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ABSTRACT

The earth pressure acting on the crown of a tunnel after excavation is less than overburden pressure (static
earth pressure) due to soil arching effect, which can be evaluated theoretically by Terzaghi’s theory (1943).
Furthermore, trapdoor test developed by Terzaghi (1936) is usually used to simulate tunnel excavation (e.g.,
Tanaka and Sakai, 1987; Kikumoto, 2004). However, the ground in Terzaghi’s theory and trapdoor tests is
usually assumed to be fully-dried. Actually, the ground in nature is almost unsaturated, and studies on
loosening earth pressure (earth pressure after tunnel excavation or trapdoor being lowered) in unsaturated
ground are hardly to be found. Therefore, the mechanism of a shallow tunnel excavation in unsaturated
ground was explored in this study.

To simulate a shallow tunnel excavation, a series of trapdoor tests in saturated and unsaturated ground were
carried out to explore soil mechanic, failure mechanism and surface settlement. It is shown that the loosening
earth pressure is smaller than initial pressure, and gradually decreases from the center to the end of trapdoor.
At stationary zone, the earth pressure is larger than initial pressure, and gradually decreases to initial pressure
as the distance to the end of trapdoor is larger. Meanwhile, total loosening earth pressure is smaller as the
depth of groundwater level is deeper, because the confining pressure and shear stress is smaller due to the
smaller suction. Contrarily, the corresponding effective loosening earth pressure is slightly larger. The
experiment result also shows that shear bands in unsaturated ground is more oblique as the depth of
groundwater level is deeper, and multiple shear bands are observed. Moreover, maximum surface settlement
in unsaturated ground is smaller when the depth of groundwater level is deeper.

Then a simple and rational theory to evaluate loosening pressure in unsaturated ground is proposed based on
Soil-water characteristic curve (van Genuchten, 1980), Bishop’s effective stress (1959), Mohr-Coulomb
failure criteria and limit equilibrium theory. The proposed theory is applied to predict the vertical distribution
of loosening earth pressure in unsaturated ground, which shows a significant difference from that in saturated
ground. The remarkable effects of groundwater depth, soil type and scale of overburden height and trapdoor
width on loosening earth pressure were also revealed. This is because suction primarily contributes to the
increase in effective loosening earth pressure and shear resistance. Based on soil-water characteristic curve,
the degree of saturation decreases, which causes wet density to decrease and the total and effective loosening
earth pressures to have contrary tendencies. Moreover, effective loosening earth pressures vary with soil
type as the degree of saturation varies. The total loosening earth pressures are, however, very similar
regardless of soil type, because wet density and shear resistance have the similar tendencies.

Furthermore, the scale effect in saturated ground is not observed, and the proposed theory also verified there
is no scale effect. However, the proposed theory can identify the scale effect in unsaturated ground is existed,
the scale effect cannot be observed in experiment because the limitation of scale size of width of trapdoor.
Meanwhile, the observed loosening earth pressure is consistent with that predicted by the proposed theory,
which means the proposed theory is a valid model to predict loosening earth pressure after a shallow tunnel
excavation in unsaturated ground.

Based on the proposed theory and assumptions proposed by Tamura (2001) and Kikumoto et al. (2004),

theory I and II is developed to predict the distribution of loosening earth pressure across a trapdoor and stress
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redistribution around the trapdoor respectively. It is revealed that the observed stress redistribution could be
captured by the theory II. The theory I could somewhat capture the observed distribution of loosening earth
pressure, however, as the ratio of the depth of groundwater level to overburden height is larger than 0.5, the
distribution of loosening earth pressure at the boundary of trapdoor has some negative pressure, which mean
the theory I still has some limitation.

In 2005, the Ushikagi tunnel was collapsed due to the raise of groundwater level due to agriculture irrigation.
Therefore, some tests are carried out to explore the changing in loosening earth pressure as the groundwater
level is raised. It is revealed that loosening earth pressure is larger as the groundwater level is raise to ground
surface. Because the soil arching effect is weaker since the confining pressure and shear strength is smaller
caused by the smaller suction. Meanwhile, the loosening earth pressure due to the raise of groundwater level
is consistent with that due to trapdoor being lowered under the same depth of groundwater level. Moreover,
the changing of loosening earth pressure due to the raise of groundwater level can be predicted by the

proposed theory, which means that the proposed theory can consider the behavior of unsaturated soils.
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

1.1 Research background

The landform of Japan is mostly mountainous and hilly, the need to effectively use underground space has
increased, especially in urban, various tunnels were built for Metro, gas and water supply, flood drainage and
mountain railway construction. The ground above a tunnel is usually assumed to be in a fully-dried or fully-
saturated state in practical designs so that classical theories (e.g., Terzaghi, 1943) can be applied to evaluate
loosening earth pressures (vertical earth pressure after excavation) acting on a tunnel (e.g., Zhang et al., 2016;
Chen and Peng, 2018). However, the soil mechanics of tunnel excavation in unsaturated soils is still unknown.
To simulate tunnel excavation, trapdoor test (e.g., Terzaghi, 1936) is usually used to explore the process of it.
Many researchers conducted trapdoor tests to investigate tunnel excavation (e.g., Atkinson et al., 1977; Nakai et
al., 1997), sinkhole (e.g., Moller, 2020) and cavity (e.g., Jacobsz, 2016), retaining wall (e.g., Rui, et al., 2020)
and pile-supported embankment (e.g., Hong et al., 2007). Some researchers conducted more advanced trapdoor
tests under single gravity or centrifuge condition to investigate the effect of surface footing loading on stability
of soil arching (e.g., Mahdi et al., 2017), soil arching (e.g., Sadrekarimi and Abbasnejad, 2010; Britton and
Naughton, 2011; Guo and Zhou, 2013; Ahmadi and Hosseininia, 2018; Xu et al., 2019), the contact force
between each model particle by using digital RGB photoealstic analysis (e.g., Park et al., 2020), failure
mechanisms (e.g., Costa et al., 2009; Dewoolkar et al., 2007; Iglesia et al., 2014; Liang et al., 2020), loosening
earth pressure acting on a trapdoor (e.g., Ladanyi and Hoyaux, 1969; Tanaka and Sakai, 1987, 1993; Adachi et
al., 2003; Chevalier et al., 2012). Song (2018) investigated the effect of groundwater level on soil arching and
loosening pressure by trapdoor test in sand ground, however, the shear bands and the distribution of earth
pressures around a trapdoor were not known. Overall, the mechanics of trapdoor test and the failure mechanisms
in unsaturated soils have not been investigated. Moreover, numerical methods, as a famous method, can be used
to investigate the detailed behavior of ground during tunneling (e.g., Koutsabeloulis and Griffiths, 1989; Dang
and Meguid, 2008; Chevalier and Otani, 2011; Shahin et al., 2011; Kong et al., 2018), they require lots of
parameters and those based on the mechanics of unsaturated soils have not yet to be applied to tunneling issues.
However, the stability of a shallow tunnel may be affected by variations in pressure that result from a rise in the
groundwater level, for example, the Ushikagi tunnel collapsed as shown in Fig. 1.1. Hence, a rational method
for evaluating loosening earth pressure on a tunnel in unsaturated ground is needed.

Theories for unsaturated soils have been gradually established over the past few decades, which includes suction,
volume change, shear resistance, flow laws and so on (e.g., Fredlund and Rahardjo, 1993a). According to the
theories of saturated soils, effective stress is an extremely important role because the deformation of soils and
shear resistance are influenced by it. In realistic, the ground is mostly in unsaturated state, the void of unsaturated

soils includes water and air which is different with saturated soils, suction affect the mechanics of unsaturated
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soils. By extension of effective stress of saturated soils (e.g., Terzaghi, 1936), the effective stress tensor for
unsaturated soils proposed by Bishop (1959) has also been applied widely to model the stress—strain behavior of
unsaturated soils (e.g., Komolvilas and Kikumoto, 2017). This tensor can uniquely describe the critical state
stress ratio regardless of the degree of saturation (Sivakumar, 1993). And the parameter y in Bishop’s effective
stress is usually assumed to be a function of the degree of saturation, S, (e.g., Schrefler, 1984; Oberg and Sillfors,
1997).

STEP 1 Low the groundwater level STEP 2 Tunnel excavation STEP 3 Groundwater level increase

.4

g
tcfsi

| -
i ds

STEP 6 Tunnel collapse

.

Fig. 1.1 The Ushikagi tunnel collapse (http://www.ktr.mlit.go.jp/gaikan/pi_kouhou/09/ss3/ss3 _1.pdf).

The degree of saturation and suction has a relationship, which is usually called soil-water characteristic curve
(swcce). Laboratory studies have been shown that there is a relationship between the swcc and the unsaturated
soil properties (Fredlund and Rahardjo, 1993b). Since the swcc is an essential information for estimation of
unsaturated soils mechanics in geotechnical engineering practice, it is important to precisely predict the swcc.
Therefore, various soil-water characteristic curve models have been proposed to describe the relationship
between suction and the degree of saturation (e.g., Brooks and Corey, 1964; van Genuchten, 1980; Fredlund and
Xing, 1994).

Based on the swcc, the shear strength could be predicted by it (e.g., Fredlund et al., 1995). The shear strength of
unsaturated soils is usually evaluated using two independent stress state variables such as net normal stress (o —
u,) and suction (u, — u,,), an extended Mohr-Coulomb failure envelope was proposed to predict the shear
strength of unsaturated soils (e.g., Fredlund et al., 1978; Pufahl et al., 1983; Gan et al., 1988).

In this dissertation, to explore shallow tunnel excavation in unsaturated ground, a series of trapdoor test was
carried out to explore soil mechanics, failure mechanism and surface settlement. Then a rational model was

proposed to evaluate loosening earth pressures acting on a trapdoor based on limit equilibrium theory, combining
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soil-water characteristic curves, Mohr-Coulomb failure criteria and effective stress for unsaturated soils. The
proposed theory was applied to evaluate vertical distribution of loosening earth pressure. Furthermore, effect of
the depth of groundwater level and soil types on loosening earth pressure was investigated. Meanwhile, scale
effect in saturated and unsaturated ground observed in trapdoor test was compared with that predicted by the
proposed theory. Based on the proposed theory and assumptions proposed by Tamura (2001) and Kikumoto et
al. (2004), theories were proposed to evaluate the distribution of loosening earth pressure across a trapdoor and
stress redistribution around the trapdoor, which were applied to compare with the observed distribution of earth
pressure. Finally, the changing in loosening earth pressure due to the raise of groundwater level was explored to
investigate tunnel stability due to the raise of groundwater level. Moreover, as depth of groundwater level were
identical, loosening earth pressure due to the raise of groundwater level was compared with that due to trapdoor

being lowered and that predicted by the proposed theory.

1.2 Objectives of the thesis

The mechanism of shallow tunnel excavation in unsaturated ground was explored through trapdoor test in this
study. The objectives of this thesis are summarized as following:
1. Series of trapdoor test in saturated and unsaturated ground. (Chapter 3)

e To explore the distribution of earth pressure and the changing in loosening earth pressure with

displacement of trapdoor.

e shear bands and evolution of shear bands with displacement of trapdoor.

e surface settlement profile and maximum surface settlement with displacement of trapdoor.

o Effect of depth of groundwater level on loosening earth pressure.
2. A rational theory to evaluate loosening earth pressure in unsaturated ground. (Chapter 4)

e Evaluation of loosening earth pressure in unsaturated ground.

o Effect of depth of groundwater level and soil types on loosening earth pressure.

e  Scale effect on vertical distribution of loosening earth pressure

e Scale effect in saturated and unsaturated ground observed by trapdoor test and that predicted by the

proposed theory.

e The comparison of the observed loosening earth pressure and the predicted loosening earth pressure.
3. Theories were developed to predict the distribution of loosening pressure acting on a trapdoor and stress
redistribution around the trapdoor. And the theories were applied to investigate the consistency with the observed
distribution of earth pressure. (Chapter 5)
4. Tunnel stability due to the raise of groundwater level. (Chapter 6)

e The changing in loosening earth pressure after trapdoor test due to the raise of groundwater level.

e The loosening earth pressure due to the raise of groundwater level was compared with that due to trapdoor

being lowered and that predicted by the proposed theory.
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1.3 Thesis structure

The structure of this thesis is given as follows:
Chapter 1 Introduction

The description of research background is to identify what have been done and what haven’t been done on this

research topic. Also, the objectives of this research and the structure of this thesis were stated.
Chapter 2 Literature review

Firstly, trapdoor test (e.g., Evans, 1984; Nakai et al., 1997; Kikumoto, 2004; Costa et al., 2009) and numerical
simulation (e.g., Stone and Wood, 1992; Murakami et al., 1997) on soil mechanics, failure mechanism and
surface settlement was reviewed. Then theoretical solutions for evaluating loosening earth pressure were
reviewed (e.g., Terzaghi, 1943; Kikumoto, 2004). However, research on trapdoor test in unsaturated ground was
difficult to be found (Song et al., 2018). Since shallow tunnel excavation in unsaturated ground was explored in
this thesis, behavior of unsaturated soils included soil water characteristic curve (e.g., van Genuchten, 1980),
effective stress (e.g., Bishop, 1959) and shear stress (e.g., Bishop and Blight, 1963) were reviewed. Finally, the

novelty of this study was summarized.
Chapter 3 Trapdoor test in saturated and unsaturated ground

Series of trapdoor test in saturated and unsaturated ground were carried out to explore the distribution of earth
pressure and the changing in loosening earth pressure with displacement of trapdoor. Then shear bands and
evolution of shear bands with displacement of trapdoor were investigated. Effect of overburden ratio on shear
bands in saturated ground and effect of depth of groundwater level on shear bands in unsaturated were discussed.
Furthermore, surface settlement profile and maximum surface settlement with displacement of trapdoor was also

explored. Effect of depth of groundwater level on loosening earth pressure was estimated.
Chapter 4 A theory to predict loosening earth pressure in unsaturated ground

A simple theory was proposed to evaluate loosening earth pressure in unsaturated ground based on the mechanics
of unsaturated soils. The aim is to model vertical earth pressure in unsaturated ground above a shallow tunnel
after excavation. For this, a trapdoor problem is used (e.g., Terzaghi, 1936; Murayama and Matsuoka, 1971;
Adachi et al., 2003; Costa et al., 2009), in which tunnel excavation is directly modeled by stress release triggered
by the lowering of a trapdoor (a part of the bottom boundary of the ground). The earth pressure acting on the
trapdoor corresponds to the vertical earth pressure that acts on the crown of the tunnel after excavation. The
theory were verified through the comparison with a classical theory for loosening earth pressure in fully-dried
or fully-saturated ground (Terzaghi, 1943). Through a series of simulations using the proposed theory,
differences in loosening earth pressures in different soil types such as sand, loam and silty clay were investigated.

The effects of groundwater level, the scale of overburden height, and trapdoor width on loosening earth pressure
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were also evaluated. Scale effect in saturated and unsaturated ground observed in trapdoor test and predicted by
the proposed theory was explored. Moreover, the observed loosening earth pressure was compared with that

predicted by the proposed theory.
Chapter 5 Theories to predict the distribution of earth pressure

Theory I and II was proposed to evaluate the distribution of loosening earth pressure and stress redistribution
based on the proposed theory, limit equilibrium theory and assumptions proposed by Tamura (2001) and
Kikumoto et al. (2004). Then the theories were applied to capture the observed the distribution of loosening earth
pressure and stress redistribution. However, the theory I for evaluating the distribution of loosening earth

pressure had some limitation because the distribution of loosening earth pressure had some negative pressure.
Chapter 6 Effect of the groundwater level raise on loosening earth pressure after trapdoor test

To explore tunnel stability due to the raise of groundwater level, some tests were carried out to explore the
changing in loosening earth pressure as the groundwater level was raised. Loosening earth pressure was smaller
as the depth of groundwater level was raised. Then as the depth of groundwater level was identical, the loosening
earth pressure due to the raise of groundwater level was compared with that due to trapdoor being lowered and
that predicted by the proposed theory. The consistent comparison result meant the proposed theory could

consider behavior of unsaturated soils.
Chapter 7 Conclusions

In this chapter, a series of conclusions on mechanism of shallow tunnel excavation in unsaturated ground was

summarized, meanwhile, the research prospects in future were also provided.
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CHAPTER 2 LITERATURE REVIEW

This chapter is to review the previous studies on the soil mechanics and failure mechanism during trapdoor test,

and the behavior of unsaturated soils relevant to this research.
2.1 Tunnel excavation through trapdoor test

For a shallow tunnel excavation, trapdoor test (e.g., Terzaghi, 1936) is usually used to simulate the process of it.
It is revealed that the loosening pressure is smaller than overburden pressure due to soil arching (e.g., Terzaghi,
1943). “Arching is one of the most universal phenomena encountered in soils both in the field and in the
laboratory” (e.g., Terzaghi, 1943).

However, soil arching was firstly recognized and investigated in non-geotechnical context. In early 1800’s,
French military engineer was asked to design a magazine silo (e.g., Feld, 1948; Tien, 1996). An interesting
phenomenon they found was that the load acting on the base of silo only was a portion of total weight of material
above the base, and the reduction of load was transferred to the side walls. According to Experiments, an arch
was formed above the active base. Subsequently, soil arch above a tunnel was also recognized in the 1920’s and
1930’s. Engineers found that the loads on the crown of a tunnel was significant less than overburden pressure,
especially in the ground with good condition. So many researchers (e.g., Evans, 1984; Atkinson et al., 1977,
Nakai et al., 1997; Kikumoto, 2004) focused on the behavior and theory of soil arch to predict the loads acting
on a tunnel, which could achieve the considerable saving for construction.

2.1.1 Experimental findings by trapdoor test

After trapdoor test being conducted by Terzaghi (1936), many researchers carry out advanced trapdoor tests
under single gravity or centrifuge condition to investigate failure mechanism, loosening pressure, stress
redistribution around a trapdoor and settlement of ground surface.

Loosening pressure and stress redistribution

Evans (1984) carried out trapdoor test in sand ground to explore loosening pressure across a trapdoor. The test
apparatus is shown in Fig. 2.1, the unit of measurement of apparatus is inch. Herein, width of trapdoor is denoted
with B. The typical behavior of loosening pressure after trapdoor has a downward displacement § is shown in
Fig. 2.2. At the beginning of displacement of trapdoor, the normalized loosening pressure decreases rapidly to a
minimum value, the point of it is usually termed as that of ‘maximum arching’. Meanwhile, the normalized
displacement of trapdoor §/B necessary to mobilize ‘maximum arching’ is approximately 1.8 % which is
coincide with Dewoolkar’s observation (2007). As trapdoor continue to move downward, the normalized
loosening pressure increases somewhat and a relatively constant value is obtained. This is generally termed as
‘ultimate arching’. The requirement of the normalized displacement of trapdoor 6 /B to reach ‘ultimate arching’

is 10 %.
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To explore the distribution of earth pressure across a trapdoor, Evans conducted a series of active and passive
trapdoor tests under various overburden ratios. For active mode as shown in Fig. 2.3 (a), the loosening pressure
is largest at the center of trapdoor, and then gradually decrease to a minimum value at the end of trapdoor. The
shape of the distribution of loosening pressure is a symmetric parabola. However, for passive mode as shown in
Fig. 2.3 (b), loosening pressure acquires a minimum value at the center of trapdoor, and slightly increases to a
larger value at the end of trapdoor. The shape of stress distribution on a trapdoor is almost uniform. The
observation of the distribution of earth pressure for both active and passive mode is consistent with Harris test
result (1974).
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Fig. 2.3 The distribution of earth pressure across a trapdoor after (a) downward movement; (b) upward movement (from Evans,
1984).
A series of trapdoor tests were carried out by Kikumoto (2004) under 2-Dimension (2D) and 3-Dimension (3D)

condition to explore the loosening pressure across a trapdoor and stress redistribution around the trapdoor. The
apparatus for 2D and 3D tests is shown in Fig. 2.4 (a) and (b) respectively. For the 2D trapdoor test, the ground
is modeled with aluminum bar, however, Toyoura sand is used to generate the model ground for 3D trapdoor
test. As shown in Fig. 2.5 (a) and (b), tests result under various overburden height H of constant width of trapdoor
D is compared with that calculated by Terzaghi’s theory (1943). According to tests results, the lateral earth
pressure coefficient Kj, for 2D (The value of K}, is the same as Terzaghi’s recommendation) and 3D trapdoor
test is appropriate to be one. However, Adachi (2003) conducted 3D trapdoor test in Silica sand ground, in which

he found that the lateral earth pressure coefficient K, was approximately to be 2.0 to capture experiment result.

