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As a desirable bonding and repair material, epoxy resin combined with other materials is widely used in civil engineering, but its
application in underground rock engineering is still limited compared with the wide use of cement grout. To explore and optimize
the efect of room temperature-cured bisphenol A epoxy resin E44 on the strength recovery of rock samples with cracks of various
widths, the uniaxial compressive strength (UCS) of epoxy resin was studied and the mass ratio of the curing agent to epoxy resin
(kCE) was adjusted and optimized. On this basis, the UCS of the selected epoxy resin was investigated by adding diverse amounts
of ethanol so that the ratio corresponding to the repair material with better mechanical properties could be selected. Artifcial
cracks of various widths were flled with the optimizedmaterials, and then, a UCS test was conducted on the repaired rock samples
to evaluate the efect on strength recovery and compare it with that of ultrafne Portland cement (UPC). Te results show that the
UCS of epoxy resin stones increases when kCE ≤ 0.25 and decreases when kCE > 0.25, reaching a peak of 92.41MPa. Furthermore,
as the mass ratio of ethanol to curing agent and epoxy resin (kA) increases, the UCS increases to 94.65MPa for kCE � 0.25 and kA

� 0.01. Te crack width infuences the UCS of the repaired rock mass. With increasing crack width, the efect of epoxy resin on
recovery continuously improves, whereas that of UPC shows the opposite trend. Compared with UPC, epoxy resin has an
overwhelmingly greater efect on strength recovery. For instance, for a 3mm-wide crack, the recovered UCS for 28 d epoxy resin is
83.48MPa, with much larger peak strains, and the strength recovery rate (kr) is 77.55%; however, the kr of UPC is only 15.12%.

1. Introduction

During excavation and blasting in underground engineer-
ing, the release of in situ stress and surrounding rock de-
formation cause relaxation around the chamber to a certain
depth, and time-dependent deformation characteristics of
crack growth appear over time, which have a detrimental
impact on the stability of the surrounding rock [1–4].
Figure 1 shows the cracked rock surrounding the main
underground powerhouse of the Shuangjiangkou Hydro-
power Station.

Over time, material performance deteriorates because of
the inherent degradation of materials (such as weathering
and crack expansion) [5–7] and external stress adjustment

[8], which further leads to cracking and instability of the
surrounding rock, thus afecting the service performance
and safety of a structure [9, 10].

In view of the above engineering problems, grouting the
ruptured surrounding rock is of great interest. Tere are
numerous grouting methods, and one of the most common
methods is permeation grouting [11]. Grouting re-
inforcement can efectively avoid geological disasters such as
water penetration and instability [12–15]; hence, grouting
materials are the key factor afecting recovery [16, 17]. Te
repair materials involved in civil engineering include cement
[18–20], ground polymers [9, 21, 22], polymer modifcation
slurries, mortars [23], and other materials [24, 25]. Grouting
can be divided into cement grouting and chemical grouting,
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or a mixture of both [23]. Te chemical grouting materials
mainly include polyurethane and epoxy resin. When
chemical grouting is used, it can both bond the crack part
and play a water-stopping role, and it is suitable for cracks
with a fne width [26]. Te current study on grout mainly
focuses on penetrability [27–29]; however, the strength of
stone is also signifcant. Aziz et al. [30–32] investigated the
mechanical properties of grout stone bodies. Although ce-
ment is widely used in buildings, it has the disadvantages of
low compressive strength, poor tensile strength, and high
porosity [33]. Epoxy resin is a thermosetting material often
used as a binder and for other functional materials, is often
used in the military and packaging engineering industries,
and is involved in civil engineering and other felds [26].
When the external stress is too large, the cement material
easily breaks up, and the strength is greatly reduced.
Compared with cement, epoxy resin possesses fair strength,
bonding efect, and toughness characteristics and can adapt
to large deformations while ensuring certain strength.

