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Extensive researches for piled rafts have been performed but the evaluation of
their behavior in ground subsidence condition is still a challenge. In this study,
centrifugal tests and finite element (FE) analyses were performed in order to
investigate the effect of ground subsidence on load distribution between piles and raft,

foundation settlement as well as moment and shear in raft.

Six cases of centrifugal tests consisted of group 1 (soil condition 1) with case
1: raft alone, case 2: piled raft (s = 2d), case 3: piled raft (s = 4d) and group 2 (soil
condition 2) with case 4: raft alone, case 5: friction piled raft (s = 4d), case 6: end-
bearing piled raft (s = 4d) were conducted under centrifugal force field of 50g. The
centrifugal test results can be concluded as followed; 1) foundations settled almost
linearly with ground subsidence, 2) as piled spacing increases, settlement of
foundation increases and axial load of piles increases, 3) negative skin friction of end-
bearing piled raft was much larger than that of friction piled raft in ground subsidence

condition.

After centrifugal tests had been conducted, parametric studies were made for
centrifugal piled raft models and three cases of piled rafts on Bangkok soil (case 1,
case 3 and case 3 with levels of raft at -15 m, -7.5 m and + 0.0 m, respectively) under
ground subsidence condition by a commercial finite element analysis program (Plaxis
3D). The calculations were done by drained, plastic analysis with effective parameters.
Results showed that load-settlement curves, load distributions between piles and raft,
axial force of piles, average and differential settlements, raft moment and shear were
significantly affected by number of piles, Young’s modulus of soil, pattern of loads,

raft thickness, piled spacing and ground water levels.
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CHAPTER1

INTRODUCTION

1.1 Background

Due to the pumping of large amount of ground water for water supply, ground
subsidence has occurred at some cities such as Bangkok, Ho Chi Minh, Shanghai,
Mexico, etc (Poulos, 2008). Effects of land subsidence from deep well pumping on
differential settlement of many buildings in Bangkok area are reported in Phienwej et
al. (2004). Comparison of ground water pumping rate and ground surface subsidence
rate of Shanghai City and some results of ground subsidence observed in Ho Chi
Minh area were presented in Le and Ho (2008).

A pile used in ground subsidence condition will be subjected to negative skin
friction. As discussed by Poulos (2008) and Fellenius (1998, 2006), among many
others, two key issues relating to negative skin friction are: (1) Additional axial forces
(drag force) and (2) additional settlement (downdrag or drag settlement). Some
suggestions for designing of piles and piled groups considering capacity, settlement
and negative skin friction were presented in Goudreault et al. (1995).

Raft foundations are widely used for civil structures in construction industry
such as industrial chimney (Turner, 2000), tower blocks (Morrison, 2000), buildings
(Cracknell, 2000), immersed tube tunnel or foundation of mass rapid transit authority
(Apted et al., 2000), etc. The use of raft foundation in soils with low bearing pressure
gives some advantage (Gupta, 1997): (1) increasing ultimate bearing capacity with
increasing width of the foundation. (2) Settlement decreases with increased depth. (3)
Decreasing differential settlement. However, for high-rise buildings or civil structures
where heavy loads are faced, the capacity of raft foundation may be unsatisfied or
large settlements (average or differential settlements) of foundation need to be solved.

Nowadays, piled raft foundations have been used to support for many kinds of
buildings in stiff soils (Frank et al., 2000) and in soft soils (Tan el al., 2004 and 2006).
As pointed out in Katzenbach et al. (2000), the load-bearing behavior of a piled raft
foundation is characterized by four interactions including: (1) soil — pile, (2) pile —
pile, (3) soil — raft and (4) pile — raft. The interaction effects between adjacent piles

and between the piles and raft are two principle factors which indicate that behavior of



the piles as part of a piled raft differs essentially from that of a comparable single
isolated pile. Therefore, an important requirement for a reliable design of piled raft is
in which both four above interactions should be taken account.

Several research works relating to interaction effects between adjacent piles in
piled raft foundations such as Randolph (1994), Burland (1995), Katzenbach et al.
(2000), Poulos (2000, 2001a and 2001b), Prakoso et al. (2001), Seo et al. (2003),
Gobinath et al. (2010), etc, have been published during past decades.

Generally, the most economical design of piled raft, as presented by Randolph
(1994), is that the raft itself can adequately support the loads of the structures and the
piles are added to limit the total and differential settlements of the foundation within
allowable margins. In other words, the piles should be designed so that their bearing
capacity is fully mobilized at working load. Hemsley (2000) presents some examples
of the use of piled raft with piles as settlement reducers in different types of soils.

In the regard of piles as settlement reducers, piled load share (load carried by
the piles in piled raft) is the most important factor to estimate the settlement of the
foundations. Some researched works (Vincenzo et al., 2008; Y. EI-Mossallamy, 2008;
Katzenbach et al., 2000, etc.) have presented and given explanations on this
relationship. However, few experimental data can be found in literature and no many
works focused on foundations under the effects of ground subsidence condition.

For cases where the piled raft are constructed on the soils subjecting to ground
subsidence, the response of the foundation to the loads of superstructures may be
changed because of changing in ground condition. Some components of capacity and
settlements which influence on the response of the foundation are (1) load-settlement
relationship, (2) axial forces in piles, (3) load distribution and average and differential
settlements, (4) Bending moment and shear force in raft. Most of the recent research
works has been performed for piled rafts on soils where ground subsidence has not
occurred, and the reliable design of piled raft in which both four types of interactions

are taken account in ground subsidence condition is still a challenge.

1.2 Objectives

The overall objective of this study is to investigate the effect of ground subsidence,



causing by pumping of ground water, on load distributions, settlements, and raft
bending moment and shear of piled raft in ground subsidence condition.
In order to achieve the above objective, the following sub-objectives should be
obtained.
(1) Review the use of simplified methods for analysis of response of piled raft in
normal condition.
(2) Analysis of response of piled raft in ground subsidence condition using centrifugal
test.
(3) Analysis of response of piled raft in ground subsidence condition using FE

method.

1.3 Thesis Layout
The thesis is presented in the following five chapters.

Chapter 2 presents a brief review of previous research work on piles raft
foundations. The review also presents the cases of foundations affected by ground
subsidence causing by ground water pumping.

Chapter 3 presents the simplified methods for analysis of piled raft. Poulos-
Davis-Randolph (PDR) method and Modifications of PDR method are presented in
details.

Chapter 4 shows the results of centrifugal analysis of model piled raft in
ground subsidence condition. Some results relating to load-settlement curves,
distribution of axial force and distribution of pore water pressures is presented in
detail.

Chapter 5 presents the numerical analyses of piled raft in ground subsidence
condition. Geotechnical parameters assessment, verification analysis and applied
numerical method to analysis three cases of piled raft in Bangkok soil are shown in
details.

Chapter 6 summarizes the main conclusion drawn from this research work and

recommends for future research work in this field.



CHAPTER 11

LITERATURE REVIEW

2.1 Introduction

This chapter comes up with five parts. First part is a brief review of piled raft
foundation which is included concept of piled raft, condition for selection piled raft,
design philosophies, methods of analysis of piled raft and cases histories using of
piled raft. Second part presents the review of ground surface subsidence problems.
Third and fourth parts show the capacities of centrifugal test and FE analysis,

respectively. Final part presents a case of piled raft in Bangkok soil.

2.2 Piled Raft Foundation

2.2.1 Concept of piled raft

When a raft does not satisfy the design requirements, the piles may be introduced to
improve the ultimate load capacity, overall settlement and differential settlement, and
the required thickness of the raft. Both the raft and the piles are used in such a
foundation, and it is referred as a piled raft. This concept of piled raft has been
described by Poulos (2001a, 2001b) as well as many other researchers, and can be
schemed as in Figure 2.1. Figure 2.2 shows some examples of raft, piled raft and piled
foundations in Frankfurt, Germany.

Piled raft is a geotechnical composite foundation composing of three bearing
elements: piles, raft and subsoil. The bearing behavior of a piled raft, therefore,
depends on the interaction between the elements of foundation and subsoil.
Katzenbach et al. (2000) has defined four types of interaction as illustrated in Figure
2.3, and it is necessary to be taken into account in the analysis of behavior of piled

rafts.

Raft foundation Piled raft foundation Piled foundation

Figure 2.1 Raft, piled raft and piled group foundations
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In design of piled rafts, five issues are necessary to be considered, including:

(1) Ultimate load capacity for vertical, lateral and moment loadings.
(2) Maximum settlement.

(3) Differential settlement.

(4) Raft moments and shears for the structural design of the raft.

(5) Pile loads and moments, for the structural design of the piles.
2.2.2 Conditions for selection of piled raft

Franke et al. (2000) suggests a procedure for selection of piled rafts as shown in
Figure 2.4. The piled raft can be chosen if a raft alone has an inadequate factor of
safety against failure, or would damage from excessive total or differential
settlements.

Poulos (2000) points out the subsoil conditions where are favourable and

unfavourable for piled rafts as below.

(1) For favourable situations
(a) Soil profiles consisting of relatively stiff clays.

(b) Soil profiles consisting of relatively dense sands.

(2) For unfavourable situations

(a) Soil profiles containing soft clays near the surface.

(b) Soil profiles containing loose sands near the surface.

(c) Soil profiles which contain soft compressible layers at relatively shallow
depths.

(d) Soil profiles which are likely to undergo consolidation settlements due to
external causes.

(e) Soil profiles which are likely to undergo swelling movements due to external

causes.
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Figure 2.4 Selection procedure for design of plain and piled raft foundations (Franke
et al., 2000)

2.2.3 Design philosophies

There are three different design philosophies for piled raft foundations summarized by
Poulos (2000). He shows that the design of piles for supporting the raft can be based
on conventional, creep piling or differential settlement control philosophies. He also
notes the piles designed to act as settlement reducers (in creep piling philosophy) give

the most economical solution.



Curve 0: raft only
(settlement excessive)
g Piles &raft | Cyrye 1: raft with pile
s yielding .
S "~ Piles designed for
yielding conventional safety
factor
No 3 . .
yield Curve 2: raft with piles
= 0 designed for lower
§ safety factor
5 Curve 3: raft with piles
3 Allowable designed  for  full
- /settlement utilization of capacity
Settlement

Figure 2.5 Load-settlement curves for piled rafts according to various design

philosophies (Poulos, 2000)

The first two design strategies are shown in Figure 2.5, in which curve 3 presents the
piles are designed as settlement reducers. The third strategy is explored by Randolph
(1994), Horikoshi et al. (1996, 1998) and Ruel et al. (2004). An effective approach to
reducing differential settlements for uniformly loaded raft is to locate a few piles over
the central region 16-25% of the raft, discussed by Horikoshi et al. (1998). The use of
piled rafts with different pile lengths gives an optimum design for the cases of non-
uniform vertical loads, as suggested by Ruel et al. (2004).

Poulos (2001b) suggests a rational design process for piled rafts which

includes three main stages:

(1) A preliminary stage to assess the feasibility to using a piled raft, and the required
number of piles to satisfy design requirements.

(2) A second stage to assess where piles are required and the characteristics of the
piles.

(3) A final detailed design stage to obtain the optimum number, location and
configuration of the piles, and to compute detailed distributions of settlement,

bending moment and shear in the raft, and the pile loads and moments.



2.2.4 Methods of analysis of piled raft

Several methods have been used for analysis of piled rafts, which can be divided into

four categories:

1. Simplified calculation methods (e.g. Poulos-Davis-Randolph (PDR) (see Poulos,
2001a; Burland, 1995).
2. Approximate computer-based methods
(a) Strip on Springs Approach (e.g. Poulos, 1991).
(b) Plate on Springs Approach (e.g. Russo, 1998).
3. Rigorous computer-based methods.
(a) Boundary element methods (BEM) (e.g. Butterfield, et al., 1971; Brown and
Wiesner, 1975; Sinha, 1997).
(b) Methods combining boundary element for the piles and finite element analysis
for the raft (e.g. Hain and Lee, 1978; Ta and Small, 1996; Small and Zhang,
2002; Mendonca et al., 2003).
(c) Finite element method (FEM) (e.g. Katzenbach et al., 2005; Sanctis et al.,
2006; Ningombam Thoiba Singh et al., 2008; JinHyung Lee et al., 2010.
In this study, simplified method, centrifugal tests and 3D finite element method are

used for model piled rafts on soft clay under the effects of ground surface subsidence.

2.2.5 Case histories using of piled raft

(a) Piled raft on stiff soils

Piled raft on Frankfurt clay is summed in Table 2.1. The general soil profile of
Frankfurt city is shown in Figure 2.6. An example for previous analyses of project
using piled raft on stiff soils is presented in Figure 2.7. The measured results are
shown in Figure 2.8, Figure 2.9 and Figure 2.10. The numerical results are presented
in Figure 2.11, Figure 2.12 and Figure 2.13. Other extensive analyses of projects using
piled rafts on stiff soil can be seen in Katzenbach et al. (2000). Almost aspects of piled

raft have been researched for stiff soils but for soft soils.



Table 2.1 Piled raft in Frankfurt clay, Katzenbach et al. (2000)

lfiljliladlng Torhaus Messeturn Wes{end Eurotheum Main Tower Americssn EXpre JapalrleCent CEI;%]I;:S Fri;l}il;lréer
H (m) 130 256.5 208 110 198 74.7 115.3 51.6 55
P(MN) 2x200 1450 1140 450 1470 800 870 1440 500
A(m?)  2x430 3457 2940 1830 3800 3570 1920 10200 25000
t (m) 2.5 6.0 45 2.5 3.8 2.0 3.5 2.7 2.2

z, (m) 3.0 14 14 13 21 14 15.8 8.0 11.5

n 2% 42 64 40 25 112 35 25 141 102
Ly(m) 200 269-349 30 25.0-30.0  20.0 & 30.0 20.0 220  125-345 20.0&25.0
dy(m) 09 1.3 1.3 1.5 L5 0.9 1.3 1.3 0.9
id, 3035 3560 3860 1660 3.0-6.0 3.5 3.0-60  3.0-6.0 3.5
P,(MN) 1.7-69 58-20.1 92-149  1.8-6.1 1.4-8.0 27-51  79-13.8  42-65 -

Otpr 0.8 0.55 0.5 0.3 0.85 - 0.4 0.4 -
s(mm) 150 144 110 32 25 55 60 40-60 -

H: max. height of building; P: effective load (total load minus uplift); A: area of raft; t: max. thickness of raft; z;: max. depth of raft
below the ground level; n: number of piles; L,: pile length; d,: pile diameter; i: average pile spacing; P,: measured pile loads; o
measured piled raft coefficient; s: max. measured settlements.

01
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Figure 2.7 Torhaus: (a) profile view of the building, (b) ground plan of raft (Reul et
al., 2003)

Measured results:
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Figure 2.8 Measured load-settlement curves for Torhaus building (Katzenbach et

al., 2000)
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Numerical results:
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Figure 2.11 Torhaus: pile load. Measurement after Sommer (1991) and finite-
element analysis (Reul et al., 2003)
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Figure 2.12 Torhaus: settlement profile. Measurement after Sommer (1991) and
finite-element analysis (Reul et al., 2003)
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Modifled plle configuration A:
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Figure 2.13 Torhaus: coefficient for maximum and differential settlement and piled

There are some remarks on this group:

The load carried by the raft is large.

raft coefficient depending on the total pile length (Reul et al., 2003).

The average and differential settlements of the foundation are small.



16

(b) Piled raft on soft soils

Tan et al. (2004) reports a case of use of piled raft for 2-storey Terrace Houses on soft
clay. The structures were built during 2002 - 2003 at Bukit Tinggi, Klang, Malaysia.
The subsoil conditions include very soft to firm silty clay distributing up to 25m — 30

m which are underlain by a silty sand (Figure 2.14).
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Figure 2.14 Properties of Klang Clay: (a) compressibility parameters, (b)

undrained shear strength and sensitivity (Tan et al., 2004).
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The maximum loads of 360 kN for column, 16 kN/m for line load and 3 kN/m? for
live load. A 15 m x 80 m rectangular raft with 150 mm thickness is used and it is
reinforced with 350 m x 600 mm strips. The 150 mm x 150 mm square piles with 9 m
length are used as settlement reducers. Measured results during the construction
period give 13 mm average settlement, 9 mm differential settlement and an angular
distortion of 1/2850. Figure 2.15 shows the locations of settlement markers and
settlement monitoring results.

Tan et al. (2006) presents completed 5-storey Apartments using piled raft on
soft clay at the same site of 2-storey Terrace Houses. The maximum loads of 750 kN
for column, 9 kN/m for line load and 2.7 kN/m? for live load. A 25 m x 70 m
rectangular raft with 300 mm thickness is used and it is reinforced with 350 mm x 700
mm strips. The 200 mm x 200 mm square ‘floating’ piles with lengths vary from 18 m
to 24 m are used. The total number of piles is 504. The results measured from
construction of 3" floor (9/2003) until 9 months after finishing the construction
(10/2004) show 82 mm average settlement, 27 mm differential settlement and an

angular distortion of 1/685. Figure 2.16 shows details of 5-storey Appartments.

Completed 5-storey Apartments

g s, 2
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Figure 2.16 5-Storey Apartments: (a) Schematic of piled raft system, (b) Typical

cross-section of piled raft, (c) Location of settlement markers, (d) Settlement

monitoring results, and (e) Raft average settlement and maximum differential

settlement (Tan et al., 2006).
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(c) Piled raft on soft soils and effected by ground subsidence

La Azteca building in Mexico city is a notable example of piled raft under ground
surface subsidence. The building is constructed during 1954-55. The foundation is
located on deep highly compressible volcanic clay which is subjected to land
subsidence arising from groundwater extraction (Hemsley, 2000; Poulos, 2005). The

soil profile is shown in Figure 2.17.
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Figure 2.17 Soil profile of volcanic clay in Mexico City (Poulos, 2005)
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(a) (b)
Figure 2.18 Piled raft of La Azteca building after Zeevaert (1957): (a) foundation

layout, (b) settlement curves (Hemsley, 2000)
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The total load is 79.2 MN corresponding to an average applied pressure of 118 kPa.
The 2.5 m thick raft is supported by 83 settlement reducing piles ( 0.4 m diameter, 18
m long), as shown in Figure 2.18(a). The piles are designed to carry 27 % of the total
load. The final computed settlement is about 370 mm. The measured settlement at two
years after the start of construction is 210 mm while differential settlement is smaller
than 30 mm. Both measured and computed curves of settlement are presented in
Figure 2.18(b). The method for calculation of settlements which is shown in Figure
2.18(b) is in traditional manner.
There are some remarks on this group:

e The load carried by the raft is small.

e The average and differential settlements of the foundation are very large.

e Use compensated friction piled raft to reduce the difference settlement

between the foundation and the ground surface.

2.3 Ground Subsidence Problems
2.3.1 Sources of ground subsidence

Ground surface subsidence has been occurred in many cities because of some reasons:

— Heavy pumping of ground water: Bangkok, Mexico City, Tokyo, Houston and
San Joan Valley (Zeevaert, 1973; Poulos, 2008); south Taiwan (Lee et al., 1998).

— Oil extraction: Long Beach, California and Maracaibo and Venezuela (Zeevaert,

1973).

2.3.2 Effects of ground subsidence on piled rafts

Ground surface subsidence induced by lowering the water table may cause some
problems for piled raft foundation as below:

— Friction piles: shaft friction decreases due to negative friction.

— End-bearing piles: piles buckle due to shrinkage of the lateral supporting soil.

— Load sharing between raft and piles is changed.

— Large overall settlement is imposed due to the reduction of bearing capacity of

the foundations.
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— Large differential settlements occur because the reduction of bearing capacity of
each pile is different.
Several examples which show the effects of ground surface subsidence on the

foundation of structures can be seen in Zeevaert (1973) and Phienwej et al. (2004).

