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To address the issue of controlling the deformation of adjacent tunnels after excavation of the 
foundation pit, a method combining servo steel strut and capsule grouting for controlling the 
deformation of adjacent tunnels is proposed. First, the scaled model tests were conducted to 
determine the influence of the number of servo loading and their arrangement on the stress and 
deformation of the tunnel and diaphragm wall under the same capsule grouting conditions. This led 
to the identification of the optimal servo loading mode. Subsequently, numerical simulations were 
performed to analyze the effects of different double-row capsule grouting spacings on the tunnel 
and diaphragm wall under the optimal servo loading mode. The research results indicate that in 
the model tests, both servo loading and capsule grouting reduce the horizontal deformation and 
horizontal convergence of the tunnel but increase the tunnel settlement and pressure at the right 
hance. The greater the number of servo loading struts, the more effective the control of deformation 
in the diaphragm wall and tunnel. When the number of servo steel strut is constant, the closer the 
burial depth of the servo loading arrangement is to the burial depth of the tunnel axis, the greater the 
deformation of the tunnel. In the numerical simulations, the change in the horizontal spacing of the 
double-row capsule grouting has a greater impact on the deformation of the diaphragm wall and the 
right hance of the tunnel than changes in the tunnel clearance. The smaller the horizontal spacing, the 
greater the deformation of the diaphragm wall and the right hance of the tunnel.
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Excavation of foundation pits can induce deformation of diaphragm walls, which may further exacerbate the 
deformation of adjacent tunnels. Excessive tunnel deformation can lead to safety hazards such as segment 
cracking, water seepage, localized fragmentation, and track bed separation, which seriously threaten the safety 
of subway operations1–4. These failures are further manifested in full-scale tests where shield tunnel segments 
exhibit circumferential cracking and joint dislocation under excavation-induced deformation5,6. Measures such 
as partitioned and block excavation of the foundation pit and the installation of isolation piles (walls) can control 
the impact of excavation on adjacent tunnels to a certain extent, Although passive measures like partitioned 
excavation can delay deformation development7, they cannot eliminate existing deformation, which further 
justifies the necessity of the combined active control technology proposed in this study. Therefore, effective 
active control measures are needed to reduce both diaphragm wall and tunnel deformations.

Currently, control methods for the impact of foundation pit construction on nearby existing tunnels are 
mainly divided into active and passive measures8,9. Active control methods primarily include grouting and 
servo-strut control technologies. Grouting involves injecting slurry to exert pressure on the soil, causing a 
certain degree of deformation in the existing tunnel, thereby controlling the tunnel’s deformation. Zhang et 
al.10 treated the volume expansion of the grouting area as a combination of multiple spherical grouting volume 
expansions and studied the effects of different grouting pressures on tunnel structural deformation and the 
additional stresses. Zhao et al.11 employed the Material Point Method (MPM) to investigate the effect of grouting 
in reducing excessive convergence deformation in metro shield tunnels in soft soil areas. They found that the 
height, volume, and relative position of grouting with respect to the tunnel are key factors influencing grouting 
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efficiency. Cheng et al.12 proposed a novel grouting control method by combining vertical grouting with 
unloading hole technology, which can simultaneously control both horizontal and vertical tunnel deformations, 
effectively restoring tunnel deformation caused by excavation. In laboratory experiments, Zhu13 simulated the 
grouting correction process for shield tunnels and analyzed the stress and deformation of the tunnel structure 
under different grouting conditions.Huang et al.14 conducted model experiments to study the impact of lateral 
grouting on the stress and deformation of existing tunnels. The results showed that grouting leads to a localized 
increase in soil pressure, causing cross-sectional deformation of the tunnel, and clarified the mechanism of 
additional load formation due to slurry diffusion.

The servo-strut control technology primarily works by controlling the deformation of the retaining structure, 
thereby inducing deformation in the soil behind the wall, which ultimately controls the deformation of the tunnel. 
Currently, many engineering cases have demonstrated the effectiveness of servo-strut control in mitigating metro 
tunnel deformations15–22. Guo et al.23 utilized a modified Mohr–Coulomb soil model to establish a finite element 
model that does not consider the stress relaxation of steel struts on the servo-control system, and studied the 
deformation patterns surrounding tunnels near foundation pits. Zhang et al.24 conducted in-depth research 
on the deformation characteristics of metro tunnels in the granite residual soil layer in the Shenzhen area. The 
study found that an automatic axial force adjustment system for steel struts effectively reduced foundation pit 
displacement, with the maximum reduction reaching 75%, which plays an important role in protecting nearby 
metro tunnels. Tang et al.25 analyzed the stress characteristics of the adjacent tunnel and foundation pit during 
servo-loading through a scaled model experiment. They found that the simultaneous expansion and contraction 
of the three struts had the greatest impact on the tunnel’s bending moment. The expansion and contraction of 
the steel strut had a greater effect on the soil pressure at the left and right arch shoulders than on the soil pressure 
at the arch crown and arch bottom.

From the aforementioned studies, it can be observed that current research both domestically and 
internationally primarily analyzes the control of tunnel deformation using a single active control method, with 
no studies addressing the combined use of servo steel struts and grouting. To investigate the effect of different 
servo-strut arrangements on tunnel deformation under the same grouting conditions, this study conducted 
indoor model tests to explore the control mechanism of different servo-strut arrangements on the deformation 
of adjacent tunnels. Additionally, numerical simulations were used to investigate the impact of varying grouting 
spacing on tunnel deformation, with the aim of providing reference for similar engineering projects.

Model test plan
Project information
The project involves a subway station pit engineering that is parallel to the existing tunnel and station, as shown 
in Fig. 1. The depth of the experimental area pit is 17 m, the width is 24 m, and the length is 80 m. The thickness 
of the diaphragm wall on the side close to the tunnel is 0.8 m. A retaining scheme of 5 steel struts + 1 reinforced 
concrete strut is adopted. The diameter of the existing tunnel is 6.2 m, with a burial depth of 10.4 m, and a 
distance of 8.0 m from the pit. The strata it is located in are mainly ②42 sandy silt interbedded with silt sand and 
③5 silt sand, as shown in Fig. 2. The Soil Parameters are shown in Table 1.

