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Variation of Soil Density and Earth Pressure

due to a Strip Compaction

Student : Yu-Lun Chien Advisor : Dr. Yung-Show Fang
Institute of Civil Engineering

National Chiao Tung University

Abstract

This paper studies the variation of soil density and earth pressure due to the strip
compaction with a vibratory compactor. In this, study, dry Ottawa sand was used as
backfill material, and the height.of backfill was1.5 m: The initial relative density of the
backfill (Dy) was 34 %. To simulate a 2-way .plane. strain condition in the laboratory,
the friction between the soil.and sidewalls of the soil bin was reduced as much as
possible. Experiments were conducted to investigate ‘the effects of soil densification
with a vibratory compactor. The surface settlement and change of relative density were
measured after compaction. The vertical and horizontal stresses in the soil mass were
measured before and after compaction. Based on the test results, the following
conclusions can be drawn.

1. For loose sand, the vertical and horizontal earth pressure in the soil mass could be

properly estimated with the equation o, =z and Jaky’s equation, respectively.

2. The surface settlement increased with the increasing number of passes of the

compactor. The relationship between the surface settlement and the number of
passes of the compactor could be modeled by the hyperbolic model.

3. After compaction, the range of contours of relative density (D, = 36 %) would

become larger with increasing number of passes.

4. The contours of Ao, were analogous to concentric circles, and the Ao, would



decrease gradually from the central region. The vertical stress increment Aoy
increased with increasing number of passages of the compactor.

5. The contours of Aop formed two circles of high stresses and Aoy decreased
gradually from the center region after the first and the second passes of compactor.
The contours of Aoy were analogous to concentric circles after 4 and 8 passes of
the compactor. The depth of the compaction-induced zone increased with
increasing compaction energy input.

6. Based on the test results, the mechanism of soils after the first pass of the
compactor could be explained by local shear failure. However, the mechanism of
soils after 8 passes of the compactor could be simulated by a steel square pile

driven in sand with a vibratory hammer.

Keywords: sand, model test, compaction;setttement, relative density, earth pressure.
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Chapter 1

Introduction

In the construction of highway embankments, earth dams, and many other
engineering structures, engineers will compact loose soils to increase their unit
weights. The objective of the compaction operation is to improve the
engineering properties of soil such as increasing the fill bearing capacity or
reducing settlement. In various'methods of campaction, vibratory compactions
are used mostly for the densification of granular soils as shown in Fig. 1.1.

Before compaction, the.vertical earth pressure is calculated by the equation
o, =y, and the horizontal ‘earth -pressure_is estimated with Jaky’s formula.
Many researchers had conducted. studies regarding soil compaction, however
most of their investigating were focused on compaction-induced stresses. It
should be mentioned that the effects of compaction on a soil mass are not
limited to stress change only. This study discusses the compaction-induced
effects on a loose sandy soil which includes: (1) the surface settlement; (2) the
change of relative density; (3) the change of vertical stresses; and (3) the
change of horizontal stresses in the soil mass. Based on the experimental

evidence, the mechanism of soil behavior under compaction is preposed.

1.1 Objectives of Study

Compaction is a particular kind of soil stabilization methods and it is one of the

oldest methods for improving existing soil or man-placed fills. To analyze the residual



lateral earth pressure induced by soil compaction, several methods of analysis have
been proposed by Rowe (1954), Broms (1971), Ingold (1979), Duncan and Seed
(1986), Peck and Mesri (1987) and other researchers. However, little information
regarding the mechanism of the compacted soil has been reported. From a practical
point of view, this study simulates the strip compaction with a vibratory compactor on
the surface of a loose granular soil in the field. The tests results include the change of
soil density and the change of stress in the soil mass due to compaction. Based on the
test data, the mechanism of the compacted soil due to the strip compaction on the
surface of a sandy soil mass is proposed. All experiments mentioned in this study were
conducted in the National Chiao Tung University (NCTU) non-yielding retaining wall
facility that is described in Chdpter 3. The harizontal and vertical stresses were
measured with the soil pressure transducers (SPTs): which were embedded in the

backfill.

1.2 Research Outline

This research utilizes the NCTU model wall facility to investigate the effects of
compaction. The review of at-rest earth pressure theories and compaction-induced
stresses are summarized in Chapter 2. Details of the experimental apparatus for this
study are discussed in Chapter 3. The characteristics of backfill and the method used to
reduce the sidewall friction are introduced in Chapter4. Chapter 5 discusses the test
results for loose sand before compaction.

To investigate effects of compaction, the backfill was prepared by air-pluviated
method and then compacted with a vibratory compactor. To decide the procedure of
compaction, pilot tests were carried out and introduced in Chapter 6. Test results

regarding surface settlement and change of relative density after 1, 2, 4 and 8 passes of



the vibratory compactor on the sand compaction line are reported in Chapter 6. Chapter
7 and Chapter 8 discuss the change of vertical stress and horizontal stress due to
compaction, respectively. Based on the test results, the mechanism of the compacted

soil as a result of the strip compaction is proposed.

1.3 Organization of Thesis

This paper is divided into the following parts:

1. Review of past investigations regarding soil compaction (Chapter 2)

. Description of experimental apparatus (Chapter 3)

. Characteristics of the backfill andithe'soil:bin (Chapter 4)

. Experimental results for loose sand (€hapter 5)

. Surface settlement and density change due to compaction (Chapter 6)
. Change of vertical stresses due to compaction (Chapter 7)

. Change of horizontal stresses, and the mechanism of failure (Chapter 8)

0o N o o b~ w DN

. Conclusions (Chapter 9)



Chapter 2

Literature Review

The Jaky’s formula (1944) is commonly used to calculate the earth pressure
at-rest. To improve the engineering properties, contractors are generally
required to compact the loose soils to increase their unit weights and reducing
settlements. Previous studies associated with the compaction-induced effects
such as the change of soil dengity, the change.of stresses in the soil mass and

mechanism of soils under compaction-are discussed in this chapter.

2.1 Earth Pressure’At—Rest

2.1.1 Coefficient of Earth/Pressure At—Rest

As shown in Fig. 2.1(a), a soil element A located at depth z is compressed by

the overburden pressure o, =jz. During the formation of the deposit, the

element A is consolidated under the pressure o,. The vertical stress induces a

lateral deformation against surrounding soils due to the Poisson’s ratio effect.
Over the geological period, the horizontal strain is kept to be zero and the
surrounding soil would develop a lateral stress to counteract the lateral
deformation. A stable stress state will develop that the principal stresses acts

o, and o, on the vertical and horizontal planes, as shown in Fig. 2.1(b).

The soil in a state of static equilibrium condition is commonly termed as the

Ko condition. Donath (1981) defined the ratio of the horizontal stress o, to



vertical stress o, is defined as the coefficient of earth pressure at-rest, Ko, or

K, =% (2.1)

\

since o, =)Z, then o, =K_yZ, where yis the unit weight of soil.

For an isotropic soil element shown in Fig. 2.2, if the soil behaved as an
ideal elastic material, based on the mechanics of materials, the lateral strain g

can be expressed as:

£.=22 Y5 +5) (2.2)
VT TE T
or
[oX 1%
e i, +o,) (2.3)

where E is the elastic modulus and vis the Poisson’s ratio of the soil.
Base on the definition .of the at-rest’condition,: the lateral strain would be

zero under the application ‘of stress state-and the .o, = K o,. Then the Eq. 2.3

can be written as:

& :é(KoaV -K,o,-vo,)=0 (2.4)

K, = (2.5)

It should be mentioned that Eq. 2.5 is applicable for the isotropic and elastic
materials only. However, the behavior of soil element is more complex and far
from these assumptions. It is evident that the relationship between K, and
elastic parameter, v of Eq. 2.5 is obsolescent for predicting in-situ horizontal

stress.



2.1.2 Jaky’s Formula

Several scholars attempted to set up a theoretical relationship between the
strength properties of a soil and K,. The empirical relationship to estimate K, of
coarse-grained soil is discussed in the following section.

Mesri and Hayat (1993) reported that Jaky (1944) established a relationship
between K, and maximum effective angle of internal friction ¢ by analyzing a
talus of granular soil freestanding at the angle of repose. Jaky (1944) supposed
that the angle of repose is analogous to the angle of internal friction ¢. This is
reasonable for sediment, normally consolidated material. Jaky (1944) reasoned
that the sand cone OAD in Fig. 2.37i8 in"a state of equilibrium and its surface
and inner points are motionless. Thesherizontal pressure acting on the vertical
plane OC is the earth pressure at-rest. Slide planes exist in the inclined sand
mass. However, as OC is a.line of symmetry, sheat stresses can not develop on
it. Hence OC is a principal stress trajectory. Based on the equations of
equilibrium, Jaky expressed the cogfficient of carth pressure at-rest K, with the

angle of internal friction, ¢ :

1+gsin¢

K, :(l—sin¢)l+3sw (2.6)

In 1948, Jaky presented a modified simple expression given by Eq. 2.7.

K, =1-sing (2.7)

Mayne and Kulhawy (1982) reported that, the approximate theoretical

relationship for K, for normally consolidated soils supposed by Jaky appears



valid for cohesionless soils. Using Jaky’s equation to estimate the in-situ lateral

earth pressure is reliable for most engineering purposes.

2.2 Effects of Soil Compaction on Earth Pressure

Compaction a soil can produce a stiff, settlement-free and less permeable
mass. It is usually accomplished by mechanical means that cause the density of
soil to increase. At the same time the air voids are reduced. It has been realized
that the compaction of the backfill material has an important effect on the earth
pressure.

Several theories and analytical, methods have been proposed to analyze the
residual lateral earth pressures indueced by soil compaction. Most of these
theories introduce the =idea' that | compaction represents a form of
overconsolidation, where_stresses .resulting froml a temporary or transient

loading condition are retainéd following removal of this load.

2.2.1 Study of Duncan and Seed

Duncan and Seed (1986) presented an analytical procedure for evaluation of peak
and residual compaction-induced stresses either in the free field or adjacent to vertical,
non-deflecting soil-structure interfaces. This procedure employs a hysteretic K,
-loading model shown in Fig. 2.4. The model is adapted to incremental analytical
methods for the evaluation of peak and residual earth pressures resulting from the
placement and compaction of soil. When the surcharge is applied on the soil surface, it
will increase the vertical stress and the horizontal stress. In Fig. 2.4, as the virgin
loading is applied on the soil, both oy and o, increase along the K, -line (K, = 1-Sing).