2.3.3 Mechanics of ground surface subsidence
Zeevaert (1973) proposed the following procedure for analyzing of ground surface

subsidence arising from groundwater extraction.
(a) For an isotropic soil deposit of thickness H
The subsidence of ground at depth z of soil deposit can be calculated as
_ L. 2 2

8. =my, i (H -2*) @2.1)

The ultimate ground surface subsidence at z = 0 is obtained as
1
o, =m, (2 oz ) H (2.2)

The rate of ultimate ground surface subsidence at z = 0 is given by

90, 1 04,
—=m H.| Y, — 2.
ot mVH(Zy‘“ azj @3

The rate of subsidence at any depth z is calculated by

05, 5[ 2
o {1_%} 4

where

M, is the coefficient of unit volume compressibility and 7,, is the unit weight water.

iz is the hydraulic gradient at depth z and is defined as i, = —.
Z

A is the drop between piezometric water levels at distance z and /10 is the drop
between surface and bottom of the deposit.

(b) For soil deposits are stratified and the mechanical properties of compressibility
are not constant with depth
The total settlement at the ground surface is calculated by summing all the

compressible strata as below
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n

J, = % 7, 2.m, (’1/‘ + A ) d; (2.5)

1

The rate of subsidence is given by

6 1 & (04, 94,
5227@”’{7!*;9—21 “ (26
where

M, ; is the coefficient of unit volume compressibility of strata j and d; is the thickness

of strata j.

//l’j , ﬂ’j+1 are drops of piezometric water level when the water flows to the base of

strata j and strata j+ 1, respectively.

2.4 Capacity of Centrifugal Test for Analysis of Piled Raft

Horikoshi et al. (1996) performs a series of centrifugal tests of model piled raft on
clay to investigate the role of centred pile group in reducing the settlement of the raft.
Conte et al. (2003) presents experimental research based on centrifuge test focusing
on the problem of ultimate bearing capacity of piled raft on clay. Vincenzo Fioravante
et al. (2008) carried out the centrifugal test to investigate the behavior of raft on
settlement reducing piles on loose sand. Many successful results were archived
through these researches, which are shown in figures 2.19 — 2.23 (n: number of piles
in piled raft). The centrifugal test can be use for analysis behavior of model piled raft

in this study.

Applied pressure (kPa)

0-0 ==
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02§ —
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Average settlement
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07 2

Figure 2.19 Average settlement of raft during loading test (Horikoshi et al., 1996).
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Figure 2.21 Percentage load transferred to piles (Horikoshi et al., 1996).
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Figure 2.22 Load-settlement chart of a model piled raft (Conte et al., 2003).
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Figure 2.23 Load sharing mechanism of a model piled raft (Vincenzo Fioravante et al.,

2008).

2.5 Capacity of Plaxis 3D Foundation for Analysis of Piled Raft

2.5.1 Plaxis 3D Foundation

Plaxis 3D Foundation is a finite element program which has been written for analysis
foundations of structure including piled raft foundation. It can generate a large 3D
finite element meshes. The mechanical behavior of soils can be modeled by several
models (e.g. Mohr-Coulomb model) for different analyses. The interactions between
piles, raft and soil can be simulated via this program. Extensive features of Plaxis 3D
Foundation can be seen in Brinkgreve et al. (2007). A validated analysis of this
program for piled raft in Frankfurt clay (Japan Centre building) has also been
presented in Validation Manual. The results of the analysis are shown in Figure 2.24

and Figure 2.25.

FO T R TR N TR R TR

Figure 2.24 Foundation settlement under working load (Brinkgreve et al., 2007).
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,65%10~3# kN +

Axial force N (scaled up 500,00%10 times) Skin friction Ty, (scaled up 10,00¥1073 times)
Max.Value = —2,66"‘103 kN ( Element 146 at node 26295) Max.Value = 490,00 kN/m ( Element 146 at node 26295)
Min.Value = -10,12*10° kN ( Element 141 at node 26283) Min.Value = -17,94%107" kKN/m (Element 141 at node 26283)

Figure 2.25 Distributions of normal force and skin friction along a middle pile

(Brinkgreve et al., 2007)

2.5.2 Model Formulations
Linear Elastic Model

This is the simplest model used for materials, which is based on the Hooke’s law for
isotropic linear elastic behavior. The relationship between effective stress and strain is
expressed in term of the rate as below:

6’'=D¢ .7)
Where D is the elastic material stiffness matrix. Effective Young’s modulus E and
effective Poisson’s ratio V are used in this model, which are attached in D¢ matrix.
Linear elastic model is inappropriate to model behavior of the soils which have highly
non-linear behavior. This model is suitable to simulate behavior of structures (e.g.
piles, raft, floors or walls) where the strength properties of materials are very high
compared to those of soils. In Plaxis, this model is usually used together with Non-
porous type of material behavior to exclude pore pressures from these structural

elements.
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Mohr-Coulomb Model

The Mohr-Coulomb model is an elastic perfectly plastic model which is a constitutive
model with a fixed yield surface and the behavior of points within the yield surface is
purely elastic. Based on the basic principal of elastoplasticity, equation (2.7) can be

written as:
¢'=D(é-¢") 2.8)

Where £”is the plastic strain rate component which is defined by:

¢ =198
Jdo

Where A is the plastic multiplier which is defined from the yield function, f, as below:

(2.9)

T
A=0 for:  f<0 or %Deé‘ <0 (Elasticity)  (2.10)
(o}
of " .. ..
A>0 for. f=0 and: ?D >0 (Plasticity)  (2.11)
(o}

g is the plastic potential function which is introduced to fix the problem of theory of
associated plasticity in estimating dilatancy. Non-associated plasticity is denoted as g
7 [

Therefore, the relationship between effective stress rates and strain rates can be

expressed as

., .., 08 o ).
az(D _ED ai'aj;'ng (2.12)

In which o =0 (elasticity) and a = 1 (plasticity)

of" 0
d=Y_p98 (2.13)
Jdo Jdo
For multi surface yield contour, the above equations should be extended as:
og dg og
P = Ly 2 4 4. 214
ﬂ‘aa' /?zag, %aa' (2.14)
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Where /1l.(i =1, 2, 3,...) can be defined from the yield functions f; i = 1, 2, 3,...),

respectively.
The yield condition used in Mohr-Coulomb model is an extension of Coulomb’s
friction law to general states of stress. In principle stress space, this condition consists

of six yield functions as below:

1 V4 V4 1 / / .

£, =5(o'2—03)+E(0'2+63)sm¢—ccos¢30 (2.15)
1 /, / 1 / / .

fi :5(0-3—0'2)+§(0'3 +0,)sing—ccosp<0 (2.16)
1 V4 , 1 4 2 .

£ =§(o'3 o'l)+§(0'3+0'1)sm¢)—ccos¢so (2.17)
1 V4 V4 1 /7 7 .

F 5(0-1 0'3)+5(0'1+0'3)sm¢—ccos¢30 (2.18)
1 V4 / 1 / /7 o

fi, :5(0-1 o'z)+5(0'1+0'2)sm¢—ccos¢SO (2.19)
1 V4 /7 1 7 / <

fa =§(o-2 o'l)+5(0'2+0'1)s1n¢—ccos¢30 (2.20)

Where ¢, c are the friction angle and cohesion of the soil respectively. The condition

f; = 0 for all yield functions together give a hexagonal cone as shown in Figure 2.26.

Figure 2.26 The Mohr-Coulomb yield surface in principal stress space for ¢ = 0

(Brinkgreve et al., 2007)
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The plastic potential functions of Mohr-Coulomb model are defined as below:

1 / /
8ia :5(0-2 O;

1 / /
8w 5(0-3 O

1 / /
g2a 25(

1 / /
82 :5(0-1 O;

1 / /
834 =§(61 0,

1 / /
83 :5(0-2

)+%(0';+0';)sinw
1 / / .
2)+§(0'3+62)sml//

I, , .
0'3—0'1)+5(0'3+0'1)smw
I, , .
)+5(O'l +0,)siny
1 / / .
)+§(0'1+62)sm;//

—O'l)+%(0'; +0])siny

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

Where y is the dilatancy angle of the soils. Hence, there are five parameters including

¢, ¢ and ¥ for plasticity and E and v for elasticity are required for Mohr-Coulomb

model.

2.6 Case of Piled Raft in Bangkok Soil

Phongpat Kitpayuck (2009) performs a parameter study for a case of piled raft in

Bangkok soil. The properties of Bangkok soil used for his analyses are shown in Table

2.2.

Table 2.2 Properties of Bangkok soil used in analyses of Phongpat Kitpayuck (2009)

Depth Unit Cohesion  Friction Poisson’s  Young Interface
Materials (m) Weight  (kN/m?) Angle Ratio  Modulus parameters
(kN/m?) (degree) (kN/m?)
Soft Clay 0-15 15.5 20 - 0.495 3000 0.9
Stiff Clay 15-25 18.8 90 - 0.495 40500 0.5
1* Sand 25-35 19.8 - 35.8 0.3 80000 0.6
Hard Clay 35-45 20.2 300 - 0.495 150000 0.3
2" Sand 45-55 20.5 - 36.2 0.25 200000 0.6
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A 50-storey building for which the applied load is assumed to be 1 ton/m?/floor has
been considered in the study. Figure 2.27 shows the 3D layout of the piled raft
foundation under superstructure. The analysis results show that the stiffness of soil
beneath the raft has a significant influence on the behavior of the piled raft. However,
his study is performed for normal condition. In this paper, the problem will be

analyzed again with considering the effect of ground surface subsidence.

Soft Clay Layer ) ///’///

Slifi Clay Layer Basement Walls

1st Sand Layer Mat Raft foudation
Hard Clay Layer
Piles foudation

2Znd Sand Layer

Figure 2.27 3D layout of the piled raft foundation under superstructure (Phongpat
Kitpayuck, 2009)

2.7 Conclusions
Extensive research works have been done for piled raft on stiff soils and little papers
have been considered on piled raft on soft soils and foundation in ground subsidence
condition as well. From the review, it can be seen that, for piled raft in soft soils, the
load carried by the raft is small and the average and differential settlements of the
foundation are very large.

For piled raft in ground subsidence, such as La Azteca building, the average
and differential settlement of foundation are also very large because of not only load
of superstructure but also incremental settlement from ground subsidence. The portion

of incremental settlements from ground subsidence is determined this study.



CHAPTER 111

SIMPLIFIED METHOD FOR ANALYSIS OF PILED RAFT IN NORMAL
CONDITION

3.1 Introduction

Simplified method can be used in preliminary design stage for a quick evaluation of
behavior of the foundation and to indicate whether use of piled raft is feasible or not.
This chaper summarizes the thoery of Poulos-Davis-Randolph (PDR) method and
Modifications of Poulos-Davis-Randolph (MPDR) method.

3.2 Solutions for Raft and Single Pile
3.2.1 Solution for raft

Raft foundation is treated as for shallow foundation. For example, vertical capacity,
moment capacity and vertical settlement can be treated as below.

Vertical capacity of raft in clay is calculated as

q, =F. N, (3.1a)
Q. =q,xA (3.1b)
Where

q. = ultimate bearing capacity, F.; = shape factor, ¢ = cohesion of soil, N, = bearing

ult

capacity factor, 0, , = total ultimate bearing capacity, A = area of raft.

The maximum ultimate moment sustained by the soil below the raft (Poulos,

2000)
2
M, =PuBl (3.2)
8
where

M, = maximum possible moment that soil can support, p,, = ultimate bearing capacity
below raft, B = width of raft (in y-direction), L = length of raft (in x-direction).

Vertical settlement of a rigid circle raft (Poulos and Davis, 1974)

p=—2=—xI (3.3)

where p = Vertical settlement of raft, P,, = uniformly load on circled raft, a = radius
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of raft, E; = Young’s modulus of soil, 7, = influenced factor for vertical displacement.

InP
l___‘

1
k4

Figure 3.1 Symmetrical vertical load on circled raft (after Poulos and Davis, 1974).

Stiffness of rigid circle raft foundation

E E E
From (3.2): P=[—-]xp (stress) or P(zwa’)=[ra’—=|xp=[ma==]xp (force)
al, al, I,
K =&, (3.4)
I/J
h = thickness of soil layer, v = Poisson’s ratio, % and v Figure3.1 ==> [,
+6
14
1-2
10
a
b BT,
o8 ' //
08 }’;4
pavd
A ).
0'4 4
ap /
PAA”
0.2 / ;
0 | h':’u, | BG

0|2'!4 6 & 1 8 6.4 2 O

Figure 3.2 Influence factors for vertical displacement of rigid circle (Poulos and Davis,
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1974).
3.2.2 Solution for single pile

Randolph et al. (1978) was described an analytical method for analysis of a single
vertically loaded pile. The model pile with the soil surrounding the pile is divided into
two layers by a line AB is shown in Figure 3.3. A summary of steps in the solutions

will be presented here.

Amermem————— M ——— ——— — B
Lower layer
of sail
Py
—§ —
1
1
[
e,
'&ll ‘‘‘‘‘‘‘‘ o o T T Br
R
Am————————— ~Lrm T T €2

Figure 3.3 Uncoupling of effects due to pile shaft and base: (a) upper and
lower soil layers; (b) separate deformation patterns of upper and lower layers
(Randolph et al., 1978)

For rigid pile

+ Assumption of a logarithmic displacement field around the piled shaft as

w(r)zﬁln(r—’"j, r, <

G r
w(r)=0,

" (3.5)

where 7, 1s the shear stress at the pile shaft, ry is the radius of the pile and ry, is the
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limiting radius of influence of the pile.

+ Deformation of the piled shaft is expressed, using the linear load transfer function,

as

ng%? (3.6)
where

é’zln(rm/ro) 3.7

+ Deformation of the piled base is expressed, using the Boussinesq solution for a rigid
punch acting on an elastic half-space, as
B (1-v
%zlL—l (3.8)
4r,G
+ At some distance from the piled base, the load will appear as a point load. The

settlement around a point load decreases inversely with the radius as

wr)=—"——— 3.9
The ratio of equation (4.2) and (4.3) gives

wr) _21% (3.10)

w, Tr
From St Venant’s principle, the settlement caused by the piled base at large radii

should equal that due to a point load. Therefore, settlement profile at the top of the

lower layer of soil in Figure 3.3 is described by
2
w(r) =w, =2 (3.11)
V4

+ The overall load — settlement ratio for a rigid pile may be written in dimensionless

form
P P, P 4 2w 1
= + +p——
I-v = {5

(3.12)

Grw,  Grw, Grw,

For general condition

- Randolph (1994) presented an approximate solution based on separate treatment of

the piled shaft and the piled base as below.
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+ The piled head response is given by

4n +p21 tanh ul [
P (1_V)é: ; Ul

_ (3.13)
Gryw, 1+L 4n  tanhpl |

A (1-v)E

where P, and w; are the load and displacement at the top of the pile
[ and ry are the length and radius of the pile
G; is the value of shear modulus at a depth of z =/ (see Figure 3.4)
n =r1y/rp  (under-reamed piles)
v = Poisson ratio of soil
&=G, /G, (end-bearing piles)
Gy, = shear modulus of soil below the level of pile base

p =G, /G, (heterogeneity of soil modulus)

G = average shear modulus of soil along pile length

A=E, /G, (pile-soil stiffness ratio)

¢ =In(r,/r,) (measure of radius of influence of pile)

r, = {0.25 +¢& [2.5,0 (I-v)- 0.25]} [ (maximum radius of influence)
=2.5p(1-v)! for £=1 (friction pile)

ul=y2/8A(11r,) (pile compressibility)

2ul _1

e
tanh (ul) = T

+ The proportion of load reaching the piled base is given by

4n 1
P, (1-v)¢& cosh ul 314
P 4y +p27n'tanh,uli A4)

1-v)é “ ¢ u

e +1

where cosh (ul)= o
e
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Figure 3.4 Assumed variation of soil shear modulus with depth (Fleming, 1992)

*PDiscussion:

+ Stiffness of single pile is be derived from equation (3.13) as

4n 27 tanh ul |

(1—V)§+p§ I

1+i 4n  tanhul 1

mA(1-v)& 1

k=G, (3.15)

+ For piles longer than Llr,=3x./E /G, , the pile head stiffness can be

approximated as

SN Yy (3.16)

G rw,

where G taken as the shear modulus at a depth of z=1=3r,x,|E, /G,

+ For stubby piles (such as equivalent piers),1/d <10, the parameter { should be

adjusted as
{=In[5+25p(1-v)i/n, ] (3.17)

+ For very stiff piles, equation (3.13) reduces to

P 4n 2z 1

t

+p=—
Grw, (1-v)¢ ¢

(3.18)
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This expression applies for single piles where 1/d <025x.,/E, /G, . For an

equivalent pier, the conditionis 1/ d, <0.1X\/E, /G,

3.3 Poulos-Davis-Randolph (PDR) Method
3.3.1 Estimation of ultimate geotechnical capacity

3.3.1.1 Vertical loading

The ultimate geotechnical capacity of a piled raft is estimated as the lesser of the

following two values:

(a) the sum of the ultimate capacities of the raft plus all the piles in the system.

(b) The ultimate capacity of a block containing the piles and raft, plus that of the
portion of the raft outside the periphery of the pile group.

Conventional design approaches can be used to estimate the vertical capacity.

3.3.1.2 Lateral loading

The ultimate lateral capacity is the lesser of the sum of the ultimate lateral capacity of
the raft plus that of all the piles, or the ultimate lateral capacity of a block containing
the piles, raft and the soil, plus the contribution due to that portion of the raft outside
the periphery of the pile group. Converntinal foundation design procedures can be

used to assess the lateral ultimate capacity.

3.3.1.3 Moment loading

The ultimate moment capacity of the piled raft can be estimated approximately as the
lesser of:
(a) the ultimate moment capacity of the raft (My,) and the individual piles (Myp)

(b) the ultimate moment capacity of a block containing the piles, raft and soil (Myp)

The ultimate moment capacity of the raft can be estimate using the approach used by

Poulos (2000):

M, _2T. VI _ [V (3.19)
Mm 4 Vu ‘/u

where M, = maximum possible moment that soil can support



V = applied vertical load

V, = ultimate centric load on raft when no moment is applied.
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Considering loading in the x-direction only, for a rectangular raft, the maximum

moment My, in the x-direction can be expressed as

p.,BL

m 8
where p,; = ultimate bearing capacity below raft
B = width of raft (in y-direction)
L = length of raft (in x-direction).

The ultimate moment contributed by the piles can be estimated from

2
Mup = ZPuui 'xi|
i=1

where Py, = ultimate uplift capacity of typical pile 1

|xi| = absolute distance of pile I from centre of gravity of group

n = number of piles.

(3.20)

(3.21)

Poulos and Davis (1980) give the solution for ultimate moment capacity M, (if no

harizontal force is acting) as

M, =a,Xp,XB,xD;

where

Bg = width of block perpendicular direction of loading

Dg = depth of block

p, = average ultimate lateral resistance of soil along block

o, = factor depending on distribution of ultimate lateral pressure with depth

= (.25 for constant p, with depth

= 0.20 for linearly increasing p, with depth from zero at the surface.

3.3.2 Estimation of load-settlement behavior of piled rafts

PDR method includes the following steps:

(3.22)

(c) estimation of the load sharing between the raft and the piles, using the

approximate solution of Randolph (1994).
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(d) hyperbolic load-deflection relationships for the piles and for the raft, thus
providing a more realistic overall load-settlement response for the piled raft

system than the original tri-linear approach of Poulos and Davis (1980).

Vel B
Total
A
> Va———
el Piles
g Vpu — . ‘L
- |
Val A ——
‘ Raft
|
|
Sa

Settlement S
Figure 3.5 Construction of load-settlement curve for piled raft
Figure 3.5 shows diagrammatically the load-settlement relationship for the piled raft.
The point A represents the point at which the pile capacity is fully mobilised, when the
total vertical applied load is V4. Up to that point, both the piles and the raft share the

load, and the settlement (S) can be expresses as

S=-— (3.23)

pr
where V = vertical applied load
K, = axial stiffness of piled raft system.

Beyond point A, additional load must be carried by the raft, and the settlement is

given by
S = Va + V-Vi (3.24)
K K

where V, = applied load at which pile capacity is mobilized
K. = axial stiffness of raft.

The load V A can be estimated from
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y, =2 (3.25)

where V,,, = ultimate capacity of piles (single pile or block failure mode, whichever is
less)
B, = proportion of load carried by piles.

