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Tis paper aims to disclose the properties of the chemical grouting materials under diferent conditions. Firstly, the water-soluble
polyurethane (WPU) slurry, oil-soluble polyurethane (OPU) slurry, epoxy resin (EP) slurry, a slurry mixed by WPU slurry, and
OPU slurry marked as (WPU+OPU) slurry were selected to test the properties. Te setting time, volume shrinkage, and adhesive
strength were measured under room conditions and water conditions. Ten, the tunnel construction joints were simulated, and
the injectability and water blocking efect were analyzed to evaluate the suitability of the diferent grouting slurry. In addition, the
results were applied in the water leakage management of the Taihu Lake tunnel project. Te test results showed that each of the
four materials had its performance advantages and disadvantages and provided vital guidance for the engineering application.

1. Introduction

With the rapid development of the national economy and
the implementation of strong transportation as an essential
means of transportation infrastructure construction, the
number and mileage continue to increase [1, 2]. Although
China has technology and experience in underground en-
gineering and tunnel construction, many tunnels have
a diferent degree of water leakage during construction and
operation due to the constraints of geological conditions
[1, 3]. Te groundwater will corrode the lining concrete,
corrode the steel bars, cause structural deterioration, and
reduce the service life, which is a severe threat to the op-
eration stability and safety of the tunnel [4, 5].

According to the water leakage survey, combined with
the tunnel geological environment [6], construction level,
material characteristics [7], and structural form [8], the
management of the water leakage problems required
a comprehensive analysis to grasp the causes of leakage,
the consideration of the technical feasibility and eco-
nomical type, the choice of the appropriate methods,

materials, and construction technology to improve the
efciency and ensure the management efect. Te grouting
method was the most commonly used in water leakage
management due to its simple process and strong
adaptability to the complex environment [9, 10]. Mean-
while, the grouting method played the efect of water
blocking and reinforcement, resulting in remarkable
management [9, 11, 12].

Te efect was closely related to the properties of the
grouting materials. Compared to inorganic cement grouting
slurry, the chemical grouting slurry had better injectability
and was quicker to work, so they were often used in tunnel
cracks, construction joints, and other small fracture open-
ings. Te polyurethane was the product of the polymeri-
zation reaction between the isocyanate and polyols [13, 14],
and the response could also provide the expansion force to
fll the cracks, voids, or fracture, with the characteristics of
high expansion [15], permeability, durability [16], and fast
solidifcation [17, 18]. Te epoxy resin had outstanding
potential as a grouting material [19], as it possessed superior
strength [20], sufcient adhesive strength [21], and low
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shrinkage [22]. Meanwhile, the epoxy resin was easy to be
prepared as tunable formulations [19]. Acrylate grouting
material was a highly elastic gel formed by acrylate
monomers as the main agent, water as a diluent, and under
certain initiators and promoters [23, 24]. Te materials had
a greater advantage: low viscosity, high permeability, and
aging resistance. Meanwhile, it should be pointed out that
the acrylate grouting material was prohibited in areas where
they need the reinforcing efect [23].

However, there were diverse chemical grouting slurries
with various properties. Te commonly used slurries vary
considerably in their treatment efectiveness, leading to
a certain degree of empiricism in selecting the grouting
slurries. In this study, four diferent chemical slurries were
analyzed: WPU slurry, OPU slurry, EP slurry, and the slurry
mixed by WPU slurry and OPU marked as (WPU+OPU)
slurry. Te setting time, volume shrinkage, and adhesive
properties were measured under diferent conditions. Te
tunnel construction joints were simulated, and the inject-
ability and water blocking efects were analyzed to evaluate
the suitability of the various grouting slurry. In addition, the
results were applied in the water leakage management of the
Taihu Lake tunnel project.

2. Experiments and Methods

2.1. Material. Water-soluble polyurethane (WPU) and oil-
soluble polyurethane (OPU) were purchased by the
Shanghai Zhenmu Waterproofng Materials Institute, and
their properties are shown in Table 1. Epoxy resin (EP) was
provided by the Nanjing Ruidi High-Tech Institute, and the
properties are shown in Table 2.

