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Abstract: Using recycled aggregates to prepare geopolymer
concrete plays an essential role in reducing dependence on
natural resources and solving the problem of waste accu-
mulation. However, the application of geopolymer recycled
aggregate concrete (GRC) has been greatly limited due to
the defects in the quality of recycled aggregates and
the limitations of the brittleness of concrete materials.
Therefore, the work is dedicated to improving GRC prop-
erties and exploring the mechanism of action of steel
fiber (SF) and nano-Al,0s. In this study, calcined gangue,
slag, fly ash, and recycled aggregate were used as raw
materials, the influence of SFs (0-1.25vol%) was first
explored by single factor analysis, and on this basis, the
effect of nano-Al,03 (NA) (0-2wt%) on the GPC perfor-
mance of SF was studied. The microstructure of GRC
was analyzed by scanning electron microscopy. The test
results showed that adding SF could significantly improve
the splitting tensile and flexural strength of GRC, among
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which 0.75 vol% is the most excellent. However, the increase
in compressive strength could be more apparent. The addi-
tion of NA can make up for the lack of SF in improving
compressive performance. When NA content is 1wt%, the
version of GRC is most apparent. Adding 1% NA has the most
significant advance in GRC performance. The microstructure
analysis showed that the NA could promote the polymeriza-
tion reaction, generate more gel, and make the contact inter-
face between SF and matrix more compact, thus improving
the strength of GRC.

Keywords: coal gangue, recycled aggregate, nano-Al,0s,
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1 Introduction

With the growth of the global population and the accelera-
tion of urbanization, the contradiction between a large
number of civil engineering construction and the deterior-
ating ecological environment objectively promotes the devel-
opment of the construction industry towards high efficiency,
high performance, and sustainability. Ordinary concrete uses
Portland cement as the main cementitious material, and its
application has laid a solid foundation for developing the
modern construction industry. However, every 1 ton of
Portland cement produced will produce 0.55-0.95 tons of
CO, [1]. With the increasing demand for it, the environ-
mental issues brought about by its production process
are becoming increasingly apparent. Seeking high-perfor-
mance and more environmentally friendly green cemen-
titious materials has become essential for developing
concrete technology.

Geopolymer, proposed by Joseph Davidovits in 1978, is
a new polymer material with a particular inorganic poly-
condensation three-dimensional oxide network structure [2].
It is a sustainable green engineering material with the advan-
tages of a wide source of raw materials, less environmental
pollution, good mechanical properties, and durability [3,4].
Many scholars regarded geopolymer as a potential substitute
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for Portland cement [5], which can be produced by the alka-
lization activation of different industrial by-products or nat-
ural mineral admixtures [6-8]. Relevant studies [9] have
shown that the CO, emitted from geopolymer concrete is
around 5-6 times lower than that of ordinary cement con-
crete. At present, the research and application of geopolymers
are mainly based on fly ash (FA) [10,11], and there are few
studies on coal gangue (CG)-based geopolymer concrete [12].
Due to the long-term coal mining, a large amount of CG is
produced in China, resulting in land occupation and pollution
of the atmospheric and water environment [13,14]. Existing
studies have shown that calcined CG is rich in amorphous
aluminosilicates, which can be used as precursors for pre-
paring geopolymer. However, due to the low calcium content
of CG, the compressive strength of CG-based geopolymer
concrete is more down than slag-based geopolymer concrete
[15]. Researchers usually mix CG and other silica—alumina
raw materials to prepare geopolymers. For example, Huang
et al. [16] prepared geopolymers by mixing calcined CG with
blast furnace slag and slaked lime. The results show that the
strength of the geopolymer is improved with the increased
calcium content.

