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GRAPHICAL ABSTRACT

ABSTRACT

Hybrid artificial geopolymer aggregates (GPA) and natural silica sand were used to strategically tailor the
tensile strain-hardening behavior of high-strength engineered cementitious composites (HS-ECC). With
such hybridization, the weaknesses of GPA (i.e., relatively low strength and stiffness) were utilized in
the performance-based design of HS-ECC, while the advantages of GPA were retained (e.g., the utilization
of industrial by-products/wastes through chemical activation and conservation of natural resources). In
this study, a comprehensive experimental program was conducted at multiple scales on the HS-ECC. It
was found that increasing the replacement ratio of silica sand by GPA improved the tensile ductility,
crack control ability, and energy absorption of HS-ECC, although its compressive and tensile strengths
were reduced. GPA with low alkalinity were observed to react with the cementitious matrix, and the poz-
zolanic reaction provided additional chemical bond and thus enhanced the GPA/matrix interface. In addi-
tion, GPA could be regarded as “additional flaws” in the HS-ECC system. According to the Weibull-based
modeling, it was found that GPA could play a crack-inducing role in activating more inactive initial flaws.
Therefore, GPA can tailor the active flaw size distributions in HS-ECC matrix. The findings of this study

provide a new avenue for the utilization of GPA.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The concrete technology develops rapidly in recent decades.
Due to the brittleness of concrete materials, one of the major
trends is to develop highly ductile cementitious composites. A rep-
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resentative of such advanced fiber-reinforced cementitious materi-
als is “Engineered Cementitious Composites” (ECC) [1,2,3], also
known as “Strain-Hardening Cementitious Composites” (SHCC)
[4,5,6] or “Ultra-High-Toughness Cementitious Composites”
(UHTCC) [7,8]. ECC possess outstanding tensile strain capacity
which is several hundred times (typically 300-1000 times) that
of the ordinary concrete. Owing to the tensile strain-hardening
and multiple-cracking characteristics, ECC can exhibit fine cracks
under monotonic, cyclic, and even impact loadings. In addition,
with the combined use of a dense matrix and high-strength high-
modulus fibers [e.g., polyethylene (PE) fiber], ECC can be produced
with a high/ultra-high compressive strength of 100-210 MPa
[9,10,11,12], which is similar to that of ultra-high-performance
concrete (e.g., [13,14,15,16]). The outstanding performances of
the high-strength ECC make it a more promising material for
developing durable and resilient civil infrastructures.

Many efforts have also been made to develop greener ECC, by
improving the sustainbablity of binder materials, fiber reinforce-
ments, and fine aggregates. Industrial/urban by-products/wastes
are used as aggregates in ECC to replace the commonly-used fine
silica sand, because the production of the latter consumes signifi-
cant natural resources and energy. For normal strength ECC (e.g.,
compressive strength < 70 MPa), several available grain-like by-
products/wastes have been used to replace silica sand, including
bottom ash [17], iron ore tailings [18,19], recycled concrete frag-
ments [20,21], sugarcane bagasse ash [22], waste glass [23,24],
and crumb rubber [25,26]. In addition, coarse river sand [27] and
sea-sand [28,29] have also been used to fully replace fine silica
sand for the development of cost-effective high-strength (HS-
ECC) (i.e., 70 ~ 120 MPa) and ultra-high strength ECC (i.e.,
>120 MPa).

Use of artificial aggregates through the cold-bonding technol-
ogy for the production of concrete is an emerging technology. This
technology has become more and more attractive. It has gradually
been transferred from the laboratory study to the industrial appli-
cations due to the unprecedent construction activities and an
increasing emphasis on the sustainability issue of construction. It
is noted that the source materials for artificial aggregates can be
powder-like by-products/wastes widely available from the urban,
industrial and agricultural fields. Therefore, the artificial aggregate
technology not only saves the limited natural silica rock resources,
but also reduces the environmental burden of increasing urban/in-
dustrial wastes [30,31]. Among existing artificial aggregates,
geopolymer aggregates (GPA) can be produced from
aluminosilicate-rich sources by the method of alkali/acid activa-
tion [32,33]. Similar to geopolymer pastes, the strength of GPA
mainly comes from the three-dimensional cross-linked sodium/p
otassium-aluminum-silicate-hydrogen (N-A-S-H/K-A-S-H) gels.
Considering that geopolymer materials can have a strength similar
to that of cement pastes, and exhibit excellent bond with the
cement-based matrix, GPA have a potential to be used as a substi-
tution of natural aggregates in concrete production [34].

It should be noted that the cold-bonding GPA inevitably have an
inferior strength and a more porous microstructure than natural
aggregates, which may pose a concern on the strength and durabil-
ity of geopolymer aggregate concrete. Therefore, at present, GPA
may just be considered for use in roadbed materials in pavement
engineering or in nonstructural concrete members [32]. The
authors’ recent study has revealed that in HS-ECC materials, it is
possible to use GPA to replace fine silica sand for improved ductil-
ity, and GPA is more suitable than artificial cement-bonded aggre-
gates for the production of high-strength high-ductility ECC [33].
For normal-strength ECC, the aggregates can influence the tensile
ductility through the effects on matrix fracture toughness, cracking
strength, and modulus [35,36]. However, the unique feature of GPA
would show a different influence from that of natural aggregates
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on ECC performance. Therefore, in another study of the authors,
ECC with different GPA-to-binder ratios were investigated to
understand the preliminary mechanism of GPA in ECC. It was
found that different from fine silica sand (FSS) used in ECC, GPA
can be regarded as “additional flaws” in high-strength ECC matrix
[34]. The aforementioned work inspired the authors that GPA may
be an ideal modifier for ECC materials to tailor tensile ductility and
to improve sustainability simultaneously. In addition, once GPA is
used as a modifier, the understanding of the interaction between
initial flaw and GPA is critical for the performance-based design.
Certainly, the advantages of GPA such as the utilization of by-
products/wastes and the environmental friendliness remain
unchanged.

