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Abstract

During tunnel excavation, the surrounding soil experiences complex stress redistribution, which is the root cause of the ground defor-
mation and other engineering disasters. Many researchers have studied this issue through numerical simulations, but the results depend
on the soil constitutive model and simulation strategy for the excavation process. In this paper, a large-scale laboratory test is conducted
using a scaled shield machine, and the three-dimensional stress state of the surrounding soil is measured by a special earth pressure cell.
Test data shows that the normal stress components and principal stresses above the crown decrease, and the stress path on the normal-
ized deviatoric plane reaches the failure envelope determined by Matsuoka—Nakai criterion. Due to the misalignment between the stress
release direction and principal directions of the geostatic stresses, shear stress is generated in the physical space, which explains the prin-
cipal stress rotation of the surrounding soil near the shoulder. Near the sidewall, the major principal stress o, is vertical and remains
basically unchanged, the intermediate principal stress o, is along the longitudinal direction and increases when the cutterhead reaches
the monitoring section, while the minor principal stress g3 is along the transversal direction and decreases. On the deviatoric plane, stress
paths near the foot and invert have similar development tendencies as those near the shoulder and crown, respectively. Therefore, the
influence of the complex stress state on soil behaviours should be considered to provide a reasonable analysis for the tunnel excavation
problem.
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1 Introduction

Tunnel excavation leads to the stress redistribution of
the surrounding soil, which is the root cause of the ground
deformation. Excessive ground deformation will pro-
foundly influence the safety of the tunnel engineering and
adjacent structures (X. Li et al.,, 2016; Ahmed et al.,
2023; Ng et al., 2024; Li et al., 2025). Therefore, a compre-
hensive recognition of the stress state of the surrounding
soil is critical for the tunnel design, construction safety
management, and subsequent maintenance. Researchers
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have utilized various methods to study the stress state of
the surrounding soil during tunnel excavation. Analytical
solution methods can compute the stress release around
the tunnel (Massinas & Sakellariou, 2009; Wang et al.,
2020), but they must rely on simplified assumptions and
idealized boundary conditions to accomplish the solution.
Numerical simulations, including finite element method
(FEM) and discrete element method (DEM), are widely
used to simulate the stress redistribution of the surround-
ing soil under complex conditions (Zheng et al., 2015;
Huang et al., 2023). The simulation results provide detailed
insights into understanding the influence of tunnel excava-
tion on the environment.

At first, Lee and Rowe (1989) conducted a two-
dimensional (2D) FEM simulation to determine the
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effective stress path of the surrounding soil during tunnel
excavation. They observed significant rotation of the prin-
cipal stress axes near the tunnel shoulder. Wang et al.
(2012) simulated the excavation of a shallow-buried tunnel
in clay strata and found that the radial stress at the crown
and sidewall increased after lining was installed. However,
the tangential stress at the crown decreased, while that at
the sidewall increased slightly. Based on the tunnel excava-
tion simulation in gravel, Zhang et al. (2021a) identified the
boundary of the excavation disturbed zone using the dis-
placement mutation points of the monitored path.
Through 2D DEM simulation, Jiang and Yin (2012) ana-
lyzed the variation of the earth pressure acting on the lining
with the ground volume loss increasing, and examined the
stress path of the surrounding soil. They found that at the
positions above the tunnel, the normal stress slightly
decreased, while the decrease in the shear stress was consid-
erable. Near the sidewall, however, the normal stress
slightly increased due to the soil arching effect. Along these
stress paths, soil (Barla, 2008; Jiang et al., 2017) and rock
(Feng et al., 2020) exhibited special deformation beha-
viours compared with the stress—strain relationship under
conventional loading conditions. Especially for the stress
path near the sidewall, geomaterials had the greatest defor-
mation, so the sidewall should be a focal point during tun-
nel excavation.

The above work focused on the stress state of the sur-
rounding soil on the tunnel transversal or longitudinal
plane. However, tunnel engineering often involves complex
spatial structures, while 2D analysis may overlook the
stress variation and deformation of the surrounding soil,
leading to potential inaccuracies and risks (Masin, 2009).
Three-dimensional (3D) numerical simulation can provide
a more reasonable solution for this issue. Eberhardt
(2001) investigated the principal stress magnitudes and
directions at the crown and sidewall under four different
initial stress states. They also revealed that the simulation
results were related to the constitutive model adopted for
the surrounding rock. Y. Li et al. (2016) simulated the tun-
nel intersection using 3D FEM and found a stress concen-
tration near the sidewall. The stress state at the tunnel
intersection reached the plastic zone earlier than that in
the other areas. Vinoth and Aswathy (2023) compared
the extent of the loosened region and soil arching region
in silty and sandy soils. The variation amplitude of three
normal stresses in silty soil was predominantly larger than
that in sandy soil. Gu et al. (2023) simulated the rock frac-
ture induced by deep tunnel excavation, and observed a
gradual decrease in the maximum deviatoric stress from
the high-risk to low-risk fracture zones. The 3D FEM sim-
ulation of Lin et al. (2019) showed that when the burial
depth of the monitoring point was shallow, the longitudi-
nal normal stress gradually decreased, the transversal nor-
mal stress increased, while the vertical normal stress
remained constant during tunneling. However, when the
monitoring point was close to the crown, the vertical nor-
mal stress decreased rapidly as the tunnel face arrived.

