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Abstract

Recently, the design concept of the foundation in the geotechnical field has been
shifting to the performance design, and the rational and economical foundation system
is therefore required. In the conventional design of the pile group foundation although
the raft base touches the ground surface, the contribution of the raft base is ignored from
the safety point of view. The piled raft foundation is widely recognized as an economical
and rational foundation system with the combined effect of the raft and piles. The
concept of the piled raft foundation is to take advantage of the bearing capacity of the

raft and to reduce the settlement to an acceptable level by installing a few friction piles.

Therefore, considerable researches on the settlement behavior of the piled raft
foundation have been published to develop the concept of the piled raft, and the
performance of the vertically loaded piled raft is gradually clarified. However, the
behavior of the laterally loaded piled raft has not been well clarified due to the
uncertainties in the complicated interaction of raft-ground-piles when it is subjected to
seismic and horizontal loads. In particular, it is seemed that when the relatively large
moment and rotation are acting on the piled raft, the behavior of the piled raft becomes
much complex because the contact conditions between the raft and ground is varied

during the loading.

Therefore, to clarify the mechanical behavior of piled raft subjected to horizontal and
moment loads is required in highly seismic area such as Japan. The accumulation of the
observed data under seismic and horizontal loads is crucial to address above issue.
However, it is very rare case to record actual field data of the piled raft foundation during
an earthquake. Physical models can play important role in the study of the piled raft
under seismic and horizontal loadings because it can solve the difficulties in the field
observations, whereas there should be rooms in the modeling techniques to obtain
reliable test result and to accelerate future researches. In the present thesis newly
developed centrifuge modeling techniques are proposed. In addition to this, the
mechanical behavior of the piled raft foundation subjected to horizontal and moment
load such as the complex interaction of raft-ground-piles is examined using proposed

modeling techniques.



This thesis consists of following six chapters.

Chapter 1 is the introduction of this thesis.

Chapter 2 reviewed the experimental and analytical researches on the piled raft
foundation, as well as reports on the construction case histories of the piled raft. The

literature review examines the limitation of research on the laterally loaded piled raft.

Chapter 3 briefly describes the basic principal of the centrifuge modeling, and
modeling concept and model preparation procedures are explained. In addition to this,
the newly developed centrifuge modeling techniques is proposed. One of the most
important conditions or parameters of the piled raft foundation is the load proportions
between the piles and the raft. In the measurement of the load proportion for the piled
raft foundation, the forces acting on the piles are first measured and then load carried
by the raft part is estimated from the strain gauges, especially for the relatively small
foundation with a few numbers of piles. Therefore, the accurate measurements of strain
in the piles are crucial in the modeling of piled raft foundation. The measurement

accuracy of the strain gauge is carefully discussed in this chapter.

Chapter 4 examined the behavior of the piled raft subjected to the vertical load. The
foundations are experienced three vertical loading steps prior to the horizontal loading
tests during the model preparation. The main objective of this chapter is to verify the
initial conditions before the vertical loading tests. Beside this, the mechanical behavior
of the vertically loaded piled raft foundation such as the influence of the raft pressure on
the vertical pile response is examined. The principal findings are; the raft vertical
proportion RVLP can be controlled by loading and unloading process; the vertical bearing
load is larger for the piled raft than the pile group because the bearing load of the raft

can be obtained and raft pressure enhanced the shaft friction load.

Chapter 5 examines the mechanical behavior of the piled raft foundation subjected to
horizontal and moment loads in sand was examined. The much focus was placed on the
influence of the raft base pressure on the pile response. The findings from this chapter
are; although the piled raft foundation can restrain the settlement caused by the
alternate horizontal loading, the upward movement of the pull-out pile might be critical
issue in the piled raft foundation; the horizontal and moment resistance of the piled raft
foundation is higher for the piled raft than the pile group because the base resistance
can be obtained in the piled raft and raft pressure gives the positive influence on the pile

part. However, the raft part has negative effect on the pull-out pile.

Chapter 6 described the conclusions derived from the present thesis.
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CHAPTER 1

INTRODUCTION

1.1 Background

Types of foundation can be mainly divided into two, one is raft (shallow) foundation,
and the other is piled (deep) foundation (Fig. 1.1.1). From the economic point of view, the
raft foundation will generally be applied. In the design of the raft foundation, it is
required to confirm that bearing capacity of the raft is sufficient and the settlement of
the foundation is an acceptable level. In sandy grounds, the enough bearing capacity
could be mostly secured from the ground for the raft foundation because the bearing

capacity increased with the foundation size.

Raft Piled raft Pile group
‘4 1) Ay »[ | Weak layer
Raft Raft+ Piles —4fsp —
Piles Stiff layer
Low cost, High cost,
Settlementis large Settlementis small

Figure 1.1.1 Foundation type and bearing capacity mechanism

However, the estimated total and differential settlements might be excessive even
though the bearing capacity of the raft is sufficient. In such case, a piled foundation is
employed, and piles are installed beneath the raft in order to reduce the raft settlement.
In the conventional piled foundation design, pile specifications, such as number of piles,
pile length ant diameter, are determined by assuming that all loads are supported by
only piles, and ignoring the contribution from the raft or the pile cap even though the
raft base has a contact with the ground surface. This design concept is derived from two
reasons. One is complex interaction of raft-ground-piles, which makes it much difficult
to analyze actual load sharing between the raft and the piles. Another is from the safety
view point. In the application of the piled foundations, the pile tip generally reached at
stiff layer, and therefore, the vertical movement of the structure is quite small. However,
there is a potential for the soil above the support layer to settle down during and after
the construction, which leads uncertainty in securing the contact condition between the

raft base and the ground surface. Consequently, the bearing capacity of the foundation



system is overestimated when the contribution from the raft base is taken into account

in the foundation design.

The piled raft foundation has been recognized as an economical and rational
foundation system since Burland et al. (1977) presented the concept of the “settlement
reducers”. The concept of the piled raft foundation is to take the advantage of the bearing
capacity of the raft and to reduce the settlement of foundation to an acceptable level by
installing friction piles beneath the raft base. Piles in the piled raft foundation play the
roles of reducing the settlement and transferring a part of the load to the deep ground.
Although the settlement of the piled raft foundation can be restrained in an acceptable
level by the friction piles, it is actually larger for the piled raft than the conventional
piled foundation. However, this relatively larger settlement can secure the striet contact
condition between the raft base and the ground, resulting that the bearing capacity from

the raft base could be positively considered in the piled raft design.

Thus, the piled raft foundation is economical and rational foundation system because
the contribution from the raft base can be taken in the design, and specifications of piles
could be reduced. A design code of the piled raft foundations has been published in Japan
(Architectural Institute of Japan 2001), and the piled raft foundations have been applied
recently to the actual buildings in Japan (Yamashita 2012). However, the behavior of the
piled raft foundation is not well clarified due to the complicated interaction among the
raft, ground and piles, especially under the seismic or horizontal loadings as shown in
Fig. 1.1.2. Therefore for introducing a rational design of the piled raft foundation in
highly seismic area such as Japan, it is crucial to clarify the mechanical behavior of the

piled raft foundation subjected to seismic and horizontal loading.

1.2 Objectives

The concept of the piled raft foundation is to use the piles as “settlement reducers”,
which originated from Burland et al. (1977). Therefore, researches on the settlement
behavior of the piled raft foundation have been actively reported to develop this concept.
On the other hand, the researches on the piled raft foundation subjected to horizontal
loading are relatively limited. In order to clarify the complicated behavior of the piled

raft foundations, accumulation of the observed data under horizontal loading is required.
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Figure 1.1.2 Complicated behavior of the piled raft subjected to horizontal and moment

loads

Field observations of the piled rafts have accumulated especially during the
construction period. However, field records on the performance of the piled raft
foundation attacked by the actual seismic loading are still very limited. Furthermore,
from a single observed event, it is very difficult to obtain a general mechanical behavior
of the foundation and develop a design method for the piled raft foundation due to the

complexity of the site boundary conditions.

Physical modeling tests can an important role in the study of the piled rat because it
can solve the difficulties of field observations with its capability of investigating the
various factors under clear boundary and initial conditions. Consequently, researches
on the piled raft using physical modeling are increasing in a last decade (Horikoshi et al.
(2002 a, b); Matsumoto et al. (2004); Hamada et al. (2012)). However, the behavior of the
piled raft foundation subjected to horizontal loading is not still well understood
especially when the large moment load and rotation arise on the structure. The behavior
of the piled raft under relatively large moment load and rotation becomes much complex
because the contact conditions between the raft base and the ground surface, i.e.,
interaction among the raft, ground and piles, might vary during the loading. It is crucial

to clarify the mechanical behavior of the piled raft subjected to the moment load and



rotation because relatively high moment load is occurs during the earthquake for the
civil engineering structure, especially for the relatively small size foundations, such as
those for viaducts. Therefore, the present research carried out centrifuge model tests on
a small size piled raft foundation to clarify its mechanical behavior. Much focus was
placed on the performance of the piled raft under relatively large moment load and

rotation.

Although the expectations for the physical modeling on the piled raft have been raised
as mentioned above, modeling techniques on the piled raft have not been well discussed
and established. It is required to develop modeling techniques to make the research
much reliable and thus to enhance the study on the performance of the piled raft.
Therefore developing physical modeling techniques on the piled raft foundation is also

one of main objectives in this thesis.

1.3 Thesis structure
The present thesis consists of the following six chapters.

® Experimental researches and analytical researches on the piled raft foundation are
reviewed in Chapter 2, as well as reports on case histories of piled raft foundation.
The literature review will explain the limitation of the various techniques and will
indicate the current problem of the piled raft foundation. And then, the objectives
and thesis stream will be presented.

® In Chapter 3, basic principal of the centrifuge is discussed and the centrifuge modeling technique
of the piled raft is proposed. The procedure of the foundation preparation and the model
foundation used in the present study are explained. In particular, the measurement accuracy of
the strain gauge was carefully discussed because shared loads between the raft and the piles are
generally estimated by the strain gauge.

® The piled raft foundation subjected to vertical load was examined in Chapter 4. The
foundations experienced the three vertical loading processes before the horizontal
loading tests. The main objectives of the present chapter was to examine the
mechanical behavior of the piled raft foundation subjected to vertical load and to
verify the initial conditions of the foundation before the horizontal loading tests.

® In Chapter 5 the mechanical behavior of the piled raft foundation subjected to
horizontal and moment loads in sand was examined. The much focus was placed on
the influence of the raft base pressure on the pile response.

® The conclusions derived from the present thesis are summarized in Chapter 6.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The piled raft foundation has been widely recognized as an economical and rational
foundation system because the settlement of the structure can be restrained in an
acceptable level by the combined effect of the raft and piles. However, the interaction
among the raft, ground and piles must be considered and hence the design of the piled
raft becomes rather complex. It is sure that the design code of the piled raft foundation
1s published by Architectural Institute of Japan and the piled raft foundations are
applied to the actual foundations, especially for the architectural structures such as tall
building, but almost foundation designs employ a very simple and non-rational method
in which the contribution of piles is ignored, the horizontal load is therefore assumed to
be carried only by the raft because of the complex interaction among the raft, ground and
piles. In order to adequately evaluate the performance of the piled raft foundation,
accumulation of observed data by the field measurement and the physical modeling, and

establishment of practical analysis method are required.

Considerable researches on the settlement behavior of the piled raft foundation have
been reported because the concept of the piled raft foundation has been developed with
the design philosophy in which the settlement of the structure is reduced in a required
settlement by friction piles. On the other hand, researches on the horizontally loaded
piled raft foundation are relatively limited. In this chapter, the literature review will
firstly examine the theories and the experiment data of pile group foundation which is
the component of the piled raft. Then, the literature review on the piled raft foundation
will examine the differences between the present thesis and previous works will be

focused.

2.2 Single pile and pile group foundation
In this section, literature review will focus on the theories and experimental data of

the pile, which is consisting of the piled raft foundation.

2.2.1 Bearing capacity of single pile
The behavior of the isolated pile subjected to the horizontal loading is generally
evaluated by the following equation in which the interaction between the pile and the

soil is represented as a spring.

4
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: Young’s modulus of pile
: Moment inertia of pile

: Outer diameter of pile

: Horizontal deflection

: Depth

NSy~

p(z,y) : Horizontal subgrade reaction

In particular, the relationship between p and y in this equation stands for the lateral soil resistance-
deflection relation, and it is so-called p-y relationship in general. The evaluation method basing on the
pile-soil spring can be identified into three categories by the spring type such as the elastic subgrade
reaction method, ultimate subgrade reaction method, and composite subgrade reaction method.

Considerable researches on the p-y relationship have been published as follows.

i) Elastic subgrade reaction method

In the elastic subgrade reaction method, the horizontal resistance of the pile is calculated by
assuming that the soil around pile is treated as the perfect elastic material and the pile itself is modeled
as the beam. In this method, it can be said that the soil horizontal resistance, p, is the function of the

pile deflection, y, and depth, z as below equation, where k; is the coefficient of subgrade reaction.

p(z,y)=kz"y" 2.22)

The horizontal resistance of pile is significantly depending on parameters of m and » in this method,

various ideas to decide them have been proposed.

Chang (1937) solved eq. (2.2.1) using eq. (2.2.3) in which the horizontal soil resistance has a linear

relationship with deflection, y (n=1), and it is independent value against depth, z (m=0).

pzy)=ky (2.2.3)

The general solution of eq. (2.2.1) using eq. (2.2.3) is given as bellows, where C;~Cy are the

integral constant, and s the characteristic value of pile and it is described by eq. (2.2.5).

y, = fE (C cosf+C,sinfk)+ e” (C,cosfE +C, sinfk) (2.2.4)

Dk,
AE]

ﬂ:4

(2.2.5)



Chapter 2. Literature Review

Chang (1937) also proposed that the pile type can be divided into two, such as Long pile and Short
pile, using f and the pile embedment length, L,

ﬂ- lo > — Long pile

ﬂ . lo <7 — Short pile

According to the beam bending theory, slope-deflection €., bending moment M., shear force S,

horizontal soil resistance p; along the pile shaft can be estimated as bellows.

6 —-D M ——E

2 0 =
: dz : dz : dz’

, p.=k,z, (2.2.6)

Chang (1937) compared the simulated result with the large scale horizontal loading tests done by
Feagin (1937), in which the pile head rotation was fixed. By this comparison, Chang (1937) confirmed
that even if the horizontal subgrade reaction, 4, is assumed as a constant value of &, at first fixed point

along the ground depth, the pile behavior can be predicted with a high accuracy.

As well as Chang (1937), Broms (1964a, b) also solved the governing eq. (2.2.1) using eq. (2.2.3),
and validate these equation by comparing with the horizontal loading tests on the isolate pile done by
previous researches. Broms (1964a, b) confirmed that k;, was the constant against the depth (m=0) for
the cohesive soil, on the other hand, in the cohesionless soil, he supported eq. (2.2.7) established by
Terzaghi (1955), where k;, varies inversely with the depth and the pile diameter, D, respectively.

z
p(z,y)=n, o 2.2.7)

The ny in this equation is a kind of constant value, and Terzaghi (1955) proposed approximate value

for each soil type.

Thus, Chang (1937) and Broms (1964a, b) proposed that there was a linearity between the horizontal
soil resistance, p, and the pile deflection, y (n=1), however, Kubo (1961, 1962, 1964, 1965) found that
nvalue in eq. (2.2.2) is around 0.5 through a number of small and large scale model tests. Additionally,
they proposed m value in eq. (2.2.2) has two different values according to the soil conditions. For Type
S soil where the soil strength such as N value derived from the standard penetration tests linearly

increased with the ground depth, the coefficient of subgrade reaction is also proportional to the depth



(m=1). The soil having constant N value along the ground depth is named Type C soil, where the
coefficient of subgrade reaction is considered constant value regardless the depth (=0). Kubo (1961,
1962, 1964, 1965) confirmed that discrimination of Type S and C soils is not required at the deep area
of the ground, and it is enough to determine the soil type at the area shallower than a certain depth
where the bending moment acting on the piles is zero. He also proposed that the behavior of the
prototype pile can be estimate from the loading tests on the standard pile using the scaling law. Terashi
(1989) et al. testified this method, which assumed the value of n is 0.5, by comparing the results of

horizontal loading tests on the pile.

However, the restriction of “Elastic subgrade reaction method” is limitation to relatively small pile

displacement, and it cannot treat the large displacement problem.

ii) Ultimate subgrade reaction method

Ultimate subgrade reaction method proposed by Broms (1965) assumes the profile of the horizontal
soil resistance at the ultimate state, and estimates the pile horizontal resistance using equilibrium of
external force acting on the pile, horizontal soil resistance, p, is therefore a function of z (p=p(z)).
Broms (1965) expressed the horizontal soil resistance for the sandy soil as three times Rankin’s passive

earth pressure shown in eq. (2.2.8).

pmax = 3I<Po- (228)

The pmax in this equation is ultimate horizontal soil resistance, K, is the coefficient of Rankin’s
passive earth pressure and o is the effective vertical stress. However, this method cannot deal with
the pile displacement problem because the horizontal resistance of the pile is determined by the

equilibrium of force at the ultimate state.

iii) Composite subgrade reaction method

The composite subgrade reaction method is the combination of the elastic subgrade reaction and
ultimate subgrade reaction methods. The cross-sectional force of pile and soil resistance at relatively
large deformation can be taken into account by this method. Reese et al. (1974) introduced the ultimate
subgrade reaction into the p-y relationship, where p-y relationship up to ultimate state was expressed
by the line and parabolic function. This method has been adopted in API (American Petroleum
Institute). Kishida and Nakai (1979) simply expressed the non-linear p-y relationship as the bi-linear
model using the coefficient of subgrade reaction &, and the ultimate horizontal soil resistance pmqx.

Kishida and Nakai (1979) confirmed that p-y relation using bi-linear models can represent accurately
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the actual pile behavior by comparing with the horizontal loading tests on small and large scale pile
done by Kubota (1977) and Suzuki (1976).

Yamakata et al. (1968, 1969, 1970) and Siva (1970) employed the plasticity into the soil resistance
around the ground surface where the soil deformation might be relatively large. Wu (1998) proposed
the p-y curve described by hyperbolic function. Li and Peter (1992) used p-y curve with parabolic,
and justified the validation of this method by comparing the horizontal loading tests of the pile done
by Morison (1986) and p-y curve from API method. Furthermore, Georgiandis et al (1992), Det
Norske Verias (1980), Scott (1980), Murchison and O’Neil (1984) also proposed various

methods about p-y curve.

Thus, p-y relationship is of considerable significance to comprehend the behavior of the horizontally
loaded pile, especially the coefficient of subgrade reaction and the ultimate soil resistance, which
determines the initial gradient of p-y curve and maximum soil resistance respectively, are crucial.
However, due to the non-linearity of the soil and the complexity of the interaction between the pile
and soil, p-y curves employed in the various design method as expressed below have been empirically
or semi-empirically determined.

Japan Port and Harbor Association:

p(z.y) =k,2"™ (2.2.9)

Japan Road Association, Railway Technical Research Institute:
p(zﬂy):khy pgpmax
P=Prx  PZPum

(2.2.10)

APL: p(2,)) = Py, tan (2.2.11)

2.2.2 Researches on Pile group

Previous section summarized the horizontal response of the isolated pile, while piles
in the actual piled foundation behaved not as the isolated pile but as the pile group
because many piles are installed beneath the raft base in the actual piled foundation.
Consequently, the interaction of pile-soil-pile in the pile group must be considered, and
the problems are much complex compared with the isolated pile. In this section,

literature review will focus on the behavior of the pile group subjected to horizontal load.



1000 1000
£ £ /
4 2
_ N 48 in. depth
[ [7]
] 36in. depth] & : Cycle |
5 5001 Cycle I|D S 500 #
.§ . ~§ A
o0 .A/_—fj o A/
= ‘4_—-/ = o8
[+ E ] —
%] [
0 0 T
Q 0.5 1.0 0] 0.5 1.0
Deflection, ine, .. single pile Dellection, In.
e— oleading row
A—-—Amiddle row
B—--—mback row
1000 . 1000
. 36 in. depth . 48 in. depth
£ Cycle 100 E Cycle 100
3 4
- - e
g g
5 500 S 500
] a
@ o
2 [+ . A
3 =1 3
OJ T O T
0 0.5 1.0 0 0.5 Re)

Dellection, in. Deflectien, in,

Tigure 2.2.1 Typical p-y curves by row position for piles in group. (Brown et al. (1988))

Brown et al. (1988) carried out horizontal loading test on the single pile and pile group
with nine piles (s/D is three, where s is the pile spacing and D is the pile diameter) in
the sandy soil using the stainless steel pile with 273mm diameter, 9.27mm thickness and
3m length. Several strain gauges were attached at the model piles to measure the
bending moment acting on piles. From the bending moments, p-y curve was estimated
using method proposed by Matlock and Ripperger (1956). Brown et al. (1988) confirmed
that piles in the front row and the single pile showed similar tendency of p-y curve, but
the coefficient of subgrade reaction was much smaller for piles in the trailing row than
the single pile as shown in Fig. 2.2.1 because of the influence of the piles in the leading
row. This reduced efficiency of the trailing piles in the group was called the effect of
“shadowing”. Reduction ration of piles in the group against the single pile are therefore
defined by employing the p-multiplier Pn as shown in Fig. 2.2.2. From the result of
horizontal loading tests, it was found that only 40% of horizontal resistance was observed
for the piles in the trailing row than the single pile as shown in Fig. 2.2.3. Remaud et al.
(1998) also conducted the horizontal loading tests on the pile group in the sand by
varying the pile spacing, and similar result as Brown et al. (1988) was derived. They also
found that reduced resistance in the trailing piles can be ignored over the ratio of pile

spacing on the pile diameter of six.
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Figure 2.2.2 p-multiplier concept. (Brown et al. Figure 2.2.3 Experimental p-multipliers vs.
(1988)) depth. (Brown et al. (1988))

Table 2.2.1 p-multiplier values from large-scale experiments. (Rollins et al.(1998))

Deflection
Soll properties (reference) Pile properties range (mm) [ Front row 2nd row 3rd row ath row
(1) &) 3 4) (5) (8) (7

Clayey slit (CL-ML, ML); §, = 50 to 75 |Driven 324 mm OD steel pipe 25-60 0.6 04 0.4 —
kPa (1,000 to 1,500 psf ); P/ = 5-20; pile with concrete fill
LL = 25-40 (this study)

Loose fine sand (SP); D, ~ 20-40%; ¢ |Jetted/driven 760 mm square pre- 25-75 0.8 0.7 03 03
= 32° (Ruesta and Townsend 1997) stressed concrete pile

Clean medium sand (SP); D, ~ 50%; ¢ |Driven 272 mm OD steel pipe 25-38 0.8 04 03 —_
= 38° sand placed after pile driving with grout fill
was completed (Brown et al. 1988)

Stiff clay (CL to CH); overconsolidated |Driven 272 mm OD steel pipe 30 0.7 06 0.5 —
by decissation; §, = 70 to 180 kPa pile with grout fill 50 0.7 0.5 04 —
(1,400 to 3,600 psf ); PI= 30-50, LL
= 40-70; (Brown et al. 1987)

Silty Clay (CL); 5, = 25 kPa (500 psf); |Driven 284 X 270 mm steel H- 15 0.9 0.5 — —
&' = 38-42°% ¢’ =0; Pl = 15-25; LL pile with side plates to form a
= 35-45; (Meimon et al. 1986) box section.

Brown et al. (1987) carried out horizontal loading tests on the single pile and the pile
group using the same pile as research by Brown et al (1988). They reported that although
the p-y curves were almost same between the single pile and piles in the group at the
relatively small pile deflection, the smaller coefficient of subgrade reaction was observed

for the piles in the group than the single pile at the large deflection of pile.

Rollins et al. (1998) carried out the horizontal loading tests on the single pile and pile
group in a 3 X 3 configuration and with a nominal spacing of three-pile diameters center
to center. The model pile is stainless steel pile with 305mm in inner diameter, 9.5mm in
thickness and 9.1m in length. Rollins et al. (1998) compared the tests result done by
them and by others (Sparks and Rollins (1997), Ruesta and Townsend (1997), Brown et
al. (1987, 1988) and Meimon et al. (1986)) with the computing analysis, GROUP,
developed by Reese et al. (1996), and p-multiplier (P.») which was proposed by Broms
(1988) was back-calculated (Table 2.2.1). By this comparison, it was found that the p-

multipliers did not appear to be sensitive over nominal pile spacing of six-pile diameters

11



(Fig. 2.2.4). This trend had an agreement with the research findings derived from Cox et
al. (1984), who confirmed that the effect of pile group can be ignored at the pile spacing-

pile diameter ration of six.
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Tigure 2.2.4 Interim design curves for p-multipliers as function of pile spacing. (Rollins et al. (1998))

Llyas et al. (2004) carried out horizontal loading tests on the pile group in normal and
over consolidated clay. Much focus was placed on the influence of the pile spacing and
number of piles on the performance of horizontally loaded pile group. It was found that
shadowing effect proposed by Brown (1988) was observed at pile spacing of less than
three-pile diameter, however, there was no difference between the single pile and piles
in the pile group at pile spacing of more than five-pile diameter (Fig. 2.2.5). The slight
group effect at the pile spacing of more than five-pile diameter was also confirmed by
McVay et al (1994). Furthermore, Llyas et al. (2004) described Table 1, where the p-

multiplier (Pn) obtained from previous research was summarized.

100% 1 'Pile_spacing 50 100% \ "Pile_spacing 5D
01D : $0108020 |
0.2080.25D : 0.25D :

90% 80% BT T
: Pile helddsphoemelt
H Q. 1D

80% e T 80% - s

-

Pile group efficiency (%)
8 -~
2 2

Pile group efficiency (%)

&
®

{a) NC clayl H D=pile Iuid'lh (b) oc clay
: i 40% . :

0 4 ] 12 18 20 0 4 8 12 16 20
Number of piles Number of piles

40%

Tigure 2.2.5 Pile group efficiency (p-multiplier) at various pile head displacement. (Llyas et al.

(2004))
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Thus, it has been widely recognized that the behaviors of the isolated pile and piles in
the group were significantly different, i.e., the smaller pile spacing is, the smaller pile
horizontal resistance in the group is. The reduction ratio of piles in the group on the
single pile has been determined experimentally, it can be therefore said that the routine
design of piled foundation relies largely on empirical or semi-empirical approaches,

owing to the complicated interactions between the components.

2.3 Piled raft foundation
2.3.1 Settlement behavior of piled raft foundation
2.3.1.1 Analytical study

Analytical methods of estimating piled raft behavior are major concerns in this section.
Several methods of analyzing piled rafts have been developed, which are summarized by
Poulos et al. (1997, 2001) and Randolph (1994). Two broad classes of analysis method

have been identified.

i) Simplified calculation methods

Poulos and Davis (1980) introduced a simple method of estimating the overall load-
settlement curve to failure for the piled foundation. It is assumed that a part of the pile
group is replaced by the equivalent pier. This method is therefore called “equivalent pier
method”. They presented two types of equivalent piers; single equivalent pier of the same
cross-sectional area as the original and of equivalent pile length, Leg; single equivalent
pier of the same pile length as the original, but with an equivalent pier diameter, deq.
The resultant load-settlement curve is tri-linear, reflecting the three main portions such
as no yielding, piles yielding and piles and raft yielding regions. However, it should be

noted that the shared load by the raft and piles cannot be taken into account.

A useful extension to Poulos’s method can be made by using the simple method of
estimating the load sharing between the raft and piles, as outlined by Randolph (1983,

1994). The stiffness of piled raft and ratio of shared load carried by components are

represented:
7 +k,(1-2a,)
pr 1_(kr/kphr2p (231)
P l-a, k

r (2.3.2)

= X
Pp I_Kkr/kpjarp kp

where kpr 1s stiffness of piled raft, &- is stiffness of raft, kp is stiffness of piles, axp 1s
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interaction factor of pile group on raft, P is load carried by raft and P, is load carried by
piles. The raft stiffness & can be estimated via elastic theory, for example using the
solutions of Mindlin (1936), Fraser and Wardle (1976) and Mayne and Poulos (1999). The
pile group stiffness can be also estimated from elastic theory such as that described by
Poulos and Davis (1980) and Poulos (1989). a.p is given by following:

i ln(rr/rp)

G Jr)) (2.3.3)

where rr1s radius of raft, rpis pile radius and r» is maximum radius of influence
of each individual pile. axp approached a value of approximately 0.8 for a wide range

of the number of piles, pile spacing and pile stiffness.

ii) Hybrid method and Numerical approach P P
A boundary element method (BEM) to . !
predict the settlement of piles and pile P“: \ ! Pj
groups with incompressible pile and Modulus L :
perfectly rigid pile cap was developed by i h
Poulos and Davis (1968) and Poulos (1968). i P
Referring to Fig. 2.3.1, the displacement p; db
of the soil adjacent to the center of the 7. 77777777
periphery of an element 7 on pile 1 due to (a) ;rez;eﬂx of (b) m::sles @ ;frp::;es
pile 1 itself and the adjacent pile 2 is e MG égn’“ﬁ‘—‘le‘[’;‘ws
J=n . .
=2, (bl b, (oL ) e e e raesy

(2.3.4)

where 77;is the displacement influence factor at element 7due to a uniform ring load
on element jon pile 1, 2/;is the displacement influence factor at element 7 due to a
uniform ring load on element jon pile 2 and 17 is the displacement influence factor
at element 7 due to a uniform load on the base of pile 1, and similarly for 2Z:.

Similar expression for the displacement of pile tip p» was proposed.
Jj=n
Py :zpj(llbj+21bj)+pb(11bb+21bb) (2.3.5)
j=1

where 11y 1s the displacement factor for the pile base due to a uniform ring load on
element jon pile 1, and similarly for 275 and 1/ps is the displacement factor for pile

base due to a uniform load on the base of pile 1, and similarly for 2/ These
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displacement factors can be obtained by integration of the Mindlin’s equation.

A rigorous boundary element method for pile groups with rigid raft was reported by
Butterfield and Banerjee (1971a, b), in which pile compressibility and influence of pile
cap on the group can be taken into account. Mindlin’s solution based on elastic theory for
a point load embedded in the interior of semi-infinite elastic solid is adopted as a
convenient singular solution. The result show that the load displacement characteristics
of similar pile group with and without pile cap were different, i.e., the contacting cap
increased the foundation stiffness by 5-15%. This increase was dependent on the group
size and the pile spacing. Although the pile compressibility and pile cap existing can be
considered, the differential settlement of the raft was not dealt with because the raft was

assumed fully rigid.

Ottaviani (1975) analyzed a pile group with and without a rigid cap in a homogeneous
elastic medium by using the three dimensional finite element approach. Ottaviani
reported that the contacting cap greatly reduced the shear stress in the soil around the
upper portion of the piles, and, at the same time, increase the vertical stresses in the soil

underneath the pile base.

Hain (1975) and Hain and Lee (1978) analyzed the piled raft having a flexible raft in
an elastic homogeneous or non-homogeneous material. The pile group-supporting soil
system is modeled by the Mindlin’s equation for a deep homogeneous soil mass. The
failure of individual piles at loads less than the total group capacity was represented by
applying an excess load cut-off procedure. Interaction factor method was employed to
consider the interaction between each component. The raft was composed of rectangular
plate bending finite elements, and the raft stiffness ratio was introduced:

_AE B (1-v])

2 (2.3.6)
3nE Ly

R

where Aris the raft-supporting soil relative stiffness, £r, Erand Esare Young’s modulus
of the raft, pile and soil mass respectively, vsis Poisson’s ratio of the soil and Lr, Bz, tr
are length, breadth and thickness of the raft respectively. Two piled raft application on
actual site, namely, La Azteca building, Mexico City and Hyde Park Cavalry Barracks,
London reported by Zeevaert (1957) and Hooper (1973) respectively were reanalyzed.
There was encouraging agreement between measured and predicted settlements and pile
load.
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Brown and Wiesner (1975) analyzed uniformly loaded piled raft, where the raft and
piles were modeled as the strip footing and incompressible pile respectively. In order to
obtain the displacement, the integration technique described by Poulos and Davis (1968)
and Mindlin’s solution were employed. They introduced different raft stiffness ratio K
from Hain and Lee (1978):

= M (2.3.7)

kL

where £'is Young’s modulus of the footing, /is second moment of area of the footing, vs
is the Poisson’s ratio of the soil, s is the Young’s modulus of the soil and L is the footing
length. Analytical result showed the significant reduction of displacement, differential
displacement and positive bending moment acting on the footing for the piled raft.
However, addition of piles gave rise to negative bending moment, and when the footing
is flexible (K:<0.001) the positive moment are larger than would have occurred without

piles.

A boundary element analysis based on elastic theory was performed by Kuwabara
(1989) to analyze the behavior of piled raft foundation subjected to vertical load.
Compared with the pile group with and without raft contact, the reduction of the
settlement caused by the present of the rat is very small, although the raft transmits 20-
40% of the applied load direct to the soil.

Chow (1986) presented method analyzing linear and no-linear responses of vertically
loaded pile groups, in which the approximate solution for a single pile response presented
by Randolph and Wroth (1978) was employed. Chow and Teh (1991) extended the work
by Chow (1986) to analyze piled rafts on a non-homogeneous soil with a finite depth. The
raft was assumed rigid and discretised into sub-elements. Piles were discretised into
some elements with an axial mode of deformation. They reported that the effect of
contact pressure by rigid raft had a slight influence on the stiffness of the piled raft. Note

that the differential settlement cannot be treated in this method.
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Clancy and Randolph (1993) extended the
work by Chow (1986) and Chow and
Teh(1991) to analyze a flexible piled raft on

. |
1 SRR R SRISR 2
a homogeneous soil. The treatment of the NN NN N

pile group and of interactions between

piles and the raft were based on Mindlin’s £ 1 %] 3=
solution, but the load transfer model of (\\\‘ F :2‘ li ii
Randolph and Wroth (1978) was used for ‘:E x %3 Tz b:z
each single pile response. The flexible raft ‘l’g l{ _:,Q
was modeled using plate-bending finite

elements. The schematic concept of this L Ouetine

3. Two-dimensionai piaie-bending finiie ei

4. Ground resistance at each raft node represenied by a
approaCh 18 ShOWIl n Flg' 2.3.2. 5. Piie-soii-piie interaction effects caicuiaied beiween pa

Mindiin’s equation

6. Pile-soil-raft interaction

7. Raft-soil-raft interaction

Poulos (1991) proposed the “strip on

springs approach”, in which a section of the Figure 2.3.2 Numerical representation of piled
raft is represented by a strip, and the raft. (Clancy and Randolph (1993))

supporting piles by springs. Approximate allowance is made for all four components of
interaction (raft-raft, pile-pile, raft-pile and pile-raft), and the effects of the parts of the
raft outside the strip section being analyzed are taken into account by computing the
free-field soil settlement due to these parts. These settlements are then incorporated into
the analysis, and the strip section is analyzed to obtain the settlements and moments
due to the applied loading on that strip section and the soil settlements due to the

sections outside the raft.

Poulos (1994) described a plate on springs approach, in which the raft is represented
by an elastic plate, the soil is represented by an elastic continuum and piles are modeled
as springs. This analysis has been implemented via a program GARP (Geotechnical
Analysis of Raft wit Piles). Allowance has been made for layering of the soil profile, the
effects of piles reaching their ultimate capacity, the development of bearing capacity
failure below the raft and the presence of free-field soil settlements acting on the

foundation system. This method is so-called “plate on springs approach”.

Russo (1998) have described a similar approach to the above “plate on springs method”.
To model the non-linear behavior of piles, the analytical expression of the Chin’s
hyperbola (1970) is used in this method. The interaction factor method is employed to

model pile-pile interactions is represented:
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a,(s)= W;(S) (2.3.8)
1

where app(s)is pile-pile interaction factor, wirepresents the elastic settlement of the pile
1, and the load free pile 2 is located at a spacing s, away from the loaded pile 1. A
preliminary BEM (Boundary Element Method) analysis, via a computer code, allows to
calculating this interaction factor. The raft of any geometry and stiffness is then
calculated by FEM analysis. The numerical procedure is implemented via the computer
program NAPRA. Russo (1998) compared the analytical results with results from the
Poulos’s plate on springs approach and from the centrifuge model test done by Horikoshi
and Randolph (1996). The details of centrifuge model tests will be presented in later
section. The comparisons carried out indicated that the computer program NAPRA may

satisfactory solutions both in linear and non-linear range.

Ta and Small (1996) analyzed the piled raft systems constructed in layered soils. The
raft was modeled using the finite element method and treated as a thin elastic plate, and
therefore this method can be used to analyze a raft with any geometry and stiffness. The
soil can be considered to be an isotropic or cross-anisotropic horizontally layered material.
Solution can be obtained for most of the quantities required by designers such as

differential settlement and moment in the raft, loads in the piles and raft.

Prakoso and Kulhawy (2000) carried out analysis on the piled raft using simplified
linear elastic and non-linear plane strain finite element models. The effects of raft an
pile group system geometries and pile group compression capacity were evaluated on the
average and differential displacements, raft bending moment, and pile butt load ratio of
the piled rafts.

Thus, a lot of analytical studies have been reported. The main stream for analyzing
method of the piled raft foundation subjected to vertical load is the so-called Hybrid
method, in which the raft in the piled raft is modeled as the thin plate or strip on the
springs and the interaction among the raft, piles and ground is considered using the

elastic theory such as Mindlin’s solution as shown above.