1000 mm
Motor Sensor for horizontal displacement Operate rail
— - v Motor Operate rail
: :—L%/Mm able part 7] [ ]&Movable p)z}rl
= Sensor for |-
: s o
’_B- = Laser displacement scanmer 5._. horizontal EI'_'I—r
Laser ray displacement =ﬂ| | @(— — Laser displacement scanner —__
Laser ray
Model ground 74}“77”“’4”\7“*“¥“_4*/E"‘”\"
(Aluminum bars) H 300 mm Model ground
D B D k—Tank
Trapdoor A Trapdoor B
Trapdoor A | 1 Trapdoor B "\ [l P |]
Load cells s 40 Supporting blocks ] il il
r Guide wall Iy
JC Control jack o == Control jack o
(@ (®

Fig. 2.4 The apparatus for (a) 2D trapdoor test; (b) 3D trapdoor test (from Kikumoto, 2004).
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Fig. 2.5 Comparison of test results under different overburden height H of constant width of trapdoor D and that calculated by
Terzaghi’s theory (a) for 2D trapdoor test; (b) for 3D trapdoor test (from Kikumoto, 2004).
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Fig. 2.6 The test result under various overburden ratio as the displacement of trapdoor is 2 mm. (a) for 2D trapdoor test; (b) for 3D
trapdoor test (from Kikumoto, 2004).

The loosening pressure acting on a trapdoor and stress redistribution around the trapdoor for 2D and 3D trapdoor
tests under various overburden ratio when the displacement of the trapdoor is 2 mm are shown in Fig. 2.6 (a)
and (b). According to the experiment results, the loosening pressure is gradually decreased from the center line
of trapdoor to the edge of that, which is consistent with Evans’s report (1984). At the stationary zone, the earth
pressure is larger than initial pressure, and gradually decreases to initial pressure as the distance to the end of
trapdoor increases.

Moreover, trapdoor test in unsaturated ground (Song et al., 2018) was carried out to explore loosening earth
pressure acting on a trapdoor and displacement of sands. However, the ground was disturbed as trapdoor was
moved downwards because the trapdoor was suspended by two steel cables. Meanwhile, the distribution of earth

pressure and failure mechanism was not shown in their study.
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Stress chain in trapdoor test

Traditional stress measurement methods are difficult to investigate the stress chain of interparticle. A new
technology of photoelasticity methods is developed to explore the stress chain. Currently, photoelasticity
methods include circular polariscope and reflection polariscope. To apply circular polariscope shown in Fig. 2.7
(a), transparent material (such as polymer or glass) is necessary to be used to model ground, which limits its
utilization. Reflection polariscope is easier to be used to explore stress chain of interparticle which is shown in
Fig. 2.7 (b). The theory of photoelasticity methods is that a unpolarized light passed through a polariscope to
generate the polarized light, the polarized light is reflected by the photoelasticity material and is accepted by an
analyzer, then optical fringe is emerged on the photoelasticity images, the intensity of which is depended on the
magnitude of external force acting on the photoelasticity material, finally, the stress can be measured because
there is a relationship between intensity of light and magnitude of external force (e.g., Daniels et al., 2017; Park
and Jung, 2020). Park and Jung (2020) used digital RGB photoelasticity analysis to explore the color intensity
of the photoelasticity images decomposed by red (R), green (G) and blue (B), respectively. They found that RGB
color intensity showed segmented liner relationship with particle force. Park et al. (2020) applied photoelasticity
methods to investigate the arching phenomenon during trapdoor test in granular ground modeled by PTFE
cylindrical particle on the end of which was coated by a photoelasticity sheet. The soil arching was successfully
observed as trapdoor moved downward, and he concluded that the formation of arching was because of the
movement of the stress chain of interparticle rather than a change of the magnitude of it. However, photoelasticity
methods cannot be applied to explore the stress chain of interparticle for actual soil, otherwise it will be a

powerful tool to examine soil arching and stress chain of interparticle.
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Fig. 2.7 Arrangement of optical element in: (a) A circular polariscope; (b) A reflection polariscope (from Park and Jung, 2020).
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Failure mechanism

The failure mechanism in a shallow trapdoor test and deep trapdoor test is totally different. Multiple failure
surfaces as shown in Fig. 2.8 are observed in a shallow trapdoor test under single gravity (e.g., Vardoulakis et
al., 1981; Stone and Wood, 1992; Rui et al., 2019b) or centrifuge (e.g., Stone and Wood, 1992; Tanaka and Sakai,
1993; Iglesia et al., 2014). A curved soil arching OA occurred initially as the trapdoor has a small displacement,
however, as increase of the displacement of trapdoor, the soil arching OC becomes to be vertical.

Vardoulakis (1981) carried out single trapdoor test with dry sand under the condition of 1 g, the schematic view
of apparatus is shown as Fig. 2.9. The failure surfaces of a shallow active trapdoor test (overburden ratio H/D is
1.65) are shown as Fig. 2.10. It is clearly observed that two inclined sliding surfaces emerge and converge to the
center line of trapdoor at the beginning of the trapdoor displacement, and then two vertical sliding surfaces are
formed and reach the ground surface as the trapdoor has a large displacement. Dewoolkar (2007) carried out

active circular trapdoor tests under single gravity or centrifuge and observed the similar failure mechanism.
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Fig. 2.8 Schematic view of the propagation of failure surfaces due to an active trapdoor under shallow conditions (from Costa et
al., 2009).
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Fig. 2.9 Schematic view of apparatus for trapdoor test (from Vardoulakis et al., 1981).
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@ (b)

Fig. 2.10 Failure surfaces of active trapdoor test after (a) a small displacement of trapdoor; (b) a large displacement of trapdoor

(from Vardoulakis et al., 1981).

However, for the deep trapdoor test, there is only a single failure surface. Active trapdoor model tests under 1 g
or 45 g condition were carried out by Costa (2009) with Ottawa sand. As shown in Fig. 2.11, the rigid aluminum
strong box is in length of 419 mm, width of 203 mm and height of 300 mm. For all tests, the overburden height
H is 159 mm with constant overburden ratio H/D of 4.5. The failure surfaces are shown in Fig. 2.12 as the
normalized displacement of trapdoor §/D is equal to 0.14, 0.29 and 0.57 respectively. It is revealed that a single
failure surface progressively develops from the edge of trapdoor and extends upwards for both 1 g and 45 g
trapdoor test. However, the slope of failure surface under 1 g test is smaller than that under 45 g.
y
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Fig. 2.11 Model configuration: (a) elevation view showing sand markers; (b) plan view showing position of the transverse sections

within the backfill (from Costa et al., 2009).
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Fig. 2.12 Failure surface in the longitudinal section of models with dense backfill (D, = 85%). Models tested under 45 g: (a)
8/D = 0.14 (6; = 9°); (b) 6/D = 0.29 (6; = 7°); (c) §/D = 0.57 (8; = 7°). Models tested under 1 g: (d) §/D = 0.14 (§; = 13°);
(€)8/D =0.29 (8; =7); () §/D = 0.57 (6; = 4°) (Improved from Costa et al., 2009).

Surface settlement

Nakai (1997) carried out 2D and 3D trapdoor test to investigate the settlement of ground surface, meanwhile,
the effect of soil type, test condition and overburden ratio on it was also explored. The experiment result is shown
in Fig. 2.13. We can see that the settlement of ground surface become to be smaller as overburden ratio increase
from 1.0 to 2.0 because the soil arching is emerged to support the soil above arch. For the effect of soil type, the
settlement in Toyoura sand ground is smaller than that in Kaolin clay, because the friction angle of sand is larger
than that of clay, the larger of friction angle cause the larger of shear resistance (e.g., Chevalier et al., 2012; Guo
and Zhou, 2013; Ahmadi and Hosseininia, 2018). The settlement of ground surface in 3D trapdoor test is larger
than that in 2D trapdoor test for clay, which is independent with overburden ratio. For sand, the same tendency
is observed as overburden ratio is 1.0, but the difference of settlement from 2D and 3D tests is smaller than that
of clay. However, when overburden ratio is 2.0, the contrary tendency is observed. The possible reason I thought
is boundary condition, the width of apparatus for 2D test is smaller than that for 3D test, so the friction between
ground and walls of apparatus for 2D test is more significant than that for 3D test. For clay, the same tendency

is observed from 2D and 3D test because the effect of overburden ratio on soil arching is insignificant. However,
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the effect of overburden ratio on soil arching of sand is significant, for higher overburden ratio, fully arch is

generated to support the upper soil, in this case, the boundary condition is insignificant.
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Fig. 2.13 Observed surface settlement from 2D and 3D tests under (a) overburden ratio H/D = 1.0; (b) overburden ratio H/D = 2.0
(improved from Nakai et al., 1997).

2.1.2 Numerical simulation for trapdoor test

Numerical methods included Finite Element Method (FEM) and Discrete Element Method (DEM) is a much
more comprehensive, prevalent and available way to do research on trapdoor test (e.g., Tanaka and Sakai, 1987
1993; Dang and Meguid, 2008; Chevalier et al., 2012; Jiang et al., 2018). However, the drawback of numerical
methods is also obvious. First, a lot of parameters are needed to be determined, and the good results sometimes
depend on the chosen parameters. Second, the analysis for simulation of trapdoor test or tunnel excavation,
especially for large scale domain, is usually time-consuming, supercomputer is necessary.

Koutsabeloulis and Griffiths (1989) performed an analysis with FEM on plane strain trapdoor test for active and
passive mode. The influence of density of mesh, friction angle ¢p and overburden ratio H/D on normalized
loosening pressure was investigated. Density of mesh has insignificant effect on normalized loosening pressure,
meanwhile, the FEM result is consistent with that calculated by Davis’s upper bound solution (Davis, 1968).
The larger of friction angle and overburden ratio cause the smaller normalized loosening pressure, which is
coincide with the prediction of Terzaghi’s theory (Terzaghi, 1943).

Murakami et al. (1997) conducted DEM analysis to study the evolution of shear bands of active and passive
trapdoor test taking into account rolling friction. Dislocation lines due to sliding, roiling and separating the
particles in contact was defined to visualize the deformation process as trapdoor moved upward or downward.
The distribution of dislocation lines in a zone was usually called “sliding zone”. In the vicinity of the zone, some
vortices in diameter of 10-20 times the grain particle were emerged and vanished during the generating of the
shear bands. A couple stress developed in the shearing process was presumed to be the main factor to cause the
vortices. This is an explanation on the evolution of discontinuum shear bands (e.g., Stone and Wood, 1992).
Liang and Xu (2019) used DEM to explore the average loosening pressure versus displacement of the trapdoor

and the effect of overburden ratio on it, which are similar as other researchers’ report (e.g., Terzaghi, 1943;
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Evans, 1984; Kikumoto, 2004; Iglesia et al., 2014). The distribution of loosening pressure across a trapdoor was
also investigated, it was revealed that the loosening pressure at the edge of the trapdoor was larger than that at
center line of trapdoor. However, the distribution of loosening pressure is contrary to that observed from trapdoor
tests (e.g., Harris, 1974; Evans, 1984; Kikumoto, 2004).

Park and Adachi (2002) carried out model tests and FEM analysis to explore the loosening pressure acting on a
trapdoor and stress redistribution around the trapdoor and surface settlement profile in trapdoor test considering
inclined layers. The distribution of earth pressure is shown in Fig. 2.14. The distribution tendency of loosening
pressure and stress redistribution under different inclined angle of the inclined layer to horizontal line is similar
to the usual trapdoor tests (e.g., Evans, 1984; Kikumoto, 2014). However, the distribution of earth pressure is
significant nonsymmetrical particularly as inclined angle is 60 degree. For the surface settlement profile shown
in Fig. 2.15, it is also nonsymmetrical, and the point of maximum surface settlement move to different side of

centerline of trapdoor when the inclined angle equal to 30° and 60° respectively.
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(improved from Park and Adachi, 2002).

2.2 Theoretical solution for trapdoor test

Trapdoor test was firstly developed by Terzaghi to simulate tunnel excavation and investigate soil arching in
granular material under strip condition in 1936 (e.g., Terzaghi, 1936). Furthermore, a theory was proposed by
Terzaghi to evaluate the loosening pressure acting on a trapdoor (e.g., Terzaghi, 1943). Until now, his theory
and recommendations are still widely used. As shown in Fig. 2.16 (a), as the trapdoor moves downwards, the
shear resistances are emerged along the sliding surface ac and bd between yielding zone and stationary zone and
tend to prevent the downwards movement of the yielding zone. The shear resistances significantly reduce the
earth pressure (loosening pressure) acting on the trapdoor and transfer the reduction of loosening pressure onto
the adjoining stationary zone, which is usually called the arching effect. Meanwhile, the total reduction of the
load acting on the trapdoor should be equal to the total increase of the load in adjoining stationary zone. To
simplify the model, Terzaghi assumed the two vertical sliding surfaces ae and bd to develop the theory. A small
element of yielding zone was illustrated as shown Fig. 2.16 (b). According to the limit equilibrium theory, a

simple formula was generated by Terzaghi as follows

pagD — 2c¢’ —2Kptang-z —2Kptang-z )1
= (1- D +qge— D _
Oz 2K, tang ( ¢ ) K @D
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where o, is total loosening pressure; z is the distance to ground surface; D is width of trapdoor; p, is dry density;
K, (Terzaghi described Kj, as an empirical constant and recommended that it be taken to equal 1.0 for analysis

purposes.) is lateral earth pressure coefficient; ¢ is internal friction angle; ¢ is surcharge; ¢’ is cohesion.
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Fig. 2.16 Failure in cohesionless sand preceded by arching, (a) failure surface caused by downward movement of a small section
of the base of a layer of sand; (b) a small element of yielding zone between two assumed sliding surfaces, ac and bf (Replotted

from Terzaghi, 1943).

Equation (2.1) is available to predict loosening pressure as overburden ratio, H/D is no larger than 2. When
overburden ratio, H/D is larger than 2, the two sliding surfaces cannot attain to ground surface, hence, the weight
of the upper stationary soil zone above the crown of sliding surfaces is assumed to surcharge. However, for this
model, the height of the upper soil zone is hardly determined.

Evans (1984) proposed a plasticity theory to evaluate the loosening pressure in granular material. The angle of
dilation, v, no larger than internal friction angle, ¢, has different value as trapdoor move downwards. According
to his assumption, v is equal to ¢ as minimum loosening pressure is attained and the shape of soil arching is
triangular as shown Fig. 2.17 (a), v is zero as ultimate loosening pressure is attained and the shape of soil arching
is rectangular as shown Fig. 2.17 (b). Meanwhile, the shear stress on the boundaries is given as shown in equation

(2.2) by considering velocity characteristics (e.g., Jaky, 1948; Evans, 1984).

cosv sing

T (2.2)

= oy, (——

" — sinv sing
where 7 is the shear stress; oy, is the horizontal effective stress; v is angle of dilation; ¢ is internal friction angle.
For the associated flow rule (v = ¢), equation (2.2) reduces to the Mohr-Coulomb expression (with cohesion

¢ =0).
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(1) loosening pressure when v = ¢
As shown in Fig. 2.17 (a), since the vertical components of the shear force N and the normal force T are in
opposite direction, and are equal in magnitude, which doesn’t contribute to reduce the vertical pressure acting

on a trapdoor. Therefore, the load on the trapdoor is only the weight of soil underneath the triangular soil arching.

F = pagD?/(4tang) for H/D £ 1/(2tan¢) (2.3 a)

F = pygD?{1 — (H/D)tan¢} for H/D > 1/(2tan¢) (2.3b)

where F is the load acting on a trapdoor; H is overburden height; D is width of trapdoor; p, is dry density.

(2) loosening pressure when v = 0’

As shown in Fig. 2.17 (b), the model is similar to Terzaghi’s model, according to the limit equilibrium theory,
the formula for predicting load acting on a trapdoor is written as

2

D —2Kpsing-
= L(l e Z) for H/D < 2 (2.4 a)
2Kysing
—4Kpsing —4Kpsing
F = png2{<1 —e D )/(ZKhsinqb) +(H/D—2)e” D forH/D > 2 (240b)

where Kj, is 1.2 based on his test results and other researchers, since it affects the prediction of loosening pressure,
in his opinion, more research should be required to obtain appropriate value for Kj,; z is the distance to ground
surface. Soil cohesion is assumed to be zero here.

(3) loosening pressure when 0° < v < ¢

As the normal stress is not known what value should be use at the boundaries, the theoretical solution for
predicting loosening pressure is not apparent. However, a conclusion he made is the loosening pressure lie within

the limits setby v = 0" and v = ¢.
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Fig. 2.17 Free body diagrams for active arching in the two-dimensional case, (a) free body diagrams for v = ¢; (b) free body

diagrams for v = 0 (Replotted from Evans, 1984).
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Consequently, Iglesia (2014) also developed a theory to estimate loosening pressure for the parabolic soil
arching and triangular soil arching based on salient aspects of the theories by Engesser (1882) and Evans (1984).
In his theory, the angle of the tangent line of the curved soil arching to the horizontal line is defined as 8 which
is assumed to the complementary of internal friction angle ¢ as shown in Fig. 2.18. This assumption for the
curved soil arching by Iglesia is similar to that by Evans (1984). For the load acting on a trapdoor after
downwards movement, unlike Evans’s assumption, the load defined by Iglesia includes the weight W of soil
underneath soil arching and the vertical stress g,,,- induced by the intensified lateral stress oy,

The weight of soil below soil arching can be calculated by the cross-sectional area of the soil multiplied by the

specific weight of the soil. Hence, the weight for the curved soil arching is written as

y[A
_yD*tang _ pagD*tan(z — ¢) _ pagD*cot § 2.5)
6 6 6

For the vertical stress o,,,- brought about by the transfer of soil stress to the sides, following Engesser’s approach
(1882), can be quantified by considering an imaginary structure arch of thickness of dh, and uniformly loaded
over its entire span as shown as Fig. 2.19. Therefore, the lateral stress oy, at the edge of the arch is then the ratio
of the lateral thrust reaction dFj, to the lateral area dh (the depth in the normal of soil arch is unity). Herein, the
assumption is that the stress state at the edge of arch is the same in the imaginary structure as in the actual case.
Meanwhile, the lateral stress oy, is assumed to be constant, and the stress state of the entire arch attain to the
Mohr-Coulomb failure state. The Mohr circle of the stress state at the end of arching can be drawn in Mohr

diagram as shown in Fig. 2.20. Hence, the vertical stress oy, can be written as

Oypr = Kgopy (2.6)
where
cosp?
K =——-"— 2.7
E71 + sing? @7

Herein, the coefficient of earth pressure Ky is defined as the ratio of the vertical stress to the lateral stress, which
is different with Krynine’s definition (e.g., Krynine, 1945; Handy, 1985). Moreover, Ky is defined for the incline
shear surface, and its value is less than 1 which means the lateral stress oy, is greater than the vertical stress oy,
at the maximum arching.