The approximate expressions described by Randolph (1994) are used for K, in
equation (1) and £, in equation (2), namely

K,=XK, (3.26)
where K, denotes the stiffness of pile group alone and, for fairly large numbers of
piles,

1-0.6(K, /K,)

X = 3.27
1-0.64(K, /K ,) (27

B, =1/(1+a) (3.28)

a= 0.2 (K] (3.29)
1-0.8(K, /K| K,

If it is assumed that the pile and raft load-settlemnt relationships are hyperbolic, then

the secant stiffnesses of the piles (K,) and the raft (K;) can be expressed as

K,=K,(1-R,V, V) (3.30)
K, =K, (1-R,V,1V,) (3.31)
where

K,i = initial tangent stiffness of pile group, R¢, = hyperbolic factor for pile group, V, =
load carried by piles, V,,, = ultimate capacity of piles, K; = initial tangent stiffness of
raft, Ry = hyperbolic factor for raft, V, = load carried by raft, V., = ultimate capacity
of raft.

The load carried by the piles is given by
V,=B,xV<V, (3.32)

and the load carried by the raft is
V,=V-V, (3.33)
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where V denotes the total vertical applied load.
Substituting equation (3.25) — (3.33) in equations (3.23) and (3.24), the

following expressions are obtained for the load-settlement relationship of the piled raft

system.
e V<V,: S = VR v (3.34)
XKpi {1_ fl’ﬂp J
Vpu
e V>V, : S=5,+ V=V, (3.35)
A A (V—V )
Kri {I_Rﬂ pu}
where
VA
=—a (3.36)
A
XK, (I_pr)

with V4 given by equation (3.25).
Equations (3.34) — (3.36) are used to estimate the average load-settlement

relationship for the piled raft.

3.3.2.1 Immediate and final settlements

The immediate and final settlements of piled raft in clay can be estimated by using the
above procedure.

For immediate settlements, the pile and raft stiffnesses are those relevant to the
undrained case, if using elastic-based theory, are estimated by using undrained values
of modulus and Poisson’s ratio of the soil.

For long-term settlements (immediate plus consolidation settlements, but
excluding creep), Poulos and Davis (1980) suggested the calculation of overall total
final settlement Str as

1% 11
S . =—+V -_— 3.37
K (K; Kuej (3-37)

u

where V = applied vertical load on foundation, K, = undrained foundation stiffness
(from non-linear analysis), Ky, = undrained foundation stiffness (from elastic

undrained analysis), K = drained foundation stiffness (from elastic drained analysis).
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3.3.2.2 Differential settlements

Randolph (1994) proposed an approximate procedure to estimate the maximum
differential settlement of a uniformly loaded raft foundation, by relating the ratio of
differential settlement to the overall settlement, to the relative rigidity of the raft. This
ratio can be used for piled raft foundation. Horikoshi and Randolph (1997) provided

conventional charts for the estimation of differential settlement as in Figure 3.3.

06

ey

- [ |
05} '*\ | — — — Corner (square}
\\

N \ Circular

0-4 3 o
» | == Mid-side: L/B =1

|
i3 \ | —+— Mid-side: LIB=5

N | —o— Mid-side: L/B = 10 J

Mormalized differential settlement Aw™

Relative raft-soil stiffness ratio K,

Figure 3.6 Variation of normalized differential settlement with raft-soil stiffness ratio
Ks (Horikoshi and Randolph, 1997)
3.3.3 Estimation of piled loads
The axial force P; in any pile i in the foundation system can be estimated from

V'Bp +M:xi +Myyi
n 1 1

p y x

(3.38)

Pl,:

with
. M, -M /1, . M, -MI /]

Co-rr(1g) Y, = 1-12/(1.1,)

(3.39)

where V = Total vertical load acting at centroid of foundation
n, = number of piles in group
My, My = moments about centroid of pile group in direction of x- and y-axes,
respectively

B, = proportion of load carried by piles
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I, I, = moment of inertia of pile group with respect to x- and y-axes,
respectively
Iy = product of inertia of pile group about centroid

X;,yi = distance of pile i from y-and x-axes, respectively
M., M : = effective moments in x- and y-directions, respectively, taking
symmetry of pile layout into account.
For a symmetrical pile group layout, Iyy=0and M, =M , M : =M . Equation (3.38)
then reduces to

VﬁP+Mx'xi+Myyi

n n
n 14 P
4 2 2
Z X Z Yi
i=1 i=1

P= (3.40)

3.3.4 Estimation of raft moments and shears

The piled raft is considered as a series of piled strip foundations (Poulos, 1991) and
use the solutions for a trip on an elastic foundation, with the piles being treated as

supports (or negative loads).

3.4 Modification of PDR Method
3.4.1 Solution for piled group
3.4.1.1 Interaction method (Randolph et al., 1979; Randolph, 1994)

- Interaction between similarly loaded rigid piles

+ Group of two piles

The settlement of one pile is the sum of the settlement due to its own loading plus that
due to the neighbouring piles displacement field. Thus

The settlement of the piled shaft at the piled mid-depth

w=w +w =l In| 2 |4 1n| 2o (3.41)
G I s

The load — settlement ratio for each pile shaft is

P 27p )

S

G r,w, B §’+ln(rm/s)70

(3.42)
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The settlement of the piled base is

P (1-v
W, = w, +w, =%(1+3’"—0j (3.43)
7'0 | TS

The load — settlement ratio for each pile base is

oo T a4
1'0""b ;Ib +s
The overall load — settlement ratio for each of two similarly loaded piles is
P
(G,r(;wj zlfv T +§+1i7([€ /s)ri (3.49)
t /2 ;ro 4 m 0

The interaction factor between two similar piles is

(Gz'bwzj =(1+0!V)(Glr()w’] (3.46)

P P

t t

additional settlement due to adjacent pile
where @, =

settlement of pile underitsown load
+ Group of three piles (at the corners of an equilateral triangle of side s)

[ h ]: ‘s NG (3.47)
3

I +
G,ryw, l_v—ro+s {+2In(r, /s)r,
T

+ Group of four piles (at the corners of a square of side s)

(o) L
Glri)wt 4 1_V7'Z)+S é‘+ln|: l’;n j|r2)

J2s?

T

- Analysis of rigid piled groups
+ For the "™ pile of a group of n piles (each pile may take a different load share of total

load and may also be of different radius), the shaft settlement is

(w) = (w), =ii(ro>i(fa>iln(iJ (3.49)

i=1 G5 Sij
where s;; = ro for 1 =j. The n different values of wy may be related to the n values of 7,

by equation (3.49) to give a matrix equation
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w, =[F.]z, (3.50)

Similarly, the base settlements may be estimated by

(w,). =Zn:(wb)“ _21-v(B),

= 3.51
i=1 T 4Gl i=1 S ( )

i
where sj; = (2/m)ro for 1 = j. This leads to a second matrix equation, relating the base

settlements wy, to the base loads Py,

w, =[F,]P, (3.52)
For rigid pile (ws = wyp) and for a rigid cap ((wy); = (Wy);), equations (3.50) and (3.52)
may be solved to get values of 7,and P, for a given piled cap displacement. From

these values, the overall and average load — settlement ratio for the pile group may be
calculated.

- For general condition

Randolph (1994) presents equations, based on modifying the shaft and base stiffnesses
for a single pile accordance with the total interaction effect, for calculating the

interaction effects between piles in a general piled group as below.

+ For shaft stiffness, the load transfer parameter (£ ) should be modified by
" =nl =Y In(s, /1) (3.53)
i=2

+ For base stiffness, the parameter (&) should be modified by
3 =§{l+gii} (3.54)
TS,
where n = the number of piles in the group
s; = the spacing of the i" pile from pile 1
1, = the piled base radius of the i pile

1o = the piled middle radius of the i pile

- The stiffness of each pile in piled group
Equations (3.53) and (3.54) may then be used in equation (3.13) and (3.14) to
calculate the overall stiffness and the proportion of load reaching the piled base of

each pile in piled group.
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- The stiffness of piled group with n piles (assumed rigid cap) can be calculated by
k,=>k (3.55)
i=1

where k; is stiffness of the i”" pile in piled group

k;, is the stiffness of the piled group

*Discussion:
+ The stiffness of piled group with n piles can be calculated by
k,= Zn: k, = nk,
i=1 (3.56)
where kj is stiffness of the typical pile in piled group
k, is the stiffness of the piled group

3.4.1.2 Group efficiency (Randolph, 1994): the efficiency approach described by
Fleming et al. (1992), based on analyses using the PIGLET program.

The group efficiency is defined as the inverse of the group settlement ratio, R:

n=—=—2 (3.57)
R nk

where 77 is the group efficiency

k; is the piled head stiffness of a single pile

kp is the stiffness of the complete group (in terms of average settlement).
The group efficiency may be taken as
n=n" (3.58)
where n is the number of piles in the group

the exponent e = 0.3 — 0.5 (friction piles)

= (0.6 — higher (end-bearing piles)

For friction piles, the exponent e can be defined as

e=e,(l/d)c,(E,1G).c,(s/d).cy(p)c,(v) (3.59)

The values of e, ¢;, 3, ¢;3 and ¢4 are determined from Figure 3.7.

The stiffness of piled group is calculated as
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1_
kp =n ‘k, (3.60)
L1
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Figure 3.7 Design charts for group efficiency (after Fleming et al., 1992)
3.4.1.3 Equivalent Pier or Raft Approach (Randolph,1994; Horikoshi et al., 1999)

- The appropriate parameter to categorize pile groups is

R=+/ns/l (3.61)

where n = number of piles
s = piled spacing
[ = piled length
- For values of R which are greater than 4, (R >4 ), an equivalent raft should be used

for the analysis.

- For values of R smaller than 4, (R < 4), and certainly for values less than 2, the

equivalent pier approach is suitable.
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Diameter of the equivalent pier:

d, = %Ag (3.62)

Young’s modulus of the pier:

A
E, =E +(E, -E, )(A"J (3.63)

2
where d.q = diameter of the pier
A, = plan area of the piled group as a block
Eeq = Young’s modulus of the equivalent pier
E = Average Young’s modulus of the soil penetrated by the piles
E, = Young’s modulus of the piles
A, = total cross sectional area of the piles in the group.
- The stiffness of piled group can be calculated as

4n 2z tanhul |

+p
k :Gr (I_V)f { ﬂl rO
po 0 1+i 4n  tanhpul [
A (1-v)é w1,

where P;and w; are the load and displacement at the top of the pier

(3.64)

[ and is the length of the pier

G; is the value of shear modulus at a depth of z =/

ro = deg/2 (radius of the pier)

n =1p/tp  (under-reamed pier)

v = Poisson ratio of soil

&=G,/G, (end-bearing pier)

Gy = shear modulus of soil below the level of pier base
p =G, /G, (heterogeneity of soil modulus)

Gave = average shear modulus of soil along pile length

A=E,, /G, (pier-soil stiffness ratio)
{=In[5+2.5p(1-v)I/1,] (stubby pier of friction pile)

¢ =In{5+[0.25+(2.5p(1-v)—-0.25)¢ |1/ 1} (stubby pier of end-bearing pile)
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ul=J21EA(11T)

2ul _1

e
tanh (ul) = e

+ The proportion of load reaching the pier base is given by

4n 1
P, (1-v)¢& cosh ul (3.65)
P 4 2mtanhul | '

(1_‘/)5 P 5 ul Ty

e +1

where cosh (ul)= S
e

3.4.1.4 Poulos (2002)

The stiffness of piled group is calculated as
k, =k xn" (3.66)
where k; = stiffness of single pile
n = number of piles
w = group exponent, typically in the range of 0.3 — 0.5, but varying with piled
spacing.
3.4.2 Solution for piled raft
3.4.2.1 Randolph (1994) and Poulos (2002)
- The settlement of each component (raft and piled group) may be expressed as
w 1/k o, lk ||P
r{_ P A D (3.67)
w, a,lk, 1/k, P
where @, and ¢,, are the interaction factors

P and k are the loads and stiffnesses relating to each component

- The interaction factors are related by

o, = — (3.68)

- Since the (average) settlement of piles and raft are identical, the overall stiffness, &/,
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can be calculated as

P+P 1+(-2a,)k Ik
ko= ( . &, 1’)/() (3.69)
" 1-a?(k, [k,

pr

- The proportion of load carried by the piles can be calculated as

P 1 k,—a,k,

4

= = (3.70)

P+P Bk +(1-2a,)k
p
- The proportion of load carried by the raft can be calculated as
-« )k

E :Pl = ( ”’)r (3.71)

PP Bk +(1-2a, )k,

r

- The estimation of interaction factor, a.,, is based on the solution of single piles with

circular caps of radius, r., as shown in Figure 3.8.

e Young’s Modulus Eg
I—i_—| Ego Esay Eg Esb-.

|
|
|
|
|
H

Soil L
Bearing | | 4 o
stram _"I I—_ d=2r,

Figure 3.8 Simplified representation of piled raft unit (Poulos, 2002)

The value of «,, can be calculated by

o zln(rm/rc) zl_ln(rc/ro)

" In(r, /1) e

where r, = the radius of influence of the piles, r. = average radius piled cap

(3.72)

(corresponding to an area equal to the raft area divided by number of piles), ry =

radius of piles.

é’:ln(r’—"] and r, ={0.25+£[2.5p(1-v)-0.25]}x/

"
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E=E,IE,, p=E, /E,, v="Poisson’s ratio of soil, | = piled length, Ey =
soil Young’s modulus at the level of piled tip, Eg, = soil Young’s modulus of the

bearing stratum below the piled tip, Eg,y = average soil Young’s modulus along piled

shaft.
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Figure 3.9 Values of interaction factor, &, , for groups of varying size (Randolph,

1994)
This relationship is extended for larger piled groups, where an equivalent radius, r, is

calculated from the area of raft associated with each pile. However, as mentioned in

Randolph (1994), when the group size increases, the value of «,, tends toward a

constant value of about 0.8, independent of the piled spacing, slenderness ratio or

stiffness ratio. Figure 3.9 shows the relationship between interaction factor, a,, and

piled spacing, s/d.
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*Discussion:
- For o, = 0.8, the equation of stiffness of piled raft is reduced to

P +P  1-0.6(k /k,)
7w, 1-0.64(k, [k) "

pr

k

(3.73)

This equation is same as the equation presented in Poulos (2000), and the combined
stiffness of piled raft is close to that of the piled group alone.
- The ratio of loads carried by the raft and piled group is

E__ 02 & (3.74)
P, 1-08(k, /k,)k,

This equation is same as the equation of X presented in Poulos (2000), and the value

of X typically lie in the range 0.3 — 0.5 times (k,/k)).
3.4.2.2 Equivalent pier approach

The stiffness of piled raft can be calculated from the stiffness of pier including
complete piled raft (piled group plus raft). The steps of the calculations are same for

pier of piled group (see 3.4.1.3).
3.4.2.3 Poulos (2005)
arp = 0.6 — 0.8 (the larger value being relevant for larger numbers of piles)

3.4.3 Solution for differential settlement

Randolph (1994) and Poulos (2002) present method for estimation of differential
settlement of piled raft foundation. As shown in Poulos (2002), most analyses of pile
group settlement make one of the two following extreme assumptions:
1. The pile cap is perfectly rigid so that all piles settle equally (under centric load) and
hence there is no differential settlement.
2. The pile cap is flexible, so that the distribution of load onto the piles is known; in
this case, the differential settlements within the group can be computed, ignoring the
effect of the raft.

In reality, the situation is usually between these two extremes. Randolph

(1994) has developed useful design guidelines for assessing the differential settlement



53

within a uniformly loaded pile group.

+ For a perfectly flexible pile cap, Randolph has related the ratio of differential
settlement AS to the average group settlement, S,,, to a ratio R, as follows:

AS/S,, = fR/4 forR<4 (3.75a)
AS/S,, =1 forR>4 (3.75b)
where f = 0.3 for center-to-midside, and 0.5 for center-to-corner;

R = (ns/L)*’ (3.75¢)
n = number of piles; s = pile center-to-center spacing; L = pile length.

For pile caps with a finite rigidity, the differential settlements will reduce from
the above values (which are for perfectly flexible pile caps), and Randolph suggests
that the approach developed by Randolph and Clancy (1993) be adopted. This
approach relates the normalized differential settlement to the relative stiffness of the
pile cap (considered as a raft). Mayne and Poulos (1999) have developed a closed-
form approximation for the ratio of comer to center settlement of a rectangular

foundation, and from this approximation, a rigidity correction factor, fg can be

derived:
fr=1/(142.17 Kp) (3.76a)
where Kg = (E/Eq.y) (2t/d)3 (3.76b)

Kr = foundation flexibility factor; E, = Young's modulus of pile cap; Eq =
representative soil Young's modulus beneath the cap (typically within a depth of
about half the equivalent diameter of the cap); t = thickness of pile cap; d =
equivalent diameter of pile cap (to give equal area with the actual cap).

The factor fr from equation (3.76a) is then applied to the maximum differential

settlement estimated from equations (3.75).

3.5 Conclusions

In normal condition, PDR method can be used to estimate the overall behavior of
piled raft foundation, but it shows a limitation on estimate of piled loads for the piles
and bending moments for the raft. MPDR with some modifications on solutions for
interaction between piles in piled group, interaction between raft and piled group in

piled raft, and differential settlement gave some improvement to PDR method.
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However, in both PDR and MPDR methods, the interaction between raft and piled
group is used of the result from interaction between a circular cap and one pile and it
is still a limitation.

Extending the solution of simplified methods to piled raft in ground
subsidence condition is limited because of the complicated interaction between raft,
piles and soil. FE analysis with full interaction between raft, piles and soil are taken
into account should be used for estimating full behavior of piled raft foundation,

especially in ground subsidence condition.



CHAPTER IV

CENTRIFUGAL ANALYSIS OF MODEL PILED RAFT IN GROUND
SUBSIDENCE CONDITION

4.1 Introduction

This chapter presents the centrifugal analysis of model piled raft in ground subsidence
condition. The centrifugal modeling including testing cases, testing apparatus,
foundation models, instrumentations, soil preparations, soil properties, foundation
installation and loading stages were presented in details. Six cases of model piled rafts
including group 1 (soil condition 1) and group 2 (soil condition 2) were conducted in
this study. The testing results and some discussions were also given for model

foundations in ground subsidence condition.

4.2 Centrifugal Modeling

4.2.1 Testing Cases

Group 1
240 240 240
Load Load Load
1
10D and D
Kaolin clay 205 Y 205 200 205
10 7¢> 10
Bottom sand RZ T 16 22 32 T 22
[ drain | > _§ | [ > [ [ >
Case 1: Raft 1 Case 2: PR (s =2d) Case 3: PR (s =4d)
Group 2
LYITa) 240 240
Load
Load oa Load
Top sand 15 15
15
Kaolin clay 195 200 195 200 180
10 M & 5
Bottom sand 22 T 32 22 e 22
drain [ > [ [ > [ 32 [ >

Case 4: Raft 2 Case 3: Friction PR (s =4d) Case 6: End-bearing PR(s = 4d)

Figure 4.1 Six cases of model foundations in centrifugal tests (PR = piled raft)
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In order to evaluate the effectiveness of piles, effect of piled spacing and effect of
piled base as well as to estimate the effects of ground subsidence causing by
groundwater pumping on raft and piled raft foundations, six cases were conducted in
this study. Figure 4.1 shows the six cases of model foundations in centrifugal tests.
Case 1 and case 4 was plain raft foundations and the difference between these cases
was the thickness of top sand layer and Kaolin clay layer. Case 2 and case 4 were
friction piled rafts with piled spacing of 2d and 4d, respectively. Case 5 and case 6
were to compare the response between friction and end-bearing piled rafts. All piled
raft models were squared 2 x 2 piled raft foundation with the length of pile of 200 mm.
Two ground water conditions including undrained (without groundwater pumping)

and drained (with groundwater pumping) were considered in centrifugal tests.

4.2.2 Testing Apparatus

The centrifugal testing equipment of the Disaster Prevention Research Institute
(DPRI) in Kyoto University was used for this study. Total allowable weight is 140 kg.
The effective radius of the centrifuge is 2.5 m and the maximum payload is 24 G-ton.
Figure 4.2 shows a photo of testing apparatus used in this study (T. V. Tran et al.,
2012).