2.3.1.2 Field measurement
The piled raft foundations have been applied to actual foundation design over the

world. The design code of the piled raft foundation was published by Architectural
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Institute of Japan (2001), and a number of piled raft application have been reported in

Japan as well since a piled raft was first fused in the construction of a four-story building

in Urawa in 1987 (Yamashita and Kakurai (1991)). In this section, some literature review

will explain the case history of piled raft application. In particular, much focus will be

placed on the load sharing of the piles and the raft.

£ k H N strain

Closed-end steel pipe pile
Dia.=0.4m Length=22.7n

.; 13.0m 1

i

gauge Foundation slab (t=0.6m)

Foundation beam
(B¥H=1.0m*1.3m)

® Pile
= Settlement gauge

Figure 2.3.3 Schematic illustration of foundation and soil profile. (Kakurai et al. (1987))

Kakurai et al. (1987) reported that
observed data reinforced concrete silo
supported by the piled raft foundation.
The schematic illustration and soil
profile are shown in Fig. 2.3.3. The
settlement gauge and strain gauges
were installed to measure the silo
settlement and axial load along pile. The
base pressure was 74kPa, and if a raft
foundation was used to support the
superstructure, its bearing capacity was
111kPa and more than 80mm of total

consolidation settlement were predicted.
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Figure 2.3.4 Time histories of load and settlement.

(Kakurai et al. (1987))

Thus raft foundation with five friction piles was employed aiming at reducing the

consolidation settlement. The observed settlement after 420 days was 31mm as shown

in Fig. 2.3.4, implying that five friction piles
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distribution and load division

between the raft and the piles.

Kishida (1991) reported that the behavior of the tall building supported by piled raft
in Rokko Island from 1989.6 to 1990.11. The schematic illustration is described in Fig.
2.3.5. The building supported by 72 bell-shaped bore piles is 46.8m in width, 45.0m in
length and 130.2m in height from the ground surface. The average base contact pressure
is about 450kPa. The size and location of the piles is shown in Fig. 2.3.6. The

measurement targets are settlements of the foundation and the ground and earth
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pressure beneath the raft base. The author confirmed that there was almost no empty
space between the base of the raft and the ground using the measured settlement at the
foundation and at the ground. The proportion of the vertical load carried by the raft part
on the total vertical load (RVLP) was almost 22% (calculated from Fig. 2.3.7) after the

construction.

Yamashita et al. (1994) also reported the observation of the piled raft on layered
ground (Fig. 2.3.8). They designed piles with relatively larger pile spacing (s/D=8, where
s is pile spacing and D is pile diameter) to reduce the overall and differential settlement
effectively as proposed by Cooke (1986). In the case of this building design requirements
are as follows. The maximum contact pressure is lower than the one-third of the ultimate
value of 490kPa, and allowable axial loads determined by pile material are larger than
design column loads. Measured were the settlement of the foundation and axial load

acting on piles. The RVLP for this case is approximately 51% as shown in Fig. 2.3.9.
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Figure 2.3.8 Schematic illustration of building Figure 2.3.9 Measured pile loads at the time of
and soil profiles. (Yamashita et al. (1994)) completion. (Yamashita et al. (1994))

Katzenbach et al. (2000) also reported the behavior of the piled raft foundation
supporting the 121m high office building in Berlin. On the fist 3m below ground level the
subsoil consists of fill, followed by loose sand and medium dense to dense sands in a
depth of 40m. The building is founded on a piled raft foundation with 54 bored piles of
0.88m diameter (Fig. 9). The RVLP after the construction was about 52%.

Yamashita et al. (2011) summarized five recent case histories of the piled raft
foundations in Japan. To confirm the wvalidity of the foundation design, field

measurements were performed on the foundation settlements and the load sharing
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between the rafts and piles by monitoring the five structures from the beginning of their
construction to 17 to 60 months after the end of their construction. All the constructions
described by Yamashita et al. (2011) were based on the following common design criteria
under the working condition. 1) It has to be proved that the factor of safety against the
ultimate bearing capacity of a piled raft foundation is larger than 3. The ultimate bearing
capacity of the piled raft foundation can be replaced with the ultimate bearing capacity
of the raft foundation alone (ignoring bearing capacity of the piles). 2) It has to be proved
that the maximum settlement and the differential settlement are less than the allowable
values.

The design criteria under seismic loading conditions are as follows. 1) It has to be
proved that the factor of safety against ultimate bearing capacity of the piled raft is
larger than 1.5 under vertical loading together with lateral loading. 2) It generally has
to be proved that the factor of safety against the ultimate bearing capacity of the piles is
larger than 1.5 against the maximum axial load assumed in the design load sharing. 3)
The influence of lateral loading on the piled raft has to be considered, i.e., the maximum
bending moment and the shear force on the cross sections of the piles evaluated by the
analytical method should be less than the design structural strength of the piles
(Hamada et al. (2009)).

i) 11-story office building on medium sand

The 11-story office building, 60.8m in height is located in Aichi. The piled raft
foundation consisting of 40 piles was proposed. The RVLP 60 months after the end of
construction was about 35%.

ii) 18-story hospital on soft clay

This building is located at Osaka and the dimensions are 51.3m in height, 55m in
width and 45m in length. The raft base pressure is 169kPa and the base is supported by
17piles with 19m of length and 0.8-1.0m of diameter. 42% of the RVLP was observed 52
months after the end of the construction.

iii) Hardron Experimental Hall on medium to dense sand

This building is located in Ibaraki and the average contact pressures over the raft were
from 259kPa to 442kPa. 371 piles with 22.0-25.7m in length and 0.6-0.8m in diameter
were prepared beneath the raft base. After 42 months after the end of the construction
the RVLP of 14% and 33% were observed for P1 and P2 respectively.

iv) 47-story residential tower on medium sand

The 47-story residential tower, 162m in height and measuring 50m by 34m in plan, is

located in Nagoya. The average base pressure over the raft is about 600kPa. 36 piles

were used and the piles have a diameter varying from 1.5 to 1.9m and an enlarged bell
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at the pile bottom varying from 1.8 to 2.2m. The layout of piles with locations of
monitoring devices is shown in Fig. 26. The RVLPs 17 months after the end of
construction were 7% and 13% for 5D and 7D respectively.
v) 19-story residential building on loose sand

The 19-story reinforced-concrete residential building, 75.8m above the ground surface,
1s located in Kagoshima. The average pressure is 257kPa, and 27 bell shaped piles with
62.8m in length and 1.2 or 1.3m in diameter were employed. 30% and 24% of the RVLP
were observed 22 months after the end of construction.

Form these case histories, Yamashita et al. (2011) confirmed that the RVLP increased
with pile spacing ration s/D, where s is the pile spacing and D is the pile diameter.
Similar tendencies were reported by Cooke (1986) and Mandolini et al. (2005).
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Figure 2.3.10 Relationship between pile spacing ratio (s/D) and RVLP.

Table 2.3.1 summarizes the case histories reported by the previous researches. The
relationship between s/D and RVLP is plotted in Fig. 2.3.10. As been seen, the RVLP
generally decreased as the pile spacing ration was increased. The RVLP seems to have
significantly increased as the pile spacing ratio was increased from about four to six.
However, the RVLPs for the piled raft with ground improvement were almost constant

against the pile spacing.
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Table 2.3.1 Case histories of piled raft applications.

Heioht Contact Piles (mm) RVLP after
el
Structure ( g) pressure Number | Length | Diameter construction Reported by
m
(kPa) (Ag/A) (L/B) (s/D) (%)
Stonebrid
onebricge 0.9 (0.65) (3.6) 23 Cooke et al.
park
-stori 0.2
brstories 2.7 504 18-24 Tan, Y. C. et al.
building (10)
Dashwood Hight & Green
0.9 0.5 3 19
house ©.9) ©.5) © (1976)
Apartment Joustra et al.
0.9 0.5 5.2 22
block ©.9 0.5 6.2 (1977)
National
Westimnster (0.91) (0.5) (3.8 29 Hooper (1979)
Bank
Hide Park
Cavalry 0.72) 0.9) (4.3) 39 Hooper (1979)
Barracs
House 1 0.9) 2.1 (6.5) 8 Jendeby (1986)
House 2 0.9) (2.2) (10.5) 66 Jendeby (1986)
U 1
bpsata 0.9) (2.2) (11.2) 64 Jendeby (1986)
house
. 0.4 Kakurai et al.
Silo 11.9 74 5 22.7 57
(10.8) (1987)
. 1.1-2.2 L.
Tall building 130.2 441 72 45 22 Kishida (1991)
(4.1-3.5)
Messe Tu ©0.83) | (052 6.4) 45 Sommer et al.
esse Turm . . .
(1991)
5-story 171 84 20 15.8 0.7-0.8 51 Yamashita, K.
building ) 0.9) (0.64) (8) et al. (1994)
Multi-span Van Impe et al.
0.7 1 3.8 27
bridge 0.7 W ©.8) (1994)
Tower 121 189 24-33 1.2 Ergun (1995)
Garigli
arighane (0.88) 4.5) ®) 20 Russo (1996)
bridge
Messe Katzenbach et
0.8 1.14 3.5 20
Torhaus ©.8) ( ) .5) al. (2000)
Wetend 1-DG ©0.52) 0.63) © 50 Katzenbach et
Bank ' ) al. (2000)
Katzenbach et
J Cent 0.45 0.6 5.5 60
apan Lentre 0.45) ©6) 6.5 al. (2000)
Katzenbach et
F 0.55 0.7 6 62
orum (0.55) 0.7) (6) al. (2000)
Congress Katzenbach et
0.62 1 5.8 60
Centre ¢ ) W 6.8 al. (2000)
Katzenbach et
Main Tt 0.7 0.5 3.3 15
ain Tower 0.7 0.5 (3.3 al. (2000)
Katzenbach et
Euroth: 0.55 0.8 5.2 70
urotheum ( ) 0.8 (5.2) al. (2000)
0.88 Katzenbach et
TREPTOWER 121 365 54 12.5-16 52
(6.5) al. (2000)
R 1.8
Tall building 60 275 10 20.7
(4.2)
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4-story 0.5 Matsuo et al.
. - 72 93 12 85
building (12) (2003)
Tank 12 o
Mandolini et
Harbour - - (0.82) (0.92) (5.8) 50
i al. (2005)
Napoli
Tank 14 o
Mandolini et
Harbour - - (0.82) (1.1) (5) 46
. al. (2005)
Napoli
47-story .
. X 1.5-1.8 Yamashita, K.
residential 161.9 600 36 50.2 13-7
(4.6-4.0) et al. (2010)
tower
11-story office 1.5 Yamashita, K.
L 60.8 181 40 27.5 35
building (7.8) et al. (2011)
13-story 0.8-1.0 Yamashita, K.
. 51.3 169 17 19 42
hospital (12.2) et al. (2011)
Hadron
. 0.6, 0.8 Yamashita, K.
experimental 19 259-442 371 22-25.7 14-33
(5.3, 4.5) et al. (2011)
hall
19-stor; .
. y 1.2,1.3 Yamashita, K.
residential 75.8 257 28 62.8 30-24
. (5.3, 4.8) et al. (2011)
building
7-story office 0.7, 0.9 Yamashita, K.
O 29.4 100 70 29.8 28
building (15, 12) et al. (2011)
12-stor; .
. y 1.0,1.2 Yamashita, K.
residential 38.7 199 16 45 33
. (10, 8 et al. (2012)
building

2.3.1.3 Physical modeling test

Liu et al. (1985) carried out 74 series of field tests on bored single pile and pile group
in the non-dense sandy soil. Varied parameters were: pile diameter (D=125-330mm); pile
length (I.=8-23D); pile spacing ration (s/D=2-6); number of pile (n=2-10); pile
arrangement (square, rectangle and single range); pile cap position (the pile cap did not
touch the ground for the high-rise cap, and it touched the ground for the low-rise cap).
From a number of series tests, it was found that the ultimate shaft friction load was
smaller for the high-rise cap than the low-rise cap. However, the end bearing load

increased by the existing of the pile cap having the contact with the ground.

Cooke (1986) conducted extensive series of model tests on the unpiled rafts, free-
standing pile groups and piled rafts with various raft size, number of piles, pile spacing.
Cooke found that at the pile spacing that are closer than the critical spacing at which
block behavior of free-standing groups occurred, the piled raft and free-standing pile
group of the same size followed the theoretical block failure mechanism (eq. (2.3.9)) and

have similar ultimate bearing capacities and similar immediate settlement.
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P
L [4(n—1)k+7z]£+[(n—l)k+1]2Nc (2.3.9)
c,d d

A pile spacing that are wider than the critical spacing the ultimate bearing capacity of
a pile group can be increased significantly by a raft formed on the clay surface. The
stiffness of the piled rafts was at most 30% greater than those of the free-standing pile

groups at large pile spacing ratio as shown in Fig.2.3.11. Similar trend can be observed
for the case histories (Fig. 2.3.10)
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Figure 2.3.11 Comparisons of ultimate load capacities of piled rafts and free-standing pile groups.
(Cooke (1986))

Thaher and Jessberger (1991) carried out a centrifuge model tests on the piled raft on
over consolidated clay. A centrifuge acceleration of 50g was employed. The effects of pile
number, pile length and pile diameter on the performance of vertically loaded piled raft
foundation were examined. Moreover, additional centrifuge model test simulating the
foundation of the Fair Tower in Frankfurt was conducted. Basic finding from this
research was the ratio of pile spacing to pile diameter (s/D) is a key figure for piled raft
foundation design. Similar suggestion were made by Cooke et al. (1986), Yamashita et al.

(2011) and Mandolini et al. (2005), i.e., the wider pile spacing is, the larger contribution
from the raft base (RVLP) is.
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Figure 2.3.12 Average settlement of raft during loading tests. (Horikoshi and Randolph (1996))
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Horikoshi and Randolph (1996) carried 0

00 =

out six series of centrifuge model tests of the 01 fz

piled raft and unpiled model with various

pile number of 9, 21 and 69 on clay. The

centrifugal acceleration employed in this -

research was 50g. The piles were uniformly 06

arranged beneath the raft base for the piled

raft with 21 and69 piles, while piles were
installed only central part for the piled raft

with 9 piles. Beside the loading tests on the

Differential settlement: mm

piled raft and unpiled raft, the vertical

loading tests on the capped pile and 03

uncapped pile were also done. It was found

that the vertical stiffness was higher for the

A
capped pile than the uncapped pile. It was -01 1 n=69
also confirmed that although the average 00 Fm———o oo = ‘:’:i—l—\
settlement of the piled raft with nine piles 1 e
was almost same as that of the unpiled raft &5

(Fig. 2.3.12), the differential settlement can @

be reduced by 70% for the piled raft (Fig. Figure 2.3.13 Differential settlement of raft
during loading tests: (a) unpiled raft; (b) piled
raft with 9 piles; (c) piled raft with 21 and 69

piles. (Horikoshi and Randolph (1996))

2.3.13), implying that the central piles can

effectively reduce the differential
settlement. Horikoshi and Randolph (1998) carried out the parametric study using the
analytical approach developed by Clancy and Randolph (1993). They also compared with
the analytical results and experimental results derived from Horikoshi and Randolph

(1996). From these extensive works, it was proposed for the optimum piled raft design
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that piles should be installed over the central 16-25% of the raft area to effectively reduce

the differential settlement.

Poulos (2001) summarized recent extensive works on the piled raft including the
analytical and experimental methods and case history. An interesting aspect of piled raft
behavior is introduced using the experimental result derived from Katzenbach et al.
(1998). The ultimate shaft friction developed by piles within a piled raft can be
significantly greater than that for a single pile or a pile in a conventional pile group as
shown in Fig. 17 (2.3.14). This is because of the increased normal stresses generated
between the soil and the pile shaft by the loading on the raft. The piles within the piled
raft foundation develop more than twice the shaft resistance of a single isolated pile or

a pole within a normal pile group.

Pile load/ultimate capacity of single pile Pile friction/ultimate capacity of single pile
0 1 2 0 1 2 3

Av \

0.2

0-2

0-4

0-4

z/L
zIL

0.6 06

08 . 0-8

.-..n“l.

Figure 2.8.14 Distribution of pile load and skin friction. (Poulos (2001))

Blakumar et al. (2005) carried out vertical loading tests on the piled raft, free standing
pile group and isolated pile on medium dense sand in the gravity field. The model ground
was prepared by pouring and compacting method. The pile part in the piled raft
foundation took much higher vertical load than the free standing pile group. In the free
standing pile group, it appeared that shaft friction load was fully mobilized for a
settlement around 2mm. However, the pile part in the piled raft continued to offer higher

resistance even for the settlements beyond 2mm settlement. They concluded that this

28



Chapter 2. Literature Review

additional resistance offered by the piles in the piled raft was due to the increase in
normal stress. This higher shaft friction on the piled raft was also reported by Poulos
(2001).

Tejchman et al. (2005) carried out vertical loading tests on the piled raft, free-standing
pile group, single pile and raft alone model on the medium dense sand in the laboratory
floor. The pile number was changed (n=1, 4, 5, 6, 7, 8, 9) and contribution of the piles and
raft in transmission of loads into the subsoil was discussed by introducing acrrr and

effective coefficient # as expressed below.

ile
A ppr = R‘” (2.3.10)
total
R
n=—-"l (2.3.11)
R, +R.,

where FRpie is vertical load carried

by pile part, Rrotar is vertical load of

piled raft, Rsp is vertical load of

corresponding free standing pile

group and FRras is vertical load of

Settlement [mm]

raft alone model. As been seen in

Fig. 2.3.15, the larger number of Figure 2.3.15 acerr ratio determined by model tests (Tejchman et al.

piles was, 1.e., the narrower pile (2005))

spacing was, the higher acrrr was. 18

This trend can be clearly observed -

by Cooke et al. (1986), Thaher and % -

Jessberger (1991) and in the field % 1'2 3
observation as explained in 8

previous section. It was also % = f |

confirmed from effective coefficient 5 os ‘ ‘ ‘

n that the load transmitted into the 06 ‘ | 5 !
subsoil by the piled raft foundation O e

is higher than the algebraic sum of Figure 2.3.16 Effective coefficient n of piled raft foundaiton.
loads transmitted by the (Tejchman et al.(2005))
corresponding free standing pile

group and shallow foundation (see Fig. 2.3.16).

From the literature review on the settlement behavior of the piled raft foundation, it
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seems that vertically loaded piled raft foundation have been relatively well discussed
using case histories, analytical and experimental approach. Consequently, the
effectiveness of friction piles to reduce the average and differential settlements of
superstructure is widely recognized and the complicated load sharing mechanism
between the piles and the raft is gradually clarified. Therefore, the piled raft foundation

has been positively employed (Table 2.3.1) with intention to reduce the settlement.

2.3.2 Researches on the laterally loaded piled raft foundation
It is crucial to clarify the behavior of laterally loaded piled raft foundation in seismic
area such as Japan. Details of researches on the laterally loaded piled raft foundation

will be described in the following chapter.

2.3.2.1 Analytical study
i) Simplified method

Ishii et al. (2003) proposed the simplified method using cone model as shown in Fig.
2.3.17. The cone model is method to calculate the soil deformation profile §(z) caused by

the raft base using below equation.

2
v —
Khb :ﬂGﬂ’ Zh() =7y 2-v (2312)

Z,o 8

where &) is horizontal displacement of the raft, ¢:is the horizontal load carried by the
raft, Zno is the height of the cone top from the ground surface, z is the depth from the
cone top, 8(z) is the soil deformation at the depth of z (G'is the shear stiffness of the soil,

v 1s Poisson’s ration of the soil and raois the radius of the raft.

Then, the horizontal deformation
obtained from eq. (2.3.12) is applied to the 77k
o 4 PP © kTHEE Q
piles in the piled raft through the soil —>
spring, and the horizontal load ) is given
at the pile head until the horizontal

displacement at the pile head equals to

raft horizontal displacement 8. The total
horizontal load of the piled raft can be 4

. Tigure 2.3.17 Concept of the cone model. (Ishii et
estimated by sum of @ and ¢)p. They 31%003))
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verified this simplified approach by comparing the results of the centrifuge model tests
on the piled raft done by Fujimori et al. (2003) and Nishiyama et al. (2003). The details

of centrifuge model tests will be given later section.

Nagao et al. (2004) proposed simple model which consists of two dimensional beam
elements of piles and Winkler’s type of soil springs. Pile behavior is modeled using the
beam-spring model and the shear spring putting on the ground surface is treated as the
horizontal resistance of the raft part as shown in Fig. 2.3.18. By comparing the results
of model tests on the piled raft (Nagao et al. (2002)), it was confirmed that if the proper
soil spring is used for the model, the behavior of the piled raft foundation can be predicted.

The results derived from model tests will be described at later section.
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Figure 2.3.18 Concept of the simple model proposed by Nagano et al. (2004)

ii) Hybrid method

Tsuchiya et al. (2001) extended the Hybrid method (see section 2.4.1.1) to the method
which can treat the horizontal problem such as horizontal load, moment load and locking.
The raft and pile is modeled as the thin elastic plate element and elastic beam element
respectively. Interaction of raft-soil-pile is considered using the elastic theory such as
Mindlin’s solution as shown in Fig. 2.3.19. The bi-linear or tri-linear soil spring were

used to consider the nonlinearity of the soil. Because the interactions for both vertical
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feature of the proposed method is that

pile-soil-pile, pile-soil-raft, raft-soil-

raft interactions due to lateral forces Figure 2.3.20 Hybrid model proposed by Kitiyodom
as well as vertical forces are ondMatsumoto (2002).
incorporated in the analysis. They verified this method through comparisons with the
results from previous research. Kitiyodom and Matsumoto (2003) developed this
approach further. The developed approach can deal with the pile in the non-homogeneous
soil and load distribution along the piles can be calculated. Hamada et al. (2003, 2012)
proposed similar Hybrid approach, in which the interaction is considered using Mindlin’s
solution and nonlinearity of the soil and pile can be taken into account. The model tests
on the piled raft done by Tsuchiya et al. (2003) were simulated using this approach, and

the validation of this method was confirmed.

iii) Finite layer method

Small and Zhang (2002) proposed a new method of analysis of piled raft as shown in
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Fig. 2.3.21. The soil is divided into multiple horizontal layers depending on the accuracy
of solution required and each layer may have different properties. The raft is modeled as
a thin plate and the piles as elastic beams. Finite layer theory is employed to analyze
the layered soil while finite element theory is used to analyze the raft and piles. The
behavior of the piled raft subjected to vertical, horizontal and moment load in any
direction can be calculated. Comparisons of forces in piles, moments in the raft an piles
and displacement of piled raft subjected to either vertical and horizontal loadings show
that this solutions agree closely with those provided by the finite element method.

However, this method was applicable only for the elastic soils.

l {Q}— External forces
S

{P,}— interface forces on the raft

L
T '

{P;,} — Interface forces on the pile heads and the soil surface
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Figure 2.3.21 Finite layer method. (Small and Zhang (2002))

Thus, from the literature review on the analytical studies on the laterally loaded piled
raft, the almost approaches are the Hybrid method where the raft and piles are replaced
by the thin plate and elastic beam, and the interactions of the raft-soil-piles are modeled
using the elastic theory such as Mindlin’s solution. Recently, this approach has been
extended to deal with the nonlinearity of the soil, however, it is difficult to determine the
proper parameters used for the analysis such as coefficient of subgrade reaction. So,
there should be still rooms in the analytical method to improve and obtain reliable

results.
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2.3.2.2 Field measurement

Yamada et al. (2001) reported the observation data on the twelve-story building in
Osaka City from 1991 to 1996. During this period, Hyogoken-Nambu Earthquake was
hit this building. The maximum ground-surface acceleration recorded in Osaka City was
about 200Gal or more. This was very rare case to record the piled raft behavior attacked
by the earthquake. The schematic illustration and soil profile was described in Fig. 2.3.22.
The building plan measures 39.2m by 24,3m, and the average contact pressure of the
building is 275kPa. Ten piles and soil cement wall pile was installed beneath the raft
base, and some of piles were instrumented to measure the axial force acting on piles as
shown in Figs. 2.3.23. The piles were cast-in-place concrete piles which were 1.8m in
shaft diameter, 2.5m in toe diameter and 20.7m in length. The soil cement wall pile was
0.9m in diameter and 16.1m in length. Beside the axial force, the settlement of the
foundation, the earth pressure and the water pressure beneath the raft base were
measured. Figure 2.3.24 show the variation of settlement, axial force, earth pressure,
water pressure, shared load and shared load ration (RVLP) with time. The RVLP one

year after the end of construction was about 55%. The most unique data was that the

trend of observed data did - Ere 1:.,; ey
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Yamshita et al. (2012)
also reported the behavior of
the piled raft during the
earthquake. The piled raft
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Figure 2.3.22 Schematic illustration of building and soil profile.
(Yamashita et al. (2001))
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foundation supporting a 12-story base-isolated building is located in Tokyo, and the
schematic view of building and the foundation with soil profile is shown in Fig. 2.3.25.
The contact pressure of the raft base is about 200kPa. An assessment of the potential for
liquefaction during earthquakes was carried out using the simplified method (Tokimatsu
and Yoshimi (1983)). It indicated that the loose silty sand between depths of 3 and 7m
below the ground surface had the potential for liquefaction with a peak horizontal ground
acceleration of 0.2m/s2. Therefore, to cope with the liquefiable sand and to ensure the
bearing capacity of the raft, grid-form deep cement mixing walls (the TOFT method)
were employed. Furthermore, to reduce the settlement and the differential settlement to
acceptable levels, sixteen 45m long precast piles, 0.8-1.2m in diameter, were used. Field
measurements were performed on the foundation settlement, the axial loads of the piles
and the contact pressure between the raft and the soil, as well as the pore water pressure
beneath the raft, from the beginning of the construction to 43 months after the end of
the construction. During this period, the 2011 off the Pacific coast of Tohoku earthquake
struck the building site. Fig. 2.3.26 shows the time histories of EW accelerations of
ground and structure. A peak horizontal ground acceleration of 1.748m/s? was observed
near the ground surface, and no significant differences can be seen in the envelopes of
the waveforms at all observation points. Load sharing among piles, deep mixing walls
and soil, and ratio of load carried by piles during earthquake are shown in Figs. 2.3.27
and 2.3.28 respectively. The increment in total load was small and carried mainly by the

piles. The ratio of shared load by the
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piles slightly decreased during the earthquake, but the ratio was almost same before and

after the earthquake.

Thus, according to the reports on the behavior of the piled raft foundation struck by
the earthquake, there are no significant difference in the observed data such as shared
load proportion by the raft and piles between before and after the earthquake. This is
probably because the rotation of the foundation is restrained for the relatively wide
foundation width such as architectural buildings, and the contact pressure, i.e., the
interaction among the raft, ground and piles is therefore does not vary during the
earthquake. However, in order to confirm the performance of laterally loaded piled raft,
the case histories on the behavior of the piled raft during the earthquake are extremely

few.

2.3.2.3 Physical modeling test

As mentioned in previous section, it is difficult to record the actual field data of the
piled raft foundation during the earthquake. Furthermore, to generalize the field data is
also difficult due to the un-uniformity of the soil profile in the site. Therefore, physical
models can play an important role in the study of the piled raft foundation under seismic
and horizontal loadings. In this section, literature review will focus on the physical model

tests on the laterally loaded piled raft foundation.

Robert et al. (2001) carried out the field tests on the single piles and pile groups with
pile cap in the natural soil to discuss the effect of the pile cap on the performance of
laterally loaded pile groups. Totally thirty-one cases were conducted to evaluate the
lateral load resistance of pile caps by comparing the response of pile groups with caps
fully embedded ad with soil removed from around the caps. It was found that the pile
caps embedded in the soil provided approximately 50% of the overall lateral resistance
of the pile groups to lateral loads. They pointed out neglecting this resistance can lead

to excessively conservative estimates of the lateral load capacities of pile groups.

Nagao et al. (2002) conducted the horizontal loading tests on the piled raft and its
components of pile group and raft foundations. Four piles having 3m pile length were
rigidly fixed to the raft with the pile spacing of 1m as described in Fig. 2.3.29. The initial
raft vertical load proportion (RVLP) was 40%. The basic findings were as follows: 1)
Although the horizontal resistance of the piled raft was slightly smaller than the sum of

horizontal resistance of the pile group and the raft in the small horizontal displacement

38



Chapter 2. Literature Review

range, that was larger for the piled raft in the large horizontal displacement range. This
was mainly due to the increase of the contact pressure at the relatively large horizontal
displacement. By comparing piled raft with pile group, 2.5 times larger horizontal
resistance was observed for the piled raft foundation (Fig. 2.3.30). 2) The piles in the
piled raft showed the kind of anchor for both front and rear piles, and the axial load at
pile head decreased even for the front piles (Fig. 2.3.31). This was because the positive
dilatancy by the shear stress beneath the raft base forced piles to move upward. 3) The
bending moment acting on piles was smaller for the piled raft compared with the pile
group at the same horizontal displacement, because the relative displacement of the piles

against the soil was smaller for the piled raft.
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Figure 2.8.31 Relationship between horizontal displacement and axial load at pile head. (Nagano et
al. (2002))

Mano et al. (2002, 2003) carried out static horizontal loading tests on the piled raft,
pile group and raft models under 30g centrifugal acceleration. Nine piles were rigidly
fixed to the raft with the pile spacing of 72mm as shown in Fig. 2.3.32. The model pile

was brass made pipe with 12mm in diameter and 0.5mm in thickness. The strain gauges
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were attached at five points along the depth. The initial RVLP in the flight was 75%. It
was found that for the piled raft larger horizontal resistance was observed for the front
pile than that of the rear pile (Fig. 2.3.33) because the raft base slightly moved upward
at the rear side and the confining stress beneath the raft base decreased. The horizontal
subgrade reaction was smaller for the piled raft than the pile group due to the smaller
relative horizontal displacement of pile against the soil for the piled raft. This kind of
smaller relative horizontal displacement effect was also reported by Nagao et al. (2002)
in the bending moment profile. However, the total horizontal resistance of the piled raft
was higher than the corresponding pile group foundation because the horizontal
resistance could be obtained from the raft. Nakai et al. (2002) carried out the dynamic
loading tests using the same model foundation as Mano’s model. The input acceleration
was about 200gal. They confirmed that the loads acting on the piles such as the bending

moment and the shear force were similar for both static and dynamic loading tests.

Z 7 b+ (204x204x45 L
g/ B Ha.45kg) gy 0- 20 | — 9o — Aﬁ ! !

Lk & Yd.60kg

= o - i i : i i
L (i) F O 500 1000 1500 2000 250
H1 SBED KT E (kN)
- 180
32;._[;0 1525 30 0 60
[ T : 1
59 Kl \ BHT—
o R 612,105
Figure 2.3.32 Model setup. (Mano et al. Figure 2.3.33 Ratio of shared load by each pile to toal
(2002, 2003)) pile resistance. (Mano et al. (2002, 2003))

Tsuchiya et al. (2003) and Nagano et al. (2003) reported the result of static horizontal
loading tests on the piled raft, pile group and raft foundation in the laboratory floor. The
piled raft and pile group consisted of 16 piles and 1m x 1m raft as shown in Fig. 2.3.34.
The initial RVLP was 68%. It was confirmed that the horizontal resistance of the front
pile was smaller than that of the middle pile and rear pile because the base contact
pressure made the soil stiffness in front of the middle and rear piles larger. It was also
found that the horizontal resistance of the piled raft was higher than the sum of

horizontal resistance of the pile group and raft foundation, especially for the relatively
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large horizontal displacement (Fig. 2.3.35). This was because the high confining stress

around piles could be expected at large horizontal displacement range.
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setup. (Tsuchiya et al. (2003)) displacement and horizontal load for the piled raft
and sum of pile group and raft (Tsuchiya et al.
(2003))

Horikoshi et al. (2003a, b) carried
out the static horizontal and

dynamic loading tests on the piled
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unit:mm

four model pile with the pile S0, T

spacing of 40mm. Much focus was Figure 2.3.36 Illustration of horizontal loading system.
placed on the effect of pile head (Horikoshi et al. (2003a)

rigidity on the performance of the laterally loaded piled raft foundation. Figure 2.3.36
shows the illustration of horizontal loading system. The principle findings from this
research were as follows: 1) The stiffness and the ultimate resistance of the pile in piled
raft foundations are different from those observed in the single pile, due to the difference
in the confining stress condition around the piles. In the piled raft with the rigid pile

head connection, the horizontal resistances carried by the piles were larger than that of
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the single pile for both front and rear piles (Fig. 24 (2.3.37)). 2) As for the proportion of

the horizontal load carried by each component, the raft initially carried more load than

the piles. With larger displacements, the piles carried more load than the raft in the piled

raft with rigid pile head connection. In the piled raft with hinged pile head connection,

the contribution of the piles was much smaller.
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Matsumoto et al. (2004a, b) also conducted static horizontal and shaking table tests in

gravity field using the piled raft model with two different rigidity of the pile head

connection: rigid connection and hinged
connection. Four piles having 170mm
length were attached to the model raft
with 40mm of pile spacing. Horizontal
load was applied at various height from
the ground surface for the static loading
tests, and the height of centre gravity of
superstructure was changed for the
shaking table tests to discuss the effects
of the loading height. The loading height
was relatively higher (Fig. 2.3.38)
compared with other previous literatures.
The findings derived from this research
were as follows: 1) Initial horizontal
stiffness of both of the rigid and hinged

connection piled rafts decreased as the
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height o horizontal loading point increased. The initial horizontal stiffness of the hinged
connection piled raft was larger than that of the corresponding rigid connection piled
raft (Fig. 2.3.39). 2) Comparing the rigid and hinged connection, the inclination of former
one was larger than that of the latter one when the horizontal loading height was middle

or high, while the reverse behavior was observed when the height of the loading point
was low (Fig. 2.3.40).
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Nagai and Tsuchiya (2004) carried out static horizontal loading tests on the piled raft
and single pile at the site. The piled raft consisted of two instrumented piles with the
pile spacing ratio (s/D, where sis pile spacing and D1is diameter) of 10. The pile diameter
and length were 114.3mm and 10m respectively. The different rigidity of pile head
connection was mainly discussed in this paper. The findings were as follows: 1) The axial
load at pile head decreased with the horizontal loading for both front and rear piles (Fig.
2.3.41) because the effect of raft rocking was smaller than the pull-out force by the
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Tigure 2.3.41 Variation of axial load at pile head during horizontal loading. (Nagai and Tsuchiya
(2004))
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positive dilatancy just beneath the raft base. Similar tendency was also reported by
Nagao et al. (2002). 2) The average horizontal resistance of piles in the piled raft was
larger than that of single pile for both rigid and hinged pile head connection. This was
because confining stress around piles increased due to the contact stress from the raft

and positive dilatancy (Fig. 2.4.42).
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Figure 2.3.42 Relationship between horizontal displacement and horizontal resistance of pile. (Nagai
and Tsuchiya (2004))

Katzenbach and Turek (2004) carried out the static horizontal loading tests on the
piled raft, pile group and raft models in the gravitational field. Five piles were rigidly
fixed by the raft with the pile spacing of 127mm between corner and centre piles and
180mm between corner piles. Two types of model ground was prepared, one is loose sand
(density is 1.534g/cm3) and the other is dense sand (density is 1.712g/cms3). Prior to the
horizontal loading tests, different vertical loads, 1000N, 3000N and 5000N, were applied
to each foundation to discuss the effect of the pre-load on the performance of laterally
loaded piled raft. The conclusions derived from this research were as follows: 1) Higher
vertical loading led to a higher horizontal resistance of the piled raft foundation.
However, no significant increase of horizontal resistance due to the increase of vertical
loading was observed for the pile group. 2) The horizontal resistance of piled raft

foundation was about 2.5-6 times higher than that of the pile group.

Matsumoto et al. (2010) presented the result from the experimental and analytical
studies on the behaviors of model pile group and piled raft in dry sand subjected to static
cyclic horizontal loading. Much focuses were placed on the influence of various pile head
connection conditions between the raft and the piles on the behavior of the foundation
and the applicability of a simplified analytical method to simulate the load tests. The
analytical method was so-called Hybrid method, which was explained in detail by

Kitiyodom and Matsumoto (2002, 2003). There were four types of pile head connection
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conditions such as rigid, semi-rigid, semi-hinged and hinged as shown in Fig. 2.3.43. The
piled raft and pile group consisted of four instrumented piles and the model raft with
400mm width. Following conclusions were derived from this research: 1) The horizontal
stiffness of the piled raft was larger than that of the pile group with the same
configuration as the piled raft, because the raft acted effectively as a ‘horizontal
displacement reducer’ (Fig. 2.3.44). 2) The bending moments of the piles in the piled raft

were reduced, compared with those in the pile group.
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Test conditions of previous researches on the laterally loaded piled raft foundation
were summarized in Table 2.3.2. In the almost previous researches, it seems that the
rotation and moment load acting on the foundation during the horizontal loading was
made smaller by applying the horizontal load at relatively low height. In particular, the
rotation of the foundation was absolutely restrained using outer and inner flame in the
research done by Tsuchiya et al. (2003). This was probably because the model foundation
in the previous researches modeled the architectural foundation, in which the foundation
width is relatively wide against the loading height and rotation of the foundation is
therefore very small. In such case, the rotation and moment resistance of the foundation

was not critical issue compared with the horizontal resistance of the foundation. However,
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it is crucial for the foundation having relatively narrow width such as viaduct to clarify

the moment resistance of the piled raft foundation.