Nevertheless, when the surcharge is removed, oy and on would decrease along the



virgin unloading path. As virgin reloading was applied again, the increment of earth
pressure is less than that induced by the first virgin loading.

The hysteretic model may be applied to the analysis of compaction as represented by
a transient, moving surficial load of finite lateral extent by directly modeling loading
due to increased overburden as an increase in vertical effective stress (Ac’y). To model
compaction loading in terms of the peak virgin, compaction-induced horizontal stress
increase (Ac’nycp) is defined as the horizontal effective stress which would be induced
by the most critical positioning of the compactor. The Ac’hvcpcould be evaluated by
the simple elastic analysis if the soil had been previous uncompacted (if the soil had no
“lock-in” residual stresses due to previous compaction). While the hysteretic model is
applied to the analysis of compaction loading cyele; the Ao’y vcp should be transformed

to an equivalent peak vertical load increment (A’ p) calculated as

AO_\'/e =m (2.8)
-6, K

0

It is important to note the peak compaction loading must be based on directly
calculated lateral stress increase rather than directly calculated peak vertical stress
increase multiplied by K,, Ki or some other coefficient. Seed and Duncan (1983)
concluded that either in the free field, or at or near vertical, nondeflecting soil/structure
interfaces, Ao’hycp resulting from surficial compaction loading can be calculated
directly by simple elastic analysis. The parameter of Poisson’s ratio, v for surficial

compaction loading may be chosen according to the empirically derived relationship

V=yv, +%(0.5—V0) (2.9)

where v, =
1+K



Ko = 1-sing

Seed and Duncan (1983) also brought up a simple hand calculation procedure which
results in good agreement with the incremental procedure described above. In Fig. 2.5,
it is apparent the simple hand solution has a good agreement with the incremental

procedure.

2.2.2 Study of Chen

Chen (2002) reported some experiments in non-yielding retaining wall at National
Chiao Tung University to investigateinfluenee of earth pressure due to vibratory
compaction. Air-dry Ottawa sand was usedras backfill material. Vertical and horizontal
stresses in the soil mass were measured in loese sand-and compacted sand. Based on
his test results, Chen (2002) proposed the following conclusions: (1) after compaction,
the lateral stress measured near the 'top of backfill is almost identical to the passive
earth pressure estimated with Rankine theory. The compaction-influenced zone rises
with rising compaction surface. Below the compaction-influenced zone, the horizontal
stresses converge to the earth pressure at-rest, as indicated in Fig. 2.6; (2) when total
(static + dynamic) loading due to the vibratory compacting equipment exceeds the
bearing capacity of foundation soils, the mechanism of vibratory compaction on soil
can be described with the bearing capacity failure of foundation soils; (3) the vibratory
compaction on top of the backfill transmits elastic waves through soil elements
continuously. For soils below the compaction-influenced zone, soil particles are
vibrated. The passive state of stress among particles is disturbed. The horizontal
stresses among soil particles readjust under the application of a uniform overburden
pressure and constrained lateral deformation, and eventually converge to the at-rest

state of stress.



Chen’s test results were compared with the design recommendations proposed by
NAVFAC DM-7.2 (1982), Duncan and Seed (1986), Peck and Mesri (1987), and
Duncan et al. (1991) as shown in Fig. 2.7. Parameter values used in the stress
calculation including the unit weight y relative Dy, internal friction angle ¢, wall
friction angle o, and cyclic compaction stress ogyc are shown in Fig. 2.7. The horizontal
pressure distribution suggested by the Navy Design Manual DM-7.2 was based on the
analytical method proposed by Ingold (1979). The pressure distribution calculated with
the method proposed by Duncan et al. (1991) was obtained from the design chart for
vibratory plates with a cyclic compaction stress q = 34.9 kN/m” (5 psi).

In Fig. 2.7, Chen’s test data are in good agreement with the proposed design
methods. The horizontal stresses 'in the uppermost compacted lift are equal to or
slightly less than the passive Rankine pressure. However, at a lower depth, the Chen’s
test data are apparently lower than the calculated horizontal stresses. It is important
that the application of Chen’s test findings-are: limited to estimating the horizontal

stresses acting on a non-yielding wall induced bya small size vibratory hand tamper.

2.3 Elastic Solutions for a Strip Surface Loading

A simple equation to calculate the lateral pressure increase due to a uniform vertical
strip surcharge was mentioned by Jurgenson (1934). Fig. 2.8 shows the case where a
uniform vertical load of q per unit area is acting on a flexible infinite strip on the
surface of a semi-infinite elastic mass. To obtain the stresses at a point P(x,z), consider
an elementary strip of width ds loaded at a distance s from the centerline of the load.
The load per unit length of this elementary strip is g.ds, and the strip loading can be
approximated as a line load.

The expression for o, given can be presented in a simplified form
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X

o :ﬂ[a—sinacos(a+25)] (2.13)
V4
The expression for 6, given can be presented in a simplified form

z

o :ﬂ[a+sinacos(a+25)] (2.14)
7

where o and 0 are the angle indicated in Fig. 2.8.

The contours of ¢/ qand o,/ q due to the surface strip loading are shown in Fig.
2.9. The units of X and Y axes are the distance from center of the soil bin dividing by
the half width of foundation (B/2).

2.4 Ultimate Bearing Capaeity. of'Shallow Footing

Terzaghi (1943) suggested that the farlure surface in soil at an ultimate load
for a continuous strip footing was SimilartoFig./2.10. The effect of soils above
the bottom of the footing may:be assumed to be replaced by an equivalent
surcharge, g = yDs (where v is the unit weight of soil). The failure zone under
the footing can be separated into three parts: (1) the triangular zone ACD
immediately under the footing; (2) the radial shear zones ADF and CDE, with
the curves DE and DF being arcs of a logarithmic spiral; and (3) two triangular
Rankine passive zones AFH and CEG. Using equilibrium analysis, Terzaghi

expressed the ultimate bearing capacity as:

qu:c'Nc+qu+%yBNy (2.15)

where ¢’=cohesion of soil

v = unit weight of soil

q = Ds

11



N¢, Ng, N, = bearing capacity factors that are nondimensional and are
functions only of the soil friction angle ¢’
Table. 2.1 shows the variation of N¢, Ng, and N, with the soil friction ¢’
(after Kumbhojkar, 1993).
For footings that exhibit the local shear failure mode for strip footing in soils,

Terzaghi (1943) suggested the following modified as:

2, 1
qu:§c NC+qu+57/BNy (2.16)
N, N('], and N'y , the modified bearing capacity factors, can be calculated by

using the bearing capacity factor equations (for N¢, Ny, and N,, respectively) by

replacing ¢ by ¢'=tan”' (% tan ¢).

Vesic (1963) conducted "several | laboratory load-bearing tests on circular and
rectangular plates supported by.soil at'various relative densities of compaction. On the
basis of experimental results, Vesic (1973) defined the three types of the bearing
capacity failure mode including general shear failure, local shear failure and punching
shear failure. Fig. 2.11 indicates the typical load-settlement relationship for these
failure modes. The failure modes are dependent on the relative density of soil and the
depth of embedment Ds as shown in Fig. 2.12. In Fig. 2.13, Vesic (1973) suggested that
as the loaded soil fails, the composite failure surface would develop along bede and
acd;e;. The stresses of sand in zone I belong to active state. Zone II is known as the

zone of radial shear, and zone III is identical to the passive Rankine zone.

2.5 Stresses in Soil during Penetration Test

Meyerhof (1976) proposed the ultimate load-carrying capacity of pile as

12



shown in Fig. 2.14. The ultimate load-carry capacity Q, of a pile is given by the
equation:

Q, =Q, +Q, (2.17)

where Qp = load-carrying capacity of the pile point
Qs = frictional resistance (skin friction) derived from the soil-pile
interface
The point bearing capacity (Qp) of a pile in sand generally increases with the
depth of pile in the bearing stratum. Meyerhof (1976) suggested the Q, in sand

by the equation as:

Qp = qup - qu'N: (2.18)

where Ap = area of pile tip
Jp = unit point resistance

q'= effective vertical'stress at the level of the pile tip

N, = the bearing capacity factors

In Fig. 2.15, Meyerhof (1976) suggested the relationship between N; and

soil friction angle ¢’.

Yang (2006) proposed an analytical method to estimate the influence zone
surrounding the tip of a loaded pile in sand. In the framework of the cavity expansion
theory and a confined local failure mechanism, explicit expressions are derived. The
sizes of the upward and downward influence zone are properly linked with the angle of
shearing resistance, the stiffness, the volumetric strain, and the mean effective stress of
the sand at the pile tip. Based on a series of parametric analyses, the mean range of the

influence zone is suggested. Fig. 2.16 shows that the confined local failure mechanism
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provides a fairly good prediction for the end-bearing capacity of displacement piles in
sand. For piles in clean sand, the influence zone above the pile tip is between 1.5D and
2.5D and the zone below the tip ranges from 3.5 to 5.5D as shown in Fig. 2.17, where

D is pile diameter.

2.6 Density Change due to Compaction

In the field, the factors affecting compaction include the thickness of lift, the
intensity of pressure applied by the compacting equipment, and the area over which the
pressure is applied. During compaction, the dry unit weight of soil is affected by the
number of roller passes. Johnson and;Sallberg (1960) used 84.5 kN (19kip) three-wheel
roller to compact a silty clay#in 229 mm(9%in) loose layers at different moisture
contents. The test results shows the growth curve that indicated the dry unit weight of a
soil at a given moisture content increases to a certain point with the number of roller
passes in Fig. 2.18.

In Fig. 2.19, D’ Appolonia et.al. (1969) reported the distribution of the unit weight of
soil with depth for a poorly graded dune sand, for which compaction was achieved by a
vibratory drum roller. Vibration was produced by mounting an eccentric weight on a
single rotating shaft within the drum cylinder. The weight of the roller used for this
compaction was 55.6 kN (12.5 kip), and the drum diameter was 1.19 m (47 in). The
lifts were kept at 2.44m (8ft). The dry unit weight of compacted soil increased with the
number of roller passes. However, the rate of increase in unit weight gradually
decreases after about 15 passes. The dry unit weight and hence the relative density D;
reached maximum values at a depth of about 0.5 m (1.5 ft) and gradually decreased at
lesser depths. This decrease occurs because of the lack of confining pressure toward

the surface.
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Chapter 3

Experimental Apparatus

To investigate the effects of vibratory compaction on the vertical and
horizontal stresses in a cohesionless soil mass, the instrumented non-yielding
model retaining wall facility at National Chiao Tung University (NCTU) was
used. This chapter introduces the NCTU non-yielding retaining wall facilities
and the vibratory compactor «used to densify.the loose backfill. The NCTU
non-yielding retaining wall-facilities -consist.ofithree components: (1) the soil
bin, (2) soil pressure transducers, and (3).the data acquisition system (Chen and
Fang, 2002). The details '0f the-foregoingwapparatuses are described in the

following sections.

