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Highlights

® UHS-ECC with artificial geopolymer aggregates (GPA) were developed with both ultra-
high strength (over 150 MPa) and ultra-high ductility (over 8%).

® Over-saturated cracking was observed in UHS-ECC with GPA size smaller than 0.60 mm.
® UHS-ECC with over-saturated cracking exhibited a double-stage crack evolution.
® The mechanism of the over-saturated cracking of the GPA-based UHS-ECC is revealed.

® UHS-ECC with GPA size of 0.30—0.60 mm exhibited the highest strain-hardening potential.
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Abstract

Ultra-High-Strength Engineered Cementitious Composites (UHS-ECC) incorporating artificial
geopolymer aggregates (GPA) were developed and over-saturated cracking (i.e., average tensile
crack spacing smaller than the theoretical limit) was observed in this novel material. The
developed UHS-ECC exhibited an ultra-high compressive strength (over 150 MPa) and an
ultra-high tensile ductility (over 8%) simultaneously. The influences of GPA size on the matrix
properties, tensile performance, micromechanics, and cracking behavior of UHS-ECC were
systematically investigated. Over-saturated cracking and double-stage crack evolution (i.e., a
bilinear relation between average crack width and tensile strain) were observed in UHS-ECC
with GPA size smaller than 0.60 mm, while saturated cracking and single-stage crack evolution
(i.e., a linear relation between average crack width and tensile strain) were observed in the other
groups. Finally, the mechanism of over-saturated cracking and double-stage crack evolution
was illustrated. The findings of this study extend the fundamental knowledge of ECC
technology, which is meaningful for designing and developing UHS-ECC materials towards

ultra-high tensile ductility.
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1 Introduction

Engineered/Strain-Hardening Cementitious Composites (ECC/SHCC) are advanced fiber-
reinforced cement-based materials with high/ultra-high tensile ductility (typically 2—-10%) and
saturated multiple cracking behavior [1, 2, 3, 4, 5], which can be regarded as a special category
of fiber-reinforced concrete [6, 7, 8, 9]. ECC materials normally show a compressive strength
ranging from 20 MPa to 80 MPa (similar to ordinary concrete) [10, 11, 12, 13] and have been
successfully applied in building, transportation, and hydraulic infrastructures [1, 14, 15]. In the
recent decade, two new categories of ECC with superior mechanical performance have been
designed and developed [i.e., high-strength ECC (HS-ECC, 80—150 MPa in compression) and
ultra-high-strength ECC (UHS-ECC, 150-210 MPa in compression)] [16, 17, 18, 19]. Owing
to the excellent mechanical performance and dense microstructures, HS/UHS-ECC have great
potential in developing more resilient and durable infrastructure under complex loading and
environmental conditions. It is worth mentioning that some existing ultra-high-performance
concrete (UHPC) [21, 22, 23, 24, 25] also showed tensile strain-hardening behavior in spite of
the relatively low strain capacity (e.g., below 1%) [26, 27, 28]. Actually, UHS-ECC could also
be regarded as a special category of strain-hardening UHPC with a significantly higher tensile

ductility (e.g., > 3%).

In the matrix design of HS/UHS-ECC, ultra-fine silica sand (typically smaller than 300
um) is widely used to meet the micromechanical guidelines of strain-hardening cementitious
composites [1, 29, 30]. It should be pointed out that ultra-fine silica sand is much more
expensive than the river sand used in ordinary concrete [31], and the production of silica sand
consumes natural silica rocks. To reduce the material cost, both coarse river sand and sea sand
have been used to fully replace silica sand in HS-ECC production [32, 33, 34, 35]. It was found
that the increase of the sea-sand size resulted in the decreased compressive and tensile strengths,

while the tensile strain capacity of HS-ECC was little influenced [35].

Artificial geopolymer aggregates (GPA) are emerging as a sustainable alternative to
replace natural aggregates in cementitious materials [36, 37, 38]. Similar to the traditional
geopolymer materials [39, 40, 41, 42], GPA are commonly made from industrial/urban

wastes/by-products. Thus, they have gradually become popular in recent years owing to their
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one-stone-for-two-birds potential to simultaneously relieve environmental burdens of waste
accumulation and natural aggregate over-exploitation [43, 44]. The existing GPA technologies
could be classified into three categories: sintered aggregates [45, 46], traditional cold-bonded
aggregates (usually known as cement-bonded aggregates) [47, 48, 49], and GPA [50, 51].
Different from natural aggregates with high rigidity, GPA commonly show a lower stiffness and
fracture energy. Therefore, they could be considered as “flaws” in the high-strength
cementitious matrix. It should be pointed out that according to the micromechanical design
guideline of ECC, the addition of suitable artificial flaws can tailor the multiple cracking
behavior of ECC [1, 52, 53, 54]. Very recently, the authors successfully utilized GPA as artificial
flaws to develop HS-ECC with ultra-high tensile ductility (compressive strength > 120 MPa;
tensile ductility > 8%) [55, 56]. In this preliminary work, the GPA were found to react with
cementitious matrix (blended cement and silica fume) when GPA with the maximum particle

size of 4.75 mm were used for HS-ECC production [55, 56, 57, 58].

It is well known that the mechanical properties of ECC materials are influenced by the
aggregate size. The natural aggregates with larger size increase the matrix fracture toughness
and non-uniformity of fiber distribution in ECC [1, 4, 35], leading to inferior tensile
performance. However, these findings were obtained based on highly rigid natural aggregates,
but GPA are much weaker, which may have different effects on ECC’s performance. In addition,
natural aggregates are usually inert in the cement matrix, while it is possible for finer GPA (with
larger specific surface area) to behave like a pozzolanic reactant to accelerate the matrix
hydration. More importantly, the flaw distribution of matrix is highly related to the size of GPA,
which influences the multiple cracking behavior of ECC (e.g., crack width, spacing, and
branching). In summary, the GPA size is an important factor influencing the properties of GPA-
based ECC, including hydration process, micromechanics, tensile performance, and cracking
behavior. Thus, an in-depth understanding of how the GPA size influences ECC properties is
critical for the material design and optimization. Particularly, the fundamental knowledge on
optimizing the interaction between GPA and ECC is very useful for improving the tensile strain

capacity of HS/UHS-ECC.

In this study, GPA with different particle sizes (i.e., < 0.30 mm, 0.30-0.60 mm, 0.60—1.18
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mm, and 1.18-2.36 mm) were used as fine aggregates to develop UHS-ECC with ultra-high
tensile ductility. A comprehensive multi-scale investigation was conducted to understand the
effects of GPA size on the properties of UHS-ECC. The mechanical properties of the GPA-
based UHS-ECC were investigated, and a control mix with fine silica sand was used as the
comparison. Then, the hydration and microstructures of the UHS-ECC matrix were analyzed
based on the calorimetry test, nanoindentation, and X-ray computed tomography (XCT)., and
micromechanical tools were utilized to understand the tensile strain-hardening behavior.
Emphasis was placed on the multiple cracking process of the GPA-based UHS-ECC showing
over-saturated cracking (i.e., the average tensile crack spacing is smaller than the theoretical
limit) and double-stage crack evolution. The micromechanical mechanism of over-saturated
cracking was analyzed. Finally, the desirable particle size of GPA to enhance the tensile
performance of UHS-ECC was suggested. The findings extend the fundamental knowledge of
ECC technology and provide a new avenue to designing and developing ECC with both ultra-

high strength and ultra-high ductility.

