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ABSTRACT: The rapid development of urban rail transit has posed increasing construction and operational challenges
for metro tunnels, often leading to structural damage. Grouting technology using cement-based materials is widely
applied to address issues such as seepage, leakage, and alignment correction in shield tunnels. This study investigates
the additional stress induced by grouting in silty soil layers, using cement-based grouts with different water-to-cement
ratios and polyurethane-modified cement-based materials. Results show that additional stress decreases with depth
and is more influenced by horizontal distance from the grouting point. In staged grouting, the first injection phase
contributes about 50% of the peak additional stress. A lower water-to-cement ratio (e.g., 0.6) increases additional
stress but reduces grout flowability, while a higher ratio (>1.0) improves diftusion but increases the risk of grout loss.
The polyurethane-modified cement-based material enhances stress transfer performance, increasing peak additional
stress by approximately 10%. These findings provide theoretical guidance for optimizing material selection and grouting
design in metro tunnel repair within silty soil layers.

KEYWORDS: Metro tunnel; grouting technology; polyurethane-modified cement-based material; water-to-cement
ratio; additional stress; silty soil layer

1 Introduction

With the development of urban economies and the expansion of city scales, the construction of
rail transit has progressed rapidly. As a representative vehicle of rail transit, the metro has been widely
adopted in China. However, due to the complexity and concealed nature of underground engineering,
metro tunnels often encounter various types of damage during their construction and operation, which
can affect their service life. These damages include water seepage, cracks, tunnel lining misalignment,
longitudinal settlement, and convergence deformation, among others [1-5]. Among the various tunnel repair
methods, Grouting technology is widely recognized as an effective solution for addressing seepage, leakage,
and misalignment issues in shield tunnels, offering significant improvements in structural integrity and
durability [6-9].

Cement, being the most widely used grouting material, is favored for its high strength and avail-
ability [10-13]. As a result, researchers both domestically and internationally have conducted studies on
polymer-modified cement-based grouting materials. Wang et al. [14] prepared a polyurethane composite
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grouting material and used field tests to identify that a hybrid interpenetrating gel network structure was
crucial to enhancing the material’s impermeability. In recent studies, the influence of polymer-curing agent
ratios on the rheological behavior and mechanical strength of epoxy-modified cement grouts has been
systematically examined, showing that appropriate polymer content can significantly enhance both strength
and workability [15]. Additionally, Wang et al. [16] compared the mechanical performance of permeable
polymer-reinforced silty-fine sand with that of traditional grouting materials, highlighting the advantages
of polymer grouts in improving strength and reducing brittleness in silty soil environments. Yu et al. [17]
investigated the effects of polyether polyols on the viscosity, compressive strength, and oxygen index of
silicate-modified polyurethane materials. Pan et al. [18] studied the deformation and failure mechanisms
of polyurethane foam grouting materials and summarized the impact of specimen size and strain rate
on their compressive performance. Cai et al. [19] discussed the influence of the selection and ratio of
waterborne polyurethane composites on their physicochemical properties. Hao et al. [20] identified the
diffusion pattern of polyurethane grouting materials in water-containing cracks through indoor grouting
experiments. Additionally, Wang et al. [21] improved the mechanical properties of low-permeability silty soils
by incorporating polyurethane into grouting materials, showing that polymers have potential applications
in various fields, including seepage prevention, embankment reinforcement, subgrade stabilization, and
foundation strengthening.

Existing theoretical studies on tunnel grouting repair mainly focus on the development of specialized
equipment and numerical models. For instance, Ma et al. [22] independently developed a lateral grouting
device and studied various grouting methods such as single-hole and double-hole lateral grouting, investi-
gating the stress state and deformation repair mechanisms of tunnels. Zheng et al. [23] applied a small-strain
model for numerical simulations to study the disturbance mechanism of compensation grouting on soil.
Liang et al. [24] based on the rheological characteristics of grouting materials and the theory of viscous
fluid dynamics, used finite element analysis and experimental studies to model the diffusion pattern of
polymer grouts. Ying et al. [25] established a grouting diffusion model considering the heterogeneous pore
spaces in the strata to study grout diffusion patterns. Huang et al. [26] performed unit tests with cement
slurry of different water contents in sandy soils, studying the distribution of additional soil pressures and
the grout diffusion pattern, in order to identify the most suitable water content and grouting methods.
Similar to the modification of cement-based materials, a study by Manda et al. [27] on the confinement
of Tin Slag Polymer Concrete (TSPC) with fiber-reinforced polymers (FRPs) found that Aramid Fiber
Reinforced Polymer (AFRP) significantly improved the material’s strength and toughness, particularly in
fracture energy and yield stress, outperforming Basalt Fiber Reinforced Polymer (BFRP). This aligns with
our research on polyurethane-modified cement-based materials used for tunnel grouting, suggesting that
polymer modification can effectively enhance the performance of cementitious materials.