3.1 Soil Bin

To simulate a plan strain condition for model test, the soil bin is designed to
minimize the lateral deflection of sidewalls. In Fig. 3.1, the soil bin was fabricated of
steel plates with inside dimensions of 1500 mm x 1500 mm x 1600 mm. The soil bin
was divided into two parts to discuss in the following section: (1) model wall, and (2)
sidewall and end wall.

The model wall shown in Fig. 3.1 is 1500 mm-wide and 1600 mm-high, and 45
mm-thick. To achieve at-rest condition, the wall material should be nearly rigid. It is
hoped that the deformation of the wall could be neglected with the application of earth

pressure. As indicated in Fig. 3.1, twenty-four 20 mm-thick steel columns were welded

15



to the four sidewalls to reduce any lateral deformation during loading. In addition,
twelve C-shaped steel beams were also welded horizontally around the box to further
increase the stiffness of the box.

Assuming a 1.5 m-thick cohesionless backfill with a unit weight y = 17.1 kN/m?, and
an internal friction angle ¢ = 41° was pluviated into the box. A 45 mm-thick solid steel
plate with a Young’s modulus of 210 GPa was chosen as the wall material. The
estimated deflection of the model wall would be only 1.22 x 10 mm. Therefore, it can
be concluded that the lateral movement of the model wall is negligible and an at-rest
condition can be achieved.

The end-wall and sidewalls of the soil bin were made of 35 mm-thick steel plates.
Outside the steel walls, vertical stéel columns and horizontal steel beams were welded
to increase the stiffness of the end-wall and sidewalls. If the soil bin was filled with
dense sand, the estimated maximum deflection of the sidewall would be 1.86 x 10-3
mm. From a practical point of view, the-deflection of'the four walls around the soil bin

can be neglected.

3.2 Soil Pressure Transducer

To investigate the distribution of stress in the backfill, an series of soil pressure
transducers (Kyowa BE-2KCM17, capacity = 98.1 kN/m?) as shown in Fig. 3.2 was
used. The transducers were buried in the soil mass to measure the variation of vertical
and horizontal earth pressure during the filling and compaction process. The five radial
extensions projected from the transducer are used to prevent possible rotation of the
transducer due to filling and compaction. The effective diameter of the transducer is 22

mm and its thickness is 6 mm.
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3.3 Data Acquisition System

A data acquisition system was used to collect and store the considerable amount of
data generated during the tests. In the Fig. 3.3, the data acquisition system is composed
of the following four parts: (1) dynamic strain amplifiers (Kyowa: DPM601A and
DPM711B); (2) AD/DA card (NI BNC-2090); and (3) Personal Computer. The analog
signals from the sensors were filtered and amplified by the dynamic strain amplifiers.
Then, the analog experimental data were digitized by an A/D-D/A card. The digital

signals were then transmitted to the personal computer for storage and analysis.

3.4 Vibratory Compactor

To simulate compaction of ‘backfillin-the field, the vibratory compactor shown in
Fig. 3.4 and Fig.3.5 was made by attaching an ‘eccentric motor (Mikasa Sangyo,
KJ75-2P) to a 0.225 m x 0.225 msteel-plate. 'Fig. 3.6 shows that the eccentric force
can be controlled by adjusting.the number of ecCentric steel plates attached to the
rotating shaft of motor. For this study, a total of sixteen eccentric plates (8+8) were
used. The detailed information regarding the eccentric motor is listed in Table 3.1.
Fig. 3.7 shows the dynamic vertical force Fq measured with a load cell placed under the
base plate of the vibratory compactor with 16 eccentric plate, the corresponding Fy =
1.648 kN. With the static mass of the compactor (w = mg = 0.119 kN), the cyclic
vertical force (static + dynamic) was 1.767 kN. The measured frequency of vibration
was 44 Hz. Assuming the distribution of contact pressure between the base plate (0.225
m x 0.225 m )and soil is uniform, the cyclic normal stress o, applied on the surface of
soil would be 34.9 kN/m? (5.06 psi). It should be mentioned that the distribution of
contact pressure between the foundation and soil varies with the stiffness of the footing.
If the footing is perfectly rigid, the static contact pressure on the footing increases from

zero at the edge to a maximum at the center.
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Chapter 4

Backfill Characteristics

The characteristics of the backfill and the method to reduce the wall friction

are introduced in this chapter.

4.1 Backfill Properties

Air-dry Ottawa silica sand. (ASTM»=C=778) was used as the backfill material
in all experiments. Physical properties of the soil are summarized in Table 4.1.
Grain-size distribution of the backfill-is shown in.Fig. 4.1. The major reasons
to select Ottawa sand as the*backfill"material are listed below.

1. Its round shape, which avoids effect of angularity of soil grains.

2. Its uniform distribution of grain size (coefficient of uniformity C, = 1.78), which

avoids the effects due to soil gradation.

3. High rigidity of solid grains, which reduces possible disintegration of soil

particles under loading.

4. 1ts high permeability, which allows fast drainage and therefore reduces water

pressure behind the wall.

To establish the relationship between unit weight of backfill yand its internal friction

angle ¢, direct shear tests have been conducted. The shear box used has a square (60
mm x60 mm) cross-section, and its arrangement is shown in Fig. 4.2. Before shearing,

Ottawa sand was air-pluviated into the shear box and then compacted to the desired

density. Details of the technique to control soil density are discussed in section 5.1.
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Chang (2000) established the relationship between the internal friction angle ¢ and
unit weight y of Ottawa sand as shown in Fig. 4.3. It is obvious from the figure that soil
strength increases with increasing soil density. For the air-pluviated backfill, the
empirical relationship between soil unit weight » and ¢ angle can be formulated as
follows

é =6.43 7 - 68.99 (4.1)
where
¢ =angle of internal friction of soil (degree)
7= unit weight of soil (kN/m®)
Eq. (4.1) is applicable for = 15.45 ~ 17.4 kN/m® only.

4.2 Reduction of Wall Friction

To constitute a plane strain condition:-for model wall tests, the shear stress between
the backfill and wall should be minimized tonearly frictionless. To reduce the friction
between wall and backfill, a lubrication- layer fabricated with plastic sheets was
furnished for all experiments. Two types of plastic sheeting, one thick and two thin
plastic sheets, were adopted to reduce the interface friction. All plastic sheets were
hung vertically on four walls before the backfill was deposited as shown in Fig. 4.4.

Multiple layers of thin plastic sheets (without any lubricant) were used by McElroy
(1997) for shaking table tests of geosynthetic reinforced soil (GRS) slopes. Burgess
(1999) used three thin plastic sheets to reduce side wall friction in full-scale GRS wall
tests. The wall friction angle was approximately 15° as determined by the shear box
tests. In this study, two thin (0.009 mm-thick) and one thick (0.152 mm-thick) plastic
sheet were adopted for the earth pressure experiments. The friction angle &, developed
between the plastic sheets and steel sidewall could be determined by the sliding block

test. A schematic diagram and a photograph of the sliding block test proposed by Fang
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et al. (2004) are illustrated in Fig. 4.5 and Fig. 4.6. The wall friction angle &, for the
sliding block test was determined using the basic principles of physics. Fig. 4.7 shows
the variation of friction angle dy as a function of the normal stress oy for the plastic
sheet method (1 thick + 2 thin sheeting) used in this study. The measured friction angle
with this method is about 7.5°. It is clear in Fig.4.7 that the interface friction angle &y is
nearly independent of the applied normal stress on. This constancy is an important
advantage in establishing the input soil properties for analytical models that might be
used to analyze the experimental results. For all experiments in this paper, the
lubrication layer wall applied on four walls as indicated in Fig. 4.4. The plastic sheets
not only can help to reduce the friction angle between the wall and the backfill. The
plastic sheets can also help to reduce the reflection. of elastic waves transmitted to the

soil-wall boundaries during compaction.
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Chapter 5

Test Results for Loose Sand

This chapter introduces the distribution of soil density, horizontal and
vertical stresses in the loose sand backfill before compaction. The sections
discussed included: (1) the method to prepare the loose backfill; (2) the method
to control soil density; (3) the measured distribution of soil density in loose

sand; and (4) the distribution of earth pressure.in loose sand.

5.1 Testing Procedure

The testing procedures adopted for this study:for the measurement of relative
density and stresses in the loose backfill are briefly described below.
For the measurement of the relative density:
(1) Sand pluviated into the soil bin by controlling the drop height of soil and
slot opening of the sand hopper.
(2) Density cups placed at the different elevations and locations.
(3) After the soil had been filled up to 1.5 m from the bottom of the soil bin,
soil density cups were dug out from the soil mass carefully.
(4) The weight of the cup and soil was measured and recorded.
For the measurement of the earth pressures:
(1) Sand pluviated into the soil bin by controlling the drop height of soil and

slot opening of the sand hopper.
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(2) Placed the SPTs at the desired locations.
(3) When the backfill was filled up to 1.5 m, the earth pressures were

recorded and stored.

5.2 Distribution of Soil Density

5.2.1 Air-Pluviation of Ottawa Sand

To achieve a uniform soil density in the backfill, Ottawa sand was deposited by
air-pluviation method into the soil bin. The air-pluviation method had been widely used
for a long period of time to reconstitute laboratory sand specimens. Rad and Tumay
(1987) reported that pluviation is"the method that.provides reasonably homogeneous
specimens with desired relative density. Lo Presti et al. (1992) reported that the
pluviation method could be performed for greater specimens in less time.

Das (1994) suggested that relative densities-of 15~50%, and 70~85% are defined
as loose and dense condition, respectively. To achieve loose backfill (D, = 32%), Chen
(2002) adopted the drop height of 1.0 m and hopper slot opening of 15 mm. According
to the test results, Ho (1999) established the relationship among slot opening, drop
height, and density as shown in Fig. 5.1. As a result, the drop height of 1.0 m and
hopper slot-opening of 15 mm are selected to achieve the loose backfill for testing in
this study. Fig. 5.2 shows the method to control the drop height = 1.0 m. In the picture,
a 1.0 m-long rope was hung from the hopper to the surface of the soil to control the
drop distance of soil. In Fig. 5.3, the soil hopper that lets the sand pass through a
calibrated slot opening (15 mm) at the lower end was used for the spreading of sand.