Fang et al. (2022) and Yuan et al. (2024) introduced a
3D constitutive model considering the soil anisotropy and
non-coaxiality into the FEM simulation, and acquired
excellent predictions for the ground surface settlement
and lining longitudinal stress. On the other hand, DEM
was used by Lyu et al. (2020) to determine the principal
stress directions of the surrounding soil in 3D space as
the cutterhead advanced. The advantage of DEM is that
it can locate the soil arching intuitively by displaying the
force chains between particles.

In addition to the aforementioned studies, some
researchers conducted physical model tests to measure
the stress state of the surrounding soil during tunnel exca-
vation. Berthoz et al. (2018) performed a series of scaled
model tests and used the embedded sensors to measure
the ground stress and subsidence induced by tunneling.
Based on the measured results, they determined the extent
of the influence zone and soil arching. Li et al. (2024) man-
ufactured a small earth pressure balance shield machine,
and carried out a tunnel excavation model test in a large
soil box. With the shield machine advancing, the vertical
earth pressure above the crown was found to decrease
while the horizontal earth pressure near the sidewall
increased. The variation amplitude of these stresses gradu-
ally shrank as the cutterhead got away from the monitoring
points. Tian et al. (2023) adopted a special 3D earth pres-
sure cell to measure all six stress components (including
three normal stress components and three shear stress com-
ponents) of the surrounding soil. They drew the stress
paths on the meridian plane, and analyzed the magnitudes
and directions of the major and minor principal stresses.
However, information about the intermediate principal
stress and the stress state variation in 3D space was not
provided.

Because mechanical behaviours of soil are significantly
influenced by the intermediate principal stress, it is neces-
sary to do 3D analysis to obtain accurate results, especially
for complex geotechnical problems like tunnel excavation.
However, due to the limitations of experimental apparatus
and sensors, the 3D stress state of the surrounding soil is
usually investigated by numerical simulations, rather than
in-situ or laboratory monitoring. This paper addresses
the gap by conducting a large-scale model test in which
the tunneling-induced ground stresses along different direc-
tions are measured. Relative values between three principal
stresses near the tunnel crown, shoulder, sidewall, foot, and
invert are illustrated in 3D space. Based on the measured
direction angles of the principal stresses, the phenomenon
of principal stress rotation during tunnel excavation is
analyzed.

2 Tunnel excavation model test

A large-scale model test is conducted to simulate the
shield tunnel excavation process in the laboratory. What
follows introduces the apparatus and sensors used in this
test.
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2.1 Shield machine

The total length of the shield machine is more than
2300 mm, as shown in Fig. 1(a). Two leading screws, which
are driven by motor I, can rotate and force the lining to
move forward at a given speed. Another two rods without
thread are added to limit the deviation of the shield
advancing direction. The lining is made of a complete poly-
ethylene tube, with a diameter of 280 mm and a length of
2000 mm. In front of the lining, there is a cutterhead whose
rotation is controlled by motor II. Soil in the model box is
excavated as the cutterhead rotates, and then discharged by
a screw conveyor from the end of the lining. Many pressure
sensors are installed on the cutterhead and in the soil cham-
ber (see Fig. 1(b)), so that the earth pressure balance can be
realized by adjusting the advancing speed of the cutterhead
(through motor I) and the rotation speed of the screw con-
veyor (through motor III). Parameters about the running
state of the shield machine, including the torque of the cut-
terhead and screw conveyor, as well as the jacking force of
the leading screws, are monitored in real time. The size of
the model box is 2000 mm x 2000 mm X 1500 mm
(length x width x height). The cutterhead enters the model
box via a hole, followed by the lining, as a simulation of the
shield excavation and support.

2.2 Sand

The model box is filled with silica sand. The diameter of
the sand particles ranges between 1 and 3 mm, so that the

®)

Fig. 1. Shield machine in the tunnel excavation model test. (a) Back view,
and (b) front view.

gradation is poor. The particle itself is extremely hard and
angular, with a specific gravity of 2.65. The sand is dry to
eliminate the effects of pore water pressure and capillary
suction. According to the standard methods, the maximum
and minimum void ratios are 0.987 and 0.535, respectively.
In the tunnel excavation model test, the relative density is
set to be 80%, which corresponds to a void ratio of
0.625. A series of direct shear tests is conducted to measure
the shear stress-displacement relation curves of the sand
samples (see Fig. 2(a)). The normal stresses (g,) are 50,
100, and 200 kPa, respectively. Based on the peak
strengths, the internal friction angle ¢ is determined to be
21.9° (see Fig. 2(b)). During the filling process, the sand
density is strictly controlled by compacting the ground
layer by layer. Finally, the ground height reaches 1340 mm.

2.3 Data monitoring

2.3.1 3D earth pressure cell

The stress state of the surrounding soil is measured by a
special 3D earth pressure cell. The shape of the 3D earth
pressure cell is approximately spherical. It consists of seven
conventional earth pressure sensors that are oriented
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Fig. 2. Determination of the sand strength using direct shear tests. (a)
Shear stress-displacement relation curves, and (b) best-fitted failure line.
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Fig. 3. Structure of the 3D earth pressure cell.

towards different directions. Figure 3 shows six sensors and
their unit outer normal vectors, while the last one is
installed at the bottom with its unit outer normal vector
being (0, 0, 1). Each earth pressure sensor can measure
the normal stress along the corresponding direction.
According to the equilibrium condition, the normal stress
acting on sensor a, i.e., o, 4, can be calculated by

