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ABSTRACT: In this paper, based on in-situ observation data, using the relationship between ground deforma-
tion at the TBM passing and construction data such as cutting face pressures or backfill pressures, the factors of
ground deformation at the TBM passing are analyzed and the loading model in FEM analysis with consideration
of construction conditions is studied. The results reveal that at the front side of the TBM, the cutting face pressure
greatly influences on the ground deformation, and at the backside of the TBM, the backfill pressure. They also
reveal that defining the differential pressure between the pressure acting on the ground and the initial stress as
the loading condition made it possible to evaluate the actual ground deformation more precisely.

1 INTRODUCTION

Finite element method (FEM) is widely used in pre-
dicting the influence on surrounding ground and
neighboring structures of shield tunnel excavation.
And in most cases, the analysis is conducted simply
by imposing a release stress, which is evaluated from
a supposed stress release ratio, on the ground. How-
ever, from in-situ monitoring it is known that when the
shield machine passes by, the ground above upheaves,
or settles down, while the ground at the side of the
shield is pushed away. And the status of stress changes
by location on the circumference of the tunnel: in some
parts the stress is imposed on the ground while in the
other parts it is released. In this paper, based on in-situ
monitoring data, the relations of some key factors in
shield tunnel excavation, such as cutting face pressure
and backfill grouting pressure, with the deformation
of surrounding ground are analyzed. Then the load-
ing condition considering the construction process in
FEM is investigated carefully.

2 GROUND DEFORMATION DUE TO SHIELD
TUNNEL EXCAVATION

A general description of nine construction sites is
shown in Table 1. The vertical and horizontal defor-
mations of ground accompanying the shield machine

passing by are shown in Fig. 1 and Fig. 2. The ver-
tical deformation means the deformations directly
above the shield machine, and the horizontal defor-
mation means the deformation on the spring line of
the machine.

Figure 1 shows the ground deformations right
above the shield during passing by of the shield. The
deformations can be divided into 4 patterns:

Pattern 1: Settles down when the front half passes
by, then turns into large upheaval when rear half passes
by (Site A-1, A-2, B).

Pattern 2: Small deformation during the shield
passes by (Site C, D).

Pattern 3: Settles down when the front half passes
by, and keeps constant when the rear half passes by
(Site E-1).

Pattern 4: Upheaves when the shield passes by, then
settles down after the tail passes by.

Figure 2 shows the ground deformation at the side
of the shield, in the depth of spring line. Although the
amount of deformation of each site is different, the
overall tendency is the same:

At the time of face reaching: the ground is pushed
away several millimeters.

During the shield passing by: the ground is pushed
away continuously.

After the tail passing by: the ground is brought back.
All of those sites were constructed in the soft allu-

vial clay ground. Although overburdens and diameters
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Table 1. General description of the shield tunnel sites.

Construction conditions Ground conditions

Unconfined Compression
Monitoring Machine N-value strength qu (kN/m2)
section Overburden diameter Shield Excavated

Site number (m) (m) method soil Crown Side Crown Side

A Section 1 15.3 7.15 Slurry Alluvial clay 0 2 98 127.4
Section 2 15.3 7.15 Slurry Alluvial clay 0 2 98 127.4

B Section 1 11.0 5.44 Slurry Alluvial clay 2 3 88.2 117.6
C Section 1 17.9 7.25 Mud Alluvial clay 3 7 98 117.6
D Section 1 14.8 5.44 Mud Alluvial clay 3 4 165 194
E Section 1 12.1 7.25 Earth Alluvial clay 3 4 98 127.4

Section 2 12.2 7.25 Earth Alluvial clay 3 4 98 127.4
Section 3 12.7 7.25 Earth Alluvial clay 3 4 98 127.4

F Section 1 22.19 8.31 Slurry Diluvial clay – – 300 –
Section 2 22.19 8.31 Slurry Diluvial clay – – 300 –

G Section 1 22.44 7.56 Slurry Diluvial clay – – 300 –
Section 2 22.32 7.56 Slurry Diluvial clay – – 300 –
Section 3 22.28 7.56 Slurry Diluvial clay – – 300 –

Figure 1. Vertical deformation during shield passing by.

of shield machine were similar, which ranged from
11.0 to 17.9 m, from 5.44 to 7.12 m respectively, the
deformations of surrounding ground differed largely
from each other. These were due to the differences in
face pressure, shield position control, backfill grouting
pressure and so on. Therefore, they must be taken into
consideration in predicting the ground deformation
due to shield tunnel excavation.

3 KEY FACTORS OF GROUND
DEFORMATION

The key factors of ground deformation during the
shield passing by are different by excavation stage.

Figure 2. Horizontal deformation during shield passing.

In the following the authors analyze these factors by
using the in-situ monitoring data.

3.1 At the time of cutting face reaches

The balance between the face pressure and lateral
ground pressure is the key factor at this stage. In
the case where face pressure is larger than the lat-
eral ground pressure, the ground in front of face is
extruded forward and outward, and the stress increases.
In the converse case, the ground above the shield settles
down and the side ground is pulled inward, as shown
in Fig. 3.