Experimental setup design and material parameters
To avoid deviations in test results caused by boundary effects26, the dimensions of all models in the test need to 
be comprehensively considered. Therefore, a similarity ratio of 1:25 was chosen, and the model box dimensions 
are 2500  mm (length) × 2000  mm (width) × 1500  mm (height). The diaphragm wall is simulated using 6061 
aluminum alloy plates, with dimensions designed based on the equivalent bending stiffness principle27: 2000 
mm (length) × 1200 mm (height) × 5 mm (thickness). The capsule grouting, following the design of Zheng 
et al.28, has an expanded size of 250 mm (height) × 20 mm (diameter) according to the geometric similarity 
ratio. The tunnel is simulated using grooved PVC pipes to represent the actual longitudinal discontinuity of the 
tunnel29, and its dimensions are designed based on the bending stiffness similarity ratio: 2000 mm (length) × 250 
mm (outer diameter) × 5 mm (wall thickness), with a burial depth of 416 mm and a clear distance from the 
foundation pit of 320 mm. The experimental setup is shown in Fig. 3.

The foundation pit adopts a symmetric semi-excavation simulation, with excavation dimensions of 2000 
mm (length) × 480 mm (width) × 680 mm (depth). During the excavation process, steel struts are installed. In 
the horizontal direction, six internal struts are set with a spacing of 320 mm, while in the vertical direction, four 
layers of struts are arranged with a spacing of 170 mm, as shown in Fig. 4. The experimental design referenced 

Fig. 1.  Plan view.
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findings on the influence of servo loading on foundation pit deformation30, where custom-made telescoping 
aluminum rods achieved precise simulation of servo steel struts. The first layer uses 6061 standard aluminum 
alloy rods, while layers 2–4 use custom-made telescoping aluminum rods to simulate servo steel struts. According 
to the equivalence principle of compressive stiffness, the cross-sectional outer diameter of these rods is designed 
as 10 mm, and the inner diameter as 7 mm. The soil is modeled using homogeneous sand, and its physical and 
mechanical properties, along with the test material parameters, are presented in Table 2.

Test monitoring plan
As shown in Fig. 5a, his experiment establishes a total of 11 monitoring sections, namely Z1 to Z6 and M1 to M5. 
Specifically, the 6 sections (Z1 to Z6) are horizontally aligned with the 6 internal struts, whereas the 5 sections 
(M1 to M5) are situated between adjacent struts. Measurement points for all monitoring items are distributed 
across these sections. Figure 5b illustrates the monitoring layout for the M3 section. The deformation of the 
diaphragm wall is measured using laser sensors, with 5 measurement points placed along the section. Tunnel 
deformation is measured using displacement meters, with measurement points arranged at 90° intervals along 
the section. This setup allows for simultaneous monitoring of tunnel displacement and convergence. Tunnel 
surrounding pressure and the pressure of the surrounding soil are measured using miniature soil pressure cells 
with a range of 100 kPa and an accuracy of 0.05%. There are a total of four soil pressure cells. One of them is 
located at a horizontal distance of 40 mm from both the tunnel and the capsule grouting, with its depth consistent 
with the center of the capsule grouting. The other three measurement points are situated at a horizontal distance 
of 120 mm from both the capsule grouting and the diaphragm wall. Their depths are uniformly distributed along 
the length of the capsule grouting, with a spacing of 120 mm.

The experimental procedure and plan
The soil filling is carried out in layers with each layer being 10 cm thick. The diaphragm wall, tunnel, and capsule 
grouting are embedded at the corresponding depths. After the soil filling is completed, the model needs to 
remain undisturbed for 24 h. The data acquisition instrument is then activated to start the test. The excavation of 
the foundation pit is divided into four layers, each with a depth of 170 mm. After each layer is excavated, struts 
are installed. After the excavation reaches the bottom, the model needs to remain undisturbed for 12 h. Servo 
loading is then conducted, followed by another 12-h undisturbed period. Capsule grouting is then carried out 

Layer number Layer name γ(kN/m3) Es(MPa) c(kPa) φ(°)

①1 Miscellaneous Fill 17.5 3.0 8.0 15.0

①2 Plain fill 18.0 2.5 10.0 12.0

②32 Sandy silt 19.2 8.5 6.0 26.0

②42 Sandy silt mixed with silty sand 19.5 11.0 5.0 29.0

③5 Silt sand 19.4 15.0 5.0 32.0

Table 1.  Soil parameters.

 

Fig. 2.  Geological profile (Unit: m).
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Fig. 4.  Cross-section of the test apparatus (Unit: mm).

 

Fig. 3.  Model test apparatus (Unit: mm).
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at the M3 section, and the model is left undisturbed for 20 min after grouting is completed, marking the end of 
the test.

The elongation distance of each steel strut layer is determined by the maximum deformation of the diaphragm 
wall in that layer, as measured by a laser distance meter. Therefore, when servo loading is applied to a particular 
layer, the deformation of the diaphragm wall at the strut in that layer is controlled to the state it was in before 
excavation. Based on the experimental objectives, the test conditions are designed as shown in Table 3.

Analysis of test results
The M3 section is selected as the monitoring section to observe the changes in tunnel displacement, tunnel 
convergence, tunnel surrounding pressure, and diaphragm wall deformation before and after servo loading, as 
well as after grouting (data are not scaled according to the model ratio).

Tunnel horizontal and vertical displacements
Tunnel horizontal displacement
Figure  6 shows the impact of different servo methods on tunnel horizontal displacement under the same 
grouting conditions, where negative horizontal displacement indicates that the tunnel moves away from the 
foundation pit. From the Fig. 6, it can be seen that the combined control of capsule grouting and servo loading 
can cause the tunnel to experience horizontal displacement away from the foundation pit. However, there is a 
significant difference in the amount of horizontal displacement of the tunnel depending on the different servo 
arrangement patterns.

