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Abstract: In this paper, ordinary Portland cement, ultrafine cement, polyurethane, and epoxy resin
were selected as typical grouting materials. Grouting simulation tests were first conducted to prepare
the grouted concrete crack sample. The effect of concrete crack parameters (i.e., crack aperture and
roughness), grout water–cement ratio, and grouting pressure on the water-plugging performance
of different grouting materials was explored through the impermeability test. The microstructure
of grouted concrete cracks was analyzed by means of scanning electron microscopy (SEM) and
computed tomography (CT), and the difference in water-plugging performance of different grouting
materials was explained at the micro level. The results show that the impermeability of the four
grouting materials was ranked as follows: Epoxy resin > polyurethane > ultra-fine cement > ordinary
Portland cement. The concrete cracks grouted by epoxy resin have the highest plugging failure water
pressure and the lowest permeability, which is the optimal grouting material. The effectiveness of
crack grouting in water-plugging was directly proportional to the grouting pressure, provided the
pressure did not exceed a certain value. When the pressure surpassed the threshold, the increase
in pressure did not have a significant impact on the water plugging performance. For the two
cement-based materials, the threshold pressure was 1 MPa, while for the other two chemical grouts,
it was 2 MPa. The two cement-based grouts with a water–cement ratio of 0.8 showed optimal
water-plugging performance. The water-plugging performance of ordinary Portland cement paste,
ultra-fine cement pastes, and polyurethane grout was negatively correlated with crack aperture and
positively correlated with crack roughness. However, the water-plugging performance of epoxy resin
grout was not affected by crack aperture or roughness.

Keywords: geotechnical engineering; grouted concrete crack; water plugging capacity; grouting
material; microstructure

1. Introduction

Water leakage from cracks in lining concrete is one of the main diseases in operation
tunnels [1–3]. According to statistics, about 30% of the world’s operational railway and
highway tunnels have certain of these problems [4]. Grouting is the method that injects
cementitious materials into concrete cracks to fill them, reduce the scale and connectivity of
seepage channels, and achieve the purpose of sealing leakage water. As this method has
low cost and better performance in sealing water leakage, it has become the main method
of sealing water leakage from cracks in tunnel-lining concrete.

With the continuous increase in the number of operation tunnels, the issue of grouting
control in tunnel lining water leakage has gradually become a hot research topic [5–8]. Due to
the large-scale tunnel lining, crack structure is difficult in the experimental simulation [9,10].
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Most previous research simplifies the lining crack structure into rock cracks, and indirectly
determines the behavior of grouting in concrete cracks by investigating the grouting
diffusion and sealing laws of rock cracks. In terms of grouting diffusion in rock cracks,
Funehag et al. [11] used the self-developed crack model system to explore the relationship
between the grouting time and the penetration length in smooth cracks under a constant
grouting pressure condition. Draganovic et al. [12,13] used the smooth steel channel to
simulate a flat crack and conducted the grouting test. The variation in grout pressure in the
position of crack shrinkage was obtained to indirectly evaluate the filtration phenomenon
in this position. Lu et al. [14] investigated the evolution of filter cake where grout passed
through the crack with varying apertures. The minimum grouting pressure that affects the
filter cake was determined. Wang et al. [15] designed a large-scale test system for simulating
grouting in rough cracks. The grout concentration distribution along the penetration path
was obtained. In terms of grouting sealing in rock cracks, Li et al. [16,17] developed a model
test system for simulating flat crack grouting in a dynamic water environment. The grouting
sealing law of dynamic water was explored through tests. On this basis, Sui et al. [18]
further studied the dynamic water grouting sealing effect of chemical slurry. The main
factors affecting the sealing effect of chemical slurry were analyzed. Yang et al. [19,20]
used the regular sawtooth shape to simulate the undulations of the crack surface. They
studied the grouting sealing law of rough cracks in carbon fiber composite cement under
dynamic water conditions. Liu et al. [21] used Barton’s standard JRC profiles to describe
the roughness of the crack surface in tests. They investigated the grouting performance
of the chemical and cement-based grout in a rough crack with flowing water. However,
most existing experimental works on concrete crack grouting failed to consider the water-
plugging performance of grouted concrete cracks from the perspective of mechanism. Few
studies focus on the anti-seepage performance of grouted concrete cracks, which makes it
hard to provide effective guidance for grouting plugging water leakage from lining concrete
cracks. Grouting control in water leakage from lining concrete cracks is still at a stage of
strong experience and blindness. Grouting control in water leakage from lining concrete
cracks is still at an empirical and blind stage. Thus, a better understanding of the grouting
plugging mechanism in concrete cracks is important.