Ona = axli + aymi + oznﬁ + 2ty lamy + 2t.man, + 20,1,

(1)
where (/,, m,, n,) is the unit outer normal vector of sensor
a; Oy, 0y, 02, Ty, Ty, and 1., represent the 3D stress state of
the surrounding soil in the physical space (x, y, z), o, is the
transversal normal stress, ¢, is the longitudinal normal
stress, o is the vertical normal stress, 7., is the shear stress
in the horizontal plane, 7). is the shear stress in the longi-
tudinal plane, and 7., is the shear stress in the transversal
plane. Here, x- and y-axes constitute the horizontal plane,
and are perpendicular and parallel to the shield advancing
direction, respectively; while z-axis is vertically downward.
If we measure six normal stresses along different directions,
Oy, Oy, 0z, Ty, Tyz, and 7., can be worked out by combining
six equations like Eq. (1). The seventh earth pressure sensor
helps to improve the measurement precision and reliability.
In this test, we first calculate seven sets of 6, 7, 02, Ty, Ty,
and 7., by randomly selecting the measured results of six
earth pressure sensors, and then obtain their average values
as the 3D stress state of the surrounding soil. Note that the
radius of the 3D earth pressure cell is about 33 mm, so that
strictly speaking, the measured result is the average stress
within a certain range, rather than the stress state of a
point.

2.3.2 Monitoring points

According to many FEM simulation results (Wang
et al., 2023; Zhang et al., 2021b), stress states near the tun-
nel crown, shoulder, sidewall, foot, and invert are very rep-
resentative, where soil failure or rock fracture appears first
during tunnel excavation. Therefore, five 3D earth pressure
cells are buried at these points around the tunnel. Their

coordinates in the physical space are displayed in Fig. 4.
Except for the 3D earth pressure cell below the invert,
the distance from the monitoring points to the tunnel cen-
ter is 280 mm, which is equal to the tunnel diameter.
Besides, the 3D earth pressure cell above the crown is bur-
ied on the tunnel transversal plane that corresponds to a
shield advancing distance of 700 mm, i.e., y = 700 mm;
while the other four monitoring points are located at
y = 600 mm.

When the 3D earth pressure cell is buried, not only must
its position conform to the above scheme, but also its atti-
tude should be regulated to ensure that the coordinate axes
of itself (see Fig. 3) are consistent with the physical coordi-
nate axes (see Fig. 4). The following measures are taken to
meet these requirements. Before the model box is filled,
some rulers are pasted on the inner walls. Based on the
graduation, ropes can be arranged along the x-axis and y-
axis of the physical space to determine the horizontal posi-
tion and direction of the 3D earth pressure cell. The burial
depth, i.e., z-coordinate, of the cell is fixed by virtue of a
horizontal infrared ray. After that, we lay a bubble level
on the top surface of the 3D earth pressure cell, and regulate
the cell’s attitude to keep the bubble in the middle of the
bubble level. Then, the bubble level is rotated by 90°, and
the cell’s attitude is regulated once again. These procedures
are repeated many times until the bubble is always centered,
no matter which direction the bubble level is laid, so that the
z-axis of the 3D earth pressure cell is physically vertical.

2.4 Excavation process

The burial depth of the crown is 560 mm (see Fig. 4), so
that the cover-to-diameter ratio of the tunnel is two. The
advancing speed of the cutterhead is set to be 5 mm/min.
Note that when the shield machine is designed, the geomet-
ric similarity ratio is 1:45, while the time similarity ratio is
taken to be 1:v/45 in this test. So, the corresponding
actual value of the advancing speed of the cutterhead is
33.5 mm/min, which conforms to the reality of shield
excavation. Besides, the rotation speed of the cutterhead
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Fig. 4. Coordinates of the monitoring points. (Unit: mm)
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is I r/min, and that of the screw conveyor is 6 r/min. Using
the above construction parameters, the excavation face can
be kept stable, and the stress state variation can be cap-
tured by the 3D earth pressure cell sensitively.

It is necessary to note that the laboratory test in this
work belongs to a constant gravity model test, which can-
not reproduce the stress state of soil in practical engineer-
ing. Because soil is a kind of frictional material, its
mechanical behaviours are significantly dependent on the
confining pressure. The stress—strain relation of soil is also
nonlinear, with different strength or stiffness under different
confining pressures, even if these indexes are normalized. In
the model box, the maximum vertical geostatic stress is
only 21.4 kPa. Under such a low confining pressure, soil
undergoes obvious dilation, which offsets the tunneling-
induced volume loss to some degree and prevents the vol-
ume loss from spreading far. Therefore, this test does not
intend to simulate any practical engineering, and the mea-
sured results can only reflect the stress redistribution pat-
tern under the specific experimental conditions.

3 Measured results about stress components

This section introduces the original data about six stress
components in the physical space, i.e., oy, 0, 0., Ty, Tyz,
and 7.,.. Their initial values are assumed to be equal to
the geostatic stresses at the monitoring point. The coeffi-
cient of earth pressure at rest K, is calculated by 1-sin ¢.
To avoid the influence of this theoretical formula, our
introduction will mainly focus on the variation of the stress
components, rather than their absolute values, in the pro-
cess of tunnel excavation.

