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Abstract: This paper proposes a scale model test to simulate shield tunnel excavation over long
distances. The test simulates the whole process of shield tunneling through the Weihe River on
Xi’an Metro Line 1, where the tunneling length and diameter reach 100 m and 6 m, respectively. The
dimensions of the test setup were 6.0 m x 1.0 m x 1.0 m, the diameter of the tunnel model was
160 mm, and the geometric similarity ratio was 1:40. Finite element analysis and field measurements
were performed to complement the test results. By comparing the finite element simulation and
field measurement, the scale model test was validated and verified to be reliable. The results show
that the test effectively predicts riverbed deformation caused by shield construction. In addition, it
can be applied to soil stability analysis and the impact evaluation of surface deformation in other
shield-crossing rivers, complex strata, and superstructure groups, providing auxiliary guidance for
shield constructions.

Keywords: scale model test; shield tunneling; river; finite element analysis; long distances

1. Introduction

A shield tunnel is the most common method in the construction of urban subways,
which has the advantages of high boring speed, high efficiency, and a short construction
period. When a shield tunnel is exposed to uncertainty in the soil and complex geology,
such as a river and geological faults, monitoring of the tunnel and surrounding soil is
required to ensure project safety [1]. In the shield construction of underground tunnels, a
single theoretical calculation or numerical simulation is not enough to guide the design of
the project due to project size, incomplete prediction of soil characteristics, and complex
construction conditions. However, model tests can reproduce engineering phenomena in
the laboratory with scale models, which helps to solve this problem.

Model tests help the observation of test phenomena at a macroscopic level and the
measurement of data that are difficult to obtain in real projects, playing a very important role
in shield construction [2]. Model tests for shields can be divided into three categories: the
“ng” test, represented by the centrifugal test, which scales by 1/n and increases gravitational
acceleration by a factor of n using a centrifuge. Da Long J et al. [3] used the “ng” test to
study the collapse patterns in a tunnel face and surrounding soil pressures. The test used
a TK-C500 type geotechnical centrifuge, reaching a centrifugal acceleration of 150 g. The
second category is the “1 g” test, satisfying physical similarity and mechanical parameters
of soil with a suitable similarity ratio. Han M.S et al. [4] proposed a shield model test
for soft soil foundations with a similarity ratio of 1:48, scaling the soil layer and shield
machine according to this ratio. In order to satisfy the similarity criterion for soil properties,
a suitable mix ratio was developed. The third category is the model tests that do not need
to satisfy the similarity criterion with high accuracy, which applied to study general laws
induced by shield tunneling. When studying the influence of unloading and excavation
of soft clay soils on shield tunnels, Peng fei Xiang et al. [5] applied a model test with a
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similarity ratio of 1:15.5, using soft clay soil sampled from a construction site. This test
belongs to the third category of modeling tests because the physical properties of the soil
did not meet the similarity criterion. In “ng” tests, the size of the centrifuge and scaled
model is small, making the setup and operation of tests more complicated to execute. The
“1 g” test satisfies the similarity ratio, yielding more accurate test results to deduce the
actual state. However, it is difficult to find materials that satisfy the similarity ratio with
high precision. The third type of model test does not strictly satisfy the similarity criterion,
resulting in inaccurate test results. However, it is very effective for qualitatively studying
complex changes in structures. The choice of the test method depends on the objectives of
the study, available resources, and test conditions. Consequently, “1 g” and “ng” tests may
be good for achieving high-accuracy results and similarity ratios. However, the third type
of model test may be a more cost-effective option when the complexity of the test is high
and only qualitative results are required.