In this paper, we selected ordinary Portland cement, ultrafine cement, polyurethane,
and epoxy resin as the typical grouting material. The permeability and failure water
pressure of concrete cracks after grouting were used as evaluation indicators. Based on
the concrete crack grouting simulation test system and impermeability test system, the
influence of grout water–cement ratio (W/C), grouting pressure, crack aperture, and rough-
ness on the water-plugging performance of grouting in concrete cracks was investigated.
The microstructure of concrete cracks after grouting was analyzed by means of SEM and
CT methods. The difference in crack water-plugging performance for different grouting
materials was explained at the micro level. The research results will provide guidance
in selecting suitable grouting materials and parameters according to the crack property
(aperture, roughness) in engineering practice.

2. Experimental Apparatus, Materials and Scheme
2.1. Experimental Apparatus
2.1.1. Grouting Simulation Test System

As shown in Figure 1, the grouting simulation test system for concrete cracks consists
of a test frame, injection machine, and supporting pipelines. It can simultaneously realize
the concrete crack sample fix, grouting process control, and visual observation.

The grouting machine, which is equipped with a pressure gauge to observe the
grouting pressure, is used as the power source. The grouting machine is connected to
the grouting needles by a high-pressure hose for the delivery of the grout. The grouting
needle is placed in the grouting hole of the concrete crack sample. The grouting hole is
vertically connected to the crack. The grouting needle uses an expansion rubber ring to
ensure sealing between the grouting needle and the side wall of the grouting hole. The
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grout is injected into the concrete cracks through the grouting needle, and the test frame
observation port valve is opened and closed to observe the grouting process. A one-way
valve structure is installed inside the grouting needle to ensure that the grout can only flow
into the crack from the grouting machine and not flow back.

Figure 1. Grouting simulation system: (a) schematic diagram; (b) experimental system diagram.

The test frame of the grouting simulation is shown in Figure 2. It mainly consists of an
upper plate, lower plate, baffle, observation valve, and connecting rod. The upper plate
and lower plate are connected through a connecting rod. The upper and lower sides of
these plates are provided with fastening nuts, where the nuts on both sides strictly limit the
displacement of these plates in the upper and lower directions. The position of the concrete
crack sample and crack aperture can maximally remain constant during the test.

Figure 2. Grouting simulation test frame: (a) vertical view; (b) front view.

2.1.2. Impermeability Test System

The impermeability test system is shown in Figure 3. This system can investigate the
permeability and seepage failure pressure of grouted concrete crack samples. The system
contains a sealed cabin, which consists of a steel tube and water bladders. By applying
water pressure to the water bladder, confining pressure can be applied to the tested sample
to prevent the formation of seepage channels on the side wall of the sample during the
permeability test. The accuracy of the permeability test results can be ensured.

During the permeability test, water pressure is applied to one end of the sample, and
the other end is the free outflow end. The confining pressure of the sample maintains a
pressure difference of 2 MPa from the water pressure at the pressurized end of the sample.
Set the initial water pressure to 0.1 MPa, and increase it by 0.1 MPa every 1 h. Observe
whether there is water seepage from the sealed cabin outlet, and use this as a criterion
to determine the seepage failure pressure of grouted concrete crack samples. Based on
the water pressure difference on both sides of the sample, the stable seepage velocity, and
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the size of the sample, Darcy’s law was used to calculate the permeability of the grouted
concrete crack samples.

Figure 3. Impermeability test device.

2.2. Materials and Concrete Crack Sample
2.2.1. Grouting Material

The commonly used grouting materials in the tunnel project, including ordinary
Portland cement, ultrafine cement, polyurethane, and epoxy resin, were selected as the
typical grouting material for the experiment of grouting sealing in concrete cracks (see
Figure 4). The detailed parameters of the grouting material are shown in Tables 1 and 2.
Among them, mesh number, a general standard for characterizing the material particle size,
was used here to represent the size property of ultrafine cement. The strength parameter
was obtained following ASTM C942-15 [22] and ASTM C78-09 [23].

Figure 4. Grouting material.

Table 1. Parameters of ordinary Portland cement and ultrafine cement (800 mesh).

Material
Type

Initial
Setting

Time (min)

Final
Setting

Time (min)

Compressive Strength
(MPa) Flexural Strength (MPa)

3d 28d 3d 28d

Portland
cement 131 217 17 45.2 3.5 6.5

Ultrafine
cement 152 423 5 30 60 5

Table 2. Parameters of polyurethane grout and epoxy resin grout.

Material Type Initial Setting
Time (min)

Final Setting
Time (min)

Compressive
Strength (MPa)

Viscosity
(mPa·s)

Polyurethane
grout

Immediate
reaction to water 144 0.2 800~1000

Epoxy resin
grout 60 1440 80 1000~1400
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2.2.2. Grouted Concrete Crack Sample

Grouted concrete crack samples of different types of material were prepared in
two steps. The first step was to prepare concrete cracks, and the second step was to make
a grouted concrete crack sample.

