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ABSTARCT

Piled raft foundation is being used widely nowadays, due to its advantages in
foundation construction. Piled raft can be used for different cases, such as settlement
reducers, and improving bearing capacity of shallow foundation. Piled raft foundation is
one of the complex foundation, because it has to consider varies of aspects and
consideration. In UTP, especially for civil engineering students, this guideline will help
them to learn about piled raft foundation. In this project, one design guidelines will be
compiled to help students and others user, in learning the piled raft design. The design
guideline will focus on the used of piled raft as settiement reducer for development on
soft soil area, where friction pile is used in the design and it will be a “floating” piled
raft. In others words, the pile group are not driven until reached the hard layer, but its
length will cut at certain depth. Simple calculation methods introduced by various
researchers are used in the design calculation, such as Randolph, Poulos and etc. The
guideline coverage is ranging from the early staged of soil investigation until design
analysis. All the information are collected from the available guideline produced by
other parties such as geotechnical consultant, reference books, journals and articles. At
the end of this project, one compilation of piled raft design will be documented and

together with a spreadsheet, with the objective to assist students in design calculation.

Keywords: Piled raft, settlement reducers, friction pile, negative skin friction, total
settlement, differential settlement, load sharing between raft and piles.
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CHAPTER 1
INTRODUCTION

Piled raft foundation is designed to minimize both total settlement and
differential settlement. It also can be used to improve bearing capacity of a shallow

foundation and for reducing the internal stress and bending moment within the raft.

The used of piled raft in foundation construction was already implemented a few
decades ago in other countries for example Germany. In Germany, piled rafts were first
used in the settlement-active Frankfurt Clay, with the intention to reduce the settlement
and the risks of building tilting.

In Malaysia perspective, many Malaysian didn’t know that Kuala Lumpur City
Center (KLCC) is supported by piled raft foundation with different length of piles
varying from 60 — 115 meters length. According to original Iocation of KLCC, tower
one is located at limestone area and tower two was at Kenny Hill soil area, but afier a
few construction issues, both tower were moving to Kenny Hill soil area. Due to the
greater load from the two towers and the soil condition, settlement and tilting of the
structures were become main consideration of the construction. Therefore, piled raft
with different length of pile is implemented. See Figure 1.1 for the illustrations of
KLCC’s foundation.
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Figure 1.1: Illustrations of KLCC’s foundation

The design approach in piled caft foundation is the total load from the structure
will be shared between raft and piles, compared with conventional approach using the
pile foundation concept, where the entire load will be carried by the piles only. In this
approach, the concept of piled raft combines the load-bearing elements of the piles, raft,
soil in composite structure and behavior of the piled raft is determined by complex soil-
structure interaction effects. The Joads from the structure are transferred by the raft via
contact pressure with soil, whereas the piles will transfer other portion of the load to the

surrounding soil through its shaft friction and also act as settlement controller.

Based on the examples of piled raft foundation given in Germany and KLCC in
Malaysia, its give us some information that this foundation can be implemented or used
for different types of soil, but for the same purposed. In this thesis, we will only
focusing on the implementation of piled raft on soft soil area which is clay deposit. At

the end of this thesis, a compilation of design guideline will be attached together and it



only can be used in preliminary staged. More discussion on this design guideline will be
at Chapter 4.

1.1 Background Study

In Malaysia, piled raft foundations have been implemented in various types of
construction. Eventhough, the piled raft it still not widely used, it is giving more
advantages compared {0 pile foundation especially in term of settlement, differential
settlement and also the serviceability of the structures.

As explained in the introduction, our main case study will on the design of piled raft
on clay deposit for small structures such as houses. Piles will act as seitlement reducers
because in this case, settlement of the structure and soil will be our main consideration.
Friction pile is used to reduce the settlement by using the negative skin friction of the

pile. It also used to transfer a portion of the total load to the surrounding soil.

In this concept, the piles would not fully penetrate into the subsoil until it reaches
the hard layer or bed rock. Tt will drive until reach specific depth, and cut into particular
length, normally can range between 6 meter to 30 meter and more, depend on the
subsoil condition and the settlement. The piles will be allocated beneath the raft and for
the part whete the load is higher; more piles will be placed to reduce the settlement for
that particular part.



1.2 Problem Statement

In the Civil Engineering courses, students are not exposed to the design of piled
raft in their study, especially in the foundation engineering COUrSe. They may
learned about it, but only for theoretical not as practical. Therefore, most of the

students don’t have knowledge about the design of piled raft foundation.

For a student to learn about the design of piled raft in detailed, software is
required in order to carry out or run the analysis of the design. This is because piled
raft foundation is one of the complex foundations and need to consider the
interactions inside the piled raft, such as pile-raft interaction, pile-soil interaction

and etc.

This project will be compiled a design guidelines for piled raft foundation, for
students to learn and design piled raft. The analysis of the piled raft can be done by
using simple hand calculation. Therefore, student can learn how to design the piled
raft without using any software. Spreadsheet will be also provided to assist students
in designing the foundation for easy and fast calculation.



1.3: Objectives and Scope of Works

The objectives on this research are as follows:

i, To help and guide UTP student especially to learn and understanding the design
of piled raft in easy method.
ii. To compile and documented recent design guidelines for piled raft foundation.
4i.  Developed an engineering spreadsheet to assist student in their design
calculation.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Piled raft is a geotechnical composite construction consisting of three elements,
piles, rafts and soil. Randolph (1994) has defined clearly three different design
philosophies with respect to piled rafts foundation:

o Conventional approach, in which the piles are designed as a group to
carry the major part of the load, while making some allowance for the

contribution of the raft, primarily to ultimate load capacity.

» Creep Piling, in which the piles are designed to operate at a working load
at which significant creep start to occurs, typically 70-80% of the
ultimate load capacity. Sufficient piles are included to reduce the net
contact pressure between the raft and the soil to below the pre-

consolidation pressure of the soil.

¢ Differential settlement control. In which the piles are located
strategically in order to reduce the differential settlements, rather than to

substantially reduce the overall average seftlement.



De Santis et al (2001) and Viggiani (2001) have distinguished between two (2)

classes of piled raft foundation:

o “Small” piled rafis, those in which the bearing capacity of unpiled raft is
insufficient, and thus the primary reason to add piles is to achieve a
suitable safety factor. The flexural stiffness of the raft is usually high and

the differential settlement does not represent a problem.

o “Large” piled rafts, those in which the bearing of capacity of raft is
sufficient to carry load from the structure and the addition of piles is to

reduce the settiement.

2.2 Design Issues

As with any foundation system, a design of piled raft foundation required a few

of consideration when designing the foundation:

o Bearing capacity of the piled raft
o Piled raft stiffness

o Average settlement

o Differential settlement

e Load-sharing between raft and pile group



2.3 Design Process

A design process for piled-raft foundation basically involves two (2) main

stages:

¢ Preliminary design
Usually to obtain the overall view of the design, and can be done by
using simple hand calculation. The data that obtained are usually

estimated values such as average settlement and differential settlement.

s Detailed design
In the detailed design, sufficient software is required in order to do the
analysis. This is because, it need to include all the interaction inside the
analysis. Usually, in this staged a few designed spreadsheet will be used
to obtain the detailed values such as settlement contour, pile reaction,
soil stiffness, and bending moment and shear forces along the strip of the
raft.

24  Classification of methods of analysis

There are several methods of analyzing the behavior of piled rafi, some of these
have been summarized by Poulos et al (1997). Three (3) broad classes of analysis
method have been identified and have been stated as below, but in the design guideline,

we only used simplified hand calculation:

¢ Simplified calculation methods

Using a simple formulas, that be calculated manually



e Approximate computer-based methods

Using a sufficient software, such as SAFE

¢ More rigorous computer-based methods

Using a Finite-element based method or software such as PLAXIS

2.5 Piled raft interactions

Piled raft foundation is a complex structure. There are few of interactions that
need to consider in the piled raft design. Below are four (4) main interactions that need

to be analyzed:
o Pile —raft interaction
e Pile-pile interaction

e Pile —soil interaction

¢ Rafl — soil interaction

These interactions can be analyzed if software is used, but for this project, we

only used simple hand calculation. Therefore, only a few interactions can be analyzed.

2.6. Formulas used in design guideline

2.6.1 Number of piles required and spacing

Number of piles required can be determined by obtaining allowable load per

load and the equation as below:



Allowable load per pile:

Surface area of piles

=d, x no.of pile surface x L, (Square pile = no of surface = 4)
where;
d, = diameter of pile

L, = length of pile

Allowable skin resistance

= Fuy
2 FS§
where;

q,, = unconfined shear strength

a = reduction coefficient (Refer Figure )

FS = factor of safety

Allowable load per pile = Surface area of piles x Allowable skin resistance

Number of piles required = Applied load / allowable load per pile

Spacing

Minimum spacing = 3d

10

@.1)
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(2.4)



2.6.2 Bearing capacity of piled raft

In determining the bearing capacity of piled raft, the following equation can be

used:

Based on the Terzaghi bearing capacity equation, bearing capacity of raft can be

determined by

Net bearing capacity = C. Nc (2.5)

q
2“ N,

where;
q, = unconfined compressive strength
N¢ = Terzaghi bearing factor

= 5.14 (continuos foundation)

For safety bearing pressure (sbp), a factor safety can be added into the equation as
below:

_ het bearing capacity

Sbp -

(2.6)

— q'u.N;

b

where;

F = factor of safety (F = 3)

11



To hold good for a footing of any rectangular shape, Eq. (8.2) can be modified
by adding ‘shape factor’ into the equation. The Terzaghi bearing capacity factor N,
according to Skempton, is influenced by both shape of the footing and its depth. As
regards shape he considers the influence of the ‘aspect ratio’ (B/L), ‘shape factor’ is

used because it is seen to be linear function of ‘aspect ratio’.

