with irreg
ular shapes, while GGBS and cement particles almost have angular ap
pearances. For silica fume, the particle size is much smaller than those of 
the other three powders. Fig. 2 shows the particle size distributions of 
these four types of raw materials. 

Anhydrous sodium metasilicate (Na2SiO3-Anhydrous) particles in 
industrial grade were purchased from Qingdao Haiwan Chemical Co., 
Ltd. and used as the solid activator. According to the supplier, the 
chemical compositions of the Na2SiO3-Anhydrous particles were 
50.75% Na2O, 46.52% SiO2, and 2.73% impurities with a modulus ratio 
[M = Mol (SiO2)/Mol (Na2O)] of 0.94, and the particle size was 
0.25–1.00 mm with the loose bulk density of 1.31 g/cm3. 

Fine silica sand (FSS) with the water absorption and specific gravity 
of 0.8% and 2.67 (according to GB/T 14684–2011 [44]) was used to 
prepare the comparison samples for calorimetry test, BSE-EDS mapping, 
and microhardness test. The average particle size of fine silica sand was 
below 300 μm, which is widely used in high-strength ECC. 

Ultra-high-molecular-weight polyethylene (PE) fibers with the 
strength, modulus, and density of 3000 MPa, 100 GPa, and 0.97 g/cm3, 
respectively, were used as the reinforcement in ECC. The PE fibers had a 
diameter of 24 μm and a length of 18 mm. 

Polycarboxylate ether type super-plasticizer purchased from BASF 
was used in the high-strength ECC mix, and tap water was used in the 
production of both geopolymer aggregates and ECC. 

2.2. Artificial geopolymer aggregates 

The one-part mixing technology was used to produce GPA [23]. The 
precursor was prepared with FA and GGBS in the ratio of 80% and 20% 
by weight. The activator to precursor ratio was 0.12 and the water to 
precursor ratio was 0.35 by weight. First, FA, GGBS, and solid activator 
were added into a mixer and mixed for 5 min. Then, water was added 
into the mixer and the slurry was stirred for another 4 min. Afterwards, 
the fresh paste was poured into cubic molds (100 mm × 100 mm × 100 
mm) and vibrated for 30 s. The specimens were demolded after 24 h, 
crushed into fragments smaller than 4.75 mm using a crushing machine, 
and then kept in sealed plastic bags for six-month storage. The particle 
size distribution of GPA used in the ECC is presented in Table 2 and the 
photograph of the prepared GPA is shown in Fig. 3. It is noted that the 
present work focuses on the feasibility of using GPA to modify the 
properties of ECC and the underlying mechanisms. Only one typical mix 
proportion of GPA was adopted for research. The blended use of GGBS 
and FA enables easy development of early strength of GPA. In addition, 
incorporating GGBS into geopolymer aggregates can enhance the 
aggregate/cementitious matrix interfacial bond [23]. The influence of 
the GPA compositions as well as the gradation effect on the performance 
of GPA-ECC is an issue for further study in the future. 

The specific gravity of GPA was tested as 2.05 according to GB/T 
14684–2011 [44], which is lower than that of fine silica sand (2.67). As 
the common water absorption testing method for natural sand may not 
be suitable for lightweight fine aggregates with high water absorption 
[45], a paper towel method proposed by the Department of Trans
portation for the State of New York was specially adopted for testing the 
water absorption of GPA [46]. The water content and water absorption 
values of GPA were tested as 19.2% and 24.6%, respectively, and the 
latter value is much higher than that of fine silica sand (0.8%). It should 

Table 1 
Chemical components of raw materials obtained from XRF (%).  

Chemical composition FA GGBS Cement SF 

Aluminum oxide, Al2O3 25.80 14.60 6.07 0.15 
Silicon oxide, SiO2 52.40 33.90 19.60 96.90 
Calcium oxide, CaO 6.42 40.50 64.80 0.53 
Ferric oxide, Fe2O3 8.40 0.30 3.01 0.06 
Magnesium oxide, MgO 2.27 7.03 0.87 1.10 
Sulfur trioxide, SO3 0.86 2.23 4.24 0.12 
Titanium dioxide, TiO2 1.31 0.51 0.26 / 
Phosphorus oxide, P2O5 0.66 0.13 0.13 0.33 
Potassium oxide, K2O 1.47 0.46 0.68 0.78 
Others 0.41 0.34 0.34 0.03 
LOI (950 ◦C) 3.48 − 0.14 3.83 1.78  
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be pointed out that different mix proportions, production processes and 
curing schemes of GPA may result in different pore structures of GPA, 
which determine the corresponding water absorption ability. The high 
water absorption of GPA may make them possible to function as internal 
curing agents that influence the hydration process of the cementitious 
matrix of ECC. To measure the strength of GPA, six 20 mm × 20 mm ×
20 mm cubes made in the same mix proportion with GPA were casted 
following the same production procedure until 28-day for compressive 
tests and the average strength of these cubes at 28 d was found to be 
52.4 MPa. 