ASTM Type I PC from Shanshui Cement Plant in Jinan,
China, was used in this study. Te density was 3.01 g/cm3,
and the specifc surface area was 332m2/kg. Te fne ag-
gregate was medium sand, and the fneness modulus was
2.6. Te coarse aggregate was a continuous gradation range
from 5 to 25mm. Class F fy ash and mineral powder were
used in this study. Te fneness of fy ash was 43 μm, and
the density was 2.4 g/cm3, while the specifc surface area
of mineral powder was 414m2/kg, and the density was
2.88 g/cm3. Te superplasticizer provided by Shanhai
Chemical Technology Institute and topwater from Qingdao
was selected.

2.2. Test Programs

2.2.1. Setting Time. Te setting time of the grouting slurry
was the critical parameter in the grouting process and af-
fected the spread of the slurry and the water blocking efect
[25]. For OPU, the setting time tests were measured by
adding 20 g of materials to 100 g of water according to JC/T
2041-2010. Te solution was stirred thoroughly and left to
stand until the wire drawing appeared between the glass
rod’s surface. Te test method of WPU was similar to OPU,
except the mass of water was 4 g due to its characteristic of
water swelling. For EP, the setting time was measured by the
A and B solution’s viscosity exceeding 200MPas after
mixing.

2.2.2. Shrinkage. Te water-soluble grouting material would
have a considerable volume shrinkage after the water loss,
resulting in a negative efect on the water blocking efect
[26]. So, only the WPU and (WPU+OPU) were selected to
measure the volume shrinkage. Two curing conditions were
set: room curing condition and water curing condition.
Ten, three specimens were set to reduce errors. Te WPU
grouting material was mixed with 20 g WPU and 4 g water.
Te (WPU+OPU) grouting material was mixed with 20 g
WPU, 20 g OPU, and 20 g water. Te specimens are shown
in Figure 1.

Te volume shrinkage of the specimens was measured at
1 h, 6 h, 12 h, 1 d, 3 d, 5 d, 7 d, 14 d, and 21 d. Te shrinkage
was conducted to an indirect method. Te anhydrous al-
cohol was poured into a 500ml beaker until the balance
showed a mass of 717.6 g when it was considered to be
complete. Te specimens were placed softly into the beaker,
and the mass of the drained alcohol was measured.Ten, the
volume of the specimens was calculated by the drained mass
and the density. Te volume shrinkage rate was measured by
the following equation:

Δk �
v0 − vn

vn

× 100%, (1)

where Δk is the volume shrinkage rate, %; v0 is the initial
volume of the specimens, ml; and vn is the volume at the
test time.

2.2.3. Adhesive Property. After solidifcation, the slurry
needs to exhibit an excellent adhesive property with concrete
to seal the water leakage. Te tensile strength was calculated
to measure the adhesive property. Te WD-P6205 universal
testing machine was used to measure the tensile strength,
and the loading speed was 100N/s. Te displacement de-
scribed the deformability at fracture.

Te cement mortar was prepared by the cement : sand :
water� 1 : 3 : 0.5, and the size was 40mm× 40mm× 40mm.
Meanwhile, the stainless steel pipe was preburied to measure
the tensile test when the mortar was poured. Te two
specimens were placed in a fat position, with the side
without the steel pipe placed opposite each other, and the
Vernier caliper was used to determine the distance (5mm).
Te tape was used to wrap the two specimens around the
fracture, and the grouting opening was left. Ten, the slurry
was injected into the fracture, and the tape was removed
after solidifcation. As shown in Figure 2, the WPU and
(WPU+OPU) were cured under room and water conditions
for 7 d, while the OPU and EP were only placed in the room.

2.2.4. Injectability. Te injectability of the slurry was directly
related to the water blocking efect and was measured by the
simulation test. Te design of the concrete is shown in
Table 3. In order to simulate the actual construction process
of horizontal construction joints, the test concrete was
poured in four steps, as shown in Figure 3.