In addition, the construction industry faces two major
issues, excessive consumption of non-renewable resources
and the significant accumulation of construction waste.
A large amount of natural sand and gravel resources
are gradually consumed, leading to a shortage of natural
resources. At the same time, due to the “metabolism” of
the city itself, a large amount of renovation, demolition,
and other activities have led to a large accumulation of
construction waste. Therefore, scholars have proposed
recycled concrete technology to improve construction waste’s
resource conversion rate [17,18]. In recent decades, many
researchers have thoroughly studied recycled aggregate con-
crete (RAC) [19-23]. Many experimental results show that
recycled aggregate adversely affects the mechanics and dur-
ability of concrete, especially when the replacement rate of
recycled aggregate exceeds 30% [24]. However, people were
pleasantly surprised to find that the performance of recycled
aggregate applied to geopolymer is better than that used to
cement [25,26], which may be attributed to the higher density
of geopolymer matrix compared to ordinary concrete matrix,
which can bind more tightly with recycled aggregates [27].

However, low tensile strength and brittle failure are
the biggest problems in the application and promotion of
GRC [28]. Fiber can significantly improve the tensile strength
of GRC, control the development of cracks, and reduce the
brittleness of GRC [29-31]. Xu et al. [32] found that steel
fibers (SFs) can improve the tensile and flexural properties
of GRC. When the fiber content was 2.50%, the 28 days com-
pressive strength, tensile strength, and flexural strength
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were increased by 15.72, 64.10, and 60.95%. In the subse-
quent study, Xu et al. [33] compared the toughening effect
of different fibers and analyzed the toughening mechanism
of fibers by observing crack growth and scanning electron
microscope (SEM). Excessive addition of SF in GRC will
reduce its strength. The improved interface strength of SF
and GRC can further improve the performance of GRC rein-
forced by SF. The composite of nanomaterials and SFs is an
effective way.

The improvement of compressive strength of GRC rein-
forced by SF is not obvious, while nanomaterials can make
up for this defect [34]. There are many reports on the
modification effect of nanomaterials on the interface between
fiber and cement [35]. Researchers have found that many
nanomaterials such as nano-SiO, (NS), nano-Al,0; (NA) [36],
graphene oxide [37], and carbon nanofibers [38] can improve
the microstructure of the interface between fibers and
cement matrix, which greatly improves the performance
of the fiber-cement interface strength. However, there are
few studies on the influence of nanomaterials on the inter-
facial strength of fibers and geopolymers. Adak et al. [34]
found that NS can increase the bond strength between steel
bars and geopolymer concrete by 28.78% through pull-out
tests, but the enhancement mechanism was not discussed.
Alomayri [39] studied the effect of nano-CaCO; (NC) on the
properties of basalt fiber geopolymer concrete and found
that NC improved the compressive, flexural, and impact
strength of basalt geopolymer concrete. This can be attrib-
uted to the promotion of geopolymerization reaction and
the enhancement of ITZ by NC. This research shows in detail
that nanomaterials are also beneficial to the interfacial
strength of geopolymers and basalt fiber. However, to the
best of my knowledge, the effects of NA particles on the
microstructures and mechanical properties of CG-based geo-
polymer have not yet been reported. NA particles can dis-
solve in an alkaline activator solution, which may increase
the amount of geopolymer gel formed and the interfacial
strength of geopolymers and SF. This research will encou-
rage the usage of NA and SF for developing a good geopo-
lymer composite paste in construction applications.

In summary, CG-based geopolymer recycled concrete
is a promising green building material that can not only
solve the treatment problems of waste concrete and CG
solid waste but also reduce the mining of natural stone,
the use of cement, and the emission of atmospheric pollu-
tants. It has significant environmental, economic, and social
benefits. Currently, more research has focused on improving
the concrete performance of single-doped fibers or nanoma-
terials, but these two methods still have certain limitations. At
the same time, summarizing the research status, we found
that the two can complement each other in terms of
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modification effects, but few studies have combined the two.
Based on this, it is necessary to explore the synergistic mod-
ification effect and mechanism of nanomaterials and fibers
on CG-based geopolymer recycled concrete.

In this article, the effects of SF and NA on the mechan-
ical properties and micromorphology of GRC were studied.
First, GRC was prepared by using calcined CG, FA, slag, and
recycled aggregate. On this basis, the effects of SF and NA
content on the mechanical properties of GRC were studied,
and the micromorphology of GRC was analyzed by SEM.
The purpose is to explore the engineering performance
and application potential of the GRC reinforced by SF
and NA and to provide research cases and data support.