Thus, in this study, the authors explored the feasibility of using
hybrid silica sand and GPA to tailor the mechanical performance of
high-strength ECC. The major aims are to study how the replace-
ment ratio of fine silica sand by GPA influence the performance
of HS-ECC in terms of the compressive/tensile strength, tensile
strain-hardening behavior, and crack evolution. The underlying
mechanisms were also clarified through various levels of analyses
[e.g., Scanning Electron Microscope (SEM), Digital Image Correla-
tion (DIC), X-ray Computed Tomography (XCT)] and theoretical
modeling. The findings of this work provide an innovative
performance-based design approach for ECC materials and an in-
depth understanding of the interaction between initial flaw and
GPA.

2. Experimental programs
2.1. Raw materials

Coal fly ash (FA) provided by China Light & Power Co. Ltd, Hong
Kong was used as the precursor for GPA production. Type [ 52.5 N
Portland cement purchased from Green Island Cement Co. Ltd., and
silica fume (SF) transported from Mainland China were used as the
binder materials for ECC casting. The chemical components of
these raw materials were obtained from X-ray Fluorescence
(XRF) analysis as summarized in Table 1 in oxide expressions. From
the table, the FA used in the study can be regarded as Class F Fly
Ash with the total content of SiO,, Al,03 and Fe,03 (79.49%) higher
than 50%, the CaO content (9.14%) less than 18%, and LOI (2.90%)
less than 6% according to ASTM C618-19 [37]. The morphologies
of these raw materials are shown in Fig. 1.

Anhydrous sodium metasilicate (Na,SiOs-Anhydrous) particles
in industrial grade purchased from Qingdao Haiwan Chemical
Co., Ltd. were taken as the solid activator for GPA production.
According to the product information provided by producers, the
chemical compositions of the Na,SiOs-Anhydrous particles were
50.75% Na,0, 46.52% SiO,, and 2.73% impurities with a silica mod-
ulus ratio [i.e., Mol (SiO;) /| Mol (Na,0)] of 0.94. The particle sizes of

Table 1

Chemical components of raw materials obtained from XRF.
Chemical composition FA Cement SF
Aluminum oxide, Al,03 26.90% 6.07% 0.15%
Silicon oxide, SiO» 43.40% 19.60% 96.90%
Calcium oxide, CaO 9.14% 64.80% 0.53%
Ferric oxide, Fe,03 9.19% 3.01% 0.06%
Magnesium oxide, MgO 3.49% 0.87% 1.10%
Sulfur trioxide, SO3 1.65% 4.24% 0.12%
Titanium dioxide, TiO, 0.91% 0.26% -
Sodium oxide, Na,0 3.16% - -
Phosphorus oxide, P,05 0.44% 0.13% 0.33%
Potassium oxide, K0 1.28% 0.68% 0.78%
Others 0.44% 0.34% 0.03%
LOI (950 °C) 2.90% 3.83% 1.78%
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the Na,SiO3-Anhydrous particles were between 0.25 mm and
1 mm, and the loose bulk density was 1.31 g/cm®.

Fine silica sand (FSS) with an average particle size smaller than
300 pm was used for aggregate hybridization. According to GB/T
14684-2011 [38], the water absorption and specific gravity of
FSS were tested as 0.8% and 2.67, respectively.

Polyethylene (PE) fibers with the tensile strength, elastic mod-
ulus, and density of 3000 MPa, 100 GPa, and 0.97 g/cm> were used
as the reinforcement in ECC materials. The fibers had a diameter of
24 nm and a length of 18 mm. It is noted that in the previous work
of the authors [28], high-strength ECC with 18-mm PE fibers
showed the highest tensile ductility. Since the binder system of
this work was similar to that adopted in the previous work, 18-
mm PE fibers were adopted here. Also, the PE fibers were not
pre-treated for bond improvement in this study.

Polycarboxylate ether type super-plasticizer (MasterGlenium
SKY8588) purchased from BASF Hong Kong was used in the HS-
ECC mixing, and tap water in the laboratory was used in ECC pro-
duction. The solid content of the super-plasticizer was 22% by
weight.

2.2. Preparation and testing of GPA

The activator to precursor ratio was 0.08 and the water to pre-
cursor ratio was 0.30 by weight to produce artificial geopolymer
fine aggregates. In terms of casting methods, one-part geopolymer
mixing approach was adopted to maximize the feasibility of indus-
trialization [32]. During the mixing, FA and solid activator were
dry-mixed for the first 5 min, water was then added and the resul-
tant slurry was stirred for another 5 min. Subsequently, the fresh
pastes were poured into cubic molds
(100 mm x 100 mm x 100 mm) and vibrated for 30 s to remove
large air pores. After 24 h, demolding was conducted, and the spec-
imens were crushed into fragments with a dimension smaller than
4,75 mm to meet the size requirement of fine aggregates. The frag-
ments were then pre-heated in an oven with 105 °C for 24 h to
reduce the drying shrinkage [39] and improve the early strength.
Afterwards, they were kept in sealed plastic bags. It should be
pointed out that the energy consumption and carbon emission dur-
ing the crushing and heating of GPA are critical parameters of sus-
tainability. It is believed that the reduction of natural resource
depletion and waste landfills suffices to balance overall energy
usage and greenhouse gas (GHG) emission in the GPA production
and application.

Due to the extremely busy laboratory schedule, the produced
GPA had already been stored for six months before they were used
for ECC mixing. It is anticipated that the six-month sealed curing
can guarantee a more complete pozzolanic reaction of GPA and
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thus make more stable aggregate characteristics. The particle size
distribution of GPA and FSS is shown in Table 2 and the appear-
ances of GPA and FSS are shown in Fig. 2. To assess the strength
of geopolymer fine aggregates, six 20 mm x 20 mm x 20 mm
cubes were produced following the above-mentioned mixing pro-
cedure, and the average compressive strength at 28 d was found to
be 8.1 MPa. Here it is worth mentioning that the comparatively
low activator-to-precursor ratio (0.08) in producing the GPA can
achieve a strong flaw effect, tailor ECC manufacturing and improve
environmental friendliness (i.e., use of less alkali activiator).

The specific gravity of GPA was tested according to GB/T 14684-
2011 [38], and the obtained value (2.09) was lower than that of
fine silica sand (2.67). Because the common water absorption
method was not accurate in testing lightweight fine aggregates
with high water absorption [40], the paper towel method proposed
by the Department of Transportation for the State of New York was
specially adopted here for the water absorption test of geopolymer
fine aggregates [41]. The obtained water absorption value of GPA
was 22.3%.