(1) Concrete was mixed according to the design, and the
height was 75mm (frst pouring concrete). Ten, it
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was thoroughly vibrated and compacted and cured at
temperature for 48 h after removing the mold for 3 d
further curing;

(2) An electric hammer was used for precise chiseling to
remove the foating slurry on the surface of the
concrete, and coarse aggregate was exposed on the
interface until the coarse aggregate area on the
surface of the concrete reached 50%;

(3) Te scum and dust were removed, and the cement-
based permeable crystalline waterproof coating was
brushed;

(4) Te concrete was continued to pour until the height
was 75mm (postpouring concrete) and cured at
temperature for 48 h after removing the mold for 3 d
further curing.

Te key to injectability test was to ensure the interface
sealing between mold and test sample. Te modifed epoxy
resin is used to seal the samples, as shown in Figure 4. After

the epoxy resin is solidifed, the water pressure is added to
check the tightness of the test block. If the water seepage
point occurs, the modifed acrylic resin is used for
reinforcement.

Te grouting pressure was set as 0.4MPa, 0.8MPa, and
1.2MPa. A hole was drilled vertically at the center of the
specimens using an electric hammer to a depth of 80mm.
Ten, the injectability test was carried out after installing
water stop pins.

2.2.5. Water Blocking Efect. Te control of the water leakage
was the most critical indicator for evaluating the suitability
of the grouting materials. Te preparation and sealing of the
specimens were similar to those mentioned in Section 2.2.4.
Te test device was designed and fabricated in the labora-
tory. As shown in Figure 5, the test device was composed of
a pneumatic loading part, a hydraulic loading part, a data
acquisition part, and an assembled tank for the specimens.
Based on the cumulative fow of the water leakage, the

Water

Room

(a)

Water

Room

(b)

Figure 1: Te specimens of volume shrinkage: (a) WPU and (b) (WPU+OPU).

Table 2: Te properties of EP.

Density (g/cm3) Viscosity (MPa·s) Setting time
(s)

Compressive strength
(MPa)

Tensile strength
(MPa)

Adhesive strength
(MPa)

EP 1.096 85 2100 85 15.8 63

(a) (b)

Figure 2: Te adhesive specimens under diferent curing conditions: (a) room and (b) water.
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specimens were divided into three grades, as shown in
Table 4. Furthermore, the pressure of the grouting slurry was
set as 0.4MPa to avoid inefective difusion.

3. Results

3.1. Setting Time. As shown in Table 5, the experimental
setting times of the slurry were all larger than those of the
standard condition (Tables 1 and 2). Terefore, the feld
experiments should be carried out before the grouting to
determine the ideal setting time and the end criteria.

3.2. Volume Shrinkage. From Table 6, it can be found that
the curing condition had a signifcant infuence on the
volume change of the slurry. Volume shrinkage occurred in
the room condition, while the volume of the specimens was
expanded in the water condition due to the water absorption
efect. In addition, the WPU had a signifcant water loss and
shrinkage properties compared to the (WPU+OPU) in the
water condition. Tis was attributed to the excellent hy-
drophilicity and elasticity of WPU and the severe volume
expansion compared to OPU. Tis caused a large volume
shrinkage after water loss and correspondingly a larger
volume shrinkage than (WPU+OPU).

In order to accurately describe the volume shrinkage
process of the specimens, the volume shrinkage rate was
plotted according to the test results for diferent periods, and
the results are shown in Figure 6. It can be found that the
development of volume shrinkage in room curing condi-
tions was similar for both slurries and the rate of volume
shrinkage was faster in the initial stage and then decreased
gradually. Te volume of theWPU slurry reached stability at
around 15 d, while the (WPU+OPU) slurry reached sta-
bility at about 7 d.

