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Abstract: Geopolymer cementitious materials and recycled
aggregate are typical representatives of material innova-
tion research in the engineering field. In this study, we
experimentally investigated a method to improve the perfor-
mance of geopolymer-recycled aggregate concrete (GRAC).
The recycled concrete aggregates and steel fiber (SF), fly ash
(FA), metakaolin (MK), and sodium silicate solution were
used as the main raw materials to prepare fiber-reinforced
geopolymer-recycled aggregate concrete (FRGRAC). First,
the orthogonal test was carried out to study the GRAC,
and the optimal mix proportionwas found. Second, building
on the optimal mix proportion, the effects of the SF content
on the slump, 7 and 28 days compressive strength, tensile
strength, and flexural strength of FRGRAC were further

studied. Finally, the microscopic mechanism of FRGRAC
was studied by scanning electron microscopy (SEM). The
study results indicate that the slump continues to decrease
as the fiber content increases, but the compressive strength,
tensile strength, and flexural strength increase to a certain
extent. Through SEM analysis, it is found that SF restrains
the development of cracks and improves the strength of
concrete.

Keywords: SF, geopolymer, recycled concrete, orthogonal
test, microstructure

1 Introduction

With the growth of the global population and the accel-
eration of urbanization, the development of the construc-
tion industry has been greatly promoted, but this has also
exacerbated the problem of environmental pollution.
Statistics shows that the annual output of global cement
production will increase to 6.1 billion tons in 2050, which
means extremely high CO2 emissions (7% of global carbon
emissions) [1,2]. On the other hand, urbanization needs to
demolish old buildings, which will undoubtedly generate
a lot of construction waste. The stacking of construction
waste will consume a lot of land resources, and if not
handled properly, it will cause harm to soil and water [3,4].

The emergence of GRAC can be one of the promising
solutions for the above problems. Geopolymers are mainly
derived from industrial production wastes. Combining
these raw materials rich in silicon and aluminum com-
pounds, such as FA, MK, etc., with an alkali solution
will cause polymerization. After polymerization, geopo-
lymer concrete (GPC) can be formed with a higher strength
than that of ordinary Portland concrete (OPC) [5]. There-
fore, replacing cement with a geopolymer can be an ideal
choice, which can greatly reduce the emission of CO2 [6].
On the other hand, recycled aggregate concrete (RAC) can
also solve the problem of construction waste disposal. The
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test blocks of waste concrete are usually crushed, cleaned,
graded, and mixed according to a certain proportion to
prepare recycled concrete aggregate (RCA). The concrete
made by RCA is called RAC [7,8]. A combination of GPC
and RAC can greatly solve the pollution problem in civil
engineering construction.

However, due to the high porosity of the residual
mortar in RCA, the strength of RCA is generally low,
which affects the strength of GRAC [9,10]. GRAC also
exhibits brittleness similar to OPC [11,12]. These limit
the application of GRAC. The addition of fiber can reduce
the brittleness of concrete and effectively improve the
strength of concrete. At present, the study on using fiber
to improve GPC [13–18] and RAC [19–22] has matured. But,
most of the current research in the field of GRAC focuses
on improving its strength, crack resistance [23–27], etc.,
and the use of fiber to improve GRAC is still lacking.

This article presents using steel fiber (SF) and FA–MK
matrix geopolymer cementing material to prepare fiber-rein-
forced geopolymer recycled aggregate concrete (FRGRAC).
Based on the orthogonal test considering three factors and

three levels and considering the 7 days compressive strength
as the index, the influence factors of GRAC compressive
strength are studied and the optimalmix proportion is found.
Based on this, the effects of the SF content on the slump of
FRGRAC, compressive strength, tensile strength, and flexural
strength of 28 days were investigated. Furthermore, its micro-
scopic mechanism was analyzed by SEM. It is expected that
the results from this study can help establish a foundation for
the FRGRAC application in engineering practice in the future.