Table 2.8.2 Summary of previous researches on piled raft foundations subjected to horizontal load.
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2.4 Summary

From the above discussion, it seems that settlement behavior of the piled raft
foundation has been well discussed for a long time because the concept of the piled raft
foundation is to reduce the settlement to an acceptable level installing few friction piles.
As a result, the behavior of the vertically loaded piled raft foundation has been relatively
well clarified, and the design code of the piled raft foundation was published in Japan.
Some application of the piled raft foundation to the actual foundation has been also
reported. However, researches on the behavior of laterally loaded piled raft foundation
were not carried out until recent year and there are therefore still many uncertainties.
In the actual piled raft foundation design, very simple design methodology is usually
employed where the all horizontal load is supported by only the raft by ignoring the
contribution of the piles. It is crucial for establishing seismic design of the piled raft to

clarify the mechanical behavior of the laterally loaded piled raft in detail.

To address above issue, accumulation of the observed data of laterally loaded piled raft
is required, but as mentioned in section 2.3.2.2, it is difficult to record the actual field
data of the piled raft foundation during the earthquake. Therefore, physical models can
play an important role in the study of the piled raft foundation under seismic and
horizontal loadings. However, from the above literature review, it can be said that the
researched on the laterally loaded piled raft foundation were mostly carried out under
the limited condition where the rotation and moment load acting on the foundation were
very small. This was probably because the almost previous researches dealt with the
relatively wide structures such as architectural building. In such case, the distribution
of the contact pressure does not vary during the horizontal loading. However, for the
relatively small size foundation supporting tall superstructures, such as a viaduct,
rotation of the foundation becomes large, and distribution of the contact pressure varies
during the loading, resulting in more complicated interaction among raft base, ground
and piles. The author is aware that it is essential to clarify the mechanical behavior of
the piled raft foundation subjected to relatively large rotation and moment load for its

seismic design.

Although the physical model tests have advantages for this kind of complex problem
as mentioned above, modeling technique of piled raft foundation has not been discussed
and there should be rooms in the modeling technique to improve and obtain reliable
results. Particularly, it is required to exactly evaluate the shared loads by the raft and

pile part for clarifying the performance of the piled raft. These shared loads are generally
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measured by the strain gauges attached at model piles, but the validity and accuracy of

strain gauges attached at small piles has not been discussed.
Therefore, in this thesis main objectives are to establish the centrifuge modeling

technique of the piled raft, and to clarify the mechanical behavior of the piled raft

foundation subjected to large rotation and moment load using a geotechnical centrifuge.
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CHAPTER 3

DEVELOPMENT OF CENTRIFUGE MODELING OF
PILED RAFT FOUNDATION

3.1 Introduction

As explained in previous chapter, the main aim of the present thesis is to develop the modeling
technique of piled raft foundation and to clarify the mechanical behavior of piled raft subjected to
large rotation and moment load by using developed technique. Centrifuge model tests were carried out
on the piled raft and its component such as the pile group and the raft alone model in dry Toyoura sand.
By comparing the piled raft foundation and the pile group which has no raft-ground-piles interaction,

it is possible to evaluate the complex interaction of raft-ground-piles in the piled raft foundation.

In this chapter, the principle of centrifuge model tests will be described in the beginning, and then
modeling technique will be explained. In addition to this, method to improve the accuracy of the strain
gauge attached at small model pile, which is essential for evaluating the performance of the piled raft

will be proposed.

3.2 Centrifuge modeling principles

Physical modeling tests have advantages in reducing time and cont, compared with the field
observations and in-situ tests. The performance of soil structures generally depend on the stress level
of the soil, and the physical modeling test done in the gravitational field therefore have a problem
because it cannot duplicate the stress condition of the actual ground. The basic principal of the
centrifuge model is to apply the Ng centrifugal acceleration to the small model and to make the same
stress level as that of the actual ground as shown in Fig. 3.2.1. The detailed information about

centrifuge model test was summarized by Schofield (1980).
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Figure 3.2.1 Stress conditions in actual site and small model.
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When Ng centrifugal acceleration is applied to 1/N model, the relationships between the model

scale (subscript is m) and prototype scale (subscript is p) are as follows.

Length: ; - l,/N (3.2.1)

Cross-sectional area: Am ZAP / N’ (3.2.2)
3

Volume: V,, =V, /N (3.2.3)

Because the unit weight of soil is 7, =1}, the following equation about VV,,,(: Vm V4 m) has a
quality.
2
W, =W,|N (3.2.4)
The vertical stress o, at depth of z,, is

Zp _

O, =V, Z, = (N]/p)N

Y,%,=0, (3.2.5)

and the vertical stresses in the prototype scale and model scale are agreed. Table 3.2.1 summarized the
scaling law for the Ng centrifugation. It should be recognized that the centrifuge model tests have

following problems.

Table 3.2.1 Scaling law for 1/N centrifuge model

Quantity Ratio
Gravity: g [m/s?] N
Density: p [kg/m3] 1
Unit weight: y [N/m’] N

Length: /[m] 1/N

Area: A [m?] 1/N2

Volume: V [m3] 1/N3
Stress: ¢ [N/m?] 1
Strain: ¢ [-] 1

Force: F[N] 1/N2

Moment load: M [Nm] 1/N3
Young’s modulus: £ [N/m?] 1

Bending rigidity: £7 [Nm?] 1/N4

Axial rigidity: £A [N] 1/Nz2
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i) Distribution of centrifugal acceleration along the centrifuge radius

The centrifugal acceleration applied to the model depends on the centrifugal radius. This cause a
parabolic distribution of the vertical stress in the model soil rather than linear as shown in Fig. 3.2.2.
This effect becomes larger as the centrifugal radius decreases, since the ratio of model depth to

centrifugal radius generally becomes larger.

Increase with radius

g is constant

Ng

Uniform Ng field Ngfield in centrifuge

Stress

.~ Uniform Ng field

Target depth
ofNg for
centrifuge.

Y Ng field in centrifuge

v
Depth

Figure 3.2.2 Difference between uniform Ng field and Ng field in centrifuge flight.

ii) Size effect of soil particles

In centrifuge models, identical soil is generally used in the model and prototype, in order to ensure
the same stress-strain response. This means that proportion of the particle size to structure size is larger
for the model compared with the prototype, which may lead to scale effects. For Toyoura sand used in

the present research is enough fine (Fig. 3.4.11) to ignore the scale effects.

3.3 Centrifuge specifications
A geotechnical centrifuge used in the present research is Mark III centrifuge installed at Tokyo
Institute of Technology n 1995 (Fig. 3.3.1). The detailed specifications of this centrifuge were

described by Takemura et al. (1999), and main specifications are as follows.

Effective radius : 2.3m
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Maximum centrifugal acceleration : 150G

Maximum rotation speed : 300rpm

Maximum load capability : 50g*ton

Capacity of platform : width 0.9m, breadth 0.9m, height 0.97m
Electrical sliprings for operation : 20 sliprings

Electrical sliprings for instrumentation : 72 sliprings

Awvailable channels for measurement : 64ch

The centrifuge is a beam type having a pair of parallel arms that hold two platforms. The model is
mounted on the platform, and the counterweight was placed on the other platform to make a counter
balance. The electrical sliprings are installed above the rotational center, and the measurements can be
done through them. Rotary joint is also installed at the center to supply the air and water during the
centrifugation.

Electorical Sliprings
for Instrumentation

Electorical Sliprings
for Operation

Rotary Joints
5200

2450

Il ANA W PP 7
_ Semi-Automatic Balancer

e— 2

%

2000
900
(\\\\

AN RN RN
AT RRRYN

ANONONONNONNN N

Figure 3.3.1 Tokyo Tech Mark III centrifuge.

3.4 Centrifuge package and model foundation
3.4.1 Centrifuge package

In the present research, a series of static vertical and horizontal loading tests was carried out on the
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piled raft and its components such as the pile group and the raft foundation. Schematic

illustration of the centrifuge package is
described in Fig. 3.4.1. The total height
of the model including the actuator is

1.3m, however, there

is a height
limitation of 1.0m on the left hand side
of the swing platform. The model
foundation is therefore placed on the
relatively right side of the container,
where is 140mm from the container
center. The CCD camera is installed at
the top and in front of the container in

order to observe the model foundations

during the tests.

Centrifuge acceleration (g)

100
T

Centrifuge acceleration: 50g

Two-ways actuator Potentiometer

Video camera/

L 260
Rat:t 1
ey 2 r—
Toyoura sand 1 400
230 Dr=50% 160 A
S } -\ Y
70 S=50mm
800 (units : mm)

Figure 3.4.1 Schematic illustration of centrifuge package.
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Figure 3.4.3 Influence of foundation rotation on
the vertical load of the foundation.

The centrifugal acceleration of 50g was applied to 1/N scale model shown in Fig. 3.4.1. As already

explained, when the centrifugation is given by the geotechnical centrifuge, the centrifugal acceleration

is distributed along the centrifuge radius. The target centrifugal acceleration of 50g was applied at 1/3

depth of the ground height in the present experiments. Fig. 3.4.2 shows the variation of the ideal

centrifugal acceleration, which is 50g, and actual centrifugal acceleration in the present study with

ground depth. The centrifugal acceleration at the gravity center of the foundation was approximately

47.5g. The vertical load of the foundation is estimated using this acceleration in the following

discussion. Basically, the vertical load of the foundation is constant during the horizontal loading tests.

However, it may decrease from # to W’ due to the foundation inclination as shown in Fig. 3.4.3, which
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is less than 0.05%. Therefore, the decreased vertical load of the foundation is not taken into account
in the present thesis. Furthermore, the vertical load may be varied during the horizontal loading
because the gravity center of the foundation shifts to lower by the settlement. However, this effect is

less than 0.3% in the present experiment, and it is therefore neglected in the present study.

The vertical stresses under the ideal uniform acceleration and under the same conditions as the
present tests are also described in the figure. The difference of the vertical stress between them is 7%
at the bottom of the ground, while only 3% difference is seen at the depth around the pile tip. Therefore,
this distributed centrifugal acceleration has no significant influence on the performance of the model

foundation.

3.4.2 Model raft, superstructure and piles
3.4.2.1 Model raft

The model raft employed is stainless steel block (Fig.3.4.4), implying the model raft is enough stiff
to regard it as perfectly rigid. In fact the actual raft is generally made by the concrete slab, and the raft
might deform during the static condition and horizontal loading. The model raft used in the present
study is not modeled as the certain actual raft, and the deformation of the raft is not discussed in this
thesis. The reasons for using stiff raft are to simplify the behavior of the foundation and to rigidly
clutch the model piles by the raft. Two types of model raft were prepared, one is the dimension of 80
x 80 x 20mm and the other is 80 x 80 x 40mm. The total mass of superstructure (explained latter) and

each raft are 2.7kg and 3.7kg, which are equivalent to 1320N and 1810N in the centrifugation of 50g

1
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Figure 3.4.4 Model raft and superstructure.
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respectively. The test cases using the light and heavy raft are defined as light case and heavy case
respectively. By comparing the result derived from different mass, the influence of the vertical load of

the superstructure on the performance of the piled raft and the pile group can be discussed.

This raft can be divided into three parts, by which four model piles were rigidly clutched using
screws. The clutched length is 17mm for the light raft and 37mm for the heavy raft, and latter raft can
make more rigid connection condition of the pile head than the former. Four model piles were
employed in the previous researches summarized in Chapter 2 as well (Horikoshi et al., 2003a, b;
Katzenbach & Turek, 2005; Matsumono et al., 2004a, b; Matsumono et al., 2010), and the
results can be therefore easily compared with the present study. Because the frictional resistance at the
raft base cannot be expected for the stainless steel raft, the sandpaper is pasted beneath the raft base to
make a rough base condition (Fig. 3.4.5). In almost previous researches using the stainless steel or
aluminum raft model, the rough base contact condition was artificially created. Mano et al. (2002,
2003) glued the sand on the raft base, Horikoshi et al. (2003a, b), Matsumoto et al. (2004a, b, 2010)
made the rough base by scratching the raft base.

Figure 3.4.5 Sand paper glued on the raft base.

3.4.2.2 Model superstructure and guide rods

The stainless steel block was used for the model superstructure as well. The superstructure is rigidly
fixed on both light and heavy rafts using four screws. Its dimensions are 32mm in width, 80mm in
breadth and 80mm in height. Because the vertical and horizontal loads are applied at this superstructure,
the stiff stainless steel is used to prevent the deformation of the superstructure. On top of the
superstructure, two guide holes are made with a depth of 70mm to insert the guide rod shown in Fig.
3.4.6. This guide rod is fixed to the actuator thorough the load cell, and vertical load can be applied to
the foundation by hemisphere part at the center as shown in Fig. 3.4.7. The guide rod and holes can

secure the verticality of the foundation during the vertical loading.
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Figure 3.4.8 Model piles for light and heavy cases. Figure 3.4.9 Picture of model pile.

3.4.2.3 Model piles
Figure 3.4.8 and 3.4.9 shows the model piles used. Model piles are made of stainless steel pipe with

10mm in outer diameter, 0.5mm in thickness and 160mm in embedment length. The model piles were
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penetrated into the ground in the 50g centrifugal acceleration (detail explanation will be done latter).
Therefore, the pile tip is closed by the brass made cone to easily penetrate piles in the flight. The pile
head is also filled by the brass made cap in order to obtain enough stiffness of the pile head when the

pile head is clutched by the raft.

The axial and bending rigidity of the model pile should be carefully considered because pile is
subjected to vertical, horizontal and moment loads during the tests. Specifications of model pile are
summarized in Table 3.4.1 n both model scale and prototype scale. For reference, the axial and bending
rigidity of the solid concrete pile with 35Gpa in Young’s modulus and 500mm in diameter. The general
thickness of stainless steel pile having 500mm diameter is from 9mm to 14mm. From this fact and
Table 3.4.1, the model pile used in the present study, which pile thickness is 25mm in the prototype
scale, has relatively large rigidity compared with the actual stainless steel pile and solid concrete pile.
Therefore, it thought to be that the deformation and strain acting on the pile during the experiments is
restrained compared with the actual stainless steel or concrete piles. The maximum bending strain
observed in the horizontal loading tests was approximately 800y, implying that the model pile behaved
within the elastic region. However, considering the smaller strain in the model pile used, this bending
strain might be sufficient to collapse the actual stainless steel and concrete piles, especially for the
tension side of the concrete pile. So, it should be noted that the model pile during the experiments
showed only elastic response, and piled raft behavior under condition in which the model pile is

collapsed cannot be discussed in the present thesis.

Table 3.4.1. Physical properties of model pile

Properties Model Prototype Concrete pile
Material Stainless steel Sta;géelzss Concrete
Diameter 10mm 500mm 500mm
Thickness 0.5mm 25mm Solid

160mm (piled raft) 8m 8m
Embedment depth 155mm (pile group) 7.75m 7.75m
Cross section area, 14.9 mm* 3.73x102m?  7.85x107' m?
he . . .
Moment of inertia, 169 mm* 1.06x10% m*  3.07x10° m*
L . .
Young SETOduI“S’ 205 GPa 205 GPa 35 GPa
Longitudinal rigidity, 3.06x10°3 GN 7.65GN 6.87 GN
Evhs . . .
Bendeilr;gld‘ty’ 3.46x108GNm?>  0216GNm?>  0.107 GNm?

The interface friction between the model pile and the soil is estimated by following equation, which

was proposed by Durgunoglu and Mitchell (1975a, b) and Endra Susila and Roman (2003).
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8/,=050 (3.4.1)

0 is interface friction angle between the steel and sandy soil, and ¢’ is internal friction angle of soil.
The internal friction angle of soil ¢’ is 37 degree at the middle depth of the model ground for the
present study as explained in latter section of 3.4.3. The J for the present study in 18.5 degree
(coefficient of friction u=tand=0.33), implying that the model pile used is relatively smooth pile).

IN IN IN

Alongradius Alongshaft

ouT outr OUT
ouT

IN IN IN
(11, () wre)

:

Figure 3.4.10 Bridge circuit for each strain gauge type.

Table 3.4.2 Specifications of strain gauges used for model piles

Specification Strain gauges (1), (1)-(6) Shear strain gauge (7)
Model FCA-1-17-3LH KFG-1-120-D16
Resistance at 24°C (Q) 120£0.2% 120+0.2%

Gauge factor at 24°C 2.14 2.05

In the study of the piled raft, it is crucial to exactly measure the forces acting on piles because the
interaction of raft-ground-piles is evaluated by them. Therefore, strain gauges are attached at the pile
at several depths along the shaft. For gauge (1)-(5) in Fig. 3.4.10 cross-gauge is attached at both sides
of inside the pile. Strains are individually measured at the both sides, and the axial and bending strains
can be therefore measured at the same time. The strain gauges are attached inside of the pile tip by
four-gauge method (gauge (6)), which can measure only axial strain, because the bending strain is
considered almost zero at the pile tip. A set of shear strain gauges is attached outside surface of the
pile head by the four-gauge method (gauge (7)) to measure the shear force at the pile head. The same
strain gauge is used for shear strain gauge and others, but the shear strain gauge is attached with
inclination of 45 degree as shown in Fig. 3.4.10. These strain gauges are prepared for both light case
and heavy case pile, only for the heavy case pile additional strain gauge is attached at the outside of

the pile head by the four-gauge method in order to measure the axial strain. The specifications of strain
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gauge are summarized in Table 3.4.2.

The reasons why almost strain gauges are attached inside the pile are to keep the constant pile
diameter along the pile shaft and to reduce the disturbance of the model ground during the pile
penetration. Note that the method to make bridge circuit for each strain gauge and calibration technique

will be described latter (Section 3.6).

Using above mentioned model raft, superstructure and piles, the piled raft and the pile group model
are prepared as shown in Fig. 3.4.11. The raft foundation model uses the same raft and superstructure
as the piled raft and the pile group, but four columnar caps are inserted in substitution of piles to make

flat base condition.

Figure 3.4.11 Model piled raft and pile group (a) for light case, (b) for heavy case.

3.4.3 Soil model

The dry Toyoura sand is employed for the model ground in present tests because the physical
properties of Toyoura sand have been well studied and known. The model ground was made with a
depth of 230mm and a target relative density of 50%. In this section, the physical properties,
deformation characteristics and strength characteristics of Toyoura sand and conditions of model

ground will be explained.
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From the grain size accumulation curve of Toyoura sand shown in Fig. 3.4.12, it can be said that
the particle size from 0.15 to 0.25mm account for 90% of total, and Toyoura sand has almost uniform
particle size. Other physical properties are summarized in Table 3.4.3. The dry density ps for 50% of
relative density is 0.791g/cm?, and profile of vertical stress under 50g centrifugal acceleration is

already described in Fig. 3.4.2.
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Figure 3.4.12 Cumulative frequency curve for Toyoura sand.

Table 3.4.3 Physical properties of Toyoura sand

Property Value
Particle density Gs (g/cm?) 2.65
Mean grain size Dso (mm) 0.162
Uniformity coefficient U: 1.56
Coefficient of curvature U’ 0.95
Maximum void ratio emax 0.973
Minimum void ratio emin 0.609

The Young’s modulus is one of important deformation characteristic of soil. Kaku et al. (1996)
carried out tri-axial compression tests using Toyoura sand with relative density of 50%. Figure 3.4.13
shows relationship between confining stress o3’and Young’s modulus E5p derived from them. From

this relationship, the following approximate equation can be obtained for the relative density of 50%.

E, =1059 x g% (3.4.2)
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Figure 3.4.13 Relationship between confining stress o 3’ and Young’s modulus Eso for Toyoura sand with relative
density of 50% (Kaku (1996))

The following equation was proposed by Jaky (1948) for the coefficient of earth pressure at rest.
K,=1-sin ¢’ (3.4.3)
Next, the strength characteristics of Toyoura sand are explained. Fukushima and Tanaka (1984)
carried out drained tri-axial compression tests using Toyoura sand by varying relative density. The
relationship between principle stress ratio and strain for the relative density of 60%, which is almost
same as the present t tests, is shown in Fig. 3.4.14. From this figure, it can be observed that the principle

stress ratio, i.e., internal friction angle of sand ¢’ decreased with increase of confining stress ;3.
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Figure 3.4.14 Typical relationships between principal stress ratio for loose sample (a) o3’=10~400kPa, (b)
03’=2~10kPa. (Fukushima and Tatsuoka (1984))

Tatsuoka et al. (1986) carried out plane strain compression tests by varying the relative density, the
angle between direction of principle stress o;and depositional surface d. They plotted ¢ ‘evaluated by

following equation against void ratio e in Fig. 3.4.15.
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They pointed out that although the internal EFFECTIVE MINOR PRINCIPAL STRESS , 03 (kgt/cm?)

friction angle decreases with the increase of  Figure 3.4.16 Relationship between internal friction angle

the confining stress, the internal friction angle @ and 03’ for (2) e=0.7, (b) e=0.8. (Tatsuoka et al. (1986))

is almost constant when the confining stress is less than 50kPa. Because the stress condition of the
present tests is similar with that of tri-axial tests, the internal friction angle is approximately 37% using

the result from tri-axial test in Fig. 3.4.16.
By summarizing the above discussion, the vertical stress o', horizontal stress o, Young’s modulus
Eso, the coefficient of earth pressure at rest Ky and internal friction angle ¢ are plotted against the

ground depth in Fig. 3.4.17.
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Figure 3.4.17 Variation of (a) stress level, (b) deformation characteristics and (c) strength characteristic with ground
depth for present model.

3.4.4 Apparatus and instrumentations used in the tests
i) Rigid container (Fig. 3.4.18)

A rigid container is employed in the present tests. Inner dimension is 800mm in width, 250mm in
breadth and 400mm in height, and outer dimension is 920mm in width, 450mm in breadth and 465mm
in height. The acrylic plate is attached in front of the container, and the loading sequences in the flight

can be checked by the video camera.

ii) Two-ways actuator (Fig. 3.4.19)

The vertical and horizontal loads were applied by two-ways actuator, which is driven by the
electrical motor. The schematic illustration of the actuator is shown in Fig. 3.4.20. The range of motion
is about 180mm for vertical direction, 250mm for horizontal direction. The loading rates can be

controlled from 0.01mm/sec to 3.3mm/sec for the vertical and more than 0.2mm/sec for the horizontal.

iii) Two-directional load cell (Fig. 3.4.21)
A two-directional load cell is fixed to the two-ways actuator, by which the vertical and horizontal

loads are measured. The maximum horizontal load during the experiments is considered as a relatively
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small value by the literature reviews, and the load cell having small capacity of SkN is therefore used

for the horizontal loading tests.

iv) One-directional load cell (Fig. 3.4.22)

For the vertical loading tests, the One-directional load cell, which can measure only the vertical
load, is fixed to the two-ways actuator. Because relatively large vertical load is applied to the
foundation during the vertical loading tests, one-directional load cell with large capacity of 10kN is

used.

v) Horizontal loading device (Fig. 3.4.23)

The horizontal load was applied to the foundation through the horizontal loading device attached at
the two-directional load cell. This horizontal loading device has two hemisphere parts at the sides, by
which the pin horizontal load can be applied to the foundation. At the bottom of it, the flat bolt is
attached in order to apply the vertical load. The verticality of the foundation is secure because the

vertical load is applied by the surface using the flat bolt

v) Potentiometer (Fig. 3.4.24)
Four potentiometers were placed at the corner of the model raft to measure the total settlement and

the vertical displacement of each pile.

vi) Laser displacement transducer (Fig. 3.4.25)

Two laser displacement transducers (LDTs) were installed to measure the horizontal displacement.
The rotation of the foundation is also estimated from the difference between the displacements
measured by them. The principle of the LDT is applying the laser with 780mm of wavelength to the
objective, and measuring the phase difference between applied and reflected laser. The LDTs is not
available for the stainless steel raft and superstructure because the stainless steel cannot reflect the
laser properly. Therefore, the thin acrylic plate, on which the white tape was glued, was used as a target.

The measurement range of LDTs used is 40+10mm.

vii) CCD Camera (Fig. 3.4.26)

Two CCD cameras were installed at the top and in front of container to record the tests in the flight.
viii) Sand hopper (Fig. 3.4.27)

The model ground was made by the air-pluviation method using the sand hopper shown. The target

relative density and ground depth are 50% and 230mm respectively.
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Figure 3.4.19 Two-ways actuator.
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Figure 3.4.20 Details of two-ways actuator. Figure 3.4.21 Two-directional load cell.
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Figure 3.4.22 One-directional load cell. Figure 3.4.23 Horizontal loading device.
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Figure 3.4.24 Potentiometer. Figure 3.4.25 Laser displacement transducer.

Figure 3.4.26 CCD camera. Figure 3.4.27 Sand hopper.
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3.5 Test procedures
3.5.1 Test series

Totally 10 series of vertical and horizontal loading tests on the piled raft and its components such
as the pile group and the raft were carried out in the present research as listed in Table 3.5.1. The same
model was used for both piled raft and pile group foundation models. The piled raft model had a
contact with the ground surface, but Smm gap between the raft base and the ground surface was
provided to avoid the interaction between them for the pile group model. The design concept of
conventional pile group was made by this gap. The complex interaction among the raft, ground and
piles can be evaluated by comparison of the piled raft and pile group, which are with and without

interaction of the raft and the ground.

Table 3.5.1 Test cases.

Max. vertical load . . Vertical load by .
Foundation in pre-vertical Applied horizontal raft and Initial
Case Test type*! P! disp. at lower LDT RVLP#3

type loading process (mm) superstructure %)

o

™) N)
+1mm (h/S=1, 1.8)
R L1 Raft H 1320 100
+4mm (h/S=1)

+1mm (W/S=1, 1.8)
R L2 Raft H 1320 100
+4mm (h/S=1.8)

R L3 Raft v — 1320 100

+1mm (h/S=1, 1.8)
P L Pile group H 2440 1320 0
+2mm (h/S=1, 1.8)

+1mm (h/S=1, 1.8)
PR L1  Piled raft H 3190 1320 27
+2mm (/S=1, 1.8)

PR 12 Piled raft v 9800*2 — 1320 —

+1mm (W/S=1, 1.8)
R _HI Raft H 1810 100
+4mm (h/S=1)

+1mm (h/S=1, 1.8)
R_H2 Raft H 1810 100
+4mm (h/S=1.8)

+1mm (h/S=1, 1.8)
P H Pile group H 2320 1810 0
+2mm (h/S=1, 1.8)

+1mm (h/S=1, 1.8)
PR_H Piled raft H 4530 1810 27
+2mm (h/S=1, 1.8)

*1Test type; H is horizontal loading test and V is vertical loading test.
*2 Maximum vertical load during vertical loading test.
*3[nitial proportion of vertical load carried by raft part before horizontal loading.
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3.5.2 Test procedures for vertical loading tests

3.5.2.1 Preparation of model foundations for vertical loading tests

The model preparing and loading processes for the vertical loading tests are summarized in Table

3.5.2. A part of procedures was same for both vertical and horizontal loading tests, which was from

Step I to VI in the table.

Table 3.5.2 Model preparation procedures for pile group and piled raft models.

Step Step name Pile embedment length at each step*
Vertical loading test Horizontal loading test Light case Heavy case
1 Preparation of model ground with a depth of 230mm
1I Penetration of piles by deadweight (putting foundation 35mm (PR_L1) 60mm (PR_H)
on ground for raft foundation) with guide rod in gravity 40mm (PR_L2) 55mm (P_H)
field 40mm (P_L)
1II Penetration of piles by deadweight (applying deadweight 75mm (PR_L1) 125mm (PR_H)
of foundation to model ground for raft foundation) with 80mm (PR_L2) 115mm (P_H)
guide rod during increase of centrifugation 90mm (P_L)
v Penetration of piles (applying vertical load to raft Penetration 157mm (PR_L1) 156mm (PR_H)
foundation) using actuator with guide rod in process 157mm (PR_L2) 150mm (P_H)
flight 150mm (P_L)

Vs Stop of centrifugation and installation sensors Same as above Same as above

VI Increase of centrifuge acceleration Same as above Same as above

VII Vertical loading using Vertical loading using Vertical loading 160mm (PR_L1) 160mm (PR_H)

electric jack with guide two-ways actuator with process 160mm (PR_L2) 150mm (P_H)
rod guide rod 152mm (P_L)

VIII Stop of centrifugation, 160mm (PR_L1) 160mm (PR_H)
removal of guide rod and 152mm (P_L) 150mm (P_H)
installation of horizontal
loading device

IX Increase of centrifugal Same as above Same as above
Acceleration

X Pre-vertical loading using Pre-vertical 160mm (PR_L1) 160mm (RP_H)
two-ways actuator without loading process 154mm (P_L) 153mm (P_H)
guide rod

XI Horizontal loading using Horizontal

two-ways actuator

loading process

* PR_L1 and PR_H1 are case of horizontal loading tests on piled raft; PR_L2 is case of vertical loading test on piled raft

P_L and P_H are case of horizontal loading tests on pile group (see Table 4)

Firstly, the model ground was made from dry Toyoura sand by air-pluviation method with the depth

of 230mm and the target relative density of 50% (Fig. 3.5.1). After pouring the sand into the container,

the perfectly flat ground surface was made using the vacuum. The conditions of model ground were

explained in Fig. 3.4.17.
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Having completed the model ground, the actuator was mounted on top of the container. For the piled
raft and the pile group model, the foundations were fixed to the actuator through the load cell and
guide rod, and they were hung above the ground surface (Fig. 3.5.2). The spring ties were used for
fixing the foundations and guide rods. The raft foundation was also fixed to the actuator through the
load cell and guide rod, but it was placed on the ground surface. As mentioned in Section 3.4.2.2, the
verticality of the foundation can be secure by the guide rod. Then, the spring ties were removed for
the piled raft and the pile group foundations, and the foundations were penetrated into the ground by
their deadweight in the gravitational field (Fig.3.5.3). At this time (Step II), the piles were penetrated

into the ground about 40mm and 60mm for the light case and heavy case respectively.

Centrifugal acceleration was then increased up to 50g, and the piles were further penetrated by the
self weight during this period. The total pile penetration lengths were approximately 80mm and
120mm for the light case and the heavy case respectively. Under 50g centrifugation, piles were
penetrated at a rate of 0.26mm/sec using the two-ways actuator until the raft base reached about 3mm
above the ground surface for the piled raft and 10mm above for the pile group foundation. The vertical
load was applied in the flight for the raft foundation as well in order to give the same centrifugation
and loading histories as those of the piled raft and the pile group to the raft foundation. This penetration

step using the actuator in the first flight was named “penetration process” (Step IV).

After the penetration process, the centrifugation was once stopped (Fig. 3.5.4), and four
potentiometers were arranged at the corner of the model raft (Fig. 3.5.5). The electrical actuator having
larger capacity than the two-ways actuator was placed in substitution of the two-ways actuator only
for the vertical loading tests. Then, the centrifugation was again done up to 50g. The same preparation

procedures were used for both vertical and horizontal loading tests up to this step (Step VI).

Figure 3.5.1 Model ground prepared by air-pluviation method.
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Figure 3.5.4 Model piled raft and pile group after Figure 3.5.5 Model piled raft and pile group after setting
penetration process. instrumentations.

In almost previous literatures listed in Chapter 2, different model preparing procedure was employed
(Mano et al. (2002, 2003); Tsuchiya et al. (2003); Horikoshi et al., 2003a, b; Katzenbach
& Turek, (2005); Matsumono et al. (2004a, b); Matsumono et al. (2010)). After making the
model ground, the piles were penetrated in the flight in the present research. On the other hand, the
model piles were firstly fixed to the container using rigid flame, and the model ground was then made
in the previous research. It can be said that the piles prepared by the former method (present research)
was behaved as the “displacement pile”, and piles prepared by the latter one (almost previous

literature) was acted as the “non-displacement pile”.
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There are two reasons for employing this method in the present research. One is to make the flat
ground. One of the most important things in the modeling of the piled raft is to make the contact
condition between the raft base and the ground surface uniform. However, it is difficult to make flat
ground in the condition where piles are fixed to the container. Therefore, the method in which the level

ground was firstly made was adopted in the present study.

The other reason is to increase the mobilized shaft friction of pile. The concept of the piled raft
foundation is reducing the total and differential settlement by few friction piles. Therefore, it is
preferred to design the model piles as the friction piles for the physical modeling tests as well. However,
the model pile used had small interface friction angle between the pile surface and the soil of 17.5
degree as explained in Section 3.4.2.2, and its surface was relatively smooth. According to Sherif et
al. (1995), the displacement piles showed three times larger for the shaft friction and four times larger
for the coefficient of earth pressure compared with the non-displacement pile. Meyehof (1976) also
reported that similar tendencies, i.e., although the coefficient of earth pressure in the non-displacement
pile was almost same as the coefficient of earth pressure at rest Ky, that in the displacement pile is four
times larger than them. Therefore, the model preparing procedures in which the piles were penetrated

into the ground under the centrifugation was employed to make the shaft friction along the piles larger.

For the reference, the variation of end bearing load and shaft friction load with the settlement for
PR _L2 is shown in Fig. 3.5.6. The relationship derived from the loading tests on the pile group done
by Yamana (2009) also described in the figure. For PR_L2 there was about 3mm gap between the raft
base and the ground surface as explained above, implying that the foundation behaved as the pile
group foundation for the settlement less than 3mm and it acted as the piled raft foundation after the

settlement reached 3mm. The model pile group foundation used in Yamana (2009) consisted of four

Present stud
O (Yamana (20(;/9)) - T T 0
I 1 units: mm ".' ]
T 7 i (. IS
E = =
w4 A 4 &
= T 7 i T B8
5| 30 e g
g -6 i 20) iviviviinl l6 @
= A s g
I 1 157 48 2
-==--= Present research (PR_1.2) 200 -=-== Present research (PR_12) ~
L —— Yamana (2009) ] (200) | —— yamana (2009) ]
_ | . | . | . | . | . | _
10 0 2000 4000 U U 0 2000 4000 10
End bearing load (N) Dr: 50% (80%) Shaft friction load (N)
(a) End bearing load (N(Ell_s i'sg_ﬂ%ﬂe) (b) Shaft friction load

Figure 3.5.6 Variation of pile load with settlement during vertical loading test.
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stainless steel pile with the pile spacing of 50mm. The model pile was 10mm in outer diameter, 0.5mm
in thickness and 200mm in embedment length. The relative density of the model ground was 80%.
The model pile group was prepared as the non-displacement pile, that is, four piles were fixed to the
container with the rigid flame and then the ground was prepared using dry Toyoura sand by the air-
pluviation method. In the behavior of end bearing load, the effect of soil density and embedment length
can be clearly seen. The larger the density and embedment depth are, the larger the bearing load is.
However, mobilized shaft friction load is much larger for the displacement pile (present study) than
the non-displacement pile (Yamana’s research), confirming the effectiveness of pile installation

procedures in this study for modeling the friction piles.

3.5.2.2 Procedures of vertical loading tests

After the centrifugation reached 50g (Step VI), the vertical loading tests on the piled raft (PR_L2)
and the raft (R_L3) were conducted. The schematic illustration of the vertical loading tests is shown
in Fig. 3.5.7. The vertical load applied by the actuator was measured by the load cell and settlement
of the foundation was measured by the potentiometers. And the forces acting on the model piles were
measured by strain gauges.

Fixed to loading device
Load cell

Guiderod

Potentiometer

Pile2 _|

Pile4

Figure 3.5.7 Schematic illustration of vertical loading tests.

As mentioned in previous section, the raft base was not in contact to the ground in the beginning
for PR_L2. From the evaluation of the raft base 3mm above the ground surface the foundation was
vertically loaded with the guide rod using a large capacity electric actuator at a rate of 0.16mm/sec
until the raft base reached 4mm below the ground surface. This vertical loading period in the second

flight was named as the “vertical loading process”.
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3.5.3 Test procedures for horizontal loading tests
3.5.3.1 Preparation of model foundations for horizontal loading tests

The preparing procedures of the horizontal loading tests were same as those of the vertical loading
process from Step I to Step VI, which was explained in Section 3.5.2.1. After Step VI, the vertical load
was applied to the foundation by the two-ways actuator with the guide rod securing the verticality of
the foundation. For the piled raft the vertical load was applied to the foundation until the raft base
touched the ground and the proportion of the vertical load carried by the raft part (RVLP) reached
approximately 30%. The vertical load was also applied to the foundation to have 2mm settlement for
the pile group case, and the raft foundation was subjected to vertical load of 1500N. This vertical

loading stage in the second flight was named as the “vertical loading process”.