Te whole process of the water loss and shrinkage of the
slurry can be divided into three stages: rapid shrinkage,
deceleration shrinkage, and stabilization.Te slurry’s water
loss and shrinkage process was the process of both internal
water difusion and surface water vaporization. Te rapid
shrinkage stage was the process of water migration from the
periphery of the slurry and vaporization on the surface of
the specimen. Te deceleration shrinkage stage was the
material internal moisture migration outward and in the
test piece surface vaporization process. Te water transport
path increased at this time, and the water loss process
development became slower. In the fnal, the water loss
process was basically fnished, and the volume of the
materials was stable.

Table 3: Experimental design of test concrete.

Cement Fine aggregate Coarse aggregate Fly ash Mineral powder Water Superplasticizer
218 753 1083 110 40 144 4

(a) (b)

(c) (d)

Figure 3: Pouring of concrete.

Figure 4: Sample sealing.
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Te WPU grouting slurry was unsuitable when the area
had high water content in terms of material water loss and
shrinkage characteristics. It was attributed that theWPUwas
easy to detach from the concrete surface, resulting in the
potential and repeated water leakage problems.

3.3. Adhesive Property

3.3.1. Adhesive Interface. Te damage in the interface can
refect the bonding ability of the slurry to the concrete. Te
damaged state of the specimens can be divided into three
parts due to the location: interface, grouting materials, and
concrete. As shown in Figures 7 and 8, the damage location
of OPU and (OPU+WPU) was in the materials, while the
WPU was in the interface and the EP was in the concrete,
separately.

3.3.2. Deformability. Te displacements at breakage of the
materials were counted, and the elongations were concluded
to refect the deformation capacity. As shown in Table 7, the
deformation characteristic of the materials under various
curing conditions difered due to their properties, and the
order was WPU (water)>WPU (room)> (WPU+OPU)
(water)> (WPU+OPU) (room)>OPU>EP. Te WPU
slurry formed an elastomer after solidifcation and could
produce large deformation, while the OPU slurry and EP
slurry would include hard solid with poor deformation
properties. In addition, the (WPU+OPU) slurry combined
the characteristics of both parts to show intermediate per-
formance. Te deformation capacity of the WPU and
(WPU+OPU) varied under diferent curing conditions
because theWPU slurry lost water and shrank in the air, and
the ability to inhibit deformability was decreased.

3.3.3. Adhesive Strength. As shown in Table 8, similar to the
deformation capacity, the adhesive strength also difered
under various curing condition and material types, and the
order was EP> (OPU+WPU) (room)> (OPU+WPU)

Air compressor

Pressure-bearing tank

Tank

Flowmeter

Osmotic pressure
acquisition

Flow quantity
acquisition

Barometer

Figure 5: Test device.

Table 4: Water leakage grade evaluation.

Grade Cumulative fow Characteristics
SI 0–10mm3/s Wet
SII 10mm3/s–60mm3/s Slow leakage
SIII >60mm3/s Rapid leakage

Table 5: Setting time of diferent materials.

Grouting material WPU OPU EP
Experimental setting time (s) 43.3 462.3 2370
Standard setting time (s) 21 433 2100

Table 6: Volume shrinkage rate of the materials under diferent
curing conditions.

Grouting material WPU (WPU+OPU)
Curing condition Room Water Room Water
Volume shrinkage rate (%) 82.77 −10.51 33.49 −2.06
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Figure 6: Volume shrinkage process of slurry in the room
environment.
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(water)>WPU (room)>WPU (water)>OPU.Te adhesive
strength of the WPUmaterial was strongly infuenced under
the diferent curing conditions, and the strength under room
conditions was 2.2 times higher than that under water
conditions, while for (WPU+OPU) material, the diference
was not signifcant.

Combined with the above analysis, it can be observed
that the OPU grouting slurry should not be applied in the
area with large deformation. Although the OPU grouting
material had a specifc adhesive strength, its deformation
capacity was poor.TeWPU grouting slurry was not suitable

when the reinforcement was required, for it was elastic after
solidifcation and had poor reinforcement capacity. Com-
pared to the traditional cement material, the chemical slurry
was easy to cause damage and formed the new water leakage
channels due to its low strength. Tis is the reason for the
poor durability of chemical slurries.