Research on epoxy resin as a repair material [34] is
relatively limited due to its relatively high cost and mainly
involves mixing it with other materials [23]. Te surface
bonding performance is also a signifcant index used to
evaluate repair quality. For example, Axelsson and Gus-
tafson [35] designed a direct measurement of the shear
strength to determine the shear strength of cement-based
injection grouts in the feld. Te binding between the repair
materials and a substrate is generated through physical,
chemical, and mechanical interactions, such as adhesion
caused by newly formed gels on the bonding surface, van der
Waals forces, and friction of the surface morphology
[36, 37]. Te adhesion strength is connected to the rock
strength and surface roughness [38]. However, the efect of
diferent crack widths on strength recovery has rarely been
studied, and the UCS of repaired samples is an important
index [39–41]. Li et al. [42–44] explored the infuence of
crack widths or quantities on grouting, but the strength of
the repaired rock masses was not considered. Zhong et al.
[45] carried out UCS testing on specimens with various
initial crack lengths in 10 mm-wide joints, but diferent joint
widths were not considered.

Broken rock cracks vary from subtle cracks to wide
cracks, and these repaired cracks of various widths may have
diverse infuences on the mechanical properties of a rock
mass [46]. Terefore, investigating the efect on the strength

recovery of a ruptured rock mass with diverse crack widths
flled with repair grout is signifcant.

Te physical and mechanical properties of repair mate-
rials are themain reference indices that balance them as repair
materials [47–51]. Epoxy resin is mainly a type of thermo-
setting resin, and most thermosetting resins are viscous liq-
uids at room temperature; their viscosity is greatly afected by
temperature, and they can be cured when mixed with the
corresponding curing agent. Due to the high viscosity of
epoxy resin, especially during mechanical stirring in air,
a large amount of air mixes into the epoxy resin in the form of
bubbles. Terefore, many defects of diferent sizes are formed
in the epoxy resin, which decrease the mechanical properties
of the epoxy resin and ultimately weaken the efect on the
recovery of the repaired rock. Te repair grout with a lower
viscosity can better fll the subtle cracks, and the working
performance can also be improved, enhancing the efect on
recovery. To boost fuidity, a certain amount of ethanol was
added to the epoxy resin and the curing agent, and vacuum
mixing was introduced to reduce the content of air.

Room temperature-cured bisphenol A epoxy resin E44
was selected as the repair material, and the viscosity of the
epoxy resin material at diferent temperatures and ethanol
contents was determined. Ten, the uniaxial compressive
strength (UCS) [52–54] of epoxy resin stones with diferent
kCE values was studied and compared with that of epoxy
resin and ultrafne Portland cement (UPC) stones stirred in
air. Furthermore, the USC of the stone bodies was studied by
adding ethanol, corresponding to various kA values. Te
preferred repair material components for the rock samples
with cracks of various widths were then determined. Finally,
a UCS test performed on repaired rock samples and scan-
ning electron microscopy (SEM) were used to explore the
changes in the mechanical properties, and the test results
were analyzed and discussed, thus enriching the theory of
rock strength recovery.

2. Materials and Methods

2.1. Materials and Devices

2.1.1. Epoxy Resin, Curing Agent, and Ethanol. In this study,
room temperature-cured environmentally friendly bisphenol
A epoxy resin E44 and epoxy curing agent 650 (condensation
of fatty acids and fatty amines) produced by Hunan Licheng
New Material Technology Co., Ltd. (Hunan, China) were
selected. At room temperature, as shown in Figure 2, the
epoxy resin adhesive (E44) is a colorless and transparent
viscous liquid, and the epoxy curing agent (650) is a yellow-
red viscous liquid. Te density of epoxy resin is 1.13 g/ml,
which is greater than that of the curing agent, approximately
0.93 g/ml. Te UCS of grout with various ratios was studied.
Anhydrous ethanol produced by Chengdu Jinshan Chemical
Reagent Co., Ltd. (Sichuan, China) was used with a density of
0.79 g/ml. Te infuence of ethanol at various concentrations
(0, 0.01, 0.015, and 0.02) on the viscosity and UCS of epoxy
resin was explored to optimize the ratio to improve its efect
on rock strength recovery.