3.1 Tunnel crown

Figure 5 shows the stress components measured by the
3D earth pressure cell above the crown. The horizontal
coordinate axis is the distance from the cutterhead to the
monitoring section normalized by the tunnel diameter D.
It can be seen that the transversal normal stress o, and ver-
tical normal stress ¢, decrease rapidly when the cutterhead
is just beneath the 3D earth pressure cell, which means a
loosened region is caused by tunnel excavation. But
because neither ¢, nor o. reduces to zero, the surrounding
soil does not collapse completely. After the cutterhead
passes through the monitoring section by 0.2D, the stress
components remain basically unchanged so that tunnel
excavation has no impact on the monitoring point any
longer. In the laboratory test of Li et al. (2024), where con-
ventional earth pressure sensors were used to measure the
normal stress variation, ¢, was also found to decrease when
the cutterhead reached the monitoring section and stabilize
when the cutterhead passed by 0.2D. Compared with g,
and o, the decrease of the longitudinal normal stress o,
appears much earlier. This implies that the stress release
along the longitudinal direction can propagate faster than
that along the transversal direction. In theory, o, is gener-
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Fig. 5. Stress components of the surrounding soil above the crown.

ated by the support pressure applied by the cutterhead to
the tunnel face. Due to the over-excavation in this test,
the insufficient support pressure with respect to the hori-
zontal geostatic stress leads to the decrease of o,. However,
as the cutterhead moves away, g, will recover its initial
value. These measured results are consistent with the
FEM simulations of Lin et al. (2019). Among all three
shear stresses, the variation amplitude of 7., is particularly
limited, indicating that the principal stress directions on the
transversal plane (i.e., x-z plane) hardly rotate. For the sur-
rounding soil above the crown, principal stress rotation
mainly occurs on the longitudinal plane (i.e., y-z plane)
and horizontal plane (i.e., x-y plane). This phenomenon
will be analyzed deeply in Section 5.

3.2 Tunnel shoulder

Figure 6 shows the stress components near the shoulder.
Observe that ¢, and o, have the similar variation rule, just
like those above the crown. The difference lies in the fact
that the variation amplitude of ¢, and . near the shoulder
is much smaller, and they increase slightly before the cut-
terhead reaches the monitoring section. Besides, o, also
first increases and then decreases, which is contrary to
the crown. We can deduce that the loosened region is
mainly concentrated above the crown, while the degree of
normal stress release near the shoulder is at a low level.
Instead, the advancement of the shield machine squeezes
the surrounding soil here, leading to the initial increase in
the normal stresses. Similar phenomena and conclusions
are obtained by Li et al. (2024). At the end of the excava-
tion process, the values of oy, 5,, and . get back to the
geostatic stresses. What deserves special concern is the vari-
ation of shear stresses. As the shear stress on the transver-
sal plane, 7., increases dramatically once the cutterhead
reaches the monitoring section. Its variation amplitude is
the largest among all six stress components. In theory,
7., 1s generated by the misalignment between the stress
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release direction and principal directions of the geostatic
stresses. At the monitoring point above the crown, the
stress release direction is vertically downward on the
transversal plane and coaxial with the vertical geostatic
stress, so that 7., is equal to zero. On the other hand, the
stress release direction near the shoulder points to the tun-
nel center, thus it is misaligned with any geostatic stresses.
We can obtain 7., by decomposing the stress increment
along the direction perpendicular to the major principal
geostatic stress (i.e., vertical geostatic stress). This theory
can also be used to explain the existence of t,. on the lon-
gitudinal plane. As for t,,, it originates from the friction
between the shield machine and sand particles, so that its
variation lasts for a long time.

3.3 Tunnel sidewall

Near the sidewall, o, decreases while ¢, hardly changes
when the cutterhead passes through the monitoring sec-
tion, as shown in Fig. 7. This indicates the stress release
is along the horizontal direction. The decrease of o, van-
ishes after the cutterhead goes beyond the monitoring sec-
tion by 0.3D. Similar to the crown and shoulder, the
sidewall sees the early response of o, to the arrival of the
cutterhead. The difference in the final values of ¢, and o,
demonstrates the necessity of doing a 3D analysis for the
tunnel excavation problem. In addition, because the stress
release direction is coaxial with the horizontal geostatic
stress, 7., is almost zero. However, on the longitudinal
plane and horizontal plane, both of which contain the y-
axis, shear stresses cannot be ignored. Especially 7, its
variation amplitude is comparable to that of o, so that
the principal stress direction deviates from y-axis. 7., still
evolves even when the normalized advancing distance
exceeds 1.0D, which is attributed to the continuous move-
ment of the lining in this test. Finally, all three shear stres-
ses turn to be zero.
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3.4 Tunnel foot

The stress components near the foot are shown in Fig. 8.
We can clearly observe the squeezing effect that the shield
machine exerts on the surrounding soil, considering that
all three normal stresses increase initially. The normalized
advancing distance where o, begins to increase is —0.5D,
which is also earlier than that of o,. The squeezing effect
disappears after the cutterhead moves away. According
to many numerical and analytical studies on the tunnel face
stability (Huo et al., 2023; Li et al., 2023), sand that is exca-
vated by the shield machine primarily originates from the
region in front of and above the cutterhead. The shape of
the loosened region looks like a funnel whose width
decreases with depth. The monitoring point near the foot
is not covered by the loosened region, so there is no stress
release. Instead, the support pressure of the cutterhead
compresses the sand and improves the normal stresses.
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Because the direction of the squeezing effect is misaligned
with the principal directions of the geostatic stresses, shear
stresses can be generated. The appearance of 7,. and 7.,
corresponds to the same advancing distance as that of g,
and o,, respectively. Only when the cutterhead approaches
the monitoring section do the principal stresses on the
transversal plane begin to rotate. This once again demon-
strates the difference in the stress propagation speed along
different directions. Among all the monitoring points, the
variation amplitude of 7., near the foot is second only to
that near the shoulder. In addition to this, there are many
similarities between the stress states near the shoulder and
foot, which will be shown later.