2 Materials and methodology

2.1 Experimental materials

Class II FA was provided by Chuanxing Mineral Powder
Factory. MK calcined at 900°C was produced by Henan
Jinao Refractory Co., Ltd. Concentrated sodium silicate
solution with a modulus of 2.2 was 40%, and the purity

Figure 1: Photographs of materials.

Table 1: Chemical composition table of FA and MK

Materials SiO2 Al2O3 CaO Fe2O3 TiO2 SO3 MgO K2O Na2O Ignition loss

FA 50.80 28.10 3.70 6.20 0.00 1.80 1.20 0.60 1.20 7.90
MK 55.06 44.12 0.17 0.76 0.24 0.00 0.06 0.55 0.06 0.62

Experimental study of steel fiber-reinforced geopolymer-recycled concrete  579



of flake NaOH was greater than 99%. RCA was selected
from the laboratory waste concrete block. SF with a ten-
sile strength of 577 MPa and a density of 7,650 kg·m−3 was
supplied by Changzhou Bochao Engineering Material Co.
Ltd. The materials are shown in Figure 1, the fly ash (FA)
and metakaolin (MK) are shown in Table 1, and the pro-
perties of coarse aggregates are shown in Table 2.

2.2 Orthogonal test and mix proportion
design

The orthogonal test is a scientific method that can deal
with multifactor and multilevel tests. Under the premise
of ensuring accuracy, it can greatly reduce the number of
tests [28,29]. For GPC and RAC, the modulus of alkali
activator [30], the aggregate cementitious material ratio
[31], and the sand ratio [32,33] have significant effects on
their strength. Therefore, in this experiment, we use these
three factors as variables and select three levels for each
factor. With 7 days compressive strength as an indicator,

the ratio of the fixed water cementitious material is 0.30
and the ratio of FA/MK is 1:1 [34], The orthogonal test is
carried out, and L9 (33) table is selected to arrange the
test. At the same time, in order to avoid accidental errors,
a range analysis was carried out on the test results. The
orthogonal table is shown in Table 3, and the mix propor-
tion is shown in Table 4.

2.3 Specimen preparation and curing

The alkali activator solution (NaOH, mixed sodium sili-
cate solution) was prepared in advance and was left to
cool to room temperature for 12 h, as shown in Figure 2.

Table 2: Performance indicators of recycled coarse aggregate

Particle size (mm) Water absorption (%) Crushing index (%) Apparent density (kg·m−3)

5–19 4.97 14.78 2,490

Table 3: Orthogonal test table

Level Factors

Sand ratio Aggregate cement material ratio Modulus

1 0.40 3.00 1.20
2 0.35 3.50 1.10
3 0.30 4.00 1.00

Table 4: Design table of GRAC mix proportion (kg·m−3)

Test
group

MK FA Sodium
silicate

NaOH Sand Recycled
aggregate

Sand
ratio

Aggregate cement
material ratio

Modulus

P1 295.33 295.33 301.32 36.15 708.79 1063.18 0.40 3.00 1.20
P2 265.49 265.49 270.80 39.81 743.36 1115.04 0.40 3.50 1.10
P3 241.07 241.07 245.89 43.28 771.43 1157.14 0.40 4.00 1.00
P4 294.44 294.44 300.33 44.15 618.32 1148.31 0.35 3.00 1.10
P5 264.71 264.71 270.00 47.52 648.53 1204.41 0.35 3.50 1.00
P6 242.32 242.32 247.16 29.66 678.49 1260.05 0.35 4.00 1.20
P7 293.48 293.48 299.35 52.69 528.26 1232.61 0.30 3.00 1.00
P8 266.21 266.21 271.53 32.58 559.04 1304.43 0.30 3.50 1.20
P9 241.72 241.72 246.53 36.24 580.13 1353.63 0.30 4.00 1.10

Note: The ratio of aggregate cementitious material is mass of (RCA + sand)/mass of (MK + FA); the ratio of water cementitious material is
mass of sodium silicate solution solvent/mass of (MK + FA); sand ratio is the mass of sand/quality of (sand + RCA).