2 Experimental programs
2.1 Raw materials

Coal fly ash (FA), Type I 52.5 N Portland cement, ground granulated blast-furnace slag
(GGBS), and silica fume (SF) were used as the raw materials for GPA and UHS-ECC
production. The chemical components and loss on ignition (LOI) values of these materials
obtained from X-ray fluorescence (XRF) tests are presented in Table 1. From the obtained
AL O3, Si02, Ca0, and Fe>O3 contents, the FA can be classified as Class F according to ASTM
C618-19 [59]. GGBS had high SiO> and CaO contents, while SF is almost silicious. It should
be noted here that the negative LOI of GGBS is caused by the oxidation of sulfur-rich species
[60]. Quartz powder (QP) with SiO> content of 98.6% was used in UHS-ECC matrix [61, 62].

The detailed particle size distributions of raw materials are shown in Fig. 1.

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

Chemical Composition FA GGBS Cement SF
Aluminum Oxide, Al,O3 25.80 14.60 6.07 0.15
Silicon Oxide, SiO> 52.40 33.90 19.60 96.90
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Ferric Oxide, Fe>O3 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, TiO» 1.31 0.51 0.26 /
Phosphorus Oxide, P,Os 0.66 0.13 0.13 0.33
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Fig. 1 Particle size distributions of raw materials for the production of GPA and UHS-ECC.

Anhydrous sodium metasilicate (Na2Si03-Anhydrous) particles (in industrial grade) with
the chemical components of 50.75% Na;O, 46.52% Si0., and 2.73% impurities were used as
the solid alkaline activator for GPA production. The solid activator had the particle size of 0.25—

1.00 mm and the loose bulk density of 1.31 g/cm? (provided by the supplier).

Fine silica sand (FSS) with particle size smaller than 0.3 mm was used in the FSS-based
UHS-ECC. According to GB/T 14684-2011 [63], the water absorption and specific gravity of

FSS were tested as 0.8% and 2.67, respectively.

Ultra-high-molecular-weight polyethylene (PE) fibers were used as the fiber
reinforcement [64, 65]. The strength, modulus, density, diameter, and length of the PE fibers

were 3000 MPa, 100 GPa, and 0.97 g/cm?, 24 um, and 18 mm, respectively.

Polycarboxylate ether type super-plasticizer (SP) provided by BASF Hong Kong was

7/ 44



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

adopted to reduce the water demand for UHS-ECC in this study.
2.2 Artificial geopolymer aggregates (GPA)

As the first step of GPA production, one-part mixing (i.e., just add water) method was
adopted to prepare geopolymer pastes [44]. The mix proportion of GPA is presented in Table
2. During the mixing procedure, the solid materials (FA, GGBS, and Na>SiO3-Anhydrous) were
firstly put together into a mixer and dry-mixed for 5 min before the water was added. Then, the
slurry was continuously stirred for another 4 min, and the obtained uniform geopolymer paste
was poured into 100 mm % 100 mm % 100 mm cubic molds, vibrated for 30 s, and then covered
with plastic sheets to prevent water evaporation. After the initial curing of 24 h, the specimens
were demolded and crushed into fragments smaller than 4.75 mm using a crushing machine.
Afterwards, the GPA with different particle sizes (< 0.30 mm, 0.30-0.60 mm, 0.60—1.18 mm,
and 1.18-2.36 mm) were sieved, collected and stored in different sealed plastic bags for six
months. The photographs of GPA with different particle sizes are shown in Fig. 2. It is noted
that as a newly-developed material, an in-depth understanding of the role of GPA size in
ductility enhancement mechanism is critical for the design and optimization of GPA-ECC. Thus,
this study selected the four specific size intervals of GPA (i.e., < 0.30 mm, 0.30—0.60 mm, 0.60—
1.18 mm, and 1.18-2.36 mm) to understand which size range could contribute most to the
tensile performance. Following the same testing procedures in Ref. [56], the specific gravity,
water absorption and water content of the produced GPA were 2.05, 19.2%, and 24.6%,
respectively. In addition, the 28-day strength of GPA was 52.4 MPa through testing the 20 mm

x 20 mm % 20 mm geopolymer cubes with the same mix proportion and curing condition.

Table 2 Mix proportion of GPA (kg/m>).

Raw Materials Mix Proportion

FA 1019.3

GGBS 254.8
NaySiO3-Anhydrous 152.9
Water 446.0
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Fig. 2 Photographs of artificial aggregates with different particle sizes: (a) < 0.30 mm
(A0.30), (b) 0.30-0.60 mm (A0.60), (c) 0.60—1.18 mm (A1.18), and (d) 1.18-2.36 mm

(A2.36).

2.3 UHS-ECC

Four mix proportions of UHS-ECC with different GPA sizes (i.e., < 0.30 mm for A0.30,
0.30-0.60 mm for A0.60, 0.60—1.18 mm for A1.18, and 1.18-2.36 mm for A2.36) and one mix
proportion of UHS-ECC with FSS (Mix ID: F0.30) were prepared in this study (Table 3). The
weight ratios of GPA were kept the same for all the GPA-based UHS-ECC. For the FSS-based
UHS-ECC, the volume ratio of FSS were kept the same with that of GPA in GPA-based UHS-

ECC (calculated by the specific gravity of dry aggregates).

Table 3 Mix proportion of UHS-ECC (kg/m?).

Aggregates

Mix Binder Materials SP PE
UHS-ECC QP SSD (Dry) Water ) )
IDs (In solid) Fibers
Cement SF GGBS FSS GPA
A0.30
GPA-based A0.60 320.7 19.4
1069.0 2672 133.6 133.6 / 2329 25.0
UHS-ECC  Al.18 (257.4) (2% Vol.)
A2.36
FSS-based 358.8 19.4
F0.30 1136.6 284.1 142.1 142.1 / 247.6 26.6
UHS-ECC (356.0) (2% Vol.)

For each mix proportion, the following steps were taken during the ECC preparation
procedure. Firstly, GPA (FSS) were pre-wetted to saturated surface dry (SSD) condition based
on the tested initial water content and water absorption ratio. Then, the binder materials and
SSD GPA (FSS) were dry-mixed for 5 min. Next, water and SP were added into the mixture,

followed by continuous stirring for another 10 min. After a uniform fresh paste was formed, PE
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fibers were slowly added into the mixture with continued stirring for 5 min. Finally, the fresh
ECC were cast into cubic and dumbbell molds, and sealed with plastic sheets to prevent water
evaporation. Demolding was conducted after 48 h, and the demolded specimens were heat-
cured in 90 °C water for 7 d to accelerate the hydration of the cementitious paste [19]. After
heat curing, the UHS-ECC specimens were dried at the room temperature of 23 °C for 48 h for
further tests. It is noted that the mini-slump spread diameter of the fresh UHS-ECC was
measured according to ASTM C1437 [66], and the spread diameters of F0.30, A2.36, A1.18,
A0.60, and A0.30 were 131, 132, 129, 125, and 121 mm, respectively. It can be seen that the
workability of the GPA-based UHS-ECC decreased with decreasing GPA size. The air contents
of the fresh mixtures of F0.30, A2.36, A1.18, A0.60, and A0.30 were 4.0%, 4.2%, 4.3%, 4.6%
and 4.9%, respectively, according to GB/T 50080-2016 [67]. For the GPA-based UHS-ECC,
the air content increased with the decrease of GPA size. Also, the measured densities of the
freshly-mixed UHS-ECC for F0.30, A2.36, A1.18, A0.60, and A0.30 were 2268, 2143, 2148,
2145, and 2153 kg/m?, respectively.