The raining of the Ottawa sand into soil bin is shown in Fig. 5.4.
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5.2.2 Uniformity of Soil Density

To observe the distribution of soil density in the soil bin, the soil density cups were
made. The soil density control cup made of acrylic is illustrated in Fig. 5.5 and Fig. 5.6.
During the preparation of soil specimen, density cups were buried in the soil mass at
different elevations and different locations in the backfill as shown in Fig. 5.7 and Fig.
5.8. After the soil had been filled up to 1.5 m from the bottom of the soil bin, soil
density cups were dug out from the soil mass carefully. Fig. 5.9(a) shows the density
cup was placed in the soil bin and Fig. 5.9(b) shows the weight of the cup and soil was
measured with an electrical scale. The distribution of soil density with depth for loose
sand is shown in Fig. 5.10. The mean rélative depsity is D, = 34.1 % with the standard
deviation of 2.4%. The soil density distributionwas reported by Chen (2002). The test
results are in fairly good -agreement with .data.. The backfill achieved with the

air-pluviation method was logse, D, = 15%~50% as suggested by Das (1994).

5.3 Distribution of Earth Pressure

For comparison purposes, at the beginning of this study, experiments were
conducted to investigate the stresses in an uncompacted backfill. Fig. 5.11 shows the
location of soil pressure transducers to measure the distribution vertical earth pressure
oy with depth. The method to confirm the location and depth of the SPT in the soil
mass is shown in Fig. 5.12. Fig. 5.13 shows the photograph of SPT used to measure
vertical stress in the soil mass. After the backfill had been filled up to 1.5 m thick, the
vertical earth pressure o, measured in the soil mass was illustrated in Fig. 5.14.
Obviously, the vertical pressure increased with increasing depth and the test data were
in good agreement with the equation oy, = yz, where yis the unit weight of the backfill.

The locations of soil pressure transducers to measure the distribution of horizontal
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earth pressure o, were shown in Fig. 5.15. Fig. 5.16 shows the photograph of SPT used
to measure horizontal stress in the soil mass. The distribution of horizontal earth
pressure op with depth was illustrated in Fig. 5.17. In the figure, the earth pressure
profile induced by the 1500 mm-thick loose backfill was approximately linear and was
in good agreement with the Jaky’s equation. Mayne and Kulhawy (1982), Mesri and
Hayat (1993) reported the Jaky’s equation is suitable for backfill in its loosest state.
From a practical point of view, it may be concluded that for a loose backfill, the

vertical and horizontal earth pressure in the soil mass can be properly estimated with

the equation o, =z and Jaky’s equation, respectively.
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Chapter 6

Surface Settlement and Density Change
due to Compaction

This chapter introduces the pilot tests to determine the program of
compaction tests. The surface settlement and change of soil density due to

vibratory compaction are discussediin the fallowing sections.

6.1 Testing Procedure

The testing procedures adopted-—forythe imeasurement of the surface
settlement and change of theé relative density-due to compaction are briefly
described below.

(1) Sand pluviated into the soil bin by controlling the drop height of soil and

slot opening of the sand hopper.

(2) Density cups placed at the different elevations and locations.

(3) After the soil had been filled up to 1.5 m from the bottom of the soil bin,

level the surface of the backfill.

(4) After the first pass of the vibratory compactor, remove the compactor.

(5) Measured the surface settlement on the XZ and YZ - plane..

(6) Soil density cups were dug out from the soil mass carefully. Weight of the

cup and soil was measured and recorded.

(7) Repeated steps (1) through (6), change the number of passes of the
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compactor to 2, 4, and 8 passes.

6.2 Pilot Tests

To investigate the effects of compaction on the surface of a sandy backfill with a
vibratory compactor, a series of pilot tests were conducted at the beginning. The results
of the pilot tests can help a researcher to set up the testing program.

The testing procedure of strip compaction was indicated in Fig. 6.1. The vibratory
compactor was pulled over the compaction lane from the left sidewall to the right
sidewall for the first pass as shown in Fig. 6.2. Then the vibratory compactor was
turned around 180 degrees to compactithe backfill at the second pass from the right to
the left sidewall. As the end, the backfillsbelow:the compaction lane had been densified
with eight passes of the vibratory compactors Each'pass was about 1.5 m-long and
lasted a duration of 70 seconds.

Under a plane strain condition, ‘there was"zero Jateral strain in the longitudinal
direction, and the shear stress on' the ‘intermediate principal plane was by definition
equal to zero. To simulate a plane strain condition in the NCTU non-yielding retaining
wall facilities, the frictional resistance between the soil and the sidewalls should be
minimized as much as possible. For all experiments in this paper, the lubrication layers
were applied on both sidewalls as indicated in Fig. 6.3. As a result, in Fig. 6.3, the
XZ - plane became the intermediate principal plane as shown in Fig. 6.3. For all tests
in this study, the effects of compaction were observed on the XZ — plane. To reduce the
friction on the model wall and the end wall, the lubrication layers were also hung on
them. The plastic sheets not only can help to reduce the friction between the wall and
the backfill. The plastic sheets can also help to reduce the reflection of elastic waves
transmitted to the soil-wall boundaries during compaction.

In Fig. 6.4, the surface of the backfill has changed due to the strip compaction. After
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compaction, a settlement trough was induced apparently on the surface of the backfill.
The method to measure surface settlement on the XZ and YZ — planes was shown in
Fig. 6.5(a) and (b), respectively. To determine the amount of compaction for testing,
the surface settlement of the compaction lane was investigated in pilot tests.

Because of the sidewall friction, the surface settlement measured near the sidewall
was less than the average settlement indicated in Fig. 6.6. Based on the test results,
sidewall effects were limited to the regions about 300 mm from the sidewalls.

Fig. 6.7 shows the compaction-induced surface settlement increased with the
increasing number of passes of the compactor. Based on the test results, a hyperbolic
model relationship between surface settlement S and number of passes N was
established as shown in Fig. 6.8..The surface settlement S was the average settlement
of the seven points (point B=to H) shown-in Fig: 6:7. In Fig. 6.8, the data points
obtained from tests 0701 .and" 0703 indicated - that. the test results were quite
reproducible. Based on the“test results;ypthe—hyperbolic model was established to
estimate the surface settlement S'as-a function of No. of passes of the compactor.

The relationship can be expressed as:

S N
0.0178 +0.0241IN

(6.1)

where S = surface settlement in mm
N = number of passes of the compactor
The asymptote of the hyperbolic model was Smax = 41.5 mm. Table 6.1(a) shows that
the Smax Was divided into five equal parts and their corresponding number of pass was
obtained. In the field, at least 1 — pass of compactor would be carried out to compact
the loose backfill. In Table 6.1(a), 0.6Smax is related to 1.11 pass of the compactor.

However, the non-integer pass of the compactor do not exist for engineering
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applications. Therefore, 1 — pass of the compactor would be the minimal. From a
practical point of view, while the numbers of passes of the compactor were doubled,
the compaction-induced effects would be concerned by engineers. Table 6.1(b) shows
the surface settlement corresponding to 1, 2, 4, and 8 passes. The effects of compaction

associated with 1, 2, 4 and 8 passes of the compactor were discussed in this study.

6.3 Surface Settlement

Before compaction, the height of backfill was 1.5m and the surface of the backfill
was horizontal. After the first pass of the compactor, Fig. 6.9 shows the average
settlement of the compaction laneswas approximately 18.75 mm. The surface
settlement was about 8.3% ofsthe widthyof the vibratory compactor (S/B = 8.3%).
Heaving of sand at the both edges.of the compactor lane was observed in Fig. 6.9. Fig.
6.10 shows the surface settlement profiles after 1, 2, 4:and 8 passes of the compactor. It
is obvious in the figure that".the “surface settlement increased with the increasing
compaction effort.

Fig. 6.11 shows the surface settlement along the compaction lane after the first
pass of the compactor. After compactor was pulled horizontally by the operator on the
compaction lane, the surface settlement was not uniform. The settlements measured
near the sidewall were less than the average surface settlement. Except the regions of
sidewall effect, the surface settlement was in fairly agreement with the average
settlement of 21.8 mm. Fig. 6.12 shows the surface settlement increased with the

increasing number of passes of the compactor.

6.4 Change of Relative Density

By controlling the drop height of soil and slot opening of the sand hopper, a loose
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sand specimen (D,=34%) was prepared testing. To investigate the change of relative
density due to compaction, many soil density cups were embedded in the backfill to
measure the local densities at different locations. To constitute the grid points for
density measurements, the density cups were placed densely as shown in Fig. 6.13 and
Fig. 6.14. The technique to control the location of density cup was described in section
5.2.2. Fig. 6.15 shows the locations of soil density cups placed at the same elevation.
After the desired number of compactor passages, the soil density cups were dug out
from the soil mass and measured carefully.

The relative density of sand at the grid points after the first passage of the compactor
is indicated in Fig. 6.16. By using the Golden Software Surfer 8, the values of D, at
grid points were converted into a:Grapher Grid filé: The Grapher Grid file included the
test data of relative density.=Opening the-file with-the program Golden Software
Grapher 7, the contours of relative density.after the first passage of the compactor can
be obtained as illustrated in Fig 6.17. The-detail-operation of the softwares Surfer 8 and
Grapher 7 are illustrated in Appéndix B. The value of D, of sand at the grid points after
2, 4, and 8 passes of compactor are listed in Appendix C1.

Fig. 6.17 shows the contours of relative density in soil mass after the first passage of
the compactor. Before compaction, the backfill has a uniform relative density of 34%.
The soil density became quite dense (D,=64%) under the vibratory compactor, and the
soil density decreased gradually with the distance from the compactor. From the
relative density of 34% to 65%, the effects of vibratory compaction on soil density
were quite obvious right below the compactor. As the number of passes increased to 2,
4, and 8 passes, more compaction energy was transmitted to the soil. In Fig. 6.18, Fig.
6.19, and Fig. 6.20, the region of dense sand (D,=60%~80%) expanded with the
increasing number of the compactor passes. The maximum relative density below the

compactor was 68%, 72%, and 75%, respectively. The relative density 64%, 68%, 72%
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and 75% are correspond to the dry unit weight 16.3 kN/m®, 16.4 kN/m?, 16.5 kN/m®
and 16.6 kN/m?®, respectively.