3.5 Tunnel invert

It can be seen from Fig. 9 that the stress components
below the invert do not change much. There is a slight
decrease in o, due to the unloading caused by tunnel exca-
vation. In this test, the lining (i.e., polyethylene tube) is
much lighter than the sand, so the influence of the self-
weight of the shield machine can be ignored. The primary
reason why the variation amplitude of ¢. below the invert
is smaller than that above the crown is that the overlying
sand partly collapses in the case of over-excavation. The
only stress component whose variation amplitude can be
comparable to that above the crown is 7,. (note that
Fig. 9 has a larger scale than Fig. 5). Notably, the signs
of 1, at these two monitoring points are opposite. Overall,
the influence of tunnel excavation on the stress state below
the invert is very small.

4 Principal stress values
Based on six stress components in the physical space,

three principal stresses can be determined by coordinate
transformation. The formula is as follows:
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where 1,, = 1y, 1., = 7., and 7,. = 7., according to the
condition of moment equilibrium; ¢, 05, and o3 are the
major, intermediate, and minor principal stresses, respec-
tively; a;, f;, and y; (i = 1, 2, 3) are direction angles of g,
with respect to the x-, y- and z-axes, respectively; (cosa;,
cos f3;, cos v;) is the direction vector of ¢;. This section
draws the stress paths in the principal stress space (o, a2,
a3), so that 3D stress state of the surrounding soil can be
visualized intuitively.

4.1 Stress paths in 3D space

4.1.1 Tunnel crown

Figure 10 shows the 3D stress path of the surrounding
soil above the crown. The starting point and the point cor-
responding to the arrival of cutterhead are marked to indi-
cate the development tendency of the stress path. Besides,
the 3D stress path is projected onto three 2D planes. It
can be seen that at the early stage of tunnel excavation,
a1 and o, slightly increase while o3 decreases. When the
cutterhead reaches the monitoring section, all the principal
stresses rapidly decrease so that the stress path develops
towards the coordinate origin. The above measured results
may conflict with some FEM simulations where the
transversal principal stress is found to increase after tunnel
excavation (Y. Li et al., 2016; Vinoth & Aswathy, 2023).
They explain that soil arching is formed above the crown,

Fig. 10. Stress path of the surrounding soil above the crown in 3D space.
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and the earth pressure acting on it has a horizontal compo-
nent towards the tunnel centerline. In this test, the sand is
very dense while the over-excavation degree is large, which
brings benefits to the formation of soil arching. The posi-
tion of 3D earth pressure cell is probably beyond the soil
arching. Moreover, Eberhardt (2001) points out that if an
elastic model is adopted to describe the stress—strain rela-
tionship of the ground, the obtained transversal principal
stress will increase after tunnel excavation. But if the
ground is regarded to be elastoplastic, which is the real case
for geomaterials, the final values of all three principal stres-
ses will be smaller than their initial values. This is because
the soil yielding limits the increase of ¢, and a stress redis-
tribution exists to transfer the earth pressure in the plastic
region to the region nearby. Whether the surrounding soil
above the crown yields will be discussed in Section 6.2,

4.1.2 Tunnel sidewall

The 3D stress state evolution near the sidewall is the
simplest among all five monitoring points. Because the
shear stress components approach zero at the beginning
and end of the test (see Fig. 7), we can acquire the corre-
spondence between the normal stress components and
principal stresses: o. is 61, 6, is 05, and ¢, is 3. As shown
in Fig. 11, ; hardly changes before the cutterhead reaches
the monitoring section. In the subsequent stage, although
g1 experiences increasing and decreasing, its overall varia-
tion amplitude is very limited (note that the scale of the
a1-axis is very small). The increase in o, is prior to the arri-
val of the cutterhead, and is greater than the increase in o;.
o3 keeps decreasing except it bounces back a little at last.
The variation amplitude of o3 is the greatest, indicating
the stress release is along the transversal direction. Near
the sidewall, the initial stress state of the surrounding soil
is triaxial compression, because g; > g, = g3 under gravity.
However, tunnel excavation exerts different impacts along
the transversal and longitudinal directions, so that the

Reaching the
monitoring section

Starting : ,

7 4ty

Fig. 11. Stress path of the surrounding soil near the sidewall in 3D space.

gap between g, and o3 is enlarged gradually and the stress
state becomes true triaxial.

4.2 Stress paths on the deviatoric plane

For simplicity, stress paths of the surrounding soil near
the shoulder, foot and invert are drawn on the deviatoric
plane, as shown in Fig. 12. Actually, deviatoric plane is a
polar coordinate system with its polar radius being the
deviatoric stress 7, and rotation angle being the Lode’s
angle 6. Expressions of 7, and 6 are as follows:

1 2 2 2
=0 - 4 o)+ (0 -0’ 3
\/§(02—03)

tanf = ,
201 — 0y — 03

(4)
where 0 represents the relative values among the three prin-
cipal stresses. Figure 12 shows that all the stress paths start
from the ¢,-axis, on which o, = o3 and 0 = 0°. For the
monitoring point above the crown, both 7, and 0 increase
at the beginning of tunnel excavation. However, the stress
path turns around when the cutterhead reaches the moni-
toring section. This implies that not only the absolute val-
ues of the three principal stresses, but also their relative
values, are reduced. The monitoring point is covered by
the loosened region. After the cutterhead passes through
the monitoring section by 0.16D, a second turning point
appears on the stress path. From then on, 7, remains basi-
cally unchanged while 6 increases to 38° until the stress
state stabilizes.