2.4 Testing methods

Compression and direct tension. For each mix proportion, three 50 mm % 50 mm % 50 mm

UHS-ECC cubes were tested under compression. The loading rate was 1.0 MPa/s. Three

dumbbell specimens were tested under direct tension with the loading rate of 0.5 mm/min for

each mix proportion (see Fig. 3a) [68, 69]. Two linear variable differential transformers (LVDTs)
were utilized to measure the deformation of UHS-ECC with a gauge length of 80 mm.

Furthermore, in order to capture the multiple cracking process during the test, a digital camera

was utilized to capture the photographs of the specimen surface at an interval of three seconds.

The compressive and direct tensile tests were conducted for all the UHS-ECC mixes in Table

3 (i.e., both FSS- and GPA-based UHS-ECC), and the following tests were conducted for GPA-

based UHS-ECC.
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Fig. 3 Dimensions of specimens for (a) direct tensile test, (b) fracture toughness test, and (c)

single-crack tensile test.

Hydration heat. Isothermal calorimetry tests were carried out to evaluate the influence of

the GPA size on the hydration process of the ECC matrix (excluding fibers). The fresh samples
were prepared with the same mixing process as presented in Section 2.3, and then they were
weighed and placed in an isothermal calorimetry machine (Calmetrix [-Cal 4000) for 48 h. The

measured hydration heat was normalized by the matrix weight for the analysis.

Nanoindentation. For the nanoindentation test (Hysitron TI Premier, Bruker), one 40 mm

% 40 mm x 40 mm cubic ECC sample (A0.60) was prepared and cured under the same regime
as described in Section 2.3. After that, a small piece was cut from the cube and fixed in the
hardened epoxy resin. The sample was first polished using SiC abrasive grinding papers (180,
240, 600, 800, and 1200 grit) for a total procedure of 3 h. Then, a delicate polishing process
was conducted for another 30 min using finer grinding papers (3, 1, and 0.25 pm) sprayed with
oil-based diamond suspensions. For the nanoindentation test, 121 indents were conducted (11
x 11 grid with a 10 um spacing). For each indent, the load was increased to 2 uN in 5 s, held
for 2 s, and then reduced to zero in 5 s. The Poisson’s ratios of both cementitious paste and GPA
were assumed as 0.2. The elastic modulus and the hardness were calculated based on the Oliver

and Pharr method [70, 71].

X-ray CT scanning. After the direct tensile tests, small pieces cut from the middle part of

the dumbbell specimens were scanned by a micro-focus X-ray CT system (YXLON FF35 CT)

with a voxel size of 10.3 pum.
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Matrix elastic modulus. Three replicate cylindrical specimens of the UHS-ECC matrix

(excluding fibers) with a diameter of 50 mm and a height of 100 mm were prepared for each
mix proportion with the same mixing and curing procedure as described in Section 2.3. The
testing procedure of the elastic modulus followed ASTM C469/C469M-14 [72]. Two strain
gauges with a gauge length of 50 mm were utilized to measure the axial deformation of the

specimens under compression. The loading rate was set as 1.0 mm/min.

Matrix fracture toughness. Three 40 mm x 40 mm x 160 mm notched specimens of the

UHS-ECC matrix (excluding fibers) were prepared (12-mm notch at the mid-span of the
specimen). The dimension of the tested specimens can be seen in Fig. 3b. The three point-

bending test was conducted with a loading rate of 0.2 mm/min.

Single-crack behavior. Two additional dumbbell UHS-ECC specimens were prepared

following the procedure in Section 2.3. A circumferential notch was carefully prefabricated, and
the dimension of the specimen is presented in Fig. 3c. During the test, the notch opening was
monitored. The loading rate of the single-crack tensile test was the same as that adopted in the

direct tensile test (i.e., 0.5 mm/min).

3 Mechanical performance of UHS-ECC
3.1 Compressive strength

The compressive strengths of UHS-ECC with different GPA sizes are summarized in Fig.
4a. It can be seen that the compressive strength of FSS-based UHS-ECC was larger than that
of the GPA-based UHS-ECC, owing to the lower mechanical strength of GPA. Among all the
GPA-based UHS-ECC mixes, A0.30 showed the highest compressive strength of 165.6 MPa
due to a more complete hydration reaction occurred in this mix, and this argument will be
supported by the results of the isothermal calorimetry test in Section 4.1. The compressive
strength of UHS-ECC gradually decreased with the increasing GPA size. This phenomenon was
also related to the fact that the larger GPA would lead to a more pronounced stress localization
in the ultra-high-strength matrix. Although the GPA used were much weaker than the
cementitious matrix, all the GPA-based UHS-ECC showed an ultra-high compressive strength

ranging from 147.4 MPa to 165.6 MPa. The tensile performance of the UHS-ECC presented in
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Fig. 4b—d will be discussed in the next section.
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Fig. 4 Summary of the mechanical properties of UHS-ECC: (a) Compressive strength, (b)

tensile strain capacity, (c) tensile strength, and (d) tensile strain energy density.
3.2 Tensile strain-hardening behavior

Fig. 5 shows the tensile stress-strain curves of UHS-ECC with different GPA sizes, and
the tensile properties are summarized in Fig. 4b—d. It can be found that FSS-based UHS-ECC
showed the highest tensile strength (i.e., 16.6 MPa) but the lowest tensile strain capacity (i.e.,
5.5%). In addition, the tensile strain energy density of the FSS-based UHS-ECC was 733.4
kJ/m?. Among the developed GPA-based UHS-ECC, A0.60 showed higher tensile strain
capacity (i.e., 8.2% in Fig. 4b), tensile strength (i.e., 15.2 MPa in Fig. 4¢), and strain energy
density (i.e., 858.5 kJ/m® in Fig. 4d), indicating that the GPA size of 0.30—0.60 mm was the

most suitable for achieving ultra-high tensile ductility in UHS-ECC.

The GPA larger than 0.60 mm (i.e., A1.18 and A2.36) may not distribute as uniformly as
those in A0.60, because the number of GPA decreased significantly with the increasing GPA
size. This argument will also be supported by the XCT results in Section 5.1. The use of larger
size GPA would disturb the uniform distribution of fibers [35] and thus reduce the tensile
strength of UHS-ECC (see Fig. 4¢). The non-uniform distribution of GPA also resulted in a
larger variation of matrix fracture toughness. Some of GPA smaller than 0.30 mm could be
considered as powders (binder material), while the others were aggregates. As a result, part of
the GPA did not work as “additional flaws” in the UHS-ECC matrix due to their small particle

size, leading to a lower tensile strain capacity of A0.30 than that of A0.60.
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Fig. 5 Tensile stress—strain relations of UHS-ECC: (a) F0.30, (b) A0.30, (¢) A0.60, (d) A1.18,
and (e) A2.36.