_ uN B
Sbp = 2 x [1 +02 3] @.n
shape factor

where;
B = width of raft
L = length of raft
Bearing capacity of raft
= Area of raft x sbp (2.8)

To obtain the bearing capacity of piled raft, we have to determine the pile group

of surface shear and the equation used as follows:

Surface area
=(2BxLp) + (2Lx Lp) (2.9)

Allowable shear
£
F
—qu

>F 173

=" X surfuce area 2.10)

12



Piled raft bearing capacity
= Bearing capacity of raft + Allowable shear 2.11)

2.6.3 Raft Stiffness

The average raft stiffness, acting alone can be estimated by using proposed equation

by Richart et al., 1970. The equations are as below:

i.  Circular raft
k, = 4G,r, /(1 —v,) (2.12)

il.  Rigid rectangular raft
k, = [G,/(1—v,)]B, (4cd): @.13)

where;
G; = soil shear modulus
vs = s0il poisson’s ratio
c=L12
d=B/72
r, = the circular raft radius

B. = a coefficient depending on the raft dimensions, ¢ and d.

Refer to the Figure 2.1 below to obtain B, coefficient.

13
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Figure 2.1: Coefficients Bz, Bx, and By for rectangular footings
(after Richard et al, 1970)

2.6.4 Pile group stiffuess

2.6.4.1 Single Pile Response/Stiffness

For straight-shafted friction pile where n = & = 1, the equation will be as below:

[
e ERCTr

where;

(2.14)

v= Poisson’s ratio of the soil
p= Measure of the vertical homogeneity of the soil stiffness
E=In (rars) rm=2.5p (1-v5)i,

MIF(\/W)(LP/*B)

L, =Pile length

14



.= Radius of pile shaft

2.6.4.2 Pile Group Response / Stiffness

Efficiency Approach

Based on the method introduced by Fleming et al. (1992), the pile group

efficiency is written as:

n,=n"° (2.15)

where;
n = number of piles in a group

e = exponent, which is lie between 0.4 and 0.6 for most pile group.

The exponent, ¢ is actually depending on below factors, which are:

¢ Pile slenderness ratio, L/d,

¢ DPile stiffness ratio, I = E,/G;

* Pile spacing ratio, s/d,

¢ Homogeinity of soil, characterized by r

@ Poisson’s ratio, v

Thus, based on the above formula, pile group stiffness (k,) can be determined by:

ky=n.nky (2.16)

15



where;

k= stiffness of a single pile from equation 2.1

2.6.5 Differential Settlement

2.6.5.1 Raft

Horikoshi and Randoplh (1997) proposed that the raft- soit stiffness for
rectangular rafts with dimension B (width) by L (length), where B <L, are defined as
below:

2 5 3
km=5.57[%][i Ve }(_{z_} [EE] 2.17)
5 =V,

Where

E, = Young’s modulus of raft
E; = Young’s modulus of soil
v, = Poisson’s ratio of raft

v, = Poisson’s ratio of soil

t, = thickness of the raft

Thus, the differential settlement of the raft will determine by referring to figure
2.2 below:

16
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Figure 2.2: Variation of normalised differential settlement with raft-soil
stiffness ratio, K;; (after Horikoshi & Randolph, 1997)

2.6.5.2 Pile Groups

To determine the differential settlement of pile, Randoiph (1994) has proposed
an equation, where this equation is used to estimate the normalized differential

settlement for pile group.

AW/ way =f(R/4) forR<4 (2.18)
AW [ Wayg =f forR>4. (2.19)
where;

f=10.3 for centre to mid-side

f= 0.5 for centre to corner

17



2.6.6 Load Distribution between Raft and Pile Groups

The overall piled raft stiffness and load distribution can be calculated by using a

simple piled raft analysis proposed by Randolph.
The piled raft stiffness, &,

[k-p + kr(1“2"~’rp)}

kg = P (2.20)
1-afp ( ﬁ)

The load distribution carried by raft (P,) and piles (7;) is as below:

(p+P) [k, +£(-22,)
where;

@,, can be determined by:

_In(r, /7). (1o, /1)
? " in(r, /7,) =1 ( & 222)

where;
rm = radius of influence of the piles

r, = radius of the pile

r,= effective radius of the element of raft associated with each pile

18



CHAPTER 3
METHODOLOGY

In this Final Year Project (FYP), the methodologies that used are basically based on:

3.1 Research

The research phase is already started last semester by referring articles, journals and
paper conferences. Most of .the information is obtained from the publication website
such as Springer Link.

Research also done by referring publication from consultant company and aiso from
books. One design guideline from one of geotechnical consultant company is used as

references in the process of compiling the design guideline

3.2 Compiling

The information gathered from the research, will be edited and compiled to create
one (1) design guidelines. The information is arranged according to design step, in
which it start with early phase of design step, followed by the next phase until it final

19



phase. The guideline is design to be comprehensive, with more explained, so readers
will gain more understanding and have some knowledge after finish reading this
guideline.

3.3 Development of Spreadsheet

In this project, our main objective is to help student to learn about piled raft design,
so in order to achieve that objective, an engineering spreadsheet will be develop to
assist student in their design calculation. This spreadsheet is created using Microsoft

Excel.

The spreadsheet is actually the easier method to do the design calculation, because
the entire step required and formula needed are already created in the spreadsheet. Users
only have to key in the main value, and they will obtain the value that they need.

20



CHAPTER 4

RESULT & DISSCUSSION

4.1 Result
A

In this project, the final outcomes are the:
i.  Compilation of design guideline

This design guideline is 2 compilation of the information gathered in
research phase. Together with the guideline, a sample of design is
provided for the students to learn how to design piled raft by using the

example given.

The design guideline is comprised of 9 chapters and brief explanation at

discussion part. The 9 chapters are as below:

o Introduction
¢ Procedure for foundation selection
¢ Design approach and consideration

e Subsurface exploration

21



o Laboratory tests that commonly done in foundation design
e Soil parameters that required

o Piled raft parameters

o Design calculation

e Design analysis

ii.  Spreadsheet for design calculation

A spreadsheet, created using Microsoft Excel is also provided together
with the design guideline. The spreadsheet is consists of the calculation
steps required in the design. The users only have to key in main value,
and the spreadsheet will automatically calculated. What users will get is
final value that is required, for example the piled raft bearing capacity.
No need to calculate it manually.

The compilation of design guideline and the spreadsheet can be referring to the
Appendices at end of this thesis. The formulas used in the design guideline and the
spreadsheet are already explained in the literature review.

4.2 Discussion

Current design of piled raft has ignored any contribution from the raft to carry
part of the total load from the structure. The piles are designed to carry the total load
and from economic perspective, this approach is uneconomical and conservative. The

foundation designed in such a way often required more piles than are necessary.

22



Theoretically, for optimum design, the role of raft had to be taken into
consideration. But in construction perspectives, taken ioad-sharing' between raft and
piles will cause the construction of foundation becomes crucial. An intensive
construction controlling should be done during construction to make sure that the raft
has contact pressure with soil. This is because, to make the raft took some load, it must

have direct contact with the soil, so the contact pressure can be formed.

As explained in the introduction, raft transmitted the load through contact
pressure with soil, but if there no contact with raft and soil, raft can’t transfer the load.
If there have the gap between the raft and soil due to several factors, for example the
error during construction execution or the soil beneath the raft is settied, contact

pressure between raft and soil would not happen.

That why, most of the designer neglected the role of raft and assumed the piles
taken 100% of the load, due to its crucial construction method. This also to take a safe
method, because if the there have the problem with raft’s function, it will not affect the
structures because the piles are already designed to take 100% of the load. Role of raft
can be considered, but it needs crucial construction method and controlling during
construction. But, the guideline still focused on the load-sharing in the design
calculation for education purposed.

4.2.1 Design Approach

According to Randolph (1994), there are three (3) design approaches in the piled
raft design, but based on the formulas used, we only focus on the two (2) approaches,

which are:

23



i.  Conventional approach

ii.  Differential settlement control

In conventional approach, the piles will be distributed uniformly beneath the raft
with regular spacing. The primary aim is to control the settlement to an acceptable
amount. The raft will be allowed to transmit some portion of load through contact
pressure to the ground. The piles will carry 60%-75% of total load and transferred it
into the surrounding area through its surface area. Thus, the number of piles will be

reduced due to the role of raft is taking into the calculation.

The foundation is designed to allow the structure to be settled together with its
surrounding area, therefore a “floating” piled raft is implemented. What it means by
“floating” is the length of the piles will be cut to the specific depth and not until it
reaches the hard layer or bed rock. The settlement will be controlled by the friction piles
through shaft friction, which act as upward forces.

In soft soil area development, the used of pile foundation can course a gap
between the structure and the ground. As we know, the pile foundation is designed in
such a way to eliminate the total settlement of the structures, where the piles will be
installed until it reached the hard layer or bed rock. The foundation only supported the
structure but not its surrounding area, which is still settled through times. Therefore, a
gap can be formed between the structure and the ground, thus can caused serviceability
failure, such as crack. Different situation in “floating” piled raft, where the structure is
allowed to settle together with its surrounding area, the tendency to have a gap between
the structure and its ground can be said minimum. Thus, there will no serviceability

failure of the structure.

24



For design approach of the raft, there are basically two approaches have been
suggested for analyzing the behavior of raft, which are as below:

i.  Rigid foundation approach
ii.  Flexible foundation approach

Based on these two approaches, both have different advantages and also
disadvantages. In rigid approach, the raft will be designed with thicker depth, whereas
in flexible approach, the depth of raft will be thinner. The advantages with thicker
depth, the differential settlement will be comparatively low but higher in bending
moment and shear forces. For thinner raft, the differential settlement will be higher but
it will lead to low bending moment and shear forces within the raft. So, the designer can

choose either method for the design.