Near the shoulder, the stress path continues to develop
after the cutterhead passes through the monitoring section.
This characteristic is different from the stress path above
the crown. It indicates once again that under the current
experimental conditions, the loosened region does not
extend to the monitoring point near the shoulder. 0 keeps

51
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*
/ o Starting .
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Fig. 12. Stress paths of the surrounding soil on the deviatoric plane.
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to be 30° for a long time, so that o, is equal to (¢, + 73)/2.
In the end, the value of 1, is larger than that above the
crown. Note that the normal stress corresponding to the
deviatoric plane ¢, = %(01 + 02 + 03) near the shoulder

can be relatively larger, due to the deeper burial position
of the 3D earth pressure cell and lower degree of stress
release. Therefore, the surrounding soil here has a higher
shear strength.

Near the sidewall, 7, gradually increases, especially
when the cutterhead passes through the monitoring sec-
tion. Considering the limited variation amplitude of oy,
we can deduce that the increase in 7, results from the
decrease in o3 and the enlarging gap between o, and o3.
After the normalized advancing distance exceeds 0.3D,
the stress path turns around due to the recovery of 3. This
turning point can also be observed from Fig. 11.

Interestingly, the three-staged variation rule of 7, and 0
below the invert is very similar to that above the crown,
except that the former variation amplitude is relatively
smaller. Stress paths near the foot and shoulder also have
many similarities in terms of their development tendency.
This is attributed to the symmetry of the monitoring points
about the tunnel springline (Barla, 2008). In general, as the
burial depth decreases, the stress path gets longer and the
Lode’s angle becomes greater after tunnel excavation, so
that the corresponding stress state deviates more from tri-
axial compression.

5 Principal stress directions

According to Eq. (2), direction angles of the principal
stresses with respect to the coordinate axes in the physical
space can be calculated together with the principal stress
values. This section analyzes the variation of these angles
to investigate the principal stress rotation during tunnel
excavation.

5.1 Direction angles of the principal stresses

There are nine direction angles in total for three princi-
pal stresses with respect to three coordinate axes, but only
three of them are independent. Here, 7, (angle between g,
and z-axis), f, (angle between o, and y-axis), and o3 (angle
between g3 and x-axis) are chosen. In Fig. 13(a), the major
principal stress direction is illustrated by a small vector at
the data point, and the angle between this vector and the
vertical direction of the figure is equal to y,. In Fig. 13(b)
and (c), the vector inclines by an angle of f, or a3 from
the horizontal direction. The vertical coordinate of
Fig. 13 denotes the principal stress value, which has been
introduced in Section 4. It can be seen from Fig. 13(a) that
a1 is along the z-axis (i.e., y; = 0°) at the beginning of tun-
nel excavation, because the vertical geostatic stress is larger
than the horizontal geostatic stress (K, < 1). For the sur-
rounding soil above the crown, the direction of ¢; quickly
rotates when the cutterhead passes through the monitoring
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Fig. 13. Principal stress directions of the surrounding soil. (a) Direction
angle of ¢ with respect to z-axis, (b) direction angle of ¢, with respect to
y-axis, and (c) direction angle of a3 with respect to x-axis.

section. Accompanied by the convergence of its value, the
rotation of o; also stops. Finally, y; is equal to about
30°. The rotation of o, appears much earlier, as f5, has
already reduced to 70° at the moment of passage. In the
end, o3 is less than 15°, indicating that a5 is relatively biased
towards the x-axis. This conclusion can also be obtained
from Fig. 5, which shows that ¢, is smaller than the other
two normal stress components.
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Fig 13. (continued)

Near the shoulder, the maximum angle between ¢; and
z-axis is up to 40°, which appears during shield undercross-
ing and is larger than y; above the crown. Moreover, o,
and o3 start rotating when the monitoring section is 0.8D
ahead of the cutterhead. Their rotation angles become
the greatest when the monitoring section is reached, i.e.,
P> =29° and a3 = 34°. Then, ¢, and o5 rotate back to some
extent, but none of the principal stresses are parallel to the
coordinate axis of the physical space. Note that the princi-
pal stress rotation near the shoulder has been found in
many FEM simulations (Fang et al., 2022; Ng et al.,
2013), while our work confirms its existence by laboratory
test. The measured results further show that in the 3D
space, the principal stress rotation is quite complicated,
because the starting time, variation rule, and ending time
of the three principal stresses are different.

Near the sidewall, the direction of o keeps vertical (i.e.,
y1 = 0°) during the whole excavation process. Principal
stress rotation only occurs on the horizontal plane, so that
the variation rule of f, and o3 is consistent. There is an
obvious fluctuation in f, and o3 at the beginning, because
o, and ¢, are almost equal, and a subtle disturbance in
their values will lead to an abrupt exchange of the direc-
tions of g, and a3. In the end, o, is parallel to the shield
advancing direction while o3 is along the transversal
direction.

Near the foot, all the principal stresses rotate when the
cutterhead approaches and passes through the monitoring
section. However, their directions gradually return to the
initial state as the cutterhead moves away. This indicates
that the squeezing effect caused by shield advancing (men-
tioned in Section 3.4) cannot change the stress state of the

surrounding soil permanently. A similar development ten-
dency was observed in the model test of Li et al. (2024).

Below the invert, the rotation of the three principal
stresses is not very obvious, due to the limited stress release
amplitude. Principal stress rotation appears only when g,
and o, are close to each other, which belongs to a mathe-
matical problem but has no physical meaning.