2 Materials and methods

2.1 Experimental materials

The calcined CG, low-calcium FA, and blast-furnace slag
used in this study were produced by Huashuo Mineral
Powder Factory, Lingshou County, Hebei Province. The
chemical composition reported by the producer is reported
in Table 1. Their morphologies are shown in Figure 1(a)—(c).

The alkaline activators used in this study were sodium
silicate (Na,SiO3) and sodium hydroxide (NaOH), as shown
in Figure 1(d) and (e). The appearance of sodium silicate is
a translucent viscous liquid, the modulus is 2.2, and the
moisture content is 65%. Sodium hydroxide is produced
by Jinan Chuanfeng Trading Co., Ltd. It is a sheet solid
with a purity of 99%, a melting point of 378°C, and a boiling
point of 1,344°C.

The fine aggregate obtained from a local supplier has
been used in this study, with an apparent density of
2,600 kg'm >, a bulk density of 1,550 kg:'m >, a fineness mod-
ulus of 2.52, and a moisture content of 2.3%. The coarse
aggregate is commercially available continuously graded
pebbles with a particle size of 5-20 mm, an apparent den-
sity of 2,745kg'm™>, a bulk density of 1,460 kg'm >, and a
mud content of 0.1%.

The recycled coarse aggregate used in this study was
produced by Luosong’s new building materials factory in
Chengdu, Sichuan Province. After the screening, it was

Table 1: Chemical composition of cementitious materials
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made into 5-20 mm continuously graded aggregate, as
shown in Figure 1(f). The apparent density is 2,403 kg-m >,
the stacking density is 1,380 kgm™, the mud content is
0.67%, the water absorption is 4.6%, and the crushing value
is 14.37%.

Corrugated SF was used in this study which was pro-
duced by Hebei Demai Wire Mesh Products Co., Ltd., and
its performance index is shown in Table 2. The physical
photograph is shown in Figure 1(g).

Nano-Al,05 used in this study was produced by Taipeng
New Materials Co., Ltd, and relevant technical parameters
are shown in Table 3. The physical photograph is shown in
Figure 1(h).

2.2 Mix proportion design

Based on the preliminary orthogonal experiments, the
CG:FA:slag ratio was determined as 2:1:1, the aggregate
cement material ratio was 4.0 (the replacement rate of
recycled aggregate was 40%), the sand ratio was 0.39, the
water-binder ratio was 0.4, and the alkali activator mod-
ulus was 1.5 to prepare CG-based geopolymer concrete
specimens. On this basis, the effects of SF with different
content (volume fraction ranged from 0.25 to 1.25%) on the
properties of the geopolymer concrete were investigated.
The mix proportion is shown in Table 4.

2.3 Specimen preparation and curing

The procedure of specimen preparation is shown in Figures 2

and 3, and the detailed steps are as follows:

1) The alkali activator was prepared before use and cooled
at room temperature for 12 h.

2) The silica-—alumina powder materials were put into the
agitator, stirred for 1 min until mixed evenly; then alkali
excitation solution was added and stirred for 2 min.

3) The sand, natural coarse aggregate and recycled coarse
aggregate were added and mixed evenly again for
6 min.

4) The concrete mixture was put into the corresponding
mold and vibrated to dense.

Materials  SiO, (%)  Al,05 (%) Fe,03(%) CaO (%) MgO (%) MnO (%) H,0(%) S(%) pH Burn vector (%)
CG 52 45 40.30 <0.5 0.26 <0.3 0.24 6.5-6.8

Slag 37.2 13.6 5 32.55 4.5 1.5 6.33 3

FA 525 19.6 5.21 4 1.45 0.24 <5
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Figure 1: Experimental materials: (a) CG, (b) FA, (c) slag, (d) sodium silicate, (e) NaOH, (f) RCA, (g) SF, and (h) NA.