3.4. Injectability

3.4.1. Slurry Dispersion Distance. As shown in Figure 9, it
was observed that the difusion distances of the four grouting

(a) (b)

(c) (d)

Figure 7: Te damage state under room curing conditions. (a) OPU, (b) WPU, (c) (OPU+WPU), and (d) EP.

(a) (b)

Figure 8: Te damage state under water curing conditions. (a) (OPU+WPU) and (b) WPU.

Table 7: Displacement value of the materials under diferent curing conditions.

Curing condition WPU WPU (WPU+OPU) (WPU+OPU) OPU EP
Room Water Room Water Room Room

Displacement (mm) 2.83 3.47 2.33 2.43 0.3 0.21
Elongation (%) 56.6 69.4 46.6 48.6 6 4.2

Advances in Materials Science and Engineering 7



slurries varied in a similar pattern with time, and the dis-
tance increased with the grouting time. At the same grouting
pressure, the slurry difused faster at the beginning, and the
difusion rate gradually decreased. As the grouting pressure
increased, the time for the slurry to difuse to the fracture
decreased. For example, the time for OPU slurry at 0.4MPa
was 78.6 s, while 46.8 s and 28 s for 0.8MPa and 1.2MPa,
respectively. Te difusion time of the four grouting slurries
to the fracture under the same pressure was similar. For the
0.4MPa pressure, the time of the OPU slurry was 78.6 s, the
WPU slurry was 70.8 s, the (WPU+OPU) slurry was 75.6 s,
and the EP slurry was 70.5 s.

Considering the thickness of tunnel lining was generally
small in practice, if the grouting pressure was high, the slurry
would be transported to the fracture in a relatively short

time. If the slurry time was too long and solidifcation could
not occur during the grouting process, the slurry would be
washed out of the fracture under the infuence of grouting
pressure, resulting in a low retention rate and poor grouting
blocking efect.Terefore, the grouting pressure was suitable
for 0.4MPa.

3.4.2. Pressure. As shown in Figure 10, the spatial and
temporal distribution of grouting pressure was similar for all
four grouting slurries, and the pressure decreased with the
increased difusion distance. It was attributed that the slurry
was afected by the frictional resistance of the fracture wall
and its viscosity during the difusion process, so the grouting
pressure tended to decay. Te decline of the pressure, as the

Table 8: Adhesive strength of the materials under diferent curing conditions.

Curing condition WPU WPU (WPU+OPU) (WPU+OPU) OPU EP
Room Water Room Water Room Room

Adhesive strength (kPa) 174 79 297 296 76 647
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Figure 9: Relationship between the slurry difusion distance and time. (a) OPU slurry, (b) WPU slurry, (c) (WPU+OPU) slurry, and (d) EP
slurry.
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driving force, was closely related to the rate of slurry
transport, with the overall declined pressure being rapid at
the early grouting time, followed by a gradual decrease in the
reduced rate of the grouting pressure.

3.5. Water Blocking Efect. Based on the relationship be-
tween the fow and time in Figures 11–13, the curves could
be divided into three types: single-platform decrease, mul-
tiplatform decrease, and multiplatform stability. Te single-
platform decreasing type and multiplatform decreasing type
were both able to seal the water leakage. In comparison, the
multiplatform stable type failed to seal the leakage.

Te single-platform decreasing type could be divided
into four parts:

(1) Te initial stabilization stage:Te water fowed along
the seepage path under water pressure, and the
seepage volume was in a stable stage.

(2) Te rapid growth stage: Te slurry entered the
fracture under the grouting pressure.Te slurry had
not solidifed, and the slurry drove the water into

the fracture at this time. Te seepage velocity in-
creased signifcantly, and the initial smooth stage
was broken, so the fow rate increased rapidly and
reached the peak of dynamic water fow rate in
a short time.