5.2 Principal stress rotation on the longitudinal plane

From this section, a special coordinate system is intro-
duced to display the principal stress rotation more clearly.
In Fig. 14, the horizontal coordinate axis is (¢,~¢.)/2 while
the vertical coordinate axis is 7,.. For a stress state point in
this coordinate system, its connecting line with the coordi-
nate origin has the following characteristics according to
the knowledge of Mohr’s circle. The length of this connect-
ing line is equal to

_ 2 1 _ Al
(77) +2 =257 )

2 2
where ¢} and o} are the major and minor principal stresses
on the longitudinal plane, respectively; superscript 1 is
added to distinguish them from the principal stresses in
3D space. Besides, the rotation angle from the positive part
of the horizontal coordinate axis to the connecting line is
equal to

tan™! 2%

1
e 20, (6)
where o' is the direction angle of o} with respect to the y-
axis in practice. Therefore, from this coordinate system,
we can observe the principal stress rotation on the longitu-
dinal plane.

As a representative, the stress state above the crown is
drawn in Fig. 14. The starting point is located on the neg-
ative part of the horizontal coordinate axis, which means
o' = 90° and ¢! is along the z-axis. With the shield machine
advancing, sand in front of and above the cutterhead is
excavated, so that a loosened region is formed. The stress
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Fig. 14. Principal stress rotation of the surrounding soil above the crown
on the longitudinal plane.
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release direction points to the cutterhead, causing a stress
increment that is misaligned with the vertical or horizontal
geostatic stress. Therefore, if the vector sum of the geo-
static stress and stress increment is calculated to determine
the current stress state, shear stress will be generated, and
the direction of ¢! gradually deviates from z-axis. When
the cutterhead is just beneath the monitoring point, the
stress release direction becomes coaxial with the vertical
geostatic stress. No shear stress is generated at this
moment, so that 7,. and (¢} — 0})/2 (which is equal to
the maximum shear stress on the longitudinal plane) reach
the peak. Then, o! continues to increase with the variation
of normal stresses. The stress state point can arrive at the
first quadrant of the coordinate system, indicating that
the direction of ¢! is closer to y-axis.

5.3 Principal stress rotation on the transversal plane

Figure 15 shows the stress states near the shoulder and
foot in the coordinate system of (¢.-0,)/2-1.,, to analyze
the principal stress rotation on the transversal plane. We
can find that the stress paths at these two monitoring
points have opposite development tendencies. This is
because stress release occurs in the surrounding soil near
the shoulder, while the squeezing effect is dominating near
the foot, as has been pointed out in Section 3. The principal
stress direction near the shoulder begins to rotate remark-
ably after the cutterhead has already passed through the
monitoring section. This phenomenon indicates that the
surrounding soil makes a delayed response to the stress
release on the transversal plane, and the stress propagation
along the transversal direction is lagging behind the longi-
tudinal direction. The maximum rotation angle of the
major principal stress on the transversal plane from z-
axis, i.e., o', is up to 31° near the shoulder and —14° near
the foot. When the cutterhead moves far away, «' near
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Fig. 15. Principal stress rotation of the surrounding soil near the shoulder
and foot on the transversal plane.

the foot reduces to —3°, so that the principal stress rotation
here is recoverable.

5.4 Principal stress rotation on the horizontal plane

On the horizontal plane, the stress state at the sidewall is
illustrated in the coordinate system of (o,-0,)/2-1,,, as
shown in Fig. 16. Because ¢, = ¢, and 7., = 0 at the begin-
ning, we cannot identify the major principal stress direction
on the horizontal plane. With the shield machine advanc-
ing, the stress release direction always points to the cutter-
head so that it is misaligned with either x-axis or y-axis. As
a result, 1., appears, and the principal stress direction
rotates. More importantly, 7, can be produced by the fric-
tion between the shield machine and sand particles. Note
that in our shield machine, the diameter of the cutterhead
is slightly larger than that of the lining, facilitating the
movement of the lining together with the cutterhead. The
friction becomes the most intense when the cutterhead
reaches the monitoring section. After that, 7., reduces to
zero, and the major principal stress direction on the hori-
zontal plane is along the y-axis.

6 Discussion
6.1 Influence of Ky-value

In the above sections, the stress state of the surrounding
soil is determined by adding the geostatic stress, which is
calculated by theoretical formulas, and the stress incre-
ment, which is measured by the 3D earth pressure cell. This
treatment is adopted because it is hard to accurately mea-
sure the initial stress state of the ground. According to
the parametric study in some numerical simulations
(Eberhardt, 2001; Zhao et al., 2023), the value of K will
influence the stress field after tunnel excavation. Figure 17
shows the stress paths above the crown on the meridian
plane under different values of K. As the shield machine

advances, the mean stress p (= o,/v/3) monotonically
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Fig. 16. Principal stress rotation of the surrounding soil near the sidewall
on the horizontal plane.
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Fig. 17. Influence of Ky-value on the stress path above the crown.

decreases, while the deviatoric stress ¢ (= +/3/2t,) first
increases and then decreases. Ky-value can alter the starting
point of the stress path and the variation amplitude of ¢,
but it cannot influence the development tendency of the
stress path. When K, > 1, ¢. becomes the minor principal
stress at the beginning of tunnel excavation, so that the
principal stress direction is different from the case of
Ky < 1. However, in the coordinate systems of Figs. 14—
16, the stress path only moves left or right without a shape
change under different Ky-values, which means the rotation
rule of the principal stress is identical.