Measure
Pore
water
pressure
&
contact
pressure

Measure
strain of
piles

Valve

Pumy
(drain) P
Water
tank
Measure settlements Chamber
(5 Lasers) (24cmx 24cm x 33.5¢m)

Figure 4.2 Photo of testing apparatus used in this study

The soil chamber had the inside dimension of 240 mm x 240 mm x 335 mm, and the
thickness of 30 mm. The acceleration applied to the testing models was 50g. The
models were scaled down to ratio of 1/50. Scaling laws presented in Table 4.1 were

applied for the relationship between the model and the prototype.
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Table 4.1 Scaling laws

Parameters | Scale* | Parameters | Scale*
“Acceleration | N | Density 1
Length I/N | Mass /N’
Stress 1 Force 1I/N°
Strain 1 Time 1/N?

| (diffusion) |
Stiffness I/N | Strain rate N

*Scale: model/prototype. N: scale factor

4.2.3 Foundation Models

Raft and piled raft models are shown in Figure 4.4a. The raft model was made of
aluminum alloy and was designed to be a stiff raft. The size of the raft for both cases
was 56 mm long, 56 mm wide and 15 mm thick. The dimension of the raft was chosen
to satisfy the allowable weight, to minimize boundary effects of the chamber wall, and
also to reduce the consolidation time. The ratio between the edge of chamber and the
equivalent edge of raft was about 4.3 beyond the effect of rigid wall which was
estimated to be at 3 to 4 (Vincenzo, 1998). The model pile was made of closed-end
aluminum pipe, which had an outside diameter of 8 mm and the thickness of 1 mm.
The length of the pile was 200 mm, taken with the slenderness ratio of 25. The pile
diameter was chosen to ease the attachment of strain gauges on its surface. Young’s
modulus of piles was about 68 GPa and Poisson ratio was taken as 0.34 while the unit

weight was about 2.7 g/cm3.

4.2.4 Instrumentations

Figure 4.3 and Figure 4.4 show the details of the instrumentation on the foundation.
Figure 4.5 shows the instrumentation of ground model. Strain gauges were attached
along pile shaft to measure axial load distribution. A motor was set on the top of the
chamber to apply vertical load for foundations via a con rod (Figure 4.5). A load cell
was attached at the tip of the con rod to measure applied load. Five laser transducers
were used for the test. Two laser transducers were installed to measure the settlement
of foundations while other two laser transducers were used to measure of ground

surface settlement.
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Figure 4.4 Model raft and piles (a) and instrumentation of strain gauges in Case 5 & 6 (b)
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The final laser transducer was used to record settlement at the middle of the ground via a
telltale. Eight pore pressure transducers were buried in the ground to measure the change

of water pressure during loading process. Six of them were embedded below the pile tip

and other two were installed at the middle of pile shaft.

- 5Laser | Motor
—| Transducers [F—__ I/

Load
- cell

2y -
m § Pore ').___?? 7
Pressure y /
Transducers 6 PPT

(PPT)

Figure 4.5 Instrumentations of ground model

4.2.5 Soil Preparation
Method of soil preparation is shown in Figure 4.6. Three layers of soil including

bottom sand, Kaolin clay and top sand were used in the chamber. Bottom sand was

silica sand (grade 6) which was pluviated on the bottom of chamber till it got the

thickness of 22mm.
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Counterweight Drain
Figure 4.6 Method of soil preparation
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This layer was considered as stiff layer (Dr = 80 + 85). Kaolin clay was prepared in 2
layers with the total thickness of 205 mm. Lower layer of clay was preconsolidated at
50g with drained condition for 2 hours. Then upper layer of clay was poured on the
lower layer and preconsolidated at 1g with drained condition for 12 hours before
preconsolidating at 50g with undrained condition for 8.5 hours. Top sand was a 5 mm
thickness of silica sand (grade 6). The effectiveness of this layer was to prevent the
clay surface from softening to a slurry condition during the centrifuge tests and to
facilitate the contact between the raft and the pile heads. It was poured on the surface
of upper layer of clay after installing the testing piles which had been done at the end
of preconsolidation. No scale effect was remarked for using top sand layer in the tests
(Horikoshi et al., 1996). Grease was used to reduce friction of chamber walls. It is
noticed that dummy piles were set into the chamber before preparing of bottom sand

layer in case of test with piled raft foundation.

4.2.6 Soil Properties

Figure 4.7 shows a cone penetration test (CPT) and a vane shear test which were used
for evaluating undrained shear strength S, of soil. CTP and vane shear test were
immediately performed after completing each centrifugal test. Diameter of the cone
was 20 mm and it was penetrated into the soil at a rate of 10 mm/s. Capacity of vane
shear tester (FTD20CN-S) was limited to 20 kPa and a vane factor of 0.8 was used for
calculating vane shear test result. Figure 4.8 and Figure 4.9 show the result of

undrained shear strength S, of soil models.

(a) CPT (b) Vane shear test

Figure 4.7 Evaluation of shear strength of soil models

Tests for physical properties and consolidation test were conducted to determine

properties of kaolin clay. Soil samples used for these tests were taken from the
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chamber after finishing preconsolidation. Results of consolidation test of kaolin clay
are shown in Figure 4.10 and Figure 4.11. Table 4.2 summarizes the physical

properties of kaolin clay.
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Table 4.2 Physical properties of kaolin clay

Description Unit Kaolin clay
Liquid limit: LL % 4554
Plastic limit: PL % 33.72
Plasticity Index: PI % 11.82
Water content % 43.43
Specific gravity: G - 2.634
Density: v kN.m” 17.18

Properties of silica sand were determined from specific gravity test and sieve test. The
specific gravity G; of silica sand was 2.65. Figure 4.12 shows the result of sieve test of
silica sand. Average particle size d50 of 0.22 mm and coefficient ununiformity C, of

1.67 were deduced from Figure 4.12.
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Figure 4.12 Sieve analysis result of silica sand

4.2.7 Foundation Installation
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Figure 4.13 shows the method used for installing piled raft model. The piles was
installed one by one on the soil (at 1g) at the end of the preconsolidation, after
removing dummy piles with external diameter of 8 mm. Piled heads were carefully
aligned to avoid inclined piles, different spacing and different embedded length as

well. The raft was adjusted to ensure that its surface was horizontal by using water

level.

Dummy piles
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top sand

7
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(c) Fix raft with pile head (d) Check raft surface by water level
Figure 4.13 Installation of piled raft model

As discussed in Horikoshi et al. (1996), the piles should be installed in-flight for an
accurate simulation of prototype behavior (at 50g). The following stress increase due

to self-weight could overcome the initial increase in horizontal stress around piles due
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to installation if the piles were installed at lower accelerations. This could lead to
remarkable reduction in pile capacity. However, the results of current study were
focused on the comparison of undrained and drained conditions for raft and piled raft

foundations. Effects of methods of piled installation can be neglected.

4.2.8 Loading Stages
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Figure 4.16 Development of applied load with time in case 3
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Because of low capacity of raft foundation, value of load used in case 1 was taken
about 33 % value of load used in case 2. Loading stages including a prepared stage
and two main stages are shown in Figure 4.14, Figure 4.15 and Figure 4.16. Prepared
stage (OA): Both case 1, case 2 and case 3 were consolidated under selfweight of the
foundations before applying vertical load. Stage 1(AB): The loads were firstly applied
to the foundations up to designed values (200 N for case 1 and 660 N for case 2) by
displacement control (0.5mm/min) and waited for the dissipation of excess pore water
pressure. During that process, the applied loads were decreased because of settlement
of soil. Then the loads were increase to the designed values by loading control
(20N/min for case 1 and 40N/min for case 2) and waited till the settlements of
foundations were almost completed. Stage 2(BCD): The loads were increased about
15 % current values in order to sure that the rafts were fully contacted with the soil
surface. Then total loads were kept constantly till finishing the test. To simulate
groundwater pumping condition, the soil was drained (point C) by a magnetic valve at
the bottom of chamber. Unfortunately, two unexpected stops of centrifugal machine
causing the remove of applied load occurred during this stage in case 1(Figure 4.14).
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Figure 4.17 Applied loads for case 4, 5 & 6

Figure 4.17 shows type of load used for case 4, case 5 and case 6. The foundations
was applied a distribution load of 245 kPa (case 5: friction piled raft) and 145 kPa
(case 4: raft and case 6: end-bearing piled raft) and then the water table was pumped

(drained) for 30 min.

4.3 Results and Discussions

Comparison of case 1 case 2
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Figure 4.19 Settlements of foundation and ground surface with time in case 2

Figure 4.18 shows settlements of raft foundation and ground surface with time in case
1. Raft foundation settled 4.5 mm and the ground surface settled 2.8 mm after
prepared stage (OA). In stage 1 (AB), the settlement of the foundation increased
remarkably because of applied load and it got the value of 13 mm at point B. However,
ground surface showed a small settlement and it got a value of 3.5 mm at the end of
stage 1. In stage 2, the settlement of foundation increased lightly when the applied
load was increased 15 % current load of stage 1. The soil swelled largely when the
centrifugal machine stopped (BC). At point C, the total settlement of foundation was
16.5 mm while the total settlement of ground surface was 5 mm. During drained
condition (CD), the settlements of foundation and ground surface increased
significantly. At the end of experiment (point D), the final settlement of foundation
was 19.3 mm while a value of 10 mm was measured from the final settlement of

ground surface. It is noted that the settlement of raft foundation increased about 2.8
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mm and the settlement of ground surface increased about 5 mm in a period of 25
minutes of pumped (drained) condition.

Figure 4.19 presents settlements of piled raft foundation and ground surface
with time in case 2. After prepared stage (OA), settlement of foundation was 0.7 mm
and the settlement of ground surface was 4.8 mm. In stage 1 (AB), the settlement of
foundation increased largely under the applied load. At the end of stage 1 (point B),
the settlement of foundation was 6.5 mm and the settlement of ground surface was 5.3
mm. In stage 2 (BCD), the applied load was increased 15 % current load of stage 1. In
undrained condition (BC), the settlement of foundation increased 0.5 mm and the
settlement of ground surface increased lightly. At point C, the total settlement of
foundation was 7 mm while the total settlement of ground surface was 5.4 mm.
However, in pumped (drained) condition (CD), the increase of ground surface
settlement was larger than the increase of foundation settlement. For example, ground
surface settlement increased about 5.5 mm while the settlement of raft foundation
increased about 0.7 mm in a period of 25 minutes of pumped (drained) condition. At
the end of test (point D), the final settlement of foundation was 7.7 mm and the
settlement of ground surface was 10.9 mm.

Figure 4.20 shows the relationship between foundation settlement which was
normalized by raft thickness T, and applied load which was normalized by undrained
shear strength S, for both cases 1 and case 2. It is noticed that the settlement of the
foundation caused by prepared stage was ignored in Figure 4.20 and Figure 4.21.
When the piles were added to the foundation, the settlement of the foundation
decreased significantly. In other words, the bearing capacity of piled raft foundation
increased remarkably. As shown in Figure 4.20, at a settlement of 32 % raft thickness
(4.8mm), the bearing capacity of piled raft foundation was 4.2 times larger than the
bearing capacity of raft foundation. It confirms the effective of piles in reducing
settlement for piled raft foundation in normal (undrained) condition (Burland, 1995).

In pumped (drained) condition, the bearing capacity of the foundation was
also improved appreciably. For example, at the settlement of 45 % raft thickness (6.8
mm), the bearing capacity of piled raft foundation was 5.1 times larger than the

bearing capacity of raft foundation.
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Figure 4.22 Change of pore water pressure with time in case 1

Figure 4.21 presents the relationship between foundation settlement and ground

surface settlement. It revealed that both raft and piled raft foundations continued to
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settle as ground surface settlement increased. However, regarded to the effect of

ground surface settlement, settlement of raft foundation was more affected than

settlement of piled raft foundation.
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Figure 4.23 Change of pore water pressure with time in case 2

Figure 4.22 and Figure 4.23 present the change of pore water pressure with time in
case 1 and case 2, respectively. The values of pore pressure transducers at the bottom
soil were around 2 times the values at the middle soil in both case 1 and case 2. When
the applied load was applied by displacement control method, the load was firstly
carried by the water in the soil. Then the applied load was transferred to the soil
structures during dissipation of excess pore water pressure and the settlement of the
soil increased.

For checking soil conditions during the test, additional results are also
presented in this chapter. These results consist of change of pore water pressure in the
soil, variation of air pressure in water tank and distribution of contact pressure under
the raft during centrifuge tests.

Figure 4.24 and Figure 4.25 show the variation of air pressures in water tank in
cases 1 and case 2 respectively. The air pressure in the water tank increased up to the
values of 6 kPa because of increasing gravity in prepared stage and was constantly

kept at that value during stage 1 and stage 2.
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Figure 4.27 Variation of pore water pressures with time

Figure 4.26 shows settlements of ground surface, ground middle and foundation with

time in case 2 and case 3. The settlements behavior of both tow cases are in the same
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way. When ground subsidence condition occurred (pumped condition), the settlement
of the piled raft foundation was increased. The increments of the settlement are nearly
same for case 2 and case 3. Settlements of ground middle are around 50% compared

to settlement of ground surface.

Figure 4.27 presents the variations of pore water pressures during the
centrifugal tests. When the applied load was applied by displacement control method,
the load was firstly carried by the water in the soil. Then the applied load was
transferred to the soil structures during dissipation of excess pore water pressure and
the settlement of the soil increased. Values of pore pressure transducers at the bottom
soil were around 2 times the values at the middle soil in both case 2 and case 3.
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Figure 4.28 Variation of air pressure in water tank with time

Variation of air pressures in water tank in cases 2 and case 3 are shown in Figure 4.28.
The air pressure in the water tank increased up to the values of 6 kPa because of
increasing gravity in prepared stage and was constantly kept at that value during the
centrifugal tests.

Figure 4.29 presents a comparison of load-settlement curves between case 2
and case 3. The foundation settlements was normalized by the width of raft (56mm)
and the applied load was normalized by average undrained shear strength S, for both
case 2 and case 3. It is noticed that the settlement of the foundation caused by

seflweight was ignored in Figure 4.29. The changing tendency of load-settlement
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curves is nearly same for both two cases. When pumped (drained) condition is applied

to the soil, the settlement is largely increased under constant loads.
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Figure 4.30 Comparison of ground subsidence — foundation settlement curves

Comparison of case 4, case 5 and case 6

Relationship between foundation settlement and ground surface settlement is
presented Figure 4.30. It can be seen that both case 2 and case 3 continued to settle as
ground surface settlement increased. Regarding to the piled spacing, the effect of piled

spacing on the settlement of the foundations is remarkable for case 3 (s = 4d).

The comparison of load - displacement curves of case 4, case 5 and case 6 are shown

in Figure 4.31. For all of the results, settlement from self weight was ignored. From
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the settlement of around 0.2 mm, the settlement of case 5 increased rapidly due to slip
of piles but the settlement of case 6 increased gradually due to bearing resistance from
bearing ground. The settlement stiffnesses were about 35 N/mm and 370 N/mm for
case 5 and case 6 respectively. From settlement of around 3.5 mm, the applied load of
case 5 and total axial force of pile top made a difference gradually because the raft
started to share the applied load (raft started to contact with ground surface). The
settlement stiffness of case 5 was also increased to around 130 N/mm from the
settlement of around 3.5 mm. This increment of stiffness in case 5 came from the
support of the raft. Less settlement was found on end-bearing piled raft in both normal
(undrained) and pumped (drained) conditions. However, larger settlements were seen
on raft and friction piled raft in both normal and pumped conditions. After pumping
about 30 min, the total axial force of pile top became equal to applied load due to

larger ground settlement than raft settlement.
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Figure 4.31 Load-settlement curves of case 4,5 & 6

Figure 4.32 show the distribution of axial force with depth in ground subsidence
condition for case 5 and case 6. In ground subsidence condition, the axial force in
piles (both friction and end-bearing piles) was increased with depth to neutral plans
because of negative skin friction. The neutral plans were occurred at depths of around
140 mm and 180 mm for friction piles and end-bearing piles, respectively. The

increment of axial force in end-bearing piles was larger than in friction piles.



75

Axial force (N)
630 150 170 190 210 230 250

Position (mm)

—&—— After 2min —6&— After 2min

—A—— After 15min —A—— After 15min
End-bearing

Friction piles ;
piles

Figure 4.32 Distribution of axial force with depth in ground subsidence condition

(case 5 & 6)
; Time (min)
00 30 60 20 120 150 180
2| i E-?ﬁ’%—ﬁf@-';& e Legend
E- E'-EI- o case 5: raft

g i —4—— case 5: surface
.-5 — -5 — case 6: raft
E -6t — = — case 6: surface
5 — & — case 6: middle
2
gl
I
-10
Testing | |
preparation |—| ‘—| |_| T
Working Ground
condition subsidence
condition

Figure 4.33 Settlement with time of case 5 & 6

Time settlement results of case 5 and case 6 are shown in Figure 4.33. When
acceleration of centrifuge increased from 1g to 50g, compared with ground surface

settlement of around 5.5 mm, rafts settled 0.5 mm in case 5 and less than 0.1 mm in
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case 6, respectively. These differences made a difficulty for loading of the foundation

so that the raft always contact with the ground surface.

4.4 Conclusions

Based on experimental results, the settlement of foundations increased nearly linear
with ground subsidence. In ground subsidence condition, when piled spacing
increased (2d to 4d), the settlement of foundation increased and axial load of the piles
increased. After pumping ground water for about 30 min, the total axial force of pile
top became equal to applied load due to larger ground settlement than raft settlement.
Negative skin friction of end-bearing piled raft was very larger than that of friction

piled raft in ground subsidence condition.



CHAPTER V

NUMERICAL ANALYSES OF PILED RAFT IN GROUND SUBSIDENCE
CONDITION

5.1 Introduction

This chapter presents the geotechnical parameter assessment, verification of analysis,
and parameter study of model piled rafts and piled rafts in Bangkok soil. The work
was conducted by three-dimensional finite element analysis using Plaxis 3D. The
purpose of these analyses was to find the trend of variation of load-settlement curves,
load distribution between group of piles and raft, and the change in axial force of the
pile under effect of ground subsidence. For piled raft in Bangkok soil, three cases
including 30-storey building with 6 basements, 6-storey building with 3 basements
and S-storey building under the effect of ground subsidence were considered.
Numerical analysis was performed for different levels of ground water table and

different piled configurations.

5.2 Geotechnical Parameter Assessment

The design of piled raft requires an assessment of a number of geotechnical and
performance parameters, including:

(a) Raft bearing capacity

(b) Piled capacity

(¢) Soil modulus for raft stiffness

(d) Soil modulus for piled stiffness

Correlations from SPT (Poulos, 2000)

Raft ultimate bearing capacity: p, =KN, (kPa) (5.1)
Pile ultimate shaft resistance: f,=a(2.8N,+10) (kPa) (5.2)
Pile ultimate base resistance: f, =K,N, (kPa) (5.3)
Soil Young’s modulus below raft: E_=2N, (MPa) (54)
Soil Young’s modulus along pile: E =3N, (MPa) (5.5

Soil Young’s modulus below piled tip: E, =3N, (MPa) (5.6)
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where N, = average SPT-value (corrected to 60% energy ratio) within a depth of
one-half of raft width.

N; =average SPT-value along piled shaft

N, =average SPT-value close to piled tip

K, K, = factors shown in Table 4.1

a = 1 for displacement piles in all soils and non-displacement piles in clay

= (0.5 — 0.6 for non-displacement piles in granular soil.

Table 5.1 Correlation factors K; and K, for ultimate bearing capacity

Soil type K;: Raft | K,: Displacement | K;: Non-displacement
piles piles
Sand 90 325 165
Sandy silt 80 205 115
Clayey silt 80 165 100
Clay 65 100 80

Correlations from CPT
For sand, the friction angle (¢ = ¢') was calculated from cone resistance by equation

from Kalhawy and Mayne (1908, as referenced in Townsend et al., 2001).

7 0.5
 — q. O,
?. 17.6+11.0><10g|:(4a)/( Aﬂ) } 5.7

Where o, is average effective overburden stress (kPa) and p, is atmospheric

pressure (100kPa).

For clay, the cohesion (c, = S,) was calculated from cone resistance by the following

equation (Lunne et al., 1997):

qc _O-VO
S = 5.8
“ N, 65

Where o is total in situ vertical stress (kPa) and N, is an empirical cone factor.