All the UHS-ECC mixes exhibited distinguished strain-hardening behaviors, which is
similar to normal-strength ECC materials [73, 74]. However, for the GPA-based UHS-ECC,
significant differences were observed between the tensile stress-strain curves of the mixes with
smaller GPA (i.e., A0.30 and A0.60) and the mixes with larger GPA (i.e., A1.18 and A2.36). For
the strain-hardening parts of A0.30 and A0.60, two segments existed and the slope of the second
part was larger than that of the first part, while for A1.18 and A2.36, the trend was opposite.
This interesting phenomenon is in fact related to the over-saturated cracking mechanism, which

will be analyzed in the following sections using micromechanical tools.
3.3 Crack pattern

Fig. 6 shows the typical crack patterns of UHS-ECC. Compared with the FSS-based UHS-
ECC (i.e., F0.30 in Fig. 6a), the GPA-based UHS-ECC showed a significantly smaller crack
spacing, indicating the contribution of GPA in the multiple cracking process. It can also be seen
that UHS-ECC with the larger GPA sizes showed a more non-uniform cracking behavior.
Although larger GPA could function as additional flaws more effectively, the corresponding

number of GPA is reduced with increasing size. Compared with A0.30 and A0.60, the non-
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uniformly-distributed GPA in A1.18 and A2.36 led to more localized crack distributions (Fig.
6d—e). On the other hand, although GPA smaller than 0.30 mm (A0.30) distributed more evenly
in the UHS-ECC matrix, some GPA would only work as binder materials instead of artificial
flaws, and could not induce cracks effectively. Therefore, the most saturated cracking condition
was observed in A0.60 (Fig. 6c), which was also in accordance with the highest tensile strain

capacity (i.e., 8.2%) of this mix in Fig. 4b.

F0.30

Fig. 6 Crack patterns of UHS-ECC at the ultimate tensile strain: (a) F0.30, (b) A0.30, (¢)
A0.60, (d) A1.18, and (e) A2.36.

4 Matrix characteristics of UHS-ECC with Artificial Aggregates
4.1 Hydration heat

The heat release rate and cumulative heat of UHS-ECC matrices with different GPA sizes
during the first 48 h hydration process are presented in Fig. 7. Since GPA reacted with the
cementitious paste [56], the UHS-ECC matrix using finer GPA could generate higher
cumulative heat due to the larger specific surface area of finer GPA. For GPA size above 1.18
mm, little difference was observed in the heat release curves of UHS-ECC matrices (i.e., A1.18
and A2.36 in Fig. 7). It indicated that the GPA with small specific surface areas showed limited
reactivity and functioned more likely as fillers in the cementitious matrix. On the other hand,
when the upper limit of the GPA size was reduced to 0.60 mm, the peak of the heat release rate
moved towards the upper left of Fig. 7. It is inferred that the unreacted raw materials (FA and
GGBS) existing in GPA could also consume the Ca(OH), generated during the cement

hydration, which accelerated the hydration procedure and released more reaction heat. In
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addition, the Na>SiO3-Anhydrous particles possibly remained undissolved during the one-part
mixing of GPA might also react with FA and GGBS again in the fresh cementitious paste and

promote the heat generation [56].
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Fig. 7 Hydration heat of UHS-ECC matrices with different GPA size ranges. The solid and

dotted lines represent the heat release rate and cumulative heat, respectively.

The accelerated heat release rate and increased cumulative heat could be observed when
the GPA size was smaller than 0.30 mm (i.e., A0.30 in Fig. 7), because such GPA behaved more
like powders than fine aggregates (see Fig. 1 and Fig. 2a). For the descending part, the heat
release rate of A2.36 (0.213 mW/g matrix), A1.18 (0.209 mW/g matrix), and A0.60 (0.194
mW/g matrix) became almost the same at the end of 48 h. However, for A0.30, a much smaller
heat release rate was achieved at 48 h, indicating an accelerated hydration occurred in this mix.
Therefore, GPA with small particle sizes (especially smaller than 0.30 mm) could significantly
accelerate the hydration process of the UHS-ECC matrix, which may also influence the

fiber/matrix bond strength.
4.2 Results of nanoindentation

Fig. 8 shows the optical microscope image and the corresponding contour mapping of the

elastic modulus of the GPA/matrix interfacial region obtained from grid nanoindentation tests.
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In Fig. 8a, the GPA side could be distinguished by a lighter color and comparatively loose
structure with some remanent round FA particles, while the cementitious matrix was darker and
denser with some angular unhydrated cement clinkers. Furthermore, from the contour mapping
results (Fig. 8b), a higher average elastic modulus could be observed on the cementitious matrix
side than that on the GPA side, which further demonstrated the flaw effect of GPA in the ultra-
high-strength matrix. In details, most of the red patterns in the cementitious matrix represented
unhydrated cement clinkers in the dense UHS-ECC matrix with an ultra-low water-to-binder
ratio. On the other hand, only several light red areas could be observed on the GPA side (i.e., X
=10 um, Y=0; X=30 um, Y =10 um; and X =80 pm, Y =20 um in Fig. 8b), which represented
some remanent unreacted FA particles.
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Fig. 8 Results of nanoindentation: (a) Optical microscope image of the GPA/matrix interfacial

region (each triangle represents one indent), and (b) contour mapping of elastic moduli.

In order to quantitively analyze the different phases and products, statistical deconvolution
was conducted on both sides of the GPA/matrix interface using Gauss Mixture Model, and the
results are shown in Fig. 9. On the GPA side, as the GGBS/FA ratio was equal to 0.25 and
almost no remanent GGBS particles were observed, three phases could be identified including
unreacted FA, C-A-S-H, and N-(C)-A-S-H gels [75]. On the matrix side, main phases were
identified as the cement clinker, calcium hydroxide (CH), and C-S-H in the sequence from the
highest to the lowest elastic modulus [76]. Furthermore, the C-S-H gels can be divided into
low-density (LD) C-S-H (elastic modulus < 27.5 GPa), high-density (HD) C-S-H (elastic
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345 modulus 27.5-33.3 GPa), and ultra-high-density (UHD) C-S-H (elastic modulus > 33.3 GPa)

346 according to the nanogranular packing results obtained by Vandamme et al. [77].
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348 Fig. 9 (a) Cluster relationship of elastic modulus vs. hardness. The red and blue points
349 represent the results on the matrix and GPA sides, respectively. (b) Distributions of the elastic
350 moduli of GPA (the upper window) and cementitious matrix (the lower window). The gray
351 line represents the overall distribution of the elastic moduli.
352 As presented in Fig. 9a, most indentation points on the GPA side were N-(C)-A-S-H gels,
353 indicating a comparatively complete reaction degree of the blended FA/GGBS system near the
354 GPA/matrix interfacial region. In comparison, the major hydration products of the cementitious

355 matrix were UHD C-S-H, which showed higher elastic modulus and hardness than the N-(C)-
356 A-S-H on the GPA side. Fig. 9b presents the distributions of the elastic moduli of all the phases
357 together with the overall distribution of each side (the gray line). It can be found that the overall
358 distribution of the elastic moduli of the cementitious matrix was larger than that of GPA.
359 Although C-A-S-H gels showed larger elastic moduli than most of the C-S-H products, the ratio
360 of C-A-S-H on the GPA side was comparatively low and most products were N-(C)-A-S-H
361 (because the GGBS/FA ratio was only 0.25 in GPA production). In summary, according to the
362 nanoindentation results of the GPA/matrix interface area, the cementitious matrix was found to
363 be much stronger than GPA, which further confirmed the role of GPA as flaws in the ultra-high-

