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Vaniation of Earth Pressure Acting on Cut-and-Cover Tunnel Lining
with Settlement of Backfill
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Abstract

Damage of cut-and-cover tunnel lining can be attributed to physical and mechanical factors. Physical factors include
material property, reinforcement corrosion, etc. while mechanical factors include underground water pressure, vehicle
loads, etc. This study is limited to the modeling of rigid circular cut and cover tunnel constructed at a depth of 1.0~1.5D
in loose sandy ground and subjected to a vibration frequency of 100 Hz. In this study, only damages due to mechanical
factors in the form of additional loads were considered. Among the different types of additional, excessive earth pressure
acting on the cut-and-cover tunnel lining is considered as one of the major factors that induce deformation and damage
of tunnels after the construction is completed. Excessive earth pressure may be attributed to insufficient compaction,
consolidation due to self-weight of backfill soil, precipitation and vibration caused by traffic. Laboratory tunnel model
tests were performed in order to determine the earth pressure acting on the tunnel lining and to investigate the applicability
of existing earth pressure formulas. Based on the difference in the monitored and computed earth pressure, a factor
of safety was recommended. Soil deformation mechanism around the tunnel was also presented using the picture analysis

method.
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1. Introduction

In spite of the continuous development of more
sophisticated tunnelling methods, cut-and-cover method
is still used since it is the most economical and easy to
apply. It is also used in cases wherein other methods are
not feasible, like shallow tunnels and mountain tunnel
portals. Even though it is the oldest method still a lot
of problems are encountered in its use, problems that can
be attributed to design and construction. In this type of
tunnel construction, the compaction of the backfill
material is the most important process, especially the
compaction of backfill soil on both sides of the tunnel.
Assuming that the backfill material is properly compacted,
several months or years after the construction is
completed the backfill has the tendency to consolidate
due to self-weight, precipitation and vibration caused by
traffic. In the process, the tunnel is subjected to excessive
earth pressure that causes the deformation and cracking
of the tunnel lining. These are classified as mechanical
factors that cause tunnel damage. Damages can be also
be attributed to physical factors such as material properties,
reinforcement corrosion, etc. but in this study only
damages due to mechanical factors in the form of
additional loads will be considered.

Since actual testing is difﬁcuit and very expensive,
tunnel model tests with shallow soil cover of 1.0D~
1.50D (D is the tunnel diameter) were selected for this
study. A tunnel model which is a simple reduction of the
actual structure at a scale of 1:20 was installed in a plane
strain soil tank and was subjected to a vibration frequency
of 100 Hz.

When it comes to the design process, there is also a
possibility that existing earth pressure formulas has the
tendency to underestimate the earth pressure acting on
the tunnel lining. Due to these reasons there is a necessity
to investigate the earth pressure acting on the cut and
cover tunnel lining, Earth pressure monitored from the
laboratory model tests was compared with earth pressure
computed using Terzaghi (1956), Bierbdumer (1913),
Marston-Spangler's Ditch and Projecting Type (Spangler,
1948) and Terzaghi's Modified Earth Pressure Formula
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in order to determine the most appropriate earth pressure
computation method. Depending on the earth pressure
method, a factor of safety was recommended and the

behaviour of soil around the tunnel was investigated.

2. Case History on Cut and Cover Tunnel in
Sandy Ground

Up to the present there has been a lot of local and
international case histories of tunnel model tests per-
formed. Depending on the objective of the model test,
different testing methods and conditions were applied.
Different soil tank and modelling materials were also
used. Different ground modeling materials such as sands
(Konig et al., 1991; Adachi et al., 1991; Komiya et al.,
2000; Ko et al., 1996; Park, 2003; Im et al., 2002), clays
(Britto, 1979) and other materials like aluminum rods
(Yuasa, 1988) were used. Tests were performed either in
soil tanks of different shapes and sizes or in tests pits.
In most cases rectangular soil tanks were used (Adachi
et al.,, 1991; Nakai et al., 1999; Ko et al., 1996; Park,
2003; Im et al., 2002). In particular cases tests were also
performed in circular tanks (Britto, 1979) and underground
test pits (Yoo, 1997). Different materials were also used
in the tunnel model, such as aluminun (Adachi et al.,
1991) stainless steel (Park, 2003; Kim et al.,, 2002),
concrete (Lee et al., 1998; Yoo, 1997) and other materials.
The monitored parameters also varied from tunnel
deformation, surface settlement, underground pressure,
etc.