2.3. Geopolymer aggregate ECC 

In this study, the aggregate content was set as the variable in mixing 
ECC. Three GPA-ECC groups with different GPA contents were prepared 
(Table 3). In the mix design, the aggregate-to-binder ratios of GPA-ECC 
were set as 0.24, 0.48 and 0.72, respectively. It is noted that “SSD” in 
Table 3 means saturated surface dry (SSD) condition of GPA. 

Before mixing the ECC, GPA were pre-wetted to the saturated surface 
dry (SSD) condition. Then, cement, silica fume and GPA were dry-mixed 
in a mixer for 5 min. Next, water and super-plasticizer were poured into 
the mixer and the mixture was stirred for another 10 min until a uniform 
paste appeared. After that, PE fibers were added into the mixer and the 
mixing was continued for another 5 min. After a uniform flowable ECC 

was formed, three 50 mm × 50 mm × 50 mm cubes and three dumbbell 
samples (Fig. 4) were casted, respectively, and the specimens were 
covered by a plastic sheet to prevent water evaporation. After 24 h, the 
specimens were demolded and the demolding densities of GPA-ECC 
were measured (see Table 3). Then, the specimens were stored in 
water (23 ◦C) for 28 d until further tests. 

2.4. Testing methods 

Three 50 mm × 50 mm × 50 mm cubes were tested under 
compression for each mix proportion, according to ASTM C109/C109 M 
[47], and the loading rate was set as 1.0 MPa/s. Three dumbbell spec
imens were tested under direct tension for each mix, and the loading rate 
was set as 0.5 mm/min. During the tensile test, a linear variable dif
ferential transformer (LVDT) was fixed on one side of the specimen to 
measure the deformation of its central part (80-mm gauge length). On 
the other side, the digital image correlation (DIC) method [48–50] was 
adopted to obtain the whole strain field in the central area (see Fig. 4), 
where speckle pattern was sprayed in advance. During the test, a digital 
camera was used to capture photographs of the detected area at an in
terval of three seconds. 

After the tensile test, small samples were carefully cut from the 
fracture surface of GPA-ECC and used for scanning electron microscope 
(SEM) analysis (Tescan VEGA3) to investigate the fiber failure modes in 

Fig. 1. SEM images of (a) fly ash, (b) GGBS, (c) cement, and (d) silica fume.  
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cases of different ECC mix proportions. 
Isothermal calorimetry tests (Calmetrix I-Cal 4000) were conducted 

to observe the effect of GPA on the early age hydration of ECC matrix, for 
which the A0.24 mix (excluding fibers) was used. Here, the other mix 
using fine silica sand as the aggregates was adopted as a reference 
following the same mix proportion. It should be noted that the aggregate 
volume contents of these two mixes were kept the same, and the result of 
the fine silica sand (in SSD)-to-binder ratio by weight was calculated as 
0.253 based on the specific gravity of the aggregates. During the prep
aration, the matrices were mixed following the same procedure as 
shown in Section 2.3. Then, the fresh samples were weighed, put into 
plastic containers, and placed in the machine for 72 h. In the following 
analysis, the measured reaction heat was normalized with the weight of 
the tested matrix. 

In the BSE test, a small sample of GPA-ECC (A0.24) was prepared, put 
into fresh epoxy resin, and vacuumed to remove the bubbles before the 
resin hardening. For comparison, a sample of fine silica sand mixture 
was also casted with the same mix as described in the isothermal calo
rimetry test. The cube was cured following the same procedure 
described in Section 2.3, cut into small samples, and prepared with fresh 
epoxy resin similar with that of GPA-ECC. Then, both types of samples 
were polished and coated with gold sputter. BSE tests were conducted 
with EDS mapping to observe the aggregate/matrix interfacial transition 
zone (ITZ) for both GPA-ECC (A0.24) and the fine silica sand counter
part. In the BSE mode, aggregates and matrix are easily identified as 
their elemental components are different. Two magnification levels of 
1000 and 4000 times were selected, by which the aggregate/matrix ITZs 
were first found and then further localized. At the magnification level of 
4000 times, element mapping in the EDS mode was conducted to 
investigate the aggregate/matrix ITZ. 

In the microhardness test, the samples used in the BSE tests were 
further polished to remove the gold sputter layer, and the microhardness 
test was thereafter conducted. The aggregate/matrix ITZ, aggregates 

(both silica sand and GPA) and matrix were selected as the target areas 
for the indentation test (Here, “matrix” denotes the blended cement and 
silica fume paste). It is noted that the indentation location on the 
aggregate and matrix was 15 μm away from the aggregate/matrix ITZ in 
order to prevent the overlapping of the indentation marks and reduce 

Fig. 2. Particle size distributions of raw materials.  

Table 2 
Particle size distribution of GPA used for ECC casting.  

Particle size (mm) 2.36–4.75 1.18–2.36 0.6–1.18 0.3–0.6 0.15–0.3 0–0.15 

GPA 30% 28% 13% 10% 7% 12%  

Fig. 3. The photograph of geopolymer fine aggregates.  

