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ABSTRACT: Pre-loads could be imposed on the braced wall to prevent its horizontal displacements during
the ground excavation even though a tunnel exists adjacent to the braced wall. New pre-loading system for
large loads was developed and applied to the large scale model tests. Model tests were performed in the sandy
ground, which was homogeneously and isotropically constructed in the test pit and numerically analyzed by Finite
Element Method. It was found that the stability of existing tunnel was greatly enhanced when the horizontal
displacements of a braced wall was reduced by applying pre-load, which was larger than the design load.

1 INTRODUCTION

Horizontal displacement of a braced wall during the
ground excavation could soften the rear ground, which
could cause the existing structure in the rear ground to
be unstable (Lee, 1999). Pre-loading method is widely
used to reduce the lateral displacement of braced wall.

O’Rourke (1976) found that lateral displacement
of a braced wall could be reduced by pre-loading in
halfsize of the design force. But too large pre-loading
could jeopardize the strut. O’Rourke (1981) also pro-
posed that the effective rigidity could be increased by
imposing pre-load.

To establish the optimum range of pre-loading
in clayey soil, Mana and Clough (1981) performed
numerical analyses and found that displacement could
be reduced by pre-loading the design force. But they
pointed out that too large pre-loading could cause
local deformation of the steel joint of the supporting
structure and could damage it.

Canadian Geotechnical Society (1997) found that
pre-loading which amounted to the design force
should be imposed to reduce the displacement of a
braced wall.

Most studies on the pre-loading have focused on the
ground behavior, the effective rigidity of strut, and the
displacement of a braced wall.

To keep the tunnel in the rear ground to be sta-
ble during the adjacent ground excavation, horizon-
tal displacement of braced wall should be reduced.
Horizontal displacement, however, could not be suffi-
ciently reduced by pre-loading the design force and it
is difficult to be convinced of the tunnel stability.

In this paper, behavior of the braced wall and the
tunnel in rear ground was studied, when pre-loading
was imposed on a braced wall during the ground exca-
vation. For this purpose, large scale model tests were
conducted and numerically analyzed.

2 LARGE SCALE MODEL TESTS

2.1 Summary

Pre-loading method was verified through large scale
model tests. They were performed by imposing pre-
load on a strut during the ground excavation by a new
pre-loading system, through which large preload could
impose.

Model tests were conducted in a large test
box (2.0 m wide, 4.0 m long, 6.0 m tall) under 2-
dimensional boundary conditions. Lateral wall of
test box was specially treated to minimize the fric-
tion. Existing tunnel was detached 0.5D from the
braced wall.

Until excavation was completed, wall displacement
was kept to be zero (1∼8 stages) by pre-loading. Model
tests without pre-loading were also conducted.

2.2 Test ground

For model tests, homogeneous and isotropic model
ground was constructed. Sand was put into test pit
in 0.3 m depth at a time and compacted by a plate
vibrator. Relative density of test ground was checked
by extracting a sample using DIN 4021 Core Cutter
(Lee, 1998).
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Figure 1. Model test box.

Physical characteristics of test ground for the model
tests were confirmed through grain size distribution
test, specific gravity test, field unit-weight test, and
water content test.

According to the Unified Soil Classification Sys-
tem (USCS), test ground was poorly graded Sand SP.
Mechanical properties of test ground were obtained
through a direct shear test. Internal friction angle (ϕ)
was 38◦ and cohesion (c) was 6.0 kPa. Modulus of
elasticity (E) was 28,000 kPa.

Test results are shown in Figure 2 and Table 1:

2.3 Model tunnel and model braced wall

Specifications of the model tunnel were determined
from the rigidity ratio by Duddeck and Erdmann
(1985). Rigidity ratio between the ground and the
tunnel lining for actual and model tunnel was as
follows.

Rigidity Ratio of Actual Tunnel;

Figure 2. Grain size distribution curve.

Table 1. Physical properties of test ground.