4.2.2 Flow chart of design procedure for pile raft foundation

Piled raft foundation

:

Soil investigation
To obtain soil parameters required in the design

Field Test
1. Standard Penetration Test (SPT)
2. Cone Penetration Test (CPT)
3. Vane Shear Test
Laboratory Test
1. Particle Size Distribution Test
Atterberg Limit
Moisture content
Chemical test
One-dimensional Consolidation Test
Shear strength test

A ST el o

25



Structural layout

Column location and load
(dead load + live load)

l

Preparation of information

Structural column locations and
loading plan
Raft, pile and soil parameters

l

Raft’s parameters required

Young’s Modulus, £,

Poisson’s ratio, v,

Raft dimensions; width and length
(depend on the base area of the
structure)

Raft thickness

l

ol e

Pile’s parameters required

Young’s Modulus, E,

Pile length, L,

Pile diameter, d

Pile spacing, center to center, s
Number of piles, n

h 4

el e

Soil’s parameters required

Young’s modulus of soil, E
Poisson’s ration, v;

Shear modulus of soil, G
Undrained shear strength, ¢,

'

26




Interpolate the soil’s parameters from filed test
and laboratory test

l

Design the piled raft

Calculation and analysis using Simple calculation
method:

i) Number of piles and spacing

ii) Bearing capacity for piled raft

iii) Raft stiffness

iv) Pile group stiffness

v) Piled raft stiffness

vi) Average setilement for the piled raft
vii) Differential settlement for the piled raft
viii) Load distribution between raft and pile

Figure 4.1: Flowchart of design procedure for piled raft

4.2.3 Subsurface Investigation, Field Test and Laboratory Test

Based on the flow chart given above, it shows the steps to design the pile raft,
such as what data that needed in the design and also how to get the required data.

Basically, subsurface investigation (SI) or subsurface exploration will be carried out.

“Subsurface exploration” is a process of identifying the characteristics of the
subsoil at proposed project site, such as type of the subsoil underlies the proposed site.
During this stage, a few field tests will be carried out at the project site, which are
consists of making test boreholes and collecting sample at specified interval of depth.
The depth interval can be changed during the drilling operation, depending on the
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subsoil encountered. The selection of the boreholes will be decided by the engineer and
normally it will depend on the topography of the proposed site. In the foundation design

in soft clay, the main consideration is settlement, so a few in-situ tests or field test will

be carried in order to obtain the soil settlement parameters.

Below are field test that usually carried out and also laboratory test

i) Field Test

¢ Standard Penetration Test (SPT)
- to collect the soil samples in order to determine soil strata for the
proposed area and also 1o collect undisturbed samples for laboratory

test

o Piezocone / Cone Penetration Test (CPT)
- to obtain undrained shear strength, which basically only used for soft

soil.

¢ Field Vane Shear Test
- to obtain undrained shear strength, which basically only used for soft

soil.

ii) Laboratory Test
e Particle Distribution Test

- to obtain the soil classification. Particle size distribution is one of the

most important physical characteristics of soil. Many foundation
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properties are closely related to particle size, such as probable soil

behavior, soil description and classification.

o Atterberg Limit
- to obtain plasticity limit, liquid limit and plasticity index. Plasticity is
an important characteristic in soft soil especially fine-grained soils,
because it’s describing the ability of a soil to undergo unrecoverable
deformation at constant volume without cracking or crumbling. For
example, if there have a bearing capacity failure under the

foundation, it wills permanently forming failure.

e Moisture Content
- to determine the water content in the fine-grained soil such as silt and
clay. The result obtained is useful in determine the overall view of

soil’s deformation.

e Chemicai Test
- to determine the pH, chloride, sulphate and organic content in the

soil

e One Dimensional Consolidation Test
- to obtain compressibility and consolidation parameters for settlement

analysis

¢ Shear Strength Test
- to determine strength parameters for stability and bearing capacity

analyses of foundation.

For detailed of the above-mentioned field test and laboratory test, refer to the
Design Guideline at Appendices.
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42.4 Soil Data

Soil data required in the design will be obtained from the above- mentioned field
and laboratory test. These data are usually determined either directly from the test result
or need some interpotation or correlation. In the chapter 6 of the design guideline
attached at the Appendix, explanation on how to get the data from the test result are

provided.

Based on the flow chart above, below are the soil data that required with

representative value for each types of soil:
i} Young’s modulus of soil, Es

Young’s modulus is commonly used for estimation of settlement from static
loads. There are few methods to obtain Young’s modulus of soil, and as

stated below:

¢ Empirical correlations from undrained shear strength, c.

e Laboratory tests on cohesive soil

e Tield tests which are Standard Penetration Test (SPT) and Piezocone
Test (CPT)

Table 4.1: Representative values of Young’s modulus, E,

Type of soil Es (MN/m?) | Es (MN/m’)
static dynamic
Noncohesive soils
- Sand, loose,round 40-80 150-300
- Sand, loose, cornered 50-80 150-300
- Sand. Medium dense, round 80-160 200-500
- Sand, medium 100-200 200-500
dense,cornered
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- Gravel without sand 100-200 300-800
- Crushed stone, sharp edged 150-300 300-800
Cohesive soils

- Clay, hard 3-50 100-500
- Clay, semistiff 6-20 40-150
- Clay, stiff 3-6 30-80

- Loam, glacial clay 6-50 100-500
- Loam, loess loam 4-8 50-150
- Silt 3-8 30-100
- Silt, sea silt, organic 2-5 10-30

ii} Poisson’s ration, v,

A standard procedure to evaluate the value of Poisson’s ratio, vs does not exist.
Poisson’s ratio for soil usually varies from 0.25 to 0.49. Below is the

representative value for each type of soil.

Table 4.2: Representative values of Poisson’s ratio of soil, v,

Types of soil Vs
Unsaturated clay 0.1-03
Saturated clay 0.4-05
Sandy clay 0.2-03
Silt 0.3-0.4
Sand 02-04
Rock 0.1-04
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iii) Shear modulus of soil, Gs

Shear modulus of soil, Gs is used for settlement analysis and obtained from the

dynamic load test. Below is the representative value for each type of soil.

Table 4.3: Representative values of Shear modulus of soil, G,

Type of soil G4(MN/m")
Noncohesive soils
¢ Sand, loose 50-70
¢ Sand, medium dense 70-170
¢ Gravel with Sand, dense 100 - 300

Cohesive soils

o Silt, sea silt 3-10
o Loam, soft to stiff 20-50
¢ Clay, semistiff to stif’ 80300
Rock
o Stratified, brittle
: 1000 — 5000
s Solid
4000 — 20 000

iv) Undrained shear strength parameters, ¢,

Undrained shear strength,c, is one of the parameters obtained from shear
strength test. It is also known as total stress parameter, The parameter can be
obtained directly and indirectly from laboratory testing which are:

¢ Unconfined Compression Test (UCT)
¢ Unconsolidated Undrained Triaxial Test (UU)
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Field test that can be used to determine ¢, are:
o Standard Penetration Test (SPT)
e Piezocone Test

e Vane Shear Test

Below is the representative value of ¢, for each type of soil:

Table 4.4: Undrained shear strength, c, classification

Consistency of clay Undrained shear strength (kN/m")

Very stiff or hard >150
Stiff 100-150
Firm to stiff 75-100
Firm 50-75

Soft to firm 40 -50
Soft 20-40

Very soft <20

*Reproduced from BS 8004: 1986

4.2.5 Pile and Raft Data

In the design, data from pile and raft are also needed, such as:

Pile

* Young’s Modulus, £,
- based on pile load test
o Radius of pile shaft, »,
¢ Pile length, L, — based on the design
¢ Pile diameter, d— RC pile, with size normally 150mm to 200mm

o Pile spacing, center to center, s — minimum spacing is 3d
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Raft

¢ Young’s Modulus, E,
- For the raft thickness between 100mm to 600mm, the range of

Young’s modulus is 2500 GPa to 3600 GPa
e Poisson’s ratio, v,
- A common value for Poisson’s ratio of a raft is 0.3.
e Raft dimensioﬁs; width and length (depend on the base area of the structure)
¢ Raft thickness

These data will used in the formula given in the literature review. The analysis

part and calculation will be explained in chapter 8.

4.2.6 Calculation

The final staged in the piled raft design is analysis and calculation. From this
analysis, we will determine whether the designed foundation is accepted or not in term

of total settlement and differential settlement. In the final staged, we will cover:

¢ (Calculation of number of piles and spacing required

o Calculation of soil’s, raft and pile bearing capacity

e Calculation of raft and pile group stiffness

e Calculation of average settlement and differential settlement

e Calculation of load distribution between raft and piles
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4.2.7 Analysis

42.7.1 Friction pile

Friction pile and end-bearing pile are different in its function, where end-bearing
pile is used to transmit the load to a stratum or hard layer or bed rock. When a friction
pile subjected to a downward vertical load, the transfer of load to the surrounding soil is
entirely by the shear at the interface. As the structure goes down due its settlement, the
shaft friction of the pile will produce upward forces to resist the settlement. In
settlement of friction piles, the settlement in predicted on the assumption that the net
Joad from the structure is transferred to a depth to two — thirds the pile length and that
dispersion of the load takes places into soil from this level.

nii
e [: - --~Pile cap
HHi {fm i 4/-

0

3o

Figure 4.2: Load transfer in friction pile
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The bulb of pressure for the friction pile are along its surfaces area, so there will
less concentration of load in friction pile compare to end-bearing pile, where the bulb of
pressure will be at the tip of pile. Therefore, the spacing for the friction should be
consider the bulb of pressure, because a sufficient spacing in necessary in order to avoid
inference between adjacent friction piles. Whereas in end-bearing pile, since the bulb of
pressure under the tip of pile, the spacing of piles can be less that friction piles which is
2.5d.

4.2.7.2 Settlement

The settlement of the piled raft is depending on the stiffness of the raft and also
piles stiffness. The magnitude of shaft friction of pile is linearly proportional to its
length; therefore longer of friction pile can reduced the settlement more. Thicker raft
may also contributed to the less of settlement, due to pile-raft interaction, where the
weight of the raft will produce a contact pressure with the soil. This pressure will
increase the in-situ stress of subsoil, thus increase the magnitude the negative skin-

friction along the pile shaft. So, settlement will be less.