As shown in Figure 5, the preparation process of the concrete crack sample with
different JRC was as follows: Joint roughness coefficient (JRC) was used to characterize the
roughness of the concrete crack [24]. Two JRC, respectively JRC = 6~8 and JRC = 18~20,
were selected to describe the relatively smooth and rough morphology of the crack. The
steel block with the JRC profile was used as the stencil. A single concrete crack with
roughness morphology was obtained by pouring cement mortar made from ordinary
Portland cement PO42.5 onto steel blocks. Steel pieces with thicknesses of 1 mm, 2 mm, and
3 mm were pasted on the four corner points of the concrete crack. Two concrete cracks with
the same roughness morphology were put together, and a plate was pasted on the side of
the concrete crack. A concrete crack sample with different JRC and apertures was obtained.

Figure 5. Preparation process of concrete crack sample with different JRC: (a) JRC profile; (b) steel
body; (c) cement body; (d) cement body with crack.

After the preparation of the concrete crack sample, the grouting machine is used
to inject the grout to obtain the grouted concrete crack sample. Demolding was carried
out 1 day after grouting and cured for 7 days. After curing completion, core the grouted
concrete crack. The center line of the core is located on the overall extension surface of
the crack and perpendicular to the bottom surface of the grouted concrete crack. The
cylindrical grouted concrete crack is shown in Figure 6. The sample height is 100 mm, and
the diameter is 50 mm, which is used to carry out subsequent impermeability tests.

Figure 6. Grouted cylindrical sample.

2.3. Experimental Scheme

Factors affecting the sealing performance of grouting include crack structural charac-
teristics, grouting materials, and parameters. In this paper, crack aperture and roughness
were selected as indicators of crack structure characteristics. The water–cement ratio and
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the material type were selected as the grout martial factor. An experimental scheme for
evaluating the sealing performance of different grouting material was designed.

According to the investigation statistics of water leakage diseases in tunnel lining
cracks [25], more than 90% of the tunnel lining cracks with water leakage diseases are
open cracks, with a range of crack apertures from 1~3 mm. Thus, the crack aperture
was respectively set at 1 mm, 2 mm, and 3 mm. Two JRC, JRC = 6~8 and JRC = 18~20,
respectively, were selected to describe the relatively smooth and rough morphology of the
crack. The range of grouting pressure was set from 0.5 to 3 MPa, and the grouting pressure
gradient was set at 0.5 MPa. The water–cement ratio range of ordinary Portland cement
and ultrafine cement was set from 0.6 to 1.4, and the water–cement ratio gradient is 0.2.
The test details are listed in Table 3.

Table 3. Test details.

Grout W/C Grouting Pressure
(MPa)

Crack Aperture
(mm)

Crack
Roughness: JRC

Ordinary
Portland/ultrafine

cement paste

0.8 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 1 18~20

0.6, 0.8, 1.0, 1.2, 1.4 1.0 1 18~20

0.8 1.0 1, 2, 3 18~20

0.8 1.0 1 6~8, 18~20

Polyurethane
grout

— 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 1 18~20

— 2.0 1, 2, 3 18~20

— 2.0 1 6~8, 18~20

Epoxy resin grout

— 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 1 18~20

— 2.0 1, 2, 3 18~20

— 2.0 1 6~8, 18~20

3. Results and Discussion
3.1. Influence of Grouting Pressure on Plugging Capacity

The influence of grouting pressure on plugging capacity under the condition of crack
aperture at 1 mm, JRC = 18~20, and W/C = 0.8 is shown in Figure 7.

Figure 7. Influence of grouting pressure on plugging capacity: (a) cement-based grout; (b) chemical grout.

As displayed in Figure 7, seepage failure pressure was positively correlated with
the grouting pressure, and the permeability was negatively correlated with the grouting
pressure for the four types of grouts. The water-plugging performance of grouted concrete
cracks was mainly related to whether the grout filling was sufficient. When the grouting
pressure was small, the grout could not fully diffuse and fill the concrete crack (see Figure 8).
It resulted in the existence of unfilled areas and more connected seepage channels inside
the concrete crack. So, the water-plugging performance was poor. In practice, the grouting
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pressure should be increased appropriately to improve the degree of grout filling inside the
concrete cracks.

Figure 8. Filling degree in concrete crack.

As the grouting pressure increased, the grout filling degree inside the cracks was
effectively improved. However, the impermeability of grouted concrete cracks showed
obvious phase characteristics as the grouting pressure increased. When the grouting
pressure exceeds 1 MPa, the seepage failure pressure of the cement-based grout reaches its
peak value. Its permeability reached the minimum value and remained constant. When
the grouting pressure exceeds 2 MPa, the seepage failure pressure of the two chemical
materials reaches its peak value. Its permeability also reached the minimum value and
remained constant. It indicates that when the grouting pressure reaches a certain value,
the grout filling degree inside the concrete crack reaches its peak value, and it is hard to
improve the water-plugging performance by increasing the grout filling degree. Compared
with cement-based grout, chemical-based grout has a higher viscosity. Therefore, it needs a
higher grouting pressure to fully fill the concrete crack with chemical-based grout.