Shield machines perform multiple functions, such as cutting, movement, segment
assembly, and grouting. It is difficult to realize all these functions on a shield machine
model that is scaled down n times [6]. Therefore, model tests of the shield may ignore
different factors depending on the object of study. According to Saint Venant’s principle,
the influence of grouting at the rear of the shield and the excavation at the front is limited,
especially when these two factors interact with each other. Therefore, when facial support
is studied, tunnel assembly and the grouting process are ignored [7]. Kuepferle et al. [8]
neglected shield tunnel segment installation and the grouting process when studying the
wearing of a shield cutter head. When grouting is studied, palm face excavation is often
ignored. Liu et al. [9] constructed an oversized test model with a geometric similarity
ratio of 1:3 when studying tail grouting and considered grouting while ignoring palm face
excavation and segment assembly.

Some scholars have also constructed fully functional shield machine models. Li et al. [10]
constructed a model of an earth pressure balance shield with a diameter of 400 mm. The
final test excavation distance was 1.78 m, and the C/D (excavation length/tunnel diameter)
was 4.5. Hu et al. [11] constructed a shield model with a diameter of 800 mm, which
can simulate the full function of a shield machine. However, due to the size effect, the
shield machine model disturbs the soil too much for long excavations. Joo et al. [12] built
a full-scale shield model with a diameter of 3.6 m, which was the same as the real shield
machine, enabling the study of detailed parameters in shield tunneling but requiring a
large test site.

The above-mentioned shield models are complex structures with high test costs,
making it challenging to build them in the limited space of a laboratory. Therefore, some
scholars have utilized indirect methods to simulate the shielding process in the laboratory.
For example, Ding et al. [13-15] proposed an indirect modeling test for a shield using the
buried pipe method, in which a shield tunnel model is pre-buried inside the soil, and the
shield tunnel forming is simulated by pushing, pulling, rotating, and other operations on
the pipe. In addition, they applied a double-layer tube model to simulate shield tunnel
formation by gradually pulling out the outer layer of tubes. This method simplifies model
tests and simulates shield tunnel formation without cutting the soil. The disadvantages
are that the model cannot simulate grouting and boring, and the soil in front of the tunnel
differs from reality.

Lu et al. [16] used another tunnel model test in their study of the stability of the
palm face: the discrete method. This method simulates the formation of shield tunnels by
repeatedly burying the tunnel model. Specifically, the soil and tunnel are re-excavated for
each loop of the shield tunnel being formed. This method drives each step of the tunnel
to form independently. However, there is little correlation between the different steps,
resulting in the discontinuity of the tunnel-forming process.

In the background, the radius of the shield machine model and excavation distance
C/D (excavation length /tunnel diameter) are shown in Figure 1. It shows that the radius of
the shield machine model increases exponentially with the increase in excavation distance.
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This is because the long-distance model test requires a more fully functional shield machine
model and enough space to accommodate the equipment.
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Figure 1. Shield model size curve available in the literature.

When the shield traverses complex strata, it is necessary to assess the risks encountered
in the project in advance and formulate a response plan [17,18]. Traditional assessment
methods mainly depend on engineers’ experience and computer simulation, which cannot
ensure reliability [19]. In addition, the traditional scaling test method has limited digging
distance, considering the challenge of providing practical and long-term guidance for the
whole process of shield construction. Therefore, a scaling test of the whole process of shield
construction can be carried out in a laboratory with a limited space.

Moreover, Figure 1 shows the excavation distances of tests using the “buried pipe
method” and the “discrete method”, which are considered higher than those of the other
tests. These two methods use equivalent test methods, avoiding soil excavation in tests and
simplifying the shield machine model. However, the “buried pipe method” only reflects
the state of the completed tunnel and cannot reflect stress and displacement changes during
tunnel construction. The “discrete method” requires repeatedly burying tube pieces, thus
complicating test steps. Therefore, this paper proposes a test method to simulate the whole
shield tunneling process based on a combination of the “buried pipe method” and the
“discrete method”.