Based on the work of Lunne et al. (1997), N, was taken a value of 10 for this study.

Correlations from Experiments

Many researchers proposed typical ranges of Young modulus and Poisson’s ratio for
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different soils in literatures. A summary of well-known authors conducted by

Phongpat Kitpayuck (2009) was referenced in this study.

(a) Young modulus

Clay

Normally consolidated clay (200-500) x S, (Bowles, J.E., 1988)
Lightly overconsolidated clay (750-1200) x S, (Bowles, J.E., 1988)
Very soft clay 200-1500 t/m* (Bowles, J.E., 1988)
Soft clay 500-2500 t/m> (Bowles, J.E., 1988)
Soft clay 180-350 t/m* (Das, B.M., 2001)
Soft Bangkok clay 150 x S, (Bergado et al.,1990)
Medium clay 1500-5000 t/m? (Bowles, J.E., 1988)
Medium Bangkok clay (300-600) x S,  (NAVFAC.DM.7.1,1982)
Hard clay 5000-25000 t/m* (Bowles, J.E., 1988)
Hard clay 600-1400 t/m* (Das, B.M., 2001)
Medium Bangkok clay (240-1200) x S, (NAVFAC.DM.7.1, 1982)
Sand

Silty sand 500-2000 t/m* (Bowles, J.E., 1988)
Dense sand 5000-8100 t/m* (Bowles, J.E., 1988)
Dense sand 3500-7000 t/m> (Das, B.M., 2001)

(b) Poisson’s ratio

Clay

Saturated 0.4-0.5 (Bowles, J.E., 1988)
Medium Clay 0.25-04 (Das, B.M., 2001)
Sandy Clay 0.2-0.3 (Bowles, J.E., 1988)
Sand

Sand 0.1-1.00 (Bowles, J.E., 1988)
Medium Sand 0.25-04 (Das, B.M., 2001)
Silty Sand 0.2-0.4 (Das, B.M., 2001)
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Based on typical range, Young modulus and Poisson ratio was selected for model soils.

Effective Young modulus was determined from equation (Brinkgreve et al., 2007):
4 2 ’
E::E(L+V)E; (5.9)
V' is effective poinsson’s ratio. It is around 1/3 for most soils, and was taken as 0.3 for

sand and 0.33 for Kaolin clay in this study.

Senneset et al. (1989, as referenced in Lunne et al., 1997) summarized typical

values of effective cohesion and effective friction angle for various soil types.

Soil types c' (kPa) o' (degree)
Clay, soft 5-10 19-24
Clay, medium 10-20 19-29
Clay, stiff 20-50 27-31
Silt, soft 0-5 27-31
Silt, medium 5-15 29-33
Silt, stiff 15-30 31-35
Sand, loose 0 29-33
Sand, medium 10-20 31-37
Sand, dense 20-50 35-42
Hard, stiff soil, OC, cemented > 50 38-45

Effective strength parameters were also selected for model soils based on the typical
values recommended above.

Coefficients of permeability (k) of model soils were determined as below:
For sand, the coefficient of permeability in cm/sec was calculated from the following
empirical expression (Zeevaert, 1973):

k=CxD/, (5.10)

in which C is a coefficient that has a range of 50 to 150. The average value of 100 was

taken for this calculation. D;y in centimeters is the diameter at which 10% of the
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material passes this diameter. It was defined from the sieve analysis test which was
presented in Chapter 3. Djy is around 0.015 cm and coefficient of permeability is

around 4x10™* m/s or 34.56 m/day.

For clay, coefficient of permeability was taken from the work of Danno et al. (2009)
and Das (2007). It was about 1.366x10” m/s or 11.8x10” m/day for Kaolin clay and

range of typical values as in Table 5.2

Table 5.2 Range of typical values of coefficient of permeability, k (cm/s)

Type of soil Coefficient of permeability, k (cm/s)
Medium to coarse gravel Greater than 10

Coarse to fine sand 10" t0 10~

Fine sand, silty sand 10° t0 10

Silty, clayey silt, silty clay 10" t0 10°

Clays 107 or less

5.3 Verification of Analysis and Parameter Study for Model Piled Rafts

5.3.1 Raft in ground subsidence (compared with centrifugal model test)

Geometry of Foundation

In order to evaluate effect of ground subsidence on the settlement of square raft, a

following case was considered in FE analysis.

6.00 0os
Foundation
(0.6 (6,-6) - y=0 ~
— =
/¥ y=-025 B
pr sand
s &
s S
Kaolin clay
1.40
= A
g Y y=-105| _y_
- BotLom sand =
v =-
0,0) (6,0) x Y= 11.6 §

Figure 5.1 Geometry of foundation and soil in FE analysis (unit: m)

A 2.8 x 2.8 x 0.75 m raft was considered in this study. To enable any possible
mechanism in Kaolin clay and to avoid any influence of the outer boundary, the model
was extended in both horizontal directions to a total width of 6.0 m. Figure 5.1 shows

the geometry of foundation and soil in FE analysis.
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Properties of Soil and Raft

Table 5.3 Parameters of model soils for FE analysis

Description Top Sand  Kaolin Clay  Bottom Sand
Depth (m) 0-0.25 0.25-10.5 10.5-11.6
Unit Weight, s (KN/m?) 18.1 17.2 18.1
Material Model MC MC MC
Permeability, k (m/day) 34.56 0.000118 34.56
Interfaces, Riyer (-) 0.7 0.6 0.7
Dilatancy angle, y' (degree) 0.0 0.0 0.0
Poisson’s ratio, v' (-) 0.3 0.33 0.3

¢' (kN/m”) 1.0 5.0 1.0

¢' (degree) 28 20 37

E’ (kN/m?) 4333 300 8667

MC: Mohr-Coulomb

Three layers of soil including top sand, kaolin clay and bottom sand were simulated in
this analysis. The calculation was done by consolidation analysis with effective
parameters. The thickness and properties of each layer of soil are shown in Table 5.3.
Young modulus of Kaolin clay was increased with depth, starting at y.f = -0.25m, and
the increment was 300kN/m2/m. The properties of raft foundation are presented in
Table 5.4.

Table 5.4 Material properties of raft (floor)

Description Raft
Type of behaviour Linear, isotropic
Thickness, ¢ (m) 0.75
Weight, y (kN/m?) 27
Young’s modulus, E 6.8 x 10’
(kN/m?)
Poisson’s ratio, v (-) 0.15

Type of Load

Removed

B A SR

Load + l}amed
\
H Selfweigh

Time (days)

Load (kPa)

(==}

o
=
=
e
S
S
R
&
&

Figure 5.2 Applied load with time in FE analysis
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Figure 5.2 shows type of load used in FE analysis. The foundation was firstly
consolidated under its selfweight (19.1 kPa). Then it was applied a load of about 64
kPa (or 200N) and after that the load was increased about 15% the current value of
load. The load was removed two times during the test and before pumped (drained)

condition was conducted.

Details of Simulation

Foundation

]
i
W/
W
Y/

VA
ﬂ‘ g%‘%%;% Top sand: 0.25m
£ | N
— §§§ iiiijii : Kaolin clay: 10.25m
RN
NI
At
NP
N
\Q‘i .ii.iiiii 8 Bottom sand: 1.1m
il
s\l

Figure 5.3 Simulation of raft foundation on soft clay

A borehole was used to assign information of soil layers and location of water table.
The properties and location of soil layers in Table 5.3 were inputted to material data
set and the location of water table was defined at the ground surface (y = 0). The raft
was simulated by floor element and the properties were given in Table 5.4.

Figure 5.3 shows the simulation of raft foundation in FE analysis. The global
coarseness of the mesh in horizontal as well as vertical directions was set to fine. 2D
finite element mesh was generated before generating a full 3D mesh. The 2D mesh
generation process was based on a robust triangulation principle that searched for
optimized triangle and which resulted in unstructured mesh. Large displacement
gradients were expected around and under the raft. Hence, refine cluster was done for
the raft to have finer mesh. The 3D mesh composed of 15-node wedge elements was
created by connecting the corners of the 2D triangular elements to the corresponding
points of the corresponding elements in the next work plane. A total of 6656 elements

and 18805 nodes were created after generating the mesh.
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Figure 5.4 Total displacements at the end of test

The interfaces (Riner) were taken as 0.6 for Kaolin clay while 0.7 for top sand and
bottom sand. Initial stresses were generated by using KO Procedure in which the
default value of KO was based on Jaky’s formula. Construction stages was followed
the type of load (Figure 5.2) and consolidation was used for calculation type. Pumped
(drained) at bottom of the model was selected when simulating ground water pumping
condition. Centrifugal analysis of this model raft was case 1 in Chapter 4. A

comparison between FE analysis results and centrifugal testing results is presented for

discussions.
Time (min)
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0 i . 0 . L )
== Ground surface (FEM) = Ground surface (Measured)
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Figure 5.5 Settlement of ground surface with time (in model scale)

Figure 5.4 shows total displacement at end of test. Displacement is concentrated
around the central of the foundation. The maximum value of total displacement is
about 62 cm at the end of test. For comparison, settlement of ground surface with time

is plotted (Node 282 in Figure 5.4) in Figure 5.5. The manner of settlement of ground
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surface in FEM is same as in measurement. However, the measured values are larger
than those values in FEM. When pumped (drained) condition was applied, ground
surface settled about Smm (measured) and about 2.1mm (FEM). Figure 5.6 shows the
settlement of foundation with time which was plotted at Node 140 in Figure 5.4
(ignored the settlement casing by foundation selfweight). The settlement of foundation
was increased about 2.8mm after draining the soil for 25min. The result of FEM

agreed well with measured results.

Time (min)
0 60 120 180 240 300 360 420 290 300 310 320 330 340 350

-#-Foundation (FEM)
—fFoundalion (Measured)

~~ _4 i
R Working Groun
g s pump 10y condition subsidence
g condition ;
= -0 N N
Q H
Az ] 7] foppld ‘
Swelling

.14 -| =m=Foundation(FEM) 16 -

] = Foundation (Measured)

-16

(a) original (b) view and simplification

Figure 5.6 Settlement of foundation with time after ignoring effect of selfweight (in
model scale)

5.3.2 Piled raft in ground subsidence (compared with centrifugal model tests)
Geometry of Foundation

In order to evaluate effect of ground subsidence on the changing of axial force of piles
in piled raft foundation, two cases of 2.8 x 2.8 x 0.75 m piled raft with 4 piles (friction

piled raft and end-bearing piled raft) were considered in this study.

q q

L UL

Top sand * B
Lp h e Lp
D Kaolin clay L D
e &
B B i 025 % — —
03 4d I
* Bottom sand
(a) friction piled raft (b) end-bearing piled raft

Figure 5.7 Geometry of foundations and soil (unit: m)
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The model was extended in both horizontal directions to a total width of 12 m (or 240
mm in model scale) and a depth of 11.6 m (or 232 mm) for friction piled raft and
10.85 m (or 217 mm) for end-bearing piled raft. Figure 5.7 shows the geometry of

foundations in soil and Figure 4.1 shows the simulation of piled raft in FE analysis.

Foundation

Top sand

11.6

. Kaolin clay

4 piles

“j Bottom sand

(@) (b)
Figure 5.8 Model of friction piled raft and soil in FE analysis (unit: m)

Properties of Soil and Foundation

Table 5.5 Parameters for model soils

Description Top Sand  Kaolin Clay  Bottom Sand
Depth (m): friction piled raft 0-0.75 0.75-10.5 10.5-11.6
Depth (m): end-bearing piled raft 0-0.75 0.75-9.75 9.75-10.85
Unit Weight, s (kKN/m?) 18.1 17.2 18.1
Material Model MC MC MC
Permeability, k (m/day) 34.56 0.000118 34.56
Interfaces, Riyer (-) 0.6 0.7 0.6
Dilatancy angle, y' (degree) 0.0 0.0 0.0
Poisson’s ratio, v' (-) 0.3 0.33 0.3

¢' (kN/m?) 1.0 5.0 1.0

¢' (degree) 28 20 33

E’ (kN/m®) 4333 300 8667

Three layers including top sand, Kaolin clay and bottom sand were simulated in this
analysis. The calculation was done by consolidation analysis with effective

parameters. Table 5.5 shows the properties of soils. Young modulus of Kaolin clay
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was increased with depth, starting at y.f = -0.75m, and the increment was

300kN/m*/m. The properties of raft and piles are presented in Table 5.6 and Table 5.7

respectively.
Table 5.6 Parameters for model raft
Description Raft
Type of behaviour Linear, isotropic
Thickness, ¢ (m) 0.75
Weight, y (kN/m?) 27
Young’s modulus, E (kN/mz) 68 x 10°
Poisson’s ratio, v (-) 0.15
Table 5.7 Parameters for model piles
Description Pile
Material model Linear elastic
Young’s modulus, E (kN/m?) 68 x 10°
Poisson’s ratio, v (-) 0.15
Weight, y (kN/m?) 9.35
. Massive
Properties (ype circular pile
Diameter, d (m) 0.4
Length of pile, L, (m) 10
Type of Load

Figure 5.9 shows type of load used in FE analysis which was done the same manner
with centrifugal test (case 5 and case 6 in Chapter 4).

displacement control

2 mmy/min —
kPa N A Je Load control Drain (pump)
250 800
700 fe 60 nun 30 min eases
200 :
i fgg 0-50g2 i Load speed
g150 ° o= s/ = = = = Cas¢ 6
=] 400 - et
~ 100 300 Fﬁ’ = 1.5kPa/min
30 200 ) f‘ Raft contagt
100 30 min
0 ol Self weiglit of the foundation I-, .
0 20 40 60 80 100 120 140 160 180 nun
@ (100) . (200) (300) (Day)
Time

Figure 5.9 Applied loads with time in FE analysis (case 5: friction piled raft, case 6:
end-bearing piled raft)
The foundations was applied a distribution load of 245 kPa (friction piled raft) and
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145 kPa (end-bearing piled raft) and then the water table level was lowered to -7.725
m (or 155 mm after pumping 15 min in model scale).

Details of Simulation

A borehole was used to assign information of soil layer and location of water table.
The properties of soil layers in Table 5.5 were inputted to material data set and the
location of water table was defined at the ground surface (z = 0 m) and was lowered to
other depths in analysis. The raft was simulated by plate element and the properties
were given in Table 5.6. The piles were simulated by embedded pile element and the
properties in Table 5.7 were used.

The global coarseness of the mesh in horizontal as well as vertical directions
was set to medium. Full 3D finite element mesh was generated. The 3D mesh
composed of 15-node wedge elements was created by connecting the corners of the
2D triangular elements to the corresponding points of the corresponding elements in
the next work plane. The total of 29737 elements and 44037 nodes for friction piled
raft and 27361 elements and 40699 nodes for end-bearing piled raft were created after
generating the mesh. The interfaces (Riyr) were taken as 0.7 for Kaolin clay while 0.6
for top sand and bottom sand. Initial stresses were generated by using KO procedure.

Plastic was used for calculation type.

Axial force (N)
0 50 100 150 200 250 300
O | | 1 | 1
20 - A test(water drop to z
=-7.725m)
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Z_:’ condition: waterat
%-100 N z=0m)
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A
-140 ~
-160 -
-180 ~
-200 -

Figure 5.10 Distribution of axial force with depth of friction piled raft
(case 5 in chapter 4: in model scale)
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Figure 5.11 Distribution of axial force with depth of end-bearing piled raft

(case 6 in chapter 4: in model scale)

Centrifugal analyses of these model piled rafts were presented in Chapter 4. A

comparison between FE analysis results and centrifugal testing results is presented in

Figure 5.10 and 5.11. The results of FEM agreed well with measured results.

5.3.3 Parameter study of model piled rafts

Size of foundation was taken from centrifugal models. Effect of piled spacing,

Young’s modulus of Kaolin clay and level of ground water on distribution of axial

force of piled in piled raft.

+ Effect of piled spacing

Piled rafts with s = 2d and s = 4d were considered in this analysis; ground water

level: 7 = -7.725 m (or 155 mm in model scale).
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Figure 5.12 Friction piled raft
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Figure 5.13 End-bearing piled raft

+ Effect of Young’s modulus of Kaolin clay

90

s = 4d; ground water level: 7z = -7.725 m (or 155 mm in model scale); EI = 300
kPa, E,., = 300 kPa/m ; E2 = 2660 kPa, E;,., = 300 kPa/m
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Figure 5.14 Friction piled raft
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Figure 5.15 End-bearing piled raft

+ Effect of level of ground water
Levels of ground water table: z = +0.0 m (0.0 mm), z = -7.725 m (155 mm) and z

= -10 m (200 mm in model scale).
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Figure 5.16 Friction piled raft
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Figure 5.17 End-bearing piled raft

From the results of parameter study of model piled rafts, some discussions were given
as below.

When piled spacing increases, the maximum axial force of the piles increase.
For friction piled raft, maximum axial forces increased 45 N and 60 N for piled
spacings of 2d and 4d, respectively. For end-bearing piled raft, when piled spacings
increased from 2d to 4d, the maximum axial forces increased 65 N and 125 N,
respectively.

When Young’s modulus of the soil increases (E2 = 8.9 E1), the maximum axial
force decreases because of increase of load carried by the raft. For friction piled raft,
maximum axial forces were 185 N and 160 N for E1 and E2 in normal condition
while the maximum axial forces increased 50 N for both E1 and E2 in ground
subsidence condition. For end-bearing piled raft, maximum axial forces were 145 N
and 130 N for E1 and E2 in normal condition while maximum axial forces increased
65 N and 55 N for E1 and E2, respectively in ground subsidence condition.

When ground water levels decrease from +0.0 m to -7.725 m, maximum axial
forces were increased 70 N and 145 N for friction and end-bearing piled rafts,
respectively. However, the axial forces were constant when ground water levels
decreased from -7.725 m to -10 m.

For all cases of parameter study, negative skin friction of end-bearing piled raft

is larger than that of friction piled raft in ground water pumping condition.
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5.4 Analysis of Piled Raft in Bangkok Soil

5.4.1 Geometry of foundation

Apartments with 3 to 6 basements were popular in Bangkok city. In order to evaluate
effect of ground subsidence, depth of raft and piled configuration on the load-
settlement curves, load distributions and axial force of the piles of square piled raft
foundation, three cases were considered in numerical analysis (Figure 4.18). Figure
4.18a shows the plain view of the foundation and Figure 4.18b shows three cases of
foundations and soils in numerical analysis. The depths of raft are -15 m (case 1: 6
basements), -7.5 m (case 2: 3 basements) and + 0.0 m (case 3). In each case, the
foundation was analyzed with raft alone and 4 piled configurations (A, B, C and D) as

shown in Figure 5.18. Table 5.8 summarizes the cases of analysis for Bangkok soil.
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Figure 5.18 Three cases of foundations and soils in numerical analysis (unit: m)
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Figure 5.19 Raft and 4 piled configurations (A, B, C and D) considered in each case

A 36 m x 36 m squared raft with a thickness of 1 m, supported by 16 piles (A), 25
piles (B), 37 piles (C) and 49 piles (D), was considered in this study. The length of
piles was 30 m and diameter of piles was 1 m. The piled spacing was varied from 6 m

to 12 m depending on piled configurations.

Table 5.8 Summary of main cases of analysis for Bangkok soil

Cases i Numbers of pile Piled Smallest piled | Factors  of
i=123) Configuration | spacing:s (m) | study
i-1 Raft - - Effect of
i-2 Raft with 16 piles A 12 numbers of
i-3 Raft with 25 piles B 8.5 pile and piled
i-4 Raft with 37 piles C 6 configuration
i-5 Raft with 49 piles D 6 .
Case 1: depth of raft at -15m; case 2: depth of raft at -7.5m; case 3: depth of raft at
+0.0m

Table 5.9 Parameter study for piled raft in Bangkok soil

Cases Parameters | Unit | Comparisons | Factors of study
G=1to)5)
4-j E, =5320 kN/m” 345 Effect of Young’s modulus
5-] E, = 7980 kN/m” o
6-j q=284 kN/m” 3,6 Effect of pattern of loads
7-j t=0.5 m 3,7,8 Effect of raft thickness
8-j t=1.5 m
9-j q=0672 KN/m’> 6,9,10 Effect of level of loads
10-j q=504 kN/m”
11-5 s=6d=6 m Effect of piled spacing
12-5 s=5d=3 m 11, 12, 13 (raft without beams, q = 84
135 |s=3d=2 | m kPa)

Jj =1:Raft, j = 2: Raft with 16 piles (A), j = 3: Raft with 25 piles (B),
Jj =4: Raft with 37 piles (C), j = 5: Raft with 49 piles (D).