Under the same grouting pressure conditions, the water-plugging performance of
different grouting material from high to low is: Epoxy resin > polyurethane > ultrafine
cement > ordinary Portland cement. The seepage failure pressure of grouted concrete
cracks with epoxy resin was 3.95 MPa, which is 23.2, 15.2, and 2.6 times higher than the
ordinary Portland cement, ultrafine cement paste, and polyurethane grout conditions,
respectively. The permeability of grouted concrete cracks with epoxy resin was 6, 6, and
3 orders of magnitude lower than that of ordinary Portland cement, ultrafine cement, and
polyurethane grout, respectively. It showed a better water-plugging performance. The
reason may be attributed to two aspects: 1© In cement-based grout, in the filling process,
there is a bleeding phenomenon and a shrinkage reaction during the condensation process.
Especially the shrinkage reaction, which easily breaks the bonding between the cement
paste and the concrete crack. Compared with cement-based grout, chemical-based grout
does not have a shrinkage reaction and is easier to fill concrete cracks. So, the water-
plugging performance of chemical-based grout is better than that of cement-based grout.

2© Epoxy resin grout is more compatible with concrete crack sidewalls than polyurethane
grout. Besides, the epoxy resin-concrete interface transition zone’s size is larger, making it
hard to become the seepage channel. Thus, the water-plugging performance of epoxy resin
grout is better than that of polyurethane grout.

3.2. Influence of W/C on Plugging Capacity

The influence of the water–cement ratio on plugging capacity under the conditions of
crack aperture at 1 mm, JRC = 18~20, and grouting pressure of 1 MPa is shown in Figure 9.

When the water–cement ratio is in the range of 0.6 to 0.8, as the water–cement ratio
increased, the water-plugging performance of cement-based grout improved. As the
water–cement ratio increased, the seepage failure pressure of grouted concrete cracks with
ordinary Portland cement increased from 0.15 MPa to 0.17 MPa, an increase of 13.3%. The
permeability of it decreased from 0.7 md to 0.66 md, a decrease of 5.7%. The seepage
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failure pressure of grouted concrete cracks with ultrafine cement increased from 0.23 MPa
to 0.26 MPa, an increase of 13%. The permeability of it decreased from 0.25 md to 0.25 md,
a decrease of 10.7%.

Figure 9. Influence of W/C on plugging capacity.

When the water–cement ratio ranges from 0.8 to 1.4, the water-plugging performance
of ordinary Portland cement and ultrafine cement paste decreases as the water–cement ratio
increases. The seepage failure pressure was negatively correlated with the water–cement
ratio, and the permeability was positively correlated with the water–cement ratio. The
water-plugging performance of cement-based grout reached its peak at a water–cement
ratio of 0.8. The grouted concrete crack with ordinary Portland cement was 0.17 MPa,
and the permeability was 0.66 md. The grouted concrete crack with ultrafine cement
was 0.26 MPa, and the permeability was 0.25 md. When the water–cement ratio was
increased to 1.4, the seepage failure pressure of grouted concrete cracks with ordinary
Portland cement decreased to 0.1 MPa, which was 41.2% lower than the peak value. The
permeability of it increased to 1.7 md, which was nearly 1.5 times higher. The seepage
failure pressure of grouted concrete cracks with ultrafine cement decreased to 0.19 MPa,
which was 24.0% lower than the peak value. The permeability of it increased to 1.7 md.
The main reason is that the water–cement ratio corresponding to the complete hydration
reaction of cement materials is different. This water–cement ratio is 0.43 for ordinary
Portland cement and 0.5 for ultra-fine cement. When the water–cement ratio is in a small
range, the free water in the grout system is completely involved in the hydration reaction,
and there is no excess free water to transport cement particles. So, the grout fluidity is poor.
It is easy to aggregate and causes blockage in the cracks, resulting in a low degree of filling
in the crack and poor impermeability. When the water–cement ratio of grout exceeds its
water–cement ratio for the complete hydration reaction, it means that more free water in
the grout system is involved in transporting cement particles. The fluidity and the filling
degree of grout in the crack are enhanced. However, when the water–cement ratio exceeds
the optimal water-plugging ratio, the excess water that is not involved in the hydration
reaction is more likely to cause the bleeding phenomenon (see Figure 10). It results in the
grout not being able to be well cemented with the concrete crack and generates the seepage
channel. Moreover, the specific surface of cement material is large, which is also a key
factor for its poor fluidity, especially for ultra-fine cement.