Fig. 6.21 shows the relationship between dry unit weight and number of passes of
the compactor in this study. Johnson and Sallberg (1960) used 84.5 kN (19kip)
three-wheel roller to compact a silty clay in 229 mm (9 in) loose layers at different
moisture contents. The tests results in this study were in fairly good agreement with the
tests result in the field reported by Johnson et al. (1960).

Fig. 6.22 shows the comparison between the tests results obtained from this study
and the test results obtained from the field reported by D’Appolonia (1969). The
obvious difference is the depth of the maximum dry unit weight. D’Appolonia et al.
(1969) proposed that the less value of y near the surface was relative to the lack of
confining pressure. However, based on the test results«in this study, the lack condition
didn’t appear. The dry unit-weight decreased gradually with the distance from the
compactor. The vibratory compactor  putyrthe-vertical energy into the sand and the
vibratory compactor compress sand- coercively..In:Table 6.2, it shows the difference
between the laboratory tests in NCTU and the field tests from D’Appolonia et al.
(1969)
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Chapter 7

Change of Wertical Stresses due to
Compaction

This chapter reports the variation of vertical earth pressure Aoy in a
cohesionless soil mass due to compaction. The following sections include the
distribution of vertical stress under thé compaction lane and the vertical stress

change 4oy in the soil mass due to thescompaction.

7.1 Testing Procedure

The testing procedures adopted for the  measurement of change of the
stresses after compaction are briefly described below.

(1) Sand pluviated into the soil bin by controlling the drop height of soil and
slot opening of the sand hopper.

(2) SPTs placed in the soil bin at the different elevations and locations.

(3) After the soil had been filled up to 1.5 m from the bottom of the soil bin,
level the surface of the backfill.

(4) After the first pass of the compactor, remove the vibratory compactor.

(5) The test data were recorded and stored.

(6) Repeated steps (1) through (5), change the number of passes of the

compactor to 2, 4 and 8 passes.
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7.2 Vertical Stress Distribution under Compaction

Strip

To investigate the change of vertical earth pressure due to compaction, experiments
were conducted to investigate stress distribution under the compaction lane as the first
step. Fig. 7.1 shows SPTs were arranged under compaction lane to measure the
variation of vertical stress. In Fig. 7.2, it can be seen that before compaction, the test
data are in fairly good agreement with the values predicted using the traditional
equation oy =yz. With increasing number of passes of the compactor, the vertical
stresses measured at the depth from to 0.8 m increased. Fig. 7.3 shows the
compaction-influenced zone was-about 0.8 m below: the ground level. Below z = 0.8 m,

the vertical stress change was-negligible.

7.3 Vertical Stress Changeron Intermediate Principal

Plane

Based on the test results of section 7.2, in this study, the measurements of o, were
made at the depth of 0 to 0.8m. Fig. 7.4 and Fig. 7.5, show the location of SPT placed
on the intermediate principle plane, which was perpendicular to the compaction lane.
The technique to control the location of the SPT was described in section 5.3. Fig. 7.6
shows the series of SPTs placed at the same elevation. By repeating an identical
compaction tests with SPT placed at different elevations, the change of vertical stresses
ov (kN/m?) at different grid points after the first passage of the compactor were
illustrated in Fig. 7.7. The Aoy at grid points after 2, 4, and 8 passes of the compactor
were reported in Appendix C2.

In Fig. 7.8, it is seen that the contours of Ao after the first passage of the compactor
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were analogous to concentric circles. The center of the concentric circles
corresponding to the max Aoy, was located at the depth of 300 mm below the compactor.
The Ao, would decrease gradually from the central region. Before compaction, vertical
stress at the depth of 300 mm calculated by o, = 7z was 4.68 kN/m?. The incremental
vertical stress Aoy was 2.2 kN/m? and the incremental stress ratio was 53.0%. In Fig.
6.20, the relative density of soil changed from the initial value 34% to the maximum
value of 72%. At z = 300 mm, the vertical stress increment due to the change of
7 (from 15.6 kN/m>to 16.6 kN/m®) was 0.30 kN/m% The Comparison between 2.2
kN/m?and 0.30 kN/m?, indicated that the vertical stress increment Ac, was not only
affected by change of unit weight of soil. The change of the vertical stress was related
to the compaction-induced stresses.

It may be concluded that: the compaction-induced vertical stresses were quite
significant below the compactor. As the number of passes increased to 2, 4, and 8,
more compaction energy was_input into-thessotl-mass. In Fig. 7.9, Fig. 7.10, and Fig.
7.11, the contours showed that“the.depth of the‘compaction-induced zone increased
with increasing energy input. The vertical stress increment Ao, increased with

increasing number of passages of the compactor.
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Chapter 8

Change of Horizontal Stresses due to
Compaction

This chapter reports the variation of horizontal earth pressure Aoy in a
cohesionless soil mass due to compaction. The following sections include the
distribution of horizontal stress under' thescompaction lane and the horizontal

stress change Aoy in the soilsmass duesto.-compaction.

8.1 Horizontal Stress ‘Distrtbution under Compaction

Strip

To study the change of horizontal earth pressure Aon due to compaction,
experiments were conducted to explore the range of the compaction-induced zone in
the soil mass. Fig. 8.1 shows SPTs were embedded under the compaction lane at
different depths. Fig. 8.2 shows before compaction the distribution of horizontal earth
pressure was near Jaky’s prediction. With increasing the number of passes of the
vibratory compactor, the increase of horizontal stresses were induced by compaction.
Fig. 8.3 shows that the compaction-influenced zone was at least 1200 mm below the

soil surface
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8.2 Horizontal Stress Change on Intermediate

Principal Plane

Based on the test results of section 8.1, the measurement of oy of this study was
carried out from the soil surface to the depth of 1.2m. Fig. 8.4 shows the SPTs
embedded on the intermediate principal plane. Fig. 8.5 shows the measurement plane
perpendicular to the compaction lane. The technique to control the location of the SPT
was described in the section 5.3. Fig. 8.6 shows the SPT placed at the same elevation.
By repeating the identical compaction tests with SPTs buried at different elevations,
the changes of horizontal stresses Aop at grid points after the first passage of the
compactor were illustrated in Fig."8.7. The Aoy measured at the grid points after 2, 4,
and 8 passes of compactor aresshown in Appendix.C3.

In Fig. 8.8, the contours of Ay formed.two circles of stresses at the depth of 300
mm below the edge of the compactor:-The-zoy gradually decreased with increasing
depth and the distance from the‘compactor. At z.=300mm, the initial horizontal stress
at the depth of 300 mm calculated by Jaky’s equation was 2.27 kN/m The incremental
horizontal stress Aoy, was up to 1.40 kN/m? and the stress incremental ratio was 62 %.
It may be concluded that the compaction-induced horizontal stresses were quite
obvious below the compactor. When the number of passes of the compactor increased
to 2 passes, the two circles of high stresses remained below the edge of the compactor
as shown in Fig. 8.9. After 2 — passes of the compactor, Aoy increased to 1.6 kN/m?.
However, as the number of passes of the compactor increased to 4 and 8 passes, the
double high stress circles disappeared, and the contours of Ao, were analogous to
concentric circles in Fig. 8.10 and Fig. 8.11. It is clear that the depth of the

compaction-induced zone increased with increasing compaction energy input.
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8.3 Mechanism of Soils under Strip Compaction

Based on the test results in previous sections, the mechanism of soils under strip

compaction is discussed in the following section.

8.3.1 Mechanism after the First Pass of Compactor

Based on the test results of the first pass of the compactor, the mechanism of soils
under the compaction lane can be explained by local shear bearing capacity failure
mode. The evidence was the amount of surface settlement and relative density of soils
observed after compaction. In Fig. 6.9, the backfill under the compactor has been
densified and settled. The soils on’both edges of the.compaction lane were heaved. The
observed surface profile was analogous to-the nature of local shear failure shown in Fig.
2.11. The relative density of-soil varied from 34 % t0.65 %. These test results were
compared with the Vesic’s findings shown-insFig. 8.12. and Fig. 8.13. After the first
passage of the compactor, the relative density of part of the soils below the compactor
increased from 34 % to 65 %. In Fig. 8.12, the soils under a surface footing can be
described with the local shear failure.

The loose sand has an internal friction ¢ = 31° and the unit weight = 15.6 kN/m®.
For foundations soils that exhibit local shear mode, Terzaghi (1943) suggested that the

bearing capacity factors could be calculated by replacing ¢ with ¢'= tan‘l(étan o).

For this study, the ¢' angle of foundation used to estimate the ultimate bearing
capacity is 21.8°. Based on Terzaghi’s theory (Eg. 2.16), the ultimate bearing capacity
of the strip compaction line with B = 225 mm is qu= 8.48 kN/m?. It is apparent that
the cyclic dynamic stress oy = 34.9 kN/m? applied by the vibratory compactor
exceeds the ultimate bearing capacity of the foundation soils.

In Fig. 8.13, Vesic (1973) suggested that as the loaded soil fails with local shear
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mode, the composite failure surface would develop. The stresses of sand in zone |
belong to active state. Zone Il is known as zone of radial shear. Based on the contours
of Aop in the soil mass after the first passage of the compactor shown in Fig. 8.8, Fig.
8.14 shows the comparison between contours of Aoy, in this study and soils under the
bearing capacity failure mode (Vesic, 1973). The horizontal stresses of sand under the
compactor decreased which was analogous to the active zone. The sands in the radial
zones were pushed by the downward penetration of the footing and soils in zone II. In

Fig. 8.14, two high stress zones were thus induced.

8.3.2 Mechanism after 8 Passes of Compactor

The soils after 8 passes of the compactor.showed a different mechanism. As the
number of passes of the compactor increased to 8 passes, the compaction-input energy
would induce a greater surface settlement.and penetration effects. After 8 passes of the
compactor, the surface settlement of'sand increased to 39.7 mm. The region of dense
sand (D, = 60% ~ 80%) expanded to the depth 0f ' 1200 mm. The change of vertical and
horizontal stresses in the soil mass formed the stress contours analogous to concentric
circles. The depth of influence zone for Ao, and 4on was penetrated down about 800
mm to 1200 mm, respectively.

Before compaction, loose sand has the internal friction ¢ = 31" and a unit weight »
= 15.6 kN/m°. Based on Meyerhof’s theory (Eq. 2.18) for a pile, the ultimate unit tip
resistance of the compaction lane with B = 225 mm is q,= 36.75 kN/m?. It is apparent
that the cyclic dynamic stress o = 34.9 kN/m? applied by the compactor to the
surface of soil approximately equals to the ultimate tip resistance of the foundation
soils.