Figure 2: Alkali activator solution.
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FA and MK were mixed for 60 s; soon after, the alkali
activator solution was added and the mixture was stirred
for 90 s. Then, SF was added to the mixture and it was
stirred at a constant speed until the fibers were evenly
distributed without coagulation and agglomeration, as
shown in Figure 3. Finally, the aggregate was added
and it was stirred for 120 s. After the mixture was stirred
with all materials, it was poured into the mold and shook;
soon after, it was placed with the film in an oven at 80°C
and dried for 20 h [35,36] to demold, as shown in Figure 4.
Later, it was dried in the open air (25°C) and was cured to
the specified age [37,38], as shown in Figure 5. The whole
production process is shown in Figure 6.

2.4 Test methods

2.4.1 Slump test

After the concrete was mixed, the slump cylinder was
used to test the slump of different test groups within

5 min. The concrete needs to be filled three times. After
each filling, a vibrating rod must be used to strike the
barrel wall 25 times from the inside to the outside. After
three fillings, the concrete on the surface of the slump is
smoothed and then the slump is quickly lifted to measure
its slump. The test process is shown in Figure 7.

2.4.2 Compressive strength test

Figure 8 shows the compressive strength test apparatus
with the measuring accuracy of ±1%. Based on the pre-
vious experience and research results [39], the loading
speed is set at 0.5 MPa·s−1, and the average compressive
strength of each test group is taken from three specimens.
As the concrete specimens in this test are 100mm ×

100mm × 100mm nonstandard specimens, the compres-
sive strength is calculated according to the following
formula:

Figure 3: The process of casting concrete samples: (a) mixing
concrete and (b) filling in the mold.

Figure 4: Maintenance of the cover film.

Figure 5: Concrete curing.

Figure 6: Production flow chart.
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= ×f F
A

0.95cu (1)

where F is the compressive failure load and A is the
bearing area of the specimen.

2.4.3 Splitting tensile strength test

Figure 9 shows the tensile strength test apparatus. Wood
chips are placed on the bottom of the fixture to ensure
the stability of the specimen during testing. The specimen
is put into the fixture and another piece of wood is
placed on the top surface of the specimen to ensure sta-
bility and uniform force. The loading speed is set at
0.5 MPa·s−1. As the concrete specimens in this test are
100mm × 100mm × 100mm nonstandard specimens,
the compressive strength is calculated according to the
following formula:

= × = × ×f F
πA

F
A

0.85 2 0.85 0.637ts (2)

where F is the splitting failure load (N) and A is the
bearing area of the splitting (mm2).

2.4.4 Flexural strength test

Figure 10 shows the flexural strength test apparatus. The
positions of the two supports are adjusted according to
the length of the test piece. The final distance between
the two supports is 300mm, and the distance between the
two supports and the two sides of the concrete is approxi-
mately the same. The loading speed is set at 0.08 MPa·s−1.
As the concrete specimens in this test are 100mm ×
100mm × 400mm nonstandard specimens, the compres-
sive strength is calculated according to the following
formula:

= ×f F
bh

0.85 l
f 2 (3)

where F is the flexural failure load (N), l is the support
span (mm), b is the width of the specimen (mm). and h is
the height of the test piece (mm).

Figure 7: Slump test.

Figure 8: Compressive strength test apparatus.

Figure 9: Tensile strength test apparatus. Figure 10: Flexural strength test apparatus.
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2.5 SEM analysis

A scanning electron microscope is a type of electron
microscope that generates sample images by scanning
the surface with a focused electron beam, which is used
to observe and test the surface microscopic morphology
of the sample. The instrument used in this experiment is
Prisma-E SEM equipment, as shown in Figure 11. The
magnification of Prisma-E scanning electron microscope
is 5–300,000 times, the subelectron resolution is 30 nm,
the acceleration voltage is 0.3–30 kV (adjustable fixed
bias), and the moving range of the sample is 100mm
inward, towards inner 50mm, and 5.35mm inward. The
rotation angle is 360° and the temperature range is 20 + 90°.