Similar results were reported in [20]. They investigated the diffusion efficiency of
carbon fiber composite grouts in rough cracks with flowing water. They concluded that
grouting diffusion distance increased with a decrease in fracture aperture, water–cement ra-
tio, and additive concentration. The higher the diffusion distance, the stronger the plugging
capacity. Its results on plugging capacity are basically consistent with our research. Com-
pared with Yang’s report, our study further supplements the permeability characteristics of
concrete cracks after grouting sealing.
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Figure 10. Bleeding effect of cement-based grout.

3.3. Influence of Crack Aperture on Plugging Capacity

The influence of crack aperture on plugging capacity under cement-based grout and
chemical-based grout is shown in Figure 11.

Figure 11. Influence of crack aperture on plugging capacity: (a) cement-based grout, grouting
pressure = 1 MPa, W/C = 0.8; (b) chemical grout, grouting pressure = 2 MPa.

For the grouted concrete crack with diffident grouting material, the crack aperture
was significantly negatively correlated with the water-plugging performance. As the crack
aperture increased, the seepage failure pressure of grouted concrete cracks decreased,
and the permeability increased. The crack aperture increased from 1 mm to 3 mm, the
seepage failure pressure of ordinary Portland cement, ultrafine cement, polyurethane, and
epoxy resin grouted concrete cracks, respectively, dropped from 0.17 MPa, 0.26 MPa, and
1.52 MPa to 0.14 MPa, 0.21 MPa, and 0.31 MPa. The permeability, respectively, increased
from 0.66 md, 0.28 md, and 1.89 × 10−4 md to 0.8 md, 0.36 md, and 2.76 × 10−2 md.
Due to the bleeding phenomenon of ordinary Portland cement and ultrafine cement paste,
the seepage channels caused by the bleeding are formed inside the crack. When the
crack aperture increased, the size of the seepage channel increased, resulting in a negative
correlation between the crack aperture and water-plugging performance. The increase in
crack aperture caused an obvious decline in water-plugging performance for the grouted
concrete crack with polyurethane grout. The permeability of it increased by two orders of
magnitude, and the seepage failure pressure decreased to about 20% of the initial value. The
main reason may be that the polyurethane grout reacts with air and water, which generates
the porous structure. Between the pores is a grout-hardened layer. Water pressure can
break the hardened layer, making the internal pores connected to each other and then
forming seepage channels. As the crack aperture increases, the number of pores increases.
At the same time, the hardened layer that can be broken through by water pressure also
increases accordingly, resulting in poor water-plugging performance.

The water-plugging performance of epoxy resin grout was less affected by the crack
aperture. Variation of crack aperture hardly caused the changes in permeability and seepage
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failure pressure of grouted concrete cracks. As the crack aperture increased from 1 mm
to 3 mm, the corresponding changes in the permeability and seepage failure pressure of
grouted concrete crack was within 3%. The main reason is that the shrinkage of epoxy
resin during the consolidation is small, which helps to improve the adhesion strength
between the gel and the concrete crack surface [26–28]. In addition, the epoxy resin grout
has good chemical stability and can fully fill the tiny pores, which makes it behave with
better water-plugging performance.

3.4. Influence of Crack Roughness on Plugging Capacity

The influence of crack roughness on plugging capacity under cement-based grout
and chemical-based grout is shown in Figure 12, among which the crack aperture of these
two materials is 1 mm, the water–cement ratio of cement-based grout is 0.8, and the
grouting pressure of cement-based grout and chemical-based grout, respectively, is 1 MPa
and 2 MPa.

Figure 12. Influence of crack roughness on plugging capacity: (a) permeability rate; (b) failure
water pressure.

For cement slurries and ultrafine cement paste, the water-plugging performance of
the relatively smooth crack was poorer than that of the relatively rough crack. As the
crack roughness decreased from JRC = 18~20 to JRC = 6~8, the seepage failure pressure
of ordinary Portland cement and ultrafine cement decreased from 0.17 MPa and 0.27 MPa
to 0.14 MPa and 0.22 MPa. The seepage failure pressure decreased by about 18%. The
permeability, respectively, increased from 0.65 md and 0.23 md to 1.1 md and 0.38 md
and increased by 65~70%. Compared with the crack structure of JRC = 6~8, the crack
structure of JRC = 18~20 has larger tortuous fluctuations and longer seepage paths. For
cement-based grout, the grout was easy to form a “rock bridge” in the cracks with large
undulation, and the “rock bridge” and gel together bear the water pressure, so as to enhance
its water-plugging performance.

For polyurethane grout, the crack roughness decreased from JRC = 18~20 to JRC = 6~8,
and the permeability of the grouted concrete crack increased from 1.88 × 10−4 md to
2.09 × 10−4 md, an increase of 11.2%. The seepage failure pressure decreased from 1.53 MPa
to 1.49 MPa, a decrease of 2.6%. Crack roughness affects the water-plugging performance
of polyurethane grout. An increase in crack roughness leads to the enhancement of water-
plugging performance, but to a lesser extent.