(3) Te stable seepage stage: Te grouting time con-
tinued to increase, and the slurry had not reached the
setting time. Te water and slurry cotransportation
state in the fracture remained stable, so the fow rate
was also regular.

(4) Te fast decline stage: Te slurry gradually reached
the setting time with the increase of time, and the
initial grouting slurry difusion to the edge of the
fracture after solidifcation. Te slurry bonded to the
fracture wall, and the fow rate decreased. As the later
grouting slurry further solidifed, the fracture was
completely sealed by the slurry, so the amount of
seepage was 0 at that time.

Te multiplatform decreasing type could be divided into
fve parts:
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Figure 10: Relationship between the pressure and slurry difusion distance. (a) OPU slurry, (b) WPU slurry, (c) (WPU+OPU) slurry, and
(d) EP slurry.
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Figure 11: Relationship between the fow and time under grade SI. (a) WPU slurry, (b) OPU slurry, (c) EP slurry, and (d) (WPU+OPU)
slurry.
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Figure 12: Relationship between the fow and time under grade SII. (a) WPU slurry, (b) OPU slurry, (c) EP slurry, and (d) (WPU+OPU)
slurry.
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(1) Te initial stabilization stage.
(2) Te rapid growth stage.
(3) Te frst stable seepage stage: Te state of water and

slurry cotransportation in the fracture remained
stable, so the fow rate was also regular.

(4) Te second stable seepage stage:Te fracture was still
transported by both slurry and water together and
remained in a steady state. As the grouting time
increased, the slurry gradually spread to the fracture
edge, and the outlet fow rate grew rapidly and then
remained stable.

(5) Te gradual decline stage: At the end of the
grouting process, the fow rate of the outlet was
reduced, and the grouting slurry gradually solid-
ifed and formed a certain bond strength with the
concrete so that the water leakage channel was
reduced and the water leakage fow rate of the
fracture was lower. With the complete gradual
curing of the slurry, all the water leakage channels
were sealed, and the water seepage at the outlet was
gradually reduced to 0.

Te multiplatform stable type could be divided into fve
parts:

(1) Te initial stabilization stage.
(2) Te rapid growth stage.
(3) Te frst stable seepage stage.

(4) Te second stable seepage stage.
(5) Te third stable seepage stage: At this stage, the fow

rate was lower than the initial time, and complete
sealing was not achieved. At the end of the grouting
process, the fow rate of the outlet was reduced, and
the grouting slurry gradually solidifed and formed
a certain adhesive strength with the concrete so that
the water leakage channel was reduced and the water
leakage fow rate of the fracture was lower. However,
due to the long setting time of the slurry, the leakage
water fow was larger, the slurry failed to seal the
remaining leakage water channels during the process
of complete gelation, the outlet fow was again in
a stable stage, and the blocking failed.

As shown in Figure 11, it was observed that the WPU,
OPU, and (WPU+OPU) slurries could achieve the water
leakage sealing. Te WPU and OPU slurries were single-
platform decreasing types, the (WPU+OPU) slurry was
multiplatform decreasing types, and EP slurry was the mul-
tiplatform stable type. Te slurry was fushed out of the
fracture under the grouting pressure due to the long setting
time, and the slurry did not react chemically with the water.
After the grouting process was fnished, some slurries would
remain in the fracture. At the same time, the leakage water
fow was small, and the slurry viscosity was large. Te slurry
would remain in the fracture.Ten, the water leakage channels
were formed in the middle of the slurry, and the stable fow
rate was formed after the solidifed slurry. In addition, the fow
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Figure 13: Relationship between the fow and time under grade SIII. (a) WPU slurry, (b) OPU slurry, (c) EP slurry, and (d) (WPU+OPU)
slurry.
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rate was reduced from the initial value, and the degree
depended on the amount of the slurry that remained.