Based on the study of Yang (2006), the influenced zone of the compactor was

assumed for piles driven in sand shown in Fig. 8.15. Fig. 2.17 shows the depth of
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influence-zone for pile in sand was related to the diameter of pile (D). It shows the
influence range below the pile tip in clean sand would be 3.5D~5.5D. Calculating the
influence zone of compaction by substituting the width of compactor B = 225 mm for
D, the influence range would be 788 ~1238 mm. Fig. 8.16 shows the contours of Aoy
measured after 8 passes of the compactor and the influence zone for a single pile
driven in sand (Yang, 2006). The influenced zone of compaction is analogous to the
stresses below the tip of the pile in sand. The mechanism after 8 passes of the

compactor could be simulated by a single pile driven in sand.
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Chapter 9

Conclusions

In this study, the effects of strip compaction on sand are investigated. Based on the

test results, the following conclusions can be drawn.

1.

For loose sand, the vertical and horizontal earth pressure in the soil mass could be

properly estimated with the equation o, =3z and Jaky’s equation, respectively.

. The surface settlement increased!with"the, increasing number of passes of the

compactor. The relationghip between-the:surface settlement and the number of

passes of the compactor could be modeled by the-hyperbolic model.

. After compaction, the range of| contours of relative density (D, = 36 %) would

become larger with increasing number-of passes.

. The contours of Ao, were analpgous to. concentric circles, and the Ao, would

decrease gradually from the central region. The vertical stress increment Aoy

increased with increasing number of passages of the compactor.

. The contours of Ao formed two circles of high stresses and Aoy decreased

gradually from the center region after the first and the second passes of compactor.
The contours of Aoy were analogous to concentric circles after 4 and 8 passes of
the compactor. The depth of the compaction-induced zone increased with

increasing compaction energy input.

. Based on the test results, the mechanism of soils after the first pass of the

compactor could be explained by local shear failure. However, the mechanism of
soils after 8 passes of the compactor could be simulated by a steel square pile

driven in sand with a vibratory hammer.
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Table. 2.1. Terzaghi’s Bearing Capacity Factors (after Kumbhojkar, 1993)

¢ Ne Nq N, ¢ Ne Nq N,

0 5.70 1.00 | 0.0 26 27.09 | 1421 | 984
1 6.00 110 | o001 27 2024 | 1590 | 11.60
2 6.30 122 | 004 28 31.61 | 17.81 | 13.70
3 6.62 135 | 0.06 29 3424 | 1998 | 16.18
4 6.97 149 | 0.10 30 37.16 | 2246 | 19.13
5 7.34 164 | 0.14 31 4041 | 2528 | 2265
6 7.73 181 | 0.20 32 4404 | 2852 | 26.87
7 8.15 200 | 027 33 48.08 | 3223 | 31.94
8 860 | 221 | 035 34 5264 | 3650 | 38.04
9 9.09 244 | 044 35 57.75 | 4144 | 4541
10 9.61 269 | 056 36 6353 | 47.16 | 54.36
11 1016 | 298 | 069 37 70.01 | 53.80 | 65.27
12 1076 | 329 | 085 38 7750 | 6155 | 78.61
13 1141 | 363 1.04 39 85.97 | 7061 | 95.03
14 1211 | 402 1.26 40 95.66 | 8127 | 115.31
15 1286 | 4.45 1.52 41 ' 10681 | 93.85 | 10451
16 1368 | 4.92 1.82 42 1511967 | 108.75 | 171.99
17 1460 | 545 | 218 43 | 13458 | 126,50 | 211.56
18 1512 | 6.04 | 259 447 .7) 15195 | 147.74 | 261.60
19 1656 | 6.70 | 307 45 | 172.28 | 173.28 | 325.34
20 1769 | 7.44 | 364 46 | 196.22 | 204.19 | 407.11
21 1892 | 826 | 431 47 | 22455 | 241.80 | 512.84
22 2027 | 9.19 5.09 48 | 258.28 | 287.85 | 650.67
23 21.75 | 1023 | 6.00 49 | 298.71 | 344.63 | 831.99
24 2336 | 1140 | 7.08 50 | 347.50 | 415.14 | 1072.80
25 2513 | 1272 | 834
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Table 3.1. Technical Information of the Eccentric Motor

Manufacture Mikasa
Type KJ75-2P
Power (Watt) 75
\oltage (\Volt) 220
Frequency (Hz) 50/60
Vibration per Minute 3000/3600
Mass (kg) 6.2
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Table 4.1. Properties of Ottawa Sand (after Hou, 2006)

Shape Rounded
Crnax 0.76
Crin 0.50
G, 2.65

Dy, mm 0.32
D,,,mm 0.21
C, 1.78
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Table 6.1. Relationship between the Surface Settlement and Number of Pass

() Smax divided into Five Equal Parts and the Corresponding Number of Passes

Surface Settlement (mm) Number of Pass (N)
0.2 Spax 8.30 0.18
0.4 Spax 16.60 0.49
0.6 Smax 24.90 1.11
0.8 Siax 33.20 2.95
1.0 Smax 41.50 o0

(b) 1, 2, 4, and 8 Compactor Passes and Corresponding Surface Settlement

Number of Pass (N) Surface Settlement (mm)
1 23.87 0.58 Siax
2 30.30 0.73 Siax
4 35.03 0.84 Spax
8 37.99 0.92 Smax
0 41.50 1.0 Smax
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Table 6.2. Differences between Test Results from the Laboratory
and Test Results from the Field

Item NCTU D’ Appolonia
Soil type Ottawa sand Dune sand
Compactor Hand tamper Vibratory drum roller
Lift thickness 15m 244 m
Construction Lane compaction Area compaction
Energy Low (1.767 kN) Big (55.6 kN)
Influenced depth Shallow Deep
Yd max Small Big
Place Laboratory Field
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Fig. 2.3. Jaky’s Formulation of the Relationship between K, on OC and ¢ Mobilized in OAB
(after Mesri and Hayat, 1993)
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(after Duncan and Seed, 1986)
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Fig. 2.5. Comparison between Final Pressure Distributions Based on Incremental
Analysis and Hand Solution (after Duncan and Seed, 1983)
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Fig. 2.8. Uniform Vertic ding on an Infinite Strip
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Fig. 2.9. Stress beneath a Strip.(after Jurgenson, 1934)
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Fig. 2.14. Ultimate Load-Carrying Capacity of Pile (after Meyerhof, 1976)
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Fig. 2.18. Growth Curves for a Silty Clay — Relationship between Dry Unit Weight
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Fig. 3.1. NCTU Non-Yielding Retaining-Wall Facility (after Chen, 2002)
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Fig. 3.2. Soil-Pressure Transduger (Kyewa-BE-2KCM17) (after Chen, 2002)
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Fig. 3.3. Side-View of Vibratory Soil Compactor
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Fig. 3.5. Vibratory Soil Compactor
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Fig. 4.1. Grain Size Distribution.of Ottawa Sand (after Hou, 2006)
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Fig. 4.2. Shear Box of Direct Shear Test Device
(after Wu, 1992)
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Fig. 4.3. Relationship between Unit Weight yand Internal Friction Angle ¢
(after Chang, 2000)
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Fig. 4.5. Schematic Diagram of Sliding Block Test (after Fang et al., 2004)
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Fig. 4.6. Sliding Block Test Apparatus (after Fang et al., 2004)
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(after Fang et al., 2004)
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Fig. 5.2. Method to Control Drop Height = 1.0 m
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Fig. 5.4 Pluviation of Ottawa Sand into Soil Bin
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Fig. 5.5 Dimensions of Soil Density Cup (after Ho, 1999)
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Fig. 5.7 Soil Density Cups Buried at Different Elevations
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Fig. 5.8. Arrangement of Soil Density Cups at Same Elevation
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Fig. 5.9. Density Control Test (a) Placement of Density Cup;
(b) Measurement of Soil Mass in Cup
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Fig. 6.1. Testing Procedure of Strip Compaction
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(b)

Fig. 6.4. Surface of Backfill: (a) before Compaction; (b) after Compaction
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Fig. 6.5. Measurement of Surface Settlement on (a) XZ — Plane; (b) YZ - Plane
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Fig. 6.7. Surface Settlement along Compaction Lane after Compactor
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Appendix A

Calibration of Soil Pressure Transducers

To investigate the vertical and horizontal earth pressure in the backfill, strain-gage
type soil pressure transducers (SPT) were used. The transducers BE-2KCM17
manufactured by KYOWA has an effective diameter of 22 mm and was embedded in
the backfill to monitor the earth pressure variation in the soil mass. Since the pressure
acts between soil particles and the transducersis quite different from the pressure that
acts between liquid and transducer, it issnecessaryto calibrate the transducer in an
environment similar to that-for_the actual testing. condition. A special system was
designed for the calibration.of the strain-gage type -Soil pressure transducers. The
system consists of the calibration* device,~air-pressure control system, signal
conditioner, and data acquisition® system; as:indicated in Fig. A.l. The typical
photograph of the system is shown in Fig. A.2.

The calibration device is a shallow cylindrical chamber with an inner diameter of
400 mm and a height of 30mm and it is made of a solid steel plate, which is the same
material as the model retaining wall. To calibrate the in-soil transducer, as indicated in
Fig. A.1, a thin layer of sand was placed into the chamber to form a sand bed then the
soil pressure transducer was placed on the sand bed. On top of the transducer, a 10
mm-thick sand layer was placed in the calibration device. Then the 0.2 mm-thick
rubber membrane was placed over the sandy layer. As indicated in Fig. A.l, a
uniformly distributed air-pressure was applied on the membrane, over the soil particles,

and transmitted to the transducer. The output voltage of the transducer was found to
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increase linearly with the increasing applied pressure.