364 strength matrix.
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5 Micromechanics and over-saturated cracking of GPA-based UHS-ECC
5.1 Flaw effect of GPA and cracking strength
5.1.1 X-CT results

X-CT analysis was conducted to gain an in-depth understanding of the flaw effect of the
GPA with different sizes. Fig. 10 shows the reconstructed three-dimensional (3D) X-CT images
of cracked UHS-ECC. Here, the 3D X-CT results of a small cube with the dimension of 7 mm
x 7 mm x 7 mm are presented for each mix for better visibility. From the reconstructed images,
the internal cracks, initial flaws (i.e., pores), and GPA could be clearly differentiated. It is clear

that the distribution of GPA became more uniform as the GPA size decreased.

a b c d
Crack Aggregate Flaw Crack Aggregate  Flaw Crack Aggregate Flaw Crack Flaw Aggregate

e

Fig. 10 Three-dimensional X-CT images of the GPA-based UHS-ECC: (a) A0.30, (b) A0.60,
(c) A1.18, and (d) A2.36. The scanning result of a 7 mm x 7 mm % 7 mm cube was presented

for each UHS-ECC mix.
5.1.2 Flaw effect of artificial geopolymer aggregates (GPA)

If one single or more cracks penetrated through an GPA in UHS-ECC matrix, it can be
regarded as an active flaw, otherwise it is an inactive flaw. In Fig. 11, two-dimensional (2D) X-
CT images were adopted for the flaw analysis based on the ImageJ software (resolution: 10.3
pm per pixel), because the flaw, aggregate, crack, and fibers in 2D presentation were easier to
be distinguished than those in 3D presentation. Considering the stereology principles, the area
fractions of GPA were the same in both 2D and 3D X-CT presentations [56, 78]. It is worth
mentioning that the influence of GPA size on the distribution uniformity of PE fibers can also
be observed in Fig. 11. Taking A2.36 for example (i.e., Fig. 11d), the clustered GPA at the

lower-left corner disturbed the fiber distribution and consequently the fiber bridging effect.
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Fig. 11 Two-dimensional X-CT images of the cracked UHS-ECC: (a) A0.30, (b) A0.60, (c)
Al1.18, and (d) A2.36.
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Fig. 12 Matrix cracking strength and ratio of uncracked GPA of UHS-ECC (A0.60, A1.18,
and A2.36). The cracking strength of A0.30 was 6.7 MPa, but A0.30 was not adopted for the

flaw analysis, because some GPA were too small to be distinguished.

Fig. 12 shows the matrix cracking strength of each mix together with the corresponding
ratio of uncracked (or inactive) GPA obtained from Fig. 11. The ratio of uncracked GPA
decreased from 56.7% to 25.0% with the increasing GPA size, and a similar trend was also
observed in the matrix cracking strength. It should be pointed out that A0.30 was not adopted
for the flaw analysis, because only part of GPA could be clearly observed in Fig. 11a, while the

others were too small to be distinguished. The cracking strength of A0.30 was 6.7 MPa, which
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also followed the trend of cracking strength shown in Fig. 12. The above results were in
accordance with the findings in normal-strength ECC with silica sand [79]. That is, the first
cracking strength decreased with the increase of flaw size, and larger flaws could induce cracks

in ECC more easily.
5.2 Micromechanical analysis
5.2.1 Fracture toughness Ky

The fracture toughness Km of the UHS-ECC matrices with different GPA sizes was
measured by three-point bending fracture tests (as described in Section 2.4). According to

ASTM E399-19 [80], the matrix fracture toughness can be calculated as follows:

2
199—(“}(L—“J215—393“+27(“j
PS p w w w w

K =12 3|2, 1
2@+2“j@—a)
W W

where Ps is the peak load obtained in the test, S, B, and W are the span, thickness, and width of

the notched specimen, and a is the length of the crack. The calculated Km values are listed in

Table 4.

Table 4 Summary of micromechanical parameters of UHS-ECC.

Micromechanical Parameters A0.30 A0.60 Al1.18 A2.36

or. (MPa) 6.7 54 5.2 4.1
Strength
o oo (MPa) 20.7 19.0 16.8 12.3
Criterion
PSHsrengtn 3.1 35 3.2 3.0
Km (MPa-m'?) 0.955 0.908 0.977 0.924
En (GPa) 323 31.1 31.6 30.8
Energy
o Jip (J/m?) 28.3 26.5 30.2 27.7
Criterion
Jo' (J/m?) 3445 3447 3622 2594
PSHEnergy 121.9 130.1 119.8 93.7

5.2.2 Fiber-bridging stress

Fig. 13a—d shows the fiber-bridging stress vs. crack opening relations of A0.30, A0.60,

A1.18, and A2.36 obtained from single-crack tensile tests (two samples for each group
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exhibited almost the identical results). The average curve of each group is also plotted in Fig.
13a—d, and the comparison of the average results can be found in Fig. 13e. The maximum fiber-
bridging stress (oo) decreased with the increasing GPA size. As shown in Fig. 11, the existence

of large-size GPA influenced the fiber distribution, leading to the lowered fiber-bridging force.
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Fig. 13 Fiber-bridging stress vs. crack opening curves of UHS-ECC obtained from single-
crack tensile tests. The average curves of all the groups are also plotted and compared.

5.2.3 Strength and energy criteria

The micromechanics theory is important for the design and strain-hardening ability of
ECC materials [81, 82, 83]. According to the micromechanical design principle of strain-
hardening cement-based materials [84], both the strength and energy criteria need to be satisfied.
For the strength criterion, the maximum fiber-bridging stress oo should be no less than the first

cracking stress of matrix oy
6,20, @)

where g9 and of. can be obtained from the results of single-crack tensile tests and direct tensile
tests, respectively. For the energy criterion, the complementary energy J,' in Fig. 14 should be

no less than the crack tip toughness Jip:

tip

J, =0,6,~["0(8)d5 2, =K, (1-v})/ E. =K}/ E, 3)

where K s the fracture toughness of the crack tip, vis the Poisson’s ratio of the composite, E¢
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is the elastic modulus of the composite, and E,, is the elastic modulus of the ECC matrix. Here,
the crack opening displacement & corresponding to oo can be obtained from single-crack tensile

tests. The E,, values measured from the elastic modulus tests have been listed in Table 4.
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Fig. 14 Schematic diagram of energy criteria for strain-hardening cement-based materials

(Adapted from Ref. [1]).

Based on the above two criteria, pseudo-strain-hardening (PSH) indices can be defined as

follows [85, 86]:

P S H Strength = 60 / ch (4)

PSH

Energy

=J, /1J, 5)

where the calculated PSHsiengn and PSHEnergy indices as well as the corresponding
micromechanical parameters of UHS-ECC (i.e., %, 00, Jiip, and Jp') are listed in Table 4. It can

be seen that the two criteria were satisfied for all the UHS-ECC mixes.