The water-plugging performance of epoxy resin grout was almost not affected by the
crack roughness. The seepage failure pressure of grouted concrete cracks was maintained
at 3.95 MPa, and the permeability was maintained at about 1.82 × 10−7 md. The filling of
epoxy resin grout inside the crack structure was sufficient under the grouting pressure of
2 MPa. As the epoxy resin grout has excellent water-plugging performance, its imperme-
ability is higher than that of the concrete. The bonding strength with the concrete crack
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surface is higher, resulting in the water-plugging performance of grouted concrete cracks
being maintained at a high level.

3.5. Microstructure Property of Grouted Concrete Crack
3.5.1. SEM Analysis

The Brazilian Test is a laboratory test for indirectly determining the tensile strength of
rocks, which is also used to obtain the concrete crack sample [26,27]. In this SEM analysis,
the Brazilian splitting method was first used to separate the grouted concrete crack along
the crack surface and obtain the concrete crack surface and grouted body surface. The
failure mode of grouted concrete cracks with cement-based grout was the damage of the
interface cementation between the grout gel and the concrete crack. The failure mode of
chemical materials is the damage to the grout’s internal structure, but the interface between
the grout gel and concrete crack was well bonded. A SEM test was conducted to observe
the grout gel bonded with the concrete crack and obtain the morphological structure of the
grout gel, distribution characteristics, contact state between particles, and bonding form
between the grout gel and concrete crack.

The microstructure magnified 200 times of the grout gel for different grouting materials
is shown in Figure 13. As displayed in Figure 13a, ordinary Portland cement gel was
not completely bonded to the crack surface. The grout gel exhibited the brittle failure
characteristic, and the damaged cemented surface was relatively smooth. The distribution
of grout gel was not uniform, and many unfilled areas were inside the crack. When the
unfilled areas are interconnected, seepage channels are formed, which seriously affect
the impermeability properties of grout gel. As displayed in Figure 13b, the degree of
bonding between the ultrafine cement paste gel and the crack surface was high. The
grout gel exhibited brittle failure characteristic, and the damaged cemented surface was
relatively smooth. The distribution of grout gel in concrete cracks was relatively uniform,
but unfilled voids still existed. The size of these unfilled voids and their connectivity were
relatively small compared with ordinary Portland cement gel. As displayed in Figure 13c,
the polyurethane gel exhibited a porous structure and showed brittle failure. The damaged
cemented surface was relatively rough, and the distribution of gel was not uniform inside
the concrete crack. The unfilled voids existed inside the crack, and there was no connectivity
between voids. As displayed in Figure 13d, the distribution of epoxy resin gel was uniform
in the concrete crack and exhibited plastic failure. The gel showed an obvious sign of being
pulled and torn, but it was still tightly bonded to the crack surface. There were no obvious
voids inside the gel.

Compared with ordinary Portland cement, the distribution of ultrafine cement is more
evenly distributed in the concrete crack and more tightly cemented to the crack surface.
There are also fewer pores in the grout gel, resulting in better impermeability. Compared
with ultra-fine cement, polyurethane has more pores inside the gel, but these pores are
not interconnected. The bonding strength between the polyurethane gel and the concrete
crack was also higher than that of the ultrafine cement gel. So, its impermeability is better.
Epoxy resin grout gel was distributed evenly inside the concrete crack and tightly bonded
to the crack surface. There are no voids inside the gel. Thus, it has the most excellent
impermeability among the four materials.

The microstructure magnified 20,000 times of the grout gel for different grouting
materials is shown in Figure 14. As shown in Figure 14a–c, the gel particles formed,
respectively, by the three materials, ordinary Portland cement, ultrafine cement, and
polyurethane, were stacked on each other. The shapes were mostly in block form, with
many heap aggregates and some outer particles. The aggregates were bonded to each other
to form a massive solid matrix structure, and the outer particles were free outside the matrix
structure and had no contact with each other. As shown in Figure 14d, the polyurethane gel
particles were relatively dispersed among the particles, and the aggregates were relatively
discrete, without forming a massive matrix structure.
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Figure 13. Microstructure magnified 200 times: (a) cement gel; (b) ultrafine cement gel; (c) polyurethane
gel; (d) epoxy resin gel.

Figure 14. Microstructure magnified 20,000 times: (a) cement gel; (b) ultrafine cement gel; (c) polyu-
rethane gel; (d) epoxy resin gel.