For the uniform loading on the imaginary arch structure, it was calculated by Engesser (1882) as

Opr
q=dh-(pag — %) (2.8)

As shown in Fig. 19, for the parabolic arch with span D forming an angle 6 to horizontal at the end of arch, the

lateral thrust reaction dFj, caused by uniform loading g can be written as (e.g., Leontovich, 1959)

19



Chapter 2 Literature review

qb>  qD gD
8f 2tand 2cot¢
Where f = Dtan6 /4, which is the height of the arch. As previous statement, g,- = dF,/dh, combing equations

th =

2.9)

(2.8) and (2.9), the lateral stress oy, can be obtained as

O_‘UT

Opr = 2cot (Pag — 7) (2.10)

Substitute equation (2.10) into equation (2.6), the vertical stress oy,,- can be written as

HDp,gKEg
= rad’E 2.11
% = 2Hcotd + DK @10

Based on the equations (2.5) and (2.11), the loosening pressure g, acting on a trapdoor for the curved soil arching

can be written as

vo= N TN

S e A

‘

Pret et

Fig. 2.18 Engesser’s approach (replotted from Iglesia et al., 2014).

q
R

Fig. 2.19 Imaginary structure arch in Engesser’s (1882) analysis (replotted from Iglesia et al., 2014).
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O-v _________ OP
Fig. 2.20 Mohr diagram assuming failure stress at edge of trapdoor (replotted from Iglesia et al., 2014).

HKg 4 cot ¢
2Hcot¢p + DK 6

w
Oy :E’l'o'vr = pagD( (2.12)

For the triangular soil arching, the only difference is the calculation of the weight of soil below soil arching W
(pagD?cot ¢p/4) and the lateral thrust reaction dF, (= qDtang/4). Therefore, a similar expression for
predicting the loosening pressure can be written as

HKg 4 cot ¢
4Hcot¢p + DK 4

oz = pagD( ) (2.13)

According to the comparison of theoretical result calculated by equations (2.12) and (2.13) with the experiment
result observed by centrifuge tests, the two equations can nicely capture the experiment results.
Moreover, Kikumoto (2004) proposed a theory to evaluate loosening earth pressure for 3D trapdoor test as shown

as Fig. 2.21, which was written as below.

_ x(pag — c/x) ( _ e-4Khian¢-z> .14

% = T 4K, tand

oot

AN

Fig.4-31 Terzaghi®='" M3 RTRIE~ DHLIE™

Fig. 2.21 Diagram for 3D trapdoor (from Kikumoto, 2004).
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Currently, the theories proposed by Terzaghi (1943), Evans (1984), Iglesia (2014) and Kikumoto (2004) are the
main theoretical solutions for estimation of loosening pressure. Even though, some other researchers also
proposed many theories (e.g., Engesser, 1882; Bierbaumer, 1913; Marston and Anderson, 1913; Ladanyi and
Hoyaux, 1969; Liang, 2019 2020) to predict loosening pressure, those theories are similar to the three theories,
the merely difference is the lateral earth pressure coefficient. However, the loosening pressure estimated by those
theories is average pressure acting on a trapdoor, which isn’t consistent with the result observed in experiment
(e.g., Evans, 1984; Kikumoto, 2004). Tamura (2001) and Kikumoto et al. (2004) proposed a theory to predict

the distribution of loosening pressure across a trapdoor and stress redistribution around a trapdoor respectively.
2.3 Behavior of unsaturated soils

In this section, the behavior of unsaturated soils was reviewed, which included soil-water characteristic curve,
the principle of effective stress for unsaturated soils and shear strength.

2.3.1 Soil-water characteristic curve

Soil-water characteristic curve (swcce) is the relationship between volumetric water content, gravimetric water
content or degree of saturation and soil suction, which plays an important role in application of unsaturated soil
mechanics (Fredlund and Rahardjo, 1993). The swce was firstly plotted by Edgar Buckingham for six soils
ranging in texture from sand to clay in 1907 (Leong, 2019). The swcc is also expressed as water retention curve,
soil moisture retention curve, soil water release curve, suction-water content relationship and soil moisture
characteristic curve in other disciplines, which is usually determined based on test results of water content and
suction. swce in not a unique curve due to hysteresis, which includes the main drying (desorption) swcc curve
and the main wetting (adsorption) swcc curve (Fredlund et al., 2011). The main drying swcc curve is frequently
measured in laboratory with relative ease (Fredlund and Rahardjo, 1993), which is normally time-consuming
and costly. The main wetting swcc curve is generally estimated by the main drying swcc curve and hysteresis as
wetting path of experiment is more difficult (e.g., Fredlund et al., 2011). The shape of swcc is also affected by
stress history, fabric, confining pressure and density (Fredlund et al., 2002).

Many empirical swce were proposed to best fit volumetric water content 6, and suction s data during the past
decades (e.g., Gardner, 1958; Brooks and Corey, 1964; McKee and Bumb, 1984 1987; van Genuchten, 1980;
Fredlund and Xing, 1994; Pereira and Fredlund, 2000; Fredlund and Phan, 2006), in which 6, is the saturated
volumetric water content and 6, is the residual volumetric water content. The equations are shown as below.
(1). Gardner (1958)

0, — 0,

O = Ot T ey

(2.15)

where s is soil suction; 6, is volumetric water content corresponding to any suction; ¢ is a curve fitting parameter

related to the air entry value of soil; z is a curve fitting parameter related to the slope at the inflection point on
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the swcc.

(2). Brooks and Corey (1964)

B = 0 + (6 = 6) (D" 2.16)

Equation (2.16) is only valid as s is larger than or equal to «. 6, is assumed to be equal to 6. as s is less than «.

(3). McKee and Bumb (1984)

a—sS
Oy = 0, + (65 — er)exp(T) (2.17)

Where a and b are soil parameter.

(4). McKee and Bumb (1984)

0 = 0, + —2 0
w PN exp(s ; a) (2.18)
(5). van Genuchten (1980)
6s;—0
0, =6, + ——— (2.19)

[1+ (as)]™
van Genuchten equation is famous and extensively accepted by many researchers. Equation (2.19) has three
fitting parameters of «, n and m. For parameter «, Fredlund and Xing (1994) indicated that 1/« is closely related
to air entry value, and the air entry value can be used for 1/ if m is small. For parameter n and m, van Genuchten
indicated that » and m had a fixed relationship of m = 1-2/n based on Burdine theory (Burdine, 1953) or m = 1-
1/n based on Mualem theory (Mealem, 1976), so that a closed-form expression for hydraulic conductivity could
be obtained.

(6). Fredlund and Xing (1994)

6 = 6, + —s 0
w T nle + (%)n]}m (2.20)
(7). Pereira and Fredlund (2000)
0 —6
6 =06, +—L " 2.21)

[1+mm
where o is matirc suction at the inflection point; € is volumetric water content of a soil under a given net
confining stress; & is the final volumetric water content of a soil under a given net confining stress; 6, is the
initial volumetric water content of a soil under a given net confining stress.

(8). Fredlund and Pham (2006)

Fredlund and Pham (2006) intended to propose three linear relationships to express the entire swee according to
the magnitude of suction. The low suction range is from 1 kPa to air entry value s4£v, the intermediate suction

range is from s4gy to residual suction sg, the high suction range is from sz to 1000000 kPa. The equations for
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swcc are written as

0L = 8, — S;log(s) 1<s < sy (2.22 a)
5 s
Ow = Bge — S2log(—) Sagy < 5 < S (2.22b)
SAEV
s
03 = —S;;log(W) sg <5 < 10° kPa (2.22¢)

where 6,/ (i =1, 2, 3) is the volumetric water content of each suction range; S; (i = 1, 2, 3) is the slope of straight
line for each suction range; 6, is the volumetric water content when suction is 1 kPa; &, is the volumetric water
content corresponding to air entry value.

Fredlund and Xing (1994) also indicated that the swcc could be predicted by the pore size distribution curve,
hence they proposed equation (2.23). And they obtained mathematical equation for swcc by assumed some
special pore size function such as a constant pore size function and pore size function varies inversely as 72.
However, it is difficult to obtain the actual pore size function for a soil in reality, which limits the application of
this method. Fredlund et al. (2002) indicated that the estimation of swcc by pore size distribution is difficult to
predict the swcc of clay, tills and loams.

R
OR)=| fr)dr (2.23)

Rmin

where R is the specific pore radius; &(R) is volumetric water content when all the pores with radius less than or
equal to R are filled with water; Ry» is minimum pore radius in the soil; 7 is the pore radius; f'(r) is the pore size
function. When R is equal to maximum pore radius Rua, @(R)equals to volumetric water content &
corresponding to saturated case.

Overall, swcc is significantly important to estimate the properties of unsaturated soil such as effective stress and
shear strength. In this study, degree of saturation S, can be obtained by equation (2.19), which is used to evaluate
horizontal effective stress at sliding surfaces and wet density for unsaturated zone for trapdoor test. As van
Genuchten equation is more prevalent and commonly adopted by other researchers, the parameters of swcc in
equation (2.19) are easily found. However, hysteresis is not considered in this study because the groundwater
level doesn’t change during the trapdoor test.

2.3.2 Effective stress of unsaturated soils

The effective stress concept for saturated soils was proposed by Terzaghi (1936) and is widely accepted and
extensively utilized to predict the soil behavior in research and in practice. Two propositions of the effective

stress principle for saturated soils are summarized as below (Terzaghi, 1936)

e Compression, distortion and a change of shear resistance of a soil are exclusively caused by changes in

effective stress.
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o  The definition of effective stress of saturated soils based on experiment results is written as

o'=0—-u, (2.24)

where o 'is effective stress of a soil; ois total stress of a soil; u,, is the pore water pressure. An assumption made
here is that water is incompressible.

As most of soil in nature are in unsaturated state, many researchers have attempted to establish the effective
stress principle for unsaturated soil based on extension of effective stress principle of saturated soils. One well
known and extensively utilized effective stress principle of unsaturated soils was propose by Bishop in 1959,

which is written as

o' =0—uz+xy(ug —uy) (2.25)

where 1, is the pore air pressure; u,, is the pore water pressure; y is the effective stress parameter. Generally, (o
—ug) and (uq - uw) are termed as net stress and soil suction, respectively. y is an unknown parameter, which is lie
in the range from 0 to 1. y is equal to 1 for saturated soils and y is equal to O for dry soil.

Consequently, Bishop and Donald (1961) carried out triaxial tests on unsaturated silt to verify validity of equation
(2.25), in which the cell pressure o3, pore water pressure u,, and pore air pressure u, were varied, however, (o3
— uq) and (us - uw) are held to be constant during shearing. They found that the stress-strain behavior of
unsaturated silt was not affected. Hence, they concluded that equation (2.25) was statically correct because the
soil behavior was independent with o 3, u, and u,,. Meanwhile, effective stress parameter y is a function of degree
of saturation. Bishop and Blight (1963) conducted a series of triaxial tests on four compacted soils to explore the
relationship between effective stress parameter y and degree of saturation S, as shown in Fig. 2.22. The
experiment result in Fig. 2.22 shows a nearly linear relationship between y and S,, for simplicity, y is frequently
assumed to be equal to S, (e.g., Schrefler, 1984; Oberg and Sillfors, 1997; Lu and Likos, 2006; Komolvilas and
Kikumoto, 2017). Moreover, Borja (2006) derived this relationship based on the principles of thermodynamics.
However, Jennings and Burland (1962) questioned the validity of equation (2.25), Oedometer tests on air-dry
silt and silty sand were carried out to investigate soil behavior during socking under constant total stress. They
found that the volume of soil decreased during soaking, which was contrary with prediction by equation (2.25).
Hence, they pointed out that equation (2.25) was invalid to predict volume change behavior of unsaturated soils.
Kohgo et al. (1993) thought suction effects should be considered in two different ways due to the air entry suction
value. Firstly, the increase of suction induced the increase in effective stress when suction was less than air entry
suction value. Secondly, when suction was larger than air entry suction value, an increase in suction caused an
increase not only in yield stress, but also in the stiffness of the soil skeleton against plastic deformation, which
was because of the relative sliding between soil particles. Therefore, an empirical effective stress principle for

unsaturated soils was proposed as below
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' =0 —Ug (2.26)
where u,, is the equivalent pore pressure.
Ugg =Ug — S S < Supy (2.27)
Sc = SaEv
Ueqg = Uq — {sapy + ———— (s —sap)} S > Sppv (2.28)

S—S AEV + ae
where s is soil suction (s = u, - uw), ¢ 1S a critical suction; s4gy is the air entry suction value; a. is a material

parameter. As suction is less than air entry suction value, equation (2.27) reduces to equation (2.24) (Terzaghi,

1936).
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Fig. 2.22 Summary of measured effective stress parameter versus degree of saturation for compacted soils: (A) Talybont clay; (B)
Selset clay; (C) Mangla shale; (D) Vaich moraine (from Bishop and Blight, 1963).
Khalili et al. (2004) thought equation (2.25) was validity to predict shear strength and volume change of

unsaturated soils by using a modified y. y has a unique relationship with the ratio of suction to air entry value

(Khalili and Khabbaz, 1998), which is written as

x=1 S = Sppvy
(2.29)

s
x= (=) S > Sagv
SAEV

Meanwhile, they carried out compression tests with Kaolin clay and Glenmore Park silt in a modified oedometer
and obtained the curve of suction versus axial strain, which was successfully predicted by equation (2.25)

combined with equation (2.29).

Since Bishop’s effective stress for unsaturated soils is commonly accepted by many researchers, equation (2.25)

is adopted to predict effective stress in this study because volume change is not considered. Meanwhile, y is
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assumed to be equal to S, for simplicity.

2.3.3 Shear stress of unsaturated soils

After effective stress of saturated soils was proposed by Terzaghi (1936), he deduced shear stress of saturated

soils by combining Mohr-Coulomb failure criterion (Terzaghi, 1943), which is written as

T=c"+ (06 —uy)tang (2.30)

where 7 is shear stress; ¢’ is effective cohesion; o is total normal stress on the failure plane; u,, is pore water
pressure; ¢ is internal friction angle. The shear stress proposed by Terzaghi (1943) is a classic theory which is
commonly accepted and utilized in geotechnical engineering. Equation (2.30) is revealed that shear stress 7 has
a linear relationship with effective normal stress (o - u.). Therefore, many researchers attempted to extend theory
of shear stress of saturated soils to generate a modified theory to predict shear stress of unsaturated soils (e.g.,
Bishop and Blight, 1963; Lamborn, 1986, Khalili and Khabbaz, 1998), which is termed as effective stress state
variable method. Another way to estimate the unsaturated shear strength is independent stress state variable
method (e.g., Fredlund et al., 1978; Tekinsoy et al., 2004; Lee et al., 2005).

Unlike the saturated soils, the unsaturated soils are generally termed as three-phase system, in which it has solid
phase, air phase and water phase (Fredlund and Rahardjo, 1993). After effective stress of unsaturated soils
proposed by Bishop (1959), many researchers recognized that suction (u, — u,,) has significant influence on the
behavior of unsaturated soils except net stress (6 — u,) (e.g., Gan et al., 1988; Khalili et al., 2004; Tekinsoy et
al., 2004; Kim and Borden, 2011). The two independent stress state variables of net stress (6 — u,) and suction
(ug — uy,) to describe the mechanical behavior of unsaturated soils because only one stress variable is affected
as pore water pressure varies, and pore air pressure is usually assumed to be zero relative to atmosphere in
practice application (e.g., Fredlund et al., 1978; Pufahl et al., 1983). Therefore, shear stress of unsaturated soils
is dominated by net stress (¢ —u,) and suction (u, — u,,), based on that, many prediction equations and
empirical equations have been proposed.

Bishop and Blight (1963) proposed a modified shear stress of unsaturated soils by combining Bishop’s effective
stress of unsaturated soils (Bishop, 1959) and the classic Mohr-Coulomb failure criterion. The modified shear

stress of unsaturated soils is written as

T=c"+[(0—uy) +x(u, —uy)tang (2.31)

where T is shear stress; ¢’ is soil cohesion; o is the total normal stress applied on the failure plane; u, is the pore
air pressure; u,, is the pore water pressure; ¢ is the internal friction angle; x is the effective stress parameter and
depends mainly on degree of saturation S,. As x equals to one, equation (2.31) reduces to equation (2.30) of
saturated case. Triaxial shear test on unsaturated Mangla shale was also carried out and the curve of shear stress
versus effective stress was shown in Fig. 2.23. It is revealed that this shear stress of unsaturated soils is an

extension of shear stress of saturated soils. Oberg and Sallfors (1997) pointed out that equation (2.31) with
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assumption of x = S, can give reasonable accuracy prediction only for non-clayey materials and the condition

of S, higher than around 50 %.
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Fig. 2.23 Shear stress versus effective normal stress (from Bishop and Blight, 1963).

Similarly, Lamborn (1986) predicted shear stress of unsaturated soils with equation (2.31) in which y was equal
to volumetric water content 6. Khalili and Khabbaz (1998) indicated that equation (2.31) with a modified y
evaluated by equation (2.29) could predict shear stress of unsaturated soils, and a series of triaxial shearing test
were carried out to validate the prediction result and a good agreement was observed (e.g., Khalili and Khabbaz,
1998; Khalili et al., 2004).

Fredlund et al. (1978) indicated that the failure envelope for shear stress of unsaturated soils should be plotted
on three-dimension diagram because the shear stress of unsaturated soils is frequently described with two
independent stress state variables of (¢ — u,) and (u, — u,,), which is totally unlike that of saturated soils. The

equation for prediction of shear stress of unsaturated soils is written as

T =c' + (6 — ug)tand + (uq — u,)tang? (2.32)

where ¢? is the angle indicating the rate of increase in shear stress relative to a change in suction (u, — u,). ¢’
and ¢ could be evaluated by direct shear tests on the specimens of saturated soil (e.g., Gan et al., 1988; Khalili
et al., 2004; Schnellmann, 2015). According to the direct shear tests on unsaturated glacial till with constant net
stress of 72.6 kPa, it was revealed that the curve of ¢” versus (u, — u,,) exhibited a significantly nonlinearity
(Gan et al., 1988), which is shown in Fig. 2.24. From Fig. 2.24, we can see that ¢? is equal to or close to ¢ when
(ugq — uy,) is less than air entry value, then ¢?decreases rapidly as (u, — u,,) gradually increases. Finally, ¢
attains a fairly constant value when (u, — u,,) becomes higher (Gan et al., 1988). However, Schnellmann (2015)
indicated that ¢? decreased to zero when (u, — u,,) reached the suction value corresponding to the residual
water content on swce, under which suction has no contribution to shear stress (Schnellmann, 2015). The failure

envelope of shear stress of unsaturated soils proposed by Schnellmann is shown in Fig. 2.25.
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Fig. 2.24 ¢? versus (u, — u,,) from direct shear test on unsaturated glacial till specimen (from Gan et al., 1988).

Equation (2.32) could be rewritten as

T=c +[(06—uy) +Lu, —uy,)]tang (2.33)

where f = tang? /tang. In this case, equation (2.33) reduces to equation (2.31), in which y equals to S.
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Fig. 2.25 Extend Mohr-Coulomb failure surface for the Schnellmann’s model behaviour of the shear strength with respect to soil

suction for coarse-grained soils (from Schnellmann, 2015).

Fredlund et al. (1995) deduced an analytical equation to predict shear stress of unsaturated soils in which a soil

parameter k depended on soil type, which is written as

T=c"+ (60 —uy)tang + (u, — uw)( )"tanqb (2.34)
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where k is a soil parameter dependent upon the soil type; 8,, is volumetric water content corresponding to any
suction; 6y is the saturated volumetric water content; 8, is the residual volumetric water content. Equation (2.34)
could satisfactorily predict shear stress of sandy soils when k is equal to one, and k gradually increases as soil
plasticity increases.