There were also some model tests of cut and cover
tunnel in sandy soils performed locally. Lee et al. (1998)
performed a model test to determine the mechanical
behaviour and cracking characteristics of tunnel lining;
Kim (1999) performed a study to determine the earth
pressure acting on a box tunnel. Kim et al. (2002) used
the shaking table apparatus to analyze the seismic
performance of cut-and-cover tunnel, and Kim (2004)
performed a tunnel model tests to determine the reduction
method for earth pressure acting on the lining of a cut

and cover tunnel.



3. Tunnel Model Test Equipment and Testing
Method

3.1 Test Equipment

The plane strain model test was made possible through
the use of equipments such as : (D plane strain soil tank
(Ko et al, 1996; Im et al., 2000; Park, 2003), @ cut
slope model, 3 transverse tunnel model, @ model soil
laying apparatus, (5 vibratory compaction apparatus, ©
load cell and @ deformation analysis program. The

specifications of these equipments are presented below.

3.1.1 Plane Strain Soil Tank

The plane strain soil tank used in this study has an
internal dimension of 720 mm (H) % 1490 mm (L) x 400
mm (W) and an internal volume of V = 0.429m®. The
soil tank is supported by 2 springs and 4 braces. The
braces prevent the movement of the soil tank during soil
preparation and are unfastened before the soil is
subjected to vibration generated by the motor (vibrator)
installed beneath the soil tank. The front and rear
portions of the soil tank are made of acrylic plate
reinforced with steel bars on the outside. Grid printed
acetate was applied on the acrylic plates to reduce
friction when the targets are installed. The grid on the
acetate also serves as a guide in the target installation
and soil laying process. The plane strain soil tank

diagram is shown in Fig. 1 and Photo I.

600mm

< SIDE ELEVATION >

< FRONT ELEVATION >

Fig. 1. Plane Strain Soil Tank Diagram

3.1.2 Cut Slope Model

Cut slope model made of plyboard was installed at an
angle of 45° on both sides of the tunnel at a distance
(G) 1D from the center of the tunnel. The friction of cut
slope was considered through the installation of sand
paper (#100, #400 and acetate) on the slope surface. The
cut slope and tunnel model covered with sandpaper are

shown in Photo 2.

3.1.3 Transverse Tunnel Model

The transverse tunnel model used in this study is made
of 10 mm stainless steel at a scale of 1:20. It has a
diameter (D) of 180 mm and is made of 8 segments. The
bi-directional load cell is installed on each segment in
order to measure the earth pressure acting on the crown,

shoulder and sides of the tunnel. Load cell installation

layout is shown in Fig. 2 and a picture of the installed

Photo 1. Plane Strain Soil Tank Photo 2. Cut slope and tunnel
mode!

LEGEND :

S - Segment
LC - Loadcell

D=18Omml

LC5
Fig. 2. Load cell Installation

Photo 3. Transverse tunnel model
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transverse tunnel model is shown in Photo 3.

3.1.4 Model Soil Laying Apparatus

Backfill soil was modeled using Sand Drop Method
wherein the sand is dropped from a slot at a constant
height and velocity. To ensure that the sand is layed at
a state closes to the minimum dry density (1.378g/cm?)
of Jumunjin Standard Sand, handheld slot made of
acrylic plates with an opening of 3 mm was used. A drop
height of 3~5 cm was selected from the variation of
relative density with the drop height and drop velocity
shown in Figure 2.5 and Figure 2.6. Using this slot, loose
sand with relative density of 38.9% was produced. The
diagram of the handheld slot used in this study is shown
in Fig. 3 and Photo 4. In this study the 90~95%
compaction which is implemented in the field was not
considered in order to obtain a large range of soil density

variation.