On the other hand, it can be seen from Fig. 1 that
the deformations above the shield are within several
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Figure 3. Active pressure to surrounding ground.

millimeters, which are relatively small compared to
those at the time of shield passing by.

3.2 At the time of front half of shield passing by

Among the hard ground shown in Table 1, at Sites
both F and G diluvial clay were excavated at the
same depth. However, the vertical deformations above
the shield were different. The control of slurry pres-
sure is considered as the reason for the difference.
The slurry pressures of two sections in Site F were
196 kN/m2, while those of Section 1 and 2 in Site G
were 294 kN/m2, 255 kN/m2 respectively, and those of
Section 3 were 255 kN/m2 at excavation, 294 kN/m2

at rest. Figure 4 shows the relation between slurry
pressure and settlement right above. The outline mark
indicates at the time of face reaches and the filled mark
indicates three rings after face passing by. It can be seen
that even three rings after face passing by, the slurry
pressure still influenced the deformation: the smaller
the pressure is, the larger the settlement becomes. This
is because the slurry flowed back to the shield body.

On the other hand, the monitoring data from the soft
ground shows that in the front half of shield machine,
above ground showed a tendency of settling down
while the side ground was pushed away. This kind
of behavior is thought as the consequence of differ-
ence between ground pressure and the active pressure
from the shield. In slurry shield, the slurry flows from
face to shield body and becomes an active pressure
to the ground. Normally, the slurry pressure is set to
equal to lateral ground pressure in the face and dis-
tributed like hydrostatic pressure. The vertical ground
pressure is larger than horizontal one. Therefore, at
the position right above the shield the slurry pressure
is smaller than the ground pressure (σv).At the side the
slurry pressure is equivalent to lateral ground pressure

Figure 4. Relation between slurry pressure and vertical
deformation.

(σh = σv · K0), and thus deformation should not occur.
Actually, however, the deformation such as the ground
being pushed away always occurs before face reaches
in slurry shield.

Furthermore, the variation of slurry pressure due to
pitching of shield also results in ground deformation.
In Sites A and B the pitching down behavior immedi-
ately after the start brought down the slurry pressure,
and then settlement occurred.

3.3 At the time of rear half and tail of shield
passing by

During the rear half of shield passing by, pushed-away
deformation was seen in the grounds both above and at
the side of the shield. Among the factors of the ground
deformation, such as the flow-around backfill grout-
ing, pitching of shield, position control, the backfill
grouting is thought as the main one. Fig. 5 shows
the relation between difference of backfill grouting
pressure and earth pressure and the deformation 0.5 m
away from the shield in soft ground. The ground pres-
sure is the lateral pressure in the depth of spring line
and calculated by all overburden soil with a coeffi-
cient of earth pressure at rest Ko = 0.7. The backfill
grouting pressure is the monitor data from a ground
pressure gauge set in the segments and another pres-
sure gauge set in the grouting hall. As the grouting
pressure changed during excavation, the stable value
between two excavation cycles is taken here. Although
the data scatters largely in the figure, it still can be seen
that the larger the difference of backfill grouting pres-
sure and ground pressure, the larger the upheaval is. It
indicates that the backfill grouting pressure influences
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Figure 5. Relation of the difference of backfill grouting
pressure and ground pressure and vertical deformation.

Figure 6. Relation of the backfill grouting pressure and the
active pressure to the ground.

the ground deformation in the rear half of shield. In
those sites, the pore water pressure near the tunnel was
monitored.The pore water pressure increment + initial
ground pressure is considered as the active pressure
on the ground from the shield. Fig. 6 shows the rela-
tion between backfill grouting pressure and the active
pressure on the ground. It can be seen that the active
pressure ranges from Ps to 1.3 Ps. This additional pres-
sure of 0% to 30% is due to the position control of
shield, the variation of the friction force of shield, the
backfill grouting pressure and so on.

4 PREDICTION METHOD CONSIDERING
CONSTRUCTION PROCESS

4.1 Analysis step

4.1.1 Cutting face reaches (Step 1)
15% of the difference of lateral earth pressure and cut-
ting face pressure is adopted as a radial load on the

Figure 7. Distribution of vertical stress in the elements right
above the shield.

Figure 8. FEM mesh.

tunnel. Only the stress release from the cutting face is
considered in this step. As shown in Fig. 7, the change
of vertical stress right above shield is about 70 kN/m2

at one to two rings ahead of the cutting face, which is
about 15% of the released stress from the face.

4.1.2 The front half of shield machine (Step 2)
The differential pressure of the pressure of the slurry
that flowed to the overbreak and earth pressure is
adopted to the cutting face. In this case, the distribution
of slurry pressure is assumed to increase with depth by
the specific gravity of slurry. And the earth pressure
at this step is the stress at the end of the previous step.

4.1.3 The rear half and tail of shield passing by
(Step 3)

The differential pressure between the backfill grouting
pressure and earth pressure is adopted to the cutting
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Figure 9. Relation of L/D and β.