Vanapalli and Fredlund (2000) proposed a model to mathematically evaluate x with plasticity index of the soils,

which is written as

K= —0.0080(Ip)2 +0.08017, + 1 (2.35)

where I, is plasticity index.
Furthermore, Garven and Vanapalli (2006) proposed a new model to evaluate x for different compacted soils

such as clay, silt and tills, which is written as

k = —0.0016(1,)* + 0.0975I,, + 1 (2.36)

Bao et al. (1998) proposed a modified model based on equation (2.34), in which a change of air entry value was

linear in the change of residual soil suction on a semi-logarithmic plot. The modified model is expressed as

log(sg) —log(s)

r=c + (O‘ — ua)tan(;b + (ua - uw)[log(sR) _ log(sAEV)

|tang (2.37)

where s, is the residual soil suction.
Rassam and Cock (2002) proposed a prediction function to evaluate shear stress for unsaturated soils, which is

written as

T=c'+ (0 —uy)tand + stang — @(s — sagy)P (2.38)

where ¢ and 8 are fitting parameters, the estimation of which are shown as below

sgtang — tg,

= 2.39
(Sr — Sapv)P ( )

g = tang(sg — Sagv) (2.40)

Ssptang — g,

where g, is the contribution of matric suction to the shear strength at the residual suction, which should be
determined experimentally.

However, the prediction function is only applicable for sand, silt and their mixture because the residual suction
can be experimentally estimated by modified direct shear or triaxial apparatus.

Aubeny and Lytton (2003) extended the prediction equation proposed by Lamborn (1986) for shear stress of

unsaturated soils, which is written as
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T=c"+ (0 —uytang + f;0,,(u, —u,)tang (2.41)

where f; is a function related to volumetric water content, the determination of f; is shown as below.

1
fi=g S, =100 %
w
S, —85_ 1
fi=1+( Y(— — 1) 859% < S, < 100 %
15 6,
fi=1 S, < 85%

Tekinsoy et al. (2004) proposed an empirical logarithmic function with best fitting to experiment data to predict

the shear stress of unsaturated soils, which is written as

T=c"+ (0 —uy)tang + (Sgey + Pyp)In( at)tanqb (2.42)

s+ P
Pqt
where P,; is atmospheric pressure; s (s = u, — u,,) is soil suction. Tekinsoy indicated that equation (2.42) has
a good agreement with the experiment data of fine-grained soils.
As the swce and shear stress of unsaturated soils are significantly affected by net confining stress shown in
experiment results, Lee et al. (2005) proposed a modified prediction equation of unsaturated shear stress based
on the model proposed by Fredlund et al. (1995), in which the influence of net confining stress on suction was
taken into considered, hence, a linear term about net confining stress was incorporated in the proposed model.

The proposed model (Lee et al., 2005) is written as

T =c"+ (0 —uy)tang + stang S < Sapy
(2.43)

K

) [1+ A(0 —u,)]tang S = Sagy

6, — 6,

0, — 0,

where A is the fitting parameter; k is a soil parameter dependent upon the soil type, which could be obtained

T =+ [0~ ug) + samvtang + (s = sap) (

through regression analysis using strength test results at zero net confining stress. Lee et al. (2005) concluded
that the proposed model could effectively predict shear stress of weathered granite under various conditions
without performing additional unsaturated triaxial tests.

According to the indication that shear stress of unsaturated soils involve two independent stress state variables
of net stress (6 — u,) and suction (u, — u,,) (e.g., Fredlund et al., 1978), Guan et al. (2010) proposed a prediction

equation for shear stress of unsaturated soils by considering hysteresis, which is written as

T =c"+ (0 —uy)tang + stang S < Sppy

(2.44)

O
6s —

6
T=c"+[(0 —ug) + sapv]tang + (s — sagpy)b( D tang S 2 Sppy
s

0
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Kk = [log(s) — log(sagy)]”

where y and b are constant controlling parameters.

For the drying path that the soil specimen loses water, y and b in equation (2.44) are given as below

y =yq = 0.502In(I, + 2.7) — 0.387
(2.45)
b = by = —0.245{In[ng (I, + 2.7)]}" + 2.114{In[ng (I, + 4.4)]} - 3.522

where I, is plasticity index; ng is soil parameter n of the main drying SWCC curve proposed by Fredlund and
Xing (1994).

For the wetting path that the soil specimen soaks water, y and b in equation (2.44) are given as below

y =1y, = 3.55y, — 3.00
(2.46)
Ng
b=b, = 0.542bdn—+ 0.389

w
where n,, is soil parameter n of the main wetting SWCC curve proposed by Fredlund and Xing (1994).

The prediction equation of shear stress of unsaturated soils (Guan et al., 2010) can exhibit two boundaries of
shear stress in the space of net normal stress, suction and shear stress, for an unsaturated soil specimen with any
degree of saturation S,., the surface of shear stress in the space should not beyond the boundaries evaluated by

equation (2.44).
2.4 Summary

Many studies already have been conducted to explore the mechanism of shallow tunnel excavation in fully-dried
ground through trapdoor test. The distribution of earth pressure across a trapdoor and stress redistribution around
the trapdoor, failure mechanism and surface settlement profile were investigated by 2D or 3D trapdoor test in
model ground or sand ground under. Furthermore, some researchers proposed new theoretical approaches to
estimate average loosening earth pressure for 2D and 3D trapdoor test. Other researchers developed new theories
based on Terzaghi’s theory to evaluate loosening earth pressure by modifying lateral earth pressure coefficient.
Most of trapdoor test were carried out in ground with fully-dried state so as the Terzaghi’s theory or other
theoretical solution could be applied to predict loosening earth pressure and compare theoretical result with that
obtained from experiment. However, the ground in reality is usually in unsaturated state, the studies on shallow
tunnel excavation in unsaturated ground are hardly to be found. Although numerical solution is a good way to
explore complex research circumstance, an appropriate soil model of unsaturated soils is needed and many
parameters of unsaturated soils should be determined, so there is no numerical research on trapdoor test in

unsaturated ground.
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Therefore, the mechanism of shallow tunnel excavation in unsaturated ground was explored in this study, for

which behavior of unsaturated soils was reviewed. Soil water characteristic curve predicted by van Genuchten

(1980), Bishop’s effective stress for unsaturated soils (1959) and shear stress of unsaturated soils evaluated by

Bishop and Blight (1963) were adopted to evaluate loosening earth pressure in this study.

Overall, the novelties of the thesis were summarized as following.

e For shallow tunnel excavation in unsaturated ground, series of trapdoor test in unsaturated ground were
carried out to explore soil mechanics, failure mechanism and surface settlement. And effect of the depth of
groundwater level on loosening earth pressure was also investigated.

e A rational model was proposed to evaluate loosening earth pressure on the crown of a tunnel in unsaturated
ground. Effect of depth of groundwater level and soil types on loosening earth pressure, and scale effect in
saturated and unsaturated ground were investigated. Furthermore, the consistency of experimental loosening
earth pressure and that predicted by the proposed theory was also investigated.

e Theories was proposed to predict distribution of loosening earth pressure and stress redistribution based on
the proposed theory.

e The changing in loosening earth pressure due to the raise of groundwater level was investigated to explore

tunnel stability.
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CHAPTER 3 TRAPDOOR TEST IN SATURATED AND UNSATURATED GROUND

Trapdoor test developed by Terzaghi (1936) is a useful tool to investigate tunnel excavation. Many studies for
trapdoor test in fully-dried ground (e.g., Evans, 1984; Tanaka and Sakai, 1987; Sadrekarimi and Abbasnejad,
2010) or model ground with aluminum bar (e.g., Park and Adachi, 2002; Kikumoto, 2014; Bhandari and Han,
2018) had been carried out to explore soil mechanics, failure mechanism and surface settlement. However, the
studies on trapdoor test in saturated and unsaturated ground (e.g., Song at al., 2018) are hardly to be found. In
this chapter, trapdoor test in saturated and unsaturated ground was carried out to investigate the distribution of
earth pressure, evolution of shear bands and surface settlement profile. Furthermore, the effect of depth of

groundwater level on total and effective loosening pressures were also investigated.
3.1 Apparatus, test patterns and test process

To carry out trapdoor test in saturated and unsaturated ground, a new apparatus should be appropriately designed
and constructed, because water inflow or outflow from the ground and changing in width of trapdoor should be
considered. According to the objectives of trapdoor test in saturated and unsaturated ground, test patterns and
test process should be carefully designed.

3.1.1 Apparatus

The new apparatus for trapdoor test in saturated and unsaturated ground was shown in Fig. 3.1, the size of soil
chamber is 80.5 cm X 30.5 cm X 60.0 cm, so the bottom area 4 of soil chamber was 2455.3 ¢cm?. To generate
unsaturated ground, water was slowly drained out from saturated ground to lower the groundwater level. Hence,
a perforated acrylic plate with strainer was to separate water tank and soil chamber as shown as Fig. 3.1 (a), so
water not only could be flowed in soil chamber through the bottom of soil chamber, but also could be flowed in
through the perforated acrylic plate, however, sand could not pass through the strainer into the two water tanks.
At the bottom of soil chamber, there were five independent metal boxes (a, b, ¢, d, ¢), which could be controlled
to be fixed or moved by the clamps. Therefore, the width of trapdoor could be adjusted. As trapdoor test was
carried out in saturated and unsaturated ground, so each metal box was covered with a membrane to prevent
water flowing into it to protect load cells inside it, as shown as in Fig. 3.1 (c).

To measure surface settlement of trapdoor test, the device shown in Fig. 3.1 (a) was put on a pair of independent
beams above the apparatus, so the surface settlement measurement would not affect earth pressure given by load
cells. The device included a fixed laser displacement scanner X and a moveable laser displacement scanner Y
scanning the ground surface to obtain surface settlement profile (Kikumoto, 2004; Adachi et al., 2003). To
investigate the evolution of shear bands during trapdoor test by PIV, a camera was fixed in front of the acrylic

wall to take a series of photographs based on the displacement of trapdoor, as shown as in Fig. 3.1 (b).
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Fig. 3.1 Schematic diagram of (a) front view of apparatus; (b) side view of soil chamber; (c) top view of apparatus; (d) the

composition of single metal box .

3.1.2 Test patterns

As shallow tunnel excavation was considered in this study, overburden ratio was no larger than 2 (e.g., McNulty,
1965; Evans, 1984; Koutsabeloulis and Griffiths, 1989; Sloan, 1990; Kikumoto and Kishida, 2003; Dewoolkar
et. al., 2007). The height of soil chamber was 60 cm, so the width of trapdoor could be 10 cm and 20 cm. As we

known, there was no scale effect for trapdoor test in dry ground (e.g., Evans, 1984, Tanaka and Sakai, 1993),
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therefore, to investigate scale effect in saturated ground, trapdoor test under the same overburden ratio H/D with
different width of trapdoor D were carried out to check the normalized loosening earth pressure by initial pressure.
For the scale effect in unsaturated ground, trapdoor test under the same overburden ratio H/D and ratio of depth
of groundwater level to overburden height of H,/H with different width of trapdoor D was carried out to check
the normalized loosening earth pressure by initial pressure of saturated ground.

Furthermore, the effect of the depth of groundwater level on total and effective loosening earth pressure were
also investigated, so trapdoor test under the same overburden ratio H/D and width of trapdoor D but different
depth of groundwater level H,, was also carried out to explore the changing in loosening earth pressure. Moreover,
as the repeatability of experiment was extremely important, most circumstances of trapdoor test were conducted

for three times. Based on the above discussion, test patterns were summarized as shown in Table 3-1.

Table 3-1 Test patterns for trapdoor test in saturated and unsaturated ground.

Schematic diagram State of ground D (cm) H/D H./H
S Saturated 1.0,1.5,2.0 0.00
H, 1.0 0.50, 1.00
2 Y I_] 10
Trapdoor ¢ Unsaturated 1.5 0.50, 1.00
D=10cm
d
] 2.0 0.25, 0.50, 1.00
Saturated 0.5,1.0,2.0 0.00
NN
H, 0.5 1.00
¥ H 20
Trapd()()rb &c Unsaturated 1.0 050, 1.00
D=20cm ‘
= A 2.0 0.25, 0.50, 0.75, 1.00

3.1.3 Test process

In this study, the experiment material for trapdoor test was Toyoura sand (soil particle density p; = 2.65 g/cm?).

The process of trapdoor test in saturated and unsaturated ground:

o Teflon was sprayed on the front and back acrylic wall of soil chamber to reduce the friction between ground
and wall. Then load cells were calibrated with water to get the coefficients of load cells, the calibration
process and the coefficient of one load cell was shown in Fig. 3.2,

e  Water was poured into soil chamber until the height of water head from the bottom of soil chamber being
15 cm. A suction sensor was placed at the bottom of soil chamber. Toyoura sand was deposited in soil
chamber through a sieve until overburden height being H, during which the distance of water head to ground

surface should be around 15 cm, so that the dry density of ground would be uniformity, especially for large
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overburden height (e.g., H = 40 cm), meanwhile, a suction sensor was placement on ground surface as
overburden height increased every 10 cm,

e  Water head was slowly decreased to the position close to ground surface, and then ground surface was made
flat. After that, to complete the generation of saturated ground, water head should be continued to decrease
to the position of one more centimeter lower than ground surface, so water would not affect the measurement
of the laser displacement scanner. To make unsaturated ground, water head was continued to be decrease to
the corresponding depth of groundwater level H,, of unsaturated test case. Then the two valves were closed.
Initial pressure was recorded,

e The device for surface settlement measurement was put on a pair of independent beams above apparatus.
The laser displacement scanner Y shown in Fig. 3.1 (d) was moved from right to left to scan ground surface.
A camera was fixed in front of apparatus, as shown in Fig. 3.1 (¢). And a photograph was taken with the
remote of camera,

e Trapdoor was lowered, earth pressure for each displacement of trapdoor § was recorded, the setting
displacement of trapdoor was shown in Table 3-2. At the same time, the data of surface settlement was
recorded, a series of photographs were obtained,

e The two valves were opened, the water drained out from ground was gathered and weighted. And the wet
sand was also taken out and weighted.

Herein, the dry density of saturated and unsaturated should be determined. Based on the total mass of water and

wet sand M for saturated ground, total initial pressure g,y (0,0 = Mg/A) could be calculated, so that the

saturated density psq: (Psqr = M/AH) could be obtained. Then dry density pg (04 = Ps(Psat — Pw)/(Ps — Pw))
of saturated ground could be obtained, the dry density of unsaturated ground should be equal to that of saturated
ground because the ground of saturated and unsaturated was made by the same way. In this study, the dry density

of saturated and unsaturated ground was 1.57 g/cm?.
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g h=50.0cm 2 40— Tendency line o
= [
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v h=300cm 60cm Eg 30 | 27.68
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vy a b ¢ d e 2 1.0} o
= L 1 1 1 1 1 L] .
O.OC | | 1 |
Trapdoor 0 50 100 150 200
Reading of load cell,R
(a) Process of water calibration (b) Coefficient of one load cell

Fig. 3.2 Water calibration for the load cells (a) the calibration process; (b) coefticient of one load cell.
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Table 3-2 The setting displacement of trapdoor.
Step No. 1 2 3 4 5 6 7 8 9

Displacement, § (mm) | 0.00 | 0.05 | 0.10 | 0.20 | 0.30 | 0.40 | 0.50 | 0.75 | 1.00

Step No. 10 11 12 13 14 15 16 17
Displacement, § (mm) | 1.25 | 1.50 | 1.75 | 2.00 | 2.50 | 3.00 | 4.00 | 5.00
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Fig. 3.3 Distribution of earth pressure for trapdoor test in saturated ground (a) H/D = 1.0, D =10 cm, H,w=0 cm; (b) H/D=1.5, D
=10 cm, Hy=0cm; (c) H/D=2.0, D=20 cm, Hy=0 cm; (d) H/D =0.5, D =20 cm, Hyw= 0 cm; (¢) H/D = 1.0, D =20 cm, Hyw =
0 cm; (f) H/D=2.0, D =20 cm, H»=0 cm.
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Fig. 3.4 The variation of loosening pressure with the displacement of trapdoor in saturated ground (a) H/D = 1.0, D =10 cm, Hyw =
0 cm; (b) H/D=1.5,D=10 cm, Hy»=0 cm; (¢) H/D=2.0, D =20 cm, Hy,=0 cm; (d) H/D = 0.5, D =20 cm, H,,= 0 cm; (e) H/D
=1.0,D=20 cm, Hy=0 cm; (f) H/D =2.0, D =20 cm, Hy=0 cm.

3.2 Distribution of earth pressure in saturated and unsaturated ground

Herein, the distribution of loosening earth pressure acting on a trapdoor and stress redistribution around the
trapdoor would be explored for trapdoor test in saturated and unsaturated ground. Then the evolution of loosening
earth pressure acting on a trapdoor with the displacement of trapdoor and the profile of pore water pressure were
also investigated.

3.2.1 Distribution of earth pressure in saturated ground
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A series of trapdoor tests in saturated ground were conducted with overburden ratio H/D of 0.5, 1.0, 1.5, 2.0 as
shown in Table 3-1. The distribution of loosening earth pressure acting on trapdoor and stress redistribution
around the trapdoor was shown in Fig. 3.3. We could see that the shape of loosening earth pressure in saturated
ground was symmetric, and its magnitude was less than initial pressure oz observed by load cells. However,
loosening earth pressure at the center of trapdoor was larger than initial pressure as overburden ratio was 0.5 and
width of trapdoor was 20 cm, the reason was that the trapdoor b and trapdoor ¢ had slight relative displacement.
At stationary zone, the earth pressure was larger than initial pressure, and gradually decreased to initial pressure.
Meanwhile, the average total loosening earth pressure with the displacement of trapdoor was shown in Fig. 3.4.
It was shown that total loosening earth pressure rapidly decreased to a minimum value and kept constant as
overburden height was larger than 10 cm. Therefore, as the displacement of trapdoor was 0.2, 2.0, 5.0 mm
respectively, the earth pressure observed by load cells was chosen to explore the distribution of earth pressure.
As overburden height was no larger than 10 cm, total loosening pressure rapidly decreased to a minimum value,
then it gradually increased. In this case, as the displacement of trapdoor was 0.2, 1.0, 2.0 mm respectively, the
corresponding earth pressure observed by the load cells was chosen to explore the distribution of earth pressure.

3.2.2 Distribution of earth pressure in unsaturated ground
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Fig. 3.5 Suction profiles in unsaturated ground (a) H/D =2.0, D =10 cm, Hw»= 10 cm; (b) H/D =2.0, D =10 cm, H,» =20 cm; (c)
H/D=2.0, D=20 cm, Hy =20 cm; (d) H/D =2.0, D =20 cm, H» =40 cm.
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Trapdoor tests in unsaturated ground were conducted under the same overburden ratio H/D (H/D = 1.0, 2.0) and
width of trapdoor D (D = 10, 20 cm) with different depth of groundwater level H,. Since ground was in
unsaturated state, the crucial point was suction profile. Therefore, pore water pressure was measured by
transducer in trapdoor test, then suction could be estimated by its definition (s = u4-u), in which pore air pressure
was assumed to be zero because the density of air was negligible (Pufahl et al., 1983, Vahedifard et al., 2016,
Sahoo et al., 2018). The pore water pressure profiles were shown in Fig. 3.5, it was shown that pore water
pressure profile was linear, and it could be also evaluated theoretically (u, = pug(z-Hw)).

The distribution of earth pressure was shown in Fig. 3.6 ~ 3.9. We can see that loosening earth pressure in
unsaturated ground was also symmetric, and it was significant less than initial pressure observed by load cells.
At stationary zone, when overburden height was no larger than 10 cm, the earth pressure was larger than initial
pressure, and it gradually decreased to initial pressure. As overburden height was larger than 10 cm, the earth
pressure was no less than initial pressure, and it increased firstly, then it started to decrease. The probable reason
was that the friction between ground and wall was too large compared with that in saturated ground, and the
larger confining pressure due to larger suction may cause the larger friction. The average total loosening pressure
with the displacement of trapdoor was shown in Fig. 3.10. Similarly, loosening earth pressure rapidly decreased
to a minimum value, and it kept constant as overburden height was larger than 10 cm, otherwise, it had the
tendency of increasement.