2.3. Preparation of ECC

The mix proportions of five GPA replacement ratios (F100GO:
0%, F75G25: 25%, F50G50: 50%, F25G75: 75% and FOG100: 100%)
are listed in Table 3, where “F” donates FSS and “G” represents
GPA in the mix IDs. In order to highlight the effect of sand
hybridization, the volume ratios of all the components were kept
the same [including the volume ratio of total fine aggregates
(FSS + GPA)]. The sand contents in Table 3 were calculated accord-
ing to the tested specific gravity, and F100GO was adopted as a con-
trol mix with the FSS/binder weight ratio of 0.25. The particle size
distributions of the hybrid FSS and GPA in different mixes are pre-
sented in Table 2. Because of the high water absorption of GPA,
both the FSS and GPA were pre-wetted to the saturated surface
dry (SSD) condition before ECC casting. All the solid materials
(i.e., cement, SF and SSD sand) were then dry-mixed in a mixer
for 5 min. After that, the wet agents including water and super-
plasticizer were added together and the mixture was stirred for
another 10 min. It is noted that in Table 3, the super-plasticizer
dosage means the mass of the solid content, and the water con-
tained in the super-plasticizer has been calculated into the mass
of the water used. After a uniform mortar was obtained, PE fibers
were put into the mixer, and the mixture was continuously stirred
for 5 min. Then, the fresh ECC mixture was casted into dumbbell
molds (shown in Fig. 3) and 50 mm x 50 mm x 50 mm cubic
molds, covered with a plastic sheet to prevent water evaporation.
Next, the specimens were kept at the room temperature (23 °C)
for 24 h, and then demolded. Before being kept in water (20 °C)

Silica Fume

Fig. 1. SEM images of (a) fly ash, (b) cement, and (c) silica fume.
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Table 2

Particle size distribution of GPA, FSS and hybrid sand in ECC.
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 30.00% 28.00% 18.00% 6.00% 3.00% 15.00%
FSS 0.00% 0.00% 0.00% 21.00% 72.00% 7.00%
F100G0 0.00% 0.00% 0.00% 21.00% 72.00% 7.00%
F75G25 7.50% 7.00% 4.50% 17.25% 54.75% 9.00%
F50G50 15.00% 14.00% 9.00% 13.50% 37.50% 11.00%
F25G75 22.50% 21.00% 13.50% 9.75% 20.25% 13.00%
FOG100 30.00% 28.00% 18.00% 6.00% 3.00% 15.00%

Geopolymer Aggregates (GPA)

Fine Silica Sand (FSS)

Fig. 2. Photographs of geopolymer fine aggregates and fine silica sand.

for 28 d curing, specimens were weighed with the demolding den-
sities recorded, which are presented in Table 3. It can be seen that
with the increasing replacement ratio of FSS by GPA, the ECC den-
sity became lower due to the lightweight nature of artificial GPA.

2.4. Testing methods

Three 50 mm x 50 mm x 50 mm cubes were tested under com-
pression with the loading rate of 1.0 MPa/s for each mix, according
to ASTM C109/C109M [42]. For the direct tensile test, three dumb-
bell specimens were tested for each mix proportion with the load-
ing rate of 0.5 mm/min controlled by the crosshead of the testing
machine. The clamp supports of both specimen ends were rota-
tional and followed the recommendation of ECC tensile testing
by van Zijl et al. [43]. During the testing procedure, a linear variable
differential transformer (LVDT) was glued on one side of the spec-
imens to obtain the tensile strain in the middle section, with the
gauge length set as 80 mm (Fig. 3). On the other side, the digital
image correlation (DIC) method [44,45] was used to measure the
strain field in the central area of the specimens (Fig. 3). For speci-
men preparation, speckle pattern was sprayed on the targeted
measuring side for DIC recognition. During the direct tensile test,
a digital camera was adopted to take photographs of the central
area at an interval of three seconds.

After the direct tensile test, samples where the fiber failure
modes could be observed were carefully cut off from the fracture
surface for SEM analysis. In a similar way, extra samples were also
cut from the central part of the dumbbell specimens for micro-
scopic analysis of the GPA, matrix, and GPA/matrix interface in
the Backscattered-Electron (BSE) mode. The samples were fixed
in epoxy resins and then polished to achieve a smooth surface.
Both the SEM and BSE samples were coated with gold sputter
before the tests, and the same device (Tescan VEGA3) was used
for both tests.

Finally, small samples with enclosed tensile cracks were cut from
the central part of the dumbbell specimens after direct tension. The
samples were then scanned by a micro-focus X-ray CT system
(YXLON FF35 CT) with the X-ray tube voltage of 140.0 kV and the
X-ray Tube Current of 40 nA. The voxel size of the scanned CT images
was 29.7 pm. The size distributions of flaws and GPA, as well as the
cracking condition, were analyzed using Image] software.

3. Mechanical properties of HS-ECC

This section presents the test results of the mechanical proper-
ties of ECC with hybrid GPA and FSS, including the compressive
strength (f), tensile properties [strain capacity (&), cracking
strength (f;p), ultimate strength (f;)], strain energy density (u) in
tension, and average crack width (w,) at the ultimate strain. Table 4
summarizes the mechanical properties of the tested five mixes of
ECC, and Fig. 4 shows the corresponding tensile stress—strain
curves. Detailed discussions on these properties are given in the
sections below. It is noted that the dumbbell geometry with the
thickness of 13 mm could have a positive effect on the tensile
property of ECC due to the two-dimensional fiber orientation.
The wall effect and possible troweling could even lead to dominant
one-dimensional fiber orientation. In addition, the average crack
width of the ECC was obtained along a central vertical line within
the gauge length of the specimen from the digital photograph at
the ultimate stage [43].