The test model proposed in this paper involves cutting the tunnel model and pre-
embedding it in soil and then simulating the impact of a shield tunnel on the surrounding
soil by applying vertical loads to the tunnel model. Compared with the “buried pipe
method” and the “discrete method”, this model test can simulate shield tunneling, tunnel
deformation, and the soil in front of the tunnel. In particular, for long-distance shield
scaling simulation, this test method has great potential. Therefore, the novelty of this paper
is performing a scaled-down model test capable of long-distance shield simulation. A
special unidirectional connection of the tunnel model is set up to reduce the impact of the
pre-buried tunnel on the unexcavated soil in front.

2. Shield Scale Model Test
2.1. Test Background

The case study is based on Xi’an Metro Line 1, located in the middle of the Weihe Fault
Basin near the fracture zone on the north bank of the Weihe River (Figure 2). There are
uncertainties in the project, such as river water, fracture zone, and loess, so the whole shield
model test process needs to ensure the project’s safety. The project uses an SPB (Slurry
Pressure Balance Shield); the basic information is shown in Table 1.
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Figure 2. Project map.

Table 1. The basic information of the SPB.

Basic Information

Tunnel length 2050 m
Excavation diameter 6.28 m
Diameter of segment 6m

Segment length 1.5m

Shield length 924m

Auxiliary equipment length 50 m
Excavation thrust 600 t
Cutter torque 5256 kN-m
Driving speed 8 cm/min
Shield machine weight 4000 kN
Supporting system weight 1500 kN

2.2. The Test Device

The test device consists of four parts: test chamber, tunnel model, loading system, and
measurement system (Figure 3). The geometric similarity ratio of the test is 1:40, and the
full size of the test chamber is 6.0 m x 1.0 m x 1.0 m (length x width x depth), which is
composed of tempered glass with a 12 mm thickness and steel frame (Figure 3a).

The loading system comprises loading rods, hanger rods, and a steel frame. The
loading and hanger rods corresponded to the tunnel model individually, in which the
hanger rods were connected to the tunnel model at one end while the other was connected
to the loading rod. A sleeve separated the hanger rods from the soil, ensuring load transfer
to the tunnel model. One end of the loading rod was connected to a frame, while the other
was loaded with a heavy load. In the middle, it was connected to the loading rod to apply
vertical load with the lever principle (Figure 3b).

The tunnel model comprised 25 special pipes, each with a 160 mm diameter and a
100 mm length. Each pipe represented three segments in the actual project (Figure 3c).
Furthermore, each pipe was equipped with an upper support at the front end and a lower
support at the rear end. The pipes were nested together using these supports. When pipe B
moved downward, it received support from pipe A, positioned at the rear, whereas pipe C,
at the front, did not provide support for pipe B. Thus, pipe A represented the completed
tunnel, pipe C represented soil before the shield machine, and pipe B represented the
shield machine.
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Figure 3. The test device: (a) front view of the test device; (b) A-A section view of the test device;
(c) schematic diagram of the segment connection; (d) photographs of the three-section tunnel model;
and (e) a photograph of the test chamber.

The measurement system consisted of displacement measurements of the tunnel
model and settlement measurements of the soil surface (Figure 3a). Each hanger rod was
equipped with a percentage meter to accurately measure the tunnel model’s displacement.
Three settlement measurement points were established on the soil surface, representing the
riverbank, river floodplain, and deep-water area.

Figure 4 shows the distribution of soil layers in the actual project. From top to bottom,
the strata within the tunnel area are coarse sand, silty clay, and medium coarse sand. The
tunnel is located in the medium-coarse sand and silty clay layers. The actual soil layers are
simplified in the model test, representing only the soil layer with large distribution areas.
The mechanical properties of each soil layer are shown in Table 2.
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Figure 4. Soil distribution map.
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Table 2. The mechanical properties of each soil layer.