4.2.7.3 Differential settlement

In order to achieve an ideal piled raft as differential controller, the required pile
that required may be estimated by consideration of the ‘ideal’ contact pressure
distribution that acts beneath a rigid raft. At the central of raft, the contact pressure is
approximately half of the average applied pressure. Therefore, the number and the
length of piles at the center should be higher than other part of the raft. Thus, it will give

minimai differential settlement.
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CHAPTER 3
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

As conclusion, this design guideline will guide and help user especially UTP
students in understanding and learning how to design the piled raft foundation. It is a
good opportunity for the student itself because this foundation is become popular in

foundation construction on soft soil area.

This guideline will help the user in calculation staged because it can be done
manually without used of any engineering software. A spreadsheet will be also attached
together with the guideline.

52 Recommendation

For the safe and economic design of piled rafi, it is necessary to use methods of
analysis which have the capacity to consider all relevant design consideration, which

arg:

37



Bearing capacity
Total settlement

Differential settlement

Load distribution between pile and raft

Future research can be done by:

o Extending the scope of the guideline to the other type of soil such as sand,
limestone and etc. This is because, piled raft is not only for soft soil area but also

can be used for different soil condition.

» Developing design guideline for other types of structure such as tall building. In
this project, we only focus on small structure such as houses, so further research

can focus on other structures.

e Developing a design guideline that used software to design the foundation. By
using software, better and more detailed analysis can be done. It is very essential

if the students can learn how to design using the software.
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FOREWORD

It gives a great pleasure to write this foreword and | would to thank to anyone that used this
guideline as their reference. This design guideline of piled raft foundation is a comprehensive in its
coverage and it’s already sufficient for the beginner to get some idea and view about the design.

Readers will be explained regarding the piled raft design from the early phase until it final
phase, which is from site investigation to design calculation and analysis. It is important to bear in
mind that, this guideline is only a compilation of design guideline and using simple hand calculation in
the design calculation.

This method only can be used for learning purposes and also can be as preliminary stage. It is
because, the values given only an estimated data. Sufficient engineering software like SAFE is required
to do the actual design and the step to design the foundation will be different. The basic steps are still
same, only the design step in calculation will be different.

In this guideline, its only focus on the used of piled raft for the soft soll area which clays and
suitable for construction of foundation for houses. An engineering spreadsheet will be provided to
help the user in design calculation, and a manual how to use the spreadsheet will be also attached
together.

For the user, who want get more information about particular section in this guideline,
please refer to the reference given in the references column for more detail.

It is great hope that readers can get something from this guideline and can have some idea
about what is piled raft is all about and how to design it.
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INTRODUCTION 1

Every civil engineering structure, whether it is a building, bridge or any structure, it will have a
foundation under it or below the structure. The function of foundation is to receive the load from the
structure and transfer it to the soil or bed rock., There many type of foundation that be used in the
construction with regard to its soll condition.

Piled raft foundation is one of the foundations that already used in other country, but it can be said
that it is still new in Malaysia. Piled raft foundation is being used widely nowadays, due to its
advantages in construction field. This foundation is effective in minimizing the total and differential
settlement, improving bearing capacity of a shallow foundation, and reducing internal stress and
bending moment within the raft.

Piled raft foundation is consists of raft, pile and soil. The load from the structure will be shared
between raft and piles and piles wilf also act as settlement controller. Current design of piled raft has
ignored any contribution from the raft to carry part of the total load from the structure. The piles are
designed to carry the total load and from economic perspective, this approach is uneconomical and
conservative. The foundation designed in such a way often required more piles than are necessary.

Theoretically, for optimum design, the role of raft had to be taken into consideration. But in
construction perspectives, taken load-sharing between raft and piles will cause the construction of
foundation becomes crucial. An intensive construction controlling should be done during construction
to make sure that the raft has contact pressure with soil. This is because, to make the raft took some
load, it must have direct contact with the soll, so the contact pressure can be formed.

As explained in the introduction, raft transmitted the load through contact pressure with soil,
but if there no contact with raft and soil, raft can’t transfer the load.
If there have the gap between the raft and soil due to several factors, for example the error during
construction execution or the soil beneath the raft is settled, contact pressure between raft and soil
would not happen.

That why, most of the designer neglected the role of raft and assumed the piles taken 100%
of the load, due to its crucial construction method. This also to take a safe method, because if the
there have the problem with raft’s function, it will not affect the structures because the piles are
already designed to take 100% of the load. Role of raft can be considered, but it needs crucial
construction method and controiling during construction. But, the guideline still focused on the load-
sharing in the design calculation for education purposed.
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PROCEDURE FOR FOUNDATION SELECTION

2.1 Selection procedure for design of plain and piled raft foundations

Foundation of a building

Check possibility of using plain raft
foundation;

& Has raft alone an adequate
factor of safety against
failure {ultimate limit state
design ULS)?

e  Are associated foundation
movements {total and
differential settlements,
tilt) within acceptable
range?

Check possibility of using piled raft
foundation

*  Are subsoil conditions
suitable for piled raft?

» Does contribution of piled
raft ingrease factor of
safety against failure to
required vatue?

* Are associated foundation
movements within
acceptable range?

T
No

l Yes

Does use a small number of piles
under highly Jloaded structural
elements make settlement joints
between differently loaded parts
unnecessary or decrease internal
raft stresses?

Alternative system
e.g. Pile foundation
Caissons  Floating
foundation

!
No

v

Unpiled raft

4
Piled raft
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DESIGN APPROACH AND CONSIDERATION 3

3.1 Design Approach

According to Randolph {1994), three {3) design approaches can be used in pited raft. However, only
two {2) approaches are discussed which are:

1.

Conventional Approach

in this approach, the foundation is designed as a pile group, with regular spacing of the piles
over the complete foundation area. The foundation will make an allowance for the load
transmitted directly from the raft to the soil. Thus, that will be a reduction in number of
piles, due to perhaps only 60-75% of the total load being carried by the piles.

Differential Settlement Control Approach

in this approach, the conventional approach will adopts a uniform distribution of piles
beneath the raft. The primary aim is to contro! the total settlement to an acceptable
amount. The differential settlement will be reduced as the total settiement is reduced. The
pile is designed to act as settlement controlier through its shaft friction.

Both approaches discussed above are only applicable where the piles capacity s achieved primarily
through shaft friction and not end bearing i.e. friction piles.

3.1.1 Raft

There are basically two approaches have been suggested for analyzing the behavior of raft, which

are as below:

1. Rigid foundation approach

2. Flexible foundation approach

1. Rigid foundation approach
In this approach, the raft is assumed to be rigid enough to bridge over non-uniformities of
the soil structure. The pressure distribution under the raft is considered to be either uniform
or varying linearly. The advantage of this approach is differential settlements are
comparatively low but it will lead to higher bending moment and shear forces in the raft.
This approach can be designed by adopted thicker raft.

2. Flexible foundation approach

In this approach, the raft is considered to distribute load in the area immediately
surrounding the column depending on the soil characteristics. The advantage of this
approach is bending moments and shear forces in the raft is comparatively low but the
differential settlement will be higher. This approach can be designed by adopted thinner raft.

in this guideline, we will use the rigid approach in the design calculation.
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DESIGN APPROACH AND CONSIDERATION 4

3.1.2 Pite

Normally, in the practical design of piled raft foundation for houses or shop lot, RC square pile will be
adopted with size of between 150mm to 200mm. in the special case, spun pile with diameter of
300mm to 500mm can also be adopted.

3.2 Design Consideration
There are a few aspects that are taken into consideration in the design. For the safe and economic
design of piled raft, it is necessary to take all the aspects explained below, which have the capacity to
consider all relevant pile-raft-soil interactions :

1. lLoad-settlement behavior of the piled raft, both total settlement and differential settlement.

2. Load sharing between raft and the piles.
3. Bending moments and shear forces for the structural design of the raft and piles.

3.3 Procedure to design piled raft foundation

Piled raft foundation

v

Soil investigation

To obtain sofl parameters required in the
design
Filed Test
1. Standard Penetration Test (SPT)
2. Cone Penetration Test (CPT)
3. Vane Shear Test
Laboratory Test

Particle Size Distribution Test
Atterberg Limit

Maoisture content

Chemical test

One-dimensional Consolidation Test
Shear strength test

!

Preparation of information
e Structural column locations and loading plan
e  Raft, pile and soil parameters

v

UL S




References

DESIGN GUIDELINES FOR PILED RAFT FOUNDATION

DESIGN APPROACH AND CONSIDERATION

Structural layout
Column location and load
(dead load + live load)

Raft’s parameters required

1. Young's Modulus, £,

Poisson's ratio, v,

3, Raft dimensions; width and
length {depend on the base area
of the structure)

4, Raft thickness

|

Pile’s parameters required

™

Young's Moduilus, £,

Pile length, L,

Pile diameter, d

Pile spacing, center to center, 5
Number of piles, n

RN

A

Soil’s parameters required

Young's modulus of soil, E;
Poisson’s ration, v,

Shear modulus of soil, G,
Undrained shear strength,c,

v

Ell o ol o

Interpoiate the soil’s parameters from filed test
and laboratory test

y

Design the piled raft

Calculation and analysis using Simple Calculation
Method

1} Number of piles and spacing

ii) Bearing capacity for piled raft

ii} Raft stiffness

iv) Pile group stiffness

v) Pited raft stiffness

vi) Average settlement for the piled raft

vii) Differential settlement for the piled raft

viii) Load distribution between raft and pile
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SUBSURFACE EXPLORATION 6

4.1 Purpose of Subsurface Exploration

“subsurface exploration” is a process of identifying the characteristic of the subsoil at the project
site, such as type of the subsoil underies the proposed site. The information that collected from the
exploration will help or guide the engineer to:

Selecting the type of foundation.

Estimating the load-bearing capacity of the foundation.

Estimating the possible settiement of the structure and foundation.

Determining the location of the water table.