It was found that the WPU slurry, OPU slurry, and
(WPU+OPU) slurry could seal the water leakage. Te EP
slurry failed to achieve the water leakage sealing, and it was
the multiplatform stable type, with a reduction in dynamic
water fow compared to the initial value after solidifcation.

As shown in Figure 13, the WPU slurry and
(WPU+OPU) slurry could seal the water leakage. WPU
slurry was a single-platform decreasing type, while the
(WPU+OPU) slurry was a multiplatform decreasing type.
Te OPU slurry and EP slurry could not achieve the water
leakage sealing, and all belonged to the multiplatform stable
type. Additionally, the water blocking results are summa-
rized in Table 9.

4. Discussion

Te sealing of water leakage was summarized to analyze the
suitability of the current chemical grouting slurries com-
monly used in construction joints to the volume shrinkage
and the adhesive properties with the concrete, and the result
is shown in Table 10.

WPU grouting slurry had good water blocking efect at
diferent water leakage levels. However, its solidifcation had
prominent volume shrinkage characteristics in air, resulting
in poor durability and repeated water leakage. When im-
mersed in water, the volume of the WPU slurry absorbed
water and expanded, signifcantly reducing the probability of
repeated leakage.TeWPU slurry had low adhesive strength
and specifc deformation capacity, suitable for the envi-
ronment with little water content.

OPU grouting slurry was capable of sealing water leakage
at SI and SII, and failed at SIII. Te slurry after solidifcation
had no volume shrinkage and had a low adhesive property to
the concrete, making it suitable for the management without
dynamic water and required reinforcement.

(WPU+OPU) slurry achieved water leakage sealing at
all three levels.Te slurry had aminor volume shrinkage and
excellent adhesive strength. So it could be applied to water
leakage management problems where the dynamic water
conditions require reinforcement.

EP grouting slurry failed to seal water leakage at any
status. Te slurry after solidifcation had no volume
shrinkage and had a high adhesive strength to the concrete,
making it suitable for water leakage management in a water-
free environment and where the reinforcement was re-
quired. WPU grouting slurry could be applied frst to
achieve water leakage sealing in the area containing water.
Ten, EP grouting was used to solve the problem of the lack
of durability of WPU grouting slurry. Similarly, the appli-
cability of EP slurry was also solved.

5. Engineering Application

Taihu Lake tunnel is a 10.79 km long project under con-
struction. Due to the need for the tunnel crossing the bottom
the Taihu Lake, water leakage diseases often occur during the
construction process under the sufcient water supply.
Based on the project, a slurry blocking and reinforcement
solution was designed for the water leakage disease in the
tunnel construction joints. Te results in this study on the
applicability of the grouting materials were used to ensure
the long-term stability of the tunnel during operation.

Trough the on-site investigation and statistics, it was
found that there was more water leakage in the tunnel
K24 + 000∼K25+ 250. Te construction joints were a high
water leakage area, accounting for 69% of the total.Tewater
leakage was mainly in the form of wet (SI) and slow leakage
(SII), and few remains were the rapid leakage (SIII).

From the analysis of the water blocking efect, WPU
slurry, OPU slurry, and (WPU+OPU) slurry could be se-
lected when the water leakage grade was SI and SII, while the
WPU slurry and (WPU+OPU) slurry could be chosen for
the SIII grade. Te change of groundwater in this project was
not signifcant, so the volume shrinkage of the WPU slurry
was not obvious. Meanwhile, the tunnel lining thickness was
80 cm∼140 cm, and the slurry difusion path is short, so the
initial recommended grouting pressure was 0.4MPa, which
would need to be optimally adjusted according to the sit-
uation in the actual feld.

Te commonly used borehole grouting method was
adopted to manage the water leakage, and the main steps are
shown in Figure 14. Te water blocking efect after grouting

Table 9: Water blocking efect of diferent levels of water leakage.