Cracks Crack

Figure 1: Cracked surrounding rock of the main
underground plant.
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2.1.2. UPC and Tap Water. Te UPC was produced by
Shandong Kangjing New Material Technology Co., Ltd.
(Shandong, China), and its particle size was approximately
7 μm. UPC is a traditional grouting material and the main
grouting material for roadways, tunnels, and other projects.
Te cement grout had a water–cement ratio (W/C) of 0.8,
and the water was from a municipal tap.

2.1.3. Self-Designed Grouting Repair Device. A schematic
diagram of the self-designed grouting repair device is shown
in Figure 3, which mainly consists of a bottle of liquid ni-
trogen with a purity of 99.2%, a pressure reduction valve,
a transparent cylinder, two diversion grooves, hose clamps,
rubber flms, a rock sample, and a drain hole. As shown in
Figure 3, the transparent cylinder is made of two halves, and
the covers at both ends are made from colorless transparent
Plexiglas material so that the amount and fow of grout can
be clearly observed.

During the grouting repair of fractured rock samples
under nitrogen pressure, the running track of the grout was
as follows, as shown in Figure 4: grout in the upper cylin-
der⟶ inlet channel of the semicircular diversion groove on
one side of the cylinder wall⟶ lower end of the
crack⟶ rock crack⟶ upper end of the crack⟶ grout
discharge channel of the semicircular diversion groove on
the other side of the cylinder wall⟶ lower guide pipe
orifce⟶ collection container outside the barrel.

Te grouting method can efectively repair diferent
crack samples, considering the adjustable grouting pressure,
efective air outlet, convenient disassembly and installation,
adjustable crack width, and visualization.

2.1.4. Schematic Diagram of the Experiment. Figure 5 shows
a schematic diagram of the experimental procedures. Te
experiment mainly includes studies of the properties of the
repair materials and the UCS of the repaired samples.

2.2. Sample Preparation

2.2.1. Vacuum Mixing and Samples. To determine the op-
timal mass ratio kCE, epoxy resin and the curing agent at
diferent ratios (0.125, 0.25, 0.375, 0.5, 0.75, and 1.0) were
vacuum stirred, and then, ethanol at diferent proportions kA

(0, 0.01, 0.015, and 0.02) was added to the kCE-optimized
material to further enhance the UCS behavior. As shown in
Figure 6, the mechanical mixing facility mainly consisted of

a vacuumpump, a barometer, a mixing rod, a sealing plug, and
a fask, and mixing was carried out with the vacuum pump for
10min. Mixing and curing were conducted at 23± 2°C, the air
humidity was approximately 30– 40%, and the curing timewas
28 d. A group of samples with a kCE of 0.25 and an UPC
sample with a W/C of 0.8 were selected for stirring in air for
comparison. Te UPC was cured for 28d, soaked at 23± 2°C
and wet cured, which was followed by natural air drying.

Te epoxy resin samples are shown in Figure 7, from
which diferent kCE values are shown to result in diferent
colors, and the larger kCE is, the darker the color. In contrast,
the color of the sample stirred in air is whitish yellow because
of the residual air.

2.2.2. Artifcial Cracks and Repair Method. Granitic rock
was taken from the main underground plant of the
Shuangjiangkou Hydropower Station. Its main elements are
O and Si based on X-ray energy dispersive spectroscopy
(EDS), as shown in Table 1.