By observing the effect with and without servo loading, it can be seen that under the condition of servo 
loading, the effect of grouting is significantly enhanced. The horizontal displacement change of the tunnel in the 
non-servo grouting stage is only 0.025 mm, while under servo loading, the minimum horizontal displacement 
change of the tunnel after grouting is 0.065 mm.

From the perspective of the number of struts, the horizontal displacement change of the tunnel under three 
strut loading conditions can reach 0.12 mm, while under two strut loading conditions (3rd and 4th strut), the 
displacement is 0.105 mm, and under single strut loading, it is 0.065 mm. It can be observed that three strut 
loading provides the best control effect on grouting, followed by two strut loading, with single strut loading 
being the least effective. This is because three strut loading offers the best control over the deformation of the 
diaphragm wall. After three servo struts are applied, the displacement of the diaphragm wall is significantly 
reduced, the soil density between the tunnel and the foundation pit is increased, and it is higher than in the cases 
with two or single strut loading. Additionally, the expansion of the grout has a greater impact on the surrounding 
soil deformation, ultimately achieving the greatest control over tunnel horizontal displacement.

From the perspective of the strut arrangement, the horizontal displacement change of the tunnel under 
the 2nd and 4th strut loading is only 0.07 mm, while under the 3rd/4th strut loading, it can reach 0.105 mm. 
This indicates that the 2nd/4th strut loading has a smaller impact on the horizontal displacement of the tunnel 
compared to the 3rd/4th strut loading. This is because the burial depth of the 3rd/4th struts is closer to the tunnel 
depth than that of the 2nd/4th struts. During the servo loading process, the influence zone on the soil is more 
concentrated around the tunnel depth, which leads to a greater impact on the horizontal displacement of the 
tunnel.

Tunnel vertical displacement
Figure  7 illustrates the impact of different servo methods on tunnel vertical displacement under the same 
capsule grouting conditions. A negative vertical displacement indicates tunnel settlement, while a positive value 
represents heaving. As shown in Fig. 7, various factors such as the presence or absence of servo loading, the 
number of servo struts, and the strut arrangement result in different vertical displacement magnitudes.

An analysis based on the presence or absence of servo loading reveals that under servo loading conditions, 
the grouting effect increases the tunnel settlement. In the stage without servo loading, the tunnel settlement is 
only 0.01 mm, while under the combined action of servo and capsule grouting, the maximum tunnel settlement 
reaches 0.035 mm.

From the perspective of the number of strut loads, the vertical displacement pattern of the tunnel differs 
when three struts are used compared to other strut arrangements. With a single strut, the tunnel settlement is 
0.02 mm, while with two struts, the settlement increases to 0.035 mm (using the 3rd and 4th struts). However, 
when three struts are used, the tunnel experiences heaving of 0.01 mm in the servo loading stage, followed by 
settlement of 0.045 mm in the grouting stage, resulting in a total settlement of 0.035 mm. From the above data, 
it is evident that both single and double strut loads increase the tunnel settlement in both the servo loading and 
grouting stage. In contrast, with three struts, the tunnel first heaves and then settles after grouting.

From the perspective of the strut arrangements, the 2nd and 4th strut loading results in a settlement of 
0.015 mm, while the 3rd and 4th strut loading leads to a settlement of 0.03 mm. In both strut arrangements, 

Material γ/(kN/m3) E/GPa Poisson’s ratio Angle of friction/(°) c/kPa

Sand soil 16.7 0.02 0.3 35 0

6061 Aluminum alloy 28.0 70 0.33 – –

PVC Pipe 15.5 34.5 0.34 – –

Table 2.  Material parameters.
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the servo loading stage causes a vertical displacement of 0.005 mm in the tunnel, indicating that the strut mode 
has a relatively small impact on the tunnel’s vertical displacement in the servo loading stage. However, the 
strut arrangements have different effects on the subsequent vertical displacement caused by capsule grouting. 
Specifically, the strut arrangement where the average burial depth of the strut is closer to the tunnel’s burial 
depth has a greater impact on the tunnel’s vertical displacement. This observation is consistent with the pattern 

Fig. 5.  Model test setup diagram (Unit: mm); (a) Schematic plan view; (b) Schematic sectional view of section 
M3.
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of horizontal displacement. In summary, while the strut modes have a minimal effect on the tunnel’s vertical 
displacement during the servo loading stage, they influence the vertical displacement during grouting differently. 
Strut arrangements with average burial depths closer to the tunnel depth exert a more significant effect on 
vertical displacement, which aligns with the behavior observed in horizontal displacements.

Fig. 7.  The variation in vertical displacement of tunnels under different servo control methods.

 

Fig. 6.  The variation in horizontal displacement of tunnels under different servo methods.

 

Group

Servo steel strut

Tunnel burial depth (mm)

Capsule grouting parameters

Loading conditions Loading distance M3 section

1 No loading

Adjusting according to the deformation of the diaphragm wall 416

Diameter = 20mm
Length = 250mm
Middle Burial Depth = 540mm
Pressure = 16kg
Clear Distance to the Tunnel = 80mm

2 2nd, 3rd and 4th Strut loading

3 2nd and 4th Strut loading

4 3rd and 4th Strut loading

5 4th Strut loading

Table 3.  Experimental conditions.
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Tunnel horizontal convergence
Figure 8 shows the impact of different servo control methods on tunnel horizontal convergence under the same 
capsule grouting conditions, where a negative value in the horizontal convergence variation indicates a reduction 
in convergence. As shown in Fig. 8, the horizontal convergence of the tunnel caused by foundation pit excavation 
is reduced by servo loading and capsule grouting expansion, making the tunnel section more circular.

An analysis of the presence or absence of servo loading shows that under the condition of no servo loading, 
a horizontal convergence of 0.08 mm occurs, which is generally smaller than under other conditions. However, 
under the combined action of servo loading and capsule grouting, the maximum horizontal convergence 
variation of the tunnel can reach up to 0.25 mm.

An analysis of the number of strut loads shows that the horizontal convergence of the tunnel under single 
strut loading is 0.17 mm, while the maximum horizontal convergence under double strut loading is 0.23 mm 
(at the 3rd/4th strut). Under triple strut loading, the horizontal convergence variation reaches 0.25 mm. It can 
be seen that the horizontal convergence induced by triple strut loading is greater than that of the other loading 
arrangements.