In summary, existing research primarily focuses on the properties of grouting materials, while the
theory of grouting repair remains incomplete, with limited attention given to the additional stresses induced
in the surrounding soil layers. Under constrained conditions, studies on the diffusion mechanism and
additional stresses of polymer-modified cement-based grouting materials in silty soils are particularly
scarce. To address this gap, this study innovatively employs a confining pressure loading device to simulate
constrained conditions and conducts unit tests using cement-based materials with different water-to-cement
(W/C) ratios and polyurethane-modified cement-based materials. The impact of different W/C ratios and
polymer materials on the distribution of additional stresses induced by grouting in silty soil layers is
systematically analyzed.
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2 Materials and Methods
2.1 Grouting Material Description

In this experiment, conventional Portland cement is used as the conventional cement-based grouting
material, and water-based polyurethane is used as the polymer additive.
(1) Cement

The experimental grouting material consisted of PI 42.5-Grade Portland cement, selected for its

standardized mechanical properties and widespread applicability in geotechnical engineering. Its chemical
composition and basic performance parameters are shown in Tables 1 and 2, respectively.

Table 1: Chemical composition of PI 42.5-Grade Portland cement

Chemical $i0, ALO, Fe,;O, CaO MgO SO, Na,Oeq f-CaO Loss CL
composition

Content (%) 20.38 4.64 334 6227 380 233 0.61 0.65 214  0.045

Table 2: Performance parameters of PI 42.5-Grade Portland cement

Specific Standard Stability Setting time Flexural Compressive
surface area consistency (min) strength strength
(m’/kg) water (MPa) (MPa)

consumption (%)

Initial Final 3d 28d 3d 28d
set set

358 25.3 Qualification 172 234 55 9.2 272 50.7

(2) Water-Based Polyurethane (WPU)

The basic properties of the water-based polyurethane (WPU) used in this experiment are shown
in Table 3. The WPU material is in an oily form at room temperature, with a color ranging from light yellow
to light brown.

Table 3: Physical performance parameters of WPU

Density Viscosity Gel Water Encapsulated Non-volatile Foaming
(g/m’) (MPa/s) time swelling water (s) solid amount  capacity (%)
(s) ratio (%) (%)
1.112 760 54 77 86 81 552

(3) Soil Used in the Experiment

The soil used in the experiment was selected from a silty clay layer of a project in the Guangzhou area.
In the experiment, the strata were simplified to a single layer. The soil parameters are shown in Table 4.
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Table 4: Soil physical parameters

Soil Moisture  Unit weight Modulus of Poisson’s Cohesion Internal
type content (kN/m’) compressibility ratio (kPa) friction
(%) (MPa) angle (°)

Silty soil 20 21.6 3.6 0.23 16.3 17

Based on the results of bending and compressive strength tests on the polyurethane-modified grouting
materials (as shown in Fig. 1), a 6% water-based polyurethane content is selected for the polyurethane-
modified cement-based grouting material. Additionally, tests on the fluidity performance of the grout were
conducted. The measured spread diameter was 140.5 mm without the addition of polyurethane, and 144 mm
when 6% polyurethane was added, indicating that the addition had minimal effect on the fluidity of the grout.
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Figure 1: Mechanical properties of grouting materials after 28 days of curing

2.2 Experimental Setup
(1) Confining Pressure Loading Box

The equipment mainly consists of a structural frame, loading plates, hydraulic pipelines, servo oil
sources, and linear slide rails. The internal loading system includes a front loading plate, a bottom
loading plate, and loading plates on the other four sides, forming a model box with clear dimensions of
0.5m x 0.5m x 0.5 m. The thickness of each loading plate is 0.05 m, and the system has high overall stiffness,
which allows it to withstand the simulated real ground stress and the pressure transmitted during the grouting
process. During loading, the system exhibits no deformation. This ensures the accuracy of the simulated
test process, as shown in Fig. 2. This loading system can continuously apply loading force, and once the
applied load reaches the set value, it can maintain a constant pressure, thus simulating the real ground stress
environment at various tunnel burial depths to the greatest extent.