Determining potential foundation problem that could happen such as collapsible soil.
Establishing constructions methods.

o ! e Wk

4.1.1 Site Investigation (S))

During this stage, a few field tests will be carried out at the project site, which are consists of
making test boreholes and collecting sample at specified interval of depth, The depth interval can
be changed during the drilling operation, depending on the subsail encountered. The selection of
the boreholes will be decided by the engineer and normally it will depend on the topography of the
proposed site. In the foundation design in soft clay, the main consideration is settlement, so a few
in-situ tests or fleld test will be carried in order to obtain the soil settlement parameters, Below are
the field tests carried out to obtain the parameters required in the piled raft foundation design.
Beside the tests explained below, there are also other tests that may be carried out for other
purposed, which not will cover in this guideline.

4.2 Standard Penetration Test {SPT)

Standard Penetration Test {(SPT) is most commonly used in-situ test in Malaysia. During this test, a
borehole will be drilled .Boreholes are sometime called deep boring. Borehole usually includes
boring through soil, coring through rock, sampling in-situ testing and water table observations. The
most common methed of drilling the borehole Is rotary open hole drilling by circulating fluid which
water. Normally a chemical fluid will be added into the water as stabilization material, to stabilize
the borehole wall from collapse during the drilling. Most common stabilization fluid is bentonite or
air foam.

SPT is generally carried out at 1.5m depth interval or larger intervat depending on the undisturbed
soil sampling schedule. When the drilting rod reaches the specified interval, a sampler will be driven
to collect the sample at a total penetration of 450mm into soils and the number of blows for the
last 300mm of penetration is the SPT'N value.

Soil samples collected from the borehole are as follows:
e Disturbed Soil Samples: from split spoon samplers after SPT.
e Undisturbed Soil Samples: using piston sampler, thin wall sampler or mazier sampler.

Refer to Figure 4.1 and 4.2, to see the picture of borehole rigs and samplers,
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Piston sampler is used for very soft to soft cohesive soil {SPT'N< 2). For cohesive soils from soft to
firm, thin wail can be used {SPT’"N<10} and for stiff soil which is SPT'N value > 10, mazier sampler
will be used. The diameter of the piston sampler, thin wall and mazier are 75mm and length of 1
meter. For collecting undisturbed sample, it good to obtain 1m long sample but sometimes it is

difficult, because it depend on the soil’s condition.
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Figure 4.5: Mazier Sampler

Disturbed samples that been collected will be putted into the plastic bag and for undisturbed
sample, soil sample will remain inside the sampler and it wilt be sealed with non-shrink wax. The
purposed is to prevent the loss of moisture. it is important to maintain the in-situ condition of the
soil because these sampies will be sent to laboratory for testing.

Other than its main purposed as cotlected soil sampling, there are also other applications of SPT
results in international geotechnical design.

Derivation of geotechnical parameters

e Angle of shearing resistance of cohesioniess soils

¢ Undrained shear strength of clays

e Modulus of elasticity or stiffness coeffiecient, respectively, of
cohesionless and cohesive soils

s Maximum shear modulus

Table 4.1: Derivation of geotechnical parameters from SPT
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Direct calculations

e Settlements of spread foundations on sand

o Acceptable bearing pressure of foundations on sand
e Acceptable bearing pressure of rafts on sand

e Shaft and end resistance of piles

e Sheet pile ability

Table 4.2: Direct calculations from SPT

4.3 Piezocone / Cone Penetration Test (CPT)

Piezacone (CPT) has three main applications which are as below:
e To determine subsoil stratigraphy and identify materials present.
s To estimate geotechnical parameters.

See Figure 4.6 for figure of typical piezocone rig,

e LR R

Figure 4.6: Typlcal Piezocone rig
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Based on the Figure 4.7 below, it shows the design features of the piezocone. The cone Is the cone-
shaped end piece of the penetrometer tip on which the end bearing is developed. The diameter of
the cone is normally 35.7mm, area of 10cm” and cone angle of 60°.

The friction sleeve is part, where the local side friction resistance is been measured. It has an area of
150cm2, diameter of 35.7mm and is slightly larger that the cone. The pressure sensor is used to
measure the pore water pressure. All the data are captured electronically on computer. Piezocone is
normally used for soft clay because the cone tip cannot penetrate into hard or stiff layer

Figure 4.7: Detailed Terminology of Piezocone

This test is carried out to obtain settlement parameters, because at soft soil area settlement is main
consideration.

Using some correlation with the soil parameters obtained from the test, below are the parameters
that can be determined:

e Undrained Shear Strength, ¢,
s  Effective Angle of Friction,@
* Secant Young's Modulus, E;
e  Maximum Shear Modulus, G;
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SUBSURFACE EXPLORATION

4.4 Field Vane Shear Test

Field vane shear test is usually used during soil investigation operation to measure ‘undisturbed’
peak undrained shear strength (c.), and remoulded undrained shear strength thus sensitivity of the
soil. Field vane shear tests are economical and give good results in soft to medium stiff clays. The
vane shear apparatus consists of four blades on the end of a rod, as shown in Figure 4.8 below.

.5 m win _'

'E:_n.uu
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Yone - Tast Vane - Test of Vasa
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Figure 4.8: Field Vane Shear Device
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In previous chapter, we already learned about a few field tests that commonly carried out before a
particular construction started. For this chapter, we will discuss about the types of laboratory test

that also commonly used in Malaysia. The objectives of laboratory test are:

1. To determine the subsoil layer characteristic whether its sand, silt, clay or etc.
2. To obtained soil properties and characteristic.

Laboratory test scheduled will be done first before sending the soil samples to the laboratory. This
scheduled is used to select particular soll sample based on its length of sample collected and its
types whether disturbed or undisturbed sample. Usually, not all the samples will be sent to
laboratory because it is costly. Only a few samples will be tested. Refer to the Appendix A, Table 5.1

for the example of laboratory test scheduled.

Below are the most common laboratory test carried out and soil sample used for foundation design:

LABORATORY TEST SOIL SAMPLE
Particle Size Distribution
¢ Sieve Analysis — for content of
Y - Disturbed sample
sand and gravels)

e Hydrometer Tests — for content
of silt and clay

Atterberg Limits
e Liguid limit {LL)
e  Plasticity Limit (PL)
e Plasticity Chart - used in
Plasticity Chart for soil

Disturbed sample

classification)
Moisture Content Disturbed sample
Chemical Test
s pH Test
¢ Chloride Content Test Disturbed sample

e Sulphate Content Test
» . Organic Content Test

One Dimensional Consolidation Test —to

obtain compressibility and consolidation Undisturbed sample
parameters for settlement analysis.
Shear Strength Test
* - lsoptropic Consolidated
Undrained Triaxial Test (CiU) Undisturbed sample
s  Unconfined Compression Test
(ucT)

Table 5.2: Laboratory Testing
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5.1 Particle Size Distribution

Particle size distribution is one of the most important physical characteristics of soil. Many
foundation properties are closely related to particle size, such as probable soil behavior, soil
description and classification. The size of soil particles varies roughly from 0.0001 to 200 mm.

Particle size over 0.06 are determined by sieving, the fines, smatler than 0.06mm, are subdivided
by hydrometer test.
In this test, we can obtain information about the soil strata and also the depth of soft soil layer. This
information will be used to determine, for example pile length.

Based on British Soil Classification, we can determine the soil classification. Refer Appendix A
Table 5.3 to see table of British Soil Classification System for Engineering Purposes.

5.2 Atterberg Limit

In case of fine-grained soils, any chance in water content brings out a change in engineering
properties. With decreasing water content, deformability (plasticity) of clayey soils becomes lower,
while strength increases because the net attractive forces between particles will increase.
Depending on its water content in the soil, a soil may exist in the liquid, plastic, semi-solid or solid
state. For a soil to exist in the plastic state, the magnitudes of the net inter particle forces must be
such that the particles are free to slide relative to each other, with cohesion between them being
maintained.

Most fine-grained soil exists naturally in the plastic state. The upper and lower limits of the range of
water content over which a soil exhibits plastic behavior are defined as the liquid limit (w) and
plastic limit (wp). From these two values, we can calculate the plasticity index (Ip) of the soil.

ip= Wy - Wp (5-1)

Plasticity is an important characteristic in soft soil especially fine-grained soils, because it's
describing the ability of a soil to undergo unrecoverable deformation at constant volume without
cracking or crumbling.For example, if there have a bearing capacity failure under the foundation, it
wills permanently forming failure.

Based on plasticity chart in Appendix A, Figure 5.1, we can whether the fine-grained soil is low
plasticity, intermediate plasticity, high plasticity or extremely high plasticity. This chart are taken
from British system {BS 5930: 1981)
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Figure 5.1: Plasticity Chart

5.3 Moisture Content

Moisture content or water content, w is defined as the ratio of the mass of water Mw to the mass
of solids Md

W = — {5.2)

This test is usually conducted to determine the water content in the fine-grained soil such as silt and
clay. The result obtained is useful in determine the overall view of soif’s deformation.

5.4 Chemical Test

Chemical test is carried out to determine four important element:
s Ph
s  Chioride content
e Sulphate content
+ Organic content

pH test is to determine the pH value for soil layer. It is important to know whether the soil is acidity
or not, because it will affect the foundation especially the concrete. Sulphate content is the single
most dangerous source which can disrupt. It is important to take note about the sulphate content in
the soil and ground water. Chloride content is other dangerous sources in soll, because it can
corrode the embedded steel,
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5.5 One- dimensional Consolidation Test

Consolidation is gradually reduction volume of a fully saturated soil of low permeability due to
drainage of some of the pore water. Due to the settlement is being our main priority, this test must
be carried out.

One-dimensional Consolidation test is cartied out to obtain compressibility and consclidation
parameters for settlement analysis.
The characteristic of a soil during one-dimensional consclidation can be determined by oedometer
test.

some of consolidation parameters that we obtained from the test:
e Overconsoiidation ratio (OCR)
e Recompression index (Cr)
s Compression index (Cc)
s Consolidation coeffiecient (Cv)

These consolidation parameters allow engineer to evaluate deformation of the subsoil when there
is changes of stress in the subsoil.