Table 3 
Mix proportions of GPA-ECC (kg/m3).  

Raw Materials GPA-ECC 

A0.24 A0.48 A0.72 

Cement 1191.0 1014.4 882.4 
Silica Fume 297.8 253.6 220.6 
SSD GPA (Dry GPA) 357.3 (287.3) 608.7 (488.2) 794.1 (637.5) 
Water 254.6 216.8 188.6 
Super-plasticizer (in solid) 19.4 16.5 14.3 
PE Fiber (Vol %) 19.4 19.4 19.4 
Demolding Density (g/cm3) 2.12 2.11 2.10  

Fig. 4. Dumbbell specimen.  
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the influence of unexpected rigid/soft inclusion surface on the inden
tation depth of the indenter [51]. The loading force was kept as 0.098 N 
for the matrix, GPA, and their ITZ, while the force was changed to 0.490 
N for silica sand because of the higher hardness in this area. For each 
sample, ten measurements were conducted to obtain the distribution of 
the hardness value. 

Finally, small pieces of sample were cut away from the central part of 
the dumbbell specimens (A0.24, A0.48, and A0.72) after the tensile test, 
and the samples were scanned by a micro-focus X-ray CT system (YXLON 
FF35 CT). The 3D image of the scanned samples was reconstructed, and 
the voxel size of the CT image is 28.7 μm. Then, the internal cracking 
behavior and the size distributions of matrix flaws and GPA were 
analyzed using the ImageJ software. 

3. Results and discussions 

3.1. Mechanical properties 

The mechanical properties of GPA-ECC (A0.24, A0.48 and A0.72) 
including compressive strength (f’c), tensile strength (ft), tensile strain 
capacity (εt), and average crack width at the ultimate tensile strain (w) 
are summarized in Fig. 5 and Table 4. The tensile stress–strain relations 
of GPA-ECC as well as the DIC strain fields are presented in Fig. 6. 

In Fig. 5a, the compressive strengths of A0.24, A0.48, and A0.72 are 
134.0 MPa, 120.7 MPa, and 116.9 MPa, respectively. The higher content 
of GPA resulted in a lower compressive strength, due to the relatively 
lower strength of GPA as compared with the high-strength matrix. In 
Fig. 5b, A0.48 showed the highest tensile strength, but the value drop
ped significantly when the aggregate-to-binder ratio increased to 0.72. 
The reduction of tensile strength may be related to the negative impact 
of the aggregate size (2.36–4.75 mm) on the uniformity of fiber distri
bution. In Fig. 5c, the tensile strain capacity of A0.48 reached 8.8%, 
while that of A0.72 was the lowest (6.5%). It is noted that high content 
of GPA (A0.72) led to a loss of tensile ductility (compared with A0.48 
and A0.24) as the uniformity of fiber distribution in ECC matrix was 
significantly disturbed and the fiber bridging strength reduced. The 
small crack width of A0.72 (i.e., 40 μm at the ultimate strain) further 
reduced the tensile strain capacity. In addition, the GPA micro-spalling 
and the nonuniformity of fiber distribution caused by fiber/GPA inter
action may influence the strain-hardening behavior of GPA-ECC. Fig. 5d 
shows the average crack width of each type of ECC at the ultimate tensile 
strain. The average crack width gradually decreased as the GPA content 
increased. Further discussion of the cracking behavior will be provided 
together with the DIC results. Table 4 presents the f’cftεt/w index [52], 

which is defined as f’c (unit: MPa) × ft (unit: MPa) × ε t (unit: 1)/w (unit: 
μm), to assess the overall mechanical properties of GPA-ECC. A0.48 
attained the highest index value (i.e., 1.72 MPa2/μm), indicating the 
best overall performance among the developed GPA-ECC in this study. 

Fig. 6 shows the tensile stress-strain curves and the respective DIC 
patterns for the three GPA-ECC mix proportions. In the DIC patterns, the 
first strain level (0.2%) indicated the strain at the serviceability stage, 
the last strain level was the ultimate tensile strain, and the other two 
strain levels divided the whole strain range into three equal sections. 
Significant tensile strain-hardening and saturated multiple cracking 
could be observed for all the mixes, and A0.48 showed the highest 
tensile ductility. The saturated multiple cracking of GPA-ECC was 
related to the flaw effect [53–55] of geopolymer fine aggregates in 
high-strength ECC matrix. Similar phenomena were also reported when 
expanded shale [53,54] and coarse river sand [56] were used to reduce 
the overall toughness of the matrix. Although the strength of GPA was 
not low (i.e., 52.4 MPa), these aggregates could act as “additional flaws” 
in a high-strength matrix (e.g., over 130 MPa in this study). Such flaw 
effect will be further verified based on the microhardness and XCT re
sults in the following sessions. 