(2) Monitoring System

The main monitoring element used in the experiment is the soil pressure cell. Data is collected through
a DH3816N static strain gauge acquisition instrument connected to a computer to monitor the changes in
additional stress applied to the soil during the entire grouting process. To monitor stress distribution, 20 soil
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pressure cells were strategically placed around the test area to ensure comprehensive data acquisition during
grouting, numbered 1# to 20# as shown in Fig. 3. Based on the burial depths, the depths corresponding to
cells 4#, 9#, 14#, and 19# are defined as LI, the depths corresponding to cells 1#-3#, 6#-8#, 11#-13#, and
16#-18# are defined as L2, and the depths corresponding to cells 5#, 10#, 15#, and 20# are defined as L3.

(3) Grouting System

Considering both the accuracy and operability of the experiment, a mature flow-controlled grouting
device was used in this study. After technical adjustments in collaboration with the manufacturer, the system
employs a tungsten steel pump, which enhances its resistance to the grouting materials. As shown in Fig. 3,
the grouting point is located at the center of the soil box.

Hydraulic line

m—
| Intelligent oil
1 source

Linear slide

Figure 2: Confining pressure loading system
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Figure 3: Layout of soil pressure cells for monitoring stress distribution
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2.3 Experimental Procedures

The specific experimental procedure is shown in Fig. 4. The side baffle plate of the soil box is installed,
and the soil is filled into the soil box in layers, with each layer being compacted. After reaching the specified
position, the grouting pipe is buried, and the soil is further filled to the set height. The baffle plate is then
removed, and the soil is pushed into the loading system.
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Figure 4: Schematic representation of grouting test procedure

After the soil filling is completed, confining pressure loading is applied. The confining pressure is applied
to the top-bottom and front-back faces, with a magnitude of 7.5 kPa, simulating the soil pressure at a depth
of 10 m underground. Fig. 5 shows the confining pressure loading curve.

To measure the changes in additional stress during grouting, the principle of “small amounts, multiple
injections” [26] should be followed. After the confining pressure loading is completed, 1.5 L of cement grout
is injected into the soil in three phases, with 0.5 L injected in each phase and a 200-s interval between
each injection.

2.4 Controlled Variables

A total of six different working conditions were conducted in this study. Five groups of Portland
cement grouting materials (Working Conditions 1-5) with varying W/C ratios (that is, 0.4, 0.6, 0.8, 1.0,
and 1.2) were prepared to establish the baseline relationship between W/C ratio and stress distribution.
Additionally, a single group of polyurethane-modified cement-based grout (Working Condition 6*) was
tested at a W/C ratio of 0.6 with 6% polyurethane content to evaluate the effects of polymer modification on
stress distribution under similar conditions. By comparing a single set of polyurethane-modified cement-
based grout with varying conventional cement-based grout compositions, we provide preliminary insights
into the potential benefits of polymer modification. This preliminary study used single measurements for
each condition; future work will include replicates to assess variability and enhance the robustness of the
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findings. The selection of W/C ratios was based on the findings by Yang [28], that investigated the effect of
W/C ratio on the performance of cement slurries. The specific W/C ratios used are listed in Table 5.

12.5 -

Loading pressure (kPa)

1 " 1 " I

0 200 400 600
Loading time (s)

Figure 5: Loading curve of the confining pressure

Table 5: Working conditions for grouting experiments with varying W/C ratios

Working condition 1 2 3 4 5 6*
W/C ratio 04 06 0.8 1.0 12 0.6 (with 6% polyurethane content)

Note: * indicates that this working condition contains polyurethane content.