From the observation of the strut arrangement, the tunnel experiences a horizontal convergence of 0.12 mm 
under the 2nd/4th strut loading, and a horizontal convergence of 0.23 mm under the 3rd/4th strut loading. The 
difference between these two values is as high as 0.11 mm. This is because the 3rd/4th strut arrangement has 
a stronger concentration effect on horizontal convergence compared to the 2nd/4th strut, resulting in better 
control of the tunnel’s horizontal convergence.

Tunnel right hance pressure
Figure  9 illustrates the variation in pressure at the right hance of the tunnel under different servo control 
methods with capsule grouting conditions. Positive values indicate an increase in pressure, suggesting 
exacerbated compression. When capsule grouting and servo control are applied in combination to control 
tunnel deformation, the pressure at the right hance increases.

An analysis of the presence or absence of servo loading shows that the pressure at the right hance of the 
tunnel is 12.121 kPa without servo loading. However, under the condition of servo loading, the pressure at the 
right hance is higher than in the case without servo loading. Under the combined effect of servo control and 
capsule grouting, the maximum pressure variation at the right hance can reach up to 40.799 kPa.

An analysis of the number of strut loadings shows that the pressure variation at the right hance of the tunnel 
is 13.949 kPa with single strut loading. With two strut loadings, the pressure variation increases to 38.611 kPa, 
and with three strut loadings, the pressure variation reaches 40.799 kPa. It can be observed that under the same 
capsule grouting conditions, three strut loadings have the greatest impact on the pressure at the right hance of 
the tunnel.

An analysis of the strut arrangement modes shows that loading with the 2nd and 4th struts results in a pressure 
variation of 15.037 kPa at the tunnel. In contrast, loading with the 3rd and 4th struts leads to a pressure variation 
of 38.611 kPa. The difference between the two is 23.574 kPa, which is consistent with the reasoning behind 
the influence of strut arrangement modes on horizontal displacement. Specifically, different strut arrangements 
affect how the load is distributed, thereby influencing the tunnel’s deformation and pressure distribution.

Fig. 8.  The variation in tunnel horizontal convergence under different servo control methods.
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Deformation of diaphragm walls
Figure 10 shows the deformation of the diaphragm wall under different servo control methods. Positive values 
indicate deformation of the diaphragm wall inward toward the excavation, while negative values indicate 
deformation outward away from the excavation. The “Grouting Stage” represents the deformation of the 
diaphragm wall caused by capsule grouting, and the “Loading Stage” represents the deformation caused by 
servo strut loading. The black strut indicates no servo loading, and the red strut indicates the activation of 
servo loading. From the Fig. 10, it can be seen that during the servo loading stage, the diaphragm wall moves 
outward toward the excavation, while during the grouting stage, the diaphragm wall moves inward toward the 
excavation within the grouting depth (− 41.6 cm to − 66.6 cm). At other depths, the diaphragm wall generally 
moves outward away from the excavation.

Under the condition without servo loading, the deformation of the diaphragm wall increases within the 
grouting depth (− 41.6 cm to − 66.6 cm), while at other depths, the deformation decreases. The maximum 
deformation occurs at the 4th strut (at a depth of − 51 cm), where the deformation can reach 0.26 mm.

Under the loading condition at the 4th strut (buried depth of − 51 cm), the maximum deformation of the 
diaphragm wall in the servo stage is − 0.84 mm at the 4th strut. The deformation in the grouting stage at this 
position is 0.24 mm, resulting in a combined deformation of − 0.60 mm for the diaphragm wall. At the bottom 
of the excavation (depth of − 68 cm), the grouting stage has the greatest impact on the diaphragm wall, with 
a deformation of 0.56 mm. The deformation in the servo stage at this depth is − 0.27 mm, and the combined 
deformation of the diaphragm wall at this depth is 0.29 mm.

Under the loading condition at the 2nd and 4th struts, the maximum deformation of the diaphragm wall in 
the servo stage at the 2nd strut (depth of − 17 cm) is − 0.78 mm. The deformation in the grouting stage at this 
position is − 0.01 mm, resulting in a combined deformation of − 0.79 mm for the diaphragm wall. At the bottom 
of the excavation (depth of − 68 cm), the grouting stage has the greatest impact on the diaphragm wall, with a 
deformation of 0.21 mm. The deformation in the servo loading stage at this depth is 0.02 mm, and the combined 
deformation of the diaphragm wall at this depth is 0.23 mm.

Under the loading condition at the 3rd and 4th struts, the maximum deformation of the diaphragm wall 
in the servo stage at the 3rd strut (depth of − 34 cm) is − 1.06 mm. The deformation in the grouting stage at 
this position is 0.04 mm, resulting in a combined deformation of − 1.02 mm for the diaphragm wall. At the 
bottom of the excavation (depth of − 68 cm), the grouting stage has the greatest impact on the diaphragm wall, 
with a deformation of 0.10 mm. The deformation in the servo loading stage at this depth is − 0.06 mm, and the 
combined deformation of the diaphragm wall at this depth is 0.04 mm.

Under the loading condition at the 2nd, 3rd, and 4th strut, the maximum deformation of the diaphragm 
wall in the servo loading stage at the 3rd strut is − 1.16 mm. The deformation in the grouting stage at this 
position is 0.05 mm, resulting in a combined deformation of − 1.11 mm for the diaphragm wall. At the bottom 
of the excavation (depth of − 68 cm), the grouting stage has the greatest impact on the diaphragm wall, with 
a deformation of 0.31 mm. The deformation in the servo loading stage at this depth is − 0.33 mm, and the 
combined deformation of the diaphragm wall at this depth is − 0.02 mm.