To better explore the repair efect on rock masses with
diferent crack widths, artifcial fractures need to be prepared
in laboratory tests [9, 21]. Standard rock samples of
Φ50∗ h100 (mm) were cut at the middle position along
a line at 45° with respect to the horizontal direction [55], with
a total length of 70.7mm. Te cracks along the height di-
rection were 1mm, 3mm, 5mm, and 7mm in size. Note that
the actual crack width is 1/

�
2

√
times these sizes. A schematic

diagram is shown in Figure 8(a).
Using the grouting repair device in Figure 3, high-

pressure gas pushes the repair grout into the artifcial
rock crack and the formed grout stone bonds to the rock
surface. After a certain amount of maintenance time, the
sample is removed, the surface is polished, and a sample is
then taken for UCS testing. Te test results are compared
with those of the intact rock sample to evaluate the efect on
the recovery of diferent grout materials or various crack
widths. A schematic diagram of a repaired sample is shown
in Figure 8(b).

Te artifcial cracks were flled with the optimized epoxy
resin material with kCE � 0.25 and kA � 0.01. A UPC with
a W/C of 0.8 was selected for the comparison study, and the
rock crack widths were 1mm and 3mm with 28 d of curing
and 3mm with 14 d of curing. Te curing conditions for the
samples were the same as those in Section 2.1.2.

2.3. UCS Test and Strength Recovery Ratio. Te mechanical
properties of grout stone bodies are signifcant for evaluating
repair materials. Epoxy resin andUPC samples were used for
UCS tests on anMTS 815 system, as shown in Figure 9. Since
the epoxy resin had a large deformation relative to the
granite sample, a loading rate of 2mm/min was adopted,
while for brittle samples, such as UPC, granite, and repaired
samples, the chosen rate was 0.04mm/min.

To quantify the efect on strength recovery, the strength
recovery ratio kr is defned as shown in formula (1):

kr �
Pr

Pi

, (1)

Epoxy resin Curing agent

Figure 2: Epoxy resin and curing agent.
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Figure 4: Schematic diagram of the grout flling process.
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Figure 3: Schematic diagram of the self-designed grouting repair device.
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where Pi is the UCS (MPa) of the intact rock and Pr is the
UCS (MPa) of the repaired sample.

3. Results and Analysis

3.1. Grout Viscosity. Te viscosity changes of epoxy resin
with a kCE of 0.25 and a kA of 0.01 or 0.02 were tested at 20 s,
80 s, and 200 s and at 24°C and 29°C [56]. A DV-79 digital
viscosity instrument was used. As shown in Figure 10, the

viscosity of the epoxy resin decreases with increasing ethanol
fraction, gradually increases with time, and decreases at
a higher temperature. For example, at 24°C and 20 s, the
viscosities are 418MPas, 258MPas, and 223MPas for resin
with kA values of 0.00, 0.01, and 0.02, respectively. At 29°C,
the corresponding values change to 258MPas, 186MPAs,
and 124MPas. With time, at 29°C and a kA of 0.02, the
measured viscosity gradually increases. At 20 s, 80 s, and
200 s, the viscosities are 124MPas, 129MPas, and 135MPas,
respectively.

3.2. UCS of Intact Rock Samples. Te intact and damaged
granite samples are shown in Figure 11. Te average UCS,
elastic modulus, and peak strain are 107.64MPa, 137.23GPa,
and 0.008, respectively. Te stress-strain curve is shown in
Figure 12, showing typically brittle damage behavior.

3.3. UCS of Grout Stone Bodies

3.3.1. Epoxy Resin and UPC Test Samples. Figure 13 shows
the compression conditions of grout stone samples with kCE

values of 0.25, 0.5, 0.75, 1, and 0.25 (mixed in air) and the
UPC sample. Figure 14 shows the stress–strain curves of
stone bodies corresponding to kCE values of 0.125, 0.25,
0.375, 0.5, 0.75, and 1.00, and Figure 15 demonstrates their
UCS and peak strains. Te stress-strain curves for a kCE of
0.25 and UPC are shown in Figure 16. Te epoxy resin
sample does not crack when the strain reaches 0.09 or
higher, whereas the UPC and granite samples (see Figure 11)
are broken at relatively small strains. For diferent kCE

values, the mechanical properties vary, and as the ratio
increases, the UCS changes from small to large and then
drops, with a maximum UCS value of 92.41MPa for a kCE of
0.25. Te variation range of the peak strain is small, within
the range of 0.0454–0.0501.