After the vertical loading, the centrifugation was once stopped to remove the guide rod and to install
the laser displacement transducers (LDTs , Fig. 3.4.23) and horizontal loading device (Fig. 3.4.25) as
shown in Fig. 3.5.8. The centrifugation was done again up to 50g, and the pre-vertical load was then
applied to the piled raft foundation without the guide rod. The reason for applying the pre-load prior
to the horizontal loading tests was to confirm that each piled raft case had the same initial RVLPs of
about 30%. The vertical load was applied to the pile group and the raft as well in order to give the
same loading history as the piled raft. As already explained, the piled raft foundation had RVLP of
30% in the vertical loading process (in the second flight). However, the RVLP became smaller and
reached few percent after the centrifugation was once stopped and increased again. Therefore, the pre-
vertical load was applied just before the horizontal loading tests to increase and control the initial
RVLP. The relationship between the settlement and RVLP was discussed in detail latter (Chapter 4),
but one example for this relationship are shown in Fig. 3.5.9. From this figure, it can be said that the
RVLP increased with the settlement, and therefore, it also can be confirmed that the RVLP can be

controlled by the vertical load. This pre-loading period prior to the horizontal loading tests was named

Settlement (mm)

RVLP (%)

Figure 3.5.8 Model foundation before horizontal Maodel 3.5.9 Relationship between RVLP — settlement for
loading tests. PR _L1 and PR_H during pre-vertical loading process.
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as “pre-vertical loading process”. According to Yamashita (2012), the RVLP significantly affected by
pile spacing ratio (s/D), that is, the smaller the pile spacing ratio is, the larger the RVLP is. As
summarized in Fig. 2.3.10, RVLP observed in the actual foundation was distributed from 10% to 70%
at the pile spacing ratio s/D of five (s/D is 5 in the present study), and therefore the RVLP of 50% was
applied to the piled raft in the present study. The initial RVLP for the previous researches are already
summarized in Table 2.3.2. In the centrifuge model tests (Mano et al. (2002, 2003); Fujimori et al.
(2003); Nishiyama et al. (2003); Horikoshi et al. (2003a, b)), the initial RVLP before the horizontal
loading tests was not intended value but the resultant one due to the centrifugation. It seemed that this
resultant RVLP was determined by the foundation specifications, pile preparation procedures and
ground conditions. Although the RVLP was not intentionally controlled in almost previous researches
done in the gravitational field (Nagano et al. (2002); Matsumoto et al. (2004a, b, 2010)), the RVLP
was controlled in some researches in 1g environment (Tsuchiya et al. (2003); Nagai and Tsuchiya
(2004)). In the research done by Tsuchiya et al. (2003) the RVLP was controlled by pulling out the
foundation, and in the research carried by Nagai and Tsuchiya (2004) the RVLP of 50% was prepared
by putting the soil bags on the foundation.

3.5.3.2 Procedures of horizontal loading tests

After pre-vertical loading process, the horizontal loading tests were done with a loading rate of
0.155mm/sec. The schematic illustration of horizontal loading tests is shown in Fig. 3.5.10. The
horizontal loading tests were controlled by the horizontal displacement measured at lower LDT, dzpr
as shown in Fig. 3.5.11. Horizontal displacement with an amplitude of d;pr =t1mm was first imposed
from the left side and then right side at h/S=1. The same amplitude of d;pr was applied at h/S=1.8.
After the first loading series, the same sequence as that in the first loading series but with d,pr =£2mm
was conducted for the piled raft and pile group foundations. The d;pr =4mm was applied at h/S=1 for
R _L1and R_HI1, and at h/S=1.8 for R_L2 and R_H2 after the first loading series of d;pr =t1mm.

Fixed to two-ways actuator
LDT

Horizontal load P, Two directional load cell
hemisphere heads

i -/—g-'- § ‘-gll -I_S-O 90

Potentiometer |

I
H (units : mm)
Pile2 @ @< Pilel
Pile4 .
—e0 P Pile3

Figure 3.5.10 Schematic illustration of horizontal loading tests.
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at lower LDT (mm)

at lower LDT (mm)

Target &; pt measured

Target &; pt measured

Time (sec)
(3)
(1)

90mm
(h/S=1.8)

Figure 3.5.11 Applied horizontal displacement at lower LDT, dvpr, during horizontal loading tests.

Rightward horizontal load and displacement, and clockwise moment are taken positive in the

present study.

The instrumentations used for the horizontal loading tests were the load cell, LDTs, potentiometers
and strain gauges, by which the values listed in Fig. 3.5.12, were measured or calculated. The vertical
load Py and the horizontal load P, were measured by the two-directional load cell, where the Py
included the deadweight of the raft and the superstructure. The moment load applied M}, was calculated
by multiplying the P; and the loading height from the raft base 4. The settlement of each pile was
measured by potentiometer, and the settlement at the center of the raft base s was calculated by the
average settlement measured by four potentiometers. The horizontal displacement of the raft base o
and the rotation of the foundation 8 were calculated by two LDTs. Forces acting on pile such as axial
load, bending moment and shear force were measured by strain gauges (Fig. 3.4.8), and the vertical
load and the horizontal load carried by pile part (Ppy and Ppy respectively) were estimated from the
total axial load at pile head Qpy and the total shear force at pile head Qpy respectively. The vertical
load carried by the raft part Pry was calculated by subtracting Ppy form Py, and the horizontal load
carried by the raft part Pry was estimated by subtracting Ppy from P;. Thus, the shared load between
the raft and piles, which were important in the study of the piled raft, were estimated from the measured
values by strain gauges (Qpy and Qpy). The same method was also employed to evaluate the shared
load in the almost previous literature listed in Chapter 2. Therefore, the accuracy of the strain gauges
is crucial for the model tests on the piled raft foundation. The validity of evaluating the shared load

between the raft and piles by the strain gauges, and the method which can improve the measurement
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Direction Py: vertical load

P; : horizontal load

h: horizontal loading height

M; : moment load=P; Xh

Op pt: horizontal displacement measured by lower LDT
s: settlement at the center of raft base

O: horizontal displacement at the center of raft base
0: rotation of foundation

Qpy: total axial load at pile head

Qpy: total shear force at pile head

Pry: vertical load carried by raft

Ppy: vertical load carried by piles

Pry: horizontal load carried by raft

Ppy: horizontal load carried by piles

RVLP: Pgy/Py

RHLP: Pry/PL.

Figure 3.5.12 Measured and calculated values.
accuracy of the strain gauges will be discussed in Section 3.6.

3.6 Pile calibration technique and improvement method of strain gauge accuracy

The accuracy of the strain gauges is important for the study of the piled raft as explained in the
previous section. This chapter will explain the basic mechanism of the strain gauge, the calibration
method used in the present study and will discuss the measurement accuracy of the strain gauge.

Moreover, method improving the measurement accuracy of the strain gauge will be proposed.

3.6.1 Theory of strain gauges

The strain gauge used is already shown in Fig. 3.4.8 and Fig. 3.4.10. Gauge (1)-(5) is attached inside
the pile by the cross-gauge method, by which the strain can be individually measured at the both sides.
Therefore, from the strains measured both sides (defined as €1, €3) the axial strain (g,) and bending

strain (em) are estimated by the following equations.

& +é
o - 3% (3.6.1)
€, = (81 - 53%

Gauge (1)’ and (6) were attached by the four-gauge method, and only axial strain was measured by
them. Gauge (7) was also attached by the four-gauge method, by which the shear strain was measured.

Note that the gauge (1) were attached outside surface of the pile head only for the heavy case pile.
The principal of strain gauge measurement is to make the bridge circuit consisted of four strain
gauges, and to measure the voltage difference 4e (output value) generated by the deformation of the

gauge as shown in Fig. 3.6.1. The theoretical relationship between the Ae and strain ¢ are as bellows.
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VK
AezT(gl —&+6—8,) (3.6.2)

AR
Gauge factor K : K - /R (3.6.3)
&

V. input voltage, K: gauge factor, &,: strain of each gauge, R: resistance of each gauge, AR: resistance
variation of each gauge.

The gauge factor K is the material dependent value, and that used for the present study is shown in
Table 3.4.2. Although the gauge (1)-(5) were cross-gauge, the bridge circuit can be made by
introducing two dummy gauges into R3 and Ry (Fig. 3.6.1) using the bridge box. It should be noted

that the resistance of dummy gauge does not changed.

—

R,: Resistance of each gauge
€,: strain of each gauge
V:Input voltage

Ae: Voltage difference

Strain gauge

Figure 3.6.1 Bridge circuit for strain gauge.

In particular, the theoretical relationships between output value Ae and strain ¢ can be obtained by

following equations, which are derived from eq. (3.6.2).

Cross-gauges (gauge (1)-(5)): Ae = MK&‘ (3.6.3)
4
Four-gauges for axial strain (gauge (1)’, (6)): Ae = M Ke (3.6.4)
2
. VK
Four-gauges for shear strain (gauge (7)): Ae=7y (3.6.5)

vp is the Poisson’s ratio of the pile, y is shear strain. From above equations the theoretical

calibration number C, can be estimated as follows.

Cross-gauges (gauge (1)-(5)): ¢ - & _ 4 (3.6.6)
" Ae (1+vp VK
Four-gauges for axial strain (gauge (1), (6)): ¢ - ¢ _ 2 (3.6.7)

?e_ ‘1+Vp 'I;K
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Four-gauges for shear strain (gauge (7)):C, :l:i (3.6.8)

Ae VK
However, actual calibration number is influenced by the cable length, accuracy of gauge attaching
and Poisson’s ratio, and therefore the pile calibration was carried out in order to get the actual

calibration number for each gauge.

3.6.2 Calibration method

Fig. 3.6.2 shows the schematic illustration of the pile calibration. The pile fixed as the cantilever,
and the load was applied 20mm from the pile tip. In this calibration method only bending strain and
shear strain were applied to the model pile but the axial strain was not applied. Therefore, note that
the gauge (1)’ and (6), which measure only axial strain, cannot be calibrated by this method. The
calibration number was evaluated by comparing the output value and applied bending strain & and

shear strain y calculated by following equations.

Applied bending strain: g = M y= Wi ﬁ (3.6.9)
E T 7 2
e la-d)
Applied shear strain: yzi: (3.6.710)

T
Gp E P
2‘1 +v, '
M: Applied moment, £,: Young’s modulus of pile, /,: Moment of inertia, W: Applied load, /: Distance
between strain gauge and loading point, d;. Outer diameter of pile, d>: Inner diameter of pile, z: Shear

stress, G,: Shear modulus of pile, v,: Poisson’s ration of pile.

(1) (inside)
(1) (outside)

Raft @ @ @ (6)
a ‘Z | | | | |

_______ i pul e s o
E _______ b ___ —______ ——_______ e ___________ ¢|_
[

ef\ | : : .L PRGN

5 \25 25 25 25 35 10 10
7 .

{ (7) Weight

Rigidly fixed

Figure 3.6.2 Calibration method of model pile.
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3.6.3 Calibration result

3.6.3.1 Calibration number of each strain gauge

i) Calibration number C, of gauge (1)-(5)

The relationships between the output value Ae and applied bending strain of Pile 1 and Pile 2 for

the light case pile and heavy case pile were described in Fig. 3.6.3 and Fig. 3.6.4 respectively. The
calibration results from all piles (Pile1~4) are shown in Appendix (A. 3.6.1, 3.6.2). The theoretical

relationship derived from eq. (3.6.3) is also shown in the figure. It can be observed that the Ae had a

good linearity with the applied strain, and the calibration number (slop of this relationship) obtained

from this calibration method was therefore reliable. It is also found that the calibration number from

the pile calibration was 5% larger than theoretical calibration number.

Applied bending strain g, (1)
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Figure 3.6.3 Relationship between output value and applied bending strain for light case pile.
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Figure 3.6.4 Relationship between output value and applied bending strain for heavy case pile.

Here, the error of the calibration number caused by the accuracy of the gauge attaching. This error

by the gauge attaching can be divided into two components, such as error by the angular declination

and the position gap. The error by the angular declination of gauge is firstly discussed. If the gauge is
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Figure 3.6.5 Measurement error of strain gauge by angular declination.

not attached at the different angle of . against the proper angle as shown in Fig. 3.6.5, the strain gauge
measure the €,” and &’ instead of €1, &5=-vpe; which are intrinsically measured. The €;” and &’ can be

estimated from the Mohr’s circle for strain shown in Fig. 3.6.5 (b) as follows.

)
Il
)
—_
I
<~
S
S~—"

2 +(1+V,,)COS 26, (3.6.11)

82' = % {(l—vp)— (1+vp)cos 2492}

By substituting these formulas into the € and &; in eq. (3.6.2), the following equation is obtained

(e3 and &4 are zero they are dummy gauges).

_(l+vp)V

Ae Keg, cos 20, (3.6.12)

The calibration number evaluated from this equation C,’ is as follows.
clo_ 4 (3.6.13)
" VK(1+v)cos 20

The difference ratio between theoretical C, (obtained from eq. (3.6.6)) and C,,” are plotted against

6. in Fig. 3.6.6. The difference ratio increased at an accelerated pace with 6.

The error by the position gap is illustrated in Fig. 3.6.7. If the strain gauge is attached at the proper

position, the distance between the neutral axis and the strain gauge is d»/2 as shown in the figure. The

strain at this position is & =——-2 obtained from eq. (3.6.9), and the calibration number is

E

pp
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Figure 3.6.6 Error of calibration number caused by angular declination 0.

estimated by eq. (3.6.6). However, when the strain gauge is attached at the wrong position with J

from the proper position, the distance between the neutral axis and the strain gauge is

y' = 1/(d2 / 2)2 -0 82 . In such case, the strain measured by the strain gauge at the wrong position is

, 2 o3 2 3

g = M\/(dZ/z) S, = \/(d2/2) S g, - By assigning this &' into eq. (3.6.3), the calibration
E,I, d,/2

number can be obtained as bellows.

' 4 d,/2

C, -
(VWK (@, /2F -5
The difference ratio between theoretical C, (eq. (3.6.6)) and C,” are plotted against J. in Fig. 3.6.8.

(3.6.14)

The difference increased with Jd. as with the 6. If the strain gauge is attached at wrong position with
1.5mm from the proper position, the difference of the calibration number from the theory and the pile

calibration is 5%.

Right position

N 1 € 1
Wrong position *, <>

(C,/C,-1) X 100 (%)

1+ -

Error of calibration number

T 1 L Il L 1 L
/ % 0.5 1 1.5 2
i Position gap of strain gauge in position . (mm)

Figure 3.6.7 Measurement error of strain gauge by position Figure 3.6.8 Error of calibration number caused by
gap. position gap Je.

It seemed that 5% difference of the calibration number from the theory and the pile calibration
caused by the angular declination and the position gap of attaching strain gauge. However, the

calibration number can be exactly evaluated by the pile calibration introduced in the present section.
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ii) Calibration number C, of gauge (7)
Fig. 3.6.9 shows the relationship output de value and shear strain y observed during the pile

calibration. The relationship obtained by eq. (3.6.5) is also shown in the figure. The calibration number
estimated by the pile calibration was almost half of that calculated theoretically. This was probably
because the shear stress t was not uniformly distributed in the pile cross-section as shown in Fig.

3.6.10. The shear stress 7 profile in the pipe having slight thickness is the function of the distance from

,:2Q{1_(y)2} (3.6.15)
A r

Q: applied shear force, A: cross-sectional area, : outer radius of pipe, y: distance from the neutral axis.

the neutral axis as following equation.

o CawmV)
—O— Pile 1 224
—4— Pile 2 135
—— Pile 3 147
—V— Pile 4 195
-==-= Theory 325

Applied shear strainy (1)

Applied shear strainy (1)

1 n 1 n 1 n L L L 1 n 1 n
0.01 0.02 0.03 0.04 (% 0.01 0.02 0.03 0.04
Output value Ae (mV) Output value Ae (mV)
(a) Light case (b) Heavy case

Figure 3.6.9 Relationship between output value and applied shear strain.

' Shear force Q
Shear stress T

tmax

shear strain gauge

Figure 3.6.10 Distribution of shear stress on pile.

The maximum shear stress, which is twice larger than average shear stress, is observed at y=0 where

the shear strain gauge was attached. Therefore, the output value detected during the pile calibration
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Figure 3.6.11 Measurement error of shear strain gauge caused by angular declination.
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Figure 3.6.12 Error of calibration number caused by angular declination 6e.

became to be twice, and the calibration number evaluated from the calibration was half of the

theoretical one.

The relationship between the shear strain and the output value shows worse linearity than that
observed in the relationship between the bending strain and output value (Fig. 3.6.3, Fig. 3.6.4). This
could be mainly attributed by two reasons. One is the applied shear strain was much less than the
applied bending strain. As a result, the measurement error was relatively dominant for the shear strain
compared with the bending strain. The other reason is difficulty in attaching shear strain gauge at the
proper position of small model pile. If the shear strain gauge is not attached at the right position and
has an angular declination of #. as shown in Fig. 3.6.11 (a), the shear strain measured is not y;and
vobuty;” and y2’. The y;” and 2’ can be calculated by the Mohr’s circle for strain (Fig. 3.6.11 (b)) as

follows.
¥, =2& =y,c0s206,

! ’

7, =28, =—y,c0s20,

(3.6.16)
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If the same strains are occurred at the shear strain gauge at the opposite side (¢;'=¢3” and &> =¢;’),
the following calibration number C,’ is estimated from eq. (3.6.2) and eq. (3.6.16).
! 2
Cn = 4
VK cos 260
The difference ration between C,’ and theoretical C, (eq. (3.6.8)) are plotted against . in Fig. 3.6.12.

(3.6.14)

Although the shear strain gauge was attached at the outside of the pile, it was difficult to attach the
gauge at the proper position because the shear strain gauge was attached with the inclination of 45
degree against the pile shaft direction. Therefore, the variability of calibration number at each gauge

became larger as shown in Fig. 3.6.9.

iii) Calibration number C, of gauge (1)’ and (6)

The gauge (1)’ and (6) measured only axial strain, and the calibration number cannot be therefore
obtained the calibration method introduced above. It was confirmed form the above discussion that
there was only 5% difference between the calibration number obtained by the pile calibration and the
theoretical one for the gauge (1)-(5) attached inside the pile. Therefore, the calibration number of
gauge (6) was estimated by multiplying 1.05 with the theoretical calibration number (eq. (3.6.7)) by
assuming that the calibration number of gauge (6) attached inside also included 5% error against the
theory. This 5% difference between the calibration number calculated by the calibration and theory
was mainly derived from the accuracy of pile attaching as mentioned in the previous section. From
this fact, it could be said that the difference became smaller for the gauge attached outside of the pile
than that inside the pile. Therefore, the theoretical calibration number was employed for that of the

gauge (1)’ attached outside.

The calibration numbers evaluated in this section are summarized in Appendix (A.3 and A.4).

3.6.3.2 Interference strain and proposal of method to remove it

This section will focus on the axial strain observed in the pile calibration. Figure 3.6.13 and 3.6.14
show the relationship between the applied bending strain and detected axial strain. Only for light case
Pile 1 (Fig. 3.6.13 (a)), relatively large bending strain was applied. In the pile calibration only bending
and shear strains are applied to the model pile implying no axial strain acting on pile. However, the
axial strain was measured as described in these figure showing the axial strain included the error when
the bending moment is given to the pile. This axial strain caused by the bending moment is defined as

“interference strain”.

It was thought to be that this interference strain was mainly caused by attaching strain gauges at

incorrect positions as shown in Fig. 3.6.5, 3.6.7. The larger interference strain was observed for the
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Figure 3.6.13 Relationship between applied bending strain and axial strain for light case pile during calibration
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Figure 3.6.14 Relationship between applied bending strain and axial strain for heavy case pile during calibration
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gauge at pile head than other gauges, especially for the light case pile. For the strain gauges at the pile
head clutched part by the raft also generated the interference strain. However, this interference strain
can be corrected using following method. The gauge (1)’ in the heavy case pile can restrain the
interference strain compared with the gauge (1) in the light case pile. Furthermore, comparing the
interference strain observed in Pile 3 and Pile 4 for heavy case (Fig. 3.6.14 (c) and (d)) it can be clearly
seen that the interference strain was larger for strain gauge attached at inside than outside strain gauge.
It would be considered that the interference strain depended on the gauge attaching accuracy resulting
in smaller interference strain for gauge (1)’ attached outside of pile. Thus, the axial strain may have
an error (interference strain) caused by the bending moment. However, the interference strain had
almost linear relationship with the bending strain as shown in Fig. 3.6.13 and 3.6.14. From this fact it
can be said that the axial strain can be corrected by removing the interference strain using this linear
relationship. However, when the relatively large bending strain was acting on pile, the interference
strain did not be back to the original strain (Fig. 3.6.13 (a)), showing the hysteresis in the bending
strain and the interference strain relationship. This fact implies that the interference strain cannot be
modified using the above linear relationship if the relatively large bending strain is applied to the
model pile. This hysteresis made the error in measured axial load larger when the horizontal loading

tests as shown latter (Fig. 3.6.16).
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Figure 3.6.15 Variation of PV, QPV and bending strain at pile head with settlement for PR_L1 and P_H during
penetration process.
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3.6.4 Validation and limitation of strain gauge accuracy

This section will verify the accuracy of calibration number obtained in the previous section. In
addition to this, it will be also verified the proposed method which can improve the measurement
accuracy of the strain gauges by removing the interference strain. Figs. 3.6.15 show the variation of
the vertical load Py, the total axial load at pile head Qpy and the average bending strain at the pile head
with the settlement s for PR_L1 and PR_H observed in the penetration process. As been seen, the
bending strain acting on the pile during the penetration process, which was probably due to the slight
inclination of the foundation. The results obtained from other cases are shown in Appendix (A.
3.6.5~3.6.9) in which not only the total pile response but also the each pile response are also shown.
Corrected Qpy considering the interference strain by the moment strain is also shown in these figures.
The axial load at pile head with and without correction, and bending strain at pile head for each pile
are also shown in the figure. Axial load without correction for the light case indicated about 10%
difference from Qpy, whereas that for the heavy case had a good agreement with Py due to smaller
interference strain for the heavy case pile as explained in Fig. 3.6.13 and 3.6.14. Although applied
bending strain in the calibration was about 150p, that observed in the penetration process was
approximately 400u (in max., 700p bending strain was observed in Pile 1of PR L1, see A.3.6.5 (b))
at a maximum and 300p at an average. However, the difference of Py and QOpy can be significantly
reduced by correcting the interference strain, and the Opy had a good agreement with Py. This fact
justified the correction method removing the interference strain even when relatively large bending
moment was applied to the pile. Therefore, the vertical load carried by the piles Ppy can be estimated
from the corrected axial load at the pile head (corrected Qpy) with reasonable accuracy, and the vertical

load carried by the raft Pry can also be estimated by subtracting corrected Qpy (Py) from Py.

The time histories of the total axial load at pile head and the average bending strain at pile head for
P L and P_H observed in the horizontal loading tests are shown in Fig. 3.6.16. The corrected axial
load is also shown in the figures. The observed these pile response for each pile is shown in Appendix
(A.3.6.10, 3.6.11). In the horizontal loading tests constant vertical loads were applied to the piles form
the superstructure for the pile group models, i.e., 1260N and 172 ON for the light case and the heavy
case respectively, which are indicated as dotted horizontal line in the figures. Note that the vertical
load of the foundation was estimated with the consideration about centrifuge acceleration distribution
along the centrifuge radius as explained in Fig. 3.4.2. However, the measured Qpy varied during the
loading and the gap between the vertical load of superstructure and Qpy was observed. The gap
between them can be reduced by the correction, however, it should be noted that corrected axial load
still have a difference of 10%, implying that measured Ppy and Pry might have an uncertainty in the
magnitude during the horizontal loading tests. This error in the measured axial load was probably

owing to the hysteresis of the bending strain and the interference strain relation as
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Figure 3.6.16 Variation of axial load and bending strain at pile head with time for P_L and P_H during horizontal
loading tests.

shown in Fig. 3.6.13 (a). Relatively large bending strain for the positive and negative direction was
alternately acting on the pile during the horizontal loading tests as shown in Fig. 3.6.16. The
interference strain gradually accumulated with the alternate loading procedures, which made the error
of axial load measurement large during the horizontal loading tests. Further discussion is required to

improve the axial load measurement.

Only influence of bending strain on the axial strain was discussed as above but it seemed that the
interference bending strain is also occurred by the axial strain. Here, the maximum average axial and
bending strains observed during the penetration process and horizontal loading tests are summarized
in Table 9. The interference axial strain was generated up to 10% of applied bending strain as described
in Fig. 3.6.12 and 3.6.13. Assuming 10% of axial strain is also included in the bending strain as the
interference bending strain, the each interference strain observed in the penetration process and
horizontal loading tests can be calculated as shown in Table 9. The calculated ratio of interference
strain to maximum average axial and bending strains during the penetration process were 13% and
7.5%, implying that the bending strain also had an uncertainty of 7.5%. However, it was not required
to make consideration of the interference bending strain because the bending strain during the
penetration process was not important value. The ratio of interference strain to maximum average axial
strain and bending strain during the horizontal loading test were 30% and 5% respectively. Thus,

although the influence of interference strain on the axial strain was significant, that on the bending
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strain was slight and negligible. Therefore in the present research only interference axial strain caused

by the bending strain was corrected.

Next the measurement accuracy of the shear strain gauge is explained. Fig. 3.6.17 shows the
variation of the horizontal load P, and the total shear force at the pile head Qpy with the horizontal
displacement of the raft base J for the piled raft and the pile group with the loading cycle of 4/5=1 and
orpr==2mm. The P; and Qpy were measured by the two-directional load cell and the shear strain gauge
(gauge (7)) respectively. The horizontal load P; was supported by only piles for the pile group
foundation. The Opy had a good agreement with the P;, for the pile group, which means that the high
accuracy of the shear strain gauge can be confirmed. Therefore, it can be said that the horizontal load
carried by the pile part Ppy can be evaluated from the total shear force at pile head Opy and the
difference between Py, and Qpy can be regarded as the horizontal load carried by the raft part Pry for

the piled raft foundation.
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Figure 3.6.17 Variation of P and Qpy with & for dppr=£2mm, h/S=1.

3.7 Summary

This chapter explained the basic principal of centrifuge and d information of centrifuge model test
carried by the present study, and also proposed the modeling technique on the piled raft. In particular,
the measurement accuracy of the strain gauge was carefully discussed because shared loads between
the raft and the piles are generally estimated by the strain gauge. Followings are the basic findings and

the modeling technique proposed in this chapter.

In almost previous research the piled raft foundation was prepared using the “non-displacement pile”
method in which the piles were rigidly fixed to the container and the sand was poured into the container.
However, in the present study the model piles were installed as the “displacement pile”, that is, the

level model ground was firstly made, and the piles were penetrated into the ground in the
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centrifugation. Preparing the model foundation by this method, the uniform contact condition between
the raft base and the ground surface can be made, and relatively large shaft friction can be secured
compared with the piled raft with the “non-displacement pile” method. The concept of the piled raft
is to reduce the settlement using a few friction piles. Therefore, the piled raft foundation installed as

“displacement pile” introduced in the present thesis can model the actual piled raft concept accurately.

It was found that the proportion of the vertical load carried by the raft (RVLP) increased with the
piled raft settlement. The initial RVLP before the horizontal loading tests was controlled by applying

the pre-load to the foundation.

The pile calibration technique was proposed, by which the forces acting on the pile can be evaluated
accurately. However, it was found that the axial strain measured by the gauge included the error due
to the interference strain when the pile was subjected to bending moment. The method to improve the
measurement accuracy of strain gauge was proposed. That is, the axial strain was corrected by
removing the interference strain using the relationship between the bending strain and interference
strain observed in the pile calibration. It was also confirmed that the validity of the calibration number
obtained by the present calibration method and the effectiveness of correction method. This implied

that he shared load between the raft and piles can be evaluated with high accuracy.
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CHAPTER 4

VERTICAL RESPONSE OF THE PILED RAFT

4. Vertical response of the piled raft
4.1 Introduction

In this chapter, the vertical response of the piled raft foundation will be examined. The
piled raft foundation was experienced three vertical loading processes such as the
penetration process, the vertical loading process and the pre-vertical loading process
before the horizontal loading tests. Beside the discussion about the vertical response of
the piled raft foundation, main objectives of the present chapter is to verify the initial

conditions of the piled raft foundation before the horizontal loading tests.

4.2 Penetration process

In the present centrifuge model tests, the foundation was mainly penetrated into the
ground during the penetration process in the first flight. In this section, the behavior of
each foundation observed in the penetration process will be examined. Much focus will

be focused on the foundation conditions prepared as the displacement pile.

4.2.1 Influence of penetration depth in the flight on pile response
4.2.1.1 Overall response of pile penetrated in centrifugation

Figure 4.2.1.1 show the variation of the vertical load Py, total axial load at pile head
Pprywith the relative position of raft base from ground surface for PR_L1 and PR_H. The
y-axis of zero represents the ground surface. The Py was measured by the load cell and
Prvwas measured by the strain gauges at the pile heads. The Ppyin these figures were
axial load, which was corrected by the method proposed in Chapter 3. The results
observed in other cases are shown in Appendix (A. 4.2.1.1, 4.2.1.2). As explained in the
previous chapter, the accuracy of the corrected axial load can be confirmed from these
figures. As been seen, the piles were penetrated into the ground until the raft base

reached approximately 10mm above the ground surface in the penetration process. As a
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Figure 4.2.1.1 Variation of PV, PPV with relative position of raft base from ground surface during
penetration process for (a) PR_L1 and (b) PR_H. (Other cases are shown in A. 4.2.1.1 and 4.2.1.2)
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Figure 4.2.1.2 Variation of PV with relative position of raft base from ground surface observed in the
penetration process for all cases.

result, the penetration depth in the flight was 70mm and 40mm for the light case and

the heavy case respectively.

Figure 4.2.1.2 shows the relationship between the vertical load Py and the relative
position of raft base from ground surface. From this figure, it can be said that the vertical
load was smaller for the heavy case with smaller penetration depth in the flight than the
light case. And for the P_L with relatively small penetration depth under the
centrifugation also showed smaller vertical load compared with other light case. This
was probably owing to the different pile preparation procedures, that is, the difference

of the penetration depth in the 1g field and the centrifugation.

The vertical load can be divided into two parts such as the end bearing load and shaft
friction load. Figure 4.2.1.3 shows the variation of the end bearing load and the shaft
friction load with the relative position of raft base from ground surface. If the piles were
prepared as the non-displacement pile, the mobilized shaft friction load is quite smaller
than the piles prepared as the displacement pile as shown in the Fig. 3.5.6. However, the
shaft friction load was almost same between the light case and the heavy case regardless
the different penetration depth in the flight. Therefore, it can be said that the piles
penetrated into the ground about 40mm under the centrifugation can be regarded as the

displacement pile.

On the other hand, the mobilized end bearing load was significantly affected by the
penetration depth in the flight, that is, the longer the penetration depth in the flight was,

the larger end bearing load was. From this fact, it can be confirmed the difference of the
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Figure 4.2.1.3 Relationship between pile force and relative position of raft base from ground surface
during penetration process for all cases.

vertical load between the light case and the heavy case was mainly attributed the
difference of the end bearing load. This difference of end bearing load difference may
affect the performance of foundation during the horizontal loading tests. In order to
mitigate this difference, the pre-vertical load was applied to the foundation prior to the
horizontal loading test, and the almost same end bearing loads were mobilized for all
cases before the horizontal loading tests as shown in latter Fig. 4.4.2.3. This end bearing
load can be treated as a kind of cone resistance. Compared with the end bearing loads
for cases having almost same penetration depth in the flight, the end bearing loads were
almost same, confirming the good repeatability, except for P_L. The soil condition in P_L

might be slightly weak compared with PR_L1 and PR_L2.
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Figure 4.2.1.4 Ratio of shaft friction load to vertical load carried by piles PPV during penetration
process for all cases.

Figure 4.2.1.4 shows the variation of the proportion of the shaft friction load against

the vertical load of the pile part Ppvwith the relative position of raft base from ground
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surface during the penetration process. The proportion was scattered little bit, but it
showed 10%-25%. The proportion was slightly larger for the heavy case than the light
case. Although there was no difference between the shaft friction load between the light
case and the heavy case, the end bearing load was larger for the light case than the heavy
case as shown in Fig. 4.2.1.3. As a result, the proportion of the shaft friction load was
larger for the heavy case. As been seen, the shaft friction load was still smaller than the
end bearing load, the larger shaft friction load was mobilized by penetrating piles in the
flight as explained in Fig. 3.5.6. Furthermore, the larger shaft friction was further
enhanced by the base pressure for the piled raft foundation as discussed latter. Therefore,
the combining effect of the pile penetration in the flight and the raft base pressure create

the key conditions in the piled raft having larger shaft friction load.
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Figure 4.2.1.5 Relationship between penetration depth in the flight and maximum end bearing

load.

1500

T

ODO mpe]
=hre
avBa-ige]

=

5
opo
aBg-lige]

1000

T

5001 A -

0 . 1 . | . 1 . | .
. | . | . | . | .
00 20 20 60 30 100 0 20 40 60 80 100

Penetration depth under centrifugation (mm) Penetration depth under centrifugation (mm)

Maximum shaft friction load (N)
|
Coefficient of earth pressure
)
T

(a) Shaft friction load (b) Coefficient of earth pressure

Figure 4.2.1.6 Relationship between penetration depth in the flight and (a) shaft friction load and (b)
coefficient of earth pressure during penetration process.

Figure 4.2.1.5 and 4.2.1.6 shows variation of maximum end bearing load, maximum
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Chapter 4. Vertical Response of the Piled Raft

shaft friction load and coefficient of earth pressure observed in the penetration process
with penetration depth under the centrifugation. The coefficient of earth pressure was
estimated from the shaft friction load using interface friction angle between the pile and
the soil, which is 0.33.. From the variation of the maximum end bearing load, there was
linear relationship between the end bearing load and the penetration depth in the flight.
On the other hand, it seemed that the shaft friction load had no correlation with the
penetration depth. The coefficient of earth pressure estimated from the shaft friction
load also scattered with the penetration depth. Comparing the coefficient of earth
pressure at rest (K/=0.4), the average coefficient of earth pressure was approximately
1.5, which was 3.8 times higher than that at rest. According to Meyehof (1976) and Sherif
et al. (1995), the coefficient earth pressure mobilized in the driven pile was four times
larger than the coefficient of earth pressure at rest. Therefore, it seemed that the present
results had a good agreement with their research. From these figures it can be said that
the mobilization of pile load was different between the light case and the heavy case
owing to the different penetration depth in the flight, especially for the end bearing load.
In order to mitigate the different pile load mobilization caused by the model preparation
process, the pre-vertical loads were applied to all foundations prior to the horizontal

loading tests, and reduce this difference. This will be discussed in Section 4.4.

Axial load Shaft friction load
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Figure 4.2.1.7 Definition of axial load and shaft friction load acting on ple.
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Figure 4.2.1.7 Variation of axial load at each depth with relative position of raft base from ground
surface for PR_L1 and PR_H during penetration process.
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Figure 4.2.1.8 Variation of axial load increment at each depth with relative position
of raft base from ground surface for PR_L1 and PR_H during penetration process.
(A. 4.2.1.3-4.2.1.8)

4.2.1.2 Axial loads along pile shaft
The axial load measured at several depths will be examined in the present section.
The axial load at each depth measured by stain gauges ¢a» were defined as Fig. 4.2.1.6.

The shaft friction loads at depths were calculated using ¢ax» as follows

an = Qun - Qan+1 (4211)

Figure 4.2.1.7 show the relationship between ¢a» and the settlement s for PR_L1 and
PR_H. @:xin the figure was shown as the average of Pile 1 and Pile 2. The increment of
axial load A@an, which was the increment of @axn from the beginning of loading, is shown
in Fig. 4.2.1.8. The variation of axial load for other cases, and that of Pile 1 and Pile 2
are shown in Appendix (A. 4.2.1.3-4.2.1.8). The axial load @.s (end bearing load) was

smaller than the axial load at other depth for all cases because the positive shaft friction

96



Chapter 4. Vertical Response of the Piled Raft

load was mobilized along the pile. The shaft friction load will be examined latter. There
was no clear trend in the axial load measured at other depths, and this trend can be seen
in the increment of axial load for light case. On the other hand, the significantly large
axial load was mobilized for heavy case, owing to the large shaft friction load at the pile
head as discussed latter section. This fact indicated that the ground condition at the
shallower part might be different between the light case and the heavy case. The The
A@Qan observed in heavy case was distributed in the narrow wide compared with @as. This
means that the larger axial load at pile head was mobilized during increasing the

centrifugation.
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Figure 4.2.1.9 Profiles of axial load for PR_L1 and PR_H during penetration process.
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Figure 4.2.1.10 Profiles of axial load increment for PR_L1 and PR_H during penetration process.
(A. 4.2.1.9-4.2.1.14)

Figure 4.2.1.9 show the axial load profile for PR_L1 and P_H. The axial load was in

the figure is average value of Pile 1 and Pile 2. The profiles of axial load increments for
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same cases are shown in Fig. 4.2.1.10. Result from other cases and each pile response
such as Pile 1 and Pile 2 are shown in Appendix (A. 4.2.1.9-4.2.1.14). For the PR_L1, the
axial load decreased with the depth at deep ground, but it was almost constant or slight
increase with depth at shallower depth. This was probably because the large positive
shaft friction load was mobilized at the deep part due to high ground stress, and by
contrast, the shaft friction load at shallow depth was small. The shallower ground was
subjected to relatively large shear during the penetration in the flight as shown in Fig.
4.2.1.11. The shaft friction load reached at peak and gradually decreased when the
ground was sheared, and therefore, the shaft friction near the ground surface showed
smaller shaft friction load, which led that the axial load increased with the depth as
shown in Fig. 4.2.1.7-4.2.1.8.

Heavy case Light case
A ]
\/2 ® | | 4Z"_3
Penetrated in 1g ‘ 5
______________ \e
< [ 2
Penetrated in 50g \«
1 1

friction

Penetrated in 50g

Figure 4.2.1.11 Pile penetration length along soil depth.