In Fig. 7, the compressive strength and tensile ductility of GPA-ECC 
in this study are plotted together with those of the high-strength ECC 
(HS-ECC) in the literature [57–65]. To be consistent, the data of 
heat-cured high-strength ECC were excluded, whose compressive 
strengths are usually higher. From Fig. 7, the GPA-ECC (A0.24, A0.48, 
and A0.72) showed a higher tensile ductility than most of the existing 
high-strength ECC. In addition, the tensile strain capacity of A0.48 
(8.8%) recorded the highest value among the ambient-cured high-
strength ECC in Fig. 7, indicating that the use of GPA is an effective 
method to improve the tensile ductility of high-strength ECC. 

To observe the fiber failure modes, small pieces of samples were cut 
from the fracture surface of GPA-ECC specimens for the SEM test, and 
the results are shown in Fig. 8. Similar to the phenomenon observed in 

Fig. 5. Summary of mechanical properties of GPA-ECC (A0.24, A0.48 and A0.72): (a) Compressive strength, (b) tensile strength, (c) tensile strain capacity, and (d) 
average crack width at the ultimate strain. A0.48 exhibited the highest tensile strength and strain capacity. As the GPA content increased, the compressive strength 
and average crack width of GPA-ECC decreased. 

Table 4 
Mechanical properties of GPA-ECC.  

Mechanical Properties A0.24 A0.48 A0.72 

Compressive strength, f’c (MPa) 134.0 ±
3.2 

120.7 ±
1.8 

116.9 ±
2.0 

Tensile ultimate strength, ft (MPa) 8.6 ± 1.0 9.2 ± 0.8 6.1 ± 0.3 
Tensile strain capacity, εt (%) 7.6 ± 0.8 8.8 ± 0.9 6.5 ± 0.8 
Average crack width at the ultimate 

strain, w (μm) 
65.0 ± 5.8 56.7 ± 3.1 39.5 ± 2.2 

f’cftεt/w Index (MPa2/μm) 1.35 1.72 1.17  
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ECC with fine silica sand and sea-sand [52,66], both fiber pullout and 
rupture failure could be observed. As the ultra-high-molecular-weight 
(PE) fibers had a high tensile strength, the rupture failure of the PE fi
bers means a strong fiber/matrix bond. Therefore, the rupture of some 
PE fibers indicates that the fiber strength was effectively utilized in 
GPA-ECC. 

3.2. Hydration heat 

Fig. 9 shows the comparison of heat release rate and cumulative heat 
produced during the early-stage hydration of GPA and fine silica sand 
(FSS) matrices for the first 72 h. As seen from the heat release rate curve, 
GPA matrix had an accelerated time to reach the peak of heat flow (19.5 
h) as compared with the FSS matrix (22.0 h). Considering that the only 
difference between two matrices is the aggregate type and FSS is rela
tively inert, it is likely that the Ca(OH)2 generated during the cement 

hydration might react with the existing GPA so that the pozzolanic re
action was promoted and thus generated the additional heat [40,67]. 
Moreover, since the one-part mixing method was used to produce GPA in 
this study, the solid activator content might not have dissolved 
completely. Therefore, a second time of mixing helped dissolve these 
remaining alkali activators which further activated the unreacted FA 
and GGBS particles in GPA, which resulted in more reaction heat. On the 
other hand, the descending branch of the heat release curve of GPA 
matrix dropped faster than that of FSS matrix, which was caused by the 
accelerated cement hydration in the GPA matrix. The heat release rates 
of these two ECC matrices became almost the same at 72 h, indicating 
that GPA had no further chemical reaction with the matrix when the 
matrix was fully hardened. In addition, the cumulative heat release of 
GPA matrix was found to be always higher than that of FSS matrix 
during the first 72 h (Fig. 9). At the end of the test, GPA matrix released 
more accumulated heat (4.3 J/g matrix) than FSS matrix, further 

Fig. 6. Tensile stress–strain curves and DIC strain fields of GPA-ECC: (a) A0.24, (b) A0.48, and (c) A0.72. Significant tensile strain-hardening and multiple cracking 
can be observed for GPA-ECC, with A0.48 showing the highest tensile ductility. Color codes show local tensile strain values. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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verifying the occurrence of chemical reaction between the geopolymer 
aggregates and the matrix during the hydration process. Based on a 
previous study where alkali-activated binder was used as a repair ma
terial [67], the additional reaction product at the GPA/matrix ITZ was 
supposed to be C-A-S-H gel. 

3.3. BSE-EDS analysis for aggregate/matrix ITZ 

After the demonstration of the chemical reaction between GPA and 
the cementitious matrix in the previous section, BSE-EDS analysis was 
conducted to get a better understanding of the ITZ between the aggre
gates (GPA and silica sand) and the cementitious matrix. It should be 
noted here that because of the interactional chemical influence between 
GPA and the cementitious matrix, the ITZ defined here is a bit different 
from the conventional definition, where ITZ is only localized in the 
cementitious matrix. The microstructures of the GPA/matrix (A0.24) 
ITZ and its counterpart FSS/matrix ITZ are presented in Fig. 10 and 11, 
respectively. 