Case 3 was also used for comparison in parameter study (case 4 to case 13) which was
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done for evaluating the effect of Young’s modulus of soft clay layer, pattern of loads,
raft thickness, level of loads and piled spacing on distribution of loads and settlements
in piled raft. Table 5.9 shows cases of parameter study for piled raft in Bangkok soil.

For all cases, the ground water table was firstly located at the ground surface
(+0.0 m) and it was gradually decreased to the levels of -15 m and -25 m in order to
simulate ground subsidence. Full foundation was modeled in the analysis. To enable
any possible mechanism in soft clay and to avoid any influence of the outer boundary,

the model was extended in both horizontal directions to a total width of 150 m.

5.4.2 Properties of soil and foundation

Table 5.10 Properties of Bangkok subsoil (effective parameters)

Description Name Soft Stiff 1 Hard 2 Unit
clay clay Sand clay Sand

Material model Model MC MC MC MC MC -

Drainage type Type Drained Drained Drained Drained Drained -

Unit weight abov Yunsat 14.2 17.4 18.4 18.8 19.1 kN/m’

e phreatic level

Unit weight belo Ysat 15.2 18.4 19.4 19.8 20.1 kN/m’

w phreatic level

Young’s modulus E 2660 35910 69333 133000 173333 KN/m’

Poisson’s ratio V' 0.33 0.33 0.3 0.33 0.3 -

Cohesion C;f 5 15 1 25 1 kN/m®

Friction angle ¢’ 24 27 35 30 36

Dilatancy angle 3y 0 0 0 0 0

Soil type - Very fine ~ Very fine  Medium Very fine Medium -

Permeability k 0.0001 0.0001 1 0.0001 1 m/day

Interfaces Rinter 0.7 0.7 0.6 0.7 0.6 -

Initial condition - KO KO KO KO KO -

MC = Mohr Coulomb

The properties of Bangkok soil were determined from the works of Phongpat
Kitpayuck (2009) in section 2.6 and formulations in section 5.2. Five layers of soil
including soft clay, stiff clay, 1* sand, hard clay and 2nd sand were simulated in this
analysis. The thickness of each soil layer is shown in Figure 5.18b. The calculation
was done by drained, plastic analysis with effective parameters. Properties of each
layer of soil are shown in Table 5.10. Young modulus of soil is constant with depth in
each layer. The properties of foundation are presented in Table 5.11, Table 5.12 and
Table 5.13 below.
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Table 5.11 Material properties of raft, basement floors and basement walls

Description Name Raft Basement floor | Basement wall : Unit
Thickness d 1 0.3 0.5 m
Weight y 24 24 24 KN/m’
Type of behaviour Type Linear, isotropic | Linear, isotropic | Linear, isotropic -
Young’s modulus E, 35%10° 35%10° 35%10° kN/m?
Poisson’s ratio Vi2 0.2 0.2 0.2 -

Table 5.12 Material properties of basement columns and basement beams

Description Name | Basement column | Basement beam | Unit

Cross section area A P 1 7777777777777777777 1.5 m>

Volumetric weight Y 24 8.8 kN/m’

Type of behaviour Type Linear Linear -

Young’s modulus E, 35%10° 35x10° kN/m?

Moment of inertia 15 0.083 0.281 m*

I, 0.083 0.125 m*
Column: bxh = ImxIm, beams: bxh = Im x 1.5m
Table 5.13 Material properties of embedded pile

Description Name @ Embedded piles Unit
Young’s modulus E 35x10° kN/m”
Unit weight y 8.8 kN/m’®
Pile type - Predefined -
Predefined pile type - Massive circular pile -
Diameter Diameter 1 m
Skin resistance Type Linear -
Max. traction allowed at the top of embedded pile 1Fopnsd 200 kN/m
Max. traction allowed at the bottom of embedded pile Thot.max 500 kN/m
Base resistance Fonax 1x104 kN

5.4.3 Type of load

Three types of load including surface load, point load and line load was applied for

piled raft. Surface load (distribution load) was applied on raft and basement floors.

Table 5.14 Summary of applied loads for analysis of piled raft in Bangkok soil

Load Name Case 1 Case 2 Case 3 Unit
q Surface load (raft, floor) 53 5.3 53 kN/m’
P Point load (column) 69874 13975 11650 ken
qu Line load (wall) 2547 471 385 kN/m
Total Sum of loads (q, P, qr) 687.444 144.338 108.9 MN
Building Assumed load: 30 storeys + 6 storeys + 5 storeys + i
16.8 kPa/storey 6 basements 3 basements | O basements
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Point load (concentrated load) was applied to the locations of columns. Line load was
applied to the basement walls. The calculation of these loads was based on the work of
Brinkgreve et al. (2007). Table 5.14 summarizes the three types of load which was

applied the numerical analysis.

5.4.4 Details of simulation

Basement Columns

5
|
M;
!
o

|
e.
|
W

L\

-15m -om Basement Walls

l.«— "
8

Raft

Soft Clay
Stiff Clay

2" Sand
(a) Bangkok soil (b) Case 1

Basement Floors Reinforced Beams

+0.0 m

(c) Case 2 (d) Case 3
Figure 5.20 Simulation of piled raft foundation on Bangkok soil
A borehole was used to assign information of soil layers and location of water table.
The properties and location of soil layers in Table 5.10 were inputted to material data
set and the location of water table was defined at the ground surface (z = 0). In each
caseij (i=1to 3,j=1toS), the level of water table was decreased to z=-15m and z
= - 25 m in separated phases after loading phase. The raft, basement floors and
basement walls were simulated by plate element and the properties were given in

Table 5.11. The basement columns and basement beams were simulated by beam
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element and the properties were given in Table 5.12. The embedded piles were
simulated by embedded pile element and the properties were shown in Table 5.13.
Figure 5.20 shows the simulation of piled raft foundations in numerical
analysis. The global coarseness of the mesh in horizontal as well as vertical directions
was set to medium. Full 3D mesh was generated after completing structures tab. The
mesh generation process was based on a robust triangulation principle that searched
for optimized triangle and which resulted in unstructured mesh. Large displacement
gradients were expected around and under the raft. Hence, refine cluster was done for
the raft to have finer mesh. The 3D mesh composed of 15-node wedge elements was
created by connecting the corners of the triangular elements to the corresponding
points of the corresponding elements in the next work plane. The total of 12171
elements and 18907 nodes for case 1, 11674 elements and 18799 nodes for case 2 and
9881 elements and 16279 nodes for case 3 were created after generating the mesh.

The interfaces (Riner) were taken as 0.7 for clay while 0.6 for sand. Initial stresses
were generated by using KO Procedure in which the default value of KO was based on
Jaky’s formula. Construction stages were included 4 stages (build foundation, loading
foundation: used Table 5.14, decrease water table to -15 m and decrease water table to
-25 m) and plastic was used for calculation type. Drained condition was selected for
all soils and incorporating with drawdown of water table to simulate ground

subsidence condition.

5.4.5 Results and Discussions

5.4.5.1 General information

Four positions on raft were selected for investigation as shown in Figure 4.21 below.
The center, corner and middle edge of the raft were considered for that curve. The
point under the column was also an interesting position for investigation. The point at

1/3 edge of raft was chosen for plotting axial force of the pile at that position.
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0 Legend

2 0.3 1 - center of raft

36

0.5 0 - corner of raft

0.3 - 1/3 edge of raft
Raft 0.5 - mid edge of raft

2 - location of column
36

Figure 5.21 Selection of points for investigation

Settlement of foundation and differential settlements between two points were written

as

S = total settlement of foundation. AS = 0 — 2 = differential settlement between

corner to location of column of raft.

*Ground subsidence

For all cases, the distribution of ground subsidence under decreasing of ground water
table was firstly analyzed. Ground water at levels of 0.0 m, -7.5 m, -15 m and -25 m

were investigated and shown in Figure 4.22.

Ground subsidence (mm)

0 50 100 150 200 250
0 : ' ! '
5 -
Soft Clay
-10 A
Gl
215
a
520 | == ywater level: +0.0m Stiff Clay
—water level: -7.5m
25 - =+=water level: -15m
—water level: -25m 1* Sand
-30

Figure 5.22 Distribution of ground subsidence with depth causing by decrease of
ground water levels (for all cases)
When ground water decreased to -7.5 m and -15m, the ground surface settled around
195 mm and 250 mm, respectively. The distribution of ground subsidence in soft clay

layer was nearly linear (max value at surface and equal to zero at bottom) and it was
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agreed well with assumption of Poulos (2008) as well as results of centrifugal test
(Figure 4.26 in Chapter 4). The mechanism of ground surface subsidence arising from
groundwater extraction may be explained as shown in part 2.3.3 of Chapter 2. Ground
subsidence did not occur when ground water decreased from -15m to -25m and it was

not considered in the comparisons below.

*Capacities of raft alone and single pile

+ Raft alone

Applied load (MN)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
0 . . . L . . . . .
500 | ——case 1- raft
—— case 2-raft
_ ~1000 1 ——case 3-raft
g
g -1500 -
N—
-
S -2000 -
g
= -2500 -
=
Q
w2
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Figure 5.23 Load — settlement curves of raft foundations (at around 10% width of raft)

in normal condition (for cases 1, 2 & 3)
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Figure 5.24 Load — settlement curves of raft foundations (at around 1.7% width of
raft) in normal condition (for cases 1, 2 & 3)
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Applied load (MN)
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Figure 5.25 Load — settlement curves of raft foundations (at working loading) in
ground subsidence (for case 1, 2 & 3)

+ Single pile
The pile at point 2 (for all cases: pile under column) was considered for comparison.
Applied load (MN)
0 25 30 35 40
0 1 1 1
TR .
-100 \
g 200 - \
= — -« case 1-single pile .
= ) 7 ’ \
g 300 case 2-single pile N
L | seeen case 3 -single pile M
§ -400 N \
wn d N
4500 - \
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Figure 5.26 Load — settlement curves of single pile (at ultimate load) in normal
condition (for cases 1, 2 & 3)
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(a) Case 1



102

Applied load (MN)
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(c)Case 3

Figure 5.27 Load — settlement curves of single pile (at ultimate load) and pile in piled

raft (at working loading) in ground subsidence (case 1, 2, 3)

Figure 4.23 and 4.24 shows the load-settlement curves of raft alone for the settlements
at 10% and 1.7% raft width, respectively. The capacities of raft (at settlement of 1.7%
raft width = 600 mm) were around 2400 MN, 400 MN and 220 MN for, in turn of that
order, cases 1, 2 and 3. Figure 4.25 shows the load-settlement curve of raft alone (at
working loads) in ground subsidence condition for cases 1, 2 and 3. In ground
subsidence condition, large settlements of foundations can be found (around 200 mm
and 255 mm) for cases 2 and 3 while very small of settlement of foundation (nearly 0

mm) occurred in case 1. The reasons are the raft in case 1 was set on stiff clay layer
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while the rafts in cases 2 and 3 were set at middle and surface of soft clay layers.
However, the total settlements of both cases 1, 2 and 3 were less than 600 mm.

Figure 4.26 shows the load — settlement curves of single pile (at ultimate load)
in normal condition for cases 1, 2 and 3. The ultimate bearing capacities of single
piles were around 26 MN, 20 MN and 19.7 MN for cases 1, 2 and 3 respectively. Load
— settlement curves of pile in piled raft (at working loading) in ground subsidence for
case 1, 2, 3 is shown in Figure 4.27. For comparison purpose, the load-settlement
curve of single pile (at ultimate load) was also plotted in Figure 4.27 in red lines. It
can be seen that the capacities of piles in piled rafts (PR(A)) were mobilized (under
working loads) around 77 % in case 1, 90% in case 2 and 74% in case 3. These piles
may be called as creep piling, based on the discussion of Randolph (1994) in which
70-80% of piles’ ultimate bearing capacity was mobilized under working load. Large
settlements of piles were also found (for case 2 and 3) in ground subsidence condition.
The settlement of piles in case 1 was very small in ground subsidence condition. The
values of settlement in cases 2 and 3 (piles at point 2 in Figure 4.21) causing by
ground subsidence were around 57 mm and 75 mm, respectively. The reason because
more load was induced on the piles (drag force) and the piles need to settle more to
support the imposed load. It can be explained in the same manner for PR(B), PR(C)
and PR(D). For those types of piled raft, the numbers of piles were increased and,
therefore, the total capacity of all piles in a piled raft was increased. The applied load
was constant while increasing the capacity of foundation would make the settlements
of foundation decreased. In generally, the effect of ground subsidence on settlement of
foundation was decreased in case of increasing numbers of piles as seen in Figure 4.27.
The reason may be that the interaction between of piles affected on the effective of
drag force. The overlap of stresses zone around the piles maybe made a portion of

decrease in the magnitude of drag force.

*Load distribution, average and differential settlements: (effect of raft thickness)

Case 3: t = 1m, case 7: t = 0.5 m, case 8: t = 1.5 m; PG(0) = piled group (ground
water at +0.0 m), PG(-15) = piled group (ground water at -15 m). Differential
settlement = S2 (at point 2) — SO (at point 0).
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Figure 5.28 Load distributions in piled rafts before and after ground subsidence in

Figure 5.29 Differential settlements (0-2) in piled rafts before and after ground
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Figure 5.30 Average settlement, differential settlements and piled load share in piled
rafts before and after ground subsidence in case 3

Figure 5.28 shows the load distributions between raft and group of piles in piled rafts
before and after ground subsidence in case 3. The loads sharing by raft and piles in
normal condition (water level at +0.0 m) and ground subsidence condition (water level
at -15 m) were presented by the continuous lines and dash lines, respectively. For
normal condition, the load carried by the piles was around 65% (PR(A: 16 piles)) and
the raft shared 35% applied load. Although numbers of piles were increase in PR(B:
25 piles), PR(C: 37 piles) and PR(D: 49 piles), the load shared by the piles was
increased very little (less than 5 %). For ground subsidence condition, the load shared
by the piles was increased up to around 100% (PR(A) and PR(B)), 95% (PR(C)) and
90% (PR(D)). The reason was that the soil under the raft settled and reduced the
contact between ground surface and raft. Therefore, the load shared by raft was
reduced largely and this load was transfer to the piles. Beside the applied load, the
piles had also to support the weight of the raft when the contact between the raft and
ground surface decreased. A little load shared by the raft in PR(C) and PR(D) because
the large settlement of those types of piled raft, compared to PR(A) and PR(B), made
the raft little contacted with ground surface.

Figure 5.29 shows differential settlements between the position under the

column (2) and corner of raft (0) in piled rafts before and after ground subsidence in
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case 3. For normal condition (continuous line), the differential settlement was large
for PR(A) and was decreased when more piles added to the raft (PR(B), PR(C) and
PR(D)). The values for differential settlements were 25 mm, 11 mm, 9 mm and 10 mm
for PR(A), PR(B), PR(C) and PR(D), respectively. Because the additional piles
distributed under the raft made the applied loads became more uniform than before
adding piles. The piles added along the perimeter of the raft (under the walls) also
reduced the settlements at those points which results the reduction of differential
settlements. This shows that the effectiveness of piles in reducing differential
settlements is evident. For ground subsidence condition (dash line), the differential
settlements were increased in PR(A) and PR(C) while they were not varied in PR(B)
and PR(D). The values of differential settlements were around 60 mm and 15 mm for
PR(A) and PR(C), respectively. The reason was that the piled at point 2 settled to
mobilize the capacity for supporting imposed load (from drag force). The differential
settlements of raft alone were -2 mm for both normal condition and ground subsidence
condition. It means that the raft was thick enough for distribution of applied loads into
uniform load.

Figure 5.30 presents average settlement, differential settlements and piled load
share in piled rafts before and after ground subsidence in case 3. For normal condition,
the average settlement of raft was 306 mm and this average settlement decreased with
the increased of numbers of piles. The reductions of average settlement were around
88 %, 93 %, 94% and 94% for PR(A: 16 piles), PR(B: 25 piles), PR(C: 37 piles) and
PR(D: 49 piles), respectively. For ground subsidence condition, the average settlement
of raft was increased up to 557 mm and the reductions of settlement were 81%, 91%,
96% and 96% for PR(A: 16 piles), PR(B: 25 piles), PR(C: 37 piles) and PR(D: 49
piles), respectively. The reason, for both conditions, was that the piled shared the load
of the raft and therefore reduced the average settlement of the foundation. Ground
subsidence affected on PR(A) and PR(B) in reducing average settlement (and also
differential settlement). However, ground subsidence showed little effect on reducing

settlements (average and differential settlements) for fully piled raft (PR(D)).

+Case3,7&8
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Figure 5.31 Piled load shares in piled rafts with different configurations in case 3, 7 &
8 (t = thickness of raft)
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Figure 5.31 shows the piled load shares in piled rafts with different configurations in
case 3, 7 and 8. It was noted that the only difference between these three cases was the
thickness of the raft. The thicknesses of the rafts were 0.5 m, 1 m and 1.5 m for case 7,
case 3 and case 8, respectively. For normal condition, at the same piled raft
configuration, the loads shared by the piles were different when the raft thicknesses
were different. For example, at PR(A), the loads shared by the piles were 18%, 66%
and 59% for the raft thicknesses of 0.5 m, 1 m and 1.5 m respectively. The reason
might be come from the contact between the raft and ground surface which located
between the piles. More deflection should be found for the raft which had the less raft
— soil stiffness. However, when the raft-soil stiffness was large (the load on the raft
should be redistributed into uniform), the deflection of the raft between piles was
decrease and, therefore, decrease the contact between raft and ground surface in that
zone. The result was more load should be transferred to the piles and the load carried
by the piles should be increased. For case 3 (t =1 m) and case 8 (t = 1.5 m), at type of
PR(A), when the thickness of the raft large enough to make the raft-stiffness became
strong enough, the piled load shared was decreased with the increase of raft thickness.
For the types of PR(B), PR(C) and PR(D), more piles were inserted between the piles
in PR(A) and it resulted that the raft-soil stiffness was increased. The distribution of
load became more uniform. At the same piled raft configure, the load shared by the
piles was decreased with the increase of raft thickness. For ground subsidence
condition, in both cases, the piled load shares increased, as discussed in previous part.
The increases of piled load shares were around 50% for PR(A) in both cases. The
increases of piled load shares (PR(B)) were 39%, 49% and 54% for the raft
thicknesses of 0.5 m, I m and 1.5 m in ground subsidence. For PR(C) and PR(D), the
increase of piled load shares were around 5% and 10% lower than PR(B).

Figure 5.32 presents the average settlements in piled rafts before and after
ground subsidence in case 3, 7 and 8. In normal condition, the average settlements of
foundation were decreased with the increase of number of piles. For example, the
settlements of raft was reduced by 90%, 94%, 95% and 95% for PR(A: 16 piles),
PR(B: 25 piles), PR(C: 37 piles) and PR(D: 49 piles), respectively. The reason was
that the piles shared a major part of applied load when they were added to the
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foundation. The average settlements were increased around 79%, 200% 139%, 7%
and 7% for raft alone, PR(A), PR(B), PR(C) and PR(D) in ground subsidence
condition. The range of average settlements with different raft thicknesses in both
normal condition and ground subsidence condition were quite narrow. Therefore, the
effect of raft thickness on the average settlement was small in the considered situation.

Figure 5.33 a comparison of differential settlements (0-2) in piled rafts before
and after ground subsidence in case 3, 7 and 8. The differential settlements were
largely increased for raft alone, PR(A) and PR(C) in ground subsidence condition.
Little change in differential settlements for PR(B) and PR(D) in ground subsidence
condition as discussed previous. The stiffness of the raft had a strong effect on
differential settlement in both normal condition and ground subsidence condition. In
normal condition, for PR(A), the differential settlements were 22 mm, 27 mm and 38
mm for raft thicknesses of 1.5 m, 1 m and 0.5 m, respectively. When more piles were
inserted into the raft area (PR(B), PR(C) and PR(D)), the differential settlements were
decreased. The fully piled raft (PR(D: 49 piles)) reduces the average settlement by
about 95% (see Figure 5.32), but showed virtually small change in differential

settlements compared with the raft alone (about 25%) (see Figure 5.33).