The axial load at the deep part decreased with the ground depth for both light and
heavy case due to the positive shaft friction load. The axial load near the ground surface
also decreased with the ground depth for the heavy case. This trend was totally different
from the light case. This was because the penetration depth in the flight was relatively
small for the heavy case, and the reduction of the shaft friction load at the shallower part
like the light case was not occurred. Furthermore, the penetration length in gravitational

field was larger for the heavy case than the light case. The soil around
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Figure 4.2.1.13 Variation of shaft friction at each depth with relative position of raft base from ground
surface for PR_L1 and PR_H during penetration process. (A. 4.2.1.15-4.2.1.20)

pile may be deformed and showed the negative dilatancy by the shear in 1g. As a result,
the soil at the shallower part became much dense for the heavy case than the light case.
Therefore, the mobilized shaft friction load was larger for the heavy case, which led that

the axial load decreased with the depth for the heavy case.

4.2.1.3 Shaft friction along pile shaft

Figure 4.2.1.12 show the variation of shaft friction at each depth &s» and relative
position of raft base from the ground surface. The increment of shaft friction load A@sx
from the beginning of the loading is also shown in Fig. 4.2.1.13. The s is defined in eq.
(4.2.1.1) and Fig. 4.2.1.7, and the shaft friction loads in these figures are the average
value of Pile 1 and Pile 2. The result from all cases and variations of Pile 1 and Pile 2
are shown in Appendix (A. 4.2.1.15-4.2.1.20). For the PR_L1, the larger shaft friction

load was observed at the deep part because the ground stress became larger associated
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with the penetration length (settlement). However, the shaft friction load near the pile
head @s: decreased with the settlement. This was because the shaft friction load at

shallower part passed the peak and showed residual value as explained in Fig. 4.2.1.11.
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Figure 4.2.1.14 Profiles of shaft friction and shaft friction increment for PR_L1 and PR_H during
penetration process.
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Figure 4.2.1.15 Profiles of shaft friction and shaft friction increment for PR_L1 and PR_H during
penetration process. (A.4.2.1.21-4.2.1.26)

The shaft friction load at the deep part increased with the settlement for the PR_H as
well. However, the shaft friction load at shallower part also increased with the
settlement. This was because the reduction of the shaft friction load at the shallower
depth was not occurred in the heavy case. Furthermore, the soil near the ground surface
became much dense compared with the light case because the soil around piles was
strongly sheared by the pile in the 1g environment. As a result, the larger shaft friction

load was mobilized near the pile head as shown in Fig. 4.2.1.12 and 4.3.1.13.

Figure 4.2.1.14 shows the shaft friction profile at several penetration depths for PR_L1
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Figure 4.2.1.16 Variation of shaft friction increment at each depth with relative position of raft base
from ground surface.

and PR_H. The profile of shaft friction increment from the beginning of the loading for
PR_L1 and PR_H is shown in Fig. 4.2.1.15. The shaft friction in these figures is the
average of Pile 1 and Pile 2. The shaft friction profiles of other cases are shown in
Appendix (A. 4.2.1.21-4.2.1.26). The shaft frictions of Pile 1 and Pile 2 are also shown in
the Appendix. As mentioned above, the shaft friction near the pile head gradually
decreased with the settlement for the light case. On the other hand, the positive shaft

friction load was mobilized at the shallower part for the heavy case. Generally, the
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maximum shaft friction was mobilized at the deep part of the ground due to the high soil
stress. The shaft friction observed in the heavy case showed totally different trend. That
is, the maximum shaft friction load in the heavy case was occurred at the pile head. This

trend verified that the pile penetration in 1g field made the soil around pile much denser.

The above mentioned difference of shaft friction mobilization between the light case
and heavy case, in other words, between the different penetration depth in 1g and flight,

could be clearly seen in Fig. 4.2.1.16, where the A@s:» was plotted against the penetration
depth.
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Figure 4.2.2.1 Relationship between pile load acting on each pile and settlement for PR_L1 observed

in penetration process.
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Figure 4.2.2.2 Relationship between pile load acting on each pile and settlement for PR_H observed

in penetration process. (A. 4.2.2.1-4.2.2.12)

4.2.2 Variability of each pile response

In the present section, the variability of the pile response during the pile penetration

process will be discussed. Figure 4.2.2.1 and 4.2.2.2 show the variation of axial load, end
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(A. 4.2.2.13-4.2.2.24)

bearing load and shaft friction load with the relative position of the raft baser from the

ground surface observed in the pile penetration for PR_L1 and PR_H respectively. These

pile loads are the average values of Pile 1 and Pile 2. The results from other cases and

the pile load of Pile 1 and Pile 2 are shown in Appendix (A. 4.2.2.1-4.2.2.12 ). The ratio

of the each pile load to the average pile load at this stage is shown in Fig. 4.2.2.3 and
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4.2.2.4. The ratios of other cases are summarized in Appendix (A. 4.2.2.13-4.2.2.24). In
particular, the variability of the end bearing load was useful to discuss the ground

uniformity because it could be regarded as a kind of result of cone penetration test.

It was seemed that the piles showing the large end bearing load also had a large shaft
friction load because the stiffness of soil around this pile was relatively high. However,
this trend can be seen in only PR_L1, and there was no correlation between the end
bearing load and shaft friction load in other cases. This was probably because the soil
around pile was disturbed by the pile penetration, and therefore the soil around pile

showed more complicated uniformity compared with the soil beneath the pile tip.

The variability of the end bearing load was relatively small, and the variability ratio
was less than 10%. Therefore, it can be confirmed that the uniform model ground was
made in the present study. The variability range of the shaft friction load was almost
same as that of the end bearing load as shown in Fig. 4.2.2.1 and 4.2.2.2. However, the
variability ratio was much larger for the shaft friction load as shown in Fig. 4.2.2.3 and
4.2.2.4 because the shaft friction load was smaller than the end bearing load, and small
difference between each pile was significant for the shaft friction load. Thus, the shaft
friction load was much sensitive to the experimental uncertainties such as the slight
uniformity of the model ground. Sometimes, all model piles were not instrumented
assuming that the loads acting on piles was same as the symmetrical pile. However, the
shaft friction load cannot be evaluated with a high accuracy in such case. In order to
evaluate the pile load, it is required to measure the load acting on all piles used in the

tests.

4.3 Vertical loading process in the second flight
In the present section, the result of the vertical loading process in the second

centrifugation will be summarized.

4.3.1 Overall behavior of piled raft, pile group and raft foundation

Figure 4.3.1.1 and 4.3.1.2 show the relationship between the vertical load Py and
relative position of the raft base from the ground surface for the PR_L1 and PR_H. The
same relationships obtained from other cases are summarized in Appendix (A. 4.3.2.1
and 4.3.2.2). The result of vertical load carried by pile part Ppvand raft part Prvare also
shown in the figure. When the relative position of the raft base is positive, the raft base

did not touch the ground yet, implying the foundation behaves as the pile group
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foundation. On the other hand, foundation behaves as the piled raft foundation for the

negative relative position of the raft base from the ground surface. Some loading,
unloading and reloading steps were repeated in the vertical loading process as shown in
the figure. A set of loading-unloading cycle was defined as one loading step. The vertical
load of the pile part in the piled raft foundation was fully mobilized before the raft base
touched the ground because the relatively large settlement was already imposed to the
foundation. And the vertical load carried by the raft part gradually increased after the
raft base had a contact with the ground surface. Therefore, the vertical load was mainly

supported by the piles in the beginning for the piled raft foundation.
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Figure 4.3.1.1 Variation of Py, Ppv and Prv for PR_L1 and PR_H with settlement observed in the
vertical loading process. (A. 4.3.2.1 and 4.3.2.2)
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4.3.2 Shared load by the raft

Figure 4.3.2.1 shows the variation of the vertical load Py, the vertical load of the raft
part Pryv and the vertical load of the pile part Ppy with the relative position of the raft
base from the ground surface for all cases. The vertical load of the raft part rapidly
increased with the settlement after the raft base touched the ground. The almost linier
load-settlement curve can be observed for the raft part in the piled raft and the raft
foundation, implying the raft load was still in the elastic region. The vertical load of pile
part also increased after the raft base had a contact with the ground surface. The reason
for this increment of pile part will be discussed in the next section. The vertical load
before the raft base did not touch the ground can be regarded as the vertical load of the
pile group foundation. Therefore, it can be said that the increase of the vertical load of
raft part and the pile part contributes the higher vertical resistance of the piled raft
foundation than the pile group foundation. And increment of the vertical load of the raft
part was larger than that of pile part, implying the larger vertical load of the piled raft
than the pile group was mainly attributed from the contribution of the raft part. It was

also noted that although the raft load showed elastic response at relatively large
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Figure 4.3.2.1 Relationship between vertical load and relative position of raft base from ground
surface during vertical loading process.
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Chapter 4. Vertical Response of the Piled Raft

settlement, the vertical pile response before the raft base touched the ground reached

critical state.

Figure 4.3.2.2 shows the relationship between the proportion of the vertical load
carried by the raft part (RVLP) and the relative position of the raft base from the ground
surface. RVLP increased with the settlement because the increase of the vertical load of
the raft part was larger than that of the pile part as explained above. From this fact, it
can be said that the RVLP can be controlled by applying the vertical load to the
foundation. The trend of the RVLP was almost same between the light case and the
heavy case during the loading but that was totally different was observed during the
unloading period. That is, the RVLP increased for the light case, and it decreased for the
heavy case during the unloading. This was due to the difference of the mobilization of

the pile load during the unloading, which will be discussed in latter Fig. 4.3.3.3.

Relative position of raft base
from ground surface (mm)
Relative position of raft base
from ground surface (mm)

-5 . 1 . 1 . 1 . 3 . | . | . 1 . !
0 20 40 60 0 10 20 30 40

RVLP (%) RVLP (%)

(a) Light case (b) Heavy case

Figure 4.3.2.2 Variation of RVLP with relative position of raft base from ground surface
observed in vertical loading process.

Figure 4.3.2.3 shows the relationship between coefficient of subgrade reaction of raft
part and raft base pressure or the vertical loading step. The result of the raft foundation
is also shown in the figure. The contact pressure in R_L1 and R_L2 was about 200kPa,
and that of R_H1 and R_H2 was 270kPa. The coefficient of subgrade reaction was
estimated by the slope during the reloading period. It should be noted that these figure
was represented in the prototype scale. From these figures, it can be said that the
coefficient of subgrade reaction was much smaller for the raft part in the piled raft

foundation than the raft foundation due to poor contact condition between the raft base
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and the ground surface. However, it gradually increased with the base contact pressure
because the settlement made the contact condition better. And it was expected that the

coefficient of raft part finally reached that of the raft foundation.
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Figure 4.3.2.3 Variation of vertical subgrade reaction of raft with (a) base contact pressure before
loading and (b) vertical loading step during vertical loading process.

4.3.3 Shared load by the piles
4.3.3.1 End bearing and shaft friction loads

As been seen in Fig. 4.3.2.1 (c), the trend of the vertical load of the pile part increased
with the settlement after the raft base touched the ground surface. This was probably
because the raft base pressure affected to the pile response. Here, the vertical response
of the pile part will be discussed in detail by dividing the vertical load carried by pile
part into the end bearing load and the shaft friction load.

Figure 4.3.3.1 shows the variation of the end bearing load and the shaft friction load
with the relative position of the ground surface from the ground surface. When the
relative position of the raft base is positive, the raft base did not touch the ground yet,
implying the foundation behaves as the pile group foundation. On the other hand,
foundation behaves as the piled raft foundation for the negative relative position of the
raft base from the ground surface. The larger end bearing load was mobilized in the light
case compared with the heavy case because the end bearing load was proportional to the
penetration depth in the flight as shown in Fig. 4.3.1.3 and 4.2.1.6. The trend of the end
bearing load did not change before and after the raft base touched the ground, implying
that there was no influence of the raft base pressure on the pile tip, where was two times

depth than the raft width. The end bearing load reached the ultimate capacity. The
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Figure 4.3.3.1 Variation of end bearing and shaft friction loads with relative position of raft base
from ground surface for light and heavy cases observed in vertical loading process.

mobilized shaft friction load before the raft base touched the ground surface (foundations
behaved as the pile group foundation) also showed almost constant value against the
vertical displacement, showing the clear yielding of the shaft friction load. However, it
rapidly increased with the settlement after the raft base was in contact to the ground.
This was probably due to the increase of the confined stress around piles caused by the
raft base pressure. The range of raft pressure influence will be discussed latter. Therefore,
larger vertical pile load for the piled raft foundation than the pile group foundation was
mainly attributed to the increase of the shaft friction load. It was also noted that the
influence of the base pressure on the pile response reached shallower part. This influence

range by the raft pressure will be discussed in detail latter.

----PR H -

Relative position of raft base
from ground surface (mm)

60 80 100
Proportion of shaft friction load to Py (%)

Figure 4.3.3.2 Relationship between proportion of shaft friction load to total vertical load PV and
relative position of raft base from ground surface during vertical loading process.

Figure 4.3.3.2 shows the proportion of the shaft friction load against the total vertical
load of the pile. The proportion was about 30% before the raft base touched the ground
surface, in other words, the foundation behaved as the pile group foundation. During

this period the proportion was almost constant with the settlement. However, the ratio
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increased with the settlement after the raft base touched the ground, in other words, the
foundation acted as the piled raft foundation. This was because the trend of end bearing
load was almost same between the pile group and the piled raft foundation as shown in
Fig. 4.3.3.1, and trend of the shaft friction load increased after the raft base touched the

ground.

Figure 4.3.3.3 shows remained end bearing load and shaft friction load after each
loading step. The remained shaft friction load gradually decreased with the loading step
procedures. In particular, the remained shaft friction significantly reduced and reached
almost zero for the light case. The piles were moved upward during the unloading, and
this upward movement was larger for the light case than the heavy case. It was well
known that the shaft friction load was fully mobilized in the small displacement.

Therefore, the remained shaft friction load reached almost zero for the light case.
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Figure 4.3.3.3 Variation of remained pile loads with relative position of raft base from ground surface
observed in vertical loading process.

Although the remained end bearing load was almost constant for each loading step
when the foundation behaved as the pile group foundation, it rapidly decreased with the
settlement after the raft base touched the ground. This significant reduction of remained
end bearing load implied that the piles acted as a kind of anchor and prevented the free
heaving of the raft. Considering the remained end bearing load and shaft friction load,
the reduction of the pile load during the unloading was larger for the light case than the
heavy case. Therefore, the RVLP increased during the unloading period for the light case,

and it decreased during the unloading for the heavy case as shown in Fig. 4.3.2.2.

Figure 4.3.3.4 shows the variation of the coefficient of the subgrade reaction of end

bearing load and shaft friction load with base contact pressure before each loading step.
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Chapter 4. Vertical Response of the Piled Raft

And the coefficient plotted against the vertical loading step is shown in Appendix
(A.4.3.3.1) It should be noted that the coefficient of subgrade reaction was shown in the
proto type scale. The coefficient of subgrade reaction of end bearing load was almost
constant with the base pressure, implying that there was no influence of the raft base on
a kind of spring constant of the end bearing load. As explained in Fig. 4.3.3.1, the raft
base did not affect the end bearing load. Therefore, it can be said that the mobilization
of the end bearing load is same between the pile group foundation and the piled raft
foundation. Although the coefficient of subgrade reaction of shaft friction load slightly
increased at the large base pressure, it seemed that the influence of the base pressure
on the spring constant of the shaft friction load. The ultimate shaft friction load was
significantly enhanced by the raft base pressure as shown in Fig. 4.3.3.1. Therefore, it
can be said that the raft base had a significant influence on the ultimate shaft friction

load compared with the spring constant of the shaft friction load.
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Figure 4.3.3.4 Variation of vertical subgrade reaction of pile with base contact pressure before

loading.
(A. 4.3.3.1)

4.3.3.2 Influence of raft base pressure on vertical pile response
It was observed that the base pressure affected on the ultimate shaft friction load in

the previous section. In the present section, this influence of raft pressure will be

discussed 1n detail.

Figure 4.3.3.5 (a) shows the relationship between the base contact pressure and the
average shaft friction, and Fig. 4.3.3.5 (b) shows the base contact pressure and shaft
friction at the peak of each vertical loading step. The shaft friction at the base pressure
of zero can be regarded as the shaft friction of the pile group foundation. From this figure,

it can be confirmed that the shaft friction of pile linearly increased with the base pressure.
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Figure 4.3.3.5 Relationship between base contact pressure and shaft friction during vertical loading
process.

That is, the shaft friction of the piled raft consisted of shaft friction of the pile group and
the increased shaft friction by raft pressure. It is required for the piled raft design to

estimate the additional shaft friction load generated by the raft pressure.

ertical stress by raft
o}

v

Vertical stress by soil
o,

v

Figure 4.3.3.6 Vertical stress caused by the soil weight and base contact pressure.

The vertical stress distribution of the ground beneath the piled raft foundation
consisted of two components such as the vertical stress by the soil weight and the vertical
stress by the raft pressure as shown in Fig. 4.3.3.6. The vertical stress by the soil weight
was calculated from the unit weight of soil, and it linearly distributed with the ground
depth as shown in Fig. 4.3.3.8 (a). It was well known that using the elastic theory the
vertical stress of the raft pressure transferred into the ground by the bulb shape as show
in Fig. 4.3.3.7. The elastic theory can be employed in the present study because the raft

load response was in the elastic as explained in Fig. 4.3.2.1. The model
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Figure 4.3.3.8 Stress profile in the model ground.

ground was divided into ten layers, and the distribution of the vertical stress by the raft
was calculated as described in Fig. 4.3.3.8 (a). ovin the figure is vertical stress by the soil
and orv1s the vertical stress by the raft calculated using Fig. 4.3.3.7. Here the three types
of coefficient of earth pressure were employed to calculate the shaft friction of the pile
such as the coefficient of earth pressure for the vertical stress by the soil weight Kz, that
for the vertical stress by the raft pressure A and that for the total vertical stress by the
soil and the raft pressure Kz’ The horizontal stress in the ground was calculated using
these coefficients of earth pressure as shown in Fig. 4.3.3.8 (b). Then,, two types of shaft

friction can be calculated as follows.
Qs = Z/u(Kho-v +Kro-rv)
QS = ZKh (O-v +O—rv)

uin the figure is the coefficient of friction between the pile and the soil. The ZuKrov is

(4.3.3.1)

the shaft friction load of the pile group foundation and the LK 0rvis the increased shaft
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friction load by the raft pressure (Fig. 4.3.3.6 (b)).

The coefficient of earth pressure was back calculated using this equation and the
measured shaft friction load. The calculated coefficient of earth pressure is plotted
against the base pressure in Fig. 4.3.3.9. The K, is treated as the coefficient of earth
pressure at the base contact pressure of zero because it was the coefficient of the earth
pressure for the soil weight. The relatively large coefficient of earth pressure can be
observed because the foundation was penetrated into the ground under the
centrifugation and soil condition became to be the passive state. However, the A&’
gradually decreased with the contact pressure because the soil condition shifted to the
relative active state due to the base pressure. As been seen, K, was almost constant with
the raft base pressure, which was almost zero for the all cases. Therefore, it can be said
that the additional shaft friction load in the piled raft foundation can be simply

calculated using this K value.
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Figure 4.3.8.9 Coefficient of earth pressure back-calculated from the soil weight and raft pressure.

Thus, it was difficult to estimate the shaft friction load in the piled raft foundation
using KAx’because it depended on the raft base pressure. However, the shaft friction load
mobilized in the piled raft foundation can be simply calculated from sum of the shaft
friction of the pile group and the additional shaft friction due to the raft base using K.
As explained in Fig. 4.3.3.5 and 4.3.3.6, the influence of the raft base on the coefficient
of the subgrade reaction of shaft friction was slight. Therefore, it can be confirmed that

the raft base can enhance the ultimate shaft friction load in the piled raft foundation.

Next the pile observed in each depth will be examined to clarify the range of base

pressure influence. Figure 4.3.3.10 — 4.3.3.12 show the variation of the axial load at
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Figure 4.3.8.10 Variation of axial load and axial load increment at each depth with relative position
of raft base from ground surface for PR_L2 during penetration process.
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Figure 4.3.3.11 Variation of axial load and axial load increment at each depth with relative position
of raft base from ground surface for P_L during penetration process.
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Figure 4.3.8.12 Variation of axial load and axial load increment at each depth with relative position
of raft base from ground surface for PR_H during penetration process.
(A. 4.3.3.2-4.3.3.6)

each depth @.» and increment of axial load AG@.» with the relative position of the raft
base from the ground surface for PR_L2, P_L and PR_H respectively. The axial load is

the average of Pile 1 and Pile 2. Results from other cases and each pile response such as
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Pile 1 and Pile 2 are summarized in Appendix (A. 4.3.3.2-4.3.3.6). When the relative
position of the raft base is positive, the raft base did not touch the ground yet, implying
the foundation behaves as the pile group foundation. On the other hand, foundation
behaves as the piled raft foundation for the negative relative position of the raft base
from the ground surface. The axial loads at all depths gradually increased with the
settlement before the raft base touched the ground for both piled raft and pile group
foundation. In particular, the ¢.:1in the heavy case showed large value. This was because
the pile penetration made the soil near the ground surface much denser for the heavy
case, and the shaft friction at shallow part increased as explained in Fig. 4.2.1.9 —
4.2.1.10. The axial load rapidly increased after the raft base touched the ground,
especially at the shallower depth. Furthermore, the sudden change of the axial load
cannot be seen in the pile group foundation despite of the depth. From this fact it can be
said that the shaft friction load at the shallower depth increased due to the contact

pressure.

Figures 4.3.3.13 — 4.3.3.15 show the profile of axial load at the peak of each vertical
loading step for PR_L2, P_L and PR_H. The axial loads described in the figures are
average load of Pile 1 and Pile 2. Axial load observed in other cases, and that observed
in each pile (Pile 1 and Pile 2) are shown in Appendix (A.4.3.3.7-4.3.3.11). The increment
of axial load from the beginning of first vertical loading is also shown in the figure. The
some vertical loading step in the piled raft foundation before the raft base touched the
ground can be regarded as the result of the pile group foundation as shown in Fig. 4.3.1.1.
So, the PG in the figure represents the profile regarded as the pile group, and the PR
represents the profile after the raft base touched the ground. For the pile group
foundation (Fig. 4.3.14 and PG in Fig. 4.3.13 and 4.3.1.15), the increment of axial load
each depth was almost the same, and the axial load profile moved in parallel with the
loading step procedures. On the other hand, in the piled raft foundation the axial load at
only pile head rapidly increased with the loading step procedures, implying that the

larger shaft friction load was mobilized near the raft base.
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(A. 4.3.3.7-4.3.3.11)
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Figure 4.3.3.17 Positions in which axial loads are compared in Fig. 4.3.3.19.

Figure 4.3.3.18 shows the axial load profile at Imm settlement. The increment of axial
load profile is also shown in the figure. The PG in the figure represents the profile before
the raft base had a contact with the ground. The 1mm settlement means the settlement
from the beginning of the loading for the pile group foundation and the piled raft before
the raft base touched the ground. For the piled raft having contact with the raft base and
the ground, the Imm settlement is the settlement after the raft base touched the ground
as shown in Fig. 4.3.3.16. Although the axial load was gently distributed for the pile
group foundation, the significant large axial load can be observed at the pile head for the
piled raft foundation as mentioned above. For the increment of axial load, the axial load
increment at each depth was almost same for the pile group, however, unique axial load

mobilization can be observed for axial load increment in the piled raft, that is, only axial
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Figure 4.3.3.18 Profile of axial load and axial load increment at settlement of Imm.

load at shallower part significantly increased. It was also noted that the axial load acting
on the pile was larger for the piled raft foundation than the pile group foundation because
the relatively large vertical load was imposed to the piled raft foundation at the same

settlement as shown in Fig. 4.3.1.1 and 4.3.1.2.

Figure 4.3.3.19 shows the axial load profile at the vertical load of 2500N as shown in
Fig .4.3.3.17. The axial load increment was shown in the figure as well. As been seen,
the piled raft foundation can reduce the axial load acting on piles compared with the pile
group foundation when the same vertical load was applied to the foundation. This was
because a part of the vertical load was supported by the raft part, and the vertical load
acting on pile decreased. The axial load acting on the piled raft gradually decreased with
the loading step procedures because the vertical load supported by the raft part increased

with the settlement as shown in Fig. 4.3.2.2.
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Figure 4.3.3.20 shows relationship between the RVLP before each loading step and the
axial load at each depth with the vertical load of 2500N. The relationship between the
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Figure 4.3.3.19 Profile of axial load at Pv of 2500N.

RVLP and the axial load at each depth normalized by that of the pile group foundation
is also described in the figure. From this figure, it can be said that the piled raft
efficiently reduced the axial load acting on the pile compared with the pilegroup

foundation, and this trend can be clearly seen in the large RVLP.

Figures 4.3.3.21 shows the relationship between the shaft friction load observed in
each depth and the relative position of the raft base from the ground surface for PR_L2
and P_L. The shaft friction load in this figure is the average value of Pile 1 and Pile 2.
The
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Figure 4.3.3.20 Variation of axial load at each depth and normalized axial load at each depth with
RVLP before each loading step.

Relative position of raft base
from ground surface (mm)
from ground surface (mm)

Relative position of raft base

* L * = * ’ * . * = * 4 L AL . 1 -
-200 0 ‘ %00 400 600 800 1000 Ao 350 0 30 100 T30
Shaft friction load at each depth (N) Shaft friction load at each depth (N)

(a) PR_L2 ) P L

Figure 4.3.3.21 Variation of shaft friction load and shaft friction load increment at each depth with
relative position of raft base from ground surface for PR_L2 and P_L during penetration process.
(A.4.3.3.12-4.3.3.16)

variation of shaft friction load for other cases and individual pile response of Pile 1 and
Pile 2 are summarized in Appendix (A. 4.3.3.12-4.3.3.16). The increment of the shaft
friction load is also shown in the figure. The shaft friction load for the pile group and the
piled raft before the raft base touched the ground showed almost constant value with the
settlement, implying that the shaft friction load was already fully mobilized. However,
the shaft friction load rapidly increased with the settlement after the raft base touched
the ground, in other words, foundation behaved as the piled raft foundation. This fact
can be confirmed by Fig. 4.3.3.22 where the shaft friction profiles at the peak of each
loading step for PR_L2 and P_L are described. The result obtained from other cases and
each pile response are summarized in Appendix (A. 4.3.3.17-4.3.3.21). The shaft friction
was significantly larger at the shallower part than other depth, especially
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(A. 4.3.3.22)
for the piled raft foundation, implying that the raft pressure enhanced the shaft friction
just beneath the raft base. Therefore, it can be also said that the increment of the shaft
friction shown in Fig. 4.3.2.1 was mainly attributed to the increase of shaft friction load

near the raft base.

Figure 4.3.3.23 shows the shaft friction profile at the settlement of 1mm for the light
case and the heavy case. The profile of shaft friction increment is shown in Appendix (A.
4.3.3.22). The PG in the figure represents the profile of the piled raft before the raft base
touched the ground. The 1mm settlement means the settlement from the beginning of
the loading for the pile group foundation and the piled raft before the raft base touched
the ground. For the piled raft having contact with the raft base and the ground, the Imm
settlement is the settlement after the raft base touched the ground as shown in Fig.

4.3.3.16. The shaft friction load near the pile head was larger for the piled raft than the

122



Chapter 4. Vertical Response of the Piled Raft

—e— PR _H(PG) |
—A— PR H 3
—= PR H 4
—e— PR _H F (PG) 2
—A— PR H F 4
= PRHF 5
_ ' ' * —_ 0 ' T — e '
£ £ i
g » 1 E
2 | O
g E 501 -
g |
g g 100/ 1
ﬁ 1 =
) Py=2500N S Py=2500N
A 1 ‘ ] Q150 1 1 .
02 0.4 02 0 T 02 04
Shaft friction (MPa) Shaft friction (MPa)
(a) Light case (b) Heavy case
Figure 4.3.3.24 Profile of shaft friction at Pv of 2500N for (a) light case, (b) heavy case.
(A. 4.3.3.23)

pile group because base pressure enhanced the shaft friction as mentioned above and

relative large vertical load was applied to the piled raft at the same settlement.

Figure 4.3.3.24 shows the profile of shaft friction at the vertical load of 2500N. The
increment of shaft friction profile is also shown in Appendix (A. 4.3.3.23). The larger
shaft friction was mobilized at the pile head for the piled raft than the pile group due to
the raft base pressure. And the shaft friction at pile head increased with the loading step
procedures. This increased shaft friction can reduce the axial load acting on pile in the

piled raft as shown in Fig. 4.3.3.19 and 4.3.3.20.
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4.4 Pre-vertical loading process in the third flight

In the present section, the result of the pre-vertical loading process in the first
centrifugation will be summarized. The pre-vertical loading process determined the
initial conditions of the foundation before the horizontal loading tests. Therefore, much

focus was placed on clarifying the initial conditions of the foundation.

4.4.1 Overall behavior of piled raft, pile group and raft foundation

Figure 4.4.1.1 shows relationship between the vertical load Prand the settlement s for
PR_L1 and PR_H. The relationships for other cases are summarized in Appendix (A.
4.4.4.1). The vertical loads carried by the raft part Prvand pile part Ppyare also shown
in the figure. For the piled raft foundation, the vertical load was applied to the
foundation until the proportion of the vertical load carried by the raft part RVLP reached
the target value of 27%.
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Figure 4.4.1.1 Variation of Py, Ppv and Prv with settlement during pre-vertical loading process.

4.4.2 Initial conditions of foundations before horizontal loading tests
4.4.2.1 Vertical load carried by raft

Figure 4.4.2.1 shows variation of the vertical load Py the vertical load carried by the
pile part Prvand the vertical load carried by the raft part Prywith the settlement s. The
basic behavior of the piled raft subjected to the vertical load was already examined in
the Section 4.3. The initial vertical load of the raft part was quite small. As explained in
Section 4.3, although the RVLP was increased up to 30% by applying the vertical load in
the vertical loading process, the increased vertical load carried by the raft part was

diminished once the centrifugation was stopped.
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Figure 4.4.2.2 Variation of RVLP with settlement observed in pre-vertical loading process.

Figure 4.4.2.2 shows the relationship between the RVLP and the settlement s. The
variation of the RVLP observed in the vertical loading process is also shown in the figure.
As been seen, although the RVLP was already increased about 30% in the vertical
loading process, the initial RVLP in the third flight decreased. Therefore, the RVLP
increased again by applying the pre-vertical load by the two-ways actuator and it finally
reached about 30% before the horizontal loading tests. The trend of the RVLP during the
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unloading period was totally different between the light case and the heavy case. The

reason for this was already explained in Fig. 4.3.2.2 and 4.3.3.3.

4.4.2.2 Vertical load carried by pile

The relatively large vertical load was imposed to the piled raft foundation to control
the initial RVLP before the horizontal loading tests. However, applied vertical load on
the pile part was almost same for both the piled raft and the pile group foundation as
shown in Fig. 4.4.2.1 (b). Therefore, the different vertical load did not affected to the pile
response of the piled raft and the pile group foundation. Next the safety factor of pile will
be calculated. The safety factor of pile was calculated by dividing the maximum vertical
load carried by the pile part Ppy during the pre-vertical load by the deadweight of the
superstructure. The calculated safety factor of pile was 2.0 for the light case and 1.3 for

heavy case. Therefore, it can be said that the piles in the heavy case was relatively weak
pile.

Figure 4.4.2.3 shows the variation of the end bearing load and the shaft friction load
with the settlement s. The end bearing load was smaller for the heavy case than the light
case because the penetration depth in the flight was smaller for the heavy case as
explained in Fig. 4.2.1.5. However, the relatively large settlement was imposed to the
heavy case foundation, and the mobilized end bearing load was almost same for the light
and heavy cases. Therefore, it can be said that the different mobilization of the end
bearing load owing to the different penetration process can be reduced in the pre-vertical

loading process. The shaft friction load was larger for the piled raft than the pile group
due to the higher confined stress around pile.
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load.
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Figure 4.4.2.4 shows the relationship between the ratio of shaft friction load to the
vertical load of the pile part Ppy and the settlement s. The ratio of the piled raft
foundation was larger than that of the pile group foundation for both light case and the
heavy case. And the ratio was higher for the heavy case than the light case. In the
horizontal loading tests, the shaft friction initially dominated 30% of the pile bearing
load.
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Figure 4.4.2.5 Variation of remained pile load after each unloading period with settlement s, (a) end
bearing load, (b) shaft friction load.

Figure 4.4.2.5 shows variation of the remained end bearing load and shaft friction load
with the settlement s after unloading. The remained end bearing and shaft friction loads
during the pre-vertical loading process showed almost same trend as that observed in
the vertical loading process (Fig. 4.3.3.3). The remained shaft friction load deceased with
the loading procedures. In particular, the remained shaft friction load significantly

decreased and reached almost zero for the light case. This was because the upward the
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Figure 4.4.2.6 Variation of axial load at each depth Qan with settlement s during pre-vertical loading
process. (A. 4.4.2.2-4.4.2.5)

movement during the unloading was larger for the light case than the heavy case, and
shaft friction load rapidly decreased during the unloading. The remained end bearing
load was decreased for the piled raft foundation, and it increased for the pile group
foundation, which implied that the pile in the piled raft foundation acted as the anchor
and prevented the free heaving of the raft. Thus, the remained end bearing load and
shaft friction load were larger for the heavy case than the light case. As a result, the
RVLP increased and decreased during the unloading for the light case and the heavy

case respectively as shown in Fig. 4.4.2.2.

Figure 4.4.2.6 shows the variation of the axial load at each depth @, with settlement
s, where the @an is defined in Fig. 4.2.1.7. The axial load shown in the figure is the
average of Pile 1 and Pile 2. The @an of Pile 1 and Pile 2, and increment of Q. are
summarized in Appendix (A. 4.4.2.2-4.4.2.5). The axial load increment is also shown in

the figure. As been seen, the shallower was, the larger axial load was, because the
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positive shaft friction was mobilized at the pile shaft. In particular, the heavy case

showed the larger axial load at pile head compared with the light case, implying the
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Figure 4.4.2.7 Profiles of axial load during pre-vertical loading process. (A. 4.4.2.6-4.4.2.9)

larger shaft friction at the pile head. Figure 4.4.2.7 shows the axial load profile at the
each vertical loading step. The axial load drawn in this figure is the average value of Pile
1 and Pile 2. The profile of axial load increment and profiles of Pile 1 and Pile 2 are
summarized in Appendix (A. 4.4.2.6-4.4.2.9). In the figure the profile of axial load just
before the horizontal loading tests is also shown. Although the axial load was gently
distributed with the ground depth for the light case, the profile of heavy case showed

unique shape.

Figure 4.4.2.8 shows the variation of shaft friction load at each depth with the
settlement s. The shaft friction load in the figure is the average of Pile 1 and Pile 2. The
shaft friction load acting on each pile, Pile 1 and Pile 2, are shown in Appendix (A.

4.4.2.10-4.4.2.13). The increment of shaft friction is also shown in the Appendix. For the

129



pile group foundation, the shaft friction was almost constant with the settlement

regardless the ground depth, implying that the shaft friction was fully mobilized in the
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Tigure 4.4.2.8 Variation of shaft friction load at each depth with settlement s during pre-

vertical loading process. (A. 4.4.2.10-4.4.2.13)

pile group foundation. However, the shaft friction load gradually increased with the

settlement for the piled raft foundation, especially at the shallower depth. Therefore, it

can be said that the mobilized shaft friction load at pile head was totally different

between the pile group and the piled raft before the horizontal loading tests. Figure

4.4.2.9 shows the shaft friction profile at the peak of each loading step. The profile just

before the horizontal loading test was also shown in the figure. The shaft friction here is

the average of Pile 1 and Pile 2. The increment of shaft friction from beginning of the

pre-vertical loading is summarized in Appendix (A.4.4.2.14-4.4.2.17). The larger shaft

friction was mobilized near the raft base compared with the pile group foundation.
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Figure 4.4.2.9 Profiles of shaft friction during pre-vertical loading process. (A. 4.4.2.14-
4.4.2.17)

4.5 Summary

The piled raft foundation subjected to vertical load was examined in the present
chapter. The foundations experienced the three vertical loading processes such as the
penetration process, the vertical loading process and the pre-vertical loading process
before the horizontal loading tests. It was crucial to clarify the initial conditions of the
foundations before the horizontal loading tests. Therefore, the main objectives of the
present chapter was not only to examine the mechanical behavior of the piled raft
foundation subjected to vertical load but also to verify the initial conditions of the

foundation before the horizontal loading tests. Followings are the findings in this chapter.

The piled raft foundation showed higher vertical resistance than the pile group
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foundation, which was attributed to the mobilized resistance of the raft part and the

increase of the vertical resistance of the pile part.

Initially the coefficient of the subgrade reaction of raft part in the piled raft foundation
was relatively smaller than that of the raft foundation because the contact condition
between the raft base and the ground was poor. However, it increased with the

settlement, in other words, the vertical load carried by the raft part.

The vertical resistance of the pile part in the piled raft was higher than that of the pile
group due to the influence of raft base pressure on the pile response. There was no
influence of the raft base on the ultimate end bearing load and the coefficient of the
subgrade reaction of end bearing load. On the other hand, the raft base pressure
enhanced the ultimate shaft friction load and the coefficient of the subgrade reaction of
shaft friction. The additional shaft friction load had a linear relationship with the base

pressure, and it can be simply estimated using elastic theory.

The proportion of the vertical load carried by the raft part (RVLP) can be controlled by
applying the vertical load. The almost same RVLP of 30% was prepared for the piled raft

cases by applying the vertical load before the horizontal loading tests.