In Fig. Al, a rubber O-rings was arranged to prevent air leakage between the
chamber and the cap. It should be noted that the air pressure applied for the calibration
of transducer should be consistent with the operating pressure range for experiments.
For this study, the transducers which measured the horizontal earth pressure were
calibrated for the pressure range of 0 ~ 9.81 kN/m?. The pressure range of 0 ~ 98.1
kN/m? was suitable for the transducers which measured the vertical earth pressure. To
reduce the effect of sidewall friction, the thickness of sand layer in the chamber should
be limited, so that the side-friction between the sand the sidewall of the chamber could
be minimized. Fig. A.3 to Fig. A.10 shows the test results of the soil pressure
transducers calibrated without the compressible layer. Table A.1, A.2 summarizes of

the calibration factors of soil pressure transducers.used-in this study.
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Table A.1. Soil Pressure Transducer Calibration Factors

Type Transducer Dynamic Strain Amplifer Capacity | Calibration Function

No. No. | Calibration Setter(x £) | (KN/m%) | P=[Factor]*V (kN/m?)
BE-2KCM17 | 090170001 1 283 98.1 P=38.222V
BE-2KCM17 | 090170002 2 275 98.1 P=38.012V
BE-2KCM17 | 090170003 3 302 98.1 P=37.284V
BE-2KCM17 | 090170004 4 288 98.1 P=37.816V
BE-2KCM17 | 090170005 5 282 98.1 P=38.097V
BE-2KCM17 | 090170006 6 289 98.1 P=37.472V
BE-2KCM17 | 090170007 7 300 98.1 P=38.343V
BE-2KCM17 | 090170008 8 269 98.1 P=37.534V

Calibration pressure range *.0~98.1 kN/m?
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Table A.2. Soil Pressure Transducer Calibration Factors

Type Transducer Dynamic Strain Amplifer Capacity | Calibration Function
No. No. | Calibration Setter(x £) | (KN/m?) | P=[Factor]*V (kN/m?)
BE-2KCM17 | 920080001 9 305 98.1 P=18.303V
BE-2KCM17 | 920080002 | 10 340 98.1 P=17.684V
BE-2KCM17 | 920080003 | 11 345 98.1 P=19.821V
BE-2KCM17 | 920080004 | 12 350 98.1 P=18.510V
BE-2KCM17 | 920080005 | 13 333 98.1 P=20.209V
BE-2KCM17 | 920080006 | 14 316 98.1 P=19.923V
BE-2KCM17 | 920080007 | 15 378 98.1 P=20.825V
BE-2KCM17 | 920080008 | 16 325 98.1 P=19.552V

Calibration pressure range : 0~9.81 kN/m?
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Appendix B

Operation of Softwares Surfer 8 and
Grapher 7

This Appendix introduces the operating procedure of softwares Surfer 8 and Grapher
7. Surfer 8 interpolates with the values at grid points to form the data files of the
contour line. Grapher 7 draws the contours by open the data files (Grapher Grid ). The

details of operation of Surfer 8 and Grapfer 7 were indicated in the following:

Step 1. Open the Program of Golden Software Surfer 8.

Step 2. Choose the Function of Data from the Function of Grid.

Step 3. Open the Test Data inithe Form of-Excel:

Step 4. Choose Test Data to Corresponding X-Y-Z Coordinate.

Step 5. The Test Data are Converted to the-Form of Grapher Grid.

Step 6. Open the Program of Golden Software Grapher 7.

Step 7. Choose the Function of XY Grid in Contour Maps from the Function of Graph.
Step 8. Open the Foregoing Saved file of Grapher Grid.

Step 9. The Contours was Drawn by Surfer 7 with Adjust the Show Type.

163



ﬂ- Surfer - [Plotl] = =]Ed

£ File Edit View Draw Amange Grid Map Window Help =
DSHES =8 ~[ER
[¢maaaao o TANEOOO

II_.-|5.|.|.|.|.|.|.|.ﬁ|.|.|.|.|.|.|.-E|.|.|.|.|.|.|.-E|‘|.|.|.|.|.|.-|1.|.|.|.|.|.|.|.E'.|.|.|.|.|.|.|1.|.|.|.|.|.|.|.E|.|.|.|.|.|.|.E|.|.|.|.|.|.i.ﬁ‘.|.|.|.|.|.|.ﬁ|.|.|.|.|.|.|.|r?|.|.|.|.|.|.|.|?.|.|.|.|.|.|.|.ﬁ|.|.|.|.|.|.|.ﬁ|.|.|.|. B e O e I T R .|.|1.ﬁ!§

E 2

ho
3 @&
e 2

= f

=

B

3

e

= vl

E S_J | 1L |_>__| SN

[Hothing Selected 37,23

Fig. B.1. Open the Program of Golden Software Surfer 8

164



|= Surfer - [Ploil] E]

ﬁh File Edit View Draw Armenge Grid Map Window Help = |5t
O = AR Diata...
G OARAA D T p =) |
3 T Math
| M 27
T Caloulus.. i
I =
<+ Filter...
: &
1 Spline Smoath... =
|| Blank..
4 Copvert... &
9 Extract... ;f,\
] Irensform... ta
4 Mosaic
S iz
F  Volome.. i
1 Slice...
| Eesiduals...
|| Grid Node Editor

e
Fig. B.2. Choose the Function of Data from the Function of Grid

165



™ Surfer - [Plotl] -2 )E8
é Bl Ed v Do & Gud M . W
DEEHBES| ) =B ~[=Re

T OARKRARD S TONFD OO

.'\5.|.|.|.|.”|.I‘Tﬂ‘|.|.|.|.|.|.'E‘.|.\.|.|.|.|.'E|.|‘I.|‘|.|.|.'|1.|.|.|.\.|.\.|.E|.|.|.|.|.|.|‘|1.|‘|.|.|.|.|.|.E‘.|.\.|.|.|.|.E|.|‘I.|‘|.|.|.ﬁ|.|.|.|.|.\.|.E|.|.|.|.|.|.|‘|§|.|.|.|.|.|.|.|?.‘.|.\.|.|.|.|.ﬁ|.|.|.|‘|.|.|.E|.|.|.|. N O P TR R A ""””E

Map

__: ]
&
E =]
3 v
= ﬁ_ >

__— Open ' £
?tz HERTED: | Drdistribusion 13 passes ] & £ EE-

E 2D ditriution {6 pase

=

ik
AN
{1111

HREFEU: |Dr distribution 18 passes £ =100

TEFABRUT): | AL Recognized Types x| BI/H

=

iadidll
AR AR KRN FR AR

||||D
&]

i<l . B

Fig. B.3. Open the Test Data in the Form of Excel

166



& Surfer - [Plotl] O .

£ Ei

e ul[;'e?l

| D EEHESEZ
[tmaaago o TN (000
.'|5.|.\.|.|.”|.|.ﬁ|.|.|.|.|‘|.|.'E|.|.|\|||‘|||\|||||||||||\| ||\|||| ||||||| ||||\||||||||||\||||||||‘|||||||||| \||||\|||||||||||1\D||||‘||1|1|||||||1|2|\||||\1|3|||||||||
| 3 3] =y
E
—
e &
= Grid Data - D:\Paper\2007 Ko model test data\Density Distribution... E‘ o
E ~Data Columns (51 data points) ygfl
EE [ TEoooom=]  FiecDse | A
- Cancel | Sl
= Z: |Column B: ¥ = | View Datn_ |
i Z: [Calmn © =l Statistics | [ Grid Report
i  Gridding Methad
-~ [Kriging | Advanced Options... || Cross Velidat... |
- Crutput Grid File A
i nD:\PapefQDD? Ko model test data'Density Distribution\Dr distribution 1-8 passes [Z | 3
5= |
= ~(irid Line Geomstry T
_ Mindmmm AT Spaci # of Lines
4__ X Direction: !150 I 350 |13.18581319 !92 E
— ¥ Direction: [100 [1400 {13313 [0 =
= |
EE
e
=
=
[ s
| | m (S
iﬁoﬂ'njngSelected

Fig. B.4. Choose Test Data to Corresponding X-Y-Z Coordinate

167



& sufe-[F =
DEUES i@ we
AR QAL O THNFoOOO

.-|5.|.|.|.|.”l.|.ﬁ|.|.|.|.|.|.|.-E|.|.|.|.|.|.|:E|.|.|.|.|.|.|.-|1.|.|.|.|.|.|.|.E||.|.|.|.|‘|.|.|1.|.|.|.|.|.|.|.E|.|.|.|.|.|.|.E|.|.|.|.|.|.|.ﬁ|.|.|.\.l.|.|.E|.|.|.|.|‘|.|.E .|.|.|.|.|.\.|?.|.|.|.|.|.|.|.P.|.|‘|.|.|.|.|.E|.|.|.\.|.|.|1El|.|.|.|.|‘|.|1.|1.|.|.|.|.|.|.\1.|2.|.|.|.|.|.|.|1.ﬁ|.|‘|.|.|.|.|14| Q:,‘
= Ten]

3 | 2

"] Suifer - Reportl W= <
TI22 “ -
2o

Gridding Report te
(e L .

Thu Aug 16 17:48:48 2007
Elasped tirme for gridding 0.14 seconds

| Data Sourcea
Surfer

.
\Ix) Grid file D:\Papert2007 Ko model test data'Density Distribution'Dr distribution 18 passes'Dr distribution 18 passes.grd has been created.

Data Counts
Active Data: 51

Original Data: 5
Excluded Data: ]
Deleted Duplicates: ]
Retained Duplicates: 0
Adificial Data: ]
Superseded Data: ]

ILhaiirariata Ctabinkinn

<

Fig. B.5. The Test Data are Converted to the Form of Grapher Grid

168



”Q File Edit View Draw Arrange Graph Window Help

_|gx|
DSEEHE REE| ) =@ ~ [ 2x)|v = Hl =[x ] =l e Hlaaas|me
ELMMMAEM@@@@@@I&\-_»&QJ:QI_III@@IlllblI@@@IL@L@II@|
,? | 4‘ | 2“ | | 1| | | | il .6-| it |T| Ll .B| ol .g| Properties - Nothing si.leited ﬂ hhject Manager ﬁ
=
@ -
;\,‘ﬂ
¥\
|
=
O il
VA
v &
o
Tk
LS_
l5
E3
ER
ER
1__ v Auto Updaie ﬁpplyl Caicel ﬂ
& v
;[ﬂ . | m
iNothing selected % =-1.8610n, ¥ = 0.19in |

Fig. B.6. Open the Program of Golden Software Grapher 7

169



M Grapher - Plon1]

DEEEHE R 4!
e o W0 o |t o | @ @

s P . IR Tl

Sl

Ivlellc2000%=2p ]
T e R e

|m

\Eﬁi\e Edit Wiew Draw Arrange |graph window Help

Reload Worksheets

Digitizing

Change Flot To

New Top-Level Legend
De Legerd

|J=-

[
R | O DT

|D

=l

v Autn Update

Lpply | Caneel

-z
Graph Wizard. .. = H] = | =] =¥ = QHJES% = @ e 6 o «c}'|
Sbla : Pk pas aeE v BEIPDD BESREE BB B8
30 XYY Graphs 3 3 T 5 5 " m T =T — T =) = S—
L . . e .-| et Al i |pmm,ties_mﬁ,mg selected x| bjert Manager x|
o tans ¥| B XY Data..
Surface Maps b =] ¥Z Data...
add to Graph »| B %y Gid...
Cle jelg) &= X2 Grid...