Table 2: Performance parameters of SF

Performance Length (mm) Diameter (mm)

Density (g-cm ™) Tensile property (MPa)

Parameter 35 2

7.85 577

Table 3: Performance parameters of nano-Al,03

Performance Specific surface area (mz-g") Particle size (nm)

Bulk density (g-L™) Purity (wt%) pH

Parameter 22-50 20

0.2-0.4 96 6-9
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Table 4: SFGRC mix proportion (kg:m~)
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Mix no. cG FA Slag Sodium silicate NaOH Sand Recycled/natural coarse aggregate SF
GRC 211.9 105.95 105.95 262.76 18.22 661.13 517.04/517.04 0
SF-0.25 211.9 105.95 105.95 262.76 18.22 661.13 517.04/517.05 19.63
SF-0.5 211.9 105.95 105.95 262.76 18.22 661.13 517.04/517.06 39.25
SF-0.75 211.9 105.95 105.95 262.76 18.22 661.13 517.04/517.07 58.88
SF-1.0 211.9 105.95 105.95 262.76 18.22 661.13 517.04/517.08 78.5
SF-1.25 211.9 105.95 105.95 262.76 18.22 661.13 517.04/517.09 17.75

5) The specimen was coated with lubricating oil and placed
in a drying chamber at 20°C for 24 h.

6) The specimen was taken out of the mold, the surface of
the test block was wrapped with plastic film and sealed,
and then put into an oven at 100°C for curing for 12 h.
After high-temperature curing, the test block shall be
placed in the room at about 20°C to continue curing
until the specified time (7 and 28 days).

2.4 Experiment apparatus and test methods

The mechanical properties of concrete were tested per
“Standard for Test Methods of Fiber Reinforced Concrete
(CECS13-2009)” and “Standard for Test Methods of Physical
and Mechanical Properties of Concrete (GB/T50081-2019).”
The main test apparatus and equipment used in this study
are shown in Figure 4.

2.4.1 Compressive strength test

The specimen's size used for compressive strength test is
100 mm x 100 mm x 100 mm. The side of the specimen is

Alkali activator
solution

A 4

Mix FA, slag, CG

placed in the center area of the pressure plate for compres-
sion testing. The loading speed is set at 0.5 MPa-s™. In order
to reduce the error, each group is set with three specimens,
and the compressive strength is taken from the arithmetic
average of the three specimens. The compressive strength is
calculated by the following formula:

F
fou = 095, 60

where F is the compressive failure load (N) and A is the
bearing area of the specimen (mm?).

2.4.2 Splitting tensile strength test

The specimens for the splitting tensile strength test are
100 mm x 100 mm x 100 mm. The specimen is placed in
the splitting tensile test fixture and placed in the central
area of the pressure plate. Then the strip pads are placed
between the bearing plate and the specimen, and their
positions are adjusted to ensure the alignment of the spe-
cimen with the strip pads. Finally, the specimen is loaded
at a uniform rate of 0.05 MPa-s™. Similarly, a strength test
of three identical specimens is carried out for each group,

SF NA

GRC

\ 4

A 4

- SFGRC

A 4

NASFGRC

Vibration forming

A 4

Curing specimen

Figure 2: Production flow chart.
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(©) (d)

Figure 4: Laboratory apparatus. (a) Machine for compressive test, (b) machine for splitting tensile test, (c) machine for flexural test, and (d) SEM.
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and then the tensile strengths are averaged as the final
strength. The splitting tensile strength is calculated according
to the following formula:

2F F
=y 0637 x @
where F is the splitting failure load (N) and A is the bearing

area of the splitting (mm?).

2.4.3 Flexural strength test

The specimens for the flexural strength test are 100 mm x
100 mm x 400 mm. To ensure the accuracy of the data, we
adjusted the first test apparatus of the steel loading to the
appropriate position to 0.05 MPa-s " loading speed uniform
loading until the test block was damaged. Similarly, a
strength test of three identical specimens is carried out
for each group, and then the flexural strengths are aver-
aged as the final strength. The flexural strength is calcu-
lated according to the following formula:

Fl
f;c =0.85 x W’ 3)
where F is the flexural failure load (N), A is the bearing
area of the splitting (mm?, and b and h are the section

width and height of the specimen, respectively (mm).