The addition of GPA lowered the compressive strength of HS-
ECC because of the comparatively low strength of GPA compared
with silica sand. Compared with F100G0 (152.7 MPa), the reduc-
tion ratios in compressive strength were 9.6%, 19.1%, 23.4%, and

Table 3

Mix proportions of ECC (kg/m?).
Mix ID F100GO F75G25 F50G50 F25G75 FOG100
Cement 1267.6 1246.8 12334 1223.8 1221.6
Silica Fume 316.9 311.7 308.3 305.9 305.4
SSD FSS (Dry FSS) 396.1 (393.0) 293.0 (290.7) 192.7 (191.2) 96.4 (95.6) 0(0)
SSD GPA (Dry GPA) 0(0) 93.5 (76.5) 183.5 (150.0) 273.8 (223.9) 363.4 (297.1)
Water 248.8 244.7 2421 240.2 239.7
Super-plasticizer 20.6 20.3 20.0 19.9 19.9

(in solid)

PE Fiber (2% by vol.) 194 194 194 194 194
Demolding Density 2.25 2.21 2.18 2.16 2.15

(g/cm?)
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Fig. 3. Experimental setup and the geometory of the tensile specimen.
Table 4
Summary of mechanical properties of ECC with hybrid GPA and FSS.
Properties F100GO F75G25 F50G50 F25G75 FOG100
Compressive Strength, f. (MPa) 152.7 £3.9 138.1£9.0 1235+34 117.0+ 2.5 106.3 +5.9
Tensile Strain Capacity, & (%) 26+0.5 4509 56+03 6.1 £0.2 72+05
Ultimate Tensile Strength, f; (MPa) 153+ 1.0 125+0.3 105+ 0.4 9.0+ 0.5 8.9+0.2
Tensile Cracking Strength, f,o (MPa) 11615 83 +0.5 5.9+ 0.5 49+03 40+0.2
Average Crack Width 157.3 £ 36.2 1193 +12.7 97.8+2.6 90.3 +6.1 82.4+4.0
at the Ultimate Strain, w,, (1m)

Strain Energy Density, u (kJ/m®) 425 + 57 549 + 75 607 + 21 499 + 37 646 + 71
Fofee/w, Index (MPa?/um) 0.39 0.65 0.74 0.71 0.83

30.4% for F75G25, F50G50, F25G75 and FOG100, respectively
(Fig. 5a). However, the tensile strain capacities of F75G25 (4.5%),
F50G50 (5.6%), F25G75 (6.1%), and FOG100 (7.2%) increased by
73%, 115%, 136%, and 178% compared to that of F100GO (2.6%).
Owing to the flaw effect, the use of GPA could lower the fracture
toughness of the matrix and thus enhance the pseudo strain-
hardening potential of ECC materials.

Tensile cracking strength, which reflects the matrix’s fracture
toughness to some extent, also decreased from 11.6 MPa to
4.0 MPa as the GPA ratio increased from 0% to 100% (Fig. 5b). In
addition, during the direct tension, it was observed that the hard-
ened tensile strength, i.e., the increments from the cracking
strength to the ultimate strength [(f; - fio)/fio], for F100GO,
F75G25, F50G50, F25G75 and FOG100 were 32%, 50%, 79%, 84%,
and 125%, respectively. In other words, the strain-hardening
behavior of HS-ECC was significantly improved although the ulti-
mate tensile strength decreased with the increasing GPA ratio.
Also, it is known that the ultimate tensile strength of ECC is mainly
determined by the fiber strength as well as the fiber/matrix bond.
Therefore, the decrease in the ultimate tensile strength of ECC with
higher GPA ratio is possibly due to the disturbed fiber distribution
caused by the existence of GPA. In the future study, the above
effect needs to be confirmed and further investigated.

Apart from the ultimate tensile strengths and strains of ECC as
discussed above, the distinct strain-hardening phenomena could
be directly observed in the tensile stress—strain relationships in
Fig. 4. As shown in the figure, the strain-hardening behavior of

ECC became more obvious with the increase of GPA ratio. In addi-
tion, when new cracks occurred, the stress drops in the strain-
hardening part were large in F100GO, while for ECC with higher
GPA ratios, the stress drops became less abrupt. The lower fluctu-
ation of the stress—strain curves indicated an average tighter crack
width generated in the direct tension of ECC with higher GPA
replacement ratios [46]. In Table 4, the average crack widths of
ECC mixes with higher GPA ratios tend to be smaller at the ulti-
mate strain. It is indicated that the use of GPA leads to the increase
in the number of cracks while improving the crack control ability
of HS-ECC.

The strain energy density (u) in tension (Table 4) was also cal-
culated based on the area under the tensile stress-strain curves
of ECC (see the inset in Fig. 6f). With the higher ratio of GPA, the
tensile strain energy density of ECC exhibited an increasing trend,
indicating a more ductile and better energy-absorption ability of
ECC. It is noted that the comparatively low strain energy density
of F25G75 may be caused by the stochastic nature of tested spec-
imens or compaction matter. In the following study, this phe-
nomenon should be further investigated to find out the reason.
As ECC incorporating higher ratios of GPA have lower tensile and
compressive strengths but higher tensile strain capacity and smal-
ler average crack width, the overall performance should be evalu-
ated. Therefore, the four-paramter ffie/w, index [12] was
calculated and presented in Table 4. It can be found that FOG100
recorded the highest the ffie/w, index (0.83 MPa?/um). All the
mixes with the hybrid use of GPA and silica sand or pure GPA
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Fig. 4. Tensile stress-strain curves: (a) F100GO, (b) F75G25, (c¢) F50G50, (d) F25G75, (e) FOG100 and (f) comparison of different mixes. The smaller fluctuation of the stress—
strain curves indicates an average tighter crack width generated in the direct tension of ECC with higher GPA replacement ratios.
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Fig. 5. Mechanical properties of ECC with hybrid GPA and FSS: (a) Compressive strength and tensile strain capacity, and (b) tensile cracking and ultimate strengths. Replacing
FSS with GPA in ECC enhanced the tensile strain capacity and strain-hardening behavior, but decreased the compressive and tensile strengths.

exhibited higher index value than F100GO which had fine silica
sand alone as fine aggregates (0.39 MPa?/um). These results fur-
ther demonstrated the positive role of artificial GPA in optimizing
the overall performance of HS-ECC.