In Fig. 10, many unreacted round particles (FA) are observed in the 
GPA region, which can help identify the boundary between the GPA and 
the cementitious matrix. The reasons for the existence of unreacted FA 
particles may be explained as follows: (1) The one-part mixing method 
of the aggregate paste cannot ensure sufficient alkali-activation of the 
precursors; and (2) GGBS has a higher alkaline reactivity than FA so that 

GGBS will be consumed faster [40]. For the FSS/matrix ITZ in Fig. 11, 
the boundary between the FSS and the cementitious matrix is easier to 
distinguish, because the FSS is comparatively chemical-stable with a 
dense microstructure. It is noted that siliceous aggregates such as silica 
sand can also absorb certain amount of Ca2+ and OH− ions if they stay in 
a simulated cement solution, and Si4+ will accordingly dissolve from the 
sand surface and then precipitate with new hydrated silicates formed 
[68]. Therefore, the FSS is not completely inert in the Ca-rich cemen
titious environment. In addition, several unreacted cement particles 
(light grey) can be found in the cementitious matrix (Fig. 10a and 11a). 
It can also be observed that the microcracks along the FSS/matrix ITZ 
are clearer than those along the GPA/matrix ITZ, indicating that the 
chemical bond in the latter case may be stronger than in the former case. 
The microcracks observed in both figures were supposed to arise from 
restrained shrinkage [69]. 

Figs. 10b and 11b present the magnified GPA/matrix and FSS/matrix 
ITZs, respectively. In order to make a clearer classification of the 
boundary, element mapping in the EDS mode was made for both ITZs. 
For the GPA mixture, although the Na element should be more abundant 
in GPA than in cement paste, the element distribution of Na was 
observed to be almost uniform in Fig. 10c, which was possibly due to the 
leaching of Na ions during mixing and curing. In addition, the Si element 
cannot be used to identify the ITZ, because both matrix (silica fume and 
cement) and GPA (FA, GGBS, and Na2SiO3) are composed of this 

Fig. 7. Compressive strength and tensile strain capacity of high-strength ECC (HS-ECC) in the literature [57–65]. GPA-ECC exhibited superior tensile ductility.  

Fig. 8. SEM images of fiber failure modes: (a) A0.24, (b) A0.48, and (c) A0.72. Both rupture and pull-out ends can be observed.  
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element. Therefore, Al (rich in GPA) and Ca (rich in cement) were used 
to identify the GPA/matrix ITZ (see Fig. 10d and f). For the FSS mixture, 
since FSS is mostly Si and cement is Ca-based, the FSS/matrix ITZ can be 
identified based on the mapping results of these two elements (see 
Fig. 11d and f). 

For the ITZs in Fig. 10b and 11b, EDS linear scanning was conducted 
twice [Scanning (I) and Scanning (II)] to better understand the ion ex
change in the GPA/matrix and FSS/matrix ITZs. For each scanning trace, 
the scanning was repeated five times to get a higher intensity and make 
the result more distinct. According to the scanning results, the variations 
of Al and Ca elements in the GPA/matrix ITZ are presented in Fig. 12a 
and b, while those of Ca and Si in the FSS/matrix ITZ are presented in 
Fig. 12c and d. From the linear mapping results, the ITZ ion exchange 
can be represented by element variations (i.e., the ascending and 

descending parts of the curves in Fig. 12). As displayed in the figures, the 
widths of the GPA/matrix ITZ obtained along the two scanning traces 
were 6.9 μm and 7.0 μm, which are larger than those along the FSS/ 
matrix ITZ (4.9 μm and 5.4 μm). As indicated in Ref. [70], the steeper 
ascending or descending of element intensity change means a less 
distinguished ion exchange at the aggregate/matrix ITZ. The width of 
GPA/matrix ITZ was larger than that of FSS/matrix ITZ, indicating that 
the newly formed ITZ products (C-A-S-H gels [67]) in the former case 
was more widely distributed than the hydrated silicates [68] formed in 
the latter case, because the Si dissolution from the silica sand is 
comparatively limited. This observation also coincided with the findings 
that less microcracks were observed along the GPA/matrix ITZ than the 
FSS/matrix ITZ in Fig. 10a and 11a, and the GPA had good bond with the 
cementitious matrix. 

3.4. Microhardness of matrix, aggregate, and aggregate/matrix ITZ 

To further verify the findings described in the above section, the 
hardness values (HV) of the aggregates (GPA and FSS), GPA/matrix ITZ, 
and cementitious matrix were measured by micro-indentation test. 
Here, it should be mentioned that the FSS/matrix ITZ was not tested, 
because the hardness difference between the FSS and the cementitious 
matrix is too large, leading to a large slippage of the indenter. Consid
ering the stochastic nature of microhardness, ten measurements were 
conducted for each sample, and the Weibull distribution was used to fit 
the distribution of the measured hardness values. Table 5 summaries the 
fitted cumulative distributions. All the correlation coefficients were 
close to 1, indicating that the hardness values followed the Weibull 
distribution. 