The variation of the RVLP depended on the vertical load of the foundation. The piles
in the piled raft acted a kind of anchor and prevented the free-heaving of the raft part
during the unloading. This anchoring effect can be clearly seen for the piled raft with
small vertical load of the foundation. Therefore, the RVLP increased during the

unloading for the piled raft with small vertical load.
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CHAPTER 5

MECHANICAL BEHAVIOR OF PILED RAFT SUBJECTED TO
HORIZONTAL AND MOMENT LOADS

5.1 Introduction

In this chapter the behavior of the piled raft foundation subjected to horizontal and
moment loads will be discussed. Much focus is placed on the influence of the raft base
pressure on the pile response. Firstly the test conditions such as the applied horizontal
displacement applied load will be simply presented, and then the settlement behavior
which significantly affects the horizontal and moment resistances of the piled raft
foundation. Finally the mechanical behavior of the piled raft foundation subjected to

horizontal and moment loads will be examined in detail.

5.2 Test condition of each alternate loading step

Figure 5.2.1 and 5.2.2 show the time histories of the applied horizontal displacement
oLpr, the applied horizontal load Pr and the total axial load at pile head during the
horizontal loading tests for light case and heavy case respectively. The axial load at right
pile head and left pile head is also shown in the figure. The red number in the loading
step represents the loading step with the high loading height of h/S=1.8 and black
number represents the low loading height of h/S=1. The details of horizontal loading
procedures were already explained in Section 3.5.3.2. Because the horizontal loading
tests were manually controlled, there were slight differences in the applied horizontal
displacement between cases. The right pile and left pile were alternately pushed in and
pulled out during the tests. The left pile was pushed in during the odd number loading
step, and it was pulled out during the even number loading step. The total axial load

varied during the loading, and it reached different value from the beginning.
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Horizontal and Moment Loads
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measured axial load at pile head Ppv for heavy case.

135



Initial RVLP (%)

Loading step

Figure 5.2.8 Initial RVLP for each loading step at each loading step.

Figure 5.2.3 shows the initial RVLP (Raft vertical load proportion) at each loading step.
The same RVLPs of 30% were prepared for both light and heavy cases by applying the
vertical load to the foundation before the horizontal loading tests. Similar method was
employed in the researches done by Tsuchiya et al. (2003); Nagai and Tsuchiya (2004). In the
research done by Tsuchiya et al. (2003) the RVLP was controlled by pulling out the foundation, and
in the research carried by Nagai and Tsuchiya (2004) the RVLP of 50% was prepared by putting the
soil bags on the foundation. The initial RVLP was different at each loading step because the
total axial load at pile head varied during the loading as explained above. In particular,
the large reduction of RVLP can be observed in the first loading step. This was probably
because the effects of pre-vertical load were diminished. As explained in Section 4.4.2.2,
the piles acted as a kind of anchor and prevented the free heaving of the raft after the
pre-vertical load was applied. This anchoring effect of piles was decreased by the
disturbance of soil around pile due to the horizontal loading, and the RVLP was therefore
significantly decreased in the first loading step. However, the initial RVLPs in trailing
loading step were almost constant, which was 5% for light case (PR_L1) and 15% for
heavy case (PR_H). From these observed fact, it can be said that the effect of pre-vertical
load such as increased RVLP of the piled raft was diminished in the first loading, and
the RVLP in following loading was determined by the conditions of soil, piles,
superstructure and pile preparation process. It was also noted that the contact condition
between the raft base and the ground was better for the heavy case than the light case
due to the larger RVLPs of heavy case, and therefore the larger contribution of the raft

can be expected.

5.3 Settlement caused by alternate horizontal loading
5.3.1 Average settlement of foundation

Figure 5.3.1.1 and 5.3.1.2 shows the relationship between the horizontal displacement
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Figure 5.3.1.2 Relationship between horizontal displacement at raft base 6 and settlement s for heavy
case. (A.5.3.1.2)

at raft base and settlement sfor light case and heavy case respectively. The settlements
observed in the pile group and raft foundations are shown in Appendix (A. 5.3.1.1,
5.3.1.2). The open marks in the figure represent the initial state of each loading step.
The solid line and broken line stand for the results with loading height of h/S=1 and 1.8
respectively. The settlement of the pile group foundation linearly increased with
horizontal displacement, and the trend of settlement behavior of the piled group
foundation were almost same between the loading height of h/S=1 and 1.8. For the raft
foundation, although the settlement with loading step of h/S=1 also linearly increased
with the horizontal displacement, the non-linear relationship of the settlement can be
seen for h/S=1.8. That is, the settlement increased with horizontal displacement at small
displacement range, and the trend of the settlement decreased or slightly moved upward
at large displacement. The piled raft foundation also showed the nonlinearity of the

settlement. The foundation settled down at the small horizontal displacement, but the
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foundation moved upward at the large horizontal displacement.

Settlement of foundation s (mm)
: -
L : |
| /Kf b
- |
8
L lx L

- . | | .
2—2 -1 0 1 2

Horizontal displacement at raft base & (mm)

Figure 5.3.1.3 Definition of smax and As.
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Figure 5.3.1.4 Observed settlement in each loading step.

Figure 5.3.1.4 shows observed smax and 4s at each loading step. The smax and As were
defined in the Fig. 5.3.1.3. The Smax 1s the maximum settlement during the loading and
As is the increment of settlement from the beginning of each loading. From this figure,
it can be confirmed that the piled raft foundation can restrain the settlement caused by
the alternate horizontal loading by the existing of the raft. This could be verified by the
smaller settlement of the raft foundation than that of the pile group foundation. The
larger settlement was observed in the heavy case compared with the light case for all
foundation types. This larger settlement of heavy case secured the larger initial RVLLP
in each loading step for PR_H as shown in Fig. 5.1.3. In particular, the settlement of P_H
was significantly larger than that of other case due to relatively small safety factor of
pile (Fs=1.5). Look at the settlement increment As, it was gradually increased with the

loading step procedures. This was probably because the soil around piles was disturbed
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by the loading, and the settlement of the foundation gradually increased. On the other
hand, the almost constant As was observed for the piled raft and raft foundations with
the loading step procedures. Piles in the piled raft foundation also easily settled down
with the loading procedures, however, the raft part prevented the excessive settlement
resulting in the constant 4s. The R_H1 showed larger settlement at the loading step 5
because large horizontal displacement of about 5mm was applied to the raft foundation
in loading step 5. However, the R_L2 can restrain the settlement in the loading step 5
because the smaller settlement of the raft foundation was arose for the higher loading

height as explained above.

Figure 5.3.1.5 shows the variation of the normalized settlement by that of the pile
group foundation and normalized settlement by that of the light case with loading step.
The piled raft foundation can restrain the settlement due to alternate horizontal loading
by the half of the pile group foundation. Particularly, the settlement at the first loading
step was significantly reduced for the piled raft foundation because the RVLP, in other
words, the contribution of the raft was larger in the first loading step. Nagao et al. (2002)
also reported that the piled raft foundation can restrain the settlement caused by the

horizontal loading compared with the pile group foundation.

Normalized settlement by light case

Normalized settlement by pile group

Loading step Loading step

(a) Normalized by pile group (b) Normalized by light case

Figure 5.3.1.5 Normalized settlement in each loading step.

5.3.2 Settlement of push-in and pull-out piles

Figure 5.3.2.1 and 5.3.2.2 shows relationship between the horizontal displacement of
the raft base & and the settlement of the left pile for the light case and heavy case
respectively. The settlement behavior of the right pile is shown in Appendix (A. 5.3.2.1,
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Figure 5.3.2.1 Relationship between horizontal
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Figure 5.3.2.2 Relationship between horizontal

displacement at raft base § and settlement of righ pile
sreand left pile sLp for heavy case. (A. 5.3.2.2)

5.3.2.2). Open marks in the figure represents the beginning of each loading step, and the
solid line and broken line stand for the result of the loading step with h/S=1 and 1.8
respectively. The left pile was pushed in first, and the right pile was pulled out in the

first loading step. The pile group foundation showed the linear relationship between the
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settlement and the horizontal displacement. The settlement of the push-in pile was
larger than the upward movement of the pull-out pile for the pile group foundation. It
was also noted that the trend of the settlement of the pile group foundation was almost
same between h/S=1 and 1.8, that is, the loading height had no influence on the

settlement behavior.

For the raft foundation, although the settlement of the push-in side was larger
compared with the upward displacement of the pull-out side for lower loading height
(h/S=1), the upward displacement of pull-out side became larger for the higher loading
height (h/S=1.8) and it reached almost same as the settlement of push-in side. From this
fact, it can be confirmed that the loading height affected on the settlement behavior of
the raft foundation. The upward movement of the pull-out side was critical issues under
relatively high loading height, in other words, the relatively large moment load with the

horizontal load.

For the piled raft foundation the push-in pile settled down with the small horizontal
displacement range, however, the trend of settlement became to be small. This was
because the raft part prevented the excessive settlement in the push-in side. By contrast,
although the upward movement of the pull-out pile was relatively small at the small
horizontal displacement, it rapidly increased at the large horizontal displacement.
Therefore, it was seemed that the base contact pressure rapidly decreased at the pull-
out side during the horizontal loading tests. The larger upward movement of pull-out
pile was because the smaller settlement of the push-in pile at large horizontal
displacement enhanced the upward movement of the pull-out piles. As a result, the
settlement of the piled raft foundation showed nonlinear settlement behavior as shown
in Fig. 5.3.1.1 and 5.3.1.2. It should be also noted that the higher loading height was, the
large upward movement of pull-out pile was, as pointed by broken line. Thus, the
settlement behavior of the piled raft at relatively large horizontal displacement was
similar with that of the raft foundation, implying that the influence of the raft part

became larger for the large horizontal displacement.

Figure 5.3.2.4 shows the settlement increment of push-in pile Asp; and settlement
increment of pull-out pile Asprfor each loading step. The Aspz and Aspo, are the increment
from beginning of each loading step as defined in Fig. 5.3.2.3. The rotation of the

foundation was determined from Asp; and Asro, as following equation.
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Rotation of foundation: ¢ = (As, —Aspp )/ S (5.3.2.1)

where S is pile spacing.

Settlement of right pile sp (mm)

_ P L L \ \
1.-51.5 -1 -0.5 0 0.5 1 1.5
Horizontal displacement at raft base 6 (mm)

Figure 5.3.2.3 Definition of Aspr and Aspo.

Increment of vertical displacement
Asp; and Aspg (mm)

Loading step

Figure 5.3.2.4 Increment vertical displacements Asp1 and Aspo observed in each loading step.

In the loading step 5 for the raft foundation, the horizontal load was applied at h/S=1.8
for R_L2 and it was applied at h/S=1.8 for R_H1. The larger settlement of the raft
foundation was observed in the loading step 5 because large displacement of 5mm was
imposed to the foundation in this loading step as shown in Fig. 5.1.1 and 5.1.2. The
almost same settlement of push-in side was observed for R_LL.2 and R_H1, implying that
the loading height had no influence on the settlement of push-in side. However, although
the upward movement of R_H1 was quite small, that of R_L2 was large. Look at the
settlement in the push-in pile, the piled raft foundation can restrain the settlement
compared with the pile group foundation due to the existing of raft part. And, the
settlement of push-in pile was larger for the heavy case than the light case. However, the

vertical displacement of pull-out pile showed totally different tendencies from that of
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push-in pile. That is, the upward movement was larger for the piled raft foundation than

the pile group foundation, and was larger for the light case than the heavy case.

Figure 5.3.2.5 shows the ratio of settlement increment of push-in pile Aspr to the
settlement increment of pull-out pile Aspr. The rotation of the foundation was determined
by them as explained in eq.(5.3.2.1), and therefore this ratio examine the influence of
vertical displacement of push-in and pull-out piles on the rotation. From this figure, it
can be said that the settlement of push-in pile was significantly large for P_H, and it was
the dominant factor for the rotation of the foundation. The P_L also showed relatively
large settlement of push-in pile, and therefore the upward displacement of pull-out pile
was relatively dominant factor in the rotation for the piled raft foundation. Thus, the
piled raft foundation can restrain the settlement of push-in pile, whereas the upward
displacement of pull-out pile might be critical issues under relative large moment load

with the horizontal load for the foundation design.

lavlige] lavlige)
PR R
=

r 5

-ASPI/ASPI

Loading step

Figure 5.3.2.5 Ratio of Asp1 to Aspo in each loading step.

5.4 Horizontal resistance of piled raft
5.4.1 Overall resistance of piled raft

Figure 5.4.1.1 and 5.4.1.2 show the relationship between the horizontal displacement
at raft base & and the horizontal load Pr for light case and heavy case respectively.
Comparing the different loading height, the horizontal load was larger for h/S=1 than
that for h/S=1.8 because the relative large moment load with the horizontal load was
applied to the foundation for h/S=1.8. Figure 5.4.1.3 shows the relationship between the
horizontal displacement at raft base & and the horizontal load Pr observed in each
loading step. Although the raft foundation showed higher horizontal resistance at small

horizontal displacement range, the horizontal resistance was almost constant at the
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Figure 5.4.1.3 Relationship between horizontal displacement at raft base 6 and horizontal load PL.

large displacement, showing the clear failure of the foundation. On the other hand, the
horizontal resistance of the pile group foundation was relatively small at the small
displacement. However, it gradually increased with the displacement, and the larger
horizontal resistance was observed for the pile group than the raft foundation. The piled
raft foundation showed higher horizontal resistance than the pile group regardless the
loading height and horizontal displacement range. This kind of unique response of each
foundation was also reported by Nagao et al. (2002), Mano et al. (2003), Horikoshi et al.
(2003a), Tsuchiya et al. (2003) and Matsumoto et al. (2010). Particularly Nagao et al.
(2002) and Tsuchiya et al. (2003) reported that the piled raft foundation showed higher
horizontal resistance than the total resistance of the raft foundation and the pile group
foundation at the relatively large horizontal displacement due to the influence of the

influence of the raft base pressure on the pile response.

Figure 5.4.1.5 shows the relationship between the increment of the horizontal

displacement at the raft base A9 and the increment of the horizontal load AP, for
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Figure 5.4.1.5 Relationship between A§ and APLobserved in 8L.pr=+2mm, h/S=1, 1.8. (A. 5.4.1.1)

orpr=t2mm, h/S=1 and 1.8. The results from other loading steps are summarized in
Appendix (A.5.4.1.1). The A§is the increment of the horizontal displacement from the
beginning of loading step, and AP is average horizontal resistance for the positive and
negative direction at the specific horizontal displacement of the raft base A6 as defined
in Fig. 5.4.1.4. As mentioned above, the raft foundation showed larger horizontal
resistance at the small horizontal displacement, which was almost equivalent to the
piled raft foundation. However, there was clear failure point in the raft foundation,
resulting in the constant horizontal resistance at the large horizontal displacement. The
horizontal resistance was larger for the heavy case than the light case because the larger
base resistance was obtained in the heavy case. From this figure, the coefficient of
friction between the raft base and the ground gz can be estimated by dividing the ultimate
horizontal resistance of the raft foundation by vertical load of the foundation. The
calculated pz was almost 0.4 for both light and heavy cases. According to Specifications

for highway bridges, the coefficient of friction between the concrete slab and the sandy
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soil is assumed 0.6. Nagao et al. (2002) and Tsuchiya et al. (2003) verified that the
coefficient of interface friction was almost 0.6 for the concreted slab. The almost same
coefficient of interface friction of 0.4 was observed in Horikoshi et al. (2003a, b), in which
the raft base was scratched by the file. On the other hand, the relatively larger coefficient
of friction of 0.7 was observed in Mano et al. (2002, 2003), in which the sand was glued

on the raft base.

Although the horizontal resistance of the pile group foundation was smaller than the
raft foundation at small displacement, it was larger for the pile group than the raft
foundation at the large displacement. Unlike the raft foundation, the horizontal
resistance of the pile group foundation was higher for the light case than the heavy case.
This was because the safety factor of pile was smaller for the heavy case (Fs=2.1 for light
case and Fs=1.5 for heavy case) as explained in Chapter 3, and therefore the piles in the
heavy case could be said weak pile. The horizontal resistance of the piled raft foundation
was almost same as that of the pile group at the small horizontal displacement, however,
the clear failure like the raft foundation was not observed, resulting in higher horizontal
resistance than the pile group and the raft foundations at the large displacement. As for
the piled raft foundation, the piles in the piled raft was also weaker for the heavy case
than the light case due to small safety factor of pile, but mobilized horizontal resistance
of the piled raft foundation was larger for heavy than the light case. The reason for this
will be discussed latter.

—— PR LI -O-PRH —— PR LI -O-PRH
-8 RLI -O-RAI —~v-R Ll -¥-RHAI

Normalized AP} by pile group
Normalized AP} by pile group

. . I . I . . . \ . .
0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6

AS (mm) A8 (mm)
(a) dLpr=+2mm, h/S=1 (b) dr.o7=2mm, h/S=1.8

Figure 5.4.1.6 Relationship between AS and normalized APL by that of pile group fordipr=+2mm,
h/S=1, 1.8. (A. 5.4.1.2)

Figure 5.4.1.6 shows the relationship between A9 and normalized AP. by that of the pile

group foundation for the loading step of dzp7=+2mm, h/S=1 and 1.8. The results from
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other loading steps are summarized in Appendix (A. 5.4.1.2). This normalized horizontal
resistance represents the ratio of horizontal resistance to that of the pile group. The
horizontal resistance of the raft foundation was larger at small displacement, but the
ratio gradually decreased with the displacement. The piled raft showed higher resistance

than the pile group, especially for the heavy case.

Figure 5.4.1.7 shows A6 and normalized AP. of heavy case by that of the light case for
the loading step of dzp7=+2mm, h/S=1 and 1.8. The results from other loading steps are
summarized in Appendix (A. 5.4.1.3). The P_L having the large safety factor of pile
showed larger horizontal resistance than P_H. On the other hand, the larger horizontal
resistance was observed for heavy case than the light case in the raft foundation. The
piles in the piled raft was also weaker for the heavy case than the light case due to small
safety factor of pile, but mobilized horizontal resistance of the piled raft foundation was
larger for heavy than the light case because the larger contribution of the raft part can

be obtained as explained latter.
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Figure 5.4.1.7 Relationship between AS and normalized APL of heavy case by that of light case
fordipr=+2mm, h/S=1, 1.8. (A.5.4.1.3)

Figure 5.4.1.8 shows the relationship between A& and normalized APL of h/S=1.8 by
that of h/S=1. The results of the raft foundation in Fig. 5.4.1.8 (c) and (d) were estimated
by normalizing AP; of R_1.2 and R_H2 by that of R_L.1 and R_H1 respectively. This
normalized APr represented the influence of the loading height on the horizontal
resistance of the foundation. As been seen, the normalized AP of the raft foundation was
quite small at small horizontal displacement for ézp7=+1mm, and it gradually increased
with the displacement. However, the horizontal resistance of h/S=1.8 was still smaller
than that of h/S=1 at large displacement because the relative moment load with the

horizontal load was large for h/S=1.8. As for dzpr=+2mm (loading step 5), the totally
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Figure 5.4.1.8 Relationship between AS and normalized APL for h/S=1.8 by that of h/S=1.

different tendency from drpr==1mm was observed in the raft foundation. That is, the
horizontal resistance of h/S=1.8 was larger than that of h/S=1 at small horizontal
displacement range, and it decreased with the displacement and reached smaller value
than h/S=1. In the loading step 4 the loading height was h/S=1.8, and the pull-out side
of the raft foundation rapidly moved upward with the higher loading height as explained
in Fig. 5.3.2.1, 5.3.2.2, 5.3.2.4 and 5.3.2.5. Therefore, the contact area between the raft
and the ground was thought to be loss. Here, the pull-out side in the loading step 4 was
the push-in side in the next loading step 5. The loss of contact might be quickly recovered
for h/S=1.8 compared with h/S=1 because relative moment load with horizontal load, in
other words, the rotation of foundation was large for h/S=1.8. Therefore, the horizontal
resistance of h/S=1.8 was larger than that of h/S=1 at the small horizontal displacement.
This kind of loading height effect was also reported by Matsumoto et al. (2004a, b, 2010),
that is, the higher loading height is, the smaller horizontal resistance of the foundation
is. However, they did not the mechanism of the loading height effect in detail because

their loading tests were done in the 1g conditions and the interaction of raft-ground-piles

149



cannot be evaluated. Therefore, in the present study the influence of the loading on the

each component was discussed.

Figure 5.4.1.9 and 5.4.1.10 shows relationship between A5 and AP for the light case
and the heavy case respectively. This figure compared the horizontal resistance of each
loading step for the same horizontal loading height. So, the influence of the loading
sequence on the horizontal resistance can be discussed in this figure. From this figure,
it can be said that the horizontal resistance observed in the first loading step was larger
than other loading step, and the horizontal resistances in the following loading step were
almost same. This trend can be clearly seen in the piled raft foundation. This was
because the effect of the pre-vertical loading was strongly remained in the first loading
step. And this effect might be diminished in the following step because the soil around
pile and beneath the raft was disturbed with loading as explained in Fig. 5.1.3.

As explained above, the horizontal resistance of the piled raft foundation was higher
than the pile group regardless the loading height and horizontal displacement level,
especially for the first loading step. To examine the mobilization of pilled raft resistance
in detail, authors divide the horizontal resistance of the piled raft foundation into the
horizontal resistance of the raft part and pile part and discuss them. The much focus

was placed on the influence of the raft base pressure on the pile response.
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Figure 5.4.1.9 Relationship between A8 and APL for light case observed in each loading step.
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5.4.2 Horizontal resistance of raft part

Figure 5.4.2.1 and 5.4.2.2 show the relationship between the horizontal displacement
at raft base §and the horizontal load P., the horizontal load carried by pile part Pryand
the horizontal load carried by raft part Prm of the piled raft foundation for the light case
and heavy case respectively. The result shown in the figure is from only the loading step
of 6zpr=+2mm, h/S=1 and 1.8. The results from other loading steps are summarized in
Appendix (A. 5.4.2.1, 5.4.2.2). The variation of P of the pile group and the raft
foundations are also described in the figure. As been seen the horizontal resistance of
the piled raft mainly consisted of the horizontal resistance of pile part, and that of raft
part was relatively small. This was because the initial RVLP of each loading step was
small, which was about 5% for the light case and 15% for heavy case as shown in Fig.
5.1.3. It was also observed that the horizontal resistance of the pile part in the piled raft

foundation was higher than the pile group foundation.
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Figure 5.4.2.1 Variation of horizontal load PL and horizontal load carried by raft Pru and piles P
with horizontal displacement at raft base § for light case. (A. 5.4.2.1)
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Figure 5.4.2.3 shows the relationship between the horizontal displacement at the raft
base ¢ and the horizontal load carried by raft part Prm. From this figure, it can be
confirmed that the Prrin all loading step regardless the loading height were involved in
on envelope curve. It should be also noted that the horizontal resistance of the raft part
was higher for the heavy case than the light case. This was probably due to the larger
RVLP for the heavy case as explained in Fig. 5.2.3.
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Figure 5.4.2.3 Relationship between § and horizontal load carried by raft part in piled raft Pra.

Figure 5.4.2.4 and 5.4.2.5 show the variation of the proportion of vertical load carried
by raft part RVLP, the proportion of horizontal load carried by raft part RHLP and
settlement s with the horizontal displacement at raft base & for the light case and the
heavy case respectively. The result only from dzp7=+1mm, h/S=1 and dzpr=-2mm, h/S=1.8,
which are first and last loading step respectively, are shown in the figure. Please refer
the Appendix (A.5.4.2.3, 5.4.2.4) to see the results from other loading steps. In the figure
the results during the unloading period were omitted. There are two broken line in the
figure, one is representing the horizontal displacement of zero, and the other is
representing the point at which the trend of settlement changed. As explained in Section
5.3, the piled raft foundation settled down in the beginning of loading, but it moved
upward at the large horizontal displacement. The second line was represents the
transition of these trend. The RVLP was estimated from the total axial load at pile head,
implying that the RVLP was significantly influenced by the accuracy of strain gauges.
The RVLP less than zero was observed during the loading in the light case because the
measurement accuracy of strain gauge involved the uncertainties in the light case pile
due to large interference strain as explained in Chapter 3. Therefore, the RVLP during

the horizontal loading tests will be discussed using the heavy case. It was also noted that
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the larger reduction of the RVLP can be observed in the first loading step, especially for
the light case because the foundation did not settle down but moved upward in the first
step. This was probably because the effect of pre-vertical load was still remained in the
first step, resulting in the difficulties in settling down. The trends of RHLP and RVLP
increased during the foundation settled down because the contact condition between the
raft base and the ground and the contribution of the raft became larger in the period. On
the other hand, when the foundation moved upward at large horizontal displacement,
RHLP and RVLP kept constant or slightly decreased with the horizontal displacement.
From this fact, it can be confirmed that the RHLP and RVLP were strongly affected the
settlement of the foundation. It was also noted that the RHLP and RVLP reached almost

same value at the end of loading.
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Figure 5.4.2.5 Variation of RHLP, RVLP and settlement s for heavy case. (A. 5.4.2.4)

Figure 5.4.2.6 shows the relationship between the vertical load carried by raft part Pry
and the horizontal load carried by the raft part Pra. The broken line in the figure
represents the theoretical relationship between them, which was estimated using

coefficient of friction between the raft base and the ground z of 0.4 derived from Fig.
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Figure 5.4.2.6 Relationship between vertical load carried by raft Pry
and horizontal load carried by raft Pru.

5.4.1.5. There was no clear correlation for light case because the RVLP evaluated from
strain gauges included the uncertainties as explained above. However, the relationship
between Prvand Pprhad a good agreement with the theoretical one. Thus, it can be said
that the horizontal resistance of the raft part in the piled raft foundation can be also
easily calculated from the coefficient of friction and vertical load of raft part. Nagao et
al. (2002) and Tsuchiya et al. (2003) also found that the horizontal resistance of the raft

part can be evaluated by the vertical load carried by the raft part.

Figure 5.4.2.7 shows the variation of the horizontal load increment APz and increment
of horizontal load carried by the raft part APrz with horizontal displacement increment
Ab for the loading step of dzpr=+2mm, h/S=1 and 1.8. The result from other loading step is
shown in Appendix (A. 5.4.2.5). APy, APrn, and AS were estimated by the matter shown
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Figure 5.4.2.7 Variation of AP1, and APru with AS for each loading step. (A. 5.4.2.5)
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Figure 5.4.2.8 Relationship between AS and normalized APru by that of raft foundation.

in Fig. 5.4.1.4. That is, they are the increment of horizontal load P, horizontal load
carried by the raft part Pry and the horizontal displacement at raft base § from the
beginning of each loading step respectively. The result from the raft foundation is also
shown in the figure. The horizontal resistance of the raft part was larger for the heavy
case than the light case due to the larger vertical load of the raft part. Figure 5.4.2.8
shows relationship between the 46 and the normalized APrx by APL (APgr#) of the raft
foundation. The normalized APgrrincreased with the displacement, and reached constant
value. This was because the horizontal resistance of the raft increased at the small
horizontal displacement range, and it showed constant value or slightly decreased when

the horizontal displacement became larger as explain in Fig. 5.4.2.4 and 5.4.2.5.

4 g T T T T T T T 6 T T T T T T T T —
= R o Poq - O Py of PR H
g O---o.. g d Q - P of R_H2
S 3r C--0--0 7 S Q,

[} [}
23 28 4 “o. .
0 R3] ~0--0
[a T [a
95 2+ — a9<
o= 9.
N > N > 2F .
=° -o-0--0 =0
= | Y VU ST Lt B e = b= SO - = %
o--tr - - V---V

E -O-- APy of PR H | g B e 1
= -0- AP, of R_HI Z

0 " 1 " 1 n 1 n 1 n 0 n | n Il n Il n Il n |

0 0.4 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2

AS (mm) AS (mm)
(a) dLpT=+2mm, h/S=1 (b) SLoT=+2mm, h/S=1.8
Figure 5.4.2.9 Variation of normalized APL and APru of heavy case by those of light case with AS.

(A. 5.4.2.6)

Figure 5.4.2.9 shows relationship between the horizontal displacement increment A5
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and the increment of horizontal resistance of the raft part APrxzof heavy case normalized
by the light case for the loading step of drp7=+2mm, h/S=1 and 1.8. Result from other
loading step is shown in Appendix (A.5.4.2.6). The normalized resistance of the raft
foundation is also shown in the figure. From this normalized resistance, the influence of
the vertical load of the foundation on the horizontal resistance of the raft part can be
discussed. As for the raft foundation, the horizontal resistance of the heavy case was
higher than that of the light case because the raft base resistance was generally
proportional to the vertical load. On the other hand, the raft part in the piled raft
foundation showed higher horizontal resistance for the heavy case than the light case,
and this increased ratio was higher than the ratio of vertical load of heavy case to that
of light case. The settlement of the piled raft foundation was larger for the heavy case
than the light case, resulting in the better contact conditions for the heavy case. As a
result, the influence which was larger than the simple influence of the vertical load was
appeared in the horizontal resistance of the raft part. Figure 5.4.2.10 shows the
relationship between 40 and normalized AP and APgrm of h/S=1.8 by those of h/S=1. The
result shown in the figure is for the loading step of d.p7=+2mm. The result from d,p7=t1mm
is shown in the Appendix (A. 5.4.2.7). The horizontal resistance of the raft part was smaller

for higher loading height due to the relative large moment load with the horizontal load.

T T T
1.5 b 1.5 4
oy 2 _
<4 % I
R 25
=
SIS — < 1 —
—~.0 O >
o, o
= &
heBm —
S 34
0= 7 2L osfk 7
=hen —@— APp;; of PR LI e —@— AP of PR H
g S —8— AP, of Raft £5 —8— AP, ofR_HI
5
~ 0 . ! . L . ! . 2 . | . 1 . | .
0 0.5 1 1.5 2 00 0.5 1 15 )
A8 (mm) AS (mm)
(a) dLpT=+2mm, h/S=1 (b) SLpr=+2mm, h/S=1.8
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(A. 5.4.2.7)

Figure 5.4.2.11 and 5.4.2.12 show the relationship between A6 and APru for each
loading step. As been seen, the horizontal resistance of the raft part was higher for the
first loading step compared with others. And other loading steps show almost same
horizontal resistance of the raft part. This was probably due to the effect of pre-vertical
load was remained in only first loading step. However, the effect of the pre-vertical

loading was diminished in the first loading due to the disturbance of the soil around piles.
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Therefore, it can be confirmed that the pre-vertical load can affect on only the first
loading. Same tendency as the horizontal resistance of the raft part was observed in the
horizontal resistance of the pile part, which will be explained latter. Consequently, the
relatively large total horizontal resistance of the piled raft in the first loading step (Fig.

5.4.1.9 and 5.4.2.10) was attributed to the raft part and pile part.
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Figure 5.4.2.11 Relationship between AS and APru for light case observed in each loading step.
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Figure 5.4.2.12 Relationship between AS and APru for heavy case observed in each loading step.

The horizontal resistance of the raft part in the piled raft foundation was discussed in
this section. The higher horizontal resistance of the raft part can be obtained in the piled
raft with smaller safety factor of the pile because the strict contact condition between
the raft base and ground can be secured during the loading. And the ratio of the
horizontal resistance of the raft part in the piled raft (Prrm) with smaller safety factor of
pile to PRH with larger safety factor was larger than the ratio of the vertical load of the
foundation for heavy case to that for light case. Therefore, it can be confirmed that the

smaller safety factor of pile is, the larger contribution of the raft is.
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5.4.3 Horizontal resistance of pile part
In this section the horizontal resistance of the pile part Pry will be discussed. In

particular, the influence of the raft base pressure on the pile response will be examined.

Figure 5.4.3.1 and 5.4.3.2 show the relationship between the horizontal displacement
at the raft base §and the horizontal load Py, the horizontal load carried by pile part Prx
and the horizontal load carried by raft Pry for light case and heavy case, which are
already described in Fig. 5.4.2.1 and 5.4.2.2. From this figure, it can be said that the
horizontal resistance of pile part in the piled raft foundation was higher than that of the
pile group foundation. This was probably because the piles in the piled raft foundation
were affected by the raft pressure. And this influence of the raft part on the pile will be

discussed in detail.
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Figure 5.4.3.1 Variation of horizontal load PL and horizontal load carried by raft Pru and piles Pru
with horizontal displacement at raft base § for light case. (A. 5.4.2.1)
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Figure 5.4.3.3 Relationship between horizontal displacement at raft base 6 and horizontal load
carried by pile part Ppy for light case. (A.5.4.3.1)

1200————— 1200————————————————
~  800F i . —~  800- ]
Z » | z I
§ 400 S 400
a r a r
=i 0 & 0
3 , ; ] 3 I
S -400- | - S -400- -
= I ‘ — PR H = I ‘ — PR LI |
A 800 ‘ =P A ] A 800 | —e--P L
_ . 1 . ‘L . 1 . 1 ~ I R I . ‘L . 1 \ I ]
IZOQZ -1 0 1 2 12092 -1 0 1 2
Horizontal displacement at raft base & (mm) Horizontal displacement at raft base & (mm)
(a) Left pile (6zpr==2mm, h/S=1) (b) Left pile (5zp7==2mm, h/S=1.8)
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Figure 5.4.3.3 and 5.4.3.4 show the relationship between the horizontal displacement
at the raft base §and the horizontal resistance of the left pile for d.p7=t2mm, h/S=1, 1.8.
The results from the right pile and other loading steps are described in Appendix (A.
5.4.3.1, 5.4.3.2). The left pile was pushed in for the positive horizontal displacement and
it was pulled out during the negative displacement. The horizontal resistance of the piled
raft foundation was higher than that of the pile group in the push-in pile due to the
increase of the confined stress around pile by the raft pressure. On the other hand, for
the pull-out pile the horizontal resistance of the pile part in the piled raft gradually
increased with horizontal displacement at the small displacement, however, it showed
almost constant value and it was smaller than the pile group at the large displacement.
The pull-out pile was pushed in during the previous loading step, and therefore the
confined stress around piles was still high at the small horizontal displacement. However,
the pull-out pile was rapidly moved upward in the piled raft foundation at the large
horizontal displacement (Fig. 5.3.2.1, 5.3.2.2, 5.3.2.4, 5.3.2.5) resulting in the reduction

of the confined stress around pile. In addition to this, the decrease of relative
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displacement of pull-out pile against the soil also affected the pull-out pile response. The
soil beneath the raft base moved with raft base during the loading, and the relative
displacement of the pull-out pile was therefore decreased. Therefore, the horizontal
resistance of the pull-out pile in the piled raft foundation was smaller than that in the

pile group foundation.

In the horizontal loading tests on piled raft foundation and single pile done by
Horikoshi et al. (2003a), average horizontal resistance of piles in the piled raft
foundation was also larger than that of single pile. The higher average horizontal
resistances were observed for both push-in and pull-out piles to the single pile. Nagao et
al. (2002) reported that the although the horizontal load carried by the pile part was
smaller than that of the pile group at the relatively small horizontal displacement, it was
larger at the relatively large horizontal displacement due to the higher confined stress
beneath the raft base for the piled raft foundation. They did not discuss the horizontal
resistance of push-in pile and pull-out pile, however, they showed that the observed raft
base pressure was almost same between the push-in and pull-out sides. From this fact,
it can be said that the horizontal resistance of the push-in and pull-out pile were almost
same for the piled raft foundation, and they were larger compared with the pile group
foundation. Thus, the mobilization of pile horizontal resistance of piled raft foundation
in the previous researches was significantly different from the present study The higher
horizontal resistances were observed for both push-in and pull-out piles than the pile
group in the previous researches, while the piled raft foundation in this study showed
larger and smaller horizontal resistances than the pile group for push-in and pull-out
piles respectively. This was due to the difference of base contact pressure distribution
between two models. In this study relatively large rotation and moment load were
applied to the foundation, which resulted in complex contact condition, i.e., different

contact condition between push-in and pull-out sides.

Figure 5.4.3.5 Depth at which horizontal subgrade reaciton of pile was estimated.
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Next the horizontal subgrade reaction of pile will be examined. From the bending
moment profile, the horizontal subgrade reaction of pile and the pile deflection can be
estimated by second derivation and second integration of profile. From the observed
bending moment profile, which was discussed in Section 5.5.2, the relationship between
the pile deflection and horizontal subgrade reaction of pile was calculated as shown in
Fig. 5.4.3.6 — 5.4.3.9. The results in these figures are from §,.pr=+2mm, h/S=1 for the case
of case of PR_L1, P_L, PR_H and P_H respectively. Results observed in other loading
steps are summarized in Appendix (A.5.4.3.3-5.4.3.6).It was required for second
integration to determine two integration constants. They were calculated using two
boundary conditions: pile deflection at pile head was horizontal displacement at the raft
base & pile deflection angel at pile head was rotation of the foundation €. The subgrade
reaction and deflection of pile were estimated at the depth shown in Fig. 5.4.3.5. Look at
the pile group foundation (Fig. 5.4.3.7 and 5.4.3.9), the almost linear relationship
between the subgrade reaction and pile deflection can be observed. Although the
evaluated subgrade reaction was almost same between each depth during the small
loading step, the subgrade reaction at shallower part gradually decreased with the
increase of loading step procedures. In the shallower depth the displacement of pile was
larger than the deeper, and therefore the soil near the ground surface was significantly
disturbed by the pile, resulting in the smaller subgrade reaction at the shallower depth.
It was also noted that the subgrade reaction of pull-out pile was slightly smaller than
that of the push-in pile. This was because there was push-in pile in front of the pull-out
pile, and the pull-out pile cannot obtain the sufficient resistance from the soil. Similar
tendency was observed in the previous research as explained in Chapter 2, in which the

resistance of the pull-out pile was smaller than that of push-in pile for the pile spacing
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ratio of less than six (pile spacing ratio was five in the present study).