There is also indirect estimation of the consolidation parameters from Atterberg Limit tests as
follows. However the parameters for detailed design should be obtained directly from consolidation
tests.

a) Cc=0.007{l.L-10%) (5.3)
For normally consotidated clay, (Skempton, 1944)
b) Cc=0.00%{LL~ 10%) {5.4)

For clays of low and medium sensitivity, (Terzaghi & Peck, 1967)
5.6 Shear Strength Test

Shear strength test is carried out to determine strength parameters for stability and bearing
capacity analyses of foundation. The shear strength tests that are commonly used are as below:

i) Unconfined Compression Test (UCT), Unconsolidated Undrained Triaxial Test (UU) and
Shear Box Test — for cdetermine total stress parameter, which is undrained shear
strength,c,

ii) Isotropic Consolidated Undrained Trixial Test (CIU} — for determine effective stress
parameters, which are ¢’ and ¢".
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in the previous chapter, we already learned about a few field and laboratory test that are
commonly carried out in foundation design. For this chapter, we wilt focus on the soil parameters
that are required in the design calculation of piled raft foundation. The design calculation will be
explained in the Chapter 8 and it only applicable for preliminary stage. Detailed staged is not
discussed In this design guideline and for more information about detailed staged, refer to the
references given at the end of this guidelines. Below are the soll parameters that we required and it
is obtain from interpretation and correlation of some of field and laboratory tests that aiready
discussed above:

6.1 Elastic Young’s Modulus

Young’s modulus is commonty used for estimation of settlement from static loads. Suitable values
of the elastic modulus Es as a function of depth may be estimated from empirical correlations from
laboratory test results on undisturbed sample and resuit from field test

Laboratory tests that may be used to estimate the sail modulus are the triaxial unconsolidated
undrained compression or the triaxial consolidated undrained compression tests. Field tests include
the standard penetration test (SPT),
cone penetration test.

6.1.1  Empirical Correlations

The elastic undrained modulus E, for clay may be estimated from undrained shear strength ¢,
by

EzK.c, {6.1)

Where;
E. =Young's soil modulus

K. = correlation factor, Figure 6.1
¢, = undrained shear strength




References

DESIGN GUIDELINES FOR PIiLED RAFT FOUNDATION

SOIL PARAMETERS 18

CHART FOR ESTINATING CURRELATION FACTOR, Ko

1o | T T T L
1407 |- |
1200 |- A ]
000 §- e ) ]

Ll “k“

a g - : ]
L - |
wn| 30 PLeS B -
Znle rPrc e T 7 —

[ 1 1 i i = e B
13 2 3 - 3 & 7 8RO

OvERCONSOLIDATIEN RATIO

Figure 6.1: Chart for estimating constant K. to determine soil Young’s modulus.

6.1.2

Laboratory Tests on Cohesive Soil

The young's modulus is sensitive to soll disturbance which may increase pore water pressure
and, therefore decrease the effective stress in the sample and also reduced the stiffness.

Triaxial unconsolidated undrained

Using this test, an appropriate measure of £ is the initial tangent modulus E; = 1/a,
where a, is the intercept of a plot of strain/deviator stress versus strain. See Figure 6.2
below.

Triaxial consolidated undrained

Using this test, an appropriate measure of E; is the reload tangent modulus that
approaches the asymptotic value at large cycles. The tangent modulus at 1/2 of
maximum applied stress is determined for each loading cycle and plotted versus the
number of cycles. See Figure 6.3 below.
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6.1.3 Field Tests

The young’s modulus may be estimated from empirical and semi empirical relationship
hased on results of field soil tests.

¢ Standard Penetration Test {SPT)
The elastic modulus in sand may be estimated directly by blow count by (item 60)

£, = 94N°* VB (1+0.42) (6.2)

Where;

N = average blow count {SPT'N)
B = width of footing, m

D = depth of footing, m

6.14 Plezocone/ Cone Penetration Test (CPT)

The constrained modulus E,4 has been empirically related with the cone tip bearing resistance
by

E; =a,.q, {6.3)

Where;
@, = correlation factor (Typical value for sands is 3 and for clays is 10)

g, = cone tip bearing resistance

The above- mentioned details are empirical correlation examples to estimate E.. Either method
can be choosing to obtain the value. Below is representative value of Young's Modulus, E;for each
type of soil.




References

DESIGN GUIDELINES FOR PILED RAFT FOUNDATION

SQIL PARAMETERS

21

Table 6.1 : Representative values of Young’s modulus, E;

Type of soil Es (MN/m?) | Es (MN/m’)
static dynamic
Noncohesive soils
- Sand, loose,round 40-80 150-300
- Sand, ioose, cornered 50-80 150-300
- Sand. Medium dense, £80-160 200-500
round
- Sand, medium 100-200 200-500
dense,cornered
- Gravel without sand 100-200 300-800
- Crushed stone, sharp 150-300 300-800
edged
Cohesive soils
- Clay, hard 3-50 100-500
- Clay, semistiff 6-20 40-150
- Clay, stiff 3-6 30-80
- Loam, glacial clay 6-50 100-500
- Loam, loess loam 4-8 50-150
- Silt 3-8 30-100
- Silt, sea silt, organic 2-5 10-30

6.2 Shear Modulus, G,

The shear moduius, G, may be used for analysis of settiement from dynamic load. Shear modulus

can be evaluated from dynamic tests. See Table 6.2 below to see representative value of shear

modulus, G, for each type of soil.

Table 6.2 : Representative values of Shear modulus of soll, G,

Type of soil G,(MN/m’}

Noncohesive soils

¢ Sand, loose 50-70

+  Sand, medium dense 70-170

¢ Gravel with Sand, dense 100300
Cohesive soils

e Silt, sea silt 3-10

e  Loam, soft to stiff 20-50

¢  Clay, semistiff to stif 80~ 300
Rock

o Stratified, brittle 10005000

e Solid 4000 - 20 000
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6.3 Possion's Ratio, v,

A standard procedure for evaluation of Poisson’s ratio, v; for soil does nof exist. Poisson’s ratio
for soil usually varies from 0.25 to 0.49 with saturated soils approaching 0.49. Poisson's ratio for
unsaturated soils usually varies from 0.25 to 0.40. A reasonable overall valtue for v, is 0.40. Normal
vatiations in elastic modulus of foundation soils at a site are more significant in settlement
calculations than errors in Poisson’s ratio. See Table 6.3 below to see representative values of
Poisson’s ratio, v,

Table 6.3 : Representative values of Poisson’s ratio of soil, v,

Types of soil A
Unsaturated clay 0.1 -03
Saturated clay 0.4~05
Sandy clay 0.2-03
Silt 03-04
Sand 0.2-04
Rack 01 -04

6.4 Shear strength parameters

Previously in Chapter 5, we already know that there are two (2) shear strength parameters which
are:

* Total Stress
- Like undrained shear strength, ¢, required for short term undrained stability analysis
of embankment on cohesive soils and for foundation design in cohesive soils.
» Effective stress
- Like effective strength, ¢’ and d’are for long term stability analysis of foundation,
embankment and slopes, particularly cut slopes.

For the design calculation in this guidefine, we will only use undrained shear strength, c, for
calculation of bearing capacity of piled raft.

6.4.1 Undrained shear strength, ¢,

Total stress parameters of undrained shear strength, c, for cohesive soils can be obtained directly
or indirectly from laboratory testing such as:

1. Unconfined Compression Test (UCT)
2. Unconsolidated Undrained Triaxial Test (UU)

Others are from correlations from field test such as SPT, Piezocone test and Vane Shear Test
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6.4.1.1 Unconfined Compression Test (UCT)

Equation of Unconfined strength,qu

#
1%

'» (6.4

Where;
qQ, = unconfined compressive strength (kNIm‘}

P = compressive force (kN})
A = cross section of soil sample {m?)

since soils tend to deform much more than concrete, the area of the specimen changes to
maintain constant volume through the test (bulging). Thus, the average cross sectional area at a

particular deformation during the test is calculated using:

A= -fli- (6.5)

Where;
A = average cross-section area (m?)
Ao = initial cross-section area(m’}

£ = axial strain (AL/L)
AL = change in iength, L. = initial length (m)

Table 6.4: For relationship between N-value and unconfined compressive strength

N -value Consistency Unconfined compressive
strength (kN/m?)

<2 Very soft <25
2-4 Soft 25-50
4-8 Medium 50-100
8-15 Stiff 100-200

15-30 Very stiff 200-400
>30 Hard >400

Undrained shear strength, ¢,

qu

Cu=-2—

(6.6)
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6.4.1.2 Unconsolidated Undrained Trixial Tets (UU)

From the test, the failure envelope for the total stress Mohr's circles becomes a horizontal line and
hence is called a f = 0 condition. Thus, we have

ty=c=g, {6.7)
Where;

¢, = undrained shear strength and is equal to the radius of Mohr's circles.

Note that the f = 0 concept is applicable to only saturated clays and silts.

Figure 6.4: Total stress Mohr's circles and failure envelope {f=0) obtained from unconsalidated-
undrained triaxial tests on fully saturated cohesive soil ‘

6.4.1.3 Standard Penetration Test (SPT)

Below some correlations that commonly used to obtain undrained shear strength, c, from 5PT

For SPTN>5  (Stroud & Butler, 1975)
¢, =4N to 6N (kPa) (6.8)

ForSPT'N<5 {Japanese Road Assoctation, 1980}
¢, =5+ 7.5N (kPa) (6.9)

where N is SPT'N values
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6.4.1.4 Piezocone Test
The undrained shear strength can be estimated from piezocone data with reasonably accuracy.

qc—0pg GT"%&
€, == = o (6.10)
k kT

Where;

0, = total overburden pressure
g, = cone resistance

@7 = corrected cone resistance

N, or N, 7 = cone factor

Cone factor,N, Is 144 for Malaysian Clay {Gue, 1998). In practice, the Ny and N,y are determined

empirically by correlation of cone resistance to undrained shear strength measured by field vane
shear tests or laboratory tests.