Soil Layer Coarse Sand Silty Clay Medium Coarse Sand
Poisson’s ratio 0.35 0.3 0.25
Density (g/ cmd) 2.2 2 2
Elasticity modulus (MPa) 30 7 30
Cohesive strength (kPa) 0 30.8 5.6
Friction angle (°) 345 18.2 32.87
Dry density (g/cm?) 1.77 1.64 1.74

2.3. Test Principle

The test method proposed in this paper combines the “buried tube method” and
the “discrete method”. The test principle is to pre-bury the separate tunnel model in soil,
apply vertical loads to the tunnel model, and simulate the formation of a shield tunnel
using changes in the load at different construction steps. In particular, when the dynamic
disturbance of soil caused by shield excavation is not considered, forming the shield tunnel
is equivalent to loading and unloading on the surrounding soil. The unloading effects
result from soil excavation; soil pressure from the shield machine, tunnel, and ancillary
equipment; circumferential pressure by grouting on surrounding soil; and boring pressure
on the soil. Therefore, by applying different types and magnitudes of loads to pre-buried
tunnels at different locations, the shield effects on surrounding soil can be simulated
indirectly. Due to the small diameter of the tunnel model used in the tests, which was
only 160 mm, applying the circumferential grouting pressure was difficult. In addition, the
grouting pressure effects were not considered.

The pre-burial processes of the pipe were as follows: firstly, the pipe was fixed to the
external frame using a hanging rod. Secondly, the soil was buried in the test tank according
to the soil distribution. Thirdly, the hanger rod holding the tube was loosened. Finally,
pressure was applied to the tube to restore the soil stress to the original soil stress. The soil
stress distribution due to pipe burial was simulated using finite elements. In theory, when
a soil layer is subjected to self-weight, and there are no pipes or other objects within the soil
layer, the stress distribution within the soil is uniform at the same depth with horizontal
lines on a stress diagram. However, when the soil layer is pre-buried with a pipe, the stress
distribution in the soil layer after soil stabilization is not uniform, and the stress contour is
not a straight line (Figure 5). After applying the vertical load (Fy), as in Equation (1), the
soil layer stress contour is close to a straight line (uniform stress distribution).

D2
Fo = -, —pgH M

where D is the diameter of the pipe, D = 160 mm; p is the average saturated density of the
soil layer: p = 2000 kg/m3; g is the acceleration of gravity, g = 9.8 m/s; H is the width of
the pipe, H = 100 mm; and {3 is the stress distribution coefficient, 3 = 1.8.

Figure 5. Soil stress distribution: (A) the pipe was fixed; (B) the hanger rod holding the pipe was
loosened; and (C) pressure was applied to the tube.
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Shield construction is divided into four stages: unexcavated, construction, transition,
and completion (Figure 6). During the unexcavated stage, the tunnel model was pre-
buried in the soil. After applying a vertical load of Fy, the soil stress was restored. In
the construction stage, the soil was excavated and subjected to the shield machine self-
weight, and the vertical load (Fr) was equal to the self-weight of the shield machine, as in
Equation (2). According to Table 1, the shield machine length is 9.24 m, which is equal to
two excavation units (one “excavation unit” is the length of one section of the tunnel model).

OCWT
A @

where Wr is the self-weight of the shield machine and o is the load similarity ratio, which
is determined according to Equation (3):

Fr =

o = Wrest - VestPsg _ Vest - 1 3)

B WEng B VEngpsg B VEng B 64,000

where Wregt is the weight of soil in the test tank, W, is the weight of soil in real condition,
Vest is the volume of soil in the test tank, Vgyg is the volume of real soil, ps is the average
density of the soil, and g is the acceleration of gravity, 9.8 m/s.
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Figure 6. Schematic diagram of test loading.

In the transition stage, the soil excavation and assembly of the segments were com-
pleted. In this stage, there were tunnel and shield appurtenances in the soil, so the load
Fg included the self-weight of the tunnel and the appurtenances. During the test, the
appurtenant equipment length was about six times the length of a section tunnel model,
and the load Fg was determined according to Equation (4).