3 Results and discussion

3.1 Orthogonal test results

The orthogonal test results are shown in Table 5, and the
histogram is shown in Figure 12. It can be found from the
figure that the 7 days compressive strength of the P5
group is the highest at 34.4 MPa, and the P1 group is
the lowest at 18.2 MPa. The range analysis was performed
on these results and the average value k̄ and range value
R of each factor level were calculated and are shown in
Table 6. It can be found that the order of factors affecting
the compressive strength of 7 days GRAC is sand ratio <
aggregate cementitious material ratio < modulus. The
average k̄ of each factor level was used to make a trend
chart, as shown in Figure 13. It can be seen from Figure 13
that both the sand ratio and the aggregate cementitious
material ratio reach the maximum effect at 2 levels, and
the effect on the 7 days compressive strength shows a
trend of first increasing and then decreasing; however,

the effect of the modulus increases and far exceeds the
influence of the sand ratio and aggregate cementitious
material ratio at 3 levels. The reason is that the alkali
activator with a lower modulus has a higher alkali con-
centration (a higher OH− concentration), which can pro-
mote the rupture of the Si–O and Al–O bonds in the
geopolymer, and the strength is therefore continuously
increased. On the other hand, there are [SiO4] groups in
the sodium silicate solution. As the modulus decreases,
the content of low-polymerization groups increases, which

Figure 11: SEM observation apparatus.

Table 5: Orthogonal test results

Test
group

Sand
ratio

Aggregate
cement
material ratio

Modulus 7 days
compressive
strength (MPa)

P1 0.40 3.00 1.20 18.2
P2 0.40 3.50 1.10 24.1
P3 0.40 4.00 1.00 26.8
P4 0.35 3.00 1.10 20.3
P5 0.35 3.50 1.00 34.4
P6 0.35 4.00 1.20 20.9
P7 0.30 3.00 1.00 27.8
P8 0.30 3.50 1.20 16.4
P9 0.30 4.00 1.10 24.4

Figure 12: Orthogonal test results.

Table 6: Range analysis table

Factors 7 days compressive strength (MPa)

k̄ R

Sand ratio 23.03 25.20 22.87 2.33
Aggregate cement
material ratio

22.10 24.97 24.03 2.87

Modulus 18.50 22.93 29.67 11.17
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can also promote the rupture of the Si–O and Al–O
bonds. In summary, based on the range analysis, the
sand ratio is selected at 2 levels, the aggregate cementi-
tious material ratio is selected at 2 levels, and the mod-
ulus is selected at 3 levels, which is the P5 test group.
Based on the P5 test group, the effect of FRGRAC was
studied by adding SF.

3.2 FRGRAC research results

On the basis of the P5 test group, SF was added to analyze
the slump, compressive strength, tensile strength, and
flexural strength of FRGRAC when the fiber content was
0.00, 0.50, 1.00, 1.50, 2.00, and 2.50%, respectively, The
mix proportion of FRGRAC is shown in Table 7.

3.2.1 FRGRAC slump

No bleeding phenomenon was observed throughout the
experiment. The FRGRAC slump results are shown in

Figure 14. It can be observed from the figure that the slump
of FRGRAC decreases continuously with the increase of
fiber content. As the fiber content increases, the friction in
the material continues to increase, which inhibits the flow
of the material, and the fiber itself can also act as a bridge
to prevent the material from slipping. On further observa-
tion, it was found that the slump difference between the M
standard group and the SF-0.50 test group is the largest
(31mm), which is greater than the slump difference of the
different fiber content test groups.

3.2.2 Compressive strength of FRGRAC

Figure 15 shows the FRGRAC 7 and 28 days compressive
strength test results of each test group. It can be found
that the 7 days compressive strength is 84.52% of the
28 days compressive strength of the M test group. At
the same time, except for the 28 days SF-2.00 test group,
the compressive strengths of the other groups increase
with the increase of fiber content. When the fiber content
was 2.50%, the compressive strength at 7 and 28 days
were 38.97 and 47.1 MPa, respectively, which were 13.25
and 15.72% higher than that of the M group. The main
reason for the above phenomenon is that the fiber can
play a bridging role, helping to transfer and bear the
stress, thereby increasing the compressive strength. At
the same time, the fiber can also play the role of a hoop
inside the concrete and can also improve the compressive
strength under three-direction stress. But, on the other
hand, due to the low crushing index of FRGRAC’s
recycled aggregate in this experiment, it has certain
instability and the pouring process is not completed at
one time. Therefore, some test groups may have higher
aggregate residual mortar content, resulting in a decrease
in the overall strength, such as the 28 days SF-2.00 test
group. However, on the whole, the effect of fiber on the
compressive strength of FRGRAC is more obvious and the
optimal fiber content has not been found. In this respect,
it is significantly different from GPC and RAC. Under