Similarly, as overburden height was no larger than 10 cm, the corresponding earth pressure of displacement of
trapdoor of 0.2, 1.0, 2.0 mm were chosen to explore the distribution of earth pressure. As overburden height was
larger than 10 cm, the corresponding earth pressure of displacement of trapdoor of 0.2, 2.0, 5.0 mm were chosen

to explore the distribution of earth pressure.
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Fig. 3.6 Distribution of earth pressure for trapdoor test in unsaturated ground (a) H/D =2.0, D =10 cm, Hw= 10 cm; (b) H/D = 2.0,
D =10 cm, Hy,=20 cm.
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Fig. 3.10 The variation of loosening pressure with the displacement of trapdoor in unsaturated ground (a) /D = 1.0, D =10 cm,
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3.2.3 Summary

In this section, the linear profiles of pore water pressure in unsaturated ground were measured and observed,
according to the definition of suction, the linear suction profiles could be evaluated. Furthermore, the distribution
of loosening earth pressure acting on a trapdoor and stress redistribution around the trapdoor in saturated and
unsaturated ground were explored, And the changing in loosening earth pressure with displacement of trapdoor
was investigated.

Loosening earth pressure after trapdoor being lowered was significant less than initial pressure due to soil arching
effect, and it gradually decreased from the center to the end of trapdoor. At stationary zone, earth pressure at the
end of trapdoor was larger than initial pressure, and then gradually decreased to initial pressure as the position
was far from the end of trapdoor. Total loosening pressure rapidly decreased as the displacement of trapdoor
was less than 1.0 mm, then it was almost constant as overburden height was larger than 10 cm. contrarily, total

loosening earth pressure started to increase as the displacement of trapdoor was larger than 2.0 mm.

3.3 Shear bands

Previous studies for shear bands were revealed that overburden ratio, stress level, soil particle size, dilatancy
behavior and so on affected shear bands formation in dry ground (e.g., Stone and Wood, 1992; Dewoolkar et al.,
2007). However, the failure mechanism of trapdoor test in saturated and unsaturated ground was still unknown.
Hence, the shear bands and its evolution with displacement of trapdoor & in saturated and unsaturated ground

were discussed in this section.

3.3.1 Shear bands in saturated ground

For shear bands in saturated ground, the effect of overburden ratio H/D on it was investigated. Hence, shear
bands under different overburden ratio of 1.0, 1.5, 2.0 with the same width of trapdoor D of 10 cm were shown
in Fig. 3.11. And shear bands under different overburden ratio of 0.5, 1.0, 2.0 with the same width of trapdoor
of 20 cm were shown in Fig. 3.12. It was revealed that shear bands were affected by overburden ratio. Shear
bands were more oblique as overburden ratio was larger, and multiple shear bands were observed as overburden
ratio was larger than 1.0. As overburden ratio was no larger than 1.0, only one shear bands were observed, and

it was not vertical.
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Fig. 3.12 Shear bands with different overburden ratio for trapdoor test in saturated ground (a) H/D = 0.5, D = 20 cm, Hyy = 0 cm;
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3.3.2 Shear bands in unsaturated ground
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Fig. 3.14 Shear bands with different depth of groundwater level for trapdoor test in unsaturated ground (a) H/D =2.0, D =20 cm,
Hyw=0cm; (b) HD=2.0, D=20 cm, Hw=20 cm; (c) H/D =2.0, D =20 cm, Hy =40 cm.

For shear bands in unsaturated ground, we intended to investigate the effect of the depth of groundwater level
H,, on it as overburden ratio H/D and width of trapdoor D were identical, which was shown in Fig. 3.13 and 3.14.
It was shown that multiple shear bands were observed. As shown in Fig. 3.13, it was revealed that the open of
intermediate shear bands was smaller when the depth of groundwater level was deeper. However, a crack was
observed as overburden height was 40 cm and the depth of groundwater level was 40 cm, as shown in Fig. 3.14.
This was because confining pressure and shear stress were larger due to larger suction as the depth of
groundwater level was deeper, hence, the shear strength near ground surface was significant close to the weight
of soil, the soil above the crack was hardly to move downwards compared with soil below the crack. Therefore,
shear bands in unsaturated ground could be significantly affected by suction, the open of shear bands became
smaller as suction was larger due to the depth of groundwater level. And the crack near ground surface would
be emerged as suction was larger enough so that shear strength was close to the weight of soil.

3.3.3 Evolution of shear band with displacement of trapdoor
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Previous discussion was shown multiple shear bands were emerged for trapdoor test in saturated and unsaturated
ground. Herein, the evolution of shear bands with displacement of trapdoor ¢ would be investigated. For the
evolution of shear bands shown in Fig. 3.15, overburden ratio /D was 1.0 and width of trapdoor D was 10 cm,
the depth of groundwater level Hw was 0, 5, 10 cm respectively. It was shown that the formation of the first
shear bands was ceased as the displacement of trapdoor was 1.0 mm, and the shape of shear bands was similar
as the displacement of trapdoor was less than 1.0 mm even if the depth of groundwater level was different. The
second shear bands were observed as the displacement of trapdoor was larger than 1.0 mm. And the open of the
second shear bands with the same displacement of trapdoor (6 = 2.0, 5.0 mm) was smaller as the depth of

groundwater level was deeper.
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Fig. 3.16 Evolution of shear bands with displacement of trapdoor in (a) saturated ground (D = 10 cm, H/D = 2.0, H,»= 0 cm); (b)
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When overburden ratio was 2.0 and width of trapdoor was 10 cm, the depth of groundwater level was 0, 10, 20
cm respectively, the evolution of shear bands was shown in Fig. 3.16. It was revealed that the open of the first
shear bands was smaller due to the deeper depth of groundwater level as the displacement of trapdoor was 0.4
mm, the whole soil arching was observed as the depth of groundwater level was 20 cm. And the formation of
the first shear bands was ceased as the displacement of trapdoor was 1.0 mm. After that, the second shear bands
inside the first shear bands started to develop, and it became steady as the displacement of trapdoor was 2.0 mm.
It was also revealed that the open of the second shear bands was smaller as the depth of groundwater level was
deeper. When the displacement of trapdoor was 5.0 mm, the third shear bands was observed, which was similar

in the ground with different depth of groundwater level.
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3.3.4 Summary

(1) Shear bands in saturated ground was affected by overburden ratio H/D, it was more oblique as overburden
ratio was larger. And multiple shear bands were observed as overburden ratio was larger than 1.0. When
overburden ratio was no larger than 1.0, only one shear bands was emerged, and it was not vertical. This was
because confining pressure and shear strength were larger as overburden ratio was larger, which made the shear
bands more curvature until the whole soil arching being emerged.

(2) Sher bands in unsaturated ground was significantly affected by the depth of groundwater level Hw, the open
of shear bands was smaller as the depth of groundwater level was deeper, because larger suction due to the
deeper depth of groundwater level caused larger confining pressure and shear stress, so the soil arching effect
was more obvious. And crack could be observed as suction was large enough. Meanwhile, multiple shear bands
were observed in unsaturated ground, the numbers of shear bands were affected by overburden height.

(3) for the evolution of shear bands with displacement of trapdoor, it was revealed the first shear bands was
gradually expanded until the displacement of trapdoor & of 1.0 mm, then the first shear bands formation was

ceased. After that, a new shear bands would be generated inside the previous shear bands sequentially.

3.4 Surface settlement

Herein, we intended to discuss the effect of overburden ratio H/D on surface settlement of trapdoor test in
saturated ground, and the effect of the depth of groundwater level on surface settlement of trapdoor test in
unsaturated ground.

3.4.1 Surface settlement of trapdoor test in saturated ground

As shown in Fig. 3.4, the loosening earth pressure for all overburden height (H = 10, 15, 20, 40 cm) was already
a minimum value as displacement of trapdoor was 2.0 mm. Therefore, herein the corresponding surface
settlement was shown when the displacement of trapdoor was 2.0 mm. The surface settlement profiles of
trapdoor tests in saturated ground under different overburden ratio H/D with the same width of trapdoor D were
shown in Fig. 3.17 (a-10) and (a-20). We could see that the soil above the trapdoor significantly moved
downwards, and the surface settlement profiles was different as overburden ratio was different.

To explore the effect of overburden ratio on surface settlement, the maximum surface settlement Sy..x was defined
as shown in Fig. 3.17 (a-10), which was the distance from the current ground surface to its original position.
Firstly, the relationship of maximum surface settlement and displacement of trapdoor J were explored as shown
as Fig. 3.17 (b-10) and (b-20). It was revealed that maximum surface settlement was larger as displacement of
trapdoor was larger. Meanwhile, the corresponding maximum surface settlement was equal to displacement of
trapdoor (d = 1.0, 2.0, 3.0, 4.0, 5.0 mm) as overburden ratio was no larger than 1.0, because shear bands were
almost vertical as shown as Fig. 3.11 and 3.12, soil arching effect was weak, the soil above the trapdoor shifted

with the displacement of trapdoor. However, the corresponding maximum surface settlement was less than
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Fig. 3.17 Surface settlement for trapdoor test in saturated ground (a-10) surface settlement profile, D = 10 cm; (b-10) maximum

surface settlement with displacement of trapdoor, D = 10 cm; (c-10) effect of depth of groundwater level on the maximum surface

settlement, D = 10 cm; (a-20) surface settlement profile, D = 20 cm; (b-20) maximum surface settlement with displacement of

trapdoor, D = 20 cm; (c-20) effect of depth of groundwater level on the maximum surface settlement, D =20 cm.

displacement of trapdoor as overburden ratio was larger than 1.0 because shear bands became more oblique, soil

arching effect was strong, so the soil above the trapdoor was prevented to be move downwards. Meanwhile, the

corresponding maximum surface settlement for each displacement of trapdoor was smaller as overburden ratio
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was larger. Therefore, when displacement of trapdoor was 2.0 mm, the effect of overburden ratio on maximum
surface settlement, and the repeatability was shown in Fig. 3.17 (c-10) and (c-20). It was revealed that maximum
surface settlement was smaller as overburden ratio was larger.

3.4.2 Surface settlement of trapdoor test in unsaturated ground

The effect of the depth of groundwater level H,. on surface settlement was discussed herein. As overburden ratio
H/D and width of trapdoor D were identical, the surface settlement profiles with different depth of groundwater
level were shown in Figs. 3.18 (a-10, a-20) and 3.19 (a-10, a-20). It was shown that the surface settlement profiles
were almost overlapped as overburden height H was no larger than 20 cm, however, they had significant

difference as overburden height was 40 cm.
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The changing in maximum surface settlement S, with displacement of trapdoor ¢ was shown in Figs. 3.18 (b-
10, b-20) and 3.19 (b-10, b-20). It was shown that the corresponding maximum surface settlement was equal to
displacement of trapdoor as shown as in Fig. 3.18 (b-10, b-20) as overburden ratio was no larger than 1.0, which
meant the influence of suction on maximum surface settlement could be ignored. The corresponding maximum
surface settlement was less than displacement of trapdoor in Figs. 3.19 (b-10, b-20) as overburden ratio was
larger than 1.0. However, the influence of suction on maximum surface settlement was not observed for each
displacement of trapdoor as overburden ratio was 2.0 and width of trapdoor was 10 cm, the reason was that
suction was too small to significantly affect shear bands as shown as Fig. 3.13. When overburden ratio was 2.0
and width of trapdoor was 20 cm, maximum surface settlement was smaller as depth of groundwater level was
larger for each displacement of trapdoor, especially the displacement of trapdoor was 5.0 mm. Because suction
was large enough to affect shear bands, as shown as Fig. 3.14, shear bands didn’t attain to ground surface as
depth of groundwater level was 40 cm, a crack was observed.

Moreover, when displacement of trapdoor was 5.0 mm, the effect of overburden ratio on maximum surface
settlement, and the repeatability was shown in Fig. 3.19 (c-10) and (c-20). It was revealed that the effect of
depth of groundwater level on maximum surface settlement could be ignored as overburden ratio was 2.0 and
width of trapdoor was 10 cm. When overburden ratio was 2.0 and width of trapdoor was 20 cm, maximum
surface settlement was smaller as depth of groundwater level was deeper.

3.4.3 Summary

(1) For trapdoor test in saturated ground, as overburden ratio H/D was no larger than 1.0, the corresponding
maximum surface settlement Sy.x was equal to the displacement of trapdoor, the effect of overburden ratio on
the maximum surface settlement could be ignored. Contrarily, the corresponding maximum surface settlement
was smaller as overburden ratio (H/D > 1.0) was larger.

(2) For maximum surface settlement of trapdoor test in unsaturated ground, when overburden ratio was 2.0 and
width of trapdoor overburden ratio was 20 cm, it was smaller as the depth of groundwater level H,, was deeper,
this was because the larger suction caused larger confining pressure and shear stress. As overburden height H

was less than 40 cm, suction was too small to affect the maximum surface settlement.

3.5 Effect of depth of groundwater level on loosening earth pressure

For trapdoor test in unsaturated ground, overburden ratio H/D and width of trapdoor D were identical, total
loosening pressure o was smaller as the depth of groundwater level H,, was deeper as shown as Fig. 3.10. In
this section, the effect of the depth of groundwater level on loosening earth pressure was investigated in more
details. In the total or effective loosening earth pressure versus depth of groundwater level plane, overburden
ratio H/D and width of trapdoor D were identical, total or effective initial pressure and total or effective loosening
earth pressure for different depth of groundwater level were shown in Figs. 3.20 ~3.23. It was revealed that total

loosening earth pressure gradually became smaller as the depth of groundwater level was deeper. This reduction
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was not due to the decreasing of the mass of water of different thickness of unsaturated zone, because total initial

pressure with different depth of groundwater level were almost identical. The reason for the reduction of total

loosening earth pressure was soil arching effect, the larger confining pressure and shear stress caused by the

larger suction transferred more weight of soil above the trapdoor to the stationary zone. Contrarily, effective

loosening earth pressure slightly increased, however, effective initial pressure was also larger as depth of

groundwater level was deeper.
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Fig. 3.23 The effect of depth of groundwater level on (a) total loosening earth pressure (H = 40 cm, D = 20 cm); (b) effective
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3.6 Summary

In this chapter, trapdoor tests in saturated and unsaturated ground were carried out to explore the distribution of
earth pressure, shear bands and surface settlement. Based on the experimental result, the effect of the depth of
groundwater level on loosening earth pressure and scale effect in saturated and unsaturated ground were also
discussed. Conclusions were written as following:

(1) Loosening earth pressure was significant smaller compared with initial pressure, and it gradually decreased
from the center of trapdoor to the end of trapdoor. The shape of loosening earth pressure was symmetric.
Meanwhile, the average loosening earth pressure acting on trapdoor rapidly decreased as displacement of
trapdoor was no larger than 1.0 mm, and it was already a minimum value as displacement of trapdoor was 2.0
mm. At stationary zone, when the distance to the end of trapdoor was larger, earth pressure was larger than initial
pressure and gradually decreased to initial pressure.

(2) Shear bands in saturated ground was more oblique as overburden ratio was larger. For shear bands in
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unsaturated ground, as the depth of groundwater level was deeper, the open of it was smaller. Meanwhile,
multiple shear bands were observed in saturated and unsaturated ground, the first shear bands was gradually
expanded until it became steady as displacement of trapdoor was no larger than 1.0. As displacement of trapdoor
continued to be larger, a new shear bands were emerged inside the previous shear bands sequentially.

(3) In saturated ground, the maximum surface settlement was smaller as overburden ratio was larger. In
unsaturated ground, the maximum surface settlement was smaller as the depth of groundwater level was deeper.
However, as overburden ratio is no larger than 1.0, the effect of overburden ratio on the maximum surface
settlement in saturated ground and the effect of the depth of groundwater level on maximum surface settlement
in unsaturated ground could be ignored, the corresponding maximum surface settlement was always equal to
displacement of trapdoor.

(4) The depth of groundwater level significantly affected total and effective loosening earth pressure. The
experiment result was shown that total loosening earth pressure was smaller as the depth of groundwater level
was deeper, contrarily, effective loosening earth pressure was slightly larger, the reason was that the larger
confining pressure and shear stress caused by the larger suction transferred more weight of soil above a trapdoor

to stationary zone.
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CHAPTER 4 A THEORY TO EVALUATE LOOSENING EARTH PRESSURE IN

UNSATURATED GROUND

Trapdoor test in saturated and unsaturated ground was carried out to explore the distribution of earth pressure
and loosening earth pressure with displacement of trapdoor. Then we intended to propose a simple theory to
evaluate loosening earth pressure acting on a trapdoor in unsaturated ground. The proposed theory was deduced
based on the limit equilibrium theory, combining soil-water characteristic curves, Mohr-Coulomb failure criteria
and effective stress for unsaturated soils. The proposed theory was validated by comparing loosening earth
pressure in fully-dried and fully-saturated ground with that evaluated by Terzaghi’s theory (1943). Furthermore,
the proposed theory was applied to evaluate the vertical distribution of loosening earth pressure in unsaturated
ground, which shown the totally difference comparing with that in saturated ground. Then the effect of movement
of groundwater level and soil type on loosening earth pressure were also explored. And the scale effect in
saturated and unsaturated ground was discussed. Finally, the loosening earth pressure observed by trapdoor test

in chapter 3 was compared with that predicted by the proposed theory.
4.1 The proposed theory for loosening earth pressure in unsaturated ground

This section uses a trapdoor problem in unsaturated ground as shown in Fig. 4.1. The z coordinate is taken
vertically downward with the ground surface as the origin and groundwater level is set as Hy. A trapdoor of
width D, located near the ground surface at a depth H, simulates stress release during tunnel excavation by its

downward movement. The ground is assumed to be uniform, having a solid density of pg and dry density of p,

(void ratio, e = bs _ 1).
Pa
Vertical sliding surfaces
0
.(2)

pghdz

K

D
- I | A

Tridoor z

Fig. 4.1 Trapdoor problem in unsaturated soil.
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4.1.1 Failure mode, equilibrium and boundary conditions

Several studies have indicated that shear bands tend to develop vertically upward from both ends of a trapdoor and
reach the ground surface when the overburden height, H, is no more than 2—3 times larger than the trapdoor width, D
(e.g., McNulty, 1965; Evans, 1984; Koutsabeloulis and Griffiths, 1989; Sloan, 1990; Kikumoto and Kishida, 2003;
Dewoolkar et. al., 2007). As the study uses a shallow trapdoor problem, vertical failure surfaces are assumed as shown
in Fig. 4.1. For this failure mode, an equation of equilibrium of vertical force acting on a small soil element above the

trapdoor is given as

—0,(z+ dz)D — 2tdz + 0,(z)D + p,gDdz = 0 4.1)

where ag,(2) is the vertical earth pressure in the ground above the trapdoor at a depth of z; T is shear stress on
the side boundary of the soil element; p; is the wet density of soil; g is gravity. Applying Taylor’s expansion,

the equilibrium equation (4.1) reduces to equation (4.2)

do, 2

99 _ a2 42
4, ~ P9~ (4.2)

As we consider a traction-free condition at the ground surface, the boundary condition is given as g, (0) = 0 kPa.

4.1.2 Pore pressure and soil suction

Pore air pressure (u,(z)) and pore water pressure (u,,(z)) are assumed to be under static pressure conditions.
The value of u, is usually assumed to be zero (atmospheric pressure) at any depth as the density of air is
negligible (Pufahl et al., 1983; Vahedifard et al., 2016; Sahoo et al., 2018) and u,, is assumed to have a linear
distribution in the vertical direction with a slope of p,, g (p,, is the density of water) (Pufahl et al., 1983; Ng and
Menzies, 2007; Vahedifard et al., 2016). The value of u,, becomes zero at the groundwater surface, is negative

above the groundwater level, and can be written as

u, = pwg(z—Hy,) 4.3)

Soil suction, s, is given as the difference between pore air pressure, u,, and pore water pressure, U, .

s = (uq —uy) = pyg(Hy — 2) (4.4)

A simple, linear suction profile is assumed herein. However, the proposed method can incorporate the effects of
infiltration and evaporation further by introducing a nonlinear suction profile (e.g., Vo and Russell, 2006).