6.4.1.5 Vane Shear Test

The undrained shear strength, ¢, may be obtained directly from vane shear tests. Below is the
equation that can be used to obtain c:

T
Cuw = Tazn a3 (6.11)
7 7

Where;

T = torque at failure

d = overall vane width
h =vane length

According to ASTM {1994), if h/d = 2, then
T

¢ (6.12)

u (36610757 a®
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For indirectly indication the c, it can be obtained indicatively by correfating to result of Atterberg

Limit Tests as follows:
a) c¢Jo,=0.11+0.0037PI

(6.13)

For normally consolidated clay, the ratio tends to increase with plasticity index

{Skempton, 1957)
b) c,{mob}/ac,’ =0.22

(6.14)

c,{moby} is the undrained shear strength mobilized on the failure surface in the field, and
o0, is the preconsolidation pressure (yield stress) (Mesri, 1988}

Table 6.5: Undrained shear strength, ¢, classification

Consistency of clay Undrained shear strength (kN/m’)

Very stiff or hard >150
Stiff 100-150
Firm to stiff 75-100
Firm 50-75

Soft to firm 40 -50
Soft 20-40

Very soft <20

*Reproduced from BS 8004: 1986
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7.1 Raft Dimension and Thickness

Raft dimension and thickness are depended on the structure the foundation supported and aiso
the design approach, especially for raft thickness.

The width, B and length, L of the raft is normaily depending on the base area of the structure. For
example, if the base area of a link semi-D house is 20m X 6m, the width of the raft wili be 20m and
length is 6m. The dimension can be bigger than structure’s base area depending on the design
engineer.

The thickness of the raft is depending on the design approach, which is already explained in
Chapter 3, Design Approach for Raft.
Raft's thickness also depending on the bearing capacity of the raft to support the load from
structure. The calculation on the bearing capacity of raft will be discussed in the Chapter 8 later.

Based on the statement above, the raft thickness and dimension is mostly depending on the
structural design of the building or the structure, which the base area of the structure and load
from the structure.

7.2 Pile length and diameter

Pile length is normally based on the load from the structure and group skin friction that required
in the design. It also based on the depth of the clay, if the layer is thick, the pile length will be
longer but if it is thin layer, a shorter pile is already sufficient.

Pile length can be from 6m to 24m, and may be longer than that, depend on the design
parameters, load from structure and soil condition.

Pile diameter, as explained in Chapter 3, it depend on the structure supported by the foundation.
Normally, in the design practiced of piled raft foundation for houses or shop lot, RC square pile will
be used with size, between 150mm to 200mm. In the special case, spun pile with diameter of
300mm to S00mm can be used.

7.3 Pile Spacing

Design the piled raft is same as designing a pile group consisting of individual piles with known
cross section and length essentially means determining the layout of the pile group, which in
others words means finding the pile spacing. Since friction pile is used in the design, the load wili
be transferred through the entire surface of the pile and bulb pressure is much farger in this case.
See the Figure 7.1 below:
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Figure 7.1: Bulb pressure of piles

Based on the figure above, a wider spacing becomes necessary in order to avoid interference
between bulbs of pressure of adjacent piles. The minimum spacing center-to-center of piles is 3d
or 3 times pile diameter. That is an ideal spacing for design layout of pile group.

7.4 Number of piles

Number of piles used in the design will be based on the column load and pile capacity. Usually in
design, pile will be located below of the column and number of plles required can be obtained as
below:

For example

Column load = 40kN
Pile capacity = 10kN

Number of piles

= Column load/ Pile capacity {7.1)
_ 40kN

T 10kN

= 4

7.5 Raft Young’s modulus and Poisson’s ratio

i} Young's Modulus, E,
For the raft thickness between 100mm to 600mm, the range of Young’s modulus is
2500 GPa to 3600 GPa

ii} Poisson’s ratio
A common value for Poisson's ratio of a raft is 0.3.
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7.6 Pile Young’s Modulus

Young’s modulus for a pile can be predicted from pile load test or other field test. Below is the

simple calculation that can be used in determining the Young's modulus value for a pile:

From i5: 456-2000,C1.5.2.3.1

E, = 5000 X \/grade of concrete

See in Appendix B, Worked Example 7.1 for determination obtain pile elastic Young's modulus

from pile load test.
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In this chapter, all the steps and calculations required in the design will be explained in details.
But, remember these calcutations are only used for preliminary stage, where we want to get an
overall view of piled raft. The value that obtained from the calculation is only estimation value
and can’t be take as the accurate value for the design, for example the value for differential
settlement. For detailed staged, engineering software has to use in order to obtain detail
information about the design foundation.

Below are the steps of calculations that will cover in this chapter:

i} Number of piles required and spacing
ii) Bearing capacity for piled raft

iii} Raft stiffness

iv} Pile group stiffness

v} Piled raft stiffness

vi) Average settlement for the piled raft
vii) Differential settlement for the piled raft
viil) Load distribution between raft and pile

8.1 Number of piles required and spacing

Number of piles required can be determined by obtaining allowable load per load and the
equation as below:

Allowable load per pile:

Surface area of piles
= d, x no.of pile surface x L, (Square pile = no of surface = 4) (8.1)

Where;
d, = diameter of pile
L, = length of pile

Allowable skin resistance

= Tu g & 8.2)
2 F5

Where;

q,, = unconfined shear strength

2 = reduction coefficient (Refer Figure 8.1)
FS = factor of safety
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Figure 8.1: Friction pile in clay: ®vsq,

Allowable load per pile = Surface area of piles x Aliowable skin {8.3)
resistance

Number of piles required = Applied load / alowable load per pile  {8.4)
Spacing

Minimum spacing = 3d

8.2 Bearing capacity of piled raft
in determining the bearing capacity of piled raft, the following equation can be used:
Based on the Terzaghi bearing capacity equation, bearing capacity of raft can be determined by

Net bearing capacity = ¢. N, (8.5)
4,
IR
where;
g, = unconfined compressive strength
Nc¢ = Terzaghi bearing factor

= 5.14 (continuos foundation)




References

DESIGN GUIDELINES FOR PILED RAFT FOUNDATION

DESIGN CALCULATION 32

For safety bearing pressure (sbp), a factor safety can be added into the equation as below:

net bearing capaci
Sbp = Fjg pACTY (8.6)

qu.Nc
6

where;
f = factor of safety (F = 3)

To held good for a footing of any rectangular shape, Eq. {8.2) can be madified by adding ‘shape
factor’ into the equation. The Terzaghi bearing capacity factor N, according to Skempton, is
influenced by both shape of the footing and its depth. As regards shape he considers the influence
of the ‘aspect ratio’ (B/L), ‘shape factor’ is used because it Is seen to be linear function of ‘aspect
ratio’.

Sbp = ‘%“ﬂ X [1 + 0.2 ’f] (8.7)
shape factor
where;
B = width of raft
L = length of raft
Bearing capacity of raft
= Area of raft x sbp (8.8)

To obtain the bearing capacity of piled raft, we have to determine the pile group of surface shear
and the equation used as follows:

Surface area
={2Bx Ly} +(2Lx Ly) {8.9)

Allowable shear

vy

=" F=3
2.F

qu
=’; x surface area {(8.10)
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Pited raft bearing capacity
= Beating capacity of raft + Allowable shear (8.11)

8.3 Raft stiffness

The average stiffness of a raft, acting alone may be estimated (Richard et., 1970) as:

k.= 4Gr,{(1—v,) for rigid circular raft (8.12)
k, = [G,/(1—v)] Bz{ik:d]é for rigid rectangular raft (8.13)
where;

1, = circular raft radius
B, =coffiecient depending on the raft dimensions, c and d, given in Figure 8.1 below.

By or By

Figure 8.2: Coefficients B, B, and B, for rectangular footings
{after Richart et al, 1970)
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8.4 Pile group stiffness
8.4.1 Single pile stiffness

Stiffness of a single pile for compressible pile can be determined as follows:

o _ ERHEAEEED)

— 7 {8.14)
rowe () )

where;

Pe

~— = single pile stiffness

We

G, = soil modulus at L,
L p = pile length
1, = radius of pile shaft (D/2}
v, = soil Poisson’s ratio
£ = vertical homogeneity of soil stiffness (G,,/G; )
{ = measure of radius of influence of pile
=In{tn/te) m = 2.50(1 ~ vg)L,
tm=2.50(1 —v,)Lp + 2.5d, {very short pile range
Lp/d, <5)

gl = measure of pile compressibility (/ (2/{A) (Lp/T,)
A = pile - soil stiffness ratio (E,, /G;)

8.4.2 Pile Group Stiffness

Pile group stiffness can be calculated based on the principle of elastic interaction between piles.

There are few methods that can be used and include as follows:
a) The ‘efficiency’ approach described by Fleming et al. (1992)
b) The equivalent pier approach described by Poulos and Davis (1980)
c) The interaction factor approach of Poulos and Davis {1980)

In this guideline, only first approach will be explained and used in the desigh.
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8.4.2.1 Efficiency approach
Based on Fleming et al. {1992), pile group efficiency is

Nw = N ¢ (8.15)
where;
n =number of piles

e = exponent

Exponent, e can be determined by using curve in Figure 8.2, The upper part of figure allows a base
value of e to be chosen, depending on pile slenderness ratic. The four curves in the lower part,

which are Poisson's ratio, v, homogeneity factor, p, spacing ratio, s/d, and stiffness ratio, E,/G; will

modify the base value of e to get actual e.

o8
058
058
-
o.67
g 0.58
0.58
0.54 / -‘-\
- s
053 // - \\
052 AN
0.5
o5
[ 20 %0 ] P 100
Blendermess retio L\
118
. sifirieds nno.kprm
108 //
: (=] Polespn's n — e
E 1 \ / /F'/
098 . <
L1 \ o3
I .-
o8 " \\
|~ : | spacing vatio, W
0rs o b
134 -
0 0z 04 o.s 08 1
Polsson's ratio, nu, and homogenaity factor, o
z 4 & 8 T
Spacing ratio, s/d
2 T a4 za | a2 ze 4

Log10{stifiness ratia, Ep/GH)

Figure B.3: Charts for calculation of exponent e for efficiency of pile groups
{after Fieming et al, 1992)




References

DESIGN GUIDELINES FOR PILED RAFT FOUNDATION

DESIGN CALCULATION

36

Pile group stiffness, k,
=7,, nky {8.16)

where;
ky = stiffness of asingle pile

8.5 Piled raft stiffness

Randoiph has been proposed a simple piled raft analysis which aliows the overall stiffness load

distribution of a piled raft to be caiculated.