To tailor the mechanical performance of ECC by using hybrid
FSS and GPA in future study, the relationships between the
mechanical properties of ECC and the GPA replacement ratio were
plotted and fitted, as shown in Fig. 6. The parameters including
compressive strength, tensile strain capacity, ultimate tensile
strength, tensile cracking strength, and average crack width all

exhibited a linear variation with the replacement ratio change of
GPA. The obtained correlation coefficients were no less than 0.94
(r > 0.94). Comparatively, the GPA-ratio-dependency of the strain
energy density (r = 0.71) and the ffe,/w, index (r = 0.90) was rel-
atively weak. Nevertheless, it is highly feasible to tune the strength
and ductility performance of HS-ECC for different application pur-
poses through adjusting the GPA to FSS ratio and referring to the
relationships as shown in Fig. 6.

As the maximum crack width is an important parameter for the
assessment of concrete durability [47,48], its evolution under
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Fig. 6. Relationships between mechanical properties of ECC and GPA replacement ratio: (a) compressive strength, (b) tensile strain capacity, (c) ultimate tensile strength, (d)
tensile cracking strength, (e) average crack width at the ultimate strain, (f) strain energy density, and (g) ffre./w index. All the mechanical properties approximately showed a

linear correlation with the GPA replacement ratio.

direct tension was analyzed. It is noted that the crack widths were
also obtained along a central vertical line within the gauge length
of the specimen based on the digital photographs (similar to the
average crack calculation) [43], and the results are presented in
Fig. 7. As the allowable crack width in standards or codes is usually
200-300 pm [49], it seems that the maximum crack widths of all
the ECC mixes satisfied this requirement. In addition, although
the maximum crack widths at the ultimate stage were not depen-
dent on the GPA-to-FSS ratio, ECC with higher GPA ratios showed a
gentler trend of the maximum crack width evolution. In other
words, the maximum crack width at a fixed strain level decreased
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Fig. 7. Evolution of the maximum crack width of ECC with hybrid GPA and FSS. ECC

with higher GPA ratio showed a smaller maximum crack width at the same tensile
strain level.

with a higher GPA-to-FSS ratio. It is indicated that GPA can also be
used to tailor the durability performance of ECC materials.

4. Microscopic properties of HS-ECC
4.1. BSE analysis

Fig. 8 and Fig. 9 show the BSE images of GPA/matrix and FSS/-
matrix interfaces, respectively. In Fig. 8a, the interface between
GPA and the cementitious matrix was easy to be recognized,
because many unreacted fly ash particles with a spherical shape
could be found in the GPA region. The reason for the above phe-
nomenon was that a low alkaline activator content (0.08) used
for GPA production resulted in a comparatively inadequate
alkali-activation degree. On the other hand, many unhydrated
cement particles (in white) could be found interspersed in the
cementitious matrix, which was caused by the low water-to-
binder ratio in the mix design. In addition, PE fibers appeared as
the black patterns in the BSE mode. Furthermore, an image with
a magnification of 2000 times was captured (Fig. 8b), where a
gel-like reaction zone with partially dissolved FA particles was
observed in the GPA/matrix interface. It is mentioned that the
above phenomenon only occurred in the contact area of the GPA/-
matrix interface. Therefore, the gels in the interface reaction zone
can be regarded as the products from the pozzolanic reaction
between the calcium hydroxide provided by the cementitious
paste and the unreacted FA particles [50].

From Fig. 9, no obvious reaction phenomenon was observed in
the FSS/matrix interface location even from the image with the
magnification of 4000 times, although the ion exchange between
siliceous aggregates and the artificial cement solution was
detected in the previous research [51]. In addition, a crack could
be observed along the FSS/matrix interface due to the compara-
tively weak Van der Waals (VDW) force and frictional force in
the FSS/matrix interface. In comparsion, no such crack was
observed in the GPA/matrix interface as the reaction between
unreacted FA and calcium hydroxide could generate extra chemical
bond to enhance the GPA/matrix interface.
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Fig. 8. BSE images of the GPA/matrix interface with a magnification of (a) 400 times and (b) 2000 times. A reaction zone is observed in the GPA/matrix interface where
pozzolanic reaction occurs between the cementitious matrix and unreacted FA.
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Fig. 9. BSE images of the FSS/matrix interface with a magnification of (a) 400 times and (b) 2000 times. No obvious reaction phenomenon but a crack is observed in the
FSS/matrix interface.

4.2. SEM analysis for fiber failure modes the fiber failure conditions at the tensile fracture surface of
F100GO0, F50G50, and FOG100. As can be seen from the figure, both

The strain-hardening behavior of ECC is highly dependent on the pullout failure and the rupture failure modes were observed for
the fiber status as well as the fiber-matrix bond. Fig. 10 shows all the samples. The rupture failure indicated a very strong fiber/-

F0G100

F100G0

O Pull-out failure I:I Rupture failure

300 pm

Fig. 10. SEM images of fiber failure modes: (a) F100GO0, (b) F50G50, and (c) FOG100. Both rupture and pull-out failures of PE fibers can be observed for all the mixes.
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matrix bond which would help sustain load but contribute less to
the tensile ductility, while pull-out failure had the opposite effect.
Therefore, partial rupture of the PE fibers in the ECC specimens
could indicate an effective utilization of the fiber reinforcement
in F100GO0, F50G50, and FOG100. It is inferred that the fine aggre-
gate type will not obviously influence the fiber failure modes of
the produced ECC materials.

5. Cracking behavior
5.1. DIC analysis

Fig. 11 exhibits the strain fields and crack patterns of three sig-
nificantly different types of HS-ECC specimens (i.e.,, F100GO,
F50G50, and FOG100), which were obtained by the DIC method,
at three different strain levels. Here, the first strain level (i.e.,
0.2%) indicated the representative strain at the serviceability stage,
the middle strain level represented the average of the first strain
and the ultimate tensile strain, and the last strain level corre-
sponded to the ultimate tensile strain. At the first strain level,
F100GO showed one localized crack with a comparatively large
width. However, for FOG100, some uniformly distributed strain
bands instead of visible cracking were observed because the cracks
widths are too tight to be observed at 0.2% strain level. For F50G50,
two light strain bands were found at the serviceability stage. At the
last strain level, it was observed that the strain field of F100GO
showed several separated crack bands with the remaining regions
less deformed. In comparsion, the cracking covered more areas for
F50G50 with the reduced uncracked areas, and a uniform strain
field occupied the whole gauge length of FOG100. It is clear that
using GPA to replace FSS resulted in much more saturated multiple
cracking and consequently the higher ductility of HS-ECC. In order
to make a quantitative understanding of the cracking conditions,
the cracking spacing analysis is conducted in the next section.