From the above analysis, it can be observed that under the same conditions, the loading of the 2nd, 3rd, and 
4th strut results in the maximum deformation of the diaphragm wall, followed by the 2nd and 4th strut loading, 
the 3rd and 4th strut loading, and the 4th strut loading. However, the depth at which the maximum deformation 
occurs differs. When a single strut is activated, the deformation at that position is greater than at other depths. 
In the case of two struts being loaded, the maximum deformation occurs at the position of the first activated 

Fig. 9.  The variation in pressure at the right hance of the tunnel under different servo control methods.
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servo strut. However, when three struts (2nd, 3rd, and 4th) are loaded, the maximum deformation occurs at the 
position of the 3rd strut. This is because, when one or two servo struts are activated, the deformation is largest at 
the first activated strut. In contrast, when three servo struts are loaded, the deformation at the middle position is 
influenced by the adjacent servo struts, which causes an accumulation of deformation, leading to the maximum 
deformation at the 3rd strut.

The deformation caused by capsule grouting in the diaphragm wall is mostly positive, meaning that 
capsule grouting tends to increase the deformation of the diaphragm wall. Except for the pit bottom position, 
the deformation induced by capsule grouting is generally smaller than that caused by the servo struts. This is 
because, at the pit bottom, the diaphragm wall is located within the grouting depth range and is not directly 
affected by the loading of the servo steel struts. As a result, the deformation caused by capsule grouting at this 
location exceeds that caused by the servo steel struts.

By superimposing the deformation caused by both capsule grouting and servo steel struts, it can be analyzed 
that at the depth where the servo steel struts are loaded, the deformation of the diaphragm wall will eventually 

Fig. 10.  The deformation induced in diaphragm walls by different servo loading methods; (a) No loading; 
(b) 4th strut loading; (c) 2nd and 4th strut loading; (d) 3rd and 4th strut loading; (e) 2nd, 3rd and 4th strut 
loading.
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move outward from the pit, while at the pit bottom, the deformation will move inward. Therefore, to prevent 
excessive deformation at the pit bottom due to the influence of capsule grouting, it is recommended to carry 
out capsule grouting control for the adjacent tunnel only after the base slab at the pit bottom has been poured.

Comparison of control effects
Control effects on tunnel horizontal displacement
Under the same capsule grouting conditions, the impact of different servo arrangement methods on the 
control of tunnel horizontal displacement varies. To evaluate the effectiveness of servo and capsule grouting in 
controlling tunnel horizontal displacement, a comparison is made based on the proportion of tunnel horizontal 
displacement control attributed to the servo and capsule grouting stage (as shown in Fig. 11). Negative values 
indicate displacement of the tunnel away from the excavation pit.

As can be seen from the figure, the proportion of total tunnel horizontal displacement control achieved by 
capsule grouting is consistently greater than that achieved by servo loading. This is because grouting is not only 
closer to the tunnel but also more targeted in its control of horizontal displacement, thus leading to better control 
effects. As the number of servo struts increases, the total control of tunnel horizontal displacement shows an 
increasing trend. At the same time, the proportion of control exerted by the servo and grouting stage becomes 
more similar. For instance, under a single strut, the control proportion of the grouting stage to the servo stage 
is 92.31% to 7.69%, whereas, under three struts, it decreases to 54.17% to 45.83%. From the above analysis, it 
can be concluded that under the same capsule grouting conditions, the greater the number of loaded struts, the 
larger the total control of tunnel horizontal displacement. Moreover, with an increase in the number of struts, 
the effectiveness of the servo strut in controlling tunnel displacement also improves.

From the Fig. 11, it can also be observed that different strut arrangement patterns have a certain impact 
on tunnel displacement control. Compared to the loading of the 2nd and 4th strut, the loading of the 3rd and 
4th strut shows more significant control effects. This phenomenon can be attributed to the more concentrated 
loading effect of the 3rd and 4th strut, which provides more effective force transmission and distribution during 
the tunnel control process, thereby optimizing the control effect. In essence, the more concentrated loading 
pattern improves the efficiency of force application and enhances the overall stability and control of the tunnel’s 
horizontal displacement.

From the above data, it can be concluded that the loading of the 2nd, 3rd, and 4th strut provides the largest 
control over the tunnel’s horizontal displacement. The loading of the 3rd and 4th strut also offers a relatively 
good tunnel control effect. However, the control effects of the 4th strut and the 2nd and 4th strut loading 
are comparatively weaker in controlling tunnel displacement. This suggests that the combination of certain 
struts (such as 2nd/3rd/4th) is more effective in controlling horizontal displacement, likely due to better load 
distribution and force transfer, while other combinations (like 4th or 2nd/4th strut) do not provide as efficient 
control, possibly because the forces are not as well concentrated or distributed across the tunnel structure.

Control effects on diaphragm wall deformation
Since the servo loading was applied at the 4th strut, and the grouting depth is relatively close to the depth of 
the 4th strut, the study aims to observe the control effects of different servo methods on the displacement of the 
diaphragm wall under the same capsule grouting conditions. Therefore, the deformation of the diaphragm wall 

Fig. 11.  The proportion of influence of the servo stage and grouting stage on the tunnel horizontal 
displacement.
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at the fourth strut (with a burial depth of − 51 cm) was selected as the observation parameter. The specific results 
are shown in Fig. 12.

From the figure, it can be observed that at the burial depth of − 51 cm, the loading of the 4th strut has the 
greatest impact on the deformation of the diaphragm wall, with a maximum deformation of − 0.84 mm. The 
deformation is − 0.74 mm when the 3rd and 4th struts are loaded, − 0.54 mm when the 2nd, 3rd, and 4th struts 
are loaded, and the minimum deformation occurs when the 2nd and 4th struts are loaded, with a value of only 
− 0.2 mm. This shows that at a specific depth, the impact on diaphragm wall deformation is significantly related 
to the arrangement of the struts, and it is not necessarily the case that loading more struts results in better 
control.

The absolute deformation of the diaphragm wall in the grouting stage is generally smaller than that in the 
servo loading stage. Under the loading condition of the 4th strut, the maximum deformation is 0.24 mm. When 
the 3rd and 4th struts are loaded, the deformation has the smallest impact, with a value of only 0.06 mm. This 
indicates that under the same capsule grouting conditions, the grouting has different effects on diaphragm wall 
deformation depending on the arrangement of the servo struts and the number of loading struts.