Figure 13: Trend chart of each factor level.

Table 7: FRGRAC mix proportion (kg·m−3)

Test group MK FA Sodium silicate NaOH Sand Recycled aggregate SF

M 264.71 264.71 270.00 47.52 648.53 1204.41 0.00
SF-0.50 264.71 264.71 270.00 47.52 648.53 1204.41 38.25
SF-1.00 264.71 264.71 270.00 47.52 648.53 1204.41 76.50
SF-1.50 264.71 264.71 270.00 47.52 648.53 1204.41 114.75
SF-2.00 264.71 264.71 270.00 47.52 648.53 1204.41 153.00
SF-2.50 264.71 264.71 270.00 47.52 648.53 1204.41 191.25
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normal circumstances, the optimal content of fiber-rein-
forced GPC and RAC is between 1.0 and 1.5% [17–19]. This
is due to the high ratio of water cementitious material. It
can produce a large number of C–S–H gels. Even if the
fiber content is increased, the C–S–H gel can still wrap
the fibers tightly and not increase the porosity rate like in
other types of concrete, thereby reducing the strength. On
the other hand, because the strength of RCA in this test is
low, the strength of FRGRAC made of recycled aggregate
is affected by RCA, which does not show the strength of
cementitious material itself. Therefore, even if a large
amount of SF is added, it still does not reach the upper
limit of the material strength and so the optimal content
is not found.

Figure 16 shows the uniaxial compression test of the
test block. It can be found that the damage of FRGRAC after
the fiber addition is a failure with a certain amount of plastic
deformation, indicating that the fiber strengthens the integ-
rity of the test block and inhibits the generation of cracks.

Figure 14: Slump test result.

Figure 15: Compressive strength test results.

Figure 16: Test conditions of test block: (a) no added fiber specimen and (b) fiber-reinforced specimen.
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3.2.3 Tensile and flexural strength results of FRGRAC

Figures 17 and 18, respectively, show the tensile strength
and flexural strength results of FRGRAC. It can be seen
from Figure 17 that the tensile strength of FRGRAC increases
continuously with the increase of fiber content and there is
no inflection point. It shows that the incorporation of the
fiber has a relatively continuous and stable improvement
effect on the tensile strength of FRGRAC. When the fiber
content is 2.5%, the tensile strengths of 7 and 28 days
are 3.15 and 5.12MPa, respectively, which are 36.36 and
64.10% higher than that of the M test group. This aspect
is due to the high tensile strength of SF itself, which forms a
stable three-dimensional grid system in the concrete, which
improves the distribution, transmission, and bearing of
stress, thereby enhancing the tensile strength.

On the other hand, it is also because of the good
bonding performance between the SF and mortar. When
the concrete cracks under tension, the fibers bear the main
tensile stress. At this time, the fiber and the mortar are
required to have good bonding properties. Further study
can find that the improvement of the tensile strength of
different test groups has a significant decrease in the
28 days SF-2.00 group, which is similar to the mechanism
of the decrease of compressive strength. It also shows that
the improvement of the tensile strength of FRGRAC by SF
is better than that of compressive strength.

It can be found from Figure 18 that the flexural
strength is the same as the tensile strength and both
are steadily improved. When the fiber content is 2.5%,
the flexural strength of 7 days and 28 days is 6.22 and
7.79 MPa, respectively, which are 67.2 and 60.95% higher
than that of theM test group, and the degree of shaping is
improved. The damage of the test block is shown in

Figure 17: Tensile strength test results.