Since a strong relation exists between PSH indices and tensile strain capacity, they are
plotted together in Fig. 15. In general, the variations of PSHsyengrn and PSHEnergy indices showed
the similar trend with that of the tensile strain capacity. For example, A0.60 with the highest
tensile strain capacity (i.e., 8.2%) showed the highest PSHsyengn and PSHEnerey Index values. It
also indicated that the use of GPA with the particle size of 0.30—0.60 mm could achieve the

most significant tensile strain-hardening in UHS-ECC materials.
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Fig. 15 Comparison of PSH indices and tensile strain capacity of UHS-ECC: (a) PSHsirengih VS.
tensile strain capacity, and (b) PSHEnergy vs. tensile strain capacity. The bar chart represents the

PSH index and the line chart represents the tensile strain capacity.
5.3 Tensile cracking behavior
5.3.1 Theoretical crack spacing

Average crack spacing is an important parameter for evaluating the multiple cracking
behavior of strain-hardening cement-based materials. Generally speaking, a more saturated
multiple cracking means a larger crack number with a smaller average crack spacing. According
to the micromechanics of ECC, the theoretical crack spacing considering the snubbing effect

can be given as follows [87].

2
L —L 2Ly ©

X, = 5
1+ f°
l//=m (7)
-V d
x:( 1)oud, ®)
4r,V,

where xy is the theoretical crack spacing for the two-dimensional (2D) random fiber distribution
condition; Ly, dy, and Vyare the length, diameter, and volume fraction of PE fibers used in the
composites, which are equal to 18 mm, 0.024 mm, and 2%, respectively; f is the snubbing

coefficient, which was found to be 0.59 for PE fibers in the ultra-high-strength matrix [88]; owm
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is the matrix cracking strength, which can take the value of g7 from Table 4; and 7o is the
interfacial frictional bond of fiber. For the tensile specimens in this study, the UHS-ECC was
cast into the dumbbell mold (13-mm thick) in two equal layers and the 18-mm PE fiber was

much larger than the layer thickness. Thus, the 2D fiber distribution was assumed.

The interfacial frictional bond of PE fiber 7o was not directly measured in this study, but it
could be estimated based on the maximum fiber-bridging stress in Fig. 13. For fiber-reinforced
cementitious composites, the relationship between the fiber interfacial frictional bond 7o and
the maximum fiber-bridging stress oo in the 2D fiber distribution can be expressed as follows

[89, 90].

g (1+e“f/2) (10)

:4+f2

where g is the snubbing factor. Here, the values of 7o can be obtained by introducing oo (Table
4) into Eq. (9) and Eq. (10). The calculated 7o values of A0.30, A0.60, A1.18, and A2.36 were
1.31 MPa, 1.23 MPa, 1.08 MPa, and 0.79 MPa, respectively. It should be pointed out that
compared with the 7o obtained from a single fiber test, the calculated 7o (as an equivalent value)
was more suitable for estimating the crack spacing influenced by both matrix properties and
GPA size. Based on Eqs. (6-10), the theoretical crack spacing xq for A0.30, A0.60, A1.18 and

A2.36 were calculated as 1.8 mm, 1.5 mm, 1.7 mm, and 1.8 mm, respectively.
5.3.2 Tensile over-saturated cracking

In order to better indicate the pseudo strain-hardening potential from the aspect of crack

spacing, the definition of PSH intensity is given as follows [91]:
PSH Intensity = x, / x, (11)

where x'; is the average crack spacing obtained from direct tensile test, whose values were 1.2
mm, 1.1 mm, 1.9 mm, and 1.8 mm for A0.30, A0.60, A1.18 and A2.36, respectively, as

presented in Fig. 16.
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Fig. 16 Crack spacing and PSH intensity of UHS-ECC with different GPA sizes. The bar chart

represents the crack spacing and the line chart represents the PSH intensity.

According to the previous study [91], saturated multiple cracking of ECC can be achieved
when the x's is between x4 and 2xq4 (i.e., 1 < PSH intensity < 2). Obviously, this condition was
satisfied for A1.18 and A2.36 (Fig. 16), whose PSH intensities were equal to 1.12 and 1.00,
respectively. However, for A0.30 and A0.60 in Fig. 16, the average crack spacing x's was found
significantly smaller than the theoretical crack spacing limit (i.e., xs), leading to the PSH
intensities significantly smaller than 1 (i.e., 0.67 for A0.30, and 0.73 for A0.60). The authors
suggest that this phenomenon (i.e., average tensile crack spacing x’s smaller than the theoretical
limit x4) could be named as over-saturated cracking. In the next section, based on the tensile
stress—strain curves and crack evolution processes, the mechanism of the over-saturated

cracking in GPA-based UHS-ECC will be further analyzed and discussed in detail.

6 Understanding of the mechanism of over-saturated cracking
6.1 Crack numbers at different strain levels

In this section, one typical tensile sample was selected for each group (i.e., A0.30 1,
A0.60 1,A1.18 1,and A2.36 1 in Fig. 5) to analyze the cracking behaviors of the GPA-based

UHS-ECC. For each selected sample, the tensile strains ranging from 0.2% to the ultimate strain
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506 were equally divided into 11 strain levels. The crack numbers within the measured gauge length
507 (i.e., Lg = 80 mm in Fig. 3a) are plotted in Fig. 17, which were obtained from the digital
508 photographs at all the selected strain levels. It is noted that these crack numbers were counted
509 alone the central line of the specimen in the digital photographs.
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511 Fig. 17 Crack numbers of the GPA-based UHS-ECC at different tensile strain levels: (a)
512 A0.30, (b) A0.60, (c) A1.18 and (d) A2.36. Eq. (12) was used for the curve fitting. The
513 unsaturated, saturated, and over-saturated cracking are determined by the theoretical crack
514 spacing shown in Fig. 16.
515 In Fig. 17, the thresholds of the unsaturated, saturated, and over-saturated cracking
516 conditions are determined by the theoretical crack spacing (xs in Fig. 16) and the gauge length
517 L. That is, when the actual crack number N is smaller than Lg/2x,4, between Lg/2xq and Lg/xa,

27 / 44



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

and larger than Lg/x4, the corresponding cracking conditions are classified as the unsaturated,

saturated, and over-saturated cracking, respectively.

For all the groups in Fig. 17, the crack numbers increased linearly as the tensile strain
increased during both the unsaturated and saturated cracking stages (i.e., x'v > x4), which
indicated a steady-state multiple cracking of the GPA-based UHS-ECC. It is worth mentioning
that for A0.30 and A0.60, an inflection point can be clearly observed near the threshold between
the saturated and over-saturated cracking stages (i.e., X'« = x4). After the inflection point, the
growth of the crack number was slower, but a linear N—¢ relation could still be observed under
the over-saturated cracking condition. However, this phenomenon was not observed in A1.18
and A2.36 (i.e., Fig. 17c—d), and their crack numbers at the ultimate tensile strain could not
exceed the theoretical limit (i.e., Lg¢/xq). Based on the results presented in Fig. 17, a bilinear
fitting was applied to describe the double-stage evolution of the crack number of A0.30 and
A0.60 (i.e., Fig. 17a-b), while a linear fitting was used for A1.18 and A2.36 (i.e., Fig. 17c—d).
The fitting results showed good agreement with the experimental outcomes. It should be pointed
out that €1xq in Fig. 17a—b was determined by the intersection of the two fitted lines, and the

crack number at g1xq (i.€., Nixa) was found to be close to the theoretical value (i.e., Lg/xq).
6.2 Crack widths s at different strain levels

In the previous section, different cracking conditions were defined based on the theoretical
crack spacing (i.e., unsaturated, saturated, and over-saturated cracking conditions). As the crack
width control is important for the durability of concrete infrastructure [29], it is significant to

understand the crack width evolutions of UHS-ECC at different cracking conditions.