For epoxy resin, the UCS of the sample mixed in the air is
smaller than that of the sample stirred in a vacuum, and the
corresponding UCS values are 75.88MPa and 92.41MPa.
Te peak strain of the sample stirred in the air is signifcantly
smaller than that stirred in a vacuum. Te main reason may
be that a large number of bubbles are mixed in the mixing
process, resulting in more voids (see Figure 17) in the epoxy
resin material, which ultimately leads to a lower UCS and
peak strain. Te cement sample is brittle compared with the
epoxy resin, and the peak strain is signifcantly smaller, with
the UCS being only 25.32MPa. Comparatively speaking,
epoxy material has high compressive strength and good
ductility.

0.25 0.5 0.75 1 0.25 (air)

Figure 7: Epoxy resin samples with diferent kCE values and
a sample stirred in air.

Table 1: Elemental composition of the granite.

Elements wt (%) Atomic percent
C 4.87 8.31
O 44.53 57.05
Na 1.52 1.35
Mg 0.59 0.50
Al 6.32 4.80
Si 31.67 23.11
K 4.04 2.12
Ca 2.68 1.37
Fe 3.79 1.39
Total 100.00 100.00

Epoxy resin viscosity test
Various ratios (kCE, kA) UCS

UPC as control group
(Te optimization ration

of materials by UCS)

UCS of repaired
specimens with
diferent crack

widths

SEM
analysis

of fracture
surface

Properties of repair materials
Repair/

maintenance
UCS

analysis
SEM

analysis

Repair and
maintenance
(14 d/28 d)

Figure 5: Schematic diagram of the experimental procedures.

Figure 6: Epoxy resin mixed with a vacuum pump.
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3.3.2. Epoxy Resin Samples with a kCE of 0.25 and Diferent
kA Values. Figure 18 shows stress-strain curves of epoxy
resin samples with a kCE of 0.25 and kA values of 0, 0.01,
0.015, and 0.02. Figure 18 shows that the mechanical
properties are related to kA, and after the maximum value is
reached, the stress decreases fairly slowly with long-term
strain compared with that of the rock shown in Figure 12.
TeUCS and peak strain are shown in Figure 19, fromwhich
the UCS frst increases and then decreases with increasing kA

. When kA is 0.01, the UCS reaches a maximum value of
94.65MPa. Te peak strain gradually decreases, but the
change is not obvious, within 0.0460 to 0.047. Terefore, the
amount of ethanol can afect the UCS and the peak strain of
the epoxy resin. Ethanol does not react with epoxy resin, and
the change in UCS may be caused by the increase in fuidity
and decrease in the air content of epoxy resin, resulting in an
increase in UCS with more thorough mixing. However,
ethanol is distributed in the epoxy resin as a single molecule,
and with increasing kA, these molecules play a certain
“lubricating role”; thus, its strength gradually decreases
above a certain content.

3.3.3. Elastic Modulus and Poisson’s Ratio. Te change in the
elastic modulus and Poisson’s ratio of diferent materials is
shown in Figure 20, from which the elastic moduli are found
to be diferent for various kCE values. Te elastic modulus at
a kCE of 0.25 is 2.78GPa, which is larger than the elastic
modulus of 2.00GPa at a kCE of 1 and smaller than the elastic
modulus of 2.85GPa at kCE � 0.25 and kA � 0.01, but they are
all smaller than the elastic modulus of 4.38GPa for UPC.Te
maximum elastic modulus of intact rock is 18.47GPa, which
is distinctly larger than that of the other groups. Terefore,
the elastic modulus of epoxy resin is less than that of UPC,
and both are signifcantly less than that of granite.Te elastic
modulus of 2.78GPa achieved with vacuum mixing is
greater than the value of 2.49GPa achieved with mixing in
the air.
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Figure 10: Viscosity of epoxy resin with a kCE of 0.25 and a kA of
0.01 or 0.02 at 24°C or 29°C.
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Poisson’s ratio of diferent materials varies, and Pois-
son’s ratio of epoxy resin materials is large, between 0.316
and 0.355, whereas that of UPC is 0.130. However, the
smallest value is 0.113 for intact rock.