For the piled raft foundation, the subgrade reaction showed non-linear relation with
the pile deflection. This was probably because the mobilization of the subgrade reaction
became complex due to the base contact pressure. The totally different tendency in the
subgrade reaction between the push-in pile and pull-out pile was observed in the piled
raft foundation. The subgrade reaction of pull-out pile was significantly smaller than
that of the push-in pile because the decrease of contact pressure in the pull-out side and
the decrease of the relative displacement of the pull-out pile against the soil as explained
in Fig. 5.4.3.3. and 5.4.3.4.
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Subgrade reaction of pile (kN/mz)

Deflection of pile (mm) Deflection of pile (mm) Deflection of pile (mm)

(a) Push-in (9.or=+2mm, h/S=1)

Figure 5.4.3.10 Relationship between pile deflection and horizontal subgrade reaction of push-in pile
at depth of 1, 2 and 3. (A. 5.4.3.7)

Figure 5.3.4.10 shows the relationship between the pile deflection and the subgrade
reaction of push-in pile at the depth of 1, 2 and 3 (Fig. 3.4.3.5) observed in all foundations.
The results in these figures are derived from the loading step of d.pr=+2mm, h/S=1.
Results from other loading steps are summarized in Appendix (A.5.4.3.7). At the depth
of 2 and 3, the subgrade reaction of pile was larger for the piled raft foundation than the
pile group foundation due to the higher confined stress around piles in the piled raft
foundation. As for the depth of 1 in the push-in pile, although the subgrade reaction was
larger for the piled raft foundation at the small pile deflection, the subgrade reaction was
larger for the pile group than the piled raft at the large pile deflection. The confined
stress around pile at the shallower depth of 1 was also higher for the piled raft, however,
the influence of the relative displacement of pile reduction was also significant near the
ground surface. For the subgrade reaction described in Fig. 5.3.4.10 (c), the influence of
the reduction of relative displacement of pile was larger than influence of the increase of

confined stress, resulting in the smaller subgrade
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Figure 5.4.3.11 Relationship between pile deflection and horizontal subgrade reaction of pull-out pile
at depth of 1, 2 and 3. (A. 5.4.3.8)

reaction of the piled raft at the large pile deflection.

Figure 5.3.4.11 shows the relationship between the pile deflection and the subgrade
reaction of pull-out pile at the depth of 1, 2 and 3 (Fig. 3.4.3.5) observed in all foundations.
The results in these figures are derived from the loading step of d.pr=+2mm, h/S=1.
Results from other loading steps are summarized in Appendix (A.5.4.3.8). The subgrade
reaction of the pile group foundation linearly increased with the pile deflection. However,
the subgrade reaction of the piled raft foundation showed non-linear relationship with
the pile deflection. The subgrade reaction increased at the small pile deflection showing
higher subgrade reaction than the pile group. The pull-out pile was pushed in during the
previous loading step, and it seemed that the confined stress around pile was higher at
the small pile deflection. Therefore, the subgrade reaction of the piled raft foundation
was higher than the pile group at the small pile deflection. However, the subgrade

reaction decreased at the large pile deflection, and it was smaller than the pile group
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foundation, especially for the shallower depth. This reduction of subgrade reaction of the
piled raft foundation was attributed to the decrease of the confines stress and the
decrease of the relative displacement of pull-out pile. As mentioned above, the influence
of reduction of the relative displacement of pile was significant near the ground surface.
Therefore, the larger reduction of the subgrade reaction of the piled raft can be clearly

seen at the shallower depth of 1.

Mano et al. (2003) and Nagai and Tsuchiya (2004) also calculated the relationship
between the subgrade reaction of pile and pile deflection from the bending moment
profile. Mano et al. (2003) found that the subgrade reaction of pile was smaller for the
piled raft foundation than that of the pile group foundation at the small horizontal
displacement range because the relative displacement of pile against the soil was smaller
for the piled raft foundation. However, larger subgrade reaction was observed in the piled
raft than that in the pile group at the large horizontal displacement, especially for
shallower depth. Nagai and Tsuchiya (2004) pointed out the 16-20 times larger pile
subgrade reaction was observed for the piled raft than the pile group at just beneath the
raft base. However, the heavily non-linear behavior of the subgrade reaction of pull-out
pile observed in the present study could not be seen in above researches because the
difference of base contact pressure distribution between two models. In this study
relatively large rotation and moment load were applied to the foundation, which resulted
in complex contact condition, i.e., different contact condition between push-in and pull-

out sides.

Figure 5.4.3.12 shows the variation of the horizontal load increment AP, and
increment of resistance of the pile APpy with the horizontal displacement increment A5
for the loading step of d.pr=+2mm, h/S=1. And Fig. 5.4.3.13 shows the variation of the
horizontal load increment of push-in pile and pull-out pile with A for the same loading
step of d,pr=+2mm, h/S=1. Results from other loading steps are summarized in Appendix
(A. 5.4.3.9 for Fig. 5.4.3.12 and A. 5.4.3.10 for Fig. 5.4.3.13). AP, APprr, and AS were
estimated by the matter shown in Fig. 5.4.1.4. That is, they are the increment of
horizontal load Pr, horizontal load carried by the pile part Pry and the horizontal
displacement at raft base & from the beginning of each loading step respectively. The
horizontal resistance of the pull-out pile in the piled raft foundation was almost same or
slightly smaller than that of the pile group foundation, especially for large horizontal
displacement. On the other hand, the horizontal resistance of the push-in pile was larger

for the piled raft foundation than the pile group foundation due to the larger confines
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stress around piles caused by the base pressure. The increment of the push-in pile was
larger than the decrease of the pull-out pile, and therefore, the horizontal resistance of
pile part in the piled raft foundation was larger than the pile group foundation as shown
in Fig. 5.4.3.12. It was also noted that there was slight difference of the horizontal
displacement between the light case and the heavy case. Therefore, it can be said that
the difference of the total horizontal resistance of the piled raft foundation (Fig. 5.4.1.5)
between the light case and heavy case was derived from the difference of the horizontal

resistance of the raft part (Fig. 5.4.2.7).
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Figure 5.4.3.14 shows relationship between A9 and the normalized APpy by that of the
pile group foundation for the loading step of dipr=+2mm, h/S=1. The results from other

loading steps are shown in Appendix (A. 5.4.3.11). APpg of all piles, push-in pile and
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Light case Heavy case

Figure 5.4.3.15 Predicted base contact pressure distribution for piled raft.

pull-out pile are shown in the figure. This normalized horizontal resistance represents
the increased ratio of horizontal resistance of the pile part in the piled raft to that of the
pile group foundation. The trend of normalized horizontal resistance of all piles and that
of push-in pile was almost same because the horizontal resistance of push-in pile was
dominant for the piled raft foundation as shown in Fig. 5.4.3.13. The ratio of push-in pile
increased with the horizontal displacement because the base pressure at the push-in side
gradually increased with the horizontal displacement. On the other hand, the ratio of
the pull-out pile decreased with the horizontal displacement because the decrease of
contact stress at the pull-out side and reduction of relative displacement of pile as
explained above. Comparing the light case and heavy case, the ratio of push-in pile and
pull-out pile was larger for the heavy case than the light case because the average base
pressure was larger for the heavy case than the light case. In addition to this, the
distribution of the raft pressure also affected to the phenomenon as shown in Fig.
5.4.3.15. The upward movement of pull-out pile was larger for the light case than the
heavy case as shown in Fig. 5.3.2.4 and 5.3.2.5. Therefore, the raft pressure was heavily
distributed, and the base pressure at the pull-out side became smaller. As a result, the

heavy case showed higher horizontal resistance of push-in pile and pull-out pile as well.
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Figure 5.4.3.16 shows the relationship between the 45 and normalized APpx of heavy
case by that of light case for the loading step of dpr=tlmm, +2mm and h/S=1. Results
obtained from other loading steps are shown in Appendix (A. 5.4.3.12). This normalized
horizontal resistance represents the influence of the safety factor of pile on the horizontal
resistance of the pile part. For the pile group foundation, the horizontal resistance of the
pile part in the heavy case was 30%-70% of the light case due to the lower safety factor
of pile. Although the safety factor of the pile was also low for the PR_H, higher horizontal
resistance of the pile part can be obtained for the PR_H compared with PR_L1. This was
because the weak pile in the heavy case enhanced by the raft pressure. Thus, in addition
to the horizontal resistance of the raft part, the raft base increased the pile resistance
even for the relatively weak pile. Therefore, it can be said that the piled raft foundation

had a significant advantages in the horizontal resistance compared with the pile group

foundation.
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Figure 5.4.3.16 Relationship between A6 and normalized APpu of heavy case by that of light case.
(A. 5.4.3.12)

Figure 5.4.3.17 shows the relationship between A§and normalized APpx of h/S=1.8 by
that of h/S=1. This normalized resistance represents the influence of the loading height
on the horizontal resistance of the pile part. From this figure it can be found that the
higher loading height was, the smaller horizontal resistance of pile part was, because
the relative large moment load with the horizontal load was applied to the foundation.
And this trend can be clearly seen at the small horizontal displacement. However, for
the pull-out pile the reduction of the horizontal resistance of the pile part by the higher

loading height was clearly observed at the large horizontal displacement. This was
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because the pull-out pile in the piled raft foundation rapidly moved upward at the large
displacement, resulting in the decrease of the contact pressure. Consequently, the
horizontal resistance of pull-out pile with higher loading height decreased with the

horizontal displacement.
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Figure 5.4.3.17 Relationship between A6 and normalized APpu for h/S=1.8 by that for h/S=1.

Figure 5.4.3.18 shows the relationship between Ad and APprx of all pile, push-in pile
and pull-out pile for each loading step observed in PR_L1. The result from PR_H is shown
in Appendix (A.5.4.3.13). The horizontal resistance of all piles, push-in pile and pull-out
pile are shown in the figure. From this figure, it can be said that the large horizontal
resistance was mobilized in the push-in pile during the first loading step, and the almost
same horizontal resistance was shown in the other loading steps. The effect of the pre-
vertical load was remained in the first loading step, but it was diminished after the first
loading step. It should be noted that the horizontal resistances of the pull-out pile were
almost same among all loading steps, implying that the pre-vertical load had a influence

on only the push-in pile response.
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5.5 Moment resistance of piled raft

In this section, the moment resistance of the piled raft foundation will be examined.
Firstly the moment resistance of overall foundation will be discussed, and then the loads
acting on pile, which contributes the mobilization of the moment resistance of the piled
raft foundation. Finally the moment resistance from the pile load and raft part will be
discussed. The moment resistances from pile part such as the resistance from the
variation of the pile head axial load and from the bending moment at pile head can be
directly estimated by the pile load measured by the strain gauges. Although the moment
resistance from the raft part cannot be measured directly, it can be evaluated by
subtracting the moment resistance from pile part from the applied moment load. The
applied moment load is estimated from not only the applied horizontal load (P;x4) but
also the vertical load of the superstructure and foundation rotation (J#x4I) as shown in
Fig. 3.4.3.

5.5.1 Overall resistance of piled raft
Figure 5.5.1.1 and 5.5.1.2 show the relationship between the rotation of the foundation
# and moment load ML for each foundation type. The black line and red line represent

the result of h/S=1 and h/S=1.8 respectively. As been seen, the moment load was larger
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for h/S=1.8 than h/S=1 because the relative horizontal load with the moment load was
smaller for h/S=1.8. Figure 5.5.1.3 shows the rotation of the foundation € and moment
load Mz for each loading step. The raft foundation showed high moment resistance at
the small rotation of foundation, but it was almost constant at the large moment
resistance showing the clear failure of the foundation. On the other hand, the horizontal
resistance of the pile group gradually mobilized with the horizontal displacement, and
the moment resistance of the pile group was larger than that of the raft foundation at
the large rotation. The piled raft foundation showed higher moment resistance than the

pile group regardless the loading height and rotation level.

AM=(AM,,+ AM,,)/2

T T T N T T T T T
P '

Moment load M; (Nm)

1 n 1 n i n 1 n 1
-0.02 -0.01 0 0.01 0.02
Rotation of raft 0 (rad)

Figure 5.5.1.4 Definition of rotation increment AB and moment load increment AM.
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Figure 5.5.1.5 Relationship between AB and AML for each loading step.

Figure 5.5.1.5 shows relationship between the rotation increment A@and moment load
increment AM; where A8 and AM}, are defined in Fig. 5.5.1.4. The result shown in this
figure is from the loading step of d.p7=2mm, h/S=1 and 1.8. Results from other loading
steps are summarized in Appendix (A. 5.5.1.1). As explained above, the moment

resistance of the raft foundation was high at the small rotation range, however, the clear
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failure of the foundation was clearly observed. And the moment resistance of the raft
foundation was higher for the heavy case than the light case. For the pile group
foundation, the moment resistance was gradually increased with the rotation of the
foundation even for the relatively large rotation. And unlike the raft foundation, the
moment resistance was higher for h/S=1 than h/S=1.8. This was because the safety factor
of pile was smaller for heavy case than the light case (Fs=2.1 for light case and Fs=1.5
for heavy case) resulting in the weaker pile of heavy case. The moment resistance of the
piled raft was almost same as the raft foundation at the small rotation, and it still
increased with the rotation even for the large rotation. Although the piles in the piled
raft also had a small safety factor in the heavy case, the mobilized moment resistance
was larger for the heavy case than the light case. The reason for this will be discussed

latter.

Figure 5.5.1.6 shows the relationship between A6 and the normalized AM. by that of
the pile group foundation for the loading step of the loading step of d.p7=t2mm, h/S=1 and
1.8. Results from other loading steps are summarized in Appendix (A. 5.5.1.2). This
normalized moment resistance represents the enhanced ratio of the moment resistance
of the piled raft foundation to that of the pile group foundation. From this figure it can
be said that the ratio of the raft foundation was large at the small rotation range, but it
gradually decreased with the rotation because there was clear failure in the raft
foundation. The piled raft foundation showed higher moment resistance than the pile
group, particularly for the heavy case. Therefore, it seemed that the contribution of the

raft part was larger for the piled raft with smaller safety factor of pile.
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Normalized AM; by pile group
Normalized AM; by pile group
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() dLor=+2mm, h/S=1 (b) d.pr=+2mm, h/S=1.8
Figure 5.5.1.6 Relationship between A0 and normalized AML by that of pile group. (A. 5.5.1.2)
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Figure 5.5.1.7 shows relationship between A6 and the normalized AML of heavy case
by that of the light case for the loading step of the loading step of d.p7=£2mm, h/S=1 and
1.8. Results from other loading steps are summarized in Appendix (A. 5.5.1.3). For the
pile group foundation the moment resistance was larger for the light case in which the
safety factor of the pile was larger. However, despite of the smaller safety factor of the
pile part, the moment resistance was larger for the heavy case than the light case in the
piled raft foundation. This was because the contribution from the raft part can be
effectively mobilized for the smaller safety factor of the pile case owing to the relatively

large settlement as explained in Fig. 5.3.1.4.
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Figure 5.5.1.7 Relationship between AB and normalized AML of heavy case by that of light case. (A.
5.5.1.3)

Figure 5.5.1.8 and 5.5.1.9 show the relationship between 46 and the normalized AMf,
for each loading step. This figure compares with the moment resistances among the
loading steps having same loading height. Therefore, the influence of loading procedures
on the moment resistance of the foundation can be discussed using this figure. The
moment resistance during the first loading step was larger than the others because the
effect of the pre-vertical loading was remained in the first loading step. And the effect of
the pre-vertical loading was diminished during the first loading because the soil around

piles was disturbed by the loading.
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5.5.2 Loads acting on pile
The pile load is thought to be one of major factor of the moment resistance of the piled
raft foundation. In this section the loads acting one pile such as the bending moment,

axial load at pile head, end bearing load and shaft friction load will be examined.

5.5.2.1 Bending moment of pile

Figure 5.5.2.1 — 5.5.2.4 show the bending moment profile for the piled raft and pile
group foundation. Figures (a) is the results at A6=+0.6mm during the loading step 1 — 4
(6Lpr=t1mm), and Figures (b) is the results at A5=+1.2mm during the loading step 5 — 8
(Lor=t2mm). Except for P_H, the bending moment at pile head showed opposite sign
from the bending moment at deep ground. This kind of bending moment profile can be
regarded as rigid pile head connection. However, the bending moment at pile head
became zero or same sing as the bending moment at deep ground when the loading step
proceeded. Therefore, it can be said the larger loading step was, the weaker the rigidity
of the pile head connection was. For the P_H, the bending moment profiles can be
regarded as the hinged pile head connection from the first loading step. Comparing the
different loading height, there was no difference of bending moment at the deep ground,
but the bending moment of h/S=1.8 was larger than that of h/S=1. Therefore, it can be
said that the relative large moment load with the horizontal load may affect the bending
moment at shallower part of the pile. For the piled raft foundation the bending moment

of push-in pile was larger than that of the pull-out pile due to high confined stress around

piles.
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Figure 5.5.2.5 Profile of bending moment at A§=+1.2mm. (A. 5.5.2.1)

Figure 5.5.2.5 shows the bending moment profile of all foundation types at A=+1.2mm
for the loading step of d,p7=+2mm and h/S=1.8. Figure (a) and (b) represent the result of
push-in pile and pull-out pile. The bending moment profile obtained from other loading
step is summarized in Appendix (A. 5.5.2.1). The bending moment of push-in pile and
pull-out pile are shown in the figure. The bending moment at the same horizontal
displacement was larger for the piled raft foundation than the pile group foundation

because large moment load was applied to the piled raft at the same displacement.

Figure 5.5.2.6 shows the normalized bending moment profile shown in Fig. 5.5.2.5 by
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the applied moment load. The result shown in the figure is from loading step of
orpr=2mm and h/S=1.8, and results observed in other loading steps are summarized in
Appendix (A. 5.5.2.2). From this figure, it can be said that the relative bending moment
acting on the pile with applied moment load can be restrained in the piled raft foundation
compared with the pile group foundation. This was because the raft in the piled raft
supported a part of the applied moment load and reduced the pile deformation and pile
load. And this trend can be clearly seen for the heavy case. As explained in Chapter 3,
because the safety factor or pile was small for the heavy case, the pile in the heavy case
was thought to be easily deformed. However, the PR_H with small safety factor of pile
can prevented the excessive pile deformation by the raft, and efficiently reduced the

bending moment acting on pile.
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Figure 5.5.2.7 Relationship between rotation of foundaiton 6 and average bending moment at pile
head ford;pr=+2mm and h/S=1.8.
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Figure 5.5.2.7 shows the relationship between the rotation of the foundation 8 and
bending moment at pile head for the loading step of d.p7=+2mm and h/S=1.8. The circular

marks represent the beginning of each loading step.

5.5.2.2 Axial load of pile

Figure 5.5.2.8 — 5.5.2.11 show the variation of the axial load at pile head, the end
bearing load and the shaft friction load of the left piles with the rotation of the foundation
6. The result from the right pile is summarized in Appendix (A. 5.5.2.8-5.5.2.11). And
Figure 5.5.2.12 — 5.5.2.15 show the variation of the axial load at pile head, the end
bearing load and the shaft friction load of the left piles with the settlement s. The result
from the right pile is summarized in Appendix (A. 5.5.2.12-5.5.2.15).The result observed
in the pre-vertical loading process is also shown in Fig. 5.5.2.12 — 5.5.2.15. The left pile
consist of two piles, and therefore the pile load of left pile in these figures are represented
as the average of two piles. Open marks in the figures represent the beginning of each
loading step. The left pile was pushed in first and then pulled out. Except for P_H the
end bearing load of pull-out pile reached at zero. Look at the relationship between the
end bearing load and the settlement, pull-out pile in the piled raft foundation was further
pulled out after the end bearing load reached zero. This trend shows the upward
movement of pull-out pile was critical issues for the piled raft, which was already
explained in Section 3.3.2. For the P_H, the end bearing load did not reach zero even for
the large rotation of the foundation. As explained in Fig. 5.3.2.4 and 5.3.2.5, the
settlement of push-in pile was dominant for the rotation of the foundation, and the
upward displacement of the pull-out pile was quite small. Therefore, as been seen in Fig.

5.5.2.15 (c), the end bearing load did not reach the critical state for the pull-out side.

The end bearing load of push-in pile increased with the rotation of the foundation, and
reached the peak value. As been seen in the relationship between the end bearing load
and settlement, the end bearing load was significantly affected by the pre-vertical
loading process, that is, the ultimate end bearing load during the horizontal loading tests
was determined by the maximum end bearing load in the pre-vertical loading process.
Therefore, after the end bearing load reached the maximum end bearing load in the pre-
vertical loading, the end bearing load showed constant value and settlement rapidly
increased. On the other hand, for the P_H the settlement of push-in pile was very large.
Consequently, the relatively large end bearing load was mobilized compared with other
cases. Therefore, the end bearing load in the push-in pile slightly increased at the large

rotation of the foundation for P_H.
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The shaft friction load of the pull-out pile reached at almost zero for all foundations.
It was well known that the shaft friction load reached ultimate value by the relatively
small displacement. Therefore, even for the P_H in which the upward displacement of
pull-out pile was quite small, the shaft friction load reached at almost zero during the
pile was pulled out. For the pile group case, although the shaft friction load showed
almost constant value with the settlement during the pre-vertical loading process, that
of push-in pile increased with the rotation and the settlement in the horizontal loading
tests because the piles moved forward and the soil condition was shifted to the passive
state. Furthermore, the raft base pressure at the push-in side was thought to be
increased in the piled raft foundation. This influence of the raft part on the shaft friction

load will be explained next figure.

To clarify the difference of pile load between the foundation type, the variation of the
axial load at pile head, the end bearing load and the shaft friction load acting on left pile
with rotation and settlement for each loading step are summarized in Fig. 5.5.2.16 and
5.5.17 respectively. These results are obtained from the loading step of d;,pr/=+2mm and
h/S=1.8. Results from the right pile and other loading steps are summarized in Appendix
(A. 5.5.2.16-5.2.2.19). The open marks in the figures represent the beginning of each
loading step. The end bearing load of pull-out pile reached almost zero except for the P_H
as shown in Fig. 5.5.2.8-5.5.2.15. In particular, the upward movement of the piled raft

foundation was significant.

The end bearing load of push-in pile for all foundation types was involved in one
envelope curve. Therefore, the larger end bearing load was mobilized in the pile group
in which relatively large settlement was occurred. As explained in the previous chapter,
the mobilized end bearing load was affected by the penetration depth in under the
centrifugation, that is, the larger the penetration depth is, the larger the end bearing
load is. Therefore, the larger end bearing load was mobilized for the light case compared
with the heavy case in the penetration process and vertical loading process as explained
in Chapter 4. However, there was slight difference of end bearing load between the light
case and the heavy case as been seen in the Fig. 5.5.2.16, 5.5.2.17. This was because the
relatively large pre-load, which was equivalent to the light case, was imposed to the

heavy case during the pre-vertical loading process.

The initial end bearing load as represented as circular mark was smaller for the piled

raft because a part of the vertical load was supported by the raft part and the vertical
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load acting on pile was reduced in the piled raft foundation. Therefore, the end bearing
load of the pile group quickly reached ultimate bearing load, especially for P_H. Because
the safety factor of pile was quite small for the P_H, the end bearing load reached
ultimate value in quite small settlement, and the settlement of push-in pile was rapidly
increased. Although the safety factor of pile was also small in PR_H, there was no clear
yielding point in the end bearing load because the raft part supported a part of the

vertical load and prevented the excessive settlement of push-in pile.
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Chapter 6. Mechanical Behavior of Piled Raft Subjected to
Horizontal and Moment Loads

The shaft friction of the push-in pile increased with the settlement for both the piled
raft and the pile group foundation. This was because piles moved forward and the soil
condition was shifted to the passive state as explained in Fig. 5.5.2.8-5.5.2.15. The piled
raft showed larger shaft friction load compared with the pile group foundation because
the confined stress around piles increased by the raft base pressure in the push-in side.
After the pile was pushed in, the push-in pile slightly moved upward and shaft friction
load decreased during the unloading period. Except for the PR_H, the remained shaft
friction load after unloading was almost zero as represented as circular marks. For the
PR_H, the upward movement during the unloading period was smaller than other
foundation types, and therefore the shaft friction load in the PR_H still showed positive

value after the unloading.

In this section, the loads acting pile during the horizontal loading was examined. The
moment resistance from each component such as pile load and raft part will be discussed

in the next section.

5.5.3 Moment resistance of piled raft components

Figure 5.5.3.1 shows the method to calculate the moment resistance from the axial
load acting on pile. The relationship between the rotation of the foundation & and axial
load at left pile head is described in the figure. The APprand APpoin the figure represent
the variation of axial load of push-in pile and pull-out pile respectively. From this figure,
the axial load increment at the rotation increment A& for both positive and negative
directions, and the average value of them was calculated. The moment resistance of the

left pile was calculated by multiplying this average value with the distance between the

APy, of left pile = (APp + APpg) /2 X S/2

300 Left pile

Increment of

400+
pileload APpy,

_ I MU I R R S
400 -0.02 -0.01 0 0.01 0.02 0.03 0.04
Rotation of foundation 6 (rad)

Mobilized pile load

Average axial load at pile head (N)

s/2 !

Figure 5.5.3.1 Calculation method to estimate moment resisntace from pile load.
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centre of the foundation and the left pile (S/2, where S is the pile spacing). The moment
resistance of right pile was also calculated by the same matter as the left pile, and the
sum of moment resistance of the left pile and right pile was defined as the moment
resistance from the axial load at pile head. The moment resistance of the push-in pile an
pull-out pile were calculated using the average APprof right and left piles and average
APpo of right and left piles. The moment resistances from the end bearing load and the
shaft friction load were also estimated by the same method. The moment resistance from
the raft part was calculated by subtracting the moment resistance of the pile part from
the applied moment load. In this section, the moment resistance from the raft part will

be examined.
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Figure 5.5.3.2 Relationship between AB and AML from axial load at pile head, bending moment at
pile head and raft part.ford;pr=t2mm, h/S=1.8. (A. 5.5.3.1-5.5.3.4)

Figure 5.5.3.2 shows the relationship between A6 and AML for each foundation type,
where the 40 and AM} are defined in Fig. 5.5.1.4. The results shown in these figures are

from J.p/=t2mm, h/S=1.8. The results from other loading steps are summarized in
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Appendix (A. 5.5.3.1-5.5.3.4). The moment resistance from the axial load at pile head,
bending moment at pile head and raft part are also shown in the figure. The moment
resistance from raft part was also estimated for the pile group foundation. As been seen,
the moment resistance from the raft part in the pile group foundation was almost zero
for all loading step, implying that the calculated moment resistance of pile load had a
high accuracy. Except for the P_H, the moment resistance of the foundation mainly
consisted of the moment resistance of the axial load at pile head. This trend can be clearly
seen at the small rotation of the foundation, and the moment resistance from the bending
moment at pile head and raft part gradually increased with the rotation. On the other
hand, the moment resistance from the axial load at pile head was relatively small for the
P_H. The end bearing load in the push-in pile quickly reached ultimate value for the P_H
as explained in Fig. 5.5.2.16 and 5.5.2.17. Therefore, the mobilized moment resistance

from the axial load was small for the P_H.
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Figure 5.5.3.3 Relationship between A and Figure 5.5.3.4 Relationship between AO and

AML of piled raft, raft part in piled raft and raft normalized AM of raft part by raft foundation.
foundation for. S.pr=+2mm, h/S=1.8. (A. 5.5.3.5)

5.5.3.1 Moment resistance of raft part

Figure 5.5.3.3 shows relationship between A0 and the moment resistance from the raft
part for d.pr=t2mm, h/S=1.8. The results from other loading step are summarized in
Appendix (A. 5.5.3.5). The moment resistances of the piled raft and the pile group
foundations are also shown in the figure. The normalized moment resistance from the
raft part by that of the raft foundation for each loading step is shown in the Fig. 5.5.3.4.
This normalized resistance expressed the ratio of the moment resistance from the raft
part in the piled raft to that of the raft foundation. The moment resistance of the raft

foundation was almost same as that of the piled raft foundation at small rotation of the
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foundation, but it showed almost constant value at the large rotation showing the clear
failure of the raft foundation. The moment resistance from the raft part in the piled raft
foundation was relatively small at the small rotation. However, there was no clear failure
point like the raft foundation, and the moment resistance of the raft part still increased
even at the large rotation. Therefore, the normalized horizontal resistance of the raft
part increased with the rotation, and finally it showed about 20% of moment resistance

of the raft foundation.

Figure 5.5.3.5 shows the relationship between A6 and the moment resistance of the
raft part of heavy case normalized by that of the light case for d,pr/=+2mm, h/S=1 and 1.8.
The results from other loading steps are summarized in Appendix (A. 5.5.3.6). The result
of the raft foundation is also shown in the figure. From this figure it can be said that the
higher moment resistance was observed in the heavy case than the light case, and the
normalized moment resistance of the raft foundation was almost same with the rotation.
On the other hand, the moment resistance of the raft part in the piled raft foundation
was larger for the light case than the heavy case at the small rotation, and it gradually

larger for the heavy case at the large rotation.

=O-- PR_H (raft part) -O-- PR_H (raft part)

-O- R HI -7- R 12
< 2 T T T T T < 2 T T T T
s =
= = S0 0.
e e ! “o--0
E I o o ,’o E o % ,'I
S 2 O-o-o-g-0--0--0 c 3 V-7 g V-V vooY
22 ; 53

,,,,,,,,,,,,,, LA e
<]§D 1+ 0 — <1f§0 I -
—8.—1 o,’ —8.—4
N2 T Sy
5 ; E
: ' :
z { z

1
Il L 1 L L 1 L 1 L
O0 0.01 0.02 0.03 0O 0.01 0.02 0.03
A (rad) A9 (rad)
(C) 5LDT:i2mm, h/S=1 (d) SLDT:ime, h/S=1.8

Figure 5.5.3.5 Relationship between AB and normalized AM of raft part normalized by light case for
6 Lpr==+2mm, h/S=1 and 1.8. (A. 5.5.3.6)

Figure 5.5.3.6 and 5.5.4.7 show the relationship between A6 and the moment
resistance from the raft part in the piled raft foundation observed in each loading step
for light case and the heavy case respectively. From this figure it can be said that the
larger moment resistance of the raft part was observed in the first loading step compared

with others. This was because the effect of pre-vertical loading was strongly remained in
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the first loading step.
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Figure 5.5.3.7 Relationship between AB and AM of raft part for heavy case observed in each loading
step.

5.5.3.2 Moment resistance of pile part
In this section the moment resistance from the pile part will be examined. The moment

resistance from the pile part can be divided into two parts such as that from the axial

load at pile head and the bending moment at pile head.

Figure 5.5.3.8 show the relationship between the A0 and the moment resistance from
the bending moment at pile head for é,p7=+2mm and h/S=1.8. The results from other
loading steps are summarized in Appendix (A. 5.5.3.7). In the small loading step, the
moment resistance from the bending moment at pile head showed negative value
because the connection conditions of the pile head and the raft was rigid in the small

loading step, and the mobilized bending moment at pile head was negative as shown in
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Fig. 5.5.2.1 — 5.5.2.4. However, the rigidity of the pile head connection became weaker

with the loading procedure resulting in the positive bending moment at the pile head.

—-e— PRIl -O-PRH
—A— P L -&-PH

30 , x , x

AM; of bending moment at pile head (Nm)

AO (rad)

(d) BLDT:i me, h/S=1.8

Figure 5.5.3.8 Relationship between AB and AM of bending moment at pile head for §.pr=+2mm and
h/S=1.8. (A. 5.5.3.7)

Figure 5.5.3.9 show the variation of the moment resistance from the axial load at pile
head, the end bearing load and the shaft friction load with A6 for 6.p/=+2mm and h/S=1.8.
The results from other loading steps are summarized in Appendix (A. 5.5.3.8-5.5.3.11).
These moment resistances from pile load are divided into push-in pile and pull-out pile
in the figure. It was noted that the sum of the moment resistance from the end bearing
load and the shaft friction load is the moment resistance from the axial load at pile head.
It was observed that the moment resistance from the end bearing load was larger for the
pull-out pile than the push-in pile in all foundation types. This was because the variation

of the end bearing load in the pull-out pile was larger than that in the push-in pile.

Except for PR_H, the moment resistance from shaft friction load of pull-out pile was
almost zero because the initial shaft friction load before the pile was pulled-out was
almost zero as explained in Fig. 5.5.2.16 and 5.5.2.17. On the other hand, the initial shaft
friction load before pulled out was positive for the PR_H, and therefore the moment
resistance from the shaft friction load or pull-out pile was larger for the PR_H. As a
result, the moment resistance from the axial load at pile head, which was determined by
the sum of the moment resistance of the end bearing and the shaft friction loads, was

larger for the PR_H compared with others.
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Figure 5.5.3.9 Relationship between AB and AM from axial load at pile head, end bearing load and
shaft friction load for d.p7=£2mm and h/S=1.8. (A. 5.5.3.8-5.5.3.11)

To discuss the difference of the mobilization of moment resistance from the pile load,

the variation of moment resistance from the axial load at pile head, the end bearing load

and shaft friction load with A8 for §.p=+2mm and h/S=1.8 is described in Fig. 5.5.3.10. The

results from other loading steps are summarized in Appendix (A. 5.5.3.12-5.5.3.15). The

moment resistance from the end bearing load was almost same between the PR_L1 and

P_L for both push-in and pull-out pile. Actually the moment resistance from the shaft

friction load of push-in pile was larger for the PR_L1 than the P_L due to the increase of

confined stress around piles, but this increment was not significant. And, the moment

resistance from the shaft friction load of pull-out pile was almost zero for both the PR_L1

and the P_L as explained above. Furthermore, the moment resistance from the
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(loading step 7 and 8). (A. 5.5.3.12-5.5.3.15)

bending moment at pile head was also almost same between the PR_L1 and the P_L as
shown in Fig. 5.5.3.8. From these facts, it can be said that the if the safety factor of the

pile is sufficient, the moment resistance from the pile part was almost same between the
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piled raft foundation and the pile group foundation.

Figure 5.5.3.11 shows the relationship between 46 and moment resistance from the
axial load by that of the pile group foundation for j.p=+2mm and h/S=1.8. The results from
other loading steps are summarized in Appendix (A. 5.5.3.16). The moment resistance of
the axial load means the moment resistance of axial load, end bearing load and shaft
friction load. This normalized resistance represents the increased ratio of moment
resistance of piled raft to that of the pile group foundation. From this figure, it can be
said that the moment resistance from the pile part (axial load at pile head) in the piled
raft foundation was almost same as that of the pile group foundation. However, because
the piled raft foundation can obtain the moment resistance from the raft part as shown
in Fig. 5.5.3.2, the moment resistance of overall foundation was larger for the piled raft

than the pile group foundation (Fig. 5.5.1.5, 5.5.1.6).

2 : : : :

Pull-out Push-in

-O- —@— Axial load atpile head |

-4~ —A— End bearing load
——  Shaft friction load

. I . I .
0 0.01 0.02 0.03

Normalized AM; of axial load
by pile group

AB (rad)
(d) P_L1 (8 pr==*2mm, h/S=1.8)

Figure 5.5.3.11 Relationship between A8 and normalized AM from pile load by pile group for PR_L1
for 6rpr=+2mm and h/S=1.8. (A. 5.5.3.16)

Next the moment resistance of heavy case, in other words, the smaller safety factor of
the pile, will be focused. The moment resistance from the end bearing load and the shaft
friction load for both push-in pile and pull-out pile were significantly larger for the piled
raft foundation than the pile group foundation. This was because although the pile group
foundation with small safety factor of pile reached ultimate state in the quite small
rotation and settlement, the piled raft foundation prevented the clear failure of piles and
the excessive settlement. Therefore, larger moment resistance from the axial load can be
obtained for the piled raft than the pile group foundation. In particular, although the
moment resistance from the shaft friction load of the pull-out pile was almost zero for all
foundation except for the PR_H, it was relatively large in the PR_H. Consequently,

despite of the small safety factor of pile, the PR_H showed higher moment resistance
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than the piled raft and pile group with large safety factor of pile (Fig. 5.5.1.5, 5.5.1.7).

5.6 Summary

In this chapter the mechanical behavior of the piled raft foundation subjected to
horizontal and moment loads in sand was examined. The much focus was placed on the
influence of the raft base pressure on the pile response. The following findings are

derived from the present chapter.

The piled raft foundation can restrain the settlement caused by the alternate
horizontal loading. In particular, even if the safety factor of the pile was small, the
settlement of the push-in pile was effectively reduced for the piled raft foundation
compared with the pile group foundation because the raft in the piled raft prevented the
excessive settlement of push-in pile. However, the smaller settlement of push-in pile
enhanced the pull-out displacement of pull-out piles, resulting in the larger upward
movement than that of the pile group foundation. Therefore, it can be said that the
upward movement of the pull-out pile was critical issue for the small scale piled raft with

narrow pile spacing.

The settlement of the heavy case, in other words, the case with the small safety factor
of the pile, was larger than that of the light case for both the pile group and the piled
raft. This relatively large settlement of heavy case made the contact condition between

the raft and the ground surface better.

The horizontal resistance of the piled raft foundation was higher than the pile group
foundation, especially for the piled raft with small safety factor of pile because the larger
contribution of the raft part can be mobilized. The horizontal resistance of the push-in
pile was larger for the piled raft foundation than the pile group foundation due to the
increase of the confined stress around pile. The horizontal subgrade reaction at relatively

deep part (more than the raft width) was also enhanced by the raft pressure.