Figure 10. Soil parameters (A-site).

face. Besides that, the backfill grouting pressure of 0%
to 30%, as shown in Fig. 6, is applied to the cutting face
as an additional pressure. In this case, the distribution
of backfill grouting pressure is assumed to increase
with depth by the specific gravity of slurry. And the
earth pressure at this step is the stress at the end of the
previous step.

4.2 The compensation from 3D stress state to
2D stress state

As previously mentioned, slurry pressure and back-fill
grouting pressure are considered as a pressure on the

Figure 11. Comparison of analysis results and monitoring
data in the place 1 m right above the shield.

ground at the time of shield machine passing by. Then
in 2D FEM, such pressures are applied along the over-
all tunnel. But in the real case, such pressures may only
act on front part and tail part of shield when consid-
ering the pressure state in 3D space. That means the
2D FEM may overestimate the active pressure. There-
fore, 3D FEM analysis which uses the action range of
such pressure as a parameter is performed by step-by-
step analysis. Then the relation of the compensation
value β from 3D to 2D with the action range is found
out. In addition, the released stress from excavation
is applied as the active pressure on the surrounding
ground, and the tail void length L is considered as the
applied range of active pressure. The mesh used in the
analyses is shown in Fig. 8. Analysis conditions and
the analysis procedure are as following.

The relation of the compensation value β to tail void
L (= pressure action range)/diameter D of tunnel, and
a 2D stress state is shown in Fig. 9. This figure shows
that the relation between L/D and β is hyperbolic, and
that β = 0.9 when L/D = 1.0. In case of L/D = 1.0, a
2D state and a 3D state are almost equivalent.
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Figure 12. Comparison of analysis results and monitoring data in the side of the shield.

5 ANALYSIS EXAMPLE

5.1 Soil parameters

Ground deformation analysis of the A-1 site was per-
formed using FEM with the loading model. A shield
excavation was carried out in an alluvial clay ground
with an overburden of 15.3 m, and the slurry shield
was used. The soil parameters and profiles used in the
analysis in Site A are shown in Fig. 10.

5.2 Loading condition

According to the construction conditions in the A-1
site, the face slurry pressure in Step 2 was 216 kN/m2.
Backfill grouting pressure in Step 3 was 265 kN/m2,
and then 265–346 kN/m2 was applied with the con-
sideration of the 30% additional pressure. The com-
pensation value of a 2D stress state was 1/2 of shield
machine length. And the backfill grouting range in
Step 2 was obtained from relation L/D and β in Fig. 9,
as a part for two rings of segment width, for the reason

that the grouting is solidified after tail passage of three
rings.

5.3 Results

Figure 11 shows the comparison of the measurement
and analysis results of vertical displacement, and Fig.
12 shows the comparison of the measurement and the
analysis results of horizontal displacement. Step 2 is
the time of front half of machine passing by.At the time
of front half passing by, the monitoring data showed a
10 mm vertical settlement in the place right above the
shield. And 2 mm pushed-away deformation was gen-
erated in the side of shield. The results from analysis
mostly agree with the monitoring data. Step 3 is the
time of tail passing by. The monitoring data shows
that the surrounding ground was pushed away, and
the upheaval right above the shield was about 20 mm.
At the side of shield, a pushed-away displacement of
10 mm was seen. Such deformation is the result of the
slurry which flowed back from the face slurry in Step 2

280

Copyright © 2006 Taylor & Francis Group plc, London, UK



and the backfill grouting pressure in Step 3. The FEM
gave the same results as the monitoring data. By the
method proposed in this paper, it is possible to simulate
the complex behavior of ground in shield excavation.
Such simulation is impossible by traditional 2D FEM
using the stress release ratio. However, from the mon-
itoring data, the vertical deformation right above the
shield is larger than the calculation that set p = 1.3 pg,
so, in order to evaluate precisely the deformation of the
surrounding ground, it is necessary to further investi-
gation into the factor of additional pressures and their
distribution.

6 CONCLUSIONS

In this paper, based on the in-situ monitoring data,
the key factors of the deformation of surrounding
ground were arranged, and the applied loadings in
each construction stage were analyzed, then a load-
ing model using 2D FEM was proposed accordingly.
The conclusions and remarks are shown as follows:

1. In the case of a slurry shield, in the front part of
shield machine, the pressure of the slurry flowing
from the cutting face acts on the ground at the side
of the shield. However, in case of the earth pressure
balance shield and slurry pressure balance shield,
of which overcut part no slurry seems to flow into,

the pushed-away deformation is still seen in the side
ground. Further research should be done on this.

2. In dealing with the ground deformation at the
time of rear half part and tail passing by, the
backfill grouting pressure is the main reason. And
an additional pressure of 100–130% of the backfill
grouting pressure should be applied.This additional
pressure is considered to be due to the pitching, fric-
tion between machine and the ground, the variation
of backfill grouting pressure, etc. About the influ-
ence of each factor and the distribution of additional
pressure should be further studied.

3. For 2D FEM of ground deformation analysis for
shield tunnel, a loading model is proposed, in which
the differential pressure of active pressure and earth
pressure are applied as the load. With this loading
model, a 2D FEM can simulate the deformation
very close to the in-situ monitoring results, which
shows the settlement right above the shield and the
pushed-away deformation at the side of shield.
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