Te elastic modulus of samples with diferent kCE values
is shown in Figure 21. With increasing kCE, the elastic
modulus has a trend of frst increasing and then decreasing,
reaching a maximum value of 2.78GPa at a kCE of 0.25.

Poisson’s ratio of epoxy resin frst decreases and then
gradually increases, ranging from 0.336 to 0.359 on a small
scale. A possible reason is that these samples are all vacuum-
stirred, and their mixed materials are relatively similar.

Figure 22 shows the elastic modulus and Poisson’s ratio
of samples with diferent kA values and a kCE of 0.25. Te
elastic modulus of epoxy resin frst increases and then de-
creases with increasing kA. It reaches the maximum value of

(a)

Crack

(b)

Figure 11: Intact and damaged rock samples.
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Figure 12: Stress-strain curve of granite samples.
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Figure 13: Epoxy resin after compression and broken UPC samples.
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2.85GPa at a kA of 0.01 but varies in a small range of
2.56–2.85GPa. Poisson’s ratio changes between 0.335
and 0.340.

3.4. Strength Repair Efect Analysis

3.4.1. Repair with Epoxy Resin. Te conditions before and
after the failure of samples repaired with epoxy resin with
a kCE of 0.25 and a kA of 0.01 are shown in Figures 23–25.
Figures 23–25show that the damage corresponds to the
peeling of the adhesive interface between the rock and epoxy
resin, and the surfaces of the granite and epoxy resin are
relatively intact. Tis is mainly due to the UCS of the granite
exceeding 100MPa, and the bond strength of the repaired
surface is not sufciently large.

After 14 d of curing, with increasing repair width, the
epoxy resin is completely stripped and later cracked from the
surface, and the edge of the rock surface is broken. When the
width is between 1mm and 3mm, the two epoxy resin areas
on the rock surfaces are almost equal. When the repair width
is between 5mm and 7mm, only failure of the ends occurs.
At 28 d, the entire interfaces are detached for the 1mm and
3mm cracks, whereas only the epoxy resin-tearing phe-
nomenon occurs for the 5mm and 7mm widths, in which
the epoxy resin area is nearly equal to the split fracture area
and is similar to that at 14 d for widths of 1mm and 3mm.
Te crack phenomenon at the end is virtually the same as
that at 14 d. Tese phenomena mainly occur because the
epoxy resin strength is still developing as the crosslinking
reaction progresses, and the bond strength between epoxy
and rock also increases at day 14 relative to that at day 28.
With increasing axial pressure, due to bond strength de-
velopment, the size efect becomes increasingly obvious [6],
resulting in an increasing shear force on the epoxy resin. In
general, the damage condition of the surface is mainly re-
lated to the crack width and curing time.

SEM images of the cracks under curing conditions at
days 14 and 28 are shown in Figures 26 and 27, respectively.
Te surface of the broken rock is rough, while the surface of
the epoxy resin is smooth, and there is no obvious gap in the
bond surface on day 28, indicating that the bond between the
epoxy resin and the rock surface is relatively strong.
Compared with that observed with 14 d of curing, the
rupture surface of epoxy resin observed with 28 d of curing is
smoother, which may be because the epoxy resin strength is
developing with the curing time.