5.2. Crack spacing

The pseudo strain hardening (PSH) behavior of ECC is relevant
to the stress transfer capacity of fibers, which is associated with
the multiple-cracking phenomenon of this material. Generally
speaking, the decrease in the crack spacing with an increase of
the crack numbers represents a more saturated multiple-cracking
condition. Based on the micromechanics of ECC considering the
snubbing effect [52], the following equations of crack spacing
[Eq. (1-3)] can be given:

Ly —/Lf — 27lpyx )

Xq = P
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where x4 represents the theoretical crack spacing for the condition
of randomly distributed fibers in two dimensions; Ly, dj, and Vy are
the fiber length (18 mm), diameter (0.024 mm), and volume frac-
tion (2%), respectively; f is the snubbing coefficient, which is found
to be 0.59 for PE fiber (i.e., ¥ = 0.70) [53]; oy, is the matrix cracking
strength, which can take the value of f; in Table 4 for this study;
and 7o is the fiber bond strength, which was found to be
1.52 MPa for PE fibers in high-strength cementitious matrix [53].
By introducing these parameters into Eq. (1), the values of x4 in
cases of F100GO0, F75G25, F50G50, F25G75, and FOG100 were calcu-
lated as 2.94 mm, 1.99 mm, 1.35 mm, 1.11 mm, and 0.89 mm,
respectively. It is indicated that ECC with lower matrix cracking
strength tended to have smaller theoretical crack spacing. On the
other hand, the tested average crack spacing (xf*) of F100GO,
F75G25, F50G50, F25G75, and FOG100 were 6.07 mm, 2.67 mm,
1.76 mm, 1.48 mm, and 1.15 mm as directly recorded and calcu-
lated from the test. Based on the previous study of Kanda and Li
[54], saturated multiple-cracking behavior can be achieved when
Xt is located between x4 and 2x4. In other words, PSH intensity
can be defined as Eq. (4):

PSH Intensity = x5 /x4 (4)

When PSH intensity ranges from 1.0 to 2.0, saturated cracking
behavior can be obtained. Therefore, both the theoretical spacing
(x4 and 2x4) and tested crack spacing (x*) of all the mixes are plot-
ted in Fig. 12 for a clearer comparison. As shown in the figure, only
F100GO cannot meet the requirement of saturated cracking crite-
rion with the PSH Intensity of 2.06. For ECC with hybrid geopoly-
mer and silica sand fine aggregates, even the 25% replacement of
FSS by GPA could effectively reduce the PSH intensity from 2.06
to 1.34. The further increase of GPA ratio just resulted in a slight
decreasing trend of the PSH intensity, which was further reduced
by 0.05 (i.e., to 1.29) for ECC with full replacement of GPA
(FOG100).

6. XCT analysis and flaw effect
6.1. Results of XCT analysis
Fig. 13 shows the representative 3D reconstructed XCT images

of F100GO0, F50G50 and FOG100. In order to make a clear visibility
of different components in the samples, the dimension of

c FOG100_1 %)

& i
£=5.4%
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£=02% €=37% €e=7.2%

Fig. 11. Strain fields and crack patterns of ECC at different strain levels by obtained DIC analysis: (a) F100GO, (b) F50G50, and (c) FOG100. FOG100 shows the most uniform

strain field, indicating a saturated cracking condition.
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5 mm x 5 mm x 5 mm was chosen for the three mixes at the same
grayscale level. As the scanned samples were cut from the fracture
regions in the central parts of the specimens, tensile cracks could
be observed for all the samples, which appeared approximately
as a smooth surface. In comparison, initial flaws (pores) usually
had a ballistic shape, while the remaining angular particles could
be regarded as GPA.

Because of the existence of the penetrating multiple tensile
cracks, it was hard to distinguish every initial flaw and GPA from
the large-scale 3D images. Therefore, two-dimensional (2D) XCT
images were used in this study to quantify the flaw effect
(Fig. 14) as the area fractions of initial flaws and GPA in both 2D
and 3D images can be regarded equal according to stereology prin-
ciples [55,56]. From the 2D images, different components of ECC
can be clearly distinguished, where the initial flaws were in black
and GPA appeared in dark gray. In terms of the cracking patterns,
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Fig. 12. Theoretical crack spacing and tested crack spacing for ECC with different
GPA ratios. All the ECC mixes fully or partially incorporating GPA showed saturated
multiple cracking behaviors (i.e., x4 < X < 2xg).
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more tensile cracks passing through the initial flaws and GPA could
be observed from the mix proportions with higher GPA replace-
ment ratios. It demonstrates the crack-activating role of GPA in
the HS-ECC materials. Moreover, almost no cracks were observed
along the interface between GPA and cementitious matrix, which
further verified excellent bond at the GPA/matrix reaction zone
as discussed in Section 4.

6.2. Size distributions of initial flaws and GPAs
From the cracking patterns of HS-ECC, it can be observed that

not all the initial flaws or GPA could actively function as the
crack-inducing agents, and many of them still remained intact.

B =2 i S

‘<— Initial Flaw
3 )

Fig. 14. 2D XCT images of F100G0, F50G50, and FOG100. Cracks tended to pass
through the initial flaws and GPA, and more penetrating cracks could be observed
for ECC with higher GPA replacement ratios.