On the other hand, the horizontal resistance of the pull-out pile was smaller for the
piled raft foundation than the pile group foundation. As explained above, the upward
displacement of pull-out pile was critical for the piled raft foundation, and therefore the
base contact stress rapidly reduced around the pull-out pile. In addition to this, the
relative displacement of pull-out pile against the soil decreased during the loading

because the soil beneath the raft base moved with the raft part. Consequently, the
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horizontal resistance of the pull-out pile was smaller for the piled raft. The subgrade
reaction of pull-out pile in the piled raft was also smaller than that of the pile group,

especially near the raft base.

The moment resistance of the piled raft foundation was higher than the pile group
foundation, especially for the heavy case, in other words, for the foundation with small

safety factor of pile.

If the safety factor of the pile was sufficient, the moment resistance from the pile part
was almost same between the piled raft foundation and the pile group foundation. The
pile group with small safety factor showed quite small moment resistance because the
pile load reached ultimate state in a small rotation and settlement. Despite of the small
safety factor of pile, the piled raft foundation showed large moment resistance than the
pile group and the piled raft having the large safety factor of pile. The raft part prevented
the clear failure of the pile and prevented the excessive settlement of the foundation.
Furthermore, the raft pressure enhanced the pile resistance, resulting in the higher

moment resistance of the piled raft foundation.
Thus, the piled raft foundation with small safety factor of pile can be expected to the

large contribution of the raft such as the resistance of the raft part, suppression of

excessive settlement and enhancement of the pile capacity.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATION

6.1 Conclusions

The main objective in this research was to examine the mechanical behavior of the
piled raft foundation subjected to horizontal and the moment load was examined. Firstly
the centrifuge modeling technique of the piled raft foundation was proposed, by which
the behavior of the piled raft foundation can be evaluated in detail. Using proposed
centrifuge technique the mechanical behavior of the piled raft foundation was examined.
The much focus was placed on clarifying the influence of the raft pressure on the pile
response. Because the foundation was experienced some vertical loading process during
preparation, the vertical response of the piled raft foundation was also discussed to verify
the initial condition of the horizontal loading tests. The following findings are derived

from the present research.

Chapter 1 Introduction and Chapter 2 Literature review

The design concept of the piled raft foundation and the limitation of the piled raft
foundation were presented, and the objectives and thesis stream in the present thesis is
showed in Chapter 1. The researches on the laterally loaded pile group, which is the
component of the piled raft and researched on the vertically and laterally loaded piled
raft are introduced in Chapter 2. From the literature review, the current problem of the

piled raft foundation is indicated.

The piled raft foundation has been recognized as the economical foundation system
with the combined effect of the raft and pile. However, the behavior of the piled raft
foundation is not still well understood due to the complex interaction of raft-ground-pile,
especially when relatively large moment load and rotation are acting on the piled raft
because the interaction varies during loading. It is crucial for the seismic design of the
piled raft to clarify the mechanical behavior of the piled raft foundation subjected to

horizontal and moment load in highly seismic area such as Japan.

To address above issue, physical modeling plays an important role because it can make
the clear boundary conditions and can easily simulate the piled raft subjected to the
horizontal load. However, research on the laterally loaded piled raft with physical
modeling approach is new topic, and there should be rooms in the modeling techniques

to improve and obtain reliable test results.

Therefore the centrifuge modeling technique was firstly proposed, and the mechanical

behavior of the piled raft foundation subjected to horizontal and moment load was
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examined using proposed technique.

Chapter 3 Development of centrifuge modeling of piled raft foundation

Chapter 3 explained the basic principal of centrifuge and proposed the modeling technique on the
piled raft. In particular, the measurement accuracy of the strain gauge was carefully discussed because
shared loads between the raft and the piles are generally estimated by the strain gauge. Followings are

the basic findings and the modeling technique proposed in this chapter.

In the present study the model piles were installed as the “displacement pile”, that is, the level model
ground was firstly made, and the piles were penetrated into the ground in the centrifugation. Preparing
the model foundation by this method, the uniform contact condition between the raft base and the
ground surface can be made, and relatively large shaft friction can be expected. The concept of the
piled raft is to reduce the settlement using a few friction piles. Therefore, the piled raft foundation
installed as “displacement pile” introduced in the present thesis can model the actual piled raft concept

accurately.

It was found that the proportion of the vertical load carried by the raft (RVLP) increased with the
piled raft settlement. The initial RVLP before the horizontal loading tests was controlled by applying

the pre-load to the foundation.

The pile calibration technique was proposed, by which the forces acting on the pile can be evaluated
accurately. However, it was found that the axial strain measured by the gauge included the error due
to the interference strain when the pile was subjected to bending moment. The method to improve the
measurement accuracy of strain gauge was proposed. That is, the axial strain was corrected by
removing the interference strain using the relationship between the bending strain and interference
strain observed in the pile calibration. It was also confirmed that the validity of the calibration number
obtained by the present calibration method and the effectiveness of correction method. This implied

that he shared load between the raft and piles can be evaluated with high accuracy.

Chapter 4 Vertical response of the piled raft

The piled raft foundation subjected to vertical load was examined in the present
chapter. The foundations experienced the three vertical loading processes such as the
penetration process, the vertical loading process and the pre-vertical loading process
before the horizontal loading tests. The main objectives of the present chapter was not
only to examine the mechanical behavior of the piled raft foundation subjected to vertical

load but also to verify the initial conditions of the foundation before the horizontal
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loading tests. Followings are the findings in this chapter.

The piled raft foundation showed higher vertical resistance than the pile group
foundation, which was attributed to the mobilized resistance of the raft part and the

increase of the vertical resistance of the pile part.

Initially the coefficient of the subgrade reaction of raft part in the piled raft foundation
was relatively smaller than that of the raft foundation because the contact condition
between the raft base and the ground was poor. However, it increased with the

settlement, in other words, the vertical load carried by the raft part.

The vertical resistance of the pile part in the piled raft was higher than that of the pile
group due to the influence of raft base pressure on the pile response. There was no
influence of the raft base on the ultimate end bearing load and the coefficient of the
subgrade reaction of end bearing load. On the other hand, the raft base pressure
enhanced the ultimate shaft friction load and the coefficient of the subgrade reaction of
shaft friction. The additional shaft friction load had a linear relationship with the base

pressure, and it can be simply estimated using elastic theory.

The proportion of the vertical load carried by the raft part (RVLP) can be controlled by
applying the vertical load. The almost same RVLP of 30% was prepared for the piled raft

cases by applying the vertical load before the horizontal loading tests.

The variation of the RVLP depended on the vertical load of the foundation. The piles
in the piled raft acted a kind of anchor and prevented the free-heaving of the raft part
during the unloading. This anchoring effect can be clearly seen for the piled raft with
small vertical load of the foundation. Therefore, the RVLP increased during the

unloading for the piled raft with small vertical load.

Chapter 5 Mechanical behavior of piled raft subjected to horizontal and moment loads
In this chapter the mechanical behavior of the piled raft foundation subjected to

horizontal and moment loads in sand was examined. The much focus was placed on the

influence of the raft base pressure on the pile response. The following findings are

derived from the present chapter.

The piled raft foundation can restrain the settlement caused by the alternate
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horizontal loading. In particular, even if the safety factor of the pile was small, the
settlement of the push-in pile was effectively reduced for the piled raft foundation
compared with the pile group foundation because the raft in the piled raft prevented the
excessive settlement of push-in pile. However, the smaller settlement of push-in pile
enhanced the pull-out displacement of pull-out piles, resulting in the larger upward
movement than that of the pile group foundation. Therefore, it can be said that the
upward movement of the pull-out pile was critical issue for the small scale piled raft with

narrow pile spacing.

The settlement of the heavy case, in other words, the case with the small safety factor
of the pile, was larger than that of the light case for both the pile group and the piled
raft. This relatively large settlement of heavy case made the contact condition between

the raft and the ground surface better.

The horizontal resistance of the piled raft foundation was higher than the pile group
foundation, especially for the piled raft with small safety factor of pile because the larger
contribution of the raft part can be mobilized. The horizontal resistance of the push-in
pile was larger for the piled raft foundation than the pile group foundation due to the
increase of the confined stress around pile. The horizontal subgrade reaction at relatively

deep part (more than the raft width) was also enhanced by the raft pressure.

On the other hand, the horizontal resistance of the pull-out pile was smaller for the
piled raft foundation than the pile group foundation. As explained above, the upward
displacement of pull-out pile was critical for the piled raft foundation, and therefore the
base contact stress rapidly reduced around the pull-out pile. In addition to this, the
relative displacement of pull-out pile against the soil decreased during the loading
because the soil beneath the raft base moved with the raft part. Consequently, the
horizontal resistance of the pull-out pile was smaller for the piled raft. The subgrade
reaction of pull-out pile in the piled raft was also smaller than that of the pile group,

especially near the raft base.
The moment resistance of the piled raft foundation was higher than the pile group
foundation, especially for the heavy case, in other words, for the foundation with small

safety factor of pile.

If the safety factor of the pile was sufficient, the moment resistance from the pile part
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Chapter 6. Conclusions and Recommendation

was almost same between the piled raft foundation and the pile group foundation. The
pile group with small safety factor showed quite small moment resistance because the
pile load reached ultimate state in a small rotation and settlement. Despite of the small
safety factor of pile, the piled raft foundation showed large moment resistance than the
pile group and the piled raft having the large safety factor of pile. The raft part prevented
the clear failure of the pile and prevented the excessive settlement of the foundation.
Furthermore, the raft pressure enhanced the pile resistance, resulting in the higher

moment resistance of the piled raft foundation.

Thus, the piled raft foundation with small safety factor of pile can be expected to the
large contribution of the raft such as the resistance of the raft part, suppression of

excessive settlement and enhancement of the pile capacity.

6.2 Recommendation

The present research clarified that the mechanical behavior of the piled raft
foundation subjected to lateral and moment loads by centrifuge model tests. The model
foundations used in the present research assume the civil engineering structure such as
a viaduct foundation, which has relatively small raft with short piles. A couple of findings
derived from the present research contributes further expansion of application of the
piled raft foundation into civil engineering structure.

In particular, the piled raft foundation in sand, where the bearing capacity of the raft
can be fully expected, can restrain the excess settlement by the raft part. However, the
uplift of the pull-out pile might be large for the piled raft foundation. Larger uplift of pile
causes the increase of the rotation which is considerable for foundation design. In case
of same pile number, increase of the vertical load of superstructure is effective to prevent
the rotation of the foundation caused by the pile uplift. This finding suggests the
possibility of piled raft foundation, which can ensure enough horizontal and moment
resistances with fewer piles compared with the conventional pile group foundation.

To establish the design code of the piled raft foundation and to accelerate the
application of the piled raft foundation into civil engineering field, the numerical
approach is required. In addition to this the shaking table test is also needed in a

highly seismic area such as Japan.
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1. Appendix of Chapter 3 (Development of centrifuge modeling of piled raft foundation)
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A. 3.6.1 Relationship between output value and applied bending strain for light case pile.
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A. 3.6.3 Calibration number for light case pile

Gauge position Pile 1 Pile 2 Pile 3 Pile 4 Theory
(1) (WmV) 544 538 554 608 513
(2) (WmV) 537 523 —_— —_ 513
(3) (WmV) 525 533 —_— —_ 513
(4) (WmV) 530 542 —_— —_ 513
(5) (WmV) 548 530 —_— —_ 513
(6) (WmV) 269 269 269 269 256
(7) (WmV) 151 146 147 140 325
A.3.6.4 Calibration number for heavy case pile
Gauge position Pile 1 Pile 2 Pile 3 Pile 4 Theory
(1) (WmV) — —— 548 543 513
(2) (WmV) 527 517 — — 513
(3) (WmV) 520 529 — — 513
(4) (WmV) 538 519 — — 513
(5) (WmV) 577 515 — — 513
(6) (WmV) 269 269 269 269 256
(1) (WmV) 256 256 256 256 256
(7) (WmV) 224 135 147 195 325
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A. 3.6.5 Variation of Pv and Qpv and bending strain at pile head with settlement for PR_L1 during

penetration process.
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A. 3.6.7 Variation of Pv and Qpv and bending strain at pile head with settlement for P_L during

penetration process.
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A. 4.2.1.4 Variation of axial load and axial load increment at each depth with relative position of raft
base from ground surface for PR_L2 during penetration process.
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A. 4.2.1.5 Variation of axial load and axial load increment at each depth with relative position of raft
base from ground surface for P_L during penetration process.
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A. 4.2.1.6 Variation of axial load and axial load increment at each depth with relative position of raft
base from ground surface for PR_H during penetration process.
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A. 4.2.1.7 Variation of axial load and axial load increment at each depth with relative position of raft
base from ground surface for PR_H_F during penetration process.
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A. 4.2.1.8 Variation of axial load and axial load increment at each depth with relative position of raft
base from ground surface for P_H during penetration process.
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A. 4.2.1.9 Profiles of axial load and axial load increment for PR_L1 during penetration process.
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A. 4.2.1.10 Profiles of axial load and axial load increment for PR_L2 during penetration process.
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A. 4.2.1.11 Profiles of axial load and axial load increment for P_L during penetration process.
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A. 4.2.1.12 Profiles of axial load and axial load increment for PR_H during penetration process.
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A. 4.2.1.13 Profiles of axial load and axial load increment for PR_H_F during penetration process.
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A. 4.2.1.14 Profiles of axial load and axial load increment for P_H during penetration process.
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A. 4.2.1.15 Variation of shaft friction load and shaft friction load increment at each depth with
relative position of raft base from ground surface for PR_L1 during penetration process.
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A. 4.2.1.16 Variation of shaft friction load and shaft friction load increment at each depth with
relative position of raft base from ground surface for PR_L2 during penetration process.
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A. 4.2.1.17 Variation of shaft friction load and shaft friction load increment at each depth with
relative position of raft base from ground surface for P_L during penetration process.
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A. 4.2.1.18 Variation of shaft friction load and shaft friction load increment at each depth with
relative position of raft base from ground surface for PR_H during penetration process.
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A. 4.2.1.19 Variation of shaft friction load and shaft friction load increment at each depth with
relative position of raft base from ground surface for PR_H_F during penetration process.
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A. 4.2.1.20 Variation of shaft friction load and shaft friction load increment at each depth with
relative position of raft base from ground surface for P_H during penetration process.
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A. 4.2.1.21 Profiles of shaft friction and shaft friction increment at certain penetration depth for
PR_L1 during penetration process.
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A. 4.2.1.22 Profiles of shaft friction and shaft friction increment at certain penetration depth for
PR_L2 during penetration process.
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A. 4.2.1.23 Profiles of shaft friction and shaft friction increment at certain penetration depth for P_L
during penetration process.
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A. 4.2.1.24 Profiles of shaft friction and shaft friction increment at certain penetration depth for
PR_H during penetration process.
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A. 4.2.1.25 Profiles of shaft friction and shaft friction increment at certain penetration depth for PR_H
_Fduring penetration process.
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A. 4.2.1.26 Profiles of shaft friction and shaft friction increment at certain penetration depth for P_H
during penetration process.
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80

60

40

| PR LI

from ground surface (mm)

Relative position of raft base

Pile 1
20+ Pile 2 .
| —— Pile 3
Pile 4
O 1 n 1 n 1 n 1 n 1
0.6 0.8 1 12 1.4

Ratio of increment of axial load
at each pile head to average

(a) Axial load at pile head

80

60

from ground surface (mm)

Relative position of raft base

401 _
| PR LI
Pile 1
201 Pile 2 .
| — Pile 3
Pile 4
0 L L | L | L |
0 6 0 8 1 1.2 1.4

Ratio of increment of end bearing load increment
of each pile to average

(b) End bearing load

60

from ground surface (mm)

Relative position of raft base

401 .
| PR_LI |
— Pile 1
20 Pile 2 A
Pile 3 1
Pile 4
OL i | i | i | i | i | i |
-2 -1 0 1 2 3 4

Ratio of increment of shaft friction load increment
of each pile to average

(c) Shaft friction load

A. 4.2.2.14 Relationship between
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A. 4.2.2.19 Relationship between
variability of pile forces and relative
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A. 4.2.2.20 Relationship between
variability of increment of pile forces and
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process.
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A. 4.2.2.21 Relationship between
variability of pile forces and relative
position of raft base from ground surface
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process.

Relative position of raft base
from ground surface (mm)

20-PR_H F ]
| Pile 1
— Pile 2
10F Pile 3 .
r—— Pile 4
L Il L Il L Il L Il L
8.4 0.6 0.8 1 1.2 1.4

Ratio of increment of axial load
at each pile head to average

(a) Axial load at pile head

Relative position of raft base
from ground surface (mm)

20 PR _H F ,
| Pile 1 J
Pile 2
10F Pile 3 §
r Pile 4 | | 1
8.4 0.8 1.2

Ratio of increment of end bearing load increment
of each pile to average

(b) End bearing load

40

30

from ground surface (mm)

Relative position of raft base

20 PR_H_F
| Pile 1
Pile 2
10F Pile 3
r Pile 4
0 -1 0 1 2

Ratio of increment of shaft friction load increment
of each pile to average

(c) Shaft friction load

A. 4.2.2.22 Relationship between
variability of increment of pile forces and
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A. 4.3.1.1 Variation of Pv, Ppv and Prv for light case with settlement observed in vertical loading

process.
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A. 4.3.1.1 Variation of Pv, Ppv and Prv for light case with settlement observed in vertical loading

process.
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A. 4.3.3.4 Relationship between variability of pile forces and relative position of raft
base from ground surface for P_L observed in penetration process.
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A. 4.3.3.5 Relationship between variability of pile forces and relative position of raft
base from ground surface for PR_H observed in penetration process.
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A. 4.3.3.6 Relationship between variability of pile forces and relative position of raft
base from ground surface for PR_H_F observed in penetration process.
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A. 4.3.3.7 Profiles of axial load and axial load increment for PR_L1 during vertical
loading process.
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A. 4.3.3.8 Profiles of axial load and axial load increment for PR_L2 during vertical

loading process.
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A. 4.3.3.9 Profiles of axial load and axial load increment for P_L during vertical loading
process.
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A. 4.3.3.10 Profiles of axial load and axial load increment for PR_H during vertical

loading process.
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A. 4.3.3.11 Profiles of axial load and axial load increment for PR_H_F during vertical
loading process.
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A. 4.3.3.12 Variation of shaft friction load and shaft friction load increment at each depth with relative
position of raft base from ground surface for PR_L1 during penetration process.
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A. 4.3.3.13 Variation of shaft friction load and shaft friction load increment at each depth with relative
position of raft base from ground surface for PR_L2 during penetration process.
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A. 4.3.3.14 Variation of shaft friction load and shaft friction load increment at each depth with relative
position of raft base from ground surface for P_L during penetration process.
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A. 4.3.3.15 Variation of shaft friction load and shaft friction load increment at each depth with relative
position of raft base from ground surface for PR_H during penetration process.
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A. 4.3.3.16 Variation of shaft friction load and shaft friction load increment at each depth with relative
position of raft base from ground surface for PR_H_F during penetration process.

A63



0 T T T T T T
—_
=
g k
2 s0- 3 .
= !
"é L PR LI
g 100+ Loading step i .
=1 —O— Tnitial |
= | —A— 1(PG)
= —-0-2(PR) |
A 150+ 1 i 1 1 .
-0.2 -0.1 0 0.1 0.2 0.3
Shaft friction (MPa)
(a) Average of Pile 1 & Pile 2
Or T T ]
—_
=
g k
2 s0- .
e
"é L PR LI
g 100} Loading step i
=1 —O— Tnitial |
= | —A— 1(PG)
= —0-2(PR) |
A 150+ 1 i 1 1 .
-0.2 -0.1 0 0.1 0.2 0.3
Shaft friction (MPa)
(b) Pile 1
_ 0 T
g : I
g i 1
2 s0- ] .
3 1
"é b PR LI
g 100+ Loading step i .
=1 —O— Tnitial |
= | —A— 1(PG)
e, —O—-2(PR) |
A 150+ 1 i 1 1 .
-0.2 -0.1 0 0.1 0.2 0.3
Shaft friction (MPa)
(c) Pile 2

Depth from raft base (mm)

Depth from raft base (mm)

Depth from raft base (mm)

50 B
b PR LI 1
100}~ Loading step -
—O— Initial
|l —&— 1(PG) i
—O— 2 (PR)
150? " 1 " A‘L " 1 " 1 ]
-0.2 -0.1 0 0.1 0.2 0.3
Increment of shaft friction (MPa)
(d) Average of Pile 1 & Pile 2
Or T T 1
50 B
b PR LI 1
100}~ Loading step -
—O— Initial
| —— 1(PG) ]
—O— 2 (PR)
150 " Il " i‘ " Il " Il ]
-0.2 -0.1 0 0.1 0.2 0.3
Increment of shaft friction (MPa)
(e) Pile 1
O— —— I
50 B
b PR LI 1
100}~ Loading step -
—O— Initial
|l —&— 1(PG) i
—O— 2 (PR)
150 " Il " i‘ " Il " Il ]
-0.2 -0.1 0 0.1 0.2 0.3

Increment of shaft friction (MPa)

(f) Pile 2

A. 4.3.3.17 Profiles of shaft friction and shaft friction increment for PR_L1 during vertical loading

process.
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A. 4.3.3.18 Profiles of shaft friction and shaft friction increment for PR_L2 during vertical loading

process.
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A. 4.3.3.19 Profiles of shaft friction and shaft friction increment for P_L during vertical loading

process.
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A. 4.3.3.20 Profiles of shaft friction and shaft friction increment for PR_H during vertical loading

process.
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A. 4.3.3.21 Profiles of shaft friction and shaft friction increment for PR_H_F during vertical loading

process.
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A. 4.3.3.22 Profile of shaft friction at settlement of Imm.
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A. 4.3.3.23 Profile of shaft friction at Pv of 2500N.

A70

Depth from raft base (mm)

Depth from raft base (mm)

0 i w— K
I—I—<>
s0l- 4
1001 §
Py=2500N
150 . 4
02 0.2 0.4

Increment of shaft friction (MPa)

(c) Light case (Increment value)

0 AR A I ' '
50| .
100 .
' Py=2500N
150 : ]
s . s | s
02 0 0.2 0.4

Increment of shaft friction (MPa)

(d) Heavy case (Increment value)



Appendix

0 0 T T T T
- i I Py
fé\ -0.1 fé\ -0.2F EPV b
E o2t . ) I v
r %) -0.4+ -
S 03f . E »
£ » g .06k 1
T 04F 1 = I
A i b4
1%
-0.5F § @ 08 1
_0.6> L Il L Il n Il L -1 L Il L Il L Il L Il n Il n
0 1000 2000 3000 4000 0 1000 2000 3000 4000 5000 6000
Vertical load P+, Ppy, Pry (N) Vertical load P, Ppy, Pry (N)
(@) PR_L1 (d)PR_H
0 T T 0 T T
Bl Bl
E o4t . E g
w1 72}
2 08 . = 2 =
5] D
n n
12 1 . I . 3 . I . I \
-0 1000 2000 3000 0 1000 2000 3000
Vertical load Py (N) Vertical load Py (N)
(b)P_ L (e)P_ H
0 T 0 T T T
— R 11 —— R HI
—_ — R 12 —_ — R H2
g g
g .ot . g oab .
w v
k= g
£ g
2 -02f - 2 -02f 4
5] 5]
n 1%
- Il Il L - L Il L Il L
03 1000 2000 3000 0~3)0 1000 2000 3000
Vertical load Py (N) Vertical load Py, (N)
()R L1 &R L2 ()R_HI & R _H2

A. 4.4.2.1 Variation of Pv, Ppv and Pry with settlement during pre-vertical loading process.
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A. 4.4.2.2 Variation of axial load at each depth Qan with settlement s during pre-vertical loading
process for PR_L1.

AT72



0 T
P L
—_ - Qal
E 0.2 - QaZ T
\E/ i 8a3
2] -0.41+ a4 .
E QaS
g — Qs
5 o6 -
3
wn -0.8 .
-1 1 N i
0 400 800
Axial load at each depth (N)
(a) Average of Pile 1 & Pile 2
0 T
P L
—~ _ L Qal |
E 02 Qa2
g I - Qa3
w  -04F — Qu
E as
Q - a6
E) 0.6F §
5
2B ¥ 18 _ -
_1 1 n 1
0 400 800
Axial load at each depth (N)
(b) Pile 1
0 T
PL
—_ Qal
-0.2+ —
E QaZ
\_E/ i 833
7] 0.4+ - Qu -
E QaS
g — Qu
5 -0.6+ —
T
wn -0.8+ .
-1 1 ) 1
0 400 800

Axial load at each depth (N)
(c) Pile 2

Settlement s (mm) Settlement s (mm)

Settlement s (mm)

Appendix

L L 1 L 1 L
-500 0 200 400 600
Increment of axial load at each depth (N)

(d) Average of Pile 1 & Pile 2

L L 1 L 1 L
-500 0 200 400 600
Increment of axial load at each depth (N)

(e) Pile 1
T T T
o PL i
— ﬁga]
~0.2 a2 |
02 — AQqy
— AQu
-04}+ AQaS !
L AQaG
-0.6 -
-0.8+ -
N . 1 . 1 . 1 .
—EOO 0 200 400 600

Increment of axial load at each depth (N)

(f) Pile 2

A. 4.4.2.3 Variation of axial load at each depth Qan with settlement s during pre-vertical loading

process for P_L.
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A. 4.4.2.4 Variation of axial load at each depth Qan with settlement s during pre-vertical loading

process for PR_H.

AT74



0 T
e
E .
g
(]
g
= -2 —
k3]
n
_3 | | | |
0 200 400 600 800
Axial load at each depth (N)
(a) Average of Pile 1 & Pile 2
0 T T T T
PH
,é - 8:11
— Ra
\_E/ -1+ - Qa} -
»n - 834
E a5
— Qa
% 6
= -2 —
k3]
n
23 1 1 . 1 . 1
0 200 400 600 800
Axial load at each depth (N)
(b) Pile 1
0 T T T
P H
g —
- Qa
g Ak — Qs |
7 — Qu
E a5
) — Q
g 6
= 2 .
k3]
n
23 1 L 7 L 1 1
0 200 400 600 800
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A. 4.4.2.6 Profiles of axial load during pre-vertical loading process for PR_L1.
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A. 4.4.2.7 Profiles of axial load during pre-vertical loading process for P_L.
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A. 4.4.2.8 Profiles of axial load during pre-vertical loading process for PR_H.
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A. 4.4.2.9 Profiles of axial load during pre-vertical loading process for P_H.
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A. 4.4.2.10 Variation of shaft friction load at each depth with settlement s for PR_L1 during pre-vertical
loading process.
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A. 4.4.2.11 Variation of shaft friction load at each depth with settlement s for P_L during pre-vertical
loading process.
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A. 4.4.2.12 Variation of shaft friction load at each depth with settlement s for PR_H during pre-vertical
loading process.
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A. 4.4.2.18 Variation of shaft friction load at each depth with settlement s for P_H during pre-vertical
loading process.
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A. 4.4.2.14 Profiles of shaft friction for PR_L1 during pre-vertical loading process.
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A. 4.4.2.15 Profiles of shaft friction for P_L during pre-vertical loading process.
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A. 4.4.2.16 Profiles of shaft friction for PR_H during pre-vertical loading process.
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A. 4.4.2.17 Profiles of shaft friction for P_H during pre-vertical loading process.
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A. 5.3.1.1 Relationship between horizontal displacement at raft base 6 and settlement s for light case.
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case.
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A. 5.3.2.1 Relationship between horizontal displacement at raft base § and settlement of righ pile
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A. 5.3.2.2 Relationship between horizontal displacement at raft base § and settlement of righ pile
srpand left pile svp for heavy case.
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A. 5.4.2.1 Variation of horizontal load P and horizontal load carried by raft Pra and piles Ppu with
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A. 5.4.2.,5 Variation of APL and APru with A6 for each loading step..
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A. 5.4.2.6 Variation of normalized APL and APrpu of heavy case by those of light case with

AS.

A100



1

1.8 by h/S=

Normalized AP} and APry
for h/S

1

1.8 by h/S=

Normalized AP} and APy
for h/S

0.8+

0.6

0.4+

0.2+

—@— APy of PR LI
—8— AP, of R LI
—v— AP, of R 12

s 1 s

L 1 L 1
0.2 0.4 0.6 0.8
AS (mm)

(a) Light case (0; py== 1mm)

1.5

—8— APy of PR LI
—— AP; ofRaft

1 s 1 s 1 s

0.5 1 1.5
AS (mm)

(c) Light case (8; py==22mm)

1

1.8 by h/S=

Normalized AP} and APry
for h/S

1

1.8 by h/S=

Normalized AP, and APry
for h/S

Appendix

0.8

0.6~

0.4+

0.2+

—8— APy, of PR H
—8— AP, ofR_HI
—v— AP, of R_H2

1 1 s

0.5+

L 1 L 1 L
0.2 0.4 0.6 0.8 1
AS (mm)

(b) Heavy case (8; pr=2 1mm)

s 1 s 1 s 1 s

—8— APy, of PR H
—8— AP, of R_HI

AS (mm)

(d) Heavy case (8; pr=22mm)
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A. 5.4.3.1 Relationship between horizontal displacement at raft base 6 and horizontal
load carried by pile part Ppu for light case.
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A. 5.4.3.2 Relationship between horizontal displacement at raft base 6 and horizontal
load carried by pile part Peu for heavy case.

A103



Subgrade reaction of pile (kN/mZ)

Subgrade reaction of pile (kN/mz) Subgrade reaction of pile (kN/mz)

Subgrade reaction of pile (kN/mz)

A. 5.4.3.3 Relationship between pile deflection and subgrade reaction of pile for PR_L1.
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A. 5.4.3.4 Relationship between pile deflection and subgrade reaction of pile for P_L.
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A. 5.4.3.6 Relationship between pile deflection and subgrade reaction of pile for P_H.
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A. 5.4.3.7 Relationship between pile deflection and horizontal subgrade reaction of
push-in pile at depth of 1, 2 and 3.
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A. 5.4.3.8 Relationship between pile deflection and horizontal subgrade reaction of pull-
out pile at depth of 1, 2 and 3.
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A. 5.4.2.9 Variation of APL and APpu with A8 for each loading step.
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A. 5.4.2.10 Relationship APpu of push-in and pull-out piles with A8 for each loading step.
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A. 5.4.2.10 Relationship APpu of push-in and pull-out piles with A8 for each loading step.

Normalized APpy by pile group

0 Il Il Il
0 0.2 0.4 0.6 0.8
Ad (mm)
(a) All piles (8 pr== Imm, h/S=1)
& s : :
g » —e— PR LI
o at -O-PRH |
3
2 3 -
| ©o-0---0--0-__.5 __ 4
g 2 O---0-_4
Q L
N ooo—o 00— 0
Té | +
o
Il
< % 0.4 0.8
Ad (mm)

(c) All piles (8 pr== Imm, h/S=1.8)

Normalized APpy by pile group

Normalized APpy by pile group

T T T

Push-in Pull-out
—@— —4A— PR LI

-A- PR H

-O-

(b) Push-in & pull-out piles (8; pr== 1mm, h/S=1)

AS (mm)

T T T
Push-in Pull-out
-~ —A— DR LI
-4&- PR H

-O-

(d) Push-in & pull-out piles (8; py=== 1mm, h/S=1.8)

AS (mm)

A. 5.4.2.11 Relationship between AS and normalized APpu by that of pile group.
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A. 5.4.2.12 Relationship between A6 and normalized APpu of heavy case by that of light
case
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A. 5.4.2.13 Relationship APpn of push-in and pull-out piles with AS for each loading step
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A. 5.5.1.1 Relationship between A8 and AML for each loading step.
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A. 5.5.1.2 Relationship between A6 and normalized AML by that of pile group.
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A. 5.5.2.1 Profile of bending moment at A5=+0.6mm, +1.2mm.

Al119



s

s

0

~

=

g

2

2 so-

fa)

ot

<

-

E  100f

£

k=

j=%

jo)

a  1sof
-0.4

|
-0.2

|
0.2

04

Normalized increment of bending moment

by applied moment load

(e) Push-in pile (8; py==x2mm, h/S=1)

L

0
g
é k
Q
2 soF
£
& I
e
E  100-
&
= L
j=5
o)
A 1sof
-04

|
-0.2

|
0.2

0.4

Normalized increment of bending moment

A. 5.5.2.1 Profile of bending moment at A5=+0.6mm, +1.2mm.

by applied moment load
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(¢) Push-in pile (&; py== Imm, h/S=1.8)
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A. 5.5.2.2 Profile of normalized bending moment by applied moment load at A6=+0.6mm,
+1.2mm.
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A. 5.5.2.3 Relationship between rotation of A. 5.5.2.4 Relationship between rotation of
foundaiton 6 and average bending moment foundaiton 6 and average bending moment
at pile head for PR_L1.

at pile head for PR_L1.
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A. 5.5.2.5 Relationship between rotation of A. 5.5.2.6 Relationship between rotation of
foundaiton 6 and average bending moment foundaiton 6 and average bending moment

at pile head for PR_H.
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A. 5.5.2.7 Relationship between rotation of foundaiton 6 and average bending moment
at pile head for each loading step.
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A. 5.5.2.7 Relationship between rotation of foundaiton 6 and average bending moment
at pile head for each loading step.
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A. 5.5.2.8 Variation of pile load with rotation of foundation 6 for PR_L1.
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A. 5.5.2.9 Variation of pile load with rotation of foundation 6 for P_L.
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A. 5.5.2.10 Variation of pile load with rotation of foundation 6 for PR_H.
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A. 5.5.2.11 Variation of pile load with rotation of foundation 6 for P_H.
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A. 5.5.2.12 Variation of pile load with settlement for PR_L1.
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A. 5.5.2.14 Variation of pile load with settlement for PR_H.
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A. 5.5.2.15 Variation of pile load with settlement for P_H.
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A. 5.5.2.16 Variation of pile load with rotation of foundation 6 or settlement observed in
loading step 1 and 2 (6Lpr=+1mm, h/S=1).
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A. 5.5.2,16 Variation of pile load with rotation of foundation 6 or settlement observed in
loading step 1 and 2 (SLpr=+1mm, h/S=1).

Al136



Appendix

% 800
=
<
=
P 600 *é\
= g
s 400 ©w i
=l b= i
S QE’ 1k i i i
— 200 5 : i —e—PRLI
£ = ! B R S
s 0 A -lsE T o- PR H -
o | -Oo-PH
= ] i -
o . 1 . . 1 . 2 . 1 . 1
2 2(-)8.02 -0.01 0 0.01 0.02 0 400 800
Rotation foundation 6 (rad) Average axial load at pile head (N)
(a) Axial load at pile head (Left pile)
~ 800 r -
z ; ' .
9 . O----- R R -
8 6001 £
) g
= -0.5F H =
£ 400- - ;
g g i
O ] _1 | : \
= 2000 & : Lo —e— PR LI
5 = : Rt ——PL
o : -
g 0 A LS / -0-- PR H 1
5 i -0o-PH
> |
< _ . I . . L . 2 | : I . I
2(—)8.02 -0.01 0 0.01 0.02 0 400 800
Rotation foundation 6 (rad) Average end bearing load (N)
(b) End bearing load (Left pile)
z 80 , : :
s [ -O-PRH  + 1  Ob-----@mmmmmmmmmmm e —
& 600 e
g g ]
‘S 4001 @
E 5
S 200 £ —e— PR LI
2 E L ]
S0 % -0-- PR H
s -O-PH
o 1 _
E 220 . 1 . ] . 1 . 1 . 1
-8.02 -0.01 0 0.01 0.02 400 800
Rotation foundation 6 (rad) Average shaft friction load (N)

(c) Shaft friction load (Left pile)

A. 5.5.2,17 Variation of pile load with rotation of foundation 6 or settlement observed in
loading step 3 and 4 (SLpr=+1mm, h/S=1.8).
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A. 5.5.2,17 Variation of pile load with rotation of foundation 6 or settlement observed in
loading step 3 and 4 (SLpr=+1mm, h/S=1.8).
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A. 5.5.2,18 Variation of pile load with rotation of foundation 6 or settlement observed in
loading step 5 and 6 (SLpr=+2mm, h/S=1).
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A. 5.5.2,18 Variation of pile load with rotation of foundation 6 or settlement observed in
loading step 5 and 6 (SLpr=+2mm, h/S=1).
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A. 5.5.2,19 Variation of pile load with rotation of foundation 6 or settlement observed in
loading step 7 and 8 (6Lpr=+2mm, h/S=1.8).
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loading step 7 and 8 (6Lpr=+2mm, h/S=1.8).
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A. 5.5.3.1 Relationship between AB and AML from axial load at pile head, bending

moment at pile head and raft part.for PR_L1.
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A. 5.5.3.2 Relationship between AB and AML from axial load at pile head, bending
moment at pile head and raft part.for P_L.
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(d) SLDT= + me, h/S=1.8

A. 5.5.3.3 Relationship between AB and AML from axial load at pile head, bending
moment at pile head and raft part.for PR_H.
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A. 5.5.3.4 Relationship between AB and AML from axial load at pile head, bending
moment at pile head and raft part.for P_H.
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A. 5.5.3.5 Relationship between AB and AML of piled raft, raft part in piled raft and raft
foundation for each loading step.
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