For each specimen in Fig. 17, the crack widths and numbers at different strain levels could
be obtained from the digital photographs according to the method in Ref. [4]. Fig. 18 presents
the fitted crack width distributions of UHS-ECC (using Weibull distribution [4]) at different
crack saturation conditions. It is noted that the crack distributions with similar PSH intensities
(i.e., x'a/xq) were plotted for all the UHS-ECC mixes. Fig. 18a and Fig. 18b show the crack
distributions under the unsaturated and saturated cracking conditions, respectively. In Fig. 18c,

the crack distributions at the ultimate stage of UHS-ECC are presented (over-saturated cracking
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for A0.30 and A0.60, and saturated cracking for A1.18 and A2.36).
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Fig. 18 Crack width distributions of UHS-ECC at different crack saturation conditions: (a)
Unsaturated cracking, (b) saturated cracking, and (c) ultimate failure (over-saturated cracking

for A0.30 and A0.60, and saturated cracking for A1.18 and A2.36).

By comparing the crack distribution curves of different mixes, A0.30 and A0.60 showed
smaller crack widths than A1.18 and A2.36 at the similar PSH intensities. In addition,
comparing Fig. 18a and Fig. 18b, the shapes of the distribution curves of all the mixes did not
change significantly, indicating a steady-state crack evolution of UHS-ECC under both
unsaturated and saturated cracking conditions. However, at the ultimate stage, the shapes of the
distribution curves of A0.30 and A0.60 became much flatter and wider, indicating that the
growth of the crack width became faster at the over-saturated cracking condition. This

phenomenon will be further demonstrated in the following sections.

Fig. 19 presents the average crack widths of UHS-ECC at different strain levels. Here, the
strain levels are the same with those used in Fig. 17. A bilinear fitting can also be adopted to
describe the double-stage evolution of the average crack width (Fig. 19a—b), while a linear
fitting can be used for A1.18 and A2.36 in Fig. 19¢—d. The bilinear and linear fitting results
showed good agreements with the w—e relations of the GPA-based UHS-ECC. It can be seen in
Fig. 19a-b that the growth of crack width during the over-saturated cracking stage was faster

than that during the first stage (i.e., unsaturated and saturated cracking).
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Fig. 19 The average crack widths of UHS-ECC at different strain levels: (a) A0.30, (b) A0.60,
(c)Al.18 and (d) A2.36.

6.3 Comparison of cracking behavior

Considering that the crack width is critical for the durability and self-healing ability of
cement-based materials [2], Fig. 20 shows the variations of average crack widths and crack
numbers at different strain levels of the GPA-based UHS-ECC. For A0.30 and A0.60, the
growth of the crack width became faster after the inflection points, while that of the crack
number became slower. According to ACI 318-14 [92], the allowable crack width is usually
within 0.2—-0.3 mm. From Fig. 20, the average crack widths of all the mixes met the requirement
of ACI 318-14. For the same tensile strain level, as the particle size of GPA decreased, the crack

number increased but the average crack widths decreased, indicating the better durability of
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580 Fig. 20 Variations of average crack widths and crack numbers at different tensile strain levels
581 of the GPA-based UHS-ECC.
582 6.4 Crack patterns at selected strain levels
583 To better understand the crack evolution, the crack patterns of A0.30 and A0.60 at four
584 selected strain levels are presented in Fig. 21. The first and second strain levels were 0.49¢1xq
585 (unsaturated cracking) and e1xa (saturated cracking), respectively. The third strain level was
586 0.5(e1xa + €u), and the last strain level was the ultimate tensile strain (&). It is noted that the third
587 and last strain levels belonged to the over-saturated cracking condition.

31/ 44



588
589

590

591

592

593

594

595

596

597

598

599

600

601

602

Unsaturated Saturated Over-Saturated Over-Saturated
(x4' > 2x4) (X4 = xg) (X4t < Xq) (X4t < xg)
Jpasiare e S e L

: e Lo s il
ey T imny o 0 me:
£=0.49¢,,4 = 1.54% £€=6,3=3.15% £=0.5(g4,q + &) =4.83% £=¢,=6.50%
b Unsaturated Saturated Over-Saturated Over-Saturated
(x4t > 2xg) (X' = xq)
o e T e
/\77\_7 x| —~—— \*"'
4: - f0mm ——  omm >
. g el Y e ol s W o
£=0.49¢,,4=2.01% €=&,q=4.10% €=0.5(g,4 + &) =6.48% e=¢,=8.86%

Fig. 21 Crack patterns of UHS-ECC at four selected strain levels: (a) A0.30 and (b) A0.60.

The cracks appeared after €1xq (i.€., X's = x4) were marked in red.
b

In Fig. 21, the parallel steady-state cracks could be observed at the unsaturated and
saturated cracking stages, and the crack number increased with the increasing tensile strain. At
the over-saturated cracking condition, the growth of crack number became much slower (see

also Fig. 17a-b) and the widths of the existing cracks became larger (see the cracks turning
darker in Fig. 21). Here, the new cracks generated after &ixq (i.€., X's = x4) were marked in red.

It can be observed that unlike the parallel cracks observed in the unsaturated and saturated
cracking conditions, most of the over-saturated cracks were locally generated. It is inferred that
such cracks were related to the existence of the weak GPA (or initial flaws) between two parallel
cracks. Under tensile loading, the local cracks initiated and propagated from the GPA (or initial
flaws) and finally linked the existing parallel steady-state cracks, which further reduced the
tested crack spacing value. More detailed discussions on the mechanism of the over-saturated

cracking will be presented in the following section.
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6.5 Mechanism of over-saturated cracking

Based on the aforementioned experimental findings, the over-saturated cracking of ECC
materials can be defined as the cracking condition where the average tensile crack spacing (x's)
is smaller than the theoretical limit (x4). In addition, the over-saturated cracking is accompanied
with a double-stage crack evolution. Fig. 22a summarizes the variations of tensile stress (o),
crack width (w), crack number (N), and average crack spacing (x's) at different tensile strain (&)
of ECC material with over-saturated cracking. In Fig. 22a, or and ef. are the cracking stress and
strain, respectively; o2xd and e2«q are the stress and strain at x'y = 2x4, respectively; oixd and €ixd
are the stress and strain at x’y = x4, respectively; and o, and &, are the stress and strain at the
ultimate stage, respectively. The schematic diagrams of the crack patterns at different stages are

presented in Fig. 22b.
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Fig. 22 Schematic diagram of the mechanism of over-saturated cracking and double-stage
crack evolution: (a) Variations of tensile stress o, crack width w, crack number N, and average
crack spacing x'y at different tensile strain ¢; and (b) crack patterns at unsaturated, saturated,

and over-saturated cracking conditions.