Crack GPA Crack Initial Flaw

F100G0_1

F50G50_1

F0G100_1

Fig. 13. 3D reconstructed XCT images of F100G0, F50G50 and FOG100. The tensile cracks, initial flaws, and GPA can be observed in the reconstructed 3D XCT images.
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Therefore, behind the superficial phenomenon, the effectiveness of
initial flaws and GPA should be evaluated as an important factor
that determines the multi-cracking behavior of HS-ECC. In order
to analyze the effectiveness of initial flaws and GPA in a more sci-
entific way, both of them were further divided into two groups, i.e.,
inactive initial flaw (or inactive GPA flaw) and active initial flaw (or
active GPA flaw). If there was at least one crack penetrating
through the initial flaw (or GPA flaw), such initial flaw (or GPA
flaw) could be treated as the active initial flaw (or active initial
GPA), and the remaining intact initial flaws (or GPA flaws) were
classified as inactive initial flaws (or inactive GPA flaws). Using
Image] software, the equivalent radii and numbers of the inactive

120
i Inactive GPA Flaw 106
100 L Active GPA Flaw
Inactive Initial Flaw
I L Active Initial Flaw
O
© 80}
@ 72
% L
™ 62
T 60
E
G
g 40
€
S X
z
20 -
0
F100G0 F50G50 FOG100

Fig. 15. Numbers of inactive GPA flaws, active GPA flaws, inactive initial flaws and
active initial flaws in F100GO0, F50G50 and FOG100. The addition of GPA made more
initial flaws become active, and GPA flaws acted as a crack-inducing role in HS-ECC.

Table 5
Cumulative distributions of the initial flaws and GPA flaws in ECC.
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initial flaws, active initial flaws, inactive GPA flaws and active
GPA flaws could be obtained from Fig. 14. It is noted that due to
the limitation of resolution, the initial flaws (in black) with the
radius smaller than 0.1 mm and GPA flaws (in dark gray, close to
the gray matrix) with the radius smaller than 0.2 mm were not
considered.

Based on the analysis results, the numbers of inactive GPA
flaws, active GPA flaws, inactive initial flaws and active initial flaws
in F100GO, F50G50, and FOG100 are shown in Fig. 15. From the fig-
ure, the initial flaw numbers were found to decrease when GPA
flaws were partially or fully used in ECC casting because the total
area of the cementitious paste decreased. However, the higher
GPA replacement ratios contributed to the increase of the sum of
initial flaws and GPA flaws. For flaw effectiveness, it can be
observed that the active initial flaw number was eight for
F100GO0, went up to 18 for F50G50, and finally increased to 26
for FOG100. The active GPA flaw number showed a similar trend,
which increased from 15 (F50G50) to 40 (FOG100) when the GPA
ratio increased. Considering that GPA flaws could be regarded as
additional flaws, the total active flaw (i.e., the sum of active initial
flaws and GPA flaws) ratio was only 13% for F100GO, and very few
cracks could be observed in the 2D XCT image as shown in Fig. 14.
When GPA were added, the active total flaw ratio increased to 46%
(F50G50) and 61% (FOG100), with more cracks generating and
propagating through the initial flaws and GPA flaws.

Because the initial flaws were distributed dispersedly in the
matrix with relatively small sizes, saturated cracks were hard to
be induced in the matrix without GPA flaws due to the high matrix
toughness in most regions. When GPA with low fracture toughness
were used as the replacement of FSS, they would take up more
areas in the matrix and reduce the matrix toughness more evenly.
Because GPA had a good bonding with cementitious matrix, cracks
would tend to propagate through GPA rather than along the GPA/-
matrix interface. As new cracks generated in the regions with low
fracture toughness, they were prone to propagate towards the area
where more initial flaws and GPA flaws were located. Therefore,
most of GPA flaws could work actively to induce cracks. In addi-
tion, the number of active initial flaws increased with the increase
of the GPA replacement ratio.

ECC Function Number Distribution Parameters Correlation
F(r) N ) K o r
F100GO Initial Flaw All: Fer(r) Ner = 62 0.033 1.10 0.1 0.99
Active: Feg(r) Nie = 8 0.146 1.67 0.1 0.97
Inactive: Fg(r) Np = 54 0.029 1.31 0.1 0.99
F50G50 Initial Flaw All: Fer(r) Ner = 42 0.032 0.90 0.1 0.99
Active: Fgg(r) N =18 0.059 0.87 0.1 0.98
Inactive: Fp(r) Np =24 0.021 1.00 0.1 0.99
GPA Flaw All: Fer(r) Ncr =30 0.131 1.20 0.2 0.98
Active: Fee(r) Nee =15 0.201 1.36 0.2 0.98
Inactive: Fg(r) Ngi = 15 0.084 1.20 0.2 0.97
Initial Flaw All: Frgr(r) Negr = Nt + N1 Frc1(r) = [NrtFrr(r) + NotFor(r)]/Nrcr 0.99
+ Active: Frcg(r) Nrge = Nee + N Frge(r) = [NeeFee(r) + NoeFer(r)]/Nece 0.98
GPA Flaw Inactive: Fegy(r) Nrci = Nt + Ngi Frai(r) = [NpiFr(r) + NaiFi(r)]/Neai 0.98
FOG100 Initial Flaw All: Fer(r) Npr = 48 0.033 1.08 0.1 0.99
Active: Frg(r) Nge = 26 0.044 0.99 0.1 0.99
Inactive: Fg(r) Ng =22 0.025 1.22 0.1 0.98
GPA Flaw All: Fgr(r) Ngr = 60 0.137 1.07 0.2 0.99
Active: Fgg(r) Ngg = 40 0.210 1.14 0.2 0.99
Inactive: Fei(r) Ngi = 20 0.070 1.49 0.2 0.99
Initial Flaw All: Feer(r) Necr = Ner + Nor Fer(r) = [NetFer(r) + NerFer(r)]/Necr 0.99
+ Active: Fecg(r) Nrce = Nre + Nce Frge(r) = [NeeFee(r) + NeeFce(r)]/Nece 0.99
GPA Flaw Inactive: Frgi(r) Nrai = Nt + Nt Feci(r) = [NeiFe(r) + NeiFai(r)]/Neai 0.99

Note: rg is determined by the distinguishable minimum sizes of the initial flaws (ro = 0.1 mm) and GPA flaws (o = 0.2 mm).
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In order to analyze the size distributions of initial flaws, GPA
flaws and total flaws (Initial flaws + GPA flaws), the Weibull-type
function was used for the modeling [57]:

)]
where F(r) represents the cumulative probability of initial flaws,
GPA flaws, or total flaws having an equivalent radius smaller than
1, k represents the shape parameter, / represents the scale parame-
ter, and ro represents the smallest flaw radius. The initial flaws, GPA
flaws, and total flaws were further divided into the active portion
and the inactive portion, which were also modeled by Eq. (5). The
modeling results are listed in Table 5, and the fitting curves are plot-
ted in Fig. 16. It can be seen from the table that Eq. (5) is suitable to

fit the size distributions of initial flaws and GPA flaws as all the cor-
relation coefficients are very close to 1. In addition, the total flaw

()

r—ro

F(ry=1-exp {—(
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distribution could be calculated based on the relevant equations
and variables as listed in Table 5, and the modeling results also
showed a good correlation with the experimental data.