The particle sizes of ordinary Portland cement gel particles vary greatly, and a large
number of aggregates indicate that they have higher strength. However, there is a “face-
to-face contact” connection between the aggregates. This connection is relatively loose
and prone to relative displacement under the function of external forces, which reflects the
characteristics of its brittle failure. Compared with ordinary Portland cement, the particle
size of ultrafine cement gel is uniform, and its gel is denser. Ultra-fine cement particles are
wrapped in a layer of cement hydration material, making the particles more tightly bonded.
The connection takes the form of the “face-to-face contact” connection and the “cementation”
connection. However, it can be seen from Figure 14b that there are many micro-cracks
between the connections of ultra-fine cement particles. It reflects the dry shrinkage of
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ultrafine cement materials after solidification, which affects the cementation between
particles. The polyurethane gel particles are spherical in shape and have a more uniform
particle size. The particles are “cemented” connected. This direct contact connection means
that some substance outside the particle unit is difficult to observe under an electron
microscope that acts as a cement (maybe an electric charge, a water film, or a glue film).
The gel particle is prone to relative displacement under the action of external forces, and
its structural strength is poor. The epoxy resin gel particles are very tightly bonded, and
the gel is very dense. No free epoxy resin particles can be observed, and the connection
between particles is a “cementation-inlay” connection, reflecting its high strength and
impermeability properties.

The microstructure magnified 100,000 times of the grout gel for different grouting
materials is shown in Figure 15. The particles in the gel of cement-based grout appear in
the form of scales. There are fibrous hydrates between the particles, which can increase
the bonding strength. When the cement-based grout shrinks or bleeds, the bond between
the hydrate and the concrete crack surface breaks down, leading to seepage failure. The
polyurethane material particles are spherical particles with a small particle size, which can
fill the pores on the crack surface and increase the contact area between the grout and the
concrete crack side wall. Epoxy resin grout particles are embedded and bonded to each
other. The particles are small and can be filled into the pores of the concrete crack surface.
The gel and the crack surface are completely bonded and condensed together. The bonding
integrity between the particles is better.

Figure 15. Microstructure magnified 100,000 times: (a) cement gel; (b) ultrafine cement gel; (c) polyu-
rethane gel; (d) epoxy resin gel; (e) crack surface.
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3.5.2. CT Analysis

Since the physical properties of the chemical-based grout are largely different from
those of the cement paste, it is hard to use the grayscale process method to reconstruct
the three-dimensional model of this grout. This section established a three-dimensional
structural model of the grouted concrete crack with cement-based paste based on CT tech-
nology. The microstructure of the grouted concrete crack, including the filling condition
and connection characteristic of the seepage channel inside the concrete crack, was investi-
gated. The microstructure of grouted concrete cracks with cement-based paste is shown
in Figure 16. The blue part represents the unfilled area, and the white part represents the
filled area.

Figure 16. Filling state of cement-based grout gel in crack: (a) cement gel; (b) ultrafine cement gel.

The grout gel cannot completely fill the entire crack space, mainly concentrated around
the grout inlet. The degree of grout filling decreased as the distance from the grout inlet
increased, affecting water-plugging performance. The filling degree of ultrafine cement
was significantly higher than that of ordinary Portland cement. It suggests that the water-
plugging performance of ultrafine cement is significantly higher than that of ordinary
Portland cement. The tortuosity of rough cracks significantly affects the spatial distribution
of grout gel, where extreme cases such as concentrated accumulation of grout or no grout
filling are likely to occur due to fluctuations in the JRC curve. The crack extension direction
smoothly varied at position 1© where the grout was completely unfilled, as shown in
Figure 16. It is possible that this area accumulates bleeding, leading to the development
of an area without grout filling. In Figure 16, the grout can be seen as a “rock bridge” at
position 2©. The grout was concentrated at the zigzag, and there were sudden changes in
the crack. However, it becomes difficult for the grout to reach the outer areas of the rock
bridge, resulting in no grout filling in the outer crack area. Moreover, the “rock bridge” has
a limited size, which makes it difficult to withstand high water pressure. Hence, it can easily
be destroyed and turn into a water conduction channel when water pressure increases.

The research aim of this paper is to investigate the effect of different grouting materials,
including cement and chemical materials, on the water-plugging performance of grouted
concrete cracks. Assess the key factors affecting the water-plugging performance of grouted
concrete cracks from a macro perspective and explain the differences in water-plugging
performance of different grouting materials from a micro perspective. Since tunnel engi-
neering is often situated in a water-rich environment, concrete cracks are often exposed
to water intrusion environments. Under the long-term seepage erosion of groundwater,
the interface between the grouted concrete cracks and slurry stone will deteriorate to a
certain extent. However, this paper is not involved in this issue. This issue is engaged
in the long-term stability of the grouted concrete crack interface, which is significant for
evaluating whether different types of grouting materials can meet the long-term service
performance of concrete grouting repair structures. It is also an important direction for
future research, which we will carry out in follow-up research.



Materials 2024, 17, 1568 15 of 16

4. Conclusions

1. The concrete cracks grouted with epoxy resin had the highest seepage failure pressure
and the lowest permeability, so their performance was the best. The applicability of the
four grouting materials was ranked as follows: epoxy resin > polyurethane > ultrafine
cement > ordinary Portland cement.