2.4.4 Micromorphology analysis

The equipment model used for the test was a Prisma E SEM
from Thermo Fisher Scientific. After the splitting tensile
test, the fragments containing fibers are selected. The frag-
ments were soaked in anhydrous ethanol for 3h, stopped
hydration, and then put them into an oven to dry for 24 h.
These were sealed and stored in a transparent plastic bag

Figure 5: Compressive failure morphology: (a) GRC and (b) SFGRC.
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to prevent the sample surface from being stained before it
was scanned with an SEM.

3 Research results and discussion

3.1 Influence of SF dosages on the strength
of SFGRC

3.1.1 Compressive strength

The morphology of GRC and SFGRC after failure is shown
in Figure 5. There is an obvious sound when GRC is
destroyed. As shown in the red line, there are many cracks
and fragments on the surface of GRC, showing obvious
brittle failure. On the contrary, there are few fragments
when SFGRC is destroyed.

It can be seen from Figure 6 that the 7 and 28 days
compressive strengths of the reference group without
SF are 28.14 and 33.88 MPa, respectively. When the SF con-
tent was 0.25, 0.5, and 0.75%, the 7 days compressive
strength of SFGRC was 29.49, 31.44, and 29.75 MPa, and
the strength growth rates were 4.8, 11.73, and 5.72%, respec-
tively. The 28 days compressive strength was 35.92, 37.6,
and 34.73 MPa, respectively, and the growth rates of 28
days were 6.02, 10.98, and 2.51%, respectively. According
to the compressive strength data of 7 and 28 days, the
optimum content of SF is 0.5%. There was tensile stress
concentration in the internal micropores and microcracks,
resulting in the formation of cracks parallel to the load
direction. The addition of fibers can make the expansion
path of the crack tip be forced to change the extension
direction or cross the fiber to form a finer crack field
after encountering the fiber, thereby increasing the energy
consumed by the crack development and slowing the
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Figure 6: Compressive strength.

expansion of the crack. Therefore, the compressive strength
of SFGRC is improved [40]. When the content of SF reaches
1%, the growth rate of compressive strength is almost zero,
while when the content of SF is 1.25%, the compressive
strength of 7 and 28 days decreases by 5.76 and 6.32%. The
compressive strength of SFGRC showed a downward trend
after increasing the SF content to 1.0%. This phenomenon
may be due to two reasons: (i) when the SF content is too
high, it does not distribute well in the matrix and leads to the
“agglomeration” phenomenon, which introduces more micro-
pores in the structure and reduces its improving effect on the
concrete or even causes negative effects; (ii) due to the
volume limitation of the concrete specimen itself, excessive
SF admixture can produce serious boundary effects, i.e., there
may be too many SFs at a certain location, causing a decrease
in concrete strength [41].

Figure 7: Morphology of splitting tensile failure: (a) GRC and (b) SFGRC.
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3.1.2 Splitting tensile strength

The split failure morphology is shown in Figure 7. GRC was
split into two along a straight crack with a loud sound,
which was a brittle failure. After incorporating SF, SFGRC
showed the phenomenon of cracking but not breaking,
which was a ductile failure.

Figure 8 shows the splitting tensile strength of SFGRC.
The 7 and 28 days split tensile strengths of GRC were 1.85
and 2.17 MPa, respectively. When the SF content was 0.25,
0.5, and 0.75%, the splitting tensile strength of SFGRC was
2.35, 2.73, and 3.05MPa in 7 days, and 2.58, 2.89, and
3.38 MPa in 28 days, respectively. The growth rate of split-
ting tensile strength of SFGRC was 27.03, 47.57, and 64.86%
in 7 days and 18.89, 33.18, and 55.76% in 28 days, respec-
tively. The tensile strength in concrete mainly depends on

4.5
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Figure 8: Splitting tensile strength.
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the bond strength between the aggregate and the matrix,
while the tensile strength of concrete after adding SF
depends on the bond strength between the SF and the
matrix. The fibers spanning the cracks bear part of the
tensile stress, which alleviates the stress concentration at
the crack tip, effectively constrains the expansion of the
cracks, and thus improves the splitting tensile strength of
GRC. When the content of SF exceeded 0.75%, the growth
rate of splitting tensile strength of SFGRC declined. The
reason is that the SF cannot play a bridging role effectively
due to its agglomeration [41].