3.1.5 Deformation Monitoring Device

In this study, the soil in the tank is subjected to

20 .
Acrylic Pipe
i i
. R B
N
3mm
< SIDE VIEW > . < FRONT VIEW >

Fig. 3. Handheld Slot Diagram

~ Photo 4. Handheld Slot
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vibration for a period of 10 minutes which makes the use
of dial gauges difficult. There is a possibility that the dial
gauge will be disconnected and damaged during the test.
Instead, strings with weights attached on one end and
lowered from an aluminum channel section placed
longitudinally on the top of the soil tank was used to
measure the initial surface level and final surface
settlement. Markings are made on the strings lowered
from the aluminum channel section onto the soil surface.
The measured displacements were used in the calculation
of the model soil's volume and density before and after
the test. Surface monitoring device used in this test is
shown in Photo 5.

In spite of its tedious installation, soil displacement

monitoring using targets was selected. The behaviour of

Photo 5. Surface settlement monitoring apparatus

Sandpaper Acetate

Acrylic Plate 10

Fig. 4. Targets

Photo 6. Targets



soil was monitored using 1 c¢m diameter targets with
cross hair in front and sandpaper on the rear end. Targets
were installed at 2.5 cm X 2.5 c¢m square interval on the
front acrylic plate coated and covered with acetate. This

is shown in Fig. 4 and Photo 6.

3.1.6 Vibratory Compaction Device

A vibrator (motor) is installed under the plane strain
soil tank to compact the soil (refer to Fig. 1). The control
box controls the overall function of the vibrator. As
shown in Fig. 5 and Photo 7, the control box houses the
analog frequency controller, timer and automatic shutdown
switch. Since the exact frequency and vibration time can
be accurately controlled, the tests in this study were

performed at wniform condition.

3.2 Modelling Materials

Jumunjin Standard Sand was used in the modelling of
the soil. The physical and mechanical properties of
Jumunjin Standard Sand determined through laboratory
tests are presented below. '

Frequency
Controller

Timer

Control
Box

Auto
Shotdown
Switch

Photo 7. Vibratory Compactor Control Box

3.2.1 Physical Properties

A water content (w) of 0.3% was obtained from the
naturally dried state. Physical properties of Jumunjin
Standard Sand is tabulated in Table 1. Based on the result
of the particle size analysis of the Jumunjin Standard
Sand, it was determined that the particle sizes range from
0.40~0.85. Other particle diameter information obtained
from the particle size analysis is tabulated in Table 2.

3.2.2 Variation of Density with the Soil Laying
Apparatus

Handheld slot was used in the preparation of the model
soil. When sand is prepared from a slot with a free fall
height, then the quantity of sand spread at a designated
period of time and density of the model soil is dependent
on the slot opening. At a constant drop height the density
of sand will also vary with the speed of sand drop. In
order to determine the variation of sand density with the
drop height and speed of drop height, Sand Drop Height
Density Test and Sand Drop Velocity Density Test were
performed. The variation of the density of Jumunjin
Standard Sand with the drop height and drop velocity is

shown below.

D Sand Drop Height Density Test
Sand drop height density tests were performed using

Table 1. Physical Properties

Physical Properties Symbol Unit Value
Max. dry density Vamaz glem® 1.652
Min. dry density Vamin alem® 1.378
Max. void ratio €ax - 0.923
Min. void ratio €min - 0.604
Water content w % 0.300
Specific Gravity G, - 2.650

Table 2. Particle Size Information

Physical Properties Symbol Unit Value
Effective Diameter D, mm 0.443
Average Diameter Dy, mm 0.595
Maximum Diameter D s mm 0.850
Curvature Coefficient < - 0.912
Uniformity Coefficient C, - 1.402
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a slot type sand laying apparatus on several density cans
at constant speed. The variation of the density of sand
at different drop heights under constant sand laying speed
was determined and plotted in Fig. 8. It can be seen in
this figure that even at constant sand laying speed, the
density of Jumunjin Standard Sand varies with the drop
height.

Based on this graph, the variation of the density of
sand with the drop height was determined. Since the
model soil must be prepared at a loose state, a drop
height within the shaded area must be selected. A drop
height of 3~5 cm was selected for the handheld slot.
This drop height produced a model ground with a density
of 1.449 g/cm® to 1.467g/cm?®.