2. When the grouting pressure does not exceed a certain value, the water-plugging
performance of grouted concrete cracks is positively correlated with the grouting
pressure. Otherwise, the increase in grouting pressure had no significant impact on
the water-plugging performance of grouted concrete cracks. For ordinary Portland
cement and ultrafine cement paste, this pressure value was 1 MPa. For polyurethane
and epoxy resin grout, this pressure value was 2 MPa.

3. There is an optimal water–cement ratio that makes the cement-based grout have
the best water-plugging performance. The optimal water–cement ratios of ordinary
Portland cement and ultrafine cement are both around 0.8. When the water–cement
ratio of the grout was lower than 0.8, the fluidity of the grout was poor, which caused
a low degree of crack filling. When the water–cement ratio of the grout was higher
than 0.8, the grout had a bleeding phenomenon, which resulted in the seepage channel
between the grout gel and crack side wall.

4. The water-plugging performance of ordinary Portland cement, ultrafine cement,
and polyurethane had a negative correlation with the crack aperture and a positive
correlation with the crack roughness. The increase in crack aperture was conducive to
generating new seepage channels, causing the poor water-plugging performance of
grouted concrete cracks. The water-plugging performance of epoxy resin grout was
not sensitive to crack aperture or roughness.

5. From the perspective of microstructure, the filling degree of cement-based grout was
low compared with chemical-based grout, such as polyurethane and epoxy resin
grout. In addition, the filling degree of cement-based grout was affected by grout
bleeding, shrinkage, and particle size. Polyurethane grout had many internal pores
and was prone to brittle failure, resulting in interconnected pores. Epoxy resin grout
has strong structural integrity and good compatibility with the concrete interface,
which results in the water-plugging performance of polyurethane grout being lower
than that of epoxy resin grout.

Author Contributions: Conceptualization, L.Z.; methodology, Z.L.; software, M.G.; validation, A.W.
and Y.G.; formal analysis, C.H.; investigation, A.W., Y.G. and X.W.; resources, Z.L.; data curation,
L.Z., A.W. and M.G.; writing—original draft preparation, L.Z. and C.H.; writing, review, and editing,
C.H.; visualization, Y.G.; supervision, L.Z.; project administration, Z.L.; funding acquisition, Z.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Project
(2022YFB2603000), the National Natural Science Foundation of China (52179120, 52171267, 51909270
and 51909147), and Shandong Provincial Natural Science Foundation, China [Grant number
ZR2023QE203].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Asakura, T.; Kojima, Y. Tunnel Maintenance in Japan. Tunn. Undergr. Sp. Technol. 2003, 18, 161–169. [CrossRef]
2. Bagnoli, P.; Bonfanti, M.; Della Vecchia, G.; Lualdi, M.; Sgambi, L. A Method to Estimate Concrete Hydraulic Conductivity of

Underground Tunnel to Assess Lining Degradation. Tunn. Undergr. Sp. Technol. 2015, 50, 415–423. [CrossRef]
3. Cividini, A.; Contini, A.; Locatelli, L.; Gioda, G. Investigation on the Cause of Damages of a Deep Tunnel. Int. J. Geomech. 2012, 12,

722–731. [CrossRef]

https://doi.org/10.1016/S0886-7798(03)00024-5
https://doi.org/10.1016/j.tust.2015.08.008
https://doi.org/10.1061/(ASCE)GM.1943-5622.0000108


Materials 2024, 17, 1568 16 of 16

4. Shalabi, F.I.; Cording, E.J.; Paul, S.L. Concrete Segment Tunnel Lining Sealant Performance under Earthquake Loading. Tunn.
Undergr. Sp. Technol. 2012, 31, 51–60. [CrossRef]

5. Ghorbani, S.; Bour, K.; Javdan, R.; Bour, M. Design of Effective Grouting Pattern in Kerman Water Conveyance Tunnel Using
DFN-DEM and Analytical Approaches. Int. J. Geosynth. Ground Eng. 2023, 9, 19. [CrossRef]

6. Hoien, A.H.; Nilsen, B. Rock Mass Grouting in the Loren Tunnel: Case Study with the Main Focus on the Groutability and
Feasibility of Drill Parameter Interpretation. Rock. Mech. Rock. Eng. 2014, 47, 967–983. [CrossRef]

7. Andjelkovic, V.; Lazarevic, Z.; Nedovic, V.; Stojanovic, Z. Application of the Pressure Grouting in the Hydraulic Tunnels. Tunn.
Undergr. Sp. Technol. 2013, 37, 165–179. [CrossRef]

8. Panthi, K.K.; Nilsen, B. Uncertainty Analysis for Assessing Leakage Through Water Tunnels: A Case from Nepal Himalaya. Rock.
Mech. Rock. Eng. 2010, 43, 629–639. [CrossRef]

9. Türkmen, S.; Özgüzel, N. Grouting a Tunnel Cave-in from the Surface: A Case Study on Kurtkulağı Irrigation Tunnel, Turkey.
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