3 Results and Analysis

Experimental observations revealed that when the W/C ratio was below 0.4, pipe blockage frequently
occurred during the grouting process; whereas when the ratio was greater than or equal to 1.0, slurry loss was
prone to occur during the second phase of grouting. Therefore, a W/C ratio of 0.6 was adopted for analyzing
the stress distribution pattern and polymer effects to obtain comprehensive results. When examining the
effect of W/C ratios, the analysis focused on the additional stresses generated during the first phase of
grouting for different ratios. The detailed analysis flowchart is presented in Fig. 6.

Experimental Group Stress Distribution Effect of W/C Effect of
Design Pattern ratio Polymer
WiC=04.06,08 1.0, 1.2; WiC=0.6 WiC=04, 0.6, WIC=0.6
W/

W/C=0.6+6 % PU W/C=0.6+6 % PU 0.8,1.0,1.2 C=0.6+6 % PU

Figure 6: Experimental group-based discussion flowchart

3.1 Stress Distribution Pattern

Fig. 7 shows the variation curves of additional stress at different depths during the grouting process
when the W/C ratio is 0.6. The solid line represents polymer-modified cement grout, while the dashed
line represents ordinary Portland cement grout. After observing the variation over grouting time, it can
be seen that the additional stress increases significantly during the first phase of grouting, accounting
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for approximately 50% of the maximum additional stress. The increases in additional stress during the
subsequent two grouting phases are both smaller than that of the first phase, accounting for approximately
30% and 20% of the maximum value, respectively. At the beginning of each grouting phase, the additional
stress increases rapidly in an approximately linear fashion, and upon stopping the grouting, the additional
stress slightly decreases and then stabilizes. After the third grouting phase, due to grout running, a certain
part of the grout is lost, resulting in the additional stress dropping to the stabilized value observed after the
second phase. In terms of depth, the maximum additional stress occurs in the middle layer, with the upper
layer being about 70% and the lower layer about 40% of that in the middle layer. This is considered to be
influenced by the proximity to the grouting point, leading to the preliminary assumption that the closer the
soil is to the grouting point, the greater the additional stress induced by the grouting.
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Figure 7: Additional stress curves of grouting process at different depths (W/C = 0.6)

Fig. 8 presents the variation curves of horizontal additional stress on surfaces I and III. The solid lines
represent polymer-modified cement grout, while the dashed lines represent ordinary Portland cement grout.
From the curves, it can be observed that the average additional stress at cells 2# and 12#, which are closer
to the grouting point, is approximately twice that at cells 1#, 11#, 3#, and 13#, which are farther from the
grouting point. Based on the variation patterns of the curves in both the depth and horizontal directions, it
can be concluded that the closer the soil is to the grouting point, the greater the additional stress induced
by the grouting. Combining Figs. 7 and 8, it is evident that the incorporation of polyurethane enhances the
transmission of additional stress.

3.2 Effect of W/C Ratio and Polymer

This study conducted unit tests under six different working conditions. When the W/C ratio was less
than 1.0, the grout loss phenomenon occurred during the third phase of grouting, while for W/C ratios greater
than or equal to 1.0, the grout loss phenomenon occurs during the second phase of grouting. These findings
are consistent with the results reported by Huang et al. [29], confirming that the W/C ratio significantly
influences the diffusion rate of cement-based grout. A higher W/C ratio facilitates rapid grout diffusion due
to enhanced fluidity. In silty soil layers, the grout loss phenomenon is more likely to occur in such conditions.
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Fig. 9 shows the change in additional stress in the LI soil layer after the first phase of grouting under
different working conditions. When the W/C ratio is 0.4, the peak additional stress caused by grouting in
the upper layer is the highest, with a maximum value of 14 kPa. The peak additional stress for W/C ratios
between 0.6 and 1.0 does not vary significantly. From the trend in the figure, it can be observed that as the
W/C ratio increases, both the peak additional stress and the final stabilized value in the upper layer decrease.