6.2 Failure of the surrounding soil

To analyze the failure of the surrounding soil, stress
paths are redrawn on the normalized deviatoric plane, as
shown in Fig. 18. Each stress state is normalized by its cor-
responding o, so that the stress ratio t,/c, can be recog-
nized. The frictional property of soil is grasped via this
normalization. On the other hand, failure envelope is deter-
mined by Matsuoka—Nakai criterion

(01 + 0y + 63)(0'102 + 0,03 + 0'30'1)

= 8tan’¢p + 9, (7)
0107073

where ¢ = 21.9°. Note that on the normalized deviatoric
plane, the failure envelope of the Matsuoka—Nakai crite-
rion is unique for different values of o,. From the stress
path above the crown, we can find that t./c, gradually
increases until the stress state point approaches the failure
envelope. This indicates that the surrounding soil above the
crown fails. The failure stress state corresponds to a Lode’s
angle of 26°, so that Matsuoka—Nakai criterion, rather
than Mohr-Coulomb criterion, is adopted to consider the
effect of the intermediate principal stress. In some numeri-
cal simulations (Miliziano & De Lillis, 2019; Zheng et al.,
2015), o3 above the crown reduces to zero, which means
the soil failure is caused by tensile stress. In this test, the
surrounding soil does not collapse completely because it
is compacted to be very dense, but failure still occurs under
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Fig. 18. Stress paths of the surrounding soil on the normalized deviatoric
plane.

the action of shear stress. g3 converges to a small positive
value, and the tunneling-induced stress release will be
undertaken by the soil nearby. On the normalized devia-
toric plane, the stress path near the shoulder is shorter than
that above the crown, due to a larger o,. As for the other
monitoring points, the stress paths are far from the failure
envelope, so that the surrounding soil does not fail.

6.3 Comparison of the measured results with numerical
simulations

When the measured results are introduced in the above
sections, we have compared them with some numerical sim-
ulations. Overall, the measured and simulated results are
basically consistent in terms of the qualitative rule. How-
ever, the existing numerical simulations cannot reproduce
the stress characteristics of the surrounding soil in some
aspects. We certainly cannot completely trust the measured
results, because errors can be caused by many factors, such
as the precision of the 3D earth pressure cell, disturbance
from the soil filling and compacting process, displacement
and inclination of the 3D earth pressure cell during tunnel
excavation, and so on. Deviations between the measured
and simulated results mainly exist in the following aspects.
According to the measured results, sensors perceive the
stress variation only when the cutterhead is quite close to
the monitoring section (see Figs. 5-9). This is attributed
to the fact that soil is a kind of discrete medium in which
the energy dissipation is severe. However, in many FEM
simulations, including those done by ourselves, the stress
variation always appears early and converges late. Besides,
the numerical simulations cannot distinguish the stress
propagation speed along different directions, while the
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measured value of o, varies before o, and ¢. begin to
evolve. The rotation of ¢; (which is relatively closer to
the vertical direction) also lags behind that of ¢, and o3
(see Fig. 13).

In order to improve the numerical simulation results, we
should introduce an advanced constitutive model for soil.
As the tunneling-induced stress redistribution is very com-
plicated, the stress path dependence, the effects of interme-
diate principal stress and principal stress rotation, as well
as the soil anisotropy, should be considered. A proper yield
surface and corresponding loading—unloading criterion
should also be adopted in the constitutive model. Because
the stress path above the crown develops towards upper left
on the meridian plane (see Fig. 17), which is different from
the conventional loading conditions, the elliptical yield sur-
face of the modified Cam-clay model or the capped yield
surface of the Drucker-Prager model will regard the
stress—strain relationship to be elastic. Consequently, the
soil deformation during tunnel excavation will be underes-
timated. In addition, the strategy for simulating the tunnel
excavation process is also very important. The over-
excavation degree, advancing and rotation of the cutter-
head, and friction between the shield machine and soil
can influence the stress value more or less. Because stress
leads to strain, a better understanding of the 3D stress state
of the surrounding soil helps to calculate the ground defor-
mation induced by tunnel excavation accurately.

7 Conclusions

This paper adopts a scaled shield machine to simulate
the tunnel excavation process in the laboratory. The stress
state of the surrounding soil is measured by a 3D earth
pressure cell. Based on the test data, we can find the follow-
ing characteristics of the tunneling-induced ground
stresses.

(1) In terms of the stress values, the normal stress com-
ponents and principal stresses above the crown
decrease, but the longitudinal normal stress o, can
recover as the cutterhead moves away. The stress
state at failure satisfies Matsuoka—Nakai criterion.
The normal stress variation near the shoulder is rela-
tively small, but the shear stress components and
deviatoric stress are considerable. The stress release
near the sidewall is along the horizontal direction
on the transversal plane, leading to a true triaxial
stress state after tunnel excavation. Due to the
squeezing effect, all three normal stresses near the
foot increase before the cutterhead reaches the mon-
itoring section. On the deviatoric plane, stress paths
near the foot and invert are similar to those near
the shoulder and crown, respectively, except that
the stress path gets longer at shallower monitoring
points.

(2) When the stress release direction is misaligned with
any principal directions of the geostatic stresses,
shear stress will be generated in the physical space,
and thus the principal stress axes rotate. Above the
crown, the major principal stress o is vertical at the
beginning, but rotates quickly towards the longitudi-
nal direction when the cutterhead passes through the
monitoring section. On the transversal plane, the
principal stresses near the shoulder and foot have
opposite rotation directions, because stress release
occurs in the former while the squeezing effect is dom-
inating in the latter. Besides, the stress propagation
speed along the longitudinal direction is generally fas-
ter than that along the transversal direction.

Limited by the size of the laboratory test, this work only
measures the stress state of the surrounding soil at several
representative points around the tunnel. The stress redistri-
bution at different distances from the tunnel center cannot
be analyzed. The measured results can be adopted to cali-
brate the material parameters and modeling strategies in
the numerical simulations, so that the stress field of the
whole ground, as well as the loosened region and soil arch-
ing effect, can be obtained in the future.
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