4.1.3 Degree of saturation and wet density
The degree of saturation, S, is usually given as a function of suction. Although any soil-water characteristic curve

can be applied to the proposed theory, the classical equation proposed by van Genuchten (1980) is employed herein.
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Sy = (Smax - Smin){l + {as)"} ™ + Smin 4.5)

where ( ) denotes Macaulay brackets; S,,,4 and S,,;, are the maximum and minimum degrees of saturation,
respectively; and a, m, and n are material parameters. From equations (4.4) and (4.5), S,- is given as a function
of depth, S,(z). Note that the proposed method can incorporate several factors affecting the soil-water
characteristic curve such as the air-entry suction (Fredlund and Xing, 1994), hydraulic hysteresis (Hains, 1930),
or the effect of density (Tarantino and Tombolato, 2005) by replacing equation (4.5) with an advanced soil-water
characteristic curve model (e.g., Fredlund and Xing, 1994; Kikumoto et al., 2010; Komolvilas and Kikumoto,
2017).

Wet density, p;, is given as a function of the degree of saturation, S,.(z), by its definition, which is written as

_ pst eSy(2)pw
1+e
From equations (4.4) to (4.6), S;- and p, are uniquely given by depth z, respectively. p, equals saturation density

(4.6)

Pt

(psar) at the saturated state (S, = 1) and equals dry density (p,) at the dry state (S, = 0).

4.1.4 Effective stress and shear resistance

The effective stress proposed by Bishop (1959) is usually used for unsaturated soils, as it can uniquely arrange
the critical state stress ratio of unsaturated soils regardless of suction, s, as shown in Fig. 4.2. By using this, the

vertical effective stress corresponding to g, in equation (4.2) is given as

0—z, =0z — {qu + (1 - X)ua} 4.7)

where y is the effective stress parameter, for which S, is usually applied (e.g., Schrefler, 1984; Oberg and
Sallfors, 1997; Lu and Likos, 2006; Komolvilas and Kikumoto, 2017). Borja (2006) derived this relationship

based on the principles of thermodynamics. Therefore, in the proposed theory, equation (4.7) can be written as

0, =0, —Ug + 5,8 (4.8)

400~
? Z: Sr *
)
N
3
w
o]
£ 200+
.2
g
b e s=0kPa
= = 5=100kPa
5] a 5=200kPa
A + 5=300kPa

0 L L L L L |
0 200 400 600

Mean Bishop's effective stress, p” [kPa]
Fig. 4.2 Relation between mean stress, p", and deviator stress, g, of Bishop’s effective stress (replotted from Sivakumar, 1993).
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The Mohr-Coulomb failure criterion is assumed to be satisfied by Bishop's effective stress along vertical failure

surfaces (Fig. 4.1), hence, the shear stress is written as

T=o,tan¢ (4.9)

Where ay, is Bishop’s horizontal effective stress; and ¢ is the internal friction angle of soil. Herein, the internal
friction angle is almost constant regardless of the degree of saturation (e.g., Gan et al., 1988; Khalili et al., 2004;
Schnellmann, 2015), which can be determined by direct shear test or triaxial shear test on the specimens of
saturated soil. Cohesion is not considered herein.

4.1.5 Earth pressure coefficient

A coefficient of earth pressure, Kj,, is considered for Bishop's effective stress in the ground above the trapdoor

similarly as the saturated ground (Terzaghi, 1943)

K, = 2% (4.10)
O-Z
Terzaghi (1943) empirically recommended K}, to be at unity. According to experiment result and numerical
simulation of the trapdoor problem in fully—dried ground, K}, tends to be larger than the earth pressure coefficient
at rest and is around unity (e.g., Evans, 1984; Kikumoto et al., 2003; Kikumoto, 2004).

4.1.6 Loosening earth pressure

Substituting equations (4.4) to (4.10) into equation (4.2), we can write the ordinary differential equation as

do, ps+eS.(2)p 2
dZZ =— 1 -|r€ Wg - BK[O—Z — Ug + ST‘(Z)pr(HW - Z)]tan¢ (4.11)

Then the loosening earth pressure, 6,(2), is derived by solving differential equation (4.11) under the boundary
condition that g, (0) = 0 kPa. For this, a simple and explicit numerical scheme with incremental depth Az is
applied shown as below.

do,

dz

0,(z+ Az) —0,(2) = Az (4.12)

4.2 Evaluation of Loosening Earth Pressure

The proposed theory was first applied to evaluate loosening earth pressure (vertical earth pressure after lowering
the trapdoor) in loamy ground under fully-dried and fully-saturated conditions to check the validity of the theory
against the classical Terzaghi’s theory. The loosening earth pressure in an unsaturated, loamy ground was then
evaluated using the proposed theory. Afterward, the loosening earth pressures in three types of unsaturated
ground (sandy, loamy and silty clay soils) were investigated. The simulations in this section were performed
under an overburden height, H, of 10.0 m and trapdoor width, D, of 10.0 m. Thus, the overburden ratio (H/D)

was 1.0, for which a shallow failure mechanism with vertical failure surfaces was expected. For simulation of
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unsaturated ground, the groundwater level was set to 5.0 m and the vertical distributions of suction in the
different ground types were the same, as shown in Fig. 4.3 (b). The principal difference between the different
soils is their water holding capacity. In general, water holding capacity is controlled primarily by the particle
size distribution of the soil. Smaller particles such as clay and silt tend to have richer capillaries than the larger
sand particles as they tend to have smaller pore sizes and stronger capillary action. The richer capillaries allows
the finer soils to retain a higher degree of saturation. Parameters for the soil-water characteristic curves of the
ground types were referred to the following Hodnett and Tomasella (2002; Table 4-2). An assumption herein is
that the physical properties (such as density and friction angle) were the same for the different soils (Table 4-1).

The soil-water characteristic curves are compared in Fig. 4.4, and the vertical distributions of the degree of

saturation, S,., for sand, loam, and silty clay are shown in Fig. 4.3 (c).

Pore pressure, Suction, Degree of saturation, Wet density,
uaa uw [kPa] § [kPa] Sr pt [g/cm3]
-50 0 50 -50 0 50 é).O 0.5 1.0 (1).45 1.70 1.95
i\ 5|y (=0kPa)
Hw' w | a
= 5 5 5
- Pw8
H 1 —2— Sand ;P
—0— Loam =
D i r | —o— Clay i
s 10t 10t 10t 10+
Trapdoor (a) (b) (©) (d)

Fig. 4.3 Vertical distribution of (a) pore pressure, u,, U,,; (b) suction, s; (c) degree of saturation, S,; (d) wet density, p, (overburden

height, H= 10 m, width of trapdoor, D = 10 m, and groundwater level, H,, = 5.0 m).
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Fig. 4.4 Soil water characteristic curves for sand, loam, and silty clay.
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Table 4-1 Soil physical and mechanical properties (the same values were used for the sand, silt, and clay soil types).

ps (g/em’) 2,65  Soil particle density

pq (g/cm’®)  1.45  Dry density

¢ (degree) 30.0 Internal friction angle

Table 4-2 Parameters of the soil-water characteristic curves for sand, loam, and silty clay soil types.

Sand Loam Silt clay
Smax 1.000 1.000 1.000
Smin 0.090 0.298 0.488
a (kPa™) 0.380 0.246 0.258
m 0.596 0.316 0.318
n 2.474 1.461 1.466

4.2.1 Validation of the proposed theory

Loosening earth pressures in loamy ground under fully-dried and fully-saturated conditions were evaluated by
the proposed theory and Terzaghi’s theory. To model the fully-dried condition using the proposed theory for
unsaturated soils, the groundwater level, H,,, was set to be very deep (10° m) so that soil suction, s, was
remarkably large and the degree of saturation, S,, was almost zero. For saturated ground, H,, was set to 0.0 m.

Comparison of the loosening earth pressure evaluated by the proposed theory and Terzaghi’s theory in the fully-
dried and fully-saturated conditions are shown in Figs 4.5 and 4.6. The initial earth pressure distribution is

calculated as the overburden pressure, which represents the earth pressure at rest before lowering of the trapdoor.

The saturation density, pgq¢ (= Pd — £ s;p 4 pw), is 1.90 g/cm’. Figures 4.5 and 4.6, show that both the total and

effective loosening earth pressures are lower than the corresponding initial values. This suggests that the earth
pressure becomes reduced by vertical-upward shear stress along failure surfaces acting on the ground above the
trapdoor. Both the total and effective loosening earth pressures calculated by the proposed theory were identical

with those calculated by Terzaghi's theory, which validates the consistency of the proposed theory.

Vertical earth pressure, o (= o") [kPa]

0 50 100 150
0 L — L — 1

Initial stress —0—
Proposed theory —O—
3 Terzaghi’s theory —&—

Depth, z [m]
Wi

J—

0

Fig. 4.5 Depth vs. loosening earth pressure in fully-dried ground.
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Vertical earth pressure, o , o ’[kPa]
V4 V4
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0 RS — — —— —

I Total stress, Effective stress,
—_ | o, o,
é | Initial stress —— —.—
':“ 51 Proposed theory —O— ——
s Terzaghi’s theory —&— —h—
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]
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Fig. 4.6 Depth vs. total and effective loosening earth pressures in fully-saturated ground. (Groundwater level, Hy = 0.0 m).

4.2.2 Loosening earth pressure in the unsaturated ground

The proposed theory was applied further to investigate loosening earth pressure in unsaturated loamy ground.
Total and effective loosening earth pressures were lower than the corresponding initial earth pressures at all
depths (Figure 4.7). In the unsaturated zone above the groundwater level (z < 5 m), the effective loosening earth
pressure was larger than the total loosening earth pressure. This indicates that the proposed theory can consider
the contribution of matric suction to the increase in effective confining pressure and increase in frictional
resistance () in the unsaturated zone. Therefore, the more significant arching effect in unsaturated ground, which
is known to occur, can be appropriately evaluated. On the other hand, the correlation between total and effective

loosening earth pressure magnitudes is reversed in the saturated zone below the groundwater level.

Vertical earth pressure, o.,0 ' [kPa]

0 50 100 150 200
0rC —— —— e o
[ Total stress, Effective stress,
[ o, :
[ Initial stress —0— —
I Proposed theory —O— ——

Fig. 4.7 Depth vs. total and effective loosening earth pressures in unsaturated ground (Groundwater level, Hy = 5.0 m).

4.2.3 Loosening earth pressure in different types of unsaturated ground (sand, loam and silty clay soils)

The loosening earth pressure in three types of unsaturated ground (sandy, loamy, and silty clay soils) were
investigated. The same physical properties were assumed for the different ground types as shown in Table 4-1.
The distributions of soil suction in the different ground types were identical as shown in Fig. 4.3 (b). This is
because the groundwater levels were identical (H,,= 5.0 m). However, vertical distribution of the degree of

saturation were different (Fig. 4.3 (c)) as different sets of parameters (Table 4-2; Hodnett and Tomasella, 2002)
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were applied for the soil-water characteristic curves. Differences in the distributions of degree of saturation

resulted in differences in the distribution of wet density as shown in Fig. 4.3 (d).

Total earth pressure, o [kPa] Effective earth pressure, o [kPa]

0 40 80

r ——— Sand
—L4— Loam

Depth, z [m]
(9]
Depth, z [m]
W
T

—o— Clay

10
(2) (b)

Fig. 4.8 Vertical distribution of (a) total loosening earth pressure; (b) effective loosening earth pressure in sand, loam and silty clay

Ju—

0,

(overburden height, H = 10 m, and groundwater level, Hy, = 5.0 m).

Figure 4.8 shows the distributions of the loosening earth pressure for the three ground types. The effective earth
pressure in clay and loam ground is much higher than that in the sandy ground. This suggests that shear resistance
of the soil along the sliding surfaces, which is usually referred to as “arching effect”, becomes more substantial
in the clayey and loamy ground compared with the sandy ground. This can explain why the excavation of a
tunnel in the sandy ground is relatively more challenging than that in the clayey and loamy ground. However,
the differences between the total loosening earth pressures of the ground types is small, although the total

loosening earth pressure in the sandy ground is slightly higher than that in the other types of soils.
4.3 Effect of the depth of groundwater level on loosening earth pressure

A series of simulations was carried out using the proposed theory using different groundwater levels to explore
its effect on loosening earth pressure. The trapdoor width, D, was fixed to 10.0 m throughout this section.

The overburden height, H, was set to 1.0D and the groundwater level, H,, was set to different depths (0.0 m, 2.5
m, 5.0 m, 7.5 m and 10.0 m) for each simulation. Figure 4.9 shows the vertical distributions of the degree of
saturation, S,, the product of suction and degree of saturation, sS,, and total and effective loosening earth
pressures. As the effective stress, g, in equation (4.8) can be decomposed into net stress, 0¢ (= g, — u,), sS;
represents the contribution of suction on the increase in effective confining pressure. In the case of a deeper H,,,,
the degree of saturation was smaller at any depth in the unsaturated zone (Fig. 4.9 (a)) and the wet density was
also lower. This made overburden pressure lower in the deeper H,, case. Meanwhile, sS, is larger (Fig. 4.9 (b))
in the deeper H,, case, which made effective loosening earth pressure become higher (Fig. 4.9 (d)). According
to equation (4.9), the shear resistance along the vertical slip surfaces, which works to reduce the vertical earth

pressure on the trapdoor, also becomes more substantial in the case of a deeper H,,. Owing to the effects of a
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lower overburden pressure and higher shear resistance, the total loosening pressure becomes significantly smaller
in the deeper H,, case.

The effect of the groundwater level on the loosening earth pressure acting on the trapdoor was further
investigated under different overburden height, H(< 30.0 m), and the depth of groundwater level, H,, (=
0.0,5.0,10.0,15.0,20.0 m). Figure 4.10 (a) and 4.10 (b) show the total and effective loosening pressures
normalized by total and effective overburden pressure at the depth, H, of 1.0D, respectively (where pg,: and

Psup are the saturation and submerged densities, respectively).

Degree of Total earth Effective earth
saturation, S s § [kPa] pressure, o [kPa] pressure, o' [kPa]
r r z z
(9.4 06 0.8 1.00 25 50 0 40 80 120 160 0O 100
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== 0 1 0 T T 1 T 1
- [ —2— Hw=0.0m
VA i —o— Hw=25m
- —s— Hw=50m
L L —vV—Hw=75m
= St 5 350 o Hw=100m
ii 10~ 10 10+
(d)

W

Depth, z [m]

10
Trapdoor (a) (b) (©)

Fig. 4.9 Vertical distribution of (a) degree of saturation; (b) product of degree of saturation and suction; (c) total loosening earth
pressure; (d) effective loosening earth pressure in loamy ground (overburden height, /= 10 m, and groundwater level, H» = 0.0,

2.5,5.0,7.5, 10.0 m).
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Fig. 4.10 Overburden height vs. (a) normalized total loosening earth pressure; (b) normalized effective loosening earth pressure in
unsaturated ground at different groundwater levels (overburden height, /= 0.0-3.0D, width of trapdoor, D = 10 m, and groundwater

level, H»=0, 5, 10, 15, 20 m).

The total loosening earth pressure became higher both with the increase in overburden height, H, and decrease
in the groundwater level, H,,. Therefore, groundwater level and overburden height, had a significant effect on
the total loosening pressure. On the other hand, the mean effective stress varied depending on whether the
groundwater level is shallower or deeper than the overburden height. The effective earth pressure increased

monotonically with the overburden height in the unsaturated zone where the overburden height, H, was less than
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the groundwater level H,,. In the case where the trapdoor is located below the groundwater level (H > H,,), the
effective loosening earth pressure would still increase with the increase in the overburden height when H,, = 5.0

m, but it would decrease with the overburden height when H,, is 10.0 m or larger.

4.4 Scale effect on loosening earth pressure

The characteristics of the loosening earth pressures in unsaturated ground were further investigated in terms of
the scale effect. In this section, a series of simulations were carried out by varying the width of the trapdoor, D
(i.e. 5.0 m, 10.0 m, and 20.0 m). For each trapdoor width, the overburden height, H, was varied from 0.0 to 3.0D
with keeping the ratio of the groundwater level, H,,, to the trapdoor width constant.

4.4.1 Scale effect in saturated ground (H./D = 0)

The scale effect on the total and effective loosening earth pressures in the fully-saturated ground (H,, = 0.0 m)
was investigated herein. Figure 3.11 shows the total and effective loosening earth pressures normalized by the
corresponding overburden pressures for the overburden height of 1.0D. The normalized total and effective
loosening earth pressures were identical, regardless of the width of the trapdoor, D. Therefore, trapdoor scale

can be ignored in fully-saturated ground, which has been demonstrated by previous studies (e.g., Evans, 1984).

Total earth pressure, o [x P, g D] Effective earth pressure, o [x P g D]
S z S U
— 0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6 0.8 1.0
Q 00 T T T 1 00 T T T T 1
s
T 051 0.5F
f{) 1.0 1.0
£ 15¢ 15
5
"g 20 20r A D= 5m
i) L _ | | —o— D=10m
§ 25 Hu/D=00 2.5 o hom
O 3.0"- 3.0
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Fig. 4.11 Vertical distribution of (a) total loosening earth pressure; (b) effective loosening earth pressure in saturated, loamy ground
(overburden ratio, H = 0.0-3.0D, and groundwater level, H. = 0.0D).
4.4.2 Scale effect in unsaturated ground (H.,/D > 0)

The scale effect on the total and effective loosening earth pressures in the partially-saturated ground for three
kinds of groundwater level ratio, H,, /D, were investigated. The total and effective loosening earth pressures
were normalized by their initial values of saturated ground for the overburden depth of 1.0D .

Figure 4.12 shows the vertical distribution of the normalized total and effective loosening earth pressures, degree
of saturation, and wet density for the case where the groundwater level, H,,, was 1.5D. The normalized total and
effective pressures in the unsaturated zone for the different trapdoor widths were different, which implies

trapdoor scale affects the normalized loosening earth pressure in the unsaturated ground. For the case of the
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larger trapdoor width, the normalized effective loosening earth pressure in the unsaturated zone tended to be
lower and the normalized total loosening earth pressure tended to be higher. These differences in the distributions
of the normalized loosening pressures are related to the differences in the distributions of saturation degree and
wet density.

Figures 4.13 and 4.14 show the distributions of the normalized loosening pressures, degree of saturation, and
wet density for the cases where the groundwater level, H,,, was 0.5D and 2.0D, respectively. The scale effect
was more significant in the higher H,, case. This is because, in the higher H,, case, the unsaturated zone was
thicker, suction tended to be stronger, and the shear resistance along the slip surfaces was larger.

These results suggest that the scale effect on the normalized total and effective loosening earth pressure exists in
unsaturated grounds, especially with the deeper groundwater levels. This should be considered in the excavation

shallow tunnels in unsaturated ground.
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Fig. 4.12 Vertical distribution of (a) degree of saturation; (b) wet density; (c) normalized total loosening earth pressure; (d)
normalized effective loosening earth pressure in loamy ground (overburden, H = 0.0-3.0D, and the groundwater level ratio, Hw =

1.5D).
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Fig. 4.13 Vertical distribution of (a) degree of saturation; (b) wet density; (c) normalized total loosening earth pressure; (d)
normalized effective loosening earth pressure in loamy ground (overburden ratio, H = 0.0-3.0D, and the groundwater level ratio,

Hy= OSD)
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Fig. 4.14 Vertical distribution of (a) degree of saturation; (b) wet density; (c) normalized total loosening earth pressure; (d)

normalized effective loosening earth pressure in loamy ground (overburden ratio, H = 0.0-3.0D, and groundwater level ratio, Hw

=2.0D).