The distributions of the measured microhardness are shown in 
Fig. 13. The microhardness of GPA (average: 54.0 HV) was much smaller 
than that of the cementitious matrix (average: 85.6 HV). In other words, 
the GPA was significantly weaker than the matrix, and thus it would 
reduce the strength and fracture toughness of high-strength ECC matrix. 
Therefore, based on the micromechanical design principle, the crack tip 
toughness would also decrease with the addition of GPA, resulting in a 
more remarkable strain-hardening potential. In addition, the micro
hardness of GPA/matrix ITZ (average: 78.1 HV) was close to that of the 
matrix (average: 85.6 HV) and higher than that of GPA (average: 54.0 
HV), indicating that the GPA/matrix ITZ was stronger than the GPA. 

Fig. 9. Hydration heat of geopolymer aggregate (GPA) and fine silica sand 
(FSS) matrices. The use of GPA increased the hydration heat of cement and 
silica fume matrix during the first 72 h. 

Fig. 10. BSE images (a and b) and elemental mapping results (c–f) of GPA/matrix ITZ. The GPA/matrix ITZ could be identified by the mapping results of Al and 
Ca elements. 
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Therefore, the strong ITZ is supposed to make cracks propagate through 
the weaker GPA instead of along the GPA/matrix interface under ten
sion. For the FSS, the microhardness value was significantly larger than 
that of the matrix. 

3.5. XCT result and flaw effect 

Based on the findings in the previous sections, GPA are significantly 
weaker than the high-strength matrix. Thus, such artificial aggregates 
could be regarded as “additional flaws” in GPA-ECC. In this section, XCT 
analysis was conducted to gain an in-depth understanding of the flaw 
effect of GPA. Fig. 14 shows the reconstructed three-dimensional (3D) 
XCT images of cracked GPA-ECC (A0.24, A0.48, and A0.72) at the same 

grayscale level. The internal cracks, initial flaws (i.e., pores), and GPA 
can be observed in the reconstructed XCT images, where the total vol
ume of flaws (i.e., initial flaws and GPA) increased with GPA content. 
Here, only a small cube (5 mm × 5 mm × 5 mm) was shown in Fig. 14 in 
order to present the 3D XCT images clearly. 

As it is difficult to clearly distinguish every initial flaw and GPA in 
the 3D XCT images of a comparatively large space, two-dimensional 
(2D) XCT images of GPA-ECC were used (Fig. 15) to quantify the dis
tributions of initial flaws and GPA in ECC. It is noted that the area 
fraction of initial flaws and GPA in a 2D image is equal to the 3D volume 
fraction based on the stereology principles [71,72]. In the 2D XCT im
ages (Fig. 15), the initial flaws (in black) and GPA (in dark grey) can be 
distinguished clearly. In Fig. 15, GPA-ECC showed more internal cracks 

Fig. 11. BSE images (a and b) and elemental mapping results (c–f) of FSS/matrix ITZ. The FSS/matrix ITZ could be identified by the mapping results of Si and 
Ca elements. 

Fig. 12. Element variations of (a) Scanning (I) in Fig. 10, (b) Scanning (II) in Fig. 10, (c) Scanning (I) in Fig. 11, and (d) Scanning (II) in Fig. 11. The GPA/matrix ITZ 
seems to have a wider thickness (~7 μm) than that of the FSS/matrix ITZ (~5 μm). 
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with increasing the GPA content and many cracks passed through the 
initial flaws and GPA, demonstrating the role of GPA as “additional 
flaws” in GPA-ECC. Moreover, almost no ITZ cracks could be observed 
around the GPA, indicating a good bond of the GPA/matrix ITZ. 

To analyze the size distribution of initial flaws and GPA in ECC, 
Fig. 16 presents the equivalent radius of the initial flaws and GPA ob
tained from the 2D XCT images (Fig. 15). Due to the limitation of res
olution, the initial flaws smaller than 0.2 mm (radius ≤0.1 mm) and the 
GPA smaller than 0.4 mm (radius ≤0.2 mm) were not considered. It is 
noted that compared with the initial flaws (in black), the grayscale level 
of the GPA is much closer to that of the matrix, so the distinguishable 
minimum size of the GPA (i.e., 0.2 mm in radius) is larger than that of 
the initial flaws (i.e., 0.1 mm in radius). For ECC materials, the size 
distribution of initial flaws can be described by the following Weibull- 
type function [Eq. (1)] [73]. 

F(r)= 1 − exp
[

−

(
λ

r − r0

)k]

(1)  

where F(r) is the cumulative probability of initial flaws having an 

Table 5 
Cumulative distributions of the measured microhardness values.  