2]

]

[se]

(Create a new contour XY grid map

bi=-184in,y=11.15in

Fig. B.7. Choose the Function of XY Grid in Contour Maps from the Function of Graph

170



IR Grapher - [Plotd]

o =8

| E Fle Edit View Draw Arange Graph Window Help — =] x|
DEEEHE RES] = o ew|w = Hl =1 = = 3||[e 3|@&G&@&E|@O'
Ele_l_\_whuhl@@@@@@lﬂ Igb_Ozézl_HIB@@I!IeIII@@@JII_EI_gl
= 7 ] = e —
'? . IO . DT R . NSO RO Y M Pl 6-| Sl | Properties - Nnthmg ss,!eeiocl % D e =
A | 1
B Open G B[]
@ A I@Drdmbuhonl'vﬂ passes ;I 4m =k EE-
- L_ __._
= FeRIRIE
C) i
ot
o =
7?_ I
e AV
- i
I == ¢
= FHADENE
5 e
B RS L RO HE
4__ BEw: [1pess | Rz |
T AEAN T |ﬁ]l Recognized Types | HIiH
N Open grids:
ER
2
] v Auto Update Apply | Cainrel | il
E v
_[(_] | 1l | [ﬂ

Fig. B.8. Open the Foregoing Saved file of Grapher Grid

171



|m Grapher - [compaction 1-pass] [:J@ﬂ

|[E= e Edit wiew Craw Amange Graph Window Help —=x
[DEEEG BPR®| el - e S == e Sl aaaloe]
lgepm uvo ooRroee Pewerik|pas ins v geids BSEs 888
ﬁ} I T DO IO O OO O O O O OO A D | . e xpaiect Manage x|
T e . ETET
E M A Text!
& | 4 AA Textl
A L0 ~H A Textl
* 1 A Text 1
& EA Textl
= 1574 @A Textl
I WA Textl
| 4 A Textl
B A Textl
S 9 A Text!
Y 7 1 &% Graph1
— 7 s f Color Seal: 1
® 7 w " @B Contour ¥ Grid Map 1
— A B @ ¥ aus]
" | i o B X ddis |
16 3 T w o
E g | )
= o
g ] ¢
151 o
E i 4
4 i 0
47 10 g
1 4 Lift Thickness = 1500 m
i1 i Loose Sand, D =34 %
1 Test0712 (1 - Pase)
121 e e L L R
7 L] 190 2) 430 a0 7MW W05 100 1350 1500
- Distanice from the Model Wall dy Cmm)
2
1 ks | |
__-' v Autn Update Apply
IJ—-' |ne|
g [ M | ]
[Nothing selected =213, y=10310In

Fig. B.9. The Contours was Drawn by Surfer 7 with Adjust the Show Type.

172



Appendix C

Test Results at Grid Points

Appendix C shows the values of test results at grid points including three parts : (1)
relative density of sand; (2) change of vertical stress; and (3) change of horizontal
stress in the soil mass. The values at grid points were interpolated to establish the

contour maps.
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C1. Relative Density of Sand at Grid Points
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Fig. C1.1. Relative Density of Sand at Grid Points after 1 — Pass of Compactor

174



225 mun

0
3 | gaw | s ] ] se | dse ] e
368 33-——1 ?J—Tﬁ-—ﬁs-—ﬁu-—_lﬂ- :rs- _Tc-
| | |
34 35 3§=—d8n—55n—50=—d0=——36= 34
300
36 35e—40n—48=—42=36 34
= 600 3335 36m—3 Te—39m— 35437 35e1—33
g
o : —
B = 35= Ig= 354 e =
AR i —
A 900 [ 2 =
S 0
5
34 33a 34 33-—’—
1300 Lift Thickness = 1500 num |
Loose Sand, D,= 34 %
Test 0713 (2 - Pas=ses)
|
33 34w 33+
1500 | | |
0 300 600 900 1200 1500

Distance from Model Wall, d,; (mm)
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Fig. C1.3. Relative Density of Sand at Grid Points after 4 — Passes of Compactor
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C2. Aoy, at Grid Points
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Fig. C2.1. Aoy at Grid Points after 1 — Pass of Compactor
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Fig. C2.2. Aoy at Grid Points after 2 — Passes of Compactor
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Fig. C2.4. Aoy at Grid Points after 8 — Passes of Compactor



C3. Aoy at Grid Points
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Fig. C3.1. Aoy, at Grid Points after 1 — Pass of Compactor

182

1500



225 mun

f——»
4 000° [ 023" P.14] - | 010" | 0317 [ 0047
9.23-——0.:70-——0.:?4-u.|41- 1.?9- I n,|11-
‘ 0.60——1 57=1.22%——] 39— 66+—10.20=
I I I I
300 0.30-——0.53-——1.?1-1~|2.'3 1.?9 057
I I I
038s | 107= 1.30-1.03-——1.?0-——0.9 Tal 026a
I I I
0.42 1.36=1.13 .51 .51 021
I I I |
‘= &0 0.40=——067——1 112105 04251 0]13=
K
=
= 0.27= 0.38%0.85——0 528025 0 ] 4=
ar
— iy
= =
- =
- b
)< =
= [
1200 0.04= |
Lift Thickness= 1500 mm-
Loose Sand, D,=34% |
Test 2 - Passes
15{1} 1 1 1 | 1 | 1
0 300 &0 900 1200

Distance from Model Wall, d,; (mm)

Fig. C3.2. Aoy, at Grid Points after 2 — Passes of Compactor

183

1500



225 mm

——»]
¢ 0.10" [ 039" P28} 5, [ 003" | 0347 | 0067
0 .:u-——u.sn-——ﬂﬁl 1-n.|ﬁ5- 136 i I” .
I I I
ﬂ.rils-——ﬂ.s|3a——1.|19-1.|57-——1.23-——0.90-——-0.02'
I I |
300 0.04*——0 .49-——1.41-1,i51-——: .55-——0.51-——0.|13.-
| | I I
0.15 } 1.48=1 .62 ﬂ,T'G (ulsl n.:llz
I I
0.23-——0.63-——1.23-1,F3H—0.35-——0.73*——0.13-
— | | I I I
= 600 0.64%——1.07%1. 10— .808——q 5]=—1—0.04=
E]
=
=, 026" 0.69%0.708——0 548——0.28=——0.09=
)
O %00 | —
=] cxme]
r o
ol =<
£ =
.;::. p—
1200 | = 027 |
Lift Thickness = 1500 mim-
Loose Sand, D,=34% |
Test 4 - Passes
15m | | | | | | |

0 300 600 900 1200 1500

Distance from Model Wall, d,; (1)

Fig. C3.3. Aoy, at Grid Points after 4 — Passes of Compactor

184



225 mm

«—

031 | 060" [034] 197 | 022 | 053" | oI3
01707581 127sp04s—| 118 | 238t 025=
| | | | |
| 0.895——1.64%2.24s :.|14- 11?3-——0.01-
I |
300 0251 120a1 ] go=203——26 7-——0.5[5 .
I | | I
{l.ir-l 1.08 1,69-2.34-——1.|14-——U_94 010
| |
0.4]1= 1.55-1.113-——1.3?-——0.32-
— I I I
= 600 0.64%——1.17%1 90s——1 328——0) 77-=——0.18=
El
=
=, 047" 0.63%1.06+——0 880 57e—|—013=
)
O 900 =
© =
= =
- _
—.'L' [
- o
& =
— il
1200 F = 0.54= |
Lift Thickness= 1500 mm-
Loose Sand. D,=34% |
Test 8 - Paszes
15m | | | | | | |

0 300 600 900 1200 1500
Distance from Model Wall, dy; (1)

Fig. C3.4. Aoy, at Grid Points after 8 — Passes of Compactor

185



	1-cover-chinese
	Variation of Soil Density and Earth Pressure due to a Strip Compaction

	1-cover
	Variation of Soil Density and Earth Pressure due to a Strip Compaction
	A Thesis

	Abstract in Chinese
	Abstract
	Variation of Soil Density and Earth Pressure 
	due to a Strip Compaction

	Acknowledgement
	2-Table of Contents
	Table of Contents
	Page
	  Abstract (in Chinese)  ……………………………………………………..
	i

	xviii
	Chapter 1  Introduction  …………………………………………….....
	2

	Chapter 2  Literature Review  ………………………………………...
	4
	4
	7
	7
	9
	  2.3 Elastic Solutions for a Strip Surface Loading  ………………………...
	10
	Chapter 3  Experimental Apparatus  …………….…………………..
	15

	16
	17
	17
	Chapter 4  Backfill Characteristics  …………………………..……..
	21
	21
	22
	22
	23
	23
	25
	25
	  6.2 Pilot Tests  ………..................................................................................
	26
	  6.3 Surface Settlement  ………...................................................................
	28
	31
	31
	32
	32
	Page
	Chapter 8  Change of Horizontal Stresses due to Compaction  ...
	34
	34
	35
	36
	40

	44
	49
	149
	163
	173

	Appendix C1: Relative Density of Sand at Grid Points  …………………….
	174
	Appendix C2: v in Soil Mass at Grid Points  …………………………......
	178
	182


	3-List of Tables
	List of Tables

	4-List of Figures
	List of Figures

	5-List of Symbols
	List of Symbols
	Gs


	chap1
	chap2
	chap3
	3.1 Soil Bin
	3.2 Soil Pressure Transducer
	3.3 Data Acquisition System
	3.4 Vibratory Compactor

	chap4
	chap5
	chap6
	chap7
	chap8
	chap9
	References
	Table All
	Fig. All
	Fig. 4.6. Sliding Block Test Apparatus (after Fang et al., 2004)

	Appendix A.
	Appendix A
	Calibration of Soil Pressure Transducers  

	Fig. AppendixA
	Appendix B.
	Appendix B
	Operation of Softwares Surfer 8 and Grapher 7
	  This Appendix introduces the operating procedure of softwares Surfer 8 and Grapher 7. Surfer 8 interpolates with the values at grid points to form the data files of the contour line. Grapher 7 draws the contours by open the data files (Grapher Grid ). The details of operation of Surfer 8 and Grapfer 7 were indicated in the following:

	Appendix C.
	Appendix C
	Test Results at Grid Points  