4.4.3 The uniqueness of loosening pressures in unsaturated ground

Degree of saturation,

0.4

0.6

S

-

0.8

1.0

SSr [X psubgD]

Effective earth pressure,

O-z’ [X psubgD]

Total earth pressure,
0. [X Py D]

000204060810 0.0020406081012 0.0 02 04 06 08 1.0
0.0———————>= 0.0 0.0 \ \ ‘ ‘ ‘

0.0 i
0.5
1.0
1.5
2.0
2.5
3.0

Overburden height, H [x D]

@

Fig. 4.15 Vertical distribution of (a) normalized degree of saturation; (b) normalized sS,; (c) normalized effective loosening earth

0.5 05+ 0.5}
1.0+ 1.0+ 1.0}
1.5+ 1.5+ 1.5}
2.0 2.0 X 2.0

2.51 254 25+
300 300 300

(b)

(©

—24— D= 5m, a*=2.0c
— 00— D=10m, a*=1.0c
—OC—D=20m, a*=0.5c

N

(d)

pressure; (d) normalized total loosening earth pressure in loamy ground (overburden ratio, H = 0.0-3.0D, and groundwater level

ratio, Hw = 2.0D).

Table 4-3 Scaled parameters of the soil-water characteristic curves for different overburden heights.

D=5m D=10m  D=20m
Simax 1.000
Somin 0.298
a (kPa™) 0.492 0.246 0.123
m 0.316
n 1.461

In this section, we investigated the uniqueness of total and effective loosening earth pressures in partially-

saturated ground by varying width of trapdoor (e.g., 5 m, 10 m, 20 m) and keeping the identical overburden ratio,

H /D of 3 and groundwater ratio, H,,/D of 2. Herein, the swcc model is normalized by varying the parameter of
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swece model, a*. a* is assumed to be equal to 2.0a, 1.0, 0.5a (« is given in Table 4-1) as shown in Table 4-3
when the width of Trapdoor, D is 5 m, 10 m, 20 m. Then the normalized degree of saturation, the normalized
product of suction and normalized degree of saturation, normalized total and effective loosening pressures are
shown in Figure 4.15.

As show in Figure 4.15, we can see that the distribution of the normalized degree of saturation and the sS,
normalized by initial effective overburden pressure at the depth, H, of 1.0D are identical as overburden height
increases. And it is revealed that the uniqueness of the normalized total and effective loosening earth pressures
are observed after scaling the initial effective overburden pressure and the SWCC. The normalized total
loosening earth pressure increases as overburden height increases. However, as the overburden height increases,
the change of the normalized effective loosening earth pressure depends on the groundwater level, it increases

above the groundwater level and decreases below the groundwater level.
4.5 Scale effect in unsaturated ground predicted by the proposed theory

In section 3.6, the scale effect in unsaturated ground was not observed, the probable reason was that the limitation
of the scale size of apparatus. Therefore, we intended to apply the proposed theory to predict the scale effect.
For the application of the proposed theory, the parameters for the soil-water characteristic curve of Toyoura sand,
the internal friction angle of Toyoura sand, and lateral earth pressure coefficient should be determined firstly.

4.5.1 Parameters determination for the proposed theory

Soil-water characteristic curve

As discussion in 4.1.1, van Genuchten equation (1980) was utilized in the proposed theory, in which there were
four parameters of Syin, @ m, n. Unno at al. (2008) carried out a test to obtain the relationship of suction and
degree of saturation following a drying path of Toyoura sand. Hence, experiment data (Unno at al., 2008) was
adopted to determine the parameters in van Genuchten equation (1980), which was listed in Table 4-4. Then the

observed swcc of Toyoura sand and that predicted by van Genuchten equation (1980) was shown in Fig. 4.16.

10.0

o Experiment
— Predicted

Suction, s (kPa)
wh
o
T

00 L . | 1 . 1 .
0 20 40 60 80 100
Degree of saturation, Sr (%)

Fig. 4.16 Soil water characteristic curves for Toyoura sand.
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Table 4-4 Parameters of the soil-water characteristic curves for Toyoura sand.

Smax 1.00 Maximum degree of saturation
Smin 0.06 Minimum degree of saturation
a (kPa™l) 0.24 Fitting parameter
m 0.71 Fitting parameter
n 3.54 Fitting parameter

Internal friction angle

The internal friction angle of Toyoura sand was determined by direct shear test, herein, the relationship of normal
stress and residual shear stress was shown in Fig. 4.17. Hence, internal friction angle of Toyoura sand could be
determined as 33.7 degree.

Even though the previous studies indicated that internal friction angle was sensitive to normal stress level (e.g.,
Palmeira and Gomes, 1996; Zarnani et al., 2011) and inherent anisotropic (e.g., Potts et al., 1987), the internal
friction angle corresponding to residual shear stress was adopted here, so the effect of inherent anisotropic could
be ignored somewhat. For the effect of normal stress level, internal friction angle was underestimated because
normal stress in direct shear test was larger than that in trapdoor test. In this case, the magic parameter, lateral

earth pressure coefficient, would be larger, so that the theoretical result could still capture the experimental result.
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Fig. 4.17 Internal friction angle was determined by direct shear test.

Lateral earth pressure coefficient

Since the dry density (refer to 3.1.3, p; = 1.57 g/cm?®) parameters of swce and internal friction angle was
determined, the lateral earth pressure coefficient K for the sand ground above a trapdoor could be determined
by comparing the observed loosening earth pressure with that predicted by the proposed theory with different of
K, (=0.8, 1.0, 1.2, 2.0), which was shown in Fig. 4.18. It was shown that the lateral earth pressure coefficient
K was better to be 1.2.
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Fig. 4.18 Lateral earth pressure coefficient was determined by comparison of (a) total loosening earth pressure and theoretical

prediction with different under of Kx; (b) effective loosening earth pressure and theoretical prediction under different value of K.

4.5.2 Scale effect in saturated and unsaturated ground
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Fig. 4.19 Scale effect was investigated by (a) total loosening pressure (x psagH); (b) effective loosening pressure (x psusgH).
Based on the parameters determined in above paragraph, the proposed theory could be applied to predict the
scale effect in saturated and unsaturated ground. Overburden ratio was identical (H/D = 2.0), the depth of
groundwater level was 0.0, 0.5, 1.0 H respectively. The total and effective loosening earth pressures were
normalized by total initial pressure (ps gH) of saturated ground and effective initial pressure (pus» gH) of
saturated ground respectively. The normalized loosening earth pressure under different width of trapdoor for
saturated ground (H,, = 0.0 H) and unsaturated ground (H,,= 0.5, 1.0 H) were shown in Fig. 4.19. For the trapdoor
test in saturated ground, both the observed normalized total and effective loosening earth pressure and that
predicted by the proposed theory were identical even if width of trapdoor was different, which meant there was
no scale effect in saturated ground.

For trapdoor test in unsaturated ground, the observed normalized total and effective loosening earth pressure
with different width of trapdoor (D = 10, 20 cm) were the same, however, the predicted normalized total and

effective loosening pressure with different width of trapdoor were not a straight line, especially the ground was
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totally unsaturated (H,, = 1.0 H), which meant scale effect in unsaturated ground existed. The scale effect for
trapdoor test in unsaturated ground could not be observed, because the limitation of scale size of width of

trapdoor.
4.6 The observed loosening earth pressure compared with that predicted by the proposed theory

Based on the experiment result in chapter 3 and the proposed theory, the comparison of observed and predicted
total and effective loosening earth pressures were explored, which was shown in Figs. 4.20 and 4.21. For most
of trapdoor tests in saturated and unsaturated ground, it was carried out for three times to validate the repeatability
of experiment result. We could see that the observed total and effective loosening earth pressure was consistent
with that predicted by the proposed theory. It was revealed that the proposed theory could precisely evaluate the

loosening earth pressure acting on a trapdoor, and it could be adopted in practice project in future.
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Fig. 4.20 The comparison of experimental and predicted (a) total loosening pressure (D = 10 cm); (b) effective loosening pressure

(D =10 cm).
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Fig. 4.21 The comparison of experimental and predicted (a) total loosening pressure (D =20 cm); (b) effective loosening pressure

(D =20 cm).
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4.7 Summary

A simple theory for evaluating loosening earth pressure acting on a shallow trapdoor in unsaturated ground was
proposed in this paper. The proposed theory was developed based on the limit equilibrium method by combining
Bishop's effective stress for unsaturated soils, a classic soil-water characteristic curve, and Mohr-Coulomb
failure criteria. The proposed theory predicted valid loosening earth pressures in both fully-saturated and fully-
dried grounds compared to pressures calculated by Terzaghi’s theory.

Differences in effective loosening earth pressure were demonstrated for different types of unsaturated ground
(sandy, loamy and silty clay grounds). In unsaturated ground with high water retention (such as clay soils), higher
effective confining pressure and higher shear resistance along the slip surfaces can be expected.

Depth of the groundwater level was shown to have a significant effect on total and effective loosening earth
pressures. In unsaturated ground, the total loosening earth pressure was lower than in the saturated ground, but
the effective loosening earth pressure tended to be higher. Therefore, the mechanical stability of a shallow tunnel
in unsaturated ground will vary with groundwater level fluctuations.

The normalized loosening pressure was identical irrespective of scale in fully-saturated ground, confirming that
the scale effect is not significant in fully-saturated ground. In unsaturated ground however, the scale effect on
the normalized loosening earth pressure was significant, especially in the case of deeper groundwater level. With
a wider trapdoor, the normalized effective loosening earth pressure in the unsaturated zone tended to be smaller,
but the normalized total loosening earth pressure tended to be larger.

However, we can also see that the uniqueness of loosening earth pressures is emerged as the loosening pressures
and swce model are normalized by initial pressures and modified swce parameter a. So by scaling overburden
height, loosening pressures and swcc, the scale effect on loosening pressures can be ceased.

Furthermore, the scale effect in unsaturated ground was predicted by the proposed theory, which successfully
verified that scale effect in unsaturated ground was existed, it could not be observed in trapdoor test because the
limitation of scale size of width of trapdoor. The comparison result of the observed loosening earth pressure with
that predicted by the proposed theory was also shown the proposed theory was simple and rational to evaluate

loosening earth pressure in unsaturated ground.
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CHAPTER 5 THEORIES TO PREDICT THE DISTRIBUTION OF EARTH PRESSURE

In chapter 4, the predicted loosening earth pressure acting on a trapdoor was explored, which was an average
pressure. However, experimental result (e.g., Evans, 1984; Kikumoto, 2004) have shown that the distribution of
loosening earth pressure on a trapdoor is a symmetric parabola. There are few studies to theoretically evaluate
the distribution of loosening earth pressure acting on trapdoor and stress redistribution around the trapdoor.
Tamura (2001) proposed a theory to predict the distribution of the passive earth pressure acting on a trapdoor by
extending Terzaghi’s theory (1943), in which the ground was assumed to be dry state. Kikumoto et al. (2004)
also proposed a theory to predict the stress redistribution at stationary zone. However, there is no study on the
evaluation of the distribution of loosening earth pressure and stress redistribution in unsaturated ground.
Therefore, in this chapter, theories for predicting the distribution of loosening earth pressure across a trapdoor
and stress redistribution around the trapdoor respectively were deduced based on the proposed theory and
previous theories for trapdoor test in dry ground (Tamura, 2001; Kikumoto et al., 2004). Furthermore, the
theories were applied to capture the distribution of earth pressure for trapdoor test in saturated and unsaturated

obtained in chapter 3.

5.1 Theories for the distribution of earth pressure

5.1.1 A theory I for the distribution of loosening earth pressure

A soil element X x+ dx
7(x,2) 7(x + dx, z)
H
[ eganras
0
o,(x,H)
D
(a) (b)

Fig. 5.1 Schematic diagram of (a) active trapdoor model in unsaturated ground; (b) stress distribution on a soil element.

To evaluate the distribution of loosening earth pressure on a trapdoor in unsaturated ground, the schematic view
of active trapdoor model is adopted as shown in Fig. 5.1 (a). A trapdoor is located at depth of H, the depth of the
groundwater level from the ground surface is defined as H,. The vertical axis z is along the center line of the

trapdoor from the ground surface as the origin. Horizontal axis x is the distance to the origin, which is in the
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range of [-D/2, D/2]. Two vertical failure surfaces are assumed to be developed from the edges of the trapdoor
to the ground surface. A small soil element is taken out, on which the stress distribution is shown in Fig. 5.1 (b),
herein, the shear stress 7(x, z) and loosening earth pressure oz (x, z) vary in both vertical and horizontal direction.
By applying the limit equilibrium theory in vertical direction, the first equilibrium equation based on vertical
force acting on the soil element above the trapdoor is given as below.

H H

H
—0o,(x, H)dx — f T(x +dx,z)dz + f (prgdx)dz =0 (5.1
0

0

t(x,z)dz + f

0
where g, (x, H) is the loosening earth pressure acting on a trapdoor; T(x, z) is shear stress in ground above the

trapdoor. By applying Taylor’s expansion, the equilibrium equation (5.1) can be written as

H H
o, (x, H) = fo (0eg) dz + fo af(a’;'Z) dz (5.2)

The equation (5.2) is difficult to calculate directly, hence, a significant assumption made by Tamura (2001)
should be introduced herein, in which the horizontal distribution of loosening earth pressure at any depth of z
should have the same shape except the magnitude g(z) which depends on the depth of z. Obviously, g(z) is
equal to zero at the ground surface (z = 0). Based on the assumption, the loosening earth pressure at any depth

of z can be written as

a,(x,2) = f(x)g(2) (53)

For the shear stress in unsaturated ground, Bishop’s effective stress and Mohr-Coulomb failure criteria are still

able to evaluate it. Hence, by applying equations (4.8) to (4.10), the shear stress can be written as
(x,z) = Kplo,(x,2) — u, + S, (2)s(z)]tang (5.4)
Then, substituting equations (5.3) and (5.4) into equation (5.2) has

H H
FGIg(H) = f (0eg) dz + f Kng(2)tand d2)f (x)’ (5.5)
0 0

where f(x)’ is the first derivative of f(x).

For simplifying the calculation of equation (5.5), herein, two definitions are made as

a=g(H) (5.6 2)

H
B = Kh{f g(2) dz}tang (5.6 b)
0

Therefore, equation (5.5) could be simplified as

H
af (x) = f (0eg) dz + BF (%)’ (5.7)
0

By solving the first-order linear differential equation (5.5) yields
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1 a,
)=~ f (peg) dz + CeP (5.8)
0

where C is a constant parameter, which could be calculated by initial condition of function f (x).

As the actual loosening earth pressure o, (x, z) at any depth of z across a trapdoor is assumed in this section, the
total load applied on the trapdoor can be calculated by integral of actual loosening earth pressure g, (x, z) along
the width of trapdoor. Hence, the average loosening pressure acting on the trapdoor at any depth can be calculated
by dividing total load applied on the trapdoor by area of trapdoor (1 X D), which could be also predicted by the

proposed theory shown in the previous section 4.1. Therefore, the second equilibrium equation is written as

2 D/2
— f 0,(x,z) dx = 0,(2) 5.9
D J,
Then the first assumption of equation (5.3) is applied to equation (5.9), equation (5.9) reduces to
2 D/2
o f@e@dx=0,(2) (5.10)
0
Herein, another two important assumptions are made as shown below.
D/2
= fx)dx=1 (5.11 a)
D J,
9(2) = 0,(2) (5.11 b)

Based on the second assumption of equation (5.11 a), the constant parameter of C in equation (5.8) can be

determined, substituting equation (5.8) into equation (5.11 a) yields

[ (peg)dz — a
C=D2>1—F—— (5.12)

2B(1 — e2P)
Afterward, substituting equation (5.12) into equation (5.8) to determine the function f(x) of the actual loosening

earth pressure yields

H H dz—a a,
r =2 [ gz e p 2 EDE (5.13)
° 26(1 - e2)

For the second item g(H), it can be evaluated by applying equation (5.11 b). Eventually, the distribution of
loosening earth pressure across a trapdoor at depth of H could be evaluated by applying equations (5.11 b) and
(4.13) to equation (5.3), which is written as

H o) dz—a @,
oo H) = F(g(H) = [ (0ug) dz + Da 0 PDL (5.14)
0 28(1 - e7F)

Herein, x is in the range of [0, D/2]. For the actual loosening earth pressure acting on another half side of the
trapdoor (xe[—D/2, 0]), the magnitude of it is the same as that predicted by equation (5.14) because the actual
loosening pressure across the trapdoor is symmetric due to the experiment result (e.g., Evans, 1984; Kikumoto,
2004).
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According to equation (5.6 a) and equation (5.11 b), « is written as

a = g(H) = o,(H) (5.15)

For the calculation of 8, a simple and explicit numerical scheme with incremental depth Az and equation (5.11

b) are applied to equation (5.6 b), which is shown as below.

H i=n
B = Kh{f g(z)dz}tang = Khtan(;bz 0,(i-Az)Az (5.16)
0 i=0

H . . : .
where n (n = —— 1) is a constant parameter. Az is better to set to a quite small value so that the more precision

of  could be obtained.

Overall, the actual loosening earth pressure across a trapdoor in unsaturated ground could be predicted by using
equations (5.14), (5.15) and (5.16). For the theory I, the first left and right derivative of equation (5.14) at the
center point of trapdoor are not identical, which means the curve of actual loosening pressure at center position
of trapdoor is not smooth. However, the experimental result (e.g., Evans, 1984; Kikumoto, 2014) have shown
that the actual loosening pressure acting on a trapdoor is smooth everywhere. Hence, the theory proposed in this
paragraph has a limitation, but the theory I is simple to predict the distribution of loosening earth pressure across
a trapdoor. The theory I will be applied to predict the distribution of loosening earth pressure and compared with
that observed in trapdoor test.

5.1.2 A theory II for stress redistribution

As shown in Fig. 5.2 (a), an active trapdoor problem in unsaturated ground is used in this paragraph. The trapdoor
is located at depth of H, the depth of groundwater level from the ground surface is defined as H,,. Horizontal
axis b is the distance to the end of a trapdoor, depth of z is taken downward from the ground surface. Two vertical
sliding surfaces developed from the edges of the trapdoor are assumed herein. For the prediction of stress
redistribution oz (b, H) around the trapdoor, a soil element in stationary zone is taken out, stresses acting on the
soil element is shown in Fig. 5.2 (b). According to the limit equilibrium theory, the first equilibrium equation on
vertical stress is written as

H H

H
—o,(b,H)db + f (b +db,z)dz + f (prgdb)dz =0 (5.17)
0

0

(b, z)dz — f

0
where g, (b, H) is the stress redistribution around the trapdoor; T(b, z) is shear stress in stationary ground. By

applying Taylor’s expansion, the equilibrium equation (5.17) reduces to equation (5.18), which is written as

H Ha b,
o,(b, H) =f (0:9) dz—f Tgbz) dz (5.18)
0 0

For the shear stress in equation (5.18), it could be evaluated based on Mohr-Coulomb failure criteria and Bishop’s

effective stress (1959). By applying equations (4.8) to (4.10), the shear stress can be written as
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7(b, z) = K¢[0,(b, 2) — uq + S, (2)s(z)]tang (5.19)
A so0il element b, Ib +db
W 3 -
(b, 2) (b + db, z)
i ‘A O ay
H
- Ho [ G gapyaz
trapdoor Y
o.(b,H)
B D ~ &
(a) ®)
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A
T T T T iz(z‘g TptTg T T & T Taz(b, »
Y

Fig. 5.2 Schematic diagram of (a) trapdoor problem in unsaturated ground; (b) stress distribution on a soil element; (c) section A-
A.