Fp = o B W @
6
where W is the weight of the six tunnel segments and Wg is the shield appurtenance
self-weight.
In the completion stage, the shield tunnel was complete, and there were only segments
in the soil, so the load Fq was determined according to Equation (5).
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In summary, the load values of the test were determined, as shown in Table 3.

Table 3. The load values for the test.

Load Project (kN) Test (N)
Foy 2490 38.94
Fr 4000 62.5
Fg 1500 23.4
Fq 591 9.21

2.4. The Test Steps

The test steps were as follows:

Step 1: Installation of the tunnel model in the test tank using hanger rods.

Step 2: According to the soil layer distribution, the test tank was filled with soil layer
by layer. Every 100 mm of filling was flattened with a heavy object. After filling the soil,
water was injected to fill the channel. A displacement meter was placed on the soil surface,
and the meter values were recorded. The soil was stabilized when the displacement of the
soil surface tended to be constant. The tunnel model was not waterproof, and the soil was
considered saturated when a large amount of water flowed out of the tunnel entrance.

Step 3: The test tank was filled with water until the required level.

Step 4: The fixing bolts of each hanger rod were loosened and the load of Fy was applied.

Step 5: The displacement of the soil surface was recorded every 1 min. When the
displacement tended to be constant, the soil deformation was stable. After that, the loads
in Table 2 were applied.

Step 6: The tunnel model displacements were recorded every 1 min, and when the
displacement tended to be constant, the soil deformation was stable. After stabilizing the
soil deformation, the soil and segment displacement information were recorded.

Step 7: Step 5 and step 6 were repeated until the desired digging length was reached.

3. Test Results

The final simulated length of the test was 25 “excavation units” (one “excavation
unit” is the length of one section of the tunnel model), which is equivalent to the actual
project excavation length of 100 m. Among them, 12 “excavation units” were used to
study the impact of shield tunneling on soil and tunnels, and 13 “excavation units” were
used to study the effect of water level changes on the shield. Only the first 12 “excavation
units” are studied in this paper. As shown in Figure 7, the 12 bars represent the tunnel
model displacements at different boring positions. In each stage, the shield advances one
“excavation unit”. The purple rectangle is the shield model, which has a length of two
“excavation units”. The tunnel model in front of the shield is soil, and the tunnel model
behind the shield (green rectangle) is the completed tunnel.

When the shield enters the soil (step 1 and step 2), the boundary effect causes the soil
in front of the shield to settle, and the influence range of settlement is about 5-6 “excavation
units”. As the shield machine progresses (step 3 and step 4), the influence range of the
shield on the soil gradually increases. Starting at step 4, the ground settlement caused
by the boundary effect starts to slow down due to the shield deepening. In addition, the
tunnel behind the shield machine shows a significant uplift (step 4 to step 12) due to the
soil unloading reaction resulting from the shield’s passage. In actual projects, the turning
moment formed by the tunnel load and the shield machine’s self-weight can cause the
shield machine to deviate from the prescribed travel route, requiring real-time monitoring
of the forward direction of the shield machine and adjusting.
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Figure 7. Displacement of the shield tunnel model.

The results of the ground displacement meter show that the shield causes substantial
settlement of the ground surface above the shield machine (Figure 8). In this case, the
surface settlement rate of the riverbed is greater than that of the riverbank, which differs
by a factor of 3. However, the final settlement of the riverbed and riverbank is close, with
a maximum settlement of 0.0780 mm on the riverbank and 0.0648 mm on the riverbed.
With a similar ratio of 40:1, the maximum settlement on the riverbank becomes 3.120 mm,
and the maximum settlement on the riverbed is 2.592 mm. Since the test is not a strict
proportional test, the ground settlement results can only be used for qualitative analysis,
and the quantitative analysis is for reference only.
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Figure 8. Shield impact on the soil surface.
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4. Finite Element Analysis (FEA)

The finite element software ABAQUS 2020 was used to verify the test results. Figure 9a
shows the detailed structure of the tunneling part of the model. In order to simulate the
layers in numerical simulations, a 3D deformable solid element was used to represent
segment and grout layers, while the shell element was used for the shield shell.