6.3. Active initial flaws and GPA flaws

As the active initial flaws and active GPA flaws are related to the
strain-hardening behavior of HS-ECC, the comparisons of total flaw
and active total flaw distributions of F100G0, F50G50, and FOG100
are presented in Fig. 17. Both the cumulative distribution function
(CDF) and probability density function (PDF) are plotted in the fig-
ure. In Fig. 17a, as the GPA ratio increased, the CDF curve moved
right, indicating the increase of the total flaw size in the HS-ECC
matrix. For the PDF curves, bimodal distributions were observed
for ECC containing GPA (i.e., F50G50 and FOG100), which signifi-
cantly differed from the unimodal distribution of initial flaws in
F100GO0 matrix. In addition, the PDF peaks of the total flaws of dif-
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Fig. 16. Size distributions of initial flaws, GPA flaws, and total flaws in HS-ECC. The model results show good agreement with the test results.
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Fig. 18. Comparison of the cumulative distribution functions (CDF) and probability density functions (PDF) of (a) active initial flaws and (b) active and inactive GPA flaws. The
size of acive initial flaws in the HS-ECC matrix significantly decreased with the use of GPA.

ferent mixes almost had similar equivalent radii, but the peak
value decreased with the increase of GPA ratio. This phenomenon
indicated that the initial flaw size distributions in the cementitious
matrix were similar, but the addition of GPA would influence the
total flaw size distribution curves. Interestingly, for the PDF of
active total flaws in Fig. 17b, F100GO had a lower peak intensity
compared with the total flaw PDF curve in Fig. 17a, and the peak
equivalent radius moved right, indicating that only the flaws with
large radius (larger than 0.15 mm approximately) could be acti-
vated. However, when GPA were used as a partial or full replace-
ment of ESS, the distributions of PDF and CDF curves of the
active total flaws showed similar patterns with those of the total
flaw conditions, although the second peak of the active total flaw
PDF exhibited a bit larger peak radius than that of the total flaw
PDF. It can be inferred here that the GPA with larger sizes were
easier to be activated, and these aggregates could work better as
the crack-inducing agents.

Fig. 18 presents the comparison of PDF and CDF curves of active
initial flaws, active GPA flaws, and inactive GPA flaws of F100GO,
F50G50, and FOG100. As mentioned above, the average equivalent
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radii of active initial flaws tended to decrease with the higher ratio
of GPA replacement, indicating that more inactive initial flaws
were turned into active initial flaws with the co-existence of GPA
flaws. Therefore, it can be concluded that with the use of GPA,
the size of active initial flaws in the HS-ECC matrix significantly
decreased, as shown in Fig. 18a. At the meantime, as shown in
Fig. 18b, ECC with full and partial contents of GPA showed similar
PDF and CDF curves of active GPA flaws and inactive GPA flaws. In
addition, a slightly increased size of active GPA flaws and
decreased radius of inactive GPA flaws were found for FOG100
compared with F50G50.

7. Conclusions

In this study, hybrid geopolymer aggregates (GPA) and fine sil-
ica sand (FSS) were used to tailor the mechanical properties of
high-strength engineered cementitious composites (HS-ECC). The
mechanical properties and microstructures of the tailored ECC
were investigated. In addition, the initial flaw and GPA flaw distri-
butions were analyzed by XCT to explore the pseudo strain-
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hardening (PSH) mechanisms of ECC with hybrid GPA and FSS. The
main conclusions are drawn as follows.

o With a higher GPA-to-FSS replacement ratio, the tensile ductil-
ity, crack control, and energy absorption ability of HS-ECC could
be enhanced, although the compressive strength and tensile
strength were reduced. Generally the GPA replacement ratio
had a linear influence on the mechanical properties of HS-ECC.
Therefore, it is feasible to tailor ECC by adjusting the GPA ratio
to achieve different combinations of strength and ductility for
different types of applications.

From the BSE analysis, a gel-like reaction zone with partially
dissolved FA particles was observed in the GPA/matrix interface.
It is indicated that pozzolanic reaction occurred between the
calcium hydroxide provided by the cementitious paste and
the unreacted FA particles from GPA. In addition, microcracks
were observed in the FSS/matrix interface but not found in
the GPA/matrix interface, indicating extra chemical bond was
formed in the latter case that enhanced the interface.
According to DIC results, ECC with higher GPA replacement
ratios showed more saturated multiple-cracking behaviors.
Crack spacing analysis supported this finding. The sole use of
FSS in HS-ECC as fine aggregates may not meet the saturated
cracking criterion, while only a 25% replacement of FSS by
GPA could lead to the saturated multiple cracking.

By introducing GPA, more inacive initial flaws were activated
and became active in the matrix, which made the multiple-
cracking of ECC more saturated. From the Weibull-based mod-
eling results of initial flaws, GPA flaws, and total flaws (initial
flaws + GPA flaws) distributions, it was observed that initial
flaws with small sizes were gradually turned from “inactive”
into “active” with higher GPA ratio. It was found that GPA could
play a crack-inducing role during this procedure. Therefore, GPA
tailored the active flaw size distributions in the HS-ECC matrix.

More information about GPA-based ECC materials can be found
in the authors’ previous work (feasibility study of GPA-ECC [33]
and preliminary mechanism of GPA flaw effect [34]). In addition,
it should be pointed out that the long-term performance is critical
for the application of GPA-based ECC. The authors are also evaluat-
ing the long-term tensile performance of high-strength ECC incor-
porating GPA, and the results will be reported in the future.
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