By superimposing the effects of the two control methods on diaphragm wall deformation, it can be observed 
that under the loading condition of the 3rd and 4th struts, the diaphragm wall deformation is the largest at − 0.68 
mm. The deformation is − 0.60 mm under the fourth strut loading condition, − 0.31 mm under the 2nd, 3rd, and 
4th strut loading condition, and the smallest deformation of − 0.11 mm occurs when the 2nd and 4th struts are 
loaded. From the above data, it can be analyzed that both the arrangement of the servo struts and the number 
of loading struts have different effects on diaphragm wall deformation. However, after superimposition, the 
deformation of the diaphragm wall decreases in all cases. Therefore, combining the analysis from the previous 
section, when prioritizing the control of large horizontal tunnel displacements while ensuring that diaphragm 
wall deformation does not increase, the recommended servo strut arrangement is to load the 2nd, 3rd, and 4th 
strut.

Double-row capsule grouting simulation
Numerical model
Model development
The numerical simulation was carried out using Plaxis 3D, and the specific model is shown in Fig. 13. Since the 
dimensions of the indoor model test are too small to be implemented in numerical simulations, the geometric 
dimensions have been scaled up according to a scaling ratio(1:25), while carefully considering boundary effects. 
The dimensions of the soil model are 200 m × 120 m × 70 m (length × width × depth), and the dimensions of the 
excavation pit are 82 m × 24 m × 17 m, with the depth of the diaphragm wall insertion being 30 m. In terms of 
strut, 10 horizontal struts are set, with the first and last strut positioned 5 m away from the edge of the excavation 
pit, and the horizontal spacing between each strut is 8 m, while the vertical spacing is 4.25 m. The tunnel has an 
external diameter of 6.2 m, a segment thickness of 0.35 m, and a length of 200 m. The tunnel is buried at a depth 
of 10.4 m, running parallel to the long side of the excavation pit, with a distance of 8 m between the tunnel and 
the excavation pit. To ensure computational accuracy, the initial diameter of the capsule grouting is set to 0.2 m.

The model boundaries are defined using standard constraint forms. Normal displacement constraints are 
applied to the lateral boundaries, full constraints are applied to the bottom surface, and the top surface of the 
model is allowed to deform freely.

Fig. 12.  Deformation and cumulative deformation of the diaphragm wall at different stages.
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Parameter selection
The model soil is consistent with the soil used in the physical model test, and overall sand is adopted as the soil. 
The constitutive model for the soil is the Mohr–Coulomb model, with soil parameters provided in Table 2. The 
contact relationship between the soil and the diaphragm wall is simulated using the interface elements embedded 
in PLAXIS 3D. Since there are no relevant test parameters in the geological investigation data, the strength and 
stiffness reduction factors of the interface are uniformly taken as the software system’s recommended value of 0.7. 
This value is an empirical value recommended by the software system based on a large number of engineering 
experiences and research statistics in the absence of specific test parameters, and it has certain universality for 
the contact interface between concrete and sandy soil.

The material properties of the structural components in the model are shown in Table 4. In the actual 
engineering project, due to the presence of other components, the stiffness of the steel struts in the project 
is much lower than the actual stiffness of the steel material. Lei et al.31 found through research that when 
simulating steel struts using beam elements, it is recommended to reduce their stiffness to 38% of the original 
value. Additionally, the actual tunnel segments of the shield tunnel are affected by the joints, which influence 
their elastic modulus. The elastic modulus of the tunnel segments is recommended to be reduced to 60% of the 
original value. The material properties of each structural component are listed in Table 4.

Simulation method
The construction sequence mirrors that of the model test: initially, the tunnel is constructed, succeeded by 
foundation pit excavation, servo loading, and capsule grouting expansion. The foundation pit is excavated in four 
layers, with each layer being 4.25 m. Struts are installed after each layer is excavated. The servo loading adopts 
the method of point load33. Based on the increase in axial force according to the scale ratio in the scaled model 
test, the deformation of the diaphragm wall is controlled by servo loading to achieve the required deformation. 
In the model test, capsule grouting is performed by inflating the grout bag, which undergoes constant volume 

Type Material Element type Constitutive model E (GPa) γ(kN/m3) Poisson’s ratio

Diaphragm wall C30 Plate element Linear elastic 30 24 0.2

Concrete strut C35 Beam element Linear elastic 31.5 24 0.2

Servo steel strut Q235 Point-to-point anchor bar Linear elastic 206 78.5 0.32

Shield segment C50 Plate element Linear elastic 34.5 24 0.2

Waist beam/crown beam C35 Beam element Linear elastic 31.5 24 0.2

Capsule grouting32 – Solid element Non-porous elastic body 20 15 0.32

Table 4.  Material parameters.

 

Fig. 13.  Model Diagram (Unit: m). The model was established by Plaxis 3D (Version 2023.1.0.59; 2023; ​h​t​t​p​s​:​/​/​
w​w​w​.​b​e​n​t​l​e​y​.​c​n​/​s​o​f​t​w​a​r​e​/​p​l​a​x​i​s​-​3​d​/​​​​​)​.​​​​
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expansion. Therefore, the capsule grouting simulation method in this study employs the volumetric strain 
control method, which has been proven feasible by previous researchers34,35.

Verification of numerical simulation results
The numerical simulation validation was carried out using the Group 2 in Table 3. The model test results were 
magnified 25 times and compared with the numerical simulation results, as shown in Fig.  14. This section 
corresponds to the M3 section in the model test, which is located at the center of the excavation in the numerical 
simulation. As can be seen from the figure, there is a slight discrepancy between the numerical simulation 
and the model test results, but the trends are consistent. Therefore, the model is in good agreement with the 
excavation, servo loading, and grouting stages of the foundation pit, confirming the feasibility of the model.