@ Sand Laying Velocity Density Test

Sand laying velocity density tests were performed to
determine the effect of sand drop velocity on the density
of Jumunjin Standard Sand. The results of these tests are
shown in Fig. 9. Since the model soil must be prepared
as loosely as possible, an average sand laying velocity
25cm/sec was selected from this graph. The sand laying

velocity was maintained during all the tests using the

hand held slot with siot opening of 3 mmx190 mm.

3.2.3 Mechanical Propetties

Direct Shear Test, Standard Compression Test, and
Plane Strain Compression Test were performed to determine
the shear resistance angle of Jumunjin Standard Sand.
The difference in shear resistance angle obtained from
each method was determined and presented in Table 3
(Park 2003).

3.3 Monitoring Equipment

3.3.1 Earth Pressure Monitoring Device

In this study, a bi-directional load cell was installed
on each segment of the 8-segment transverse tunnel
model to monitor the earth pressure. The surface of the
bi-directional load cell is covered with Sandpaper #100
(Refer to Photo 2 and Photo 3). The correction coefficient
test was performed in order to determine whether there
is coupling effect on the vertical and horizontal direction
of the load cell. Based on the test result, the correction
coefficient was determined and was applied to the test

results obtained from the tunnel model test. It can be seen
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Fig. 10. Coupling of Bi-directional Load Cell

in Fig. 10, that there is no coupling effect.

3.3.2 Earth Pressure Recording Device

The UCAM-10A strain monitoring device was used to
measure the horizontal and vertical loads acting on the
load cell. The earth pressure before and after vibration

was monitored and printed-out.

3.3.3 Deformation Analysis Program

Deformation analysis for laboratory model test intro-
duced by Im et al. (1992), was used to analyze the
behaviour of soil around the tunnel based on the pictures
taken before and after vibration. The picture taken during
the laboratory model test was interpreted using Micro-
station and analyzed using Deformation Analysis for
Laboratory model Test introduced - DALT (Park 2003).

Through this analysis the soil behaviour was determined.

3.4 Test Method

The earth pressure acting on a cut-and-cover tunnel
with soil covers of 1.0D~1.5D at a slope angle of 45°
was determined through model tests. The relationship
between earth pressure and other factors such as slope

roughness was also investigated.

3.4.1 Types of Tests

3.4.1.1 Model Tests with Varying Soil Cover

Model tests representing the tunnel structure with
varying soil covers were performed. The most conservative
slope angle of 45° used in actual construction was

selected for this study. The behaviour of the soil and

: Tunnel diometer (180mm)
: Distance between tunnel
and slope (0.5D)
: Soil cover (1.0D)
: Slope angle {45%)
: Bi~directiona} load cefl

FeT oo

< FRONT ELEVATION >

Fig. 11. Test Diagram for 1.0D Soil Cover

/__ |

Lo 4

: Tunne! diameter {180mm})

: Distance between tunnel
and slope (0.5D)

: Soil cover (1.5D)

: Slope angle (457

LC : Bi—directional load cell

T ©O

< FRONT ELEVATION >

Fig. 12. Test Diagram for 1.50D Soil Cover

stress condition around the tunnel together with the
surface settlement were investigated. The depth of soil
cover is represented by the tunnel diameter (D). The test
when it comes to soil cover is divided into 1.0D and
1.5D. The schematic diagram of the model test is
presented in Fig. 11 and Fig. 12.

3.4.1.2 Model Tests with Varying Slope Roughness
To determine the effect of slope roughness on the soil
behaviour, earth pressure and other geometric factors, 2
types of sand paper (#100 and #400) and acetate were

used to model the roughness of the slope surface.

3.4.2 Test Sequence
This study was performed based on the sequence

shown in Fig. 13.