Displacement (mm)
Displacement (mm)
Displacement (mm)

3 7

0 5 10 15 20 25 30 35 40
Step

Figure 9. Finite element analysis; (a): finite element model; (b): displacement clouds during shield
tunneling: (b1): 50 m digging distance, (b2): 100 m digging distance, (b3): 150 m digging distance, and
(b4): 200 m digging distance; (c): impact of shield tunneling on surrounding soil; (d): Deformation
pattern of surrounding soil; and (e): impact of shield tunneling on ground settlement.

The “birth and death” method was applied to simulate tunnel construction, and the
heating method was used to simulate the grouting process of the grout layer. The FEA
model is 50 m wide, 70 m deep, and 120 m long, and the inner diameter of the tunnel tube
piece is 5.5 m, the outer diameter of the tunnel tube piece is 6 m, and the outer diameter of
the shield machine is 6.28 m. As shown in Figure 9a, the shield model, tail segment, and
grout layer are activated during the simulated excavation. The shield tail gap is simulated
by the gap between the tunnel and the surrounding ground. A thermal load is applied to
the grout layer, which expands under temperature and grouting pressure applied to the
tunnel segment and surrounding soil. The grouting pressure is related to the modulus of
elasticity of the grout, temperature, and coefficient of thermal expansion. The parameters
were adjusted to achieve the required grouting pressure. The Mohr-Coulomb (MC) model
was used for the soil constitutive relations, in which the MC model is the most prevalent
constitutive relation in tunnel simulation [20-22], especially for soil consisting of coarse
sand, medium-coarse sand, and silty clay. So, the use of the MC model is reasonable [23].

The FEA shows that the soil in front of the shield bulges when the shield enters the
soil, and the bulge in the soil becomes more and more evident with the increase in the
shield distance, so there are cumulative effects. The ground behind the shield machine
settles. With the increased shield distance, the settlement gradually stabilizes. The ground
settlement occurs due to the shield tail gap, ground disturbance, grout hardening, etc. [24].

The displacement curves of the shield tunnel at different locations show similar trends
(Figure 9d), which can be divided into five stages: unexcavated (A—B); excavated (B—C),
before grouting (C—D), grouted (D—E), and completed (E—G). During the excavation
phase (B—C), the unloading reaction of the soil caused the tunnel to float upward. As the
shield machine left the tunnel, the shield tail gap caused the tunnel to sink (C—D). This
phase is the main reason for ground subsidence. Subsequently, grouting was used to re-
support the tunnel and deformed soil, slowing down soil settlement. After the completion
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of grouting, the tunnel continued to settle a little (E—F), which was caused by subsequent
shield tunneling.

Moreover, the shield generated an upward displacement of the soil surface ahead, with
the uplift increasing as the excavation depth deepened (Figure 9¢). Once the shield machine
had passed through, the uplifted surface gradually dropped, resulting in a final settlement
that exceeded the initial uplift. The tunnel displacement measured in the test is consistent
with the FEA. Although the surface uplift before the shield passage was not measured in
the test, the surface settlement after the shield passage matches the FEA results.

5. Field Test

To enhance the credibility of the test, on-site measurements were conducted at the
Xi’an Metro Phase 3 project. The construction project utilized an SPB (Slurry Pressure
Balance Shield) to excavate and advance from the south bank of the Weihe River toward
the north bank. The site has relatively open surroundings, with a double-pier supported
road bridge located above one side of the tunnel (Figure 10c). The total length of the tunnel
is about 600 m. There were two lines: the left line and the right line. Monitoring was
started from the southwest Weihe River along the direction of the shield tunnel. The total
length of monitoring was 400 m: 140 m was river diffuse, 160 m was deep water, and
100 m was shallow water (Figure 10a). Monitoring points were placed along the tunnel axis
(Figure 10d), with six points positioned above the right tunnel and six points above the left
tunnel, where the right line was the first tunnel (Figure 10b).