The impact of double-row capsule grouting on tunnel deformation
Design of numerical simulation conditions
The arrangement of capsule grouting at different locations can have varying effects on the deformation of the 
diaphragm wall and tunnel. Based on previous model test studies, this research investigates the combinations of 

Fig. 14.  Comparison of model test results with numerical simulation results; (a) Comparison of horizontal 
deformation of diaphragm wall; (b) Tunnel horizontal deformation comparison chart.
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capsule grouting at different locations, with the primary control variables being the horizontal distance between 
the capsule grouting and the distance to the tunnel. Other capsule grouting parameters remain consistent with 
the standard conditions. The specific simulation conditions are shown in Table 5.

Taking Group 1 as an example, different horizontal spacing (S) and distance from the tunnel boundary (W) 
for the capsule grouting are arranged in the grouting area, as shown in Fig.  15. Before grouting, all capsule 
grouting points are located in sandy soil. During the grouting stage, the required capsule grouting are activated 
according to the working condition specifications. The A-A section is the primary observation section for the 
diaphragm wall, and the main observation data for the tunnel deformation are taken from the right hence 
deformation at the depth of the tunnel axis.

Analysis of the impact of double-row capsule grouting spacing on diaphragm wall deformation
To facilitate the distinction between different spacings of the double-row capsule grouting combinations, the 
combinations are expressed in terms of the horizontal spacing (S) and the distance from the tunnel boundary 
(W). For example, the single-row spacing in working condition 1 is represented as (S4W4) and (S4W3), and the 
combined expression is (S4W4W3). Other combinations are expressed in a similar manner.

In order to investigate the impact of different capsule grouting spacings during the single and double-row 
capsule grouting stage on diaphragm wall deformation, the maximum deformation differences of the diaphragm 
wall for various spacings and grouting stage are summarized, as shown in Fig. 16. Positive values indicate that 
the diaphragm wall deforms inward toward the foundation pit. In the figure, the blank section represents the 
deformation change of the diaphragm wall during the first-row grouting stage, which is the difference between 
the diaphragm wall deformation after the first-row capsule grouting and the servo loading; the shaded section 
represents the deformation change during the second-row capsule grouting stage, which is the difference in 
diaphragm wall deformation between the first and second capsule grouting stage.

As shown in the figure above, the impact of the first row of capsule grouting on the deformation of the 
diaphragm wall is greater than that of the second row. The proportion of the deformation caused by the second 
row of capsule grouting relative to the first row, in order of working conditions, is 81.73%, 75.91%, 75.27%, 
77.15%, 70.78%, 78.29%, 79.31%, 71.86%, and 63.04%. From the proportion data, it can be observed that the 
effect of the second row of capsule grouting on the diaphragm wall is weaker than that of the first row. This is 
because after the first row of capsule grouting, a reinforced wall structure is formed within the grouting area. 
During the second row of capsule grouting, the soil squeezing effect between the first-row capsule grouting and 

Fig. 15.  Schematic diagram of the plan layout of the capsule grouting.

 

Group Horizontal spacing (S)/m

Distance from 
the tunnel 
boundary(W)/m

First row Second row

1 4

4 32 8

3 16

4 4

4 25 8

6 16

7 4

3 28 8

9 16

Table 5.  Numerical simulation conditions with different spacing of double-row capsule grouting.
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the diaphragm wall is weakened, leading to a reduced influence of the second row of capsule grouting on the 
deformation of the diaphragm wall.

From the perspective of changes in capsule grouting spacing, whether it is the first or second row of capsule 
grouting, the variation in horizontal spacing has a significantly greater impact on the deformation of the 
diaphragm wall than changes in the grouting distance. Under the conditions of a 4 m and 3 m distance from 
the tunnel edge for the first row of capsule grouting, the impact of capsule grouting with a horizontal spacing of 
4 m on the diaphragm wall deformation is 1.92 and 4.04 times greater than that of horizontal spacings of 8 m 
and 16 m, respectively. Under the condition of a 4 m and 2 m distance from the tunnel edge, the impact of a 4 
m horizontal spacing is 1.81 times and 3.80 times greater than that of the other two spacing conditions. Under 
the condition of a 3 m and 2 m distance from the tunnel edge, this value is 1.82 times and 3.69 times greater, 
respectively.

For the second row of capsule grouting, these comparative data are 2.07 times and 4.38 times, 1.97 times and 
3.74 times, and 2.01 times and 4.64 times, respectively. From the above comparative data, it can be observed that, 
under the same tunnel edge distance conditions, the sensitivity of the second row of capsule grouting to changes 
in horizontal spacing is similar to that of the first row. Among these, the first and second row capsule grouting 
effects in the S16W3W2 grouting group differ significantly, as the average distance from the tunnel edge is the 
furthest in this group, and the 16 m horizontal spacing further weakens the overlapping effect of the capsule 
grouting zones, resulting in the poorest effect for the second row of capsule grouting.

In summary, the influence of horizontal spacing on diaphragm wall deformation is clearly more significant 
than the change in grouting distance. Additionally, when the distance from the tunnel edge is relatively large, 
the effect of the second row of capsule grouting tends to be less effective due to the weakened overlapping effect 
of the grouting zones.

Analysis of the impact of double row capsule grouting spacing on tunnel deformation
In order to investigate the impact of different stages of double-row capsule grouting on the deformation of the 
tunnel’s right hance, the deformation variations at different grouting stages for various groups are compiled, as 
shown in Fig. 17. Positive values represent the deformation of the tunnel’s right hance away from the excavation 
pit. The blank section indicates the deformation change at the first row of capsule grouting stage, which is the 
difference in deformation of the tunnel’s right hance between the first row of capsule grouting and the servo-
loading stage. The shaded section represents the impact of the second row of capsule grouting on the right hance 
deformation, which is the difference in deformation between the first and second rows of capsule grouting at the 
tunnel’s right hance.

As shown in the figure above, the impact of the first row of capsule grouting on the deformation of the 
tunnel’s right hance is greater than that of the second row of capsule grouting. Specifically, the deformation 
caused by the second row of capsule grouting, in terms of the operating conditions, accounts for 87.66%, 75.22%, 
87.91%, 96.46%, 78.12%, 96.59%, 89.12%, 73.24%, and 68.69% of the deformation caused by the first row of 
capsule grouting. From the proportional data, it can be observed that the effect of the second row of capsule 
grouting on the tunnel’s right hance deformation is weaker than that of the first row. This is because, after the first 
row of capsule grouting, the tunnel has already undergone some degree of deformation control. As a result, the 
second row of capsule grouting needs to exert a larger grouting effect to achieve the desired result, which leads 
to a slightly weaker effect compared to the first row of capsule grouting.