* Piles as settlement reducer

Case 1:

- Quic = 2400 MN, Pyorking = 687.444 MN:  SF = 2400/687.444 = 3.49

-S=166 mm

Case 2:

- Quic =400 MN, Pyoriing = 144.338 MN:  SF =400/144.338 = 2.77

-S=393 mm

Case 3:

- Quit =220 MN, Pyorking = 108.9 MN:  SF =220/108.9 =2.02

-S=557 mm

==> Need piles to reduce settlement of raft foundations (all cases) to 50 mm and to

increase SF in case 3 to 2.5
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5.4.5.2 Comparison of parameter study for piled raft in Bangkok soil

For piled raft in Bangkok soil, the parameter study was focused on the effect of
ground subsidence on load — settlement curves, load distribution between group of
piles and raft, the change in axial force of the pile and variations in maximum
bending moment and maximum shear force in the raft. Ground water decreased from
level of +0.0 m (surface) to level of -15 m. For the purpose of this study, the length
and diameter of the piles were kept constant and the effect of ground subsidence was
investigated under some specific piled raft foundations. The following conclusions

were drawn.

1) Numbers of piles and piled configuration

Figures 5.34 — 5.36 show the effect of numbers of piles and piled configuration on the
load-settlement curves of foundations. The role of numbers of piles in reducing
settlement of rafts in cases 1, 2 and 3 was obvious. As discussed previous, when more
piles were added to the foundation such as in PR(A: 16 piles), PR(B: 25 piles), PR(C:
37 piles) and PR(D: 49 piles, it shared a major part of applied and, therefore, reduced
large settlement of foundations. For example, in case 1, the settlement of foundation
was reduced from 166 mm (raft) to 117 mm (16 piles), 82 mm (25 piles), 50 mm (37
piles) and 49 mm (49 piles).

Ground subsidence was not effect on case 1 while had a strong effect on case 2
and case 3 where the rafts were set in or on soft clay layer. In normal condition, the
settlement of raft was reduced from 188 mm (raft) to 27 mm (16 piles), 16 mm (25
piles), 13 mm (37 piles) and 13 mm (49 piles) for case 2 while the settlement of raft
was reduced from 306 mm (raft) to 35 mm (16 piles), 20 mm (25 piles), 17 mm (37
piles) and 17 mm (49 piles) for case 3.

In ground subsidence condition, the settlement of raft was reduced from 393
mm (raft) to 79 mm (16 piles), 29 mm (25 piles), 15 mm (37 piles) and 15 mm (49
piles) for case 2 while the settlement of raft was reduced from 557 mm (raft) to 106

mm (16 piles), 45 mm (25 piles), 18 mm (37 piles) and 18 mm (49 piles) for case 3.
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Load-settlement curves

Settlement at central of raft was considered for all load-settlement curves.

Applied load (MN)
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Figure 5.34 Effect of numbers of piles and piled configuration in case 1
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Figure 5.35 Effect of numbers of piles and piled configuration in case 2
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Figure 5.36 Effect of numbers of piles and piled configuration in case 3

Axial force in piles

PR(A)(0) = piled raft, configuration A, ground water level at +0.0 m (normal
condition).

PR(A)(-15) = piled raft, configuration A, ground water level at -15 m (ground

subsidence condition)

Figure 5.37 — 5.39 present the distribution of axial forces with depth for ground water

level at +0.0 m (normal condition) and at -15 m (ground subsidence condition) in

cases 1, 2 and 3. In both cases, the axial forces increased when ground subsidence

occurred.
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In case 1, as seen in Figure 5.37, the maximum axial forces (positions 2, 0 and
0.3) were at the top of piles and were not increased in ground subsidence condition.
Negative skin friction was not affected in case 1. The difference in piled raft
configurations was quite narrow, excepting for PR(D) where fully piled raft was used
and axial force in each piles was small.

In case 2, see Figure 5.38, the maximum axial forces were at the different
positions on the piles and were largely increased in ground subsidence condition. For
example, the pile at point 2 (under the column) (see Figure 5.38a), the maximum axial
force of piles in PR(A) (red lines) was at the top of the piles and was increased around
7 MN (from 12.5 MN to 19.5MN). As discussed previous, the increase came from the
applied load, weight of structure carried by water and negative skin friction on the
walls which was transferred to the piles. For the pile at point O (corner of raft) (see
Figure 5.38b), the maximum axial force of piles in PR(A) (red lines) was at depth of
around 6.5 m from the top of the piles (neutral plane at around -6.5 m from the top of
the pile) and was increased around 8 MN (from 6 MN to 14MN). The increase came
from the applied load, weight of structure carried by water which was transferred to
the piles and the negative skin friction (on the walls and on the piles) of soft clay layer.
For the pile at point 0.3 (1/3 edge of raft) (see Figure 5.38c¢), the maximum axial force
of piles in PR(A) (red lines) was at depth of around 6.5 m from the top of the piles
(neutral plane at around -6.5 m from the top of the pile) and was increased around 12
MN (from 4.5 MN to 16.5MN). The increase came from the applied load, weight of
structure carried by water which was transferred to the piles and the negative skin
friction (on the walls and on the piles) of soft clay layer. When numbers of piles
increased (PR(B), PR(C) and PR(D)), the axial forces was decreased and the axial
lines were moved to the left. For example, comparing axial fore of the same pile
(point 0) in PR(A) and PR(D) gave an interesting results. When ground subsidence
occurred, the axial force of the pile was increased around 8MN and 2.2 MN (from 3.8
MN to 6 MN) for PR(A) and PR(D), respectively.

In case 3, see Figure 5.39, the increase axial force in the same manner in case
2. It was noted that the raft in case 3 was set on surface of soft clay layer. Therefore, a

larger part of piled length was in negative skin friction zone and a larger increment of
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axial force should be appeared. For example, the pile at point 0.3 (1/3 edge of raft)
(see Figure 5.39¢), the maximum axial force of piles in PR(A) (red lines) was at depth
of around 14 m from the top of the piles (neutral plane at around -14 m from the top of
the pile) and was increased around 6.8 MN (6.2 MN to 13 MN). The loaded increment

came from the applied load and the negative skin friction of soft clay layer.
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Figure 5.37 Effect of numbers of piles and piled configuration in case 1
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Figure 5.38 Effect of numbers of piles and piled configuration in case 2
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(c) Pile at position 0.3

Figure 5.39 Effect of numbers of piles and piled configuration in case 3

Load distribution and settlement

The settlement at point 2 (under column) was chosen for plotting load distribution-
settlement curves. Continuous lines were for normal condition and dash lines were for
ground subsidence condition.

Figure 5.40 shows the relationship between the load carried by the piles (piled
load share: %) and the settlement of the foundation. Figure 5.40a presents a full view
of variation of piled load share with settlement while Figure 5.40b shows the view of
small rectangular in Figure 5.40a. These figures show that, in ground subsidence
condition, the settlement of foundations increased and the piled load share also
increased.

For case 1 (red lines), piled load shares were not affected in ground subsidence
condition. Piled load share of PR(A =16 piles) and PR(B = 25 piles) increased around
1% while these values were around 5% for PR(C =37piles) and PR(D= 49piles).

For case 2 (green lines), the piles carried all applied load and self-weight of
raft, floors, wall, beam and columns (> 100%) in ground subsidence condition. Piled
load share of PR(A =16 piles) increased around 50% with the increment settlement of
foundation of around 50 mm. Piled load share of PR(B =16 piles), PR (C = 37piles)
and PR(D = 49piles) increased around 57% with the increment settlement of

foundation of around 5 mm.
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For case 3 (black lines), the piles also carried most of applied load (~100%) in
ground subsidence condition. The increments in piled load shares were around 30 %

for PR(A), PR(B) and PR(C), and around 25 % for PR(D).
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Figure 5.40 Comparison of load distribution and settlement for case 1, 2 & 3 (Unit
used in legend figure: m)

Raft bending moments and shear
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Figure 5.42 Bending moment, shear force and settlement for case 2
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Figures 5.41-5.43 present the variation of raft bending moment and shear for case 1,
case 2 and case 3, respectively.

Bending moment and shear in raft of case 1 were changed very little
(decreasing less than 1.5 MN.m/m for bending moment and 0.5 MN/m for shear) in
ground subsidence condition.

For case 2 (Figure 5.42), bending moment was constant (around 1.7 MN.m/m)
for PR(A) although large settlement was found (around 200 mm) in ground
subsidence condition. PR(B) had an increment of around 0.9 MN.m/m with an
increment in settlement of around 50 mm. PR(C) and PR(D) had an increment of
around 1.2 MN.m/m with an increment in settlement of around 5 mm. For variation of
shear in cases 2, shear was constant (around 2.3 MN/m) for PR(A) although large
settlement was found (around 200 mm) in ground subsidence condition. PR(B) had an
increment of around 0.2 MN/m with an increment in settlement of around 50 mm.
PR(C) and PR(D) had an increment of around 0.2 MN/m with an increment in
settlement of around 3 mm.

For case 3 (Figure 5.43), bending moment was constant (around 2.2 MN/m)
for PR(A) although large settlement was found (around 300 mm) in ground
subsidence condition. PR(B) had an increment of around 1.2 MN/m with an increment
in settlement of around 100 mm. PR(C) and PR(D) had an increment of around 0.2
MN/m with an increment in settlement of around 5 mm. Shear was constant (around
0.9 MN.m/m) for PR(A) although large settlement was found (around 300 mm) in
ground subsidence condition. PR(B) had an increment of around 1 MN.m/m with an
increment in settlement of around 100 mm. PR(C) and PR(D) had an increment of

around 0.6 MN.m/m with an increment in settlement of around 10 mm.

2) Effect of Young’s modulus

Case 3: E; =2660 kPa; Case 4: E, =2E; =5320 kPa ; Case 5: E.=3E; =7980 kPa
Applied load P3 = P4 = P5 = 108.9 MN

Load-settlement curves
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Figure 5.44 Effect of Young’s modulus on raft foundations

& @ IS ~
IS IS S S 1)
. . . .

KN

o

o
)

Settlement (mm)

Applied load (MN)
20 40 60 80 100 120 Legend
[
| A=16piles  B=25 piles
R N R
——case 3 : ,,,,,,,,,,
—cased it | SRR
case 5 RN A O [

KN
N
o

C=37 piles D=49 piles

Figure 5.45 Effect of Young’s modulus on piled raft with 4x4 piles (A)
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Figure 5.46 Effect of Young’s modulus on piled raft with 25 piles (B)
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Figure 5.47 Effect of Young’s modulus on piled raft with 37 piles (C)
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Figures 5.44 — 5.48 show the effect of Young’s modulus of soil on the load-settlement

curves of foundations.

Figure 5.44 shows that the settlements of raft foundation decreased around

50 % or 70 % when Young’s modulus of soil increases 2 times (E4 = 2E3) or 3 times

(Es = 3E3) in ground subsidence condition. The settlement of foundation decreased
around 40% (E4 = 2E5) and 60% (Es = 3E3) for PR(A) while these values were around
50% (E4 = 2E3) and 65% (Es = 3E3) for PR(B). Very little settlements occurred in

PR(C) and PR(D) in ground subsidence condition when Young’s modulus of soil

increased because almost the load carried by the piles.

Axial force in piles
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(c) Pile at position 0.3

Figure 5.49 Effect of Young’s modulus on piled raft with 4x4 piles (A)
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Figure 5.50 Effect of Young’s modulus on piled raft with 25 piles (B)
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Figure 5.51 Effect of Young’s modulus on piled raft with 37 piles (C)
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Figure 5.52 Effect of Young’s modulus on piled raft with 7x7 piles (D)

PR(A)(0) = piled raft, configuration A, ground water level at +0.0 m (normal
condition). PR(A)(-15) = piled raft, configuration A, ground water level at -15 m
(ground subsidence condition)

Figure 5.49 — 5.52 present the distribution of axial forces with depth for
ground water level at +0.0 m (normal condition) and at -15 m (ground subsidence
condition) in cases 3 (E3), case 4 (E4 = 2E3) and case 5 (Es = 2E3). When Young’s
modulus of soil increased (E4 = 2E; and Es = 2E3), the maximum axial forces in piles
increased largely with depth in ground subsidence condition.

For example, in PR(A) and at point 2 (under column) (Figure 5.49a), the
maximum axial forces increased around 3 MN, 4 MN and 6 MN for E;, E4 = 2E; and
Es = 2E;s, respectively. In PR(B) (Figure 5.50a), the maximum axial forces increased
around 3 MN, 3.2 MN and 3.5 MN for E;, E4 = 2E3 and Es = 2Ej3, respectively. In
PR(D) (Figure 5.52a), the maximum axial forces increased around 2.3 MN for Es, E4
=2E; and E5 = 2E;.
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Figure 5.53 Comparison of load distribution and settlement for case 3, 4 and 5

Figure 5.53 shows variations of piled load share with settlement for different Young’s

moduli of soil in normal condition and ground subsidence condition. When Young’s

modulus of soil increased, the piled load share in ground subsidence condition

decreased. For example, for PR(A), the piled load shares were decreased 36 %, 30 %
and 27 % for E3, E4 = 2E;3 and Es = 3E3, respectively. For PR(D), the piled load shares
were decreased 23 %, 21 % and 18 % for E3, E4 = 2E3 and Es = 3E3, respectively.



Raft bending moments and shear

-100

-200

—~
=
£
~
- -300
=
Q
5
= -400
=
[
w2
-500 -
-600
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Figure 5.55 Comparison of shear forces and settlements in case 3,4 & 5
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Figure 5.54 and Figure 5.55 present the comparison of bending moments and shear

force with settlements in different values of Young’s modulus of soil. When Young’s

modulus of soil increased, the bending moment of raft in ground subsidence condition

decreased while shear force of raft increased. For example, for PR(A), bending
moment were decreased 1.5 MN.m/m, 1 MN.m/m and 0.95 MN.m/m for E3, E4 = 2E;
and Es = 3E;3, respectively. For PR(A), shear force were increased 0.95 MN/m, 1.22

MN/m and 1.25 MN/m for E3, E4 = 2E; and Es = 3E;3, respectively.
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3) Effect of pattern of loads

Case 3: combined loads and Case 6: uniform load q = 84 kPa.

Load-settlement curves
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Figure 5.56 Effect of load patterns on raft foundations
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Figure 5.57 Effect of load patterns on piled raft with 4x4 piles (A)
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Figure 5.58 Effect of load patterns on piled raft with 25 piles (B)
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Figure 5.59 Effect of load patterns on piled raft with 37 piles (C)
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Figure 5.60 Effect of load patterns on piled raft with 7x7 piles (D)

Figures 5.56 - 5.60 present the effect of pattern of load on load-settlement curves of
foundation in normal condition and ground subsidence condition. More settlement
was found for case of uniform load, compared to combined load. For example, for
PR(A), settlements of foundation were around 120 mm and 130 for combined load

(case 3) and uniform load (case 6), respectively.

Axial force in piles

Figures 5.61 — 5.64 show the effect of load patterns on maximum axial force of piles
in piled raft in normal condition and ground subsidence condition.

Compared to combined load (case 3), more load concentrated around the
centre of raft while lesser load at the corner of raft and the same load at the edge of
raft for uniform applied load (case 6).

For example, in PR(A) and at point 2 (under column, around the centre of raft)
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(Figure 5.61a), the maximum axial forces increased to values of 15 MN and 16 MN
for combined load and uniform load, respectively. In PR(B) (Figure 5.62a), the
maximum axial forces increased to values of 9 MN and 10.5 MN for combined load
and uniform load, respectively. In PR(D) (Figure 5.64a), the maximum axial forces

increased to values of 6.2 MN and 6.7 MN for combined load and uniform load,

respectively.
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Figure 5.62 Effect of load patterns on piled raft with 25 piles (B)
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Figure 5.63 Effect of load patterns on piled raft with 37 piles (C)

(c) Pile at position 0.3
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Load distribution and settlement
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Figure 5.65 shows relationship of piled load share with foundation settlement under

effect of load patterns in normal and ground subsidence conditions. Compared to

combined load, in ground subsidence, the same value of piled load share (but larger
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settlement) was found for PR(A=16piles). However, smaller values of piled load share
were found when numbers of piles increase in ground subsidence condition. For
example, in PR(C), the values of piled load shares were 97% and 96.6 % for

combined load and uniform load in ground subsidence condition.
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Figure 5.65 Comparison of load distribution and settlement for case 3 and case 6
Raft bending moments and shear

Figure 5.66 and Figure 5.67 show the effect of pattern of load on bending moment and

shear of raft in normal condition and ground subsidence condition.
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As seen in Figure 5.66, larger values of maximum bending moment occurred
for uniform load for both normal and ground subsidence conditions. For example, in
PR(A), maximum bending moment were 3.4 MN.m/m and 3.8 MN.m/m for combined
load and uniform load in ground subsidence condition.

Figure 5.67 shows that smaller values of maximum shear force occurred for
uniform load for both normal and ground subsidence conditions. For example, in
PR(A), maximum shear force were 4.5 MN/m and 4.4 MN/m for combined load and

uniform load in ground subsidence condition.
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Figure 5.66 Comparison of bending moments and settlements in case 3 and case 6
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Figure 5.67 Comparison of shear forces and settlements in case 3 and case 6



137

4) Effect of raft thickness

Case3:t=1m, case 7:t=0.5m, case 8: t=1.5m

Effects of raft thickness on load distribution, average and differential settlements were

described in details in part 5.4.5.1 of this chapter.

Load-settlement curves
Figures 5.68 - 5.72 present the effect of raft thickness on load-settlement curves of
foundations in normal and ground subsidence conditions.

For PR(A), less settlement was found for case of thicker raft in both normal
and ground subsidence conditions. In ground subsidence, the settlements of
foundation were around 130 mm, 120 mm and 110 for the raft thicknesses of 0.5 m, 1
m and 1.5 m, respectively.

However, with larger numbers of piles, the settlements of piled raft were
nearly same for PR(B), PR(C) and PR(D) although there was a small part of
settlement in case of raft thickness of 0.5 m which was smaller than others. For
example, for PR(D) in ground subsidence condition, the settlements of foundations

were 15.5 mm, 16 mm and 115.9 mm for raft thicknesses of 0.5 m, 1 m and 1.5 m.
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Figure 5.68 Effect of raft thickness on raft foundations
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Figure 5.69 Effect of raft thickness on piled raft with 4x4 piles (A)
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Figure 5.70 Effect of raft thickness on piled raft with 25 piles (B)
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Figure 5.71 Effect of raft thickness on piled raft with 37 piles (C)
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Figure 5.72 Effect of raft thickness on piled raft with 7x7 piles (D)

Figures 5.73 — 5.76 show the effect of raft thicknesses on the maximum axial force of

piles in piled raft in normal and ground subsidence conditions.

For piles around centre of raft, larger axial force occurred on lesser thickness

of raft while lesser values of were found on lesser thickness of raft for piles at the

corner and edge of raft in ground subsidence condition. For example, as seen on

Figures 5.73a, the value of maximum axial force at point 2 was 16 MN, 15 MN and

14 MN for raft thicknesses of 0.5 m, 1 m and 1.5 m, respectively. Figure 5.74c shows

that the values of maximum axial forces were 8.5 MN, 8.6 MN and 8.8 MN for raft

thicknesses of 0.5 m, 1 m and 1.5 m, respectively.
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Figure 5.73 Effect of load patterns on piled raft with 4x4 piles (A)
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Figure 5.74 Effect of load patterns on piled raft with 25 piles (B)
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Figure 5.75 Effect of load patterns on piled raft with 37 piles (C)
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Figure 5.76 Effect of load patterns on piled raft with 7x7 piles (D)

Load distribution and settlement
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Figure 5.77 Comparison of load distribution and settlement for case 3, 7 & 8

Figure 5.77 presents the effect of raft thickness on the relationship between piled load
share and settlement in normal and ground subsidence conditions.