3.4.3 Vibration Frequency

During the preliminary tests, frequencies of 50 Hz, 75
Hz and 100 Hz were used at various duration of time.
A frequency of 100 Hz with a vibration period of 10

minutes was selected from the preliminary test since at
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this frequency up to a period of about 10 minutes there
was a rapid increase in density. After a period of 10

minutes the increase in density was very minimal and

I Cut Slope Model Installation |
[ Tunnel Moch:I Installation |
l Sandpaper Installaltion on Cut Slope I
| Initialization Iof Load Cell |

Model Soil Laying [

I Target Installation every 2.5 cm Model Soil I

|
I Surface Leveling —I

IInitial Earth pressure & Surface Settlement Monitorirgl

| Picture taking of Initial Soil Condition |

| Vibration for 10 min. at 100 Hz |
|

| Final Earth pressure & Surface Settlement Monitoring |
|

L Picture taking of Final Soil Condition I
I

l Test data arrangement and analysis I

Fig. 13. Test Sequence
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Fig. 14. Variation of density with vibration frequency

Table 4. Variation of Earth Pressure with Soil Cover

becomes constant. The variation of soil density with

frequency and time is shown in Fig. 14.

4. Result of the Tunnel Model Test

Even though 8 load cells were installed on the eight
segments of the tunnel lining only readings from 5
loadcells located at the crown, shoulders and sidewalls
were considered. The monitored earth pressure before
and after vibration are presented in Table 4.

Fig. 15 shows the earth pressure acting on the tunnel
lining after vibration for the four types of test. It can be
seen in the figure that the earth pressure at the tunnel
crown for 1.50D-100 is about 40% greater than 1.0D-100,
up to about 36% greater at the shoulder and up to about
36% at the sidewall.

In the case of excavated tunnel, the earth pressure
acting on a 1.0D tunnel may be bigger than 1.50D tunnel
but in the case of cut and cover tunnels the earth pressure

acting on a 1.50D is greater than that of a 1.0D tunnel.

4.1 Analysis of Earth Pressure Around the Tunnel

The earth pressures around the tunnel (1.0D-100,
1.5D-100, 1.5D-400 & 1.5D-ACE) were monitored,
compared and analyzed. The monitored earth pressure for
each test was compared with the computed earth pressure
using Terzaghi's Earth Pressure Formula, Bierbdumer's
Formula, Marston- Spangler's Ditch Type and Projecting
Type Formula and Terzaghi's Modified Earth Pressure
Formula. The ratio between the monitored and computed
earth pressure will serve as the factor of safety to be used
in the earth pressure computation for tunnel lining design

of a Cut and Cover Tunnel.

Load Cell Earth Pressure Before Vibration (gf/cm?) Earth Pressure After Vibration (gf/cm?)

Location 1.00D—-100 | 1.50D-100 | 1.50D-400 | 1.50D—ACE | 1.00D-100 | 1.50D—100 | 1.50D—400 | 1.50D—Ace

Crown 41.110 50.770 49.126 50.154 57.142 96.608 90.236 66.803

Shoulder Right 15.924 24.702 22.456 22.252 19.394 30.418 33.072 37.972

Left 18.578 21.232 20.619 20.007 25.723 30.214 32.664 33.276

Sidewall Right 16.740 31.235 37.768 38.788 20.415 19.803 35.114 25.110

Left 15.515 30.214 32.868 36.747 22.456 35.318 47.159 62.062
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Fig. 15. Variation of Earth Pressure Acting on Tunnel Lining (After Vibration)

Table 5. Dry Density and Monitored Earth Pressure Before and After Vibration

. ) . ) . Comp. Initial . Comp. Final
Tests Initial Dry Density,| Final Dry Density Mgmtored Earth Pressure Momtored Earth Pressure
Yiave Vrave Initial Earth Final Earth
Type (gf/cm®) (gf/em®) Pressure (gf/am?) Yiave x 11 Pressure (gf/em?) Yave x #
camn an
9 Y (gf/em?) (gf/cm?)
1.00D-100 1.467 1.578 41.11 26.40 57.14 28.40
1.50D—-100 1.464 1.529 50.77 39.53 96.61 41.28
1.50D-400 1.452 1.524 49.13 39.20 90.24 41.15
1.50D—-ACE 1.449 1.515 50.15 39.12 66.80 40.91

The earth pressures acting on the tunnel before and
after vibration were measured using the loadcell installed
on the tunnel segments. After vibration a relative density
of 66.9% was attained. The monitored and computed
earth pressures and their corresponding dry density
before and after vibration are presented in Table 5. It can
be seen in this table that the earth pressure computed
using o,= 7, is a lot smaller than the monitored

values. Here H is the soil cover.