Parameter Value

Max. Dry Unit Weight (γdmax) 16.86 (kN/m3)

Min. Dry Unit Weight (γdmin) 13.82 (kN/m3)

Dry Unit Weight of Test Ground (γd) 15.39 (kN/m3)
Relative Density (Dr) 56 (%)
Water Content (ω) 6.8 (%)
Specific Gravity (Gs) 2.63

Rigidity Ratio of Model Tunnel;

Here, subscript m means model tunnel.
where Ek (Ekm) =Young’s Modulus of Ground (kPa);

R (Rm) = Radius of Tunnel (m); Eb(Ebm) =Young’s
Modulus Lining (kPa); Ib(Ibm) = Moment of Inertia of
Tunnel Lining; and

Thickness of model tunnel tm was estimated under
the assumption that the rigidity ratio of real and model
tunnel was equal (Soliman et al. 1993).

where t (tm) =Thickness of tunnel lining (m)

Modulus of elasticity of the actual ground (Ek ) was
400,000∼500,000 kPa. But modulus of elasticity of
model ground (Ekm) was 20,000∼30,000 kPa. For the
model tunnel lining with the diameter of 0.6 m, 6 mm-
thick steel was used, which was equivalent to 0.3 m-
thick concrete lining. For a braced wall, 16 mm-thick
steel was used, which was equivalent to an 0.8 m-thick
concrete slurry wall.

Hobbs (1966) estimated the time reduction rate
under the assumption that the acceleration of gravity
was constant. Reduction rate of length was established
first and then reduction rate for time, density, weight,
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Table 2. Reduction rate of model test.

Reduction tate
(Tunnel lining

Property Dimensions and braced wall)

Length [L] 1/10
Time [T] 1/3.16
Weight [M] 1/3.120

Density [ML−3] 1/3.12

Stress [ML−1T−2] 1/31.24

Acceleration [LT−2] 1.0
of Gravity

Figure 3. Measuring points for model tests.

and stress was estimated. The law of similarity could
be based on weight, time, and acceleration. Steel with
unit weight 78 kN/m3 was used for model tunnel lin-
ing and the braced wall (Yang et al. 2007, Shim et al.
2007).

Table 3. Properties of ground.

Parameter

Modulus of Elasticity (E) 20,000 kPa
Poisson’s Ratio (ν) 0.25

Unit Weight (γ) 16.39 kN/m3

Internal Friction Angle (ϕ) 38◦

Cohesion (C) 6.0 kPa

Figure 4. Finite element mesh and boundary conditions.

2.4 Measurement

Moment of braced wall (40 points), lateral dis-
placement (8 points), rear ground surface settlement
(9 points), lining moment (32 points), and tunnel dis-
tortion (16 points) was automatically measured and
saved at every 30 minutes. Measuring points are shown
in Figure 3 and Table 3.

3 NUMERICAL ANALYSIS

3.1 Analysis program

Tunnel was detached 0.5D from the braced wall.
Tests were numerically analyzed using FEM program
PLAXIS Ver. 8.2.

Triangular plane strain elements with fifteen nodal
points were used for the ground. Interface was adapted
on the boundary at the braced wall and the ground.

Finite element mesh and boundary conditions for
the numerical analysis are shown in Figure 4.

Vertical displacement at the lateral boundary and
horizontal displacement at the lower boundary were
possible.
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Table 4. Material properties for braced wall and tunnel
lining.

Parameter Braced wall Tunnel lining

Axial Rigidity (EA) 3,293,000 kN/m 1,929,000 kN/m

Flexural Rigidity (EI) 70.0 kNm2/m 5.788 kNm2/m
Thickness (d) 0.016 m 0.006 m
Poisson’s Ratio (ν) 0.3 0.3

Figure 5. Horizontal displacement of braced wall.