Figure 28 shows the UCS and peak strains at days 14 and
28 with a kCE of 0.25 and a kA of 0.01. With increasing repair
width, the UCS improves, and the peak strain increases.
Overall, the UCS at day 28, within 80.21–93.16MPa, is larger
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Voids
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Figure 17: SEM image of epoxy resin samples mixed in air (a) or stirred in vacuum (b).
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Figure 20: Elastic modulus and Poisson’s ratio of diferent
materials.
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Figure 23: Epoxy resin-repaired samples with diferent repair widths (a) 1mm; (b) 3mm; (c) 5mm; and (d) 7mm before failure.
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Figure 24: Epoxy resin repaired samples with diferent repair widths (a) 1mm; (b) 3mm; (c) 5mm; and (d) 7mm after failure at day 14.
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than that at day 14, within 66.03–73.36MPa. For the 28 d
samples, the samples repaired with epoxy resin have a much
higher UCS and larger peak strains from 0.0063 to 0.0088,
sometimes larger than that of intact rock, as described in
Section 3.3, which is vital for cavern projects, making epoxy
resin a desirable repair material for damage
engineering [57].

3.4.2. Repair with UPC. Figure 29 shows the image before
and after the failure of the samples repaired with UPC with
a 14 d curing time and a 3mm repair width. Figure 30 shows
the damaged samples with 28 d of curing and 1mm and
3mm repair widths. In the case of the 3mm repair width, the
stone body on the fracture surface at day 28 is more complete
than that at day 14.

Figure 31 shows that the UCS decreases with increasing
repair width and that the UCS at day 28 is much larger than
that at day 14. For samples with repair widths of 1mm and
3mm at day 28, the UCSs are 20.72MPa and 16.27MPa,
respectively. Te main reason for the results is that UPC is
a brittle material, and its UCS is not high; thus, when the
repair width increases, the material more easily undergoes
shear damage. Te UCS of the sample after 14 d of curing
with a 3mm width is only 7.48MPa, which is partly due to
the insufcient development of the repair material strength
and bonding between the repair material and the rock
surface.

3.5. Comparison of the Efects on Strength Recovery. From
Section 3.2, the UCS of intact rock is 107.64MPa. Figure 32

(a) (b)

Epoxy resin
Cracks

(c)

Cracks

(d)

Figure 25: Epoxy resin-repaired samples with diferent repair widths (a) 1mm; (b) 3mm; (c) 5mm; and (d) 7mm after failure at day 28.
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Rock
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Figure 26: SEM image of the failed bond surface with 14 d of curing.
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shows the kr of epoxy resin (14 d and 28 d) and UPC (14 d) as
repair materials. Apparently, for epoxy resin, the efect on
recovery increases as the repair width increases, and the kr

(74.52–86.55%) at day 28 is clearly better than that
(61.34–68.16%) at day 14; however, epoxy resin has an
overwhelming advantage over UPC in both cases. For

Rock
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Figure 27: SEM image of the failed bond surface with 28 d of curing.
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Figure 30: Damaged cement-repaired samples with diferent crack widths at day 28: 1mm (a) and 3mm (b).
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instance, with a 3 mm wide crack, the kr values of epoxy
resin on days 14 and 28 are 63.24% and 77.55%, respectively,
while the kr values of UPC are only 6.95% and 15.12%,
respectively. Notably, kr decreases with increasing crack
width for UPC-repaired samples.

Moreover, compared to the strengths listed in other
references, as shown in Table 2, and the UPC materials in
this paper, the strength efect has an absolute advantage.

Terefore, compared with UPC and other repair ma-
terials, epoxy resin is a promising repair material with a good
efect on strength recovery. Additionally, the efect on
strength recovery is closely related to the repair material,
curing time, and crack width.