4.1.1 Vertical Earth Pressure Computation

Computation of earth pressure was performed using

Variation of Earth Pressure Acting on Cut—and-Cover Tunnel Lining with Settlement of Backfill

the following conditions: D=18cm, H=18cm(1.0D)
H=27cm(1.5D), ¢$=365°, K=1—sing=1—sin36.5
=0.405 and D, =66.9%. Earth pressure computed using
different earth pressure formulas is shown in Table 6.

Table 7 shows the ratio between the monitored and
computed earth pressure using different formulas. For
model tests with 1.0D soil cover, the ratio between the
monitored and computed values ranged from 1.47~2.67.
The smallest value of 1.47 was obtained using Marston-
Spangler's Projecting Type earth pressure formula. For
model tests with 1.50D soil cover, a ratio of 1.01 —3.55
was obtained. Among all the model tests with 1.50D soil
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Table 6. Earth pressure computed using different earth pressure formulas

Computed Earth Pressure {gf/em?)
;I';ps; Terzaghi's Bierbaumer's Marston— Spangler's Formula Terzaghi's Mod.
Formula Formula Ditch Type Projecting Type Formula
1.00D-100 24.59 28.29 21.39 38.96 38.96
1.50D—-100 33.29 41.07 27.23 66.93 66.92
1.50D—-400 33.08 40.93 27.14 66.71 67.56
1.50D-ACE 33.29 40.69 26.98 66.32 67.14

Table 7. Ratio between the monitored and computed earth pressure

Earth Pressure Formulas
Test i i . N
Type Terzaghi's Bierb&umer's Marston— Spangler's Formula Terzaghi's Mod.
Formula Formula Ditch Type Projecting Type Formula

1.00D—-100 2.32 2.02 2.67 1.47 1.58
1.50D~-100 2.90 2.35 3.55 1.44 2.67
1.50D-400 2.73 2.20 3.32 1.35 2.50
1.50D—-ACE 2.00 1.64 2.48 1.01 1.85

Table 8. Monitored and Computed Horizontal Earth Pressure on the sidewalls

Test Dry Density Static Earth Ave. Mon. Earth Computed Earth  |Ratio (Mon. & Comp.

Type Yowe (Gffcm®) Pressure (gf/em®) | Pressure (gf/em?) | Pressure (gf/em®) Earth Pressure)
1.00D—-100 1.578 10.84 21.14 17.28 1.24
1.50D-100 1.529 13.98 31.64 22.29 1.42
1.50D—-400 1.5.24 13.94 39.50 22.22 1.78
1.50D-ACE 1.515 13.85 40.93 22.09 1.85

cover, the smallest value was obtained from the acetate
covered slope (1.50D-ACE) wherein the monitored and
computed earth pressure was almost equally followed.

If we consider the earth pressure monitored on the
tunnel crown, it can be seen that the earth pressure
computed using Marston-Spangler's Projecting Type
Formula should be multiplied by a safety factor of 1.3~
1.5 when used in design of tunnels with depths less than
1.50D.

4.1.2 Horizontal Earth Pressure Computation
Ohotm) = Oho > 0Op, rTelationship can be established

based on the values in Table 8.

4.2 Picture Analysis

Pictures of the model test were taken before, during
and after a test to determine the behaviour of soil around

the tunnel. The pictures were interpreted using Micro-
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station and analyzed using the DALT (Park, 2003).

4.2.1 Behaviour of Soil around the Cut and Cover
Tunnel

4.2.1.1 Variation in Soil Cover

Fig. 16 (a) shows the soil displacement contour diagram
for model tests with 1.0D and 1.50D soil cover. The soil
displacement contour diagram was redrawn in Fig. 16 (b)
to clearly show the behaviour of soil around the tunnel.
If we were to observe the soil displacement contour
diagram in the vertical direction in Fig. 16 (b), it can
be seen that the soil behaviour is similar to the dis-
placement mechanism of Marston-Spangler's Projecting
Type earth pressure theory. Furthermore, the soil dis-
placement of soil mass above the tunnel is remarkably
smaller compared to the displacement of the soil mass
around the tunnel lining. From this figure, it can be
concluded that the principle of load relaxation and

arching effect considered in tunnel excavation is not



applicable.