Pied load share decreased when raft thickness increased. For example, for
PR(D) in ground subsidence, the piled load shares were around 99 %, 90 % and 80 %

for raft thicknesses of 0.5 m, 1 m and 1.5 m. The raft carried more load when the

thickness of raft increased.

Raft bending moments and shear
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Figure 5.78 Comparison of bending moments and settlements in case 3, 7 & 8
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Figure 5.79 Comparison of shear forces and settlements in case 3, 7 & 8

Figure 5.78 and Figure 5.79 show the effect of raft thicknesses on maximum bending
moments and shear forces of the raft.

As seen on Figure 5.78, the maximum bending moments of raft increased
when the thicknesses of raft increased. For example, for PR(A) in ground subsidence
condition, the values of bending moment of raft were around 2 MN.m/m, 3.3
MN.m/m and 4.8 MN.m/m for raft thicknesses of 0.5 m, 1 m and 1.5 m, respectively.

As seen on Figure 5.79, the maximum shear forces of raft increased when the
thicknesses of raft increased. For example, for PR(A) in ground subsidence condition,
the values of shear forces of raft were around 4.2 MN/m, 4.3 MN/m and 5.6 MN/m

for raft thicknesses of 0.5 m, 1 m and 1.5 m, respectively.

5) Effect of levels of load

Case 6: q = 84 kPa (5 floors building); case 9: q = 67.2 kPa (4 floors building), case
10: q = 50.4 kPa (3 floors building).

Load-settlement curves

Figures 5.80 — 5.84 show the effect of levels of load on load — settlement relationship
of foundations in normal and ground subsidence conditions. The effectiveness of the

piles in reducing settlements of foundations was obvious when the foundation was
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applied different levels of load.

For PR(C) (Figure 5.83), when the levels of applied load increased 33 % (case
9) and 66 % (case 10), the settlements of foundations were reduced around 24 % and
41 % in ground subsidence condition, respectively. The reduction of settlement was

nearly linear with the increase of applied load.
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Figure 5.80 Effect of level of loads on raft foundations
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Figure 5.81 Effect of level of loads on piled raft with 4x4 piles (A)

Applied load (MN)

0 20 40 60 80 100 120

0

-10 A

-20

-30
—case 6
40 -

—case 9

—case 10

-50 -

Settlement (mm)

-60

Figure 5.82 Effect of level of loads on piled raft with 25 piles (B)
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Figure 5.83 Effect of level of loads on piled raft with 37 piles (C)
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Figure 5.84 Effect of level of loads on piled raft with 7x7 piles (D)

Axial force in piles

Figures 5.85 — 5.88 present the effect of levels of load on the maximum axial forces of
piles in piled raft in normal and ground subsidence conditions.

The lines for axial forces in ground subsidence condition were parallel. For
example, for point 2 of PR(A) (Figure 5.85a), when applied levels increased 33 % and
66 %, the maximum axial forces increased 14 % and 28 % in ground subsidence,
respectively.

For piles at the corner or the edge of raft, the different increments of maximum
axial forces with different levels of load were small. For example, for point 0 of
PR(D) (Figure 5.88b), the differences of maximum axial force were less than 5 %

although levels of load were increased 33 % and 66 %.
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Figure 5.85 Effect of levels of loads on piled raft with 4x4 piles (A)
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Figure 5.88 Effect of levels of loads on piled raft with 49 piles (D)

(c) Pile at position 0.3

Load distribution and settlement

151

Figure 5.89 shows the effect of levels of load on the relationship between piled load

share and settlement of foundation in normal and ground subsidence conditions.

When levels of load increased 33 % and 66 %, the piled load share increased

20 % and 33 %, respectively, for PR(A) in ground subsidence condition. When
numbers of piles increased (PR(B), PR(C) and PR(D)), the piled load share vary



152

complicatedly in ground subsidence condition. For example, for PR(D) in ground

subsidence, the piled load share increased 17 % and 43 % when level of load

increased 33 % and 66 %.
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Figure 5.89 Comparison of load distribution and settlement for case 6,9 & 10

Raft bending moments and shear

Figure 5.90 and Figure 5.91 present the effect of levels of load on the maximum

bending moment and shear force of raft in normal and ground subsidence conditions.

As seen in Figure 5.90, when applied load increased 33 % and 66 %, the

maximum bending moment increased 15 % and 33 % for PR(A) in ground subsidence

condition. For PR(B), PR(C) and PR(D) increased in the same manner with PR(A).
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For maximum shear force in raft, when applied load increased 33 % and 66 %,
the maximum shear force increased 16 % and 30 % for PR(A) in ground subsidence

condition. For PR(B), PR(C) and PR(D) increased in the same manner with PR(A).

Bending Moment (MNm/m)
1.0 1.5 2.0 2.5 3.0 3.5
0 - 1 1
-100 2 PR
*
-200
E)
E 300
=
=
= -400 . —&— case 6 (0)
D <eeedeees case 6(-15)
500 o

—+— case 9(0)
coeedeeee case 9(-15)
-600 —e— case 10(0)
seesdeeee case 10(-15)

-700

Figure 5.90 Comparison of bending moments and settlements in case 6, 9 & 10
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Figure 5.91 Comparison of shear forces and settlements in case 6, 9 & 10

6) Effect of piled spacing:

Case 11: s =6 m, case 12: s =3 m, case 13: s =2 m. Raft without beams, q = 84 kPa,

t=2m.
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Figure 5.92 Positions of piles were considered in case 11, 12 & 13

Load-settlement curves
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Figure 5.93 Effect of piled spacings on piled raft with 7x7 piles (D)

Figure 5.93 shows the effect piled spacing on load-settlement curves of piled raft in
normal and ground subsidence conditions.

As seen on the Figure 5.93, for these models, when piled spacings increased (s
=2 m, 3 m and 6 m), the settlement of foundation decreased in both normal and
ground subsidence conditions. When piled spacing increased 50 % (s = 3 m) and
200 % (s = 6 m), the settlement of foundation reduced 47 %, 63 %, respectively.

When piled spacing larger than around 3d, the effectiveness of piles in
reducing settlement of raft was nearly same in normal condition but different in
ground subsidence condition. For example, for piled spacings of 2d, 3d and 6d, the

settlements of piled raft were around 27 mm, 17 mm and 15 mm, respecitively, in
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normal condition while the settlements of piled raft were around 46 mm, 24 mm and

17 mm, respectively, in ground subsidence condition.

Axial force in piles
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(c) Pile at position 0.3
Figure 5.94 Effect of piled spacings on piled raft with 49 piles (D)

Figure 5.94 shows the effect of piled spacing on maximum axial forces of piles in
piled raft in normal and ground subsidence conditions.

For pile at point 0 (corner of raft), in ground subsidence condition, the
maximum axial force increased when piled spacing increased. For example, in ground
subsidence, the increments of maximum axial forces were 1.3 %, 18 % and around
566 % (from 0.9 MN to around 6 MN) for piled spacings of 2d, 3d and 6d,
respectively.

Interactions between piles may be a reason for decrease of negative skin
friction on piles resulting decrease of maximum axial forces for small spacing (2d).
However, for larger piled spacing (3d or 6d), the interactions between piles decreased
and, therefore, increased effect of negative skin friction on piles which made the

maximum axial forces increased.

Load distribution and settlement

Figure 5.95 shows the effect of piled spacing on the relationship between piled load
share and settlement of foundation in normal and ground subsidence conditions. Line
with square points was for piled rafts in normal condition and line with rectangular
points was for piled rafts in ground subsidence condition.

In normal condition, piled load shares increased when piled spacing increased.
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However, in ground subsidence, piled load shares decreased with the increase of piled
spacings. For example, in normal condition, when piled spacings increased from 2d to
3d and 6d, piled load shares increased from 77 % to 83 % and 88 %, respectively.
However, in ground subsidence condition, the values of piled shares were 99 %, 97 %
and 96 % for piled spacings of 2d, 3d and 6d, respectively. The increments of piled
load shares were 22 %, 14 % and 8 % for piled spacings of 2d, 3d and 6d.

Piled load shares decreased with the increase of piled spacing may be
explained by considering the interaction between piles in piled raft. As discussed in

previous part, interaction between piled reduced the effect of negative skin friction on

the piles.
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Figure 5.95 Comparison of load distribution and settlement for case 11, 12 & 13

Raft bending moments and shear

Figures 5.96 and Figure 5.97 present the effect of piled spacings on the maximum
bending moment and shear force in the raft in normal and ground subsidence
conditions. Line with square points was for piled rafts in normal condition and line
with rectangular points was for piled rafts in ground subsidence condition.

In normal condition and ground subsidence condition, maximum bending
moment increased when piled spacing increased (Figure 5.96). For example, in
normal condition, values of bending moments were 1 MN.m/m, 1.35 MN.m/m and
2.05 MN.m/m for piled spacings of 2d, 3d and 6d, respectively. In ground subsidence
condition, the values of bending moments increased to 1.5 MN.m/m, 1.7 MN.m/m and
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1.95 MN.m/m for piled spacings of 2d, 3d and 6d, respectively. For piled raft with
piled spacings of 2d and 3d, the bending moment increased 50 % and 26 % in ground
subsidence condition. However, for piled raft with piled spacing of 6d, the bending
moment decreased around 5 % in ground subsidence condition.

As seen in Figure 5.97, the maximum shear force in raft decreased when piled
spacing increased for both normal and ground subsidence conditions. Compared to
normal condition, shear forces increased around 14 %, 8 % and 6 % for piled raft with
piled spacings of 2d, 3d and 6d, respectively, in ground subsidence condition. Larger
area distributed by the piles which made load more uniform distribution on the raft

and, therefore, it may be make the decrease of shear forces in the raft.

Bending Moment (MNm/m)
0.5 1.0 15 2o .
-10 S0 1S |
~~ -25 A A
N=g -30 1 mcase 11(0)
=
Qé -35 1 Acasell(_ls)
% ; M case 12(0)
S -40 ey
w2 :__.»‘ case 1 (_1 )
-45 Mcase 13(0)
A Acase 13(-15)
-50

Figure 5.96 Comparison of bending moments and settlements in case 11, 12 & 13
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Figure 5.97 Comparison of shear forces and settlements in case 11, 12 & 13
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5.5 Conclusions

From the results of parameter study of model piled raft and piled raft in Bangkok soil,

some discussions were given as below.

For parameter study of model piled raft (size of foundation was taken from centrifugal

models)

When piled spacing increases, the maximum axial force of the piles increase.
For friction piled raft, maximum axial forces increased 45 N and 60 N for piled
spacings of 2d and 4d, respectively. For end-bearing piled raft, when piled spacings
increased from 2d to 4d, the maximum axial forces increased 65 N and 125 N,
respectively.

When Young’s modulus of the soil increases (E2 = 8.9 E1), the maximum axial
force decreases because of increase of load carried by the raft. For friction piled raft,
maximum axial forces were 185 N and 160 N for E1 and E2 in normal condition
while the maximum axial forces increased 50 N for both E1 and E2 in ground
subsidence condition. For end-bearing piled raft, maximum axial forces were 145 N
and 130 N for E1 and E2 in normal condition while maximum axial forces increased
65 N and 55 N for E1 and E2, respectively in ground subsidence condition.

When ground water levels decrease from +0.0 m to -7.725 m, maximum axial
forces were increased 70 N and 145 N for friction and end-bearing piled rafts,
respectively. However, the axial forces were constant when ground water levels
decreased from -7.725 m to -10 m.

For all cases of parameter study, negative skin friction of end-bearing piled raft

is larger than that of friction piled raft in ground water pumping condition.

For parameter study of piled raft in Bangkok soil

For piled rafts in Bangkok soil, considering the ground subsidence condition when
ground water levels decreases from +0.0 m to -7.5 m, -15 m and -25 m.

Numbers of piles and piled configuration: when more piles were added to the
foundation such as in PR(A: 16 piles), PR(B: 25 piles), PR(C: 37 piles) and PR(D: 49

piles, it shared a major part of applied load and, therefore, reduced large settlement of
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foundations, reduced bending moment and shear force in the raft in ground subsidence
condition.

Young’s modulus of soil: when Young’s modulus of soil increases 2 times (E4
= 2E;3) or 3 times (Es = 3Ej3), the settlements of raft foundation decreased around 50 %
or 70 %, the piled load share decreased, the maximum axial forces in piles increased
largely with depth, and the bending moment of decreased while shear force of raft
increased in ground subsidence condition.

Pattern of loads: more settlement was found for case of uniform load,
compared to combined load. More load concentrated around the centre of raft while
lesser load at the corner of raft and the same load at the edge of raft for uniform
applied load. The same value of piled load share (but larger settlement) was found for
PR(A=16piles). Larger values of maximum bending moment occurred for uniform
load for both normal and ground subsidence conditions. Maximum shear force
occurred for uniform load for both normal and ground subsidence conditions.

Raft thickness: for piles around centre of raft, larger axial force occurred on
lesser thickness of raft while lesser values of axial forces were found on lesser
thickness of raft for piles at the corner and edge of raft in ground subsidence condition.
When raft thickness increased, pied load share decreased, the maximum bending
moments of raft increased, the maximum shear forces of raft increased.

Levels of loads: the effectiveness of the piles in reducing settlements of
foundations was obvious when the foundation was applied different levels of load.
The reduction of settlement was nearly linear with the increase of applied load. When
levels of load increased 33 % and 66 %, the piled load share increased 20 % and 33 %,
respectively, for PR(A), the maximum bending moment increased 15 % and 33 % for
PR(A), the maximum shear force increased 16 % and 30 % for PR(A) in ground
subsidence condition. For PR(B), PR(C) and PR(D) increased in the same manner
with PR(A).

Piled spacing: for these models, when piled spacings increased (s =2 m, 3 m
and 6 m), the settlement of foundation decreased in both normal and ground
subsidence conditions. When piled spacing larger than around 3d, the effectiveness of

piles in reducing settlement of raft was nearly same in normal condition but different
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in ground subsidence condition. In normal condition, piled load shares increased when
piled spacing increased. However, in ground subsidence, piled load shares decreased
with the increase of piled spacings. In both normal condition and ground subsidence
condition, maximum bending moment increased when piled spacing increased, the

maximum shear force in raft decreased when piled spacing increased.

In summary, the analyses show that the load - settlement curves, load
distribution between group of piles and raft, axial force of the pile, average and
differential settlements, the maximum bending moment and maximum shear force are

significantly affected by above parameters.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions

The primary objective of this thesis was to investigate the effect of ground subsidence
on load distributions, average and differential settlements, and raft bending moment
and shear of piled raft foundation by using centrifugal test and FE analysis.

For centrifugal test, six cases of model foundations were conducted at the
centrifugal accelerate of 50g order to evaluate the effects of ground subsidence on the
behavior of foundations. Group 1 (soil condition 1) with case 1: raft alone, case 2:
piled raft (s = 2d), case 3: piled raft (s = 4d) and group 2 (soil condition 2) with case 4:
raft alone, case 5: friction piled raft (s = 4d) and case 6: end-bearing piled raft (s = 4d)
were studied. Three layers of soils including bottom dense sand, middle soft clay and
top medium sand were considered in all cases. The results of centrifugal test show that,
settlement of foundations increased nearly linear with ground subsidence. In ground
subsidence condition, when piled spacing increased (2d to 4d), the settlement of
foundation increased and axial load of the piles increased. After pumping ground
water for about 30 min, the total axial force of pile top became equal to applied load
due to larger ground settlement than raft settlement. Negative skin friction of end-
bearing piled raft was very larger than that of friction piled raft in ground subsidence
condition.

For FE analysis, parameter study for model piled rafts and three cases of piled
raft in Bangkok soil were performed in this study. FE analysis was done by Plaxis 3D
Version 2011. The factors including piled spacing, Young’s modulus of soil and
ground water levels were considered in parameter study for model piled rafts and the
factors including number of piles, Young’s modulus of soil, pattern of loads, raft
thickness and piled spacing were considered in parameter study for three cases of
piled rafts on Bangkok soil (case 1, case 3 and case 3 with levels of raft at -15 m, -7.5
m and + 0.0 m, respectively). Three layers of soils including bottom sand, middle clay
and top sand were considered for model piled rafts while all 5 layers in Bangkok soil

were simulated in the analyses. The calculation was done by drained, plastic analysis



163

with effective parameters. The results of parameter study of model piled raft and piled
raft in Bangkok soil show that

For model piled rafts, size of foundation was taken from centrifugal model
tests, when piled spacing increases, the maximum axial force of the piles increase. For
friction piled raft, maximum axial forces increased 45 N and 60 N for piled spacings
of 2d and 4d, respectively. For end-bearing piled raft, when piled spacings increased
from 2d to 4d, the maximum axial forces increased 65 N and 125 N, respectively.
When Young’s modulus of the soil increases (E2 = 8.9 E1), the maximum axial force
decreases because of increase of load carried by the raft. For friction piled raft,
maximum axial forces were 185 N and 160 N for E1 and E2 in normal condition
while the maximum axial forces increased 50 N for both E1 and E2 in ground
subsidence condition. For end-bearing piled raft, maximum axial forces were 145 N
and 130 N for E1 and E2 in normal condition while maximum axial forces increased
65 N and 55 N for E1 and E2, respectively in ground subsidence condition. When
ground water levels decrease from +0.0 m to -7.725 m, maximum axial forces were
increased 70 N and 145 N for friction and end-bearing piled rafts, respectively.
However, the axial forces were constant when ground water levels decreased from -
7.725 m to -10 m. For all cases of model piled rafts, negative skin friction of end-
bearing piled raft is larger than that of friction piled raft in ground water pumping
condition.

For piled rafts in Bangkok soil, when more piles were added to the foundation,
it shared a major part of applied load and, therefore, reduced large settlement of
foundations, reduced bending moment and shear force in the raft in ground subsidence
condition. When Young’s modulus of soil increases 2 times (E4 = 2E3) or 3 times (Es =
3E3), the settlements of raft foundation decreased around 50 % or 70 %, the piled load
share decreased, the maximum axial forces in piles increased largely with depth, and
the bending moment of decreased while shear force of raft increased in ground
subsidence condition. More settlement was found for case of uniform load, compared
to combined load. More load concentrated around the centre of raft while lesser load
at the corner of raft and the same load at the edge of raft for uniform applied load. The

same value of piled load share (but larger settlement) was found for PR(A=16piles).
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Larger values of maximum bending moment occurred for uniform load for both
normal and ground subsidence conditions. Maximum shear force occurred for uniform
load for both normal and ground subsidence conditions. For piles around centre of raft,
larger axial force occurred on lesser thickness of raft while lesser values of axial
forces were found on lesser thickness of raft for piles at the corner and edge of raft in
ground subsidence condition. When raft thickness increased, pied load share
decreased, the maximum bending moments of raft increased, the maximum shear
forces of raft increased. The effectiveness of the piles in reducing settlements of
foundations was obvious when the foundation was applied different levels of load.
The reduction of settlement was nearly linear with the increase of applied load. When
levels of load increased 33 % and 66 %, the piled load share increased 20 % and 33 %,
respectively, for PR(A), the maximum bending moment increased 15 % and 33 % for
PR(A), the maximum shear force increased 16 % and 30 % for PR(A) in ground
subsidence condition. For PR(B), PR(C) and PR(D) increased in the same manner
with PR(A). For these models, when piled spacings increased (s =2 m, 3 m and 6 m),
the settlement of foundation decreased in both normal and ground subsidence
conditions. When piled spacing larger than around 3d, the effectiveness of piles in
reducing settlement of raft was nearly same in normal condition but different in
ground subsidence condition. In normal condition, piled load shares increased when
piled spacing increased. However, in ground subsidence, piled load shares decreased
with the increase of piled spacings. In both normal condition and ground subsidence
condition, maximum bending moment increased when piled spacing increased, the
maximum shear force in raft decreased when piled spacing increased.

In summary, the results from centrifugal tests and FE analyses show that, in
ground subsidence condition, load — settlement curves, load distributions, axial force
of piles, average and differential settlements, raft moment and shear are significantly

affected by factors considered in parameter study.

6.2 Recommendations

More research works including experimental tests and FE analysis for piled raft in

ground subsidence condition are recommended for further researches. The research
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should be focused on 4 types of interaction between raft, piles and soil which are of
major importance in the behavior of piled raft. The interaction between piles plays an

important role among four types of interaction presented in piled raft.
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