Test Area Fitted Cumulative 
Distribution Function 

Correlation Average Value 
(HV) 

Coefficient 

Geopolymer 
Aggregate 

F(x) = 1-exp(-(x/58.0)^6.4) 0.990 54.0 

GPA/Matrix ITZ F(x) = 1-exp(-(x/82.2)^9.7) 0.995 78.1 
Cementitious 

Matrix 
F(x) = 1-exp(-(x/91.3)^7.4) 0.983 85.6 

Fine Silica Sand F(x) = 1-exp(-(x/1739.0) 
^9.9) 

0.987 1654.0 

Note: F(x) is the cumulative distribution function of the measured microhard
ness value (x). 

Fig. 13. Microhardness of aggregates (GPA and FSS), matrix, and GPA/matrix 
ITZ. The microhardness value of GPA/matrix ITZ was close to that of the 
cementitious matrix and higher than that of the GPA. 

Fig. 14. Three-dimensional XCT images of cracked GPA-ECC: (a) A0.24, (b) A0.48, and (c) A0.72 at the same grayscale level. The internal cracks, flaws, and 
geopolymer aggregates could be observed in the reconstructed XCT images. 

Fig. 15. Two-dimensional XCT images of cracked GPA-ECC: (a) A0.24, (b) 
A0.48, and (c) A0.72. Many cracks passed through the GPA, and GPA-ECC 
showed more internal cracks with increasing GPA content. 
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equivalent radius smaller than r, k is the shape parameter, λ is the scale 
parameter, and r0 is the smallest flaw radius. In addition, Eq. (1) was 
used to model the size distribution of GPA. Table 6 lists the model results 
of the measured distributions of the initial flaws and GPA shown in 
Fig. 16. It seems that Eq. (1) can be applied to model the distributions of 
the initial flaws and GPA in ECC. 

Based on the model results of the flaws and GPA, the distribution of 
the total flaws (i.e., flaw + GPA) can be calculated as follows: 

FT(r)=
NF

NF + NA
FF(r) +

NA

NF + NA
FA(r) (2)  

where FF(r), FA(r), and FT(r) are the cumulative probability functions of 
the initial flaws, GPA, and total flaws, respectively; and NF and NA are 
the numbers of initial flaws and GPA. By introducing the distribution 
functions and numbers of initial flaws and GPA, the distributions of the 
total flaws could be obtained, which are presented in Fig. 16 and 
Table 6. It can be observed that the model results of Eq. (2) showed good 
agreement with the measured results and the correlation coefficients are 
close to 1, indicating the applicability of Eq. (2) in modeling the total 

flaws in GPA-ECC. 
Based on the model results in Table 6, the probability density func

tions (PDF) of the initial flaws, GPA, and total flaws (flaw + GPA) could 
also be obtained, which are plotted in Fig. 17. The first and second peaks 
of the total flaws represent the initial flaws and GPA, respectively. By 
incorporating different contents of GPA, the distribution of the total 
flaws changes significantly. For A0.24 and A0.48, the peak of the initial 
flaws was significantly higher than that of GPA, while for A0.72, the 
peak of the initial flaws was lower than that of GPA. 

The comparison of the total flaw distributions in A0.24, A0.48, and 
A0.72 is shown in Fig. 18. As the content of GPA increased, the cumu
lative distribution function (CDF) shifted right, indicating that the use of 
GPA increased the size of the total flaws in high-strength ECC matrix. For 
example, the fractions of the total flaws larger than 0.5 mm (i.e., radius 
larger than 0.25 mm) were 58%, 68%, and 79% for A0.24, A0.48, and 
A0.72, respectively. In Fig. 18, the probabilistic density functions (PDF) 
of the total flaws in GPA-ECC were bimodal distributions, which are 
significantly different from the unimodal distribution of the flaws in 
ordinary ECC matrix [55]. It is evident that the GPA can be used to tailor 
the flaw size distribution of high-strength ECC matrix. 

3.6. Summary of the ductility enhancement mechanism in GPA-ECC 

Fig. 19 summarizes the ductility enhancement mechanism of high- 
strength ECC with GPA. According to the design theory of ECC, the 
larger the probability of active flaws is, the more easily multiple 
cracking phenomena can occur [53]. Here, active flaw means the flaw 
contributing to multiple cracking, i.e., flaws large enough to initiate 
crack extension at tensile stresses below the capacity of the bridging 
fibers. For high-strength GPA-ECC, GPA not only can achieve good bond 
with the cementitious matrix but also can act as “additional flaws” in the 
high-strength matrix. By incorporating GPA, it is feasible to increase the 
fraction of active flaws. As a result, more saturated multiple cracking as 
well as high tensile ductility can be achieved without debonding at the 
aggregate/matrix ITZ for high-strength ECC. It is noted that in the pre
sent study, GPA were used to tailor the flaw distribution in high-strength 
ECC matrix. For normal-strength ECC (e.g., 20–80 MPa), the strength 
grade of GPA may need to be tuned to realize the artificial flaw 
mechanism. 

4. Conclusions 

In this study, artificial geopolymer aggregates were used to develop 

Fig. 16. Size distributions of initial flaws and GPA in ECC: (a) A0.24, (b) A0.48, and (c) A0.72. The model results showed good agreement with the measured results.  