Figure 18: Flexural strength test results.

Figure 19: Flexural failure of test blocks with different fiber contents: (a) 1.00% fiber-reinforced specimen and (b) 2.50% fiber-reinforced
specimen.
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Figure 19. The modification mechanism is similar to the
tensile strength and therefore it is not explained here.

Figure 20 shows the ratio of compressive strength/
flexural strength (RCF) at 7 and 28 days. It can be found
from the figure that the 7 days RCF of each test group is
greater than the 28 days RCF. It shows that the plasticity
of 7 days block is lower than that of 28 days block. With
the increase of fiber content, the RCF of 7 or 28 days test
block decreases, which indicates that fiber can improve
the toughness of concrete at all ages.

3.2.4 SEM analysis of FRGRAC

In order to facilitate the comparative analysis, test groups
M, SF-2.00, and SF-2.50 of 28 days are selected, as shownFigure 20: Effect of different fiber contents on RCF.

Figure 21: SEM analysis results: (a)M test group interface; (b)micro cracks; (c) bonding between steel fiber and cementitiousmaterial in SF-2.0
test group; (d) residual mortar; (e) bonding between steel fiber and cementitious material in SF-2.5 test group; (f) distribution of C–S–H gel.

Experimental study of steel fiber-reinforced geopolymer-recycled concrete  587



in Figure 21. Figure 21a and b shows the situation of the
M test group, and more unreacted FA particles can be
found. This is mainly due to the insufficient polymeriza-
tion reaction at room temperature during the curing pro-
cess and many cracks and holes can also be found. Figure
21c and d shows the situation of the SF-2.00 test group. In
the figure, it is found that SF is embedded in the matrix
and can bear the stress together and play the role of a
bridge. However, it is also found that there are gaps
between the bonding surface and the cementitious mate-
rial. At the same time, it can be seen that the residual
mortar has a large number of holes and the texture is
fluffy. If the content of the residual mortar is high, it will
undoubtedly reduce the strength of FRGRAC. Figure 21e
and f shows the SF-2.50 test group. It can be found that
SF has a tighter bond with the cementitious material. The
C–S–H gel is also tightly bound to the aggregate. The poly-
merization reaction is more complete than the other test
groups. This is an intuitive reason for the higher intensity
of the test group.

4 Conclusion

This study has explored the optimum mix proportion of
FA–MK geopolymer recycled concrete through orthogonal
design. Building on this, the mechanical properties of
fiber-reinforced geopolymer-recycled concrete with dif-
ferent SF contents were investigated. Followed by this,
the specimens were analyzed by SEM. The main conclu-
sions are as follows.
(1) The mechanical properties of FRGRAC were studied

by using SF with FA–MK-based GRAC. The results
from the orthogonal test indicate that the order of
the factors affecting the 7 days compressive strength
of FA–MK-based GRAC is sand ratio < aggregate
cementitious material ratio <modulus. When the ratio
of water cementitious material is 0.30, the sand ratio is
0.35, and the aggregate cementitious material ratio is
3.50; the 7 days compressive strength of GRAC block
with a modulus of 1.00 can reach 34.4MPa.

(2) As the content of SF increases, the slump continues to
decrease and the compressive strength, tensile strength,
and flexural strength of FRGRAC have all been improved
to a certain extent, and no optimum dosage has been
found. When the fiber content is 2.50%, the 7 days com-
pressive strength, tensile strength, and flexural strength
are increased by 13.25, 36.36, and 67.2%, respectively,
compared with the M group. Compared with the perfor-
mance of 7 days FRGRAC, SF improves the performance

of 28 days FRGRAC more significantly. When the fiber
content is 2.50%, the 28 days compressive strength, ten-
sile strength, and flexural strength are increased by
15.72, 64.10, and 60.95%, respectively, compared with
those of the M group.

(3) It was found by SEM that the fibers resisted the formation
of cracks. Some test groups containedmore unreacted FA
particles, which were mainly due to the limitation of the
curing temperature. The residual mortar has a higher
porosity. When the residual mortar content of the test
group increased, the strength decreased significantly.
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