3.1.3 Flexural strength

The failure mode of GRC is shown in Figure 9. The crack
developed from the bottom of the specimen and quickly
penetrated the section. The fracture surface was rela-
tively smooth, and the aggregate was pulled off, showing
obvious brittle failure. SFGRC was a ductile failure, and
the specimen did not break into two halves. As shown by
the red line in Figure 9, the crack was generated from the
bottom of the sample and developed slowly upward,
showing a zigzag shape. The SF spans both ends of the
crack and bears the tensile stress, so the flexural strength
and ductility were improved. After the failure, it can con-
tinue to bear the load until the specimen is completely
broken.

Figure 10 shows the 7 and 28 days flexural strength of
GRC were 4.16 and 4.59 MPa, respectively. SF could signifi-
cantly improve the flexural strength of GRC, which is con-
sistent with splitting tensile strength. When the SF content
was 0.25, 0.5, and 0.75%, the splitting tensile strength of
SFGRC was 4.52, 4.93, and 5.27 MPa in 7 days and 4.93, 5.2
and 5.57 MPa in 28 days. The growth rate of splitting tensile

(a) GRC

Figure 9: Morphology of flexural failure: (a) GRC and (b) SFGRC.
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Figure 10: Flexural strength.

strength of SFGRC was 8.65, 18.51, and 26.68% in 7 days and
7.41,13.29, and 21.35% in 28 days. The randomly distributed
SF not only hindered crack development but also restricted
the direction of crack development to a certain extent. At
the same time, SF reduced the stress concentration at the
crack tip, bridged the voids and cracks in the matrix,
improved the bending strength of SFGRC, and achieved
the purpose of improving the strength and crack resistance
of GRC.

3.2 Influence of NA dosages on the strength
of SFGRC

According to the mechanical property test results of SFGRC,
the best SF content (0.75%) was selected as the control

(b) SFGRC
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group to explore the modification effect of different NA
content (0, 0.5, 1, 1.5, and 2%).

3.2.1 Compressive strength

The compressive strength of NASFGRC test results is shown
in Figure 11. NA significantly improved the compressive
strength of NASFGRC. The reference group compressive
strength of SFGRC was 31.44 MPa in 7 days and 37.6 MPa
in 28 days, respectively. When the NA content was 1.5%, the
compressive strength of NASFGRC reached the maximum
of 39.09MPa in 7 days and 45.71MPa in 28 days. The
improvement rate of compressive strength was 24.33 and
21.57%, respectively, similar to the experimental results of
Disci and Polat [42]. The enhanced compressive strength of
the geopolymer nanocomposites is due to the improvement
in pore-filling mechanisms. When NA is uniformly dis-
persed, it fills voids in the matrix, creating a denser micro-
structure [43]. According to the experimental data, the
compressive strength at 7 days increases faster, which indi-
cates that NA particles promote the process of early hydra-
tion polymerization. The data at 7 and 28 days indicate that
the optimal content of NA is 1.5%. When the content of NA
exceeds 1.5%, the compressive strength growth rate of
NASFGRC showed a downward trend, which illustrates
that the continued addition of excessive NA has a negative
impact on the strength of NASFGRC. The presence of NA
content threshold may be due to the excessive number
of NA particles and the excessive van der Waals forces
between them, leading to the aggregation effect. The aggre-
gated particles in the geopolymer matrix cannot promote

“ [ ] 7dNASFGRC [} 28d NASFGRC

Compressive strength (MPa)
8 s ES
1 1 1

—_
(=}
1

0 0.5 1 1.5 2
NA content (%)

Figure 11: Compressive strength of NASFGRC.
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the reaction of geopolymer but also lead to the formation
of micropores, which are not conducive to the strength of
the material in essence.