Table 6 
Cumulative distributions of the initial flaws and GPA in ECC.  

ECC Function, F 
(r) 

Number 
of Flaw & 
GPA, N 

Distribution Parameters Correlation 

λ Coefficient, 
r 

r0  

A0.24 Flaw: FF1(r) NF1 = 44 0.030 0.82 0.1 0.98 
GPA: FA1(r) NA1 = 38 0.153 1.26 0.2 0.98 
Total Flaw 
(Flaw +
GPA): 
FT1(r) 

NT1 = NF1 

+ NA1 

FT1(r) = (NF1/NT1)FF1(r) +
(NA1/NT1)FA1(r) 

0.98 

A0.48 Flaw: FF2(r) NF2 = 33 0.035 0.86 0.1 0.97 
GPA: FA2(r) NA2 = 51 0.136 1.15 0.2 0.99 
Total Flaw 
(Flaw +
GPA): 
FT2(r) 

NT2 = NF2 

+ NA2 

FT2(r) = (NF2/NT2)FF2(r) +
(NA2/NT2)FA2(r) 

0.98 

A0.72 Flaw: FF3(r) NF3 = 20 0.036 0.92 0.1 0.97 
GPA: FA3(r) NA3 = 47 0.126 1.09 0.2 0.98 
Total Flaw 
(Flaw +
GPA): 
FT3(r) 

NT3 = NF3 

+ NA3 

FT3(r) = (NF3/NT3)FF3(r) +
(NA3/NT3)FA3(r) 

0.98 

Note: r0 is determined by the distinguishable minimum sizes of the flaws (r0 =

0.1 mm) and GPA (r0 = 0.2 mm). 
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high-strength high-ductility Engineered Cementitious Composites 
(ECC). A multi-scale investigation was conducted to better understand 
the microstructures and ductility enhancement mechanism of the geo
polymer aggregate ECC (GPA-ECC). From the obtained results, the 
conclusions can be drawn as follows:  

● For high-strength ECC, the use of geopolymer fine aggregates 
resulted in high tensile ductility and excellent crack control ability. 
For all the developed GPA-ECC, saturated multiple cracking behavior 

could be observed with an average crack width below 70 μm (at the 
ultimate tensile strain). Compared with the ambient-cured high- 
strength ECC in literature, GPA-ECC showed superior tensile 
ductility, indicating that GPA can act as a material modifier for 
enhanced tensile ductility and crack control of high-strength ECC.  

● The GPA reacted with the cementitious matrix (blended cement and 
silica fume). The GPA/matrix and FSS/matrix ITZs could be identi
fied by Al and Ca elements, and Ca and Si elements, respectively. The 
width of the GPA/matrix ITZ (~7 μm) seemed to be larger than that 
of the FSS/matrix ITZ (~5 μm). In addition, the microhardness value 
of GPA/matrix ITZ was close to that of the cementitious matrix and 
higher than that of the geopolymer aggregate. The findings demon
strated that the GPA achieved a strong chemical bond with cemen
titious matrix and could be considered as “additional flaws” in high- 
strength matrix.  

● The XCT results revealed that, many cracks passed through the GPA, 
demonstrating the role of GPA as “additional flaws” in ECC. The total 
distribution of initial flaws and GPA in ECC could be modeled based 
on a combination of two Weibull-type functions. By incorporating 
different contents of GPA, the flaw distribution of high-strength ECC 
changed significantly. The use of GPA can tailor the distribution of 
the total flaws (flaw + GPA) in high-strength ECC matrix, resulting in 
more saturated multiple cracking. 

Further study is being conducted to understand the long-term me
chanical performance of GPA-ECC to achieve a comprehensive under
standing of this newly-developed material. In addition, it is suggested to 
further investigate the use of GPA in normal-strength concrete or ECC to 
explore the feasibility of using artificial aggregates for high performance 
cement-based materials. The durability properties, as well as the influ
ence of different fibers [e.g., polyvinyl alcohol (PVA) fibers, poly
propylene (PP) fibers, poly(p-phenylene-terephthalamide) (aramid) 
fibers, and as-spun poly(p-phenylene-2,6-benzobisoxazole) (PBO) fi
bers] on the mechanical properties of this new type of ECC should also 
be comprehensively investigated in the future. As sodium metasilicate 
production imposes certain burdens on the environment, for improved 

Fig. 17. Probability density functions of the initial flaws, GPA, and total flaws (flaw + GPA) in A0.24, A0.48, and A0.72. By incorporating different contents of GPA, 
the distribution of the total flaws changed significantly. 

Fig. 18. Comparison of the cumulative distribution functions (CDF) and 
probability density functions (PDF) of the total flaws (flaw + GPA) in A0.24, 
A0.48, and A0.72. The distribution of the total flaws in high-strength matrix 
could be tailored by GPA. 
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sustainability, more efforts are needed to explore alternative activators 
(especially from waste sources) to reduce carbon dioxide emission and 
global warming issues. 
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