3.2 Input data

Properties of ground and structure members used in
numerical analysis are shown in Tables 3 and 4:

4 RESULTS OF LARGE SCALE MODEL
TESTS AND NUMERICAL ANALYSES

4.1 Horizontal displacement of braced wall

Horizontal displacement of a braced wall in the large
scale model tests and numerical analyses is shown
in Figure 5. At the final excavation stage, maximum
lateral displacement (δmax) of braced wall decreased
from 2.290 mm to 0.03 mm by preloading, while the
result of numerical analysis decreased from 2.914 mm
to 0.193 mm (Fig. 5).

4.2 Tunnel distortion

Distortion of tunnel lining is shown in Figure 6.
Without preloading, tunnel distorted gradually due
to ground excavation. Tunnel was pressed vertically
and expanded horizontally. By pre-loading tunnel dis-
tortion greatly decreased. Maximum displacement of
the tunnel lining decreased from 2.22 mm to 0.21 mm
in the tests and from 2.670 mm to 0.337 mm in the
numerical analysis (Fig. 6) by pre-loading.

4.3 Member stress of tunnel lining

By pre-loading, maximum flexural moment decreased
from 0.15 kNm/m to 0.068 kNm/m and maximum

Figure 6. Distortion of tunnel lining.

shear force decreased from 1.160 kN/m to 0.436 kN/m.
Axial force, however, increased from −17.436 to
−22.837 kN/m in the numerical analysis (Fig. 6). Max-
imum flexural moment at the final excavation stage
decreased from −0.195 kNm/m to −0.021 kNm/m
by pre-loading while the shear increased from
−0.331 kN/m to −0.178 kN/m. Maximum axial force
increased from −34.377 kN/m to −124.863 kN/m, in
the model tests.

In the numerical analyses, on the contrary, by
preloading, maximum flexural moment decreased
from 0.150 kNm/m to 0.068 kNm/m, maximum shear
decreased from 1.160 kN/m to 0.436 kN/m. Maxi-
mum axial force, however, slightly increased from
−17.463 kN/m to −22.837 kN/m, which was in an
allowable range. Moment of the tunnel lining is shown
in Figure 7.

4.4 Lateral displacement of braced wall and
tunnel distortion

Without pre-loading, the largest displacement and tun-
nel distortion were observed in the 6th excavation
stage, in the tunnel level.

Significant horizontal displacement of braced wall
and tunnel distortion would not occur throughout
the entire process, when pre-loading was imposed. If
braced wall was not deformed laterally, tunnel shape
would hardly change (Fig. 8).
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Figure 7. Bending moment and stress of tunnel lining.

Figure 8. Lateral displacement of braced wall.

Figure 9. Rear ground surface settlement.

4.5 Ground surface settlement

By pre-loading maximum ground surface settlement
at final excavation stage decreased from 2.1 mm to
0.12 mm in the model tests and from 2.506 mm to
0.726 mm in the numerical analysis. Rear ground
surface settlement is shown in Figure 9.

5 CONCLUSION

It was investigated how to ensure the stability of
the adjacent tunnel during the ground excavation
by reducing the horizontal displacement of a braced
wall by gradually imposing pre-loading. A new pre-
loading system, through which large pre-loading
could impose was developed and applied to large
scale model tests. Performed tests were numerically
analyzed.

The results are as follows:

1 If lateral displacement of the braced wall was
greatly reduced by imposing pre-loading, which
was larger than design force, the stability of the
adjacent tunnel at the rear ground would greatly
increase.

2 Maximum flexural moment and maximum shear of
tunnel lining were decreased but the axial force was
increased by imposing pre-loading in both large
scale model tests and numerical analyses.

3 Largest horizontal displacement of a braced wall
occurred in the excavation stage, which was the
tunnel level, when pre-loading was not imposed.

4 Tunnel was pressed vertically and expanded hor-
izontally during the ground excavation without
preloading. But by imposing pre-loading no signifi-
cant distortion in its shape was observed throughout
the entire excavation process.

5 Most of the ground surface settlement was
decreased by imposing pre-loading.
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