3.2.2 Splitting tensile strength

The split tensile strength of the NASFGRC test result is
shown in Figure 12. The tensile strengths of the reference
group 7 and 28 days are 3.05 and 3.38 MPa, respectively.
When the NA content was 1%, the split tensile strength of
NASFGRC reached the maximum of 3.47 MPa in 7 days and
3.87 MPa in 28 days. The increase rate of tensile strength of
NASFGRC was 13.77 and 14.5%, respectively.

This enhancement of the bending capacity of geopo-
lymer nanocomposites and the overcoming of local failures
can be attributed to good interfacial adhesion leading to
superior resistance to bending and fracture forces. NA particles
bridge the microcracks and enhance the crack growth resis-
tance, which leads to an increase in splitting tensile strength. In
addition, NA enhanced the interface bond strength between
the SF and the geopolymer [36]. The uniformly dispersed NA
affected the geopolymer reaction and promoted an Al-rich gel
formation, which filled the pore and increased the density
of the microstructure in the interface between the SF and
the geopolymer. When the content of NA exceeds 1.0%, the
increase in the split tensile strength of the material shows a
downward trend. When the NA content was 2%, the split ten-
sile strength of NASFGRC was 3.14 MPa in 7 days and 3.52 MPa
in 28 days. This may be because of agglomerations of NA in the
geopolymer matrix creating micro-void stress concentrators,
which are essentially weak zones in the material.

[ ] 7dNASFGRC [ 28d NASFGRC

Splitting tensile strength (MPa)

0 0.5 1 1.5 2
NA content (%)

Figure 12: Splitting tensile strength of NASFGRC.
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3.2.3 Flexural strength

The flexural strength of NASFGRC at different ages is shown
in Figure 13. The 7 and 28 days strength of the reference
group are 5.27 and 5.57 MPa, respectively. When the NA
content was 1%, the flexural strength of NASFGRC reached
the maximum of 5.69 MPa in 7 days and 6.02 MPa in 28 days.
The increase rate of tensile strength of NASFGRC was 7.97
and 8.08%, respectively. When the content of NA exceeds
1%, its strength begins to decline. This is also because
the huge specific surface area of excessive NA is easy to
agglomerate in the matrix, and part of the free water of
the hydration reaction is wrapped by NA, which hinders the
hydration reaction and increases the micropores in NASFGRC.
Different from the compressive strength and the splitting ten-
sile strength, NA is not obvious for improving the flexural
strength of concrete, because the flexural strength mainly
depends on the anchoring force of the fiber.

3.3 Micromorphology analysis
3.3.1 Micromorphology of geopolymer matrix

Figure 14 shows the SEM images with a magnification of
3,000-10,000 times the 28 days geopolymer matrix, which
will show the influence of NA on the microstructure and
hydration products. In the reference group, there were
many holes and cracks in the matrix, the micromorphology
was relatively loose, and the distribution of hydration
products was uneven. The microstructure is enhanced

[ ] 7dNASFGRC [l 28d NASFGRC

Flexural strength (MPa)

0 0.5 1 1.5 2
NA content (%)

Figure 13: Flexural strength of NASFGRC.
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with the improvement of NA incorporation. NA-0.5 (Figure 14(b))
has a relatively small number of pores in the matrix
during the hydration products increase. The density of
the matrix is slightly better than that of the reference
sample, but an incomplete reaction of FA particles and
microcracks can be observed. It can be seen in NA-1.0
(Figure 14(c)) that some microcracks have disappeared,
NA has greatly promoted the polymerization reaction,
and a large number of hydration products have formed
a compact structure. NA-1.5 (Figure 14(d)) shows that the
silicon aluminum material is more thoroughly reflected,
the microstructure is denser, and microcracks can hardly
be seen. Figure 14(e) shows two kinds of gels with different
structures, the layered C-A-S-H gel and the spongy
N-A-S-H gel, which are the main source of the strength
of the geopolymer. The improvement of NASFGRC micro-
structure can be attributed to the nucleation effect and
filling effect. The nucleation effect imports hydration
speed and the creation of hydrated products, reducing
the size and number of unreacted FA particles. The
filling effect is that NA with a nanometer scale filled
the pore in the N(C)-A-S-H gel, which improves the
elastic modulus tested by nanoindentation [44].