4. Conclusions

Tis paper mainly explored the UCS of epoxy resin and UPC
stone bodies and their efects on the strength recovery of
granite samples with artifcial cracks of various widths. Te
infuence of temperature and kA on the viscosity of epoxy
resin was tested, and the impact of kCE, kA and stirring mode
on the strength was considered.TeUCS test on the repaired
samples also considered the efect of the curing time. With
the self-designed grouting repair device, the selected epoxy
resin and UPC ingredients were used to repair rock with
cracks of various widths, and the efect on recovery was
evaluated by kr. Te following conclusions can be made:

(1) Te viscosity of epoxy resin decreases with in-
creasing temperature and the addition of ethanol.

(2) Te UCS of epoxy resin of 92.41MPa with vacuum
stirring is larger than that of 75.88MPa with air
mixing because there are fewer bubbles in the ma-
terial stirred under vacuum than in that stirred in the
air. Te UCS of epoxy resin is signifcantly better
than that of UPC, and moreover, epoxy resin has
a much larger peak strain.

(3) kCE afects the strength of the sample, and the
maximum UCS value is 92.41MPa with a kCE value
of 0.25. kA can afect the UCS of epoxy resin, with the
UCS reaching the maximum value of 94.65MPa
when kA is 0.01.

(4) Epoxy resin has a distinctly better efect on strength
recovery than UPC. For instance, with a repair width
of 3mm, the UCS of epoxy resin at day 28 is
83.48MPa, while that of UPC is only 20.72MPa.

(5) Te UCS of the samples with diferent crack widths
repaired by epoxy resin varies. With increasing crack

width, kr increases from 74.52% to 86.55% for the
28 d samples, while kr is only 15.12–19.25% with
UPC repair. Te efect on recovery improves for
epoxy resin repaired samples, which is contrary to
the trend for UPC.

Overall, epoxy resin has high strength, a low elastic
modulus, and excellent ductility, showing promising ap-
plicability in rock engineering as a repair material to bond
rock fractures and withstand large deformations.
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stress of cement grouts,” Tunnelling and Underground Space
Technology, vol. 61, pp. 50–60, 2017.

[20] Y.-J. Wang, Z.-M. Wu, J.-J. Zheng, and X.-M. Zhou, “3D
analytical investigation on the overall pullout behavior of
grouted anchorages in presence of shear failure of grout,”
Engineering Failure Analysis, vol. 109, Article ID 104249,
2020.

[21] A. Sharkawi, M. Taman, H. M. Afefy, and Y. Hegazy, “Ef-
ciency of geopolymer vs. high-strength grout as repairing
material for reinforced cementitious elements,” Structures,
vol. 27, pp. 330–342, 2020.

[22] A. Albidah, A. Abadel, F. Alrshoudi, A. Altheeb, H. Abbas,
and Y. Al-Salloum, “Bond strength between concrete sub-
strate and metakaolin geopolymer repair mortars at ambient
and elevated temperatures,” Journal of Materials Research and
Technology, vol. 9, no. 5, Article ID 10732, 2020.

[23] S.-Y. Guo, X. Zhang, J.-Z. Chen et al., “Mechanical and in-
terface bonding properties of epoxy resin reinforced Portland
cement repairing mortar,” Construction and Building Mate-
rials, vol. 264, Article ID 120715, 2020.

[24] M. Akiyama and S. Kawasaki, “Novel grout material com-
prised of calcium phosphate compounds: in vitro evaluation
of crystal precipitation and strength reinforcement,” Engi-
neering Geology, vol. 125, pp. 119–128, 2012.

[25] C. Butrón, M. Axelsson, and G. Gustafson, “Silica sol for rock
grouting: laboratory testing of strength, fracture behaviour
and hydraulic conductivity,” Tunnelling and Underground
Space Technology, vol. 24, no. 6, pp. 603–607, 2009.

[26] Y. Wang, C. Wang, S. Zhou, and K. Liu, “Infuence of cationic
epoxy resin type on electrophoretic deposition efect on repair
of rust-cracked reinforced concrete,” Construction and
Building Materials, vol. 324, Article ID 126714, 2022.
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