At the first stage of the crack evolution (i.e., Stage 1 in Fig. 22a), as the tensile strain
increases from zero to &1x4, the steady-state multiple cracking occurs (mainly parallel cracks in
Fig. 22b) and the crack number increases from zero linearly. It is noted that the cracking

behaviors of the UHS-ECC with different GPA sizes are similar at this stage. The addition of
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GPA lowers the matrix cracking strength and fracture toughness, and hence more cracks will be
generated during the steady-state multiple cracking. For UHS-ECC in tension, cracks firstly
emerge in the sections with lower cracking strength, and then generate in the sections with
higher cracking strength. Thus, the tensile stress gradually becomes higher. Once the fiber-
bridging stress is lower than the stress of the next crack initiation, the multiple cracking process
may terminate. It should be remembered that the larger GPA size will cause the non-uniform
distribution of fibers and result in a lower fiber-bridging force (see Fig. 13). Thus, compared to
A0.30 and A0.60, the terminations of the multiple cracking process of A1.18 and A2.36 are
earlier with oy < o1xd and x’s > x4, leading to the phenomenon of single-stage crack evolution.
For A0.30 and A0.60 with larger fiber-bridging force, the cracking process can continue after

xXla=xa.

According to the micromechanical theory of ECC, x4 calculated by Eqs. (6—8) should be
the theoretical minimum crack spacing. If the tensile stress continues increasing after the
inflection point (x'¢ = x4), the crack width will increase faster but the crack number remains
unchanged. Theoretically, the strain increment after the inflection point (x’s = x4) is only related
to the crack opening. It should be pointed out that the theoretical limit of crack spacing [i.e.,
Eqs. (6-8)] is calculated based on the assumption that the ECC matrix is uniform. However,
owing to the existence of GPA and initial flaws, the matrix between two parallel cracks is in
fact not uniform for the GPA-based UHS-ECC. Thus, after the inflection point (x's = x4), the
new local cracks form and link the existing cracks with the increasing tensile stress, which
results in the over-saturated cracking (Fig. 22b). At the second stage of A0.30 and A0.60 (i.e.,
Stage 2 in Fig. 22a), the crack number keeps increasing (contributed from local cracking) and
the widths of the existing cracks also become larger (similar to the theoretical condition
mentioned above). That is, the strain increment in the over-saturated cracking condition is

related to both crack opening and local cracking of the GPA-based UHS-ECC.

Based on the aforementioned mechanisms of over-saturated cracking, it can be concluded
that the lower matrix cracking strength (to minimize the spacing of steady-state cracks) and the
higher fiber-bridging force (to ensure ou > oixd) are desirable for realizing the over-saturated

cracking in ECC materials. For A0.30 and A0.60, the addition of GPA lowered the cracking
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strength and the small-size GPA also minimized their influence on the fiber distribution (i.e.,
ensured adequate fiber-bridging force). Thus, the over-saturated cracking occurred in these two

mixes.

Actually, understanding the mechanisms behind the over-saturated cracking is meaningful
for achieving ultra-high tensile ductility in ECC materials, especially for HS/UHS-ECC,
because it remains challenging to achieve ultra-high compressive strength (e.g., > 150 MPa)
and ultra-high tensile ductility (e.g., > 8%) simultaneously in cement-based materials. In
addition, the findings of this study indicate that GPA with the size of 0.30—-0.60 mm could be
an effective material modifier for enhancing the tensile performance of UHS-ECC. On the other
hand, the double-stage crack evolution of ECC is also useful for the application in durable and
resilience structural members. The first stage (i.e., steady-state multiple cracking stage in Fig.
22a) with comparatively small crack width is beneficial for enhancing the structural durability
under service loadings (i.e., with low strain level). The second stage with high tensile strain
level but larger crack width can be utilized to improve the resilience of structural members
under extreme loading conditions (e.g., seismic and impact loadings). In such cases, the crack

width control is less important but the ultimate tensile strain capacity is critical.

7 Conclusions

In this study, artificial geopolymer aggregates (GPA) with different sizes (i.e., < 0.30 mm,
0.30-0.60 mm, 0.60—1.18 mm, and 1.18-2.36 mm) were used to develop ultra-high-strength
Engineered Cementitious Composites (UHS-ECC). A multi-scale investigation was conducted
to understand the influence of GPA size on the properties of UHS-ECC. Notably, over-saturated
cracking and double-stage crack evolution were observed in UHS-ECC with small GPA sizes

(< 0.60 mm) and the mechanism behind was revealed. The main conclusions are as follows.

® GPA reacted with the cementitious matrix of UHS-ECC. The matrix with finer GPA
generated higher hydration heat due to the larger specific surface area. From the
nanoindentation results, a lower average elastic modulus was measured in the GPA side
than that in the cementitious matrix side, which verified the flaw effect of GPA. In addition,

the compressive strength of UHS-ECC gradually decreased with increasing GPA size.
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Overall, ultra-high-strength was achieved for all the UHS-ECC mixes developed (147.4—
165.6 MPa).

In terms of tensile performance, UHS-ECC with fine silica sand generally showed higher
tensile strength but lower tensile strain capacity compared to the mixes using GPA as fine
aggregates. In addition, UHS-ECC with the GPA size of 0.30—0.60 mm showed the highest
tensile strain capacity (8.2%), tensile strength (15.2 MPa), and strain energy density (858.5
kJ/m?). UHS-ECC with larger GPA showed a lower first cracking strength. In addition, the
larger GPA size influenced the uniform distribution of fibers, leading to a more localized

cracking behavior.

The fiber-bridging force of UHS-ECC decreased with the increasing GPA size. According
to the micromechanical analysis, A0.60 showed the highest tensile strain-hardening
potential, which is in accordance with the direct tensile results. Notably, the average crack
spacing of UHS-ECC with GPA size < 0.60 mm was significantly smaller than the
theoretical minimum crack spacing, which indicated the over-saturated cracking of these

mixes.

Double-stage crack evolution together with over-saturated cracking was observed in UHS-
ECC with GPA < 0.60 mm. The first stage of the double-stage crack evolution was
dominated by steady-state multiple cracking, and the second stage was dominated by local
cracking. The over-saturated cracking at the second stage was mainly related to the local

cracks initiated from the GPA (or initial flaws) between the parallel steady-state cracks.

In summary, GPA with the size of 0.30-0.60 mm could be an effective modifier for
improving the tensile performance of UHS-ECC. In addition, the lower matrix cracking
strength and the higher fiber-bridging force are desirable for realizing over-saturated
cracking, which is useful for achieving ultra-high tensile ductility in HS/UHS-ECC. The
double-stage crack evolution of GPA-modified UHS-ECC is meaningful for enhancing the

durability and resilience of structural members under service and extreme loadings.

For the GPA-based UHS-ECC in this study, the GPA size and matrix rheology may impact

fiber dispersion and the composite properties. It is an important research topic for UHS-ECC
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with different GPA sizes, and more efforts are needed in the following work. It should be
pointed out that the GPA technology was initially developed for waste treatment and recycling,
which can reduce industrial waste landfills and also reduce natural aggregate consumption.
However, the current GPA technology is still more complex compared to natural aggregates.
Based on the mechanism revealed in this study, alternative aggregates with low mechanical
strength (e.g., lightweight aggregates and other types of artificial aggregates) may also be used
in HS/UHS-ECC to achieve over-saturated cracking, and more efforts are appreciated in this

research area.
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