CJ Floodplain
rjﬂ Deep End

[* + - + J Shallow Water

A Measuring point

South Bank

Figure 10. (a) Location map of measurement points; (b) actual measurement point photol; (b1) mea-
suring points located in the river; (c) monitoring range; and (d) monitoring points located on
the riverbank.

The field test obtained the settlement data, river water level data, and tunneling
speed data for six groups of measurement points (Figure 11). The results indicated that all
measurement points, except for the third group (L3 and R3) (Figure 11d), showed uplift
after shield passage. This observation matches the test findings. Furthermore, as the
shield tunnel traversed the riverbank and deep water, a noticeable settlement occurred
at all measurement points, with the settlement being more pronounced in the right line
than the left line. This can be attributed to the sudden change in the soil’s mechanical
properties at the riverbank junction, increasing the disturbance caused by the shield. When
the tunnel crossed from deep to shallow water areas, the surface settlement did not change
significantly due to continuous geology change.
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Figure 11. Field measured data: (a): water level map and digging speed; (b): measurement point 1;
(c): measurement point 2; (d): measurement point 3; (e): measurement point 4; (f): measurement
point 5; and (g): measurement point 6.

By analyzing the relationship between the left and right lines, it is observed that during
the shield tunnel crossing of floodplains and shallow water, there is a minimal disparity
in the settlement of measurement points on both sides. When the shield tunnel crosses
the deep water, a significant difference in settlement is shown between the measurement
points on the left and right lines. The analysis indicates that a shield tunnel traversing deep
water causes more significant settlement and wider influence on the surrounding area.

In addition, it should be noted that the rise in water level due to precipitation and
settlement difference between the left and right lines occurs simultaneously. Considering
the possibility of rising water levels affecting the settlement is essential.

It is worth noting that the measured data were irregular and subjected to significant
disturbances. This is because the settlement markers were disturbed by weather and rivers,
thus resulting in difficulty in measuring the precision of the settlement changes. The field
test cannot measure the displacement of the tunnel and soil body located underground.

6. Discussion

In order to validate the accuracy of numerical results, the FEA and field tests are
compared, as shown in Figure 12. Although there are differences between the FEA and
measured data, the overall trend is similar. Consequently, the FEA is considered reliable.
In particular, in the river floodplain area under the influence of tunneling, the ground
displacement exhibits a pattern of settlement followed by a slight uplift. The measured data
show greater settlement and uplift amplitudes than the FEA. When the shield was excavated
at 80 m, the field test data showed that a large settlement occurred at all measurement
points, which is also verified in Figure 11, while the pattern is not found in the FEA. The
reason may be the change in the underground hydrological conditions caused by the
shield entering the river from the riverbank. It may also be caused by the rainy weather
encountered during the project.
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Figure 12. Comparison between finite element results and measured results (A). Surface deformation
in the river floodplain; (B) surface deformation in the river channel; and (C) surface deformation in
the shallow water area.

The deformation trends in the riverbed and shallow water areas are similar, showing a
pattern of initial uplift followed by settling. It is worth noting that the uplift in the riverbed
area occurred earlier, as the shield machine passed through this region before entering the
shallow water area. However, the accuracy of the measured ground settlement data is
affected by weather, traffic, and human activities, leading to lower precision and greater
fluctuations. These fluctuations may obscure the true ground changes. Additionally, the
small amount of ground settlement caused by the shield machine can easily be masked by
external factors such as river erosion and vehicular traffic-induced ground deformations.
Therefore, it is necessary to consider using deeper and more robust measurement points to
improve the accuracy and reliability of data.