4.2.1.2 Variation in Slope Roughness

Soil displacement contour diagram for model tests with
varying slope roughness at 1.5D soil cover is shown in
Fig. 17 (a) and Fig. 17 (b) shows the redrawn contour
diagram. It was determined from these tests that the soil

displacement behaviour is also similar to the displace-
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ment mechanism of Marston-Spangler's Projecting Type
earth pressure theory regardless of the slope roughness
and soil cover.

In this study, the earth pressure acting on the tunnel
structure for soil cover with 1.0D and 1.50D was
monitored at this size. The tendency of earth pressure of
the surrounding soil to concentrate on the tunnel structure
was due to the difference in the rigidity of the tunnel
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Fig. 16. Variation of Soil Behaviour with Soil Cover
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Fig. 17. Variation of Soil Behaviour with Slope Roughness
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4.2.2 Other Results

Results which include soil displacement vector, zero
extension direction and maximum shear strain contour
consider the maximum shear strain contour and zero
extension direction diagram, it can be seen that failure

may be used in the calculation of earth pressure.
diagram are presented in Fig. 18 and Fig. 19. If we
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Fig. 19. Picture Analysis Results of Slope Roughness Variation
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size can only be determined through actual field testing.
proper compaction of backfill material is not possible,
Marston-Spangler's Projecting Type earth pressure theory

structure and the backfill soil. The relationship between
this behaviour with the concrete and backfill soil at this
In the field, there will also be a large difference between
the rigidity of the concrete lining and backfill soil at the
tunnel portal. Furthermore, in work areas wherein the
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Fig. 19. Picture Analysis Results of Slope Roughness Variation (continued)

surface occurs in the boundary between the original soil
and backfill material. This can be seen in model tests
with 1.0D and 1.5D soil cover. The failure surface can
be clearly seen in the 1.5D-ACE.

5. Conclusion

In cut-and-cover tunnel construction, the compaction
of the backfill material is the most important process,
especially the backfill soil compaction on both sides of
the tunnel. Even though the backfill material is properly
compacted, several months or years after the construction
is completed the backfill has the tendency to consolidate
due to self-weight, precipitation and vibration caused by
traffic. In the process, the tunnel is subjected to excessive
earth pressure that causes the deformation and cracking
of tunnel linings. These are classified as mechanical
factors that cause tunnel damage. Damages can also be
attributed to physical factors such as material properties
and reinforcement corrosion, but in this study only
damages due to mechanical factors in the form of
additional loads were considered. Earth pressure acting
on the tunnel lining generated by the backfill material
and by its future settlement was investigated and

analyzed through model test. In the model test the tunnel

is rigid, the soil is loose and the vibration frequency used
was 100 Hz.

Safety factor based on the difference between the
monitored and computed earth pressure was recommended
in order to prevent the damage of tunnel lining due to
excessive earth pressure. The behaviour of soil around
the tunnel lining obtained from the picture analysis was
also presented. The conclusions obtained from this study

can be summarized as follows:

(a) Existing earth pressure formulas has the tendency to
underestimate the earth pressure acting on the tunnel
lining.

(b) Judging from the magnitude of earth pressure acting
on the tunnel crown and the shape of soil defor-
mation around the tunnel, it can be seen that
Marston-Spangler's Projecting Type Formula is the
most applicable.

(c) Based on the analysis of soil deformation around the
tunnel, it was determined that the extent of the
additional load acting on the tunnel is much greater
than the assumed width (D) in the Projecting Type
Formula of Marston-Spangler's Theory. The width of
additional load for tunnels with 1.0D and 1.5D soil

cover was equivalent to twice the tunnel diameter
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Application of Marston-Spangler's Projecting Type
Formula requires the application of a safety factor
equivalent to 1.3~ 1.5 for shallow tunnels with soil
cover up to 1.5D.

There is a need to perform more laboratory tunnel
model tests in order to determine earth pressure
reduction methods for excessive earth pressure acting

on the cut-and-cover tunnel lining.
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