Water leakage grade Grouting slurry Flow curve type Water blocking
SI WPU Single-platform decreasing type Yes
SI OPU Multiplatform decreasing type Yes
SI EP Multiplatform stable type No
SI (WPU+OPU) Multiplatform decreasing type Yes
SII WPU Single-platform decreasing type Yes
SII OPU Multiplatform decreasing type Yes
SII EP Multiplatform stable type No
SII (WPU+OPU) Multiplatform decreasing type Yes
SIII WPU Single-platform decreasing type Yes
SIII OPU Multiplatform stable type No
SIII EP Multiplatform stable type No
SIII (WPU+OPU) Multiplatform decreasing type Yes

12 Advances in Materials Science and Engineering



was observed and photographed, and the partial results are
shown in Figure 15.

It can be found that after the management, the water
blocking efect was signifcantly obvious. Before grouting,
there was water leakage in the construction joints, and the
surrounding area showed wet stains. Water leakage was not
observed after the grouting efect, and the structure surface
was completely dry after 72 h.

6. Conclusion

Tis study aims to declare the suitability of the current
chemical grouting slurries (WPU slurry, OPU slurry, and EP
slurry) commonly used in construction joints, and the re-
sults are shown as follows:

(1) Te setting time of the slurry under test conditions
difered from the standard conditions, indicating
that the temperature had a signifcant efect on the
setting time. So the test should be conducted in real
time on-site during actual construction to determine
the grouting parameters.

(2) WPU slurry and (WPU+OPU) slurry all had
a volume shrinkage characteristic, and the varied

pattern was similar.Te initial volume shrinkage rate
was fast and then slowed down with time. Te
volume shrinkage of WPU slurry was stable at 15 d,
and the rate was 82.77% compared to the initial time,
while the values were 28 d and 33.49% for
(WPU+OPU) slurry.

(3) Te order of the adhesive strength wasWPU (water)
>WPU (room)> (WPU+OPU) (water)
> (WPU+OPU) (room)>OPU>EP, while the de-
formation capacity was WPU (water)>WPU
(room)> (WPU+OPU) (water)> (WPU+OPU)
(room)>OPU>EP. Te adhesive strength of WPU
and (WPU+OPU) under room curing conditions
was greater than that under water conditions. For the
deformation capacity, the WPU under water con-
ditions was higher than room conditions, while the
(WPU+OPU) was similar under two conditions.

(4) Te grouting slurries had good injectability, and the
slurry difusion pattern was similar. Te slurry dif-
fusion rate was positively correlated with the
grouting pressure. Te higher the grouting pressure,
the short the time for the slurry to difuse to the
fracture edge. As the thickness of the lining

Borehole

(a)

Stopper pins

(b)

Slurry stirring

(c)

Grouting operation

(d)

Figure 14: On-site grouting operation process. (a) Borehole. (b) Stopper pins. (c) Slurry stirring. (d) Grouting operation.

Table 10: Applicability analysis of grouting slurries for water leakage in construction joints of tunnel lining.

Grouting slurry Blocking speed
Water blocking efect Volume shrinkage Adhesive strength

Injectability
SI SII SIII Water Room Water Room

WPU Fast Yes Yes Yes Good Average Average Average Good
OPU Average Yes Yes No None Average Good
(WPU+OPU) Average Yes Yes Yes Good Average Good Good Good
EP Slow No No No None Good Good

Figure 15: Inspection of the partial grouting efect.
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infuences the construction joint grouting, the
grouting pressure was suitable to set as 0.4MPa.

(5) Te time fow curves of grouting slurries were de-
scribed as three types: single-platform decreasing
type, multiplatform decreasing type, and multi-
platform stable type. Te single-platform decreasing
type and the multiplatform decreasing type were
capable of sealing water leakage. Te multiplatform
stable type cannot seal water leakage. Te WPU
slurry and the (WPU+OPU) slurry were able to seal
the water leakage at diferent water leakage levels,
and the OPU slurry could be applied in SI and SII. In
addition, the EP slurry did not achieve water leakage
management under any conditions.

(6) Tis study was applied to the Taihu Lake tunnel, and
the water blocking efect was signifcantly noticeable.
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