15

Additional pressure (kPa)

—a— WClI

50 100 150

Grouting time (s)

Figure 9: Variation of additional stress in the L1 soil layer after the first phase of grouting under different working

conditions

Fig. 10 shows the variation of additional stress in the L2 soil layer after the first phase of grouting under
different working conditions. Compared to Fig. 9, the overall trend is similar, with the additional stress
caused by grouting being negatively correlated with the W/C ratio. However, from Fig. 10, it can be observed
that when the W/C ratio is between 0.8 and 1.2, the peak additional stress caused by grouting is similar, while
the final stabilized value is negatively correlated with the W/C ratio. This indicates that, because the L2 soil

layer is closer to the grouting point, the effect of the W/C ratio on the peak additional stress is weakened.
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Figure 10: Variation of additional stress in the L2 soil layer after the first phase of grouting under different working
conditions

Huang [26] suggested that slurry with a low water content is more likely to cause soil particles to densify,
resulting in higher stresses. From Figs. 9 and 10, it can be seen that the additional stress after grouting
stabilizes decreases with the increase in W/C ratio, while the peak additional stress during the grouting
process is more significantly influenced by the distance from the grouting point.

The peak additional soil pressure induced by polyurethane-modified cement-based grouting materials
during grouting is approximately 10% higher compared to the baseline grout with the same W/C ratio. The
final stable additional soil pressure is slightly higher than that of ordinary cement-based grouting materials.
This suggests that polymer modification not only enhances grout compaction and stress transmission but
also offers potential for improving long-term stability in tunnel repair applications, likely due to improved
rheological properties and interfacial bonding. Due to resource and time constraints, this study includes a
single set of polyurethane-modified grout tests. However, the results provide a foundation for future studies
investigating a broader range of polymer contents and grouting conditions.

The results show that the smaller the W/C ratio, the greater the additional stress generated by the grout.
However, during the experiment, it was observed that a W/C ratio of 0.4 caused blockage in the grouting
pipe due to poor flowability.

4 Conclusion

This study investigated the additional stresses induced by grouting in silty soil layers, focusing on
the influence of depth, distance from the grouting point, W/C ratio, and polyurethane modification.
The findings provide valuable insights into the stress distribution characteristics and the performance of
both conventional and polymer-modified grouts under confined conditions. The achieved conclusions are
summarized as follows:

(1) According to the distribution pattern of additional stress induced by grouting in silty soil layers at
different depths: The initial grouting phase produces the highest additional stress, accounting for
approximately 50% of the total, while the second and third phases account for around 30% and 20%,
respectively. As depth increases, the additional stress induced by grouting gradually decreases. The
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closer the location is to the grouting point, the greater the induced additional stress, and the influence
of horizontal distance from the grouting point is more significant than that of depth.

(2) Experimental results indicate that the W/C ratio has a significant effect on the additional stress induced
by grouting. As the W/C ratio increases, the fluidity of the grout improves, leading to a faster diffusion
rate and consequently lower additional stress. However, when the W/C ratio is greater than or equal
to 1, grout loss is more likely to occur.

(3)  The selection of an appropriate water-to-cement (W/C) ratio for grouting should balance additional
stress performance and grout flowability. A ratio that is too low reduces injectability and may cause
pipe blockages, while a high ratio risks grout loss. Based on the results, a W/C ratio of 0.6—especially
when combined with polyurethane modification—offers a favorable compromise in silty soils. This
provides practical guidance for selecting grouting materials in tunnel reinforcement applications.

(4) Polyurethane-modified cement-based grouting materials can significantly enhance the additional
stress induced by grouting, particularly reflected in an approximate 10% increase in peak additional
stress. Additionally, it slightly enhances the final stabilized value of the induced additional stress. This
behavior suggests that the incorporation of polyurethane contributes to higher stress concentrations
near the grouting point, which could potentially influence the long-term stability of tunnel structures.

The interaction between polyurethane and the surrounding materials may involve complex microstruc-
tural changes. To gain deeper insights into the internal structure and stress transfer characteristics of the
composite material, future studies could employ advanced techniques such as X-ray diffraction (XRD) and
computed tomography (CT). It should be noted that this study only examined a single polyurethane content,
which is a limitation. Future work is needed to investigate a wider range of polymer dosages and their inter-
actions with various water-to-cement ratios, as well as to assess the performance of polymer-modified grouts
in different soil types. Such efforts would help establish a more comprehensive understanding of material
behavior and support the development of optimized grouting strategies for complex geotechnical conditions.
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