Fig. 16.  The effect of different double-row capsule grouting spacings on the maximum deformation value of 
the diaphragm wall.
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From the perspective of changes in grouting spacing, it can be observed that, regardless of whether it is the 
first or second row of capsule grouting, the effect of horizontal spacing on the deformation of the tunnel’s right 
hance is significantly greater than that of changes in grouting distance. Under the first-row capsule grouting 
conditions, when the distance from the tunnel’s edge is 4 m or 3 m, the capsule grouting with a horizontal 
spacing of 4 m causes deformations of the diaphragm wall that are 1.75 and 3.66 times greater than those for 
horizontal spacings of 8 m and 16 m, respectively. For the conditions with distances from the tunnel’s edge of 4 
m and 2 m, the grouting with a horizontal spacing of 4 m causes deformations that are 1.64 times and 3.42 times 
greater than those for the other two conditions. Similarly, for the conditions with distances from the tunnel’s 
edge of 3 m and 2 m, the values are 1.67 times and 3.23 times greater, respectively.

For the second-row capsule grouting, these comparative data are 2.04 and 3.65 times, 2.00 and 3.42 times, 
and 2.03 and 4.18 times, respectively. From the above comparison, it is evident that, under the same distance 
from the tunnel’s edge, the second row of capsule grouting is more sensitive to changes in horizontal spacing 
than the first row of capsule grouting. Notably, the difference between the first and second rows of capsule 
grouting is more significant in the S16W3W2 grouting group. This is because the smaller the horizontal spacing, 
the more pronounced the superimposed effect of capsule grouting. At the same time, the average distance from 
the tunnel’s edge is closer to that of the other two groups, which explains why the difference in the effect on the 
tunnel’s right hance deformation is the greatest for the S4W3W2 and S16W3W2 groups.

Conclusion
This study conducted model tests to investigate the effects of different servo strut arrangements on controlling 
the deformation of adjacent tunnels under the same capsule grouting conditions. The study analyzed the impact 
of various servo strut arrangements on the tunnel and the diaphragm wall. Under the condition of full loading of 
the servo struts, the effects of different double-row capsule grouting spacing on the tunnel and diaphragm wall 
deformation were also analyzed. The main conclusions are as follows:

	1.	 Different servo strut arrangements have a controlling effect on the horizontal displacement of the tunnel, 
with a greater number of struts leading to a more significant impact on the tunnel’s horizontal displacement 
and a more pronounced grouting effect. In terms of vertical displacement, servo loading generally causes 
tunnel settlement. However, when the 2nd, 3rd, and 4th struts are applied, the tunnel experiences an uplift 
phenomenon. Capsule grouting tends to induce tunnel settlement, and the amount of settlement increases 
with the number of struts. After the application of servo strut and capsule grouting, the horizontal conver-
gence of the tunnel is effectively controlled. Notably, when a full servo strut system is used, the reduction in 
convergence is most significant.

	2.	 Both servo strut and capsule grouting increase the pressure at the right crown of the tunnel. Among them, 
the pressure increase is most significant with the second, third, and fourth layers of struts. The pressure 
generated by the servo struts is much lower than that produced by capsule grouting. The second and fourth 
layers of struts have a weaker impact on the tunnel’s deformation, convergence, and stress compared to the 
third and fourth layers of struts. This is because the third and fourth layers of struts exert a more concentrat-
ed effect on the tunnel.

Fig. 17.  The impact of different double-row capsule grouting spacings on the deformation of the tunnel’s right 
hance.
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	3.	 Servo loading causes the diaphragm wall to deform outward, away from the excavation pit. The maximum 
deformation of the diaphragm wall occurs when the second, third, or fourth layer of struts are loaded. How-
ever, the depth at which the maximum deformation of the diaphragm wall occurs varies depending on the 
number of struts loaded. In cases with one or two struts, the maximum deformation of the diaphragm wall 
occurs at the depth of the first loaded strut. When three struts are applied, the maximum deformation oc-
curs at the depth of the middle strut. Grouting, on the other hand, only causes inward deformation of the 
diaphragm wall within the grouting depth, and the deformation is smaller compared to the servo-loaded 
segment.

	4.	 The effects of servo strut and capsule grouting on the horizontal displacement of the tunnel are different. 
When only a single layer of strut is applied, capsule grouting has a much greater impact on the horizontal 
displacement of the tunnel than servo control. However, when the second, third, or fourth layers of struts are 
used, capsule grouting still provides better control over the horizontal displacement of the tunnel compared 
to servo control, although the difference between the two methods becomes smaller. Both the servo arrange-
ment and the number of struts influence the deformation of the diaphragm wall in the servo and grouting 
stage. In the case where controlling the horizontal displacement of the tunnel is prioritized, while ensuring 
that the deformation of the diaphragm wall does not increase, it is recommended to use the second, third, or 
fourth layers of struts for the servo control arrangement.

	5.	 Under conditions of different spacing between the two rows of struts, the impact of horizontal spacing 
changes on the deformation of the diaphragm wall and the deformation of the right arch of the tunnel is 
greater than that of the distance to the tunnel side. As the horizontal spacing decreases, both the diaphragm 
wall deformation and the right arch deformation of the tunnel increase. When the horizontal spacing is 4 m, 
there is a risk of excessive control on the tunnel. When the horizontal spacing is equal, the capsule grouting 
combination W4W2 has the greatest impact on the deformation of the diaphragm wall. However, for the 
deformation of the tunnel’s right arch, the effects of capsule grouting combinations W4W2 and W3W2 are 
very similar and better than the combination W4W3.

Data availability
The datasets generated or analysed during the current study are not publicly available due to confidentiality 
agreements, but are available from the corresponding author on reasonable request.
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