3.3.2 Micromorphology of the interface between SF and
matrix

The interface bonding between SF and the matrix is shown
in Figure 15(a). SF is closely embedded in the geopolymer
matrix. When the GRC is subjected to external force, SF can
bear part of the stress, which is the positive effect of SF.
Therefore, the 28 days splitting tensile strength and flex-
ural strength of SFGRC with different SF content increased
by 18-55.76 and 7-21.35%, respectively. There are a certain
number of additional holes on the interface and matrix
caused by SF, which is a negative effect of SF incorporation.
The proper amount of SF can improve the mechanical
properties because the positive effect is greater than the
negative effect. Excess amounts of SF will lead to the
increase of pores, and the SF will also agglomerate, as
shown in Figure 15(b), so the mechanical properties of
GRC gradually decline.

The microstructure of the interface between SF and
the matrix is shown in Figure 16(a). It is observed that
there is a crack between the SF and the geopolymer matrix,
and the hydration products are relatively loose. There are
a lot of calcium hydroxide crystals (CH), which may be
caused by the reaction between the old mortar adhered
to the recycled aggregate and the geopolymer. A higher
proportion of CH will greatly reduce the strength of the
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Figure 14: Micromorphology of geopolymer matrix. (a) NA-0, (b) NA-0.5, (c) NA-1.0, (d) NA-1.5, and (e) NA-2.0.

interface transition zone [45]. It can be seen in NASFGRC-
0.5 (Figure 16(b)) and NASFGRC-1.0 (Figure 16(c)) that the
hydration products increase significantly. It may be seen that
the NA act as the crystal nucleus of the hydration products to
the formation of extra C(N)-A-S-H gels in the geopolymer
matrix [46]. At the same time, the crack width between the
SF and the matrix decreases significantly. In NASFGRC-1.5
(Figure 16(d)), there are almost no unreacted FA particles,
and the crack between SF and the matrix is closer. Therefore,

the compressive strength, splitting tensile strength, and flex-
ural strength of NASFGRC are increased by 21.57, 7.4, and 5.75%,
respectively. The hydration products of NASFGRC-2.0 (Figure
16(e)) are relatively dense whole, but microcracks increase,
which may be caused by the agglomeration of NA, which cor-
responds to the mechanical property test results. Excessive
content will lead to NA agglomeration, which will make the
excellent performance of nanoparticles cannot be fully exerted
and will affect the macroperformance of concrete.
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Figure 16: Micromorphology of the interface. (a) SFGRC, (b) NASFGRC-0.5, (c) NASFGRC-1.0, (d) NASFGRC-1.5, and (e) NASFGRC-2.0.
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4 Conclusion

This study focuses on CG-based geopolymer recycled con-
crete and investigates the effects of single addition of SF
and SF-NA synergy on its mechanical properties and micro-
structure. The following conclusions were obtained:

1) SF can significantly improve the tensile and flexural
strength of concrete, but it cannot significantly improve
the compressive strength of concrete.

2) The addition of NA can obviously improve the compres-
sive strength of SFGRC and further improve the tensile
and flexural strength of SFGRC.

3) NA not only improves the microstructure of GRC matrix,
making it denser, but also strengthens the bonding
between SF and matrix.

4) Excessive SF and NA are unfavorable to the mechanical
properties of GRC, because too much doping will lead to
agglomeration, which is detrimental to property develop-
ment. Therefore, the appropriate doping amount should
be selected during the preparation process.
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