Table 4 shows the maximum surface settlements at three locations—river floodplain,
river channel, and shallow water area—obtained using the three methods. It is worth noting
that the ground settlements from the FEA are the lowest, while the settlements measured in
the field are the largest. The maximum settlements in field tests for both the river channel
and shallow water area occurred at 80 m, precisely at the transition point between the river
floodplain and river channel. In the tests and FEA, the maximum settlement occurred in
the last part of the shield tunnel. Additionally, Table 4 includes the final settlement values
of the field test that are less than the maximum value. Despite differences in maximum
ground settlements obtained using the three methods, a consistent trend emerges: ground
settlement induced by the shield tunneling on the river floodplain is greater than that in
the river channel. It is worth noting that a significant ground settlement occurs when the
shield transitions from the river floodplain to the river channel, but this phenomenon is
not detected in the tests or FEA. This settlement will be explored in future studies.

Table 4. Table of maximum ground settlement.

Settlement Test FEA Field_Max Field_End
River floodplain 3.12 mm 1.66 mm 4.99 mm 4.99 mm
River channel 2.592 mm 1.27 mm 6.55 mm 3.08 mm
Shallow water area \ 0.91 mm 5.83 mm 3.58 mm

Soil deformation during shield construction is caused by soil movement toward the
excavation face, soil movement in the radial direction, the shield tail gap, deformation of
the tunnel lining, and the consolidation that occurs in the case of clay soils. Due to the small
diameter of the tunnel model used in this test (only 160 mm), it was challenging to apply
the circumferential grout pressure. Therefore, grouting was not considered in this test,
resulting in the radial movement of soil and the shield tail gap not being well-simulated
in this test. The treatment in this research was using the deformation of the tunnel model
with smaller stiffness to simulate the shield tail gap and the gap between the tunnel and
soil. This may cause some errors, such as lateral deformation of the tunnel model and the
inability to consider the effects of grouting pressure and grout hardening.
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This test does not fall under the category of a rigid similarity test. Instead, it belongs
to the third type of model test, which primarily focuses on a qualitative study of the
displacement law concerning soil and tunnels. An accurate quantitative analysis needs a
rigid similarity test. Furthermore, the tests in this paper only involved a single tunnel, while
in actual subway engineering, bi-directional tunnels are common [24]. By increasing the
number of pre-embedded tunnels within the test tank and adjusting the loading equipment,
this test method can be extended to scaled model testing of twin-tunnel shields. It is worth
noting that the test method proposed in this paper can be applied to parametric shield
studies, including tunnel size, tunnel depth, and double tunnel distance [25]. Detailed
research in this area will be pursued in future studies.

7. Conclusions

This paper proposed a model test method and apparatus capable of simulating the
entire process of shield tunneling. Using the Xi’an Metro Phase III project in China as a case
study, a model test was conducted to demonstrate its effectiveness and simulate the whole
process of the shield tunnel crossing the Wei River. The displacement of the tunnel model
and the ground surface were measured during the test. The test results were verified with
a FEA and field measurements, and the following conclusions were obtained:

1. The scaling test model uses the combined methods of a pre-buried tunnel and discrete
tunneling, which can carry out long-distance simulation of shield tunneling with a
maximum simulation distance of 100 m. It can monitor and study tunnel segment
settlement and ground surface deformation during the shield tunnel.

2. Soil unloading reaction causes downward deflection of the shield trajectory.

3. When the shield machine enters the river from the riverbank, the sudden change in
the soil’s mechanical properties leads to increased soil disturbance and causes ground
surface settlement.

4. The model test results agree with the simulation and the measured results, which
can provide a simple test scheme for the shield under the river and a guide for the
whole process of the shield tunnel with the combination of simulation calculation and
field measurement.

However, it should be acknowledged that studies of shield tunneling have multiple
functions. This research only discussed the effects of shield excavation and tunnel deforma-
tion on the surrounding soil. Therefore, more work needs to be performed to improve the
tests, such as grouting pressure, shield tail gap, and excavation pressure. In addition, im-
provements in the heating method in numerical analysis are required to simulate grouting
pressure. A further study is still in progress.
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