Where K; is the coefficient of lateral earth pressure in the stationary ground. By applying the definition of
derivative and equation (5.19) to equation (5.18) yields

H H
o,(b,H) = f (prg) dz — f {K;0,(b, z)tan¢} dz (5.20)
0 0

Equation (5.20) is still not able to do integral directly, hence, a significant assumption (Kikumoto et al., 2004) is
adopted to simplify equation (5.20). The principle of the assumption is that the stress redistribution around a

trapdoor has the same shape at any depth of z except the magnitude g(z). Meanwhile, the function g(z) should
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satisfy one condition that g(z) should be zero at the ground surface (z = 0). By using the assumption (Kikumoto

et al., 2004), the stress redistribution at any depth z around a trapdoor is written as

a,(b,z) = f(b)g(2) (5.21)
Then, by applying equations (5.21) to equation (5.20) has

H H
F(b)g(H) = f (peg) dz —{ f K,g(2)tang dz}f'(b) (5.22)
0 0

where f'(b) is the first derivative of f(b).

For simplifying the calculation of equation (5.22), herein, two definitions are made as

H
B = Ks{f g(2) dz}tang (5.23b)
0

Therefore, equation (5.22) could be written as

H
af (b) = jo (0.9) dz — Bf'(b) (5.24)

By solving the first-order linear differential equation (5.24) yields

1" _a
Fb) =~ f (peg)dz — Ce™P (5.25)
0

where C is a constant parameter, which could be calculated by initial condition of function f(b).

To determine the constant parameter C, the second equilibrium equation is needed. Therefore, the ground above
an arbitrary depth of z is considered here, the stresses acting on the ground is shown in Fig. 5.2 (¢). Herein, shear
stress at the boundary is considered to be zero as the distance to the end of trapdoor B is infinite. According to

the balance of vertical stress, the second equilibrium equation is written as

z B
(D + ZB)f (ptg) dz = 0,(2)D + 2[ a,(b,z)db (5.26)
0 0
By applying the first assumption, equation (5.26) reduces to equation (5.27) as shown below.
B z
2 { f f(b) db}g(z) = (D +2B) f (peg) dz — 0,(2)D (527)
0 0
Herein, based on equation (5.27), another important assumption is made as shown below.
B
Zf f(b)ydb =1 (5.28a)
0
z
9@) = 0 +28) [ (pg)dr = 0,(2)D (5.28b)
0
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Based on the assumption of equation (5.28 a), the constant parameter C could be evaluated. By substituting

equation (5.25) into equation (5.28 a) has

o 2B 1 (peg)dz —

_%p (5.29)
2B(1—e F")
Substituting equation (5.29) into equation (5.25) yielded
H
1 (H 2B [ (prg)dz—a _g,
fb) =~ f (peg) dz — —= ——e F (5.30)
0 2p(1—e F7)

Finally, the stress redistribution around a trapdoor at depth of H could be evaluated by substituting equations

(5.21), (5.28 b) and (5.30), which is written as

H ZBfH(pg)dz—a _a
(b 1) = [ (pug) dz — a =2 SR (531)
0 2B(1— e F%)
Herein, b is in the range of zero to B.
According to equation (5.23 a) and equation (5.28 b), « is calculated as
H
a=g() =0 +28) [ (oig)dz = ,()D (5.32)
0
For the calculation of 8, substituting equation (5.28 b) into equation (5.23 b) has
H z
B = Kstanqﬁf {(D+ 2B)f (prg)dr —o,(z)D}dz (5.33)
0 0

As the second equilibrium equation is established based on an assumption that B is infinite, the equation (5.31)
could continue to be simplified. Herein, two limitations are calculated as following.
o a (D +2B) [, (peg) dz — 0, (H)D
lim (—=) = lim — I ~
Bovet T Bove Kotang [{(D + 2B) [ (peg) dr — 0,(2)D} dz
H
B Jy (prg) dz
- H
KStan¢ fo [foz(ptg) dr] dz
H
Jy (oeg) dz

__ (5.34)
Kstand [ [peg(H — 2)] dz

_ap
lim (1—e B)=1 (5.35)

B—-+0o0
Substituting equations (5.32), (5.34) and (5.35) into equation (5.31) has

H
H H Jy (prg)dz
[f() (ptg) dZ - O-Z(H)]D fO (pt«g) dZ e Kstan(p foH[ptg(H_Z)]dZ (536)

2K tandp [ [peg(H — 2)] dz

H
0.1 = [ (peg)dz+
0
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Chapter 5 Theories to predict the distribution of earth pressure

In this paragraph, a simple theory Il was proposed to predict the stress redistribution around a trapdoor by using
equation (5.36). Meanwhile, as a point is far from the end of trapdoor which means b is infinite, the earth
pressure predicted by equation (5.36) at that point equals to overburden pressure, which is coincide with the
expected result. Obviously, the stress redistribution in stationary zone is symmetric, so the magnitude of earth

pressure at left side of the trapdoor is the same as that evaluated by equation (5.36) at right side.

5.2 Distribution of earth pressure predicted by theory I and I1

To applied theories to predict distribution of loosening earth pressure and stress redistribution, a parameter K
should be determined. As overburden ratio was 2.0, width of trapdoor was 10 cm, the observed distribution of
earth pressure in saturated ground (H,, = 0 .0 cm) compared with that predicted by the theories under various Ks
was shown in Fig. 5.3. Obviously, K, was better to be 0.8 to capture the observed distribution of earth pressure,

and this value for K was also adopted for prediction in unsaturated ground.

20- -
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—_
(=]

Total earth pressure,
O-l (x psa)gH)

00 L E | 1 | 1 | |
0 5 10 15 20 25 30 35 40
Distance from the center of trapdoor, d (cm)

Fig. 5.3 Distribution of earth pressure of trapdoor test in saturated ground for various value of K.

Since the distribution of earth pressure in saturated and unsaturated ground were explored in chapter 3, herein,
the observed distribution of earth pressure was compared with that predicted by Theory I and II, as shown in
Figs. 5.4~5.7. It was shown that the theory I and II could perfectly capture the experiment result in saturated
ground. In unsaturated ground, as overburden height was no larger than 20 cm, the theory I and II could capture
the stress redistribution observed in trapdoor test. However, as overburden height was 40 cm, the predicted stress
redistribution was not consistent with that observed in experiment, the probable reason was that the experiment
result was affected by friction as we mentioned in chapter 3. The theory I could capture the distribution of
loosening earth pressure across a trapdoor as the ratio of the depth of groundwater level to overburden height
was no larger than 0.5. As the ratio of the depth of groundwater level to overburden height was larger than 0.5,
the predicted loosening earth pressure had negative pressure, which meant the theory I still had some limitations,
the shear stress in the ground above the trapdoor was overestimated as suction was large. The theory I should be

improved further in future.
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The comparison of the distribution of earth pressure in saturated ground

—_
wn
1

| Initial pressure

Total earth pressure, o(xo,)

o » 0 Experiment
0.5 L Theoretical
0.0 —_ L 1 1 L | | ]
-20 -10 0 10 20
Distance from the center of trapdoor,d (cm)
(@ H=10cm, D=10cm
/\?‘ 1.5 -
b 5
% a
AT 2
g LOTog@® g% -~ B
bRt s ’
§ Initial pressure B
o - F
= 057 a
= I
“5 0.0 L 1 1 I | ]
= -20 -10 0 10 20

Distance from the center of trapdoor,d (cm)
(b) H=15cm,D=10cm

20

t

Initial pressure
05F

-10 0

20
Distance from the center of trapdoor,d (cm)

(c)H=20cm, D =10 cm

0.0 -_\

Total earth pressure, & (X o )

-20 10

%)

t

Total earth pressure, o (x

Total earth pressure, o (x o)

Total earth pressure, o (x )

—_—
Lh

—_
o

0.5

0.0

0.5

0.0

1.5

1.0

0.5

0.0

Initial pressure

-20 -10 0 10 20 30
Distance from the center of trapdoor,d (cm)

(d)H=10cm, D =20cm

Initial pressure

[ |
-20 -10 0 10 20 30

Distance from the center of trapdoor,d (cm)

(e) H=20 cm, D =20 cm
M %1 o
,,,,,,,,,,,,,, R 1=
o Initial pressure
(@]

. ak
LL | 1 |
-20 -10 0 10 20 30

Distance from the center of trapdoor,d (cm)
(f) H=40 cm, D =20 cm

Fig. 5.4 Distribution of the observed and the predicted earth pressure for trapdoor test in saturated ground (a) H/D =1.0, D =10
cm, Hy=0cm; (b) H/D=1.5,D=10 cm, Hy=0 cm; (¢c) H/D=2.0, D=10 cm, H»=0 cm; (d) H/D=0.5, D =20 cm, H»=0 cm;
(e) HD=1.0, D =20 cm, H»=0 cm; (f) H/D=2.0, D =20 cm, H,w=0 cm.

82



Chapter 5 Theories to predict the distribution of earth pressure

The comparison of the distribution of earth pressure in unsaturated ground
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5.3 Summary

Based on the proposed theory in chapter 4 and the previous contribution (Tamura, 2001, Kikumoto et al., 2004)
for predicting the distribution of earth pressure after trapdoor being lowered in dry ground, the theory I and II
were developed to predict the distribution of earth pressure in unsaturated ground. For the distribution of earth
pressure, the comparison of experiment result and theoretical prediction was also investigated. The conclusion
was that the theory [ and II could predict the distribution of earth pressure after trapdoor being lowered. However,
the theory I for predicting the distribution of loosening earth pressure across a trapdoor had some limitations,
especially the depth of groundwater level was larger than 0.5 H, because the shear strength was overestimated.

The theory I should be improved further in future.
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Chapter 6 Effect of the groundwater level raise on loosening earth pressure after trapdoor test

CHAPTER 6 EFFECT OF THE GROUNDWATER LEVEL RAISE ON LOOSENING

EARTH PRESSURE AFTER TRAPDOOR TEST

As we mentioned in chapter 1, the Ushikagi tunnel was collapsed as the groundwater level increased due to
agriculture irrigation. It was shown that the changing in the groundwater level affected the stability of a tunnel.
To investigate the stability of a tunnel due to the raise of the groundwater level, some tests were carried out in
this chapter. Trapdoor test in unsaturated ground was carried out to simulate tunnel excavation, then trapdoor
was fixed, the groundwater level was gradually raised to ground surface to explore the changing in distribution
of earth pressure and average loosening earth pressure acting on the trapdoor. Furthermore, for the same depth
of groundwater level, loosening earth pressure due to the raise of groundwater level was compared with that due

to trapdoor being lowered.
6.1 Evolution of loosening earth pressure due to the raise of groundwater level

In this section, a series of tests were conducted to explore the effect of raise of groundwater level on loosening
earth pressure. The width of trapdoor was 10 cm, overburden height was 10, 15 and 20 cm respectively, initially,
the depth of groundwater level was 1.0 H. Firstly, trapdoor test was carried out by lowering trapdoor until the
displacement of trapdoor of 5.0 mm, which was denoted as state 0 as shown as in Fig. 6.1. Then trapdoor was
fixed, and the groundwater level was gradually raised to the middle of ground (H,, = 0.5 H), which was denoted
as state 1. As the groundwater level attained to groundwater surface (H,, = 0.0 H), it was denoted as state 2.

As shown in Fig. 6.1, overburden height was 20 cm, the depth of groundwater level was 1.0 H. The effect of the
groundwater level raise on the distribution of loosening earth pressure was shown in Fig. 6.1 (a). The shape of
the distribution of loosening earth pressure was identical, the magnitude of loosening earth pressure became
larger, which was less than initial pressure. However, the earth pressure at the stationary zone was smaller,
because the soil arching effect became weaker as the depth of groundwater level was smaller. Moreover, to
consider the changing in average loosening earth pressure, the relationship of loosening earth pressure and the
depth of groundwater level was shown in Fig. 6.1 (b). It was shown that the average loosening earth pressure
was larger as the groundwater level was raised to ground surface, during which the mass of water flowed in the
ground was also larger. Therefore, one additional test was carried out herein.

The additional test was shown in Fig. 6.2, overburden height was also 20 cm, width of trapdoor was 10 cm, the
depth of groundwater level was 1.0 H. Trapdoor was moved upwards until the displacement of trapdoor of 6.0
mm, which was denoted as state 0. Then trapdoor was fixed, the groundwater level was raised to 0.5 H and 1.0
H, which was denoted as state 1 and state 2 respectively. The distribution of loosening earth pressure due to the
raise of groundwater level was shown in Fig. 6.2 (a). The shape of the distribution of loosening earth pressure
was similar, and the magnitude of loosening earth pressure was smaller, which was larger than initial pressure.

Since the reduction of loosening earth pressure became smaller, the earth pressure at stationary zone was also
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smaller, soil arching effect was also weaker as the groundwater level gradually moved upwards. Meanwhile, the
average loosening earth pressure was smaller as the groundwater level was raised to ground surface, as shown
in Fig. 6.2 (b). In the additional test, the mass of water flowed in the ground was also larger, however, the average
loosening earth pressure was still smaller, which meant the changing in loosening earth pressure was not due to

the increasing of the mass of water.
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The comparison of test shown in Fig 6.1 and the additional test shown in Fig. 6.2 was revealed that the effect of
the increasing of the mass of water due to groundwater level raise on loosening earth pressure could be ignored.
As the groundwater level was raised, shear bands were always existed, the suction was smaller which caused

smaller confining pressure and shear stress, hence, the soil arching effect was weaker, the transfer of the weight
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of soil above a trapdoor to stationary zone was smaller, that was why loosening earth pressure became larger.
And loosening earth pressure was always maximum value as the depth of groundwater level was raised. As width
of trapdoor was 10 cm, overburden ratio was 1.0 and 1.5 respectively, the similar tests were also carried out,
which was shown in Figs. 6.3 and 6.4, the same tendency of the changing in loosening earth pressure due to the

raise of groundwater level was observed.
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6.2 Comparison of loosening earth pressures with different path

In previous paragraph, the changing in loosening earth pressure due to the raise of groundwater level was
investigated. Herein, when the depth of groundwater level was identical, the relationship of loosening earth
pressure due to the raise of groundwater level and loosening earth pressure due to trapdoor being lowered was
explored. As the groundwater level was raised to 0.5 H, for example, loosening earth pressure was compared
with that due to trapdoor being lowered with the depth of groundwater level of 0.5 H. Meanwhile, the loosening
earth pressure due to the raise of groundwater level was also compared with that predicted by the proposed theory
shown in chapter 4. The comparison was summarized in Fig. 6.5. It was revealed that the total loosening earth
pressure was larger as the groundwater level was raised to ground surface, which caused the problem of tunnel
stability. Moreover, the total loosening earth pressure due to the raise of groundwater level was identical with
that due to trapdoor being lowered when the depth of groundwater level was identical, and it was also consistent
with that predicted by the proposed theory, which meant the proposed theory could consider the behavior of
unsaturated soil. The proposed theory could be utilized to predict the evolution of loosening earth pressure due
to the movement of groundwater level in practice project to avoid the problem of tunnel stability, for example,
heavy rain in a short period, or agriculture irrigation. For the effective loosening earth pressure, the difference

of it with different depth of groundwater level was similar.
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Fig. 6.5 The comparison of loosening earth pressure due to the groundwater level raise with that observed by trapdoor being lowered
and that predicted by the proposed theory (a) total loosening earth pressure (D = 10 cm); (b) effective loosening earth pressure (D
=10 cm).
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6.3 Summary

In this chapter, the evolution of loosening earth pressure was investigated as the groundwater level was raised.
Meanwhile, when the depth of groundwater level was identical, the loosening earth pressure due to the raise of
groundwater level was compared with that observed after trapdoor being lowered and that predicted by the
proposed theory. The conclusions were summarized as below:

(1) Loosening earth pressure was larger as the groundwater level was raised to ground surface, because the
confining pressure and shear stress was smaller due to the smaller suction, the soil arch effect was significant
smaller. The larger loosening earth pressure was easy to cause the problem of tunnel stability.

(2) Loosening earth pressure due to the raise of groundwater level was identical with that observed by trapdoor
being lowered and that predicted by the proposed theory when the depth of groundwater level was identical. The
proposed theory could be utilized to evaluate the changing in loosening earth pressure due to the movement of

groundwater level in practice project in future.
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CHAPTER 7 CONCLUSIONS

In this study, soil mechanism of a shallow tunnel excavation in unsaturated ground was explored. Tunnel

excavation was simulated by trapdoor test. Therefore, trapdoor test in saturated and unsaturated ground was

conducted to explore soil mechanics, failure mechanism and surface settlement. Then a theory was also proposed

to evaluate loosening earth pressure in unsaturated ground. Furthermore, the distribution of earth pressure was

evaluated theoretically by theory I and II based on the proposed theory. Finally, some tests were carried out to

investigate the changing in loosening earth pressure due to the raise of groundwater level. According to the

findings in this dissertation, the future research was discussed.

7.1 Conclusions

The key conclusions of this dissertation are shown as following.

Trapdoor test was carried out in saturated and unsaturated ground. It was shown that the loosening earth
pressure gradually decreases from the center to the end of trapdoor, however, at stationary zone, earth
pressure at the end of trapdoor is larger than initial pressure, and gradually decreases to initial pressure when
the distance to the end of trapdoor is larger. Meanwhile, loosening earth pressure rapidly decreases to
minimum pressure as the displacement of trapdoor is 1.0 mm. Moreover, the depth of groundwater level
affects total and effective loosening earth pressure. As the depth of groundwater level is deeper, total
loosening earth pressure is smaller, however, the corresponding effective loosening earth pressure has a
contrary tendency.

The develop of shear bands is affected by displacement of trapdoor, overburden ratio and the depth of
groundwater level. Shear bands in saturated ground is more oblique as overburden ratio is larger. The open
of shear bands in unsaturated ground is smaller as the depth of groundwater level is deeper. Multiple shear
bands were observed in saturated and unsaturated ground. The first shear bands were emerged as the
displacement of trapdoor was 1.0 mm, then the other shear bands inside the first shear bands were observed
as the displacement of trapdoor continued to be larger. The maximum surface settlement was smaller as the
depth of groundwater level was deeper, this was because the larger suction caused larger confining pressure
and shear stress.

The vertical distribution of total and effective loosening earth pressure in unsaturated ground predicted by
the proposed theory is totally different with that in saturated ground. The effect of depth of groundwater
level and types of soils on loosening earth pressure, and scale effect were discussed. Total loosening earth
pressure is smaller as the depth of groundwater level is deeper, however, the corresponding effective
loosening pressure has contrary tendency. Differences in effective loosening earth pressure were

demonstrated for different types of unsaturated ground (sandy, loamy and silty clay grounds). In unsaturated
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ground with high water retention (such as clay soils), higher effective confining pressure and higher shear
resistance along the slip surfaces can be expected.

Scale effect in unsaturated ground is not observed in the experiment, however, the proposed theory identifies
that scale effect should be considered. Contrarily, there is no scale effect in saturated ground, which is
verified by experimental result and predicted result. Furthermore, the observed loosening earth pressure is
consistent with that predicted by the proposed theory, which means the proposed theory is a valid model to
predict loosening earth pressure in practice project.

Theories for evaluating the distribution of earth pressure are effective to capture the observed distribution
of earth pressure, of which one limitation is that the distribution of loosening earth pressure has some
negative pressure.

Loosening earth pressure due to the raise of groundwater level is consistent with that due to trapdoor being
lowered as the depth of groundwater level are identical. Meanwhile, the changing in loosening earth pressure
due to the raise of groundwater level can be predicted by the proposed theory, which means the proposed

theory can consider behavior of unsaturated soils.

7.2 Future research

Mechanism of shallow tunnel excavation in unsaturated ground is explored through trapdoor test in this

dissertation. According to the discussion and conclusions in this study, future research activities are summarized

as following.

The theories for evaluating the distribution of earth pressure would be improved further to eliminate its
limitation.

Loosening earth pressure in saturated ground is obtained initially by trapdoor test, then the depth of
groundwater level is gradually decreased to explore the changing in loosening earth pressure. Meanwhile,
loosening earth pressure due to the decrease of groundwater level is compared with that due to trapdoor
being lower and that predicted by the proposed theory as the depth of groundwater level is identical.

Since an unsaturated soil model haves been proposed (Kikumoto et al., 2010), I intend to apply the model

to do some simulation to explore soil mechanics of trapdoor test.
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