Piled raft stiffness, ky,

- [kzi:f;;:éz)r]p)} 817)

where;

kp = pile stiffness
k, = raft stiffness

Uy = interaction factor
1
m =1
= {8.18)
n ...;m._)
(?“0
1,. can be determined by using nrr,? = area of raft

8.6 Average settlement of piled raft

__ applied vertical load
piled raft stif fness

(8.19)
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8.7 Differential settlement

Based on Randolph (1994), he expresses differential settlement as a proportion of the average

" settlement of the foundation and estimated using raft stiffness,

The raft-soil stiffness for rectanguiar raft, where B < 1. can be defined by using the equation

proposed by Horikoshi and Randolph {1997) and as below:

k=587 ()[R @ ()

where;

E, =Young's modulus of raft
E = Young's modulus of soil

= Poisson’s ratio of soil
= Poisson’s ratio of raft
t, = raft thickness
B = raft width
L = raft length

By using the value of raft-soil stiffness ratio, the differentiat settlement can be calculated from the
curves of Figure 8.4, From the curve, we will obtain normalized differential settiement, Aw. Thus,

the differential settlement is as below:

= Aw x Average settlement (8.21)
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o5k " ws v o= COMMIEC (SQUATE)

Y

o4 » e MiG-side: LIB = 1

0s N [ e Midaide: LIB = §

ey Midh-side: LIB = 10

o2}

Normalizad differential settismant Aw’

o1

l"1?\'&'}1 01 1 10 100
Relative rafti-soll 9tiffness ratio K

Figure 8.4: Variation of normalised differential settlement with raft-soil stiffness ratio,
K., (after Horikoshi & Randolph, 1997)

The value that obtained from the above equation will be an unfactored value and to get factored
differential settlement value, it can be calculated based on the equation below:
= unfactored value x (k,/k,) (8.22)
Where;
k, = pile stiffness
kye = piled raft stiffness

8.8 Load distribution between raft and pile

The proportion of load carried by the raft (P,) and the pile group (P} is given by:

P [kr(l"“rp)]
(Be4+pp)  [leprkp(1~2a5y)]

{8.23)

Refer to Appendix B, Worked Example 8.1 to get better understanding in the design calculations
that have been discussed above.
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Based on the design calculation done above, an analysis has to be conducted. The objective of this
analysis is to determine whether the design piled raft can perform well in term of:

i Piled raft bearing capacity
ii.  Average settlement
ili. Differential settlement

9.1 Pile Raft Bearing Capacity

in the design, bearing capacity should be larger than average load or pressure from the
structure. If the bearing capacity of piled raft is lower than the average load, the design
parameters must have to change until the bearing capacity for the foundation is higher than load
from structure.

9.2  Average Settlement and Differential Settlement

The average settlement and differential settlement should be lesser than the maximum
allowable settlement. Usually, in the design requirement, there will be stated the maximum
settlement that can acceptable in the design. So, it is a must to make sure that the calculated
average settiement and differential settiement less than allowable settlement. Different type of
structures can have different design requirement for allowable settlement

2.21 Settlement of friction piles in clay

When friction piles are used under a raft to support them, the settlements of the piles are
substantially reduced since the loads are transferred from the raft to the greater depth of subsoil.
Friction piles are different from end-bearing piles where the load are transfer over the entire
surface area of the pile .This is because the friction piles are not installed or driven until reach the
hard layer. Whereas in end-bearing pile, the load is transmitted through the pile and transfer it to
the hard layer.

The settlement can be reduced more as the length of the piles becomes longer. In settlement of
friction piles, the settlement in predicted on the assumption that the net load from the structure
is transferred to a depth to two — thirds the pile length and that dispersion of the load takes
places into soil from this level. See Figure 9.1
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Figure 9.1: Transfer of load for settlement for friction piles and end-bearing piles

9,2.2 Differential settlement control

In order to achieve an ideal piled raft as differential controller, the required pile that required
may be estimated by consideration of the ‘ideal’ contact pressure distribution that acts beneath a
rigid raft.

At the central of raft, the contact pressure is approximately half of the average applied pressure.
Therefore, the number and the length of piles at the center should be higher than other part of
the raft. Thus, it will give minimal differential settlement
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Figure 9.2: Differential control of piled raft
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Appendix A

Tabie 5.3: British Soil Classification System for Engineering Purposes

Soil Groups Subgroup and laboratory identification
GRAVEL and SAND may be qualified sandy GRAVEL Group Subgroup Fines (% Liquid
and gravelly SAND, etc.,where appropriate symbol symbol less than limit
0.06mm)
- Slightly silty or clayey GW GW 0to 3
'—;; ’g GRAVEL G GPu GPg
5 op .
g 5 Silty GRAVEL G-M GWM GPM 3to 15
o o G-F
£ | RE5 Clayey GRAVEL GC GWC GPC
= s &
2 |23
S |g88 GM GML,etc | 151035
E o8 8 Very silty GRAVEL GF
= P GC GCL
g S2 Very clayey GRAVEL GCI
\ae ® B GCH
§ = $% GCV
@5 GCE
2= . SW SW 0to5
é N = = Slightly silty or clayey SAND | S
oy 5 E SP SPu SPg
2 LS SM | SWMSPM | Stoi5
% 5 g Silty SAND S-F
e |lpe® 8-C SWC SPC
£ 8 § g Clayey SAND
@ %% SM SML, etc 151035
v W o .
- g N Very silty SAND SF
P SC SCL
8 g Very clayey SAND SCI
B % SCH
= sCv
SCE
o e MG MLG, etc <35
_g g o Gravelly SILT FG 35 to 50
- 7 Gravelly CLAY CG CLG 5010 70
£ T3 CIG 70 to 90
2 | gmg CHG 90 >
E | 55w CEG
25 4 23
588 %o Sandy SILT MS MLS, etc
@ 28 g "g Sandy CLAY FS
E < pt CSs CLS, etc
ke © o SILT (M —SOIL) M ML, etc <35
w B n F 3510 50
T |Z8E |aay c CL 50 to 70
& W) Cl 70 t0 90
g E : % CH 90 >
= |“g” Y
CE
ORGANIC SOILS | Descriptive letter ‘O’ suffixed to any group or subgroup symbol
PEAT Pt

45
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Appendix B

Worked Example 7.1
Determination of Elastic Young’s Modulus of Pile from Pile Load Test
Ciameter of micropile = 200mm

Length = 15m
E

steel ZOSW

=2.05 X 10%kN/m*

i3 2
Asrssl =3X Z (20)-

=942.48 mm® or 9425 X 107%m*

E

= 3,1 X 107kN/m?

. ) )
Ao = 2 (200)° — 942.48mm*

= 30 473.45 mm~
= 3,047 X 107 °m?
Acamposirs = Z (200}“

=31 416 mm*

=3,142 X 107°m"

grour = 31 000MPa (for grout confined in acased length)

49
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Ear:ﬂmposz':e Acom-pos:‘ts = (Egrcut'ﬂgrou:) + (Eszssi'AStSSEJ

E

Fempesits

_ (31X 107kN/m® X 3.047 X 107 2m2) + (2.05 x 10%kN /m? X 9.425 X 10™*m?T)

3.142 X 107 %m?

=36 212 046.47 kN/m®

107kN

2

= 3.621 X

= 36 212 kN/mm?*

50



Appendix B

WORKED EXAMPLE 8.1

In order to illustrate the design calculation discussed in the guideline, a simple example will be analyzed. For this
example, the piles distribution will be uniformly distributed, whereas in design practiced, piles distribution wili
based on load from the column. The column that have higher load will have more piles and maybe longer that
others. The applied load will assume uniformly distributed aiso.

Below are the parameters given for the design of the foundation:
Uniformly distributed applied load: 3.5 MN

Raft parameters Pile parameters Soil parameters

E, 35000 MPa Ep 35 0COMPa G 100 MPa (Table 6.2)

3m Lp 15m : Es 150 MPa (Table 6.1)
B 3m Size 150mm x 150mm Vs 0.4 (Table 6.4}

(RC square pile)

i 0.6m
' 03
Design Calculation:

Applied load = 3.5 MN
i}  Number of piled and spacing

quofclay= 126kN/m? (based on Table 6.4, assumed clay is stiff)
Factor of safety = 3

Allowable load per pile
- Surface area of piles
= dy, x no.of pile surface x L, (Square pile = no of surface = 4)
=0.15mx4x15m
=9m’

-  Allowable skin resistance

9u, &

2 " Fs

- Laskiijm °_}§ {cxis based on Figure 8.1)
2

= 15.75kN/m?

Allowable load per pile {Eg. 8.3)
= 15.75kN/m? X9m®

= 141.75kN
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Thus, number of piles required (Eq.8.4)

(35 % 1000)kN
T 141.75kN
= 24.69 ~ 25 piles

Spacing of piles

‘I 600

3000

EHEEHE

EHEHEHEHE)
B EHEHHEH

S EETE

000 600
Minimum spacing = 3d

= 3 x 150mm = 450 mm < 600mm {acceptable)

i) Piled raft bearing capacity
Safe bearing capacity (Eq. 8.7)

=Tl [1+o.2§]

- 126k 17 (5.14) [ ‘}_3,]
AR VY PR E

o

=129.53 kN/m*

Bearing capacity of raft {Eq. 8.8)
= 129.53 kN/m’ x (3m x 3m)

=1165.77 kN

Allowable surface shear (Eq. 8.10)
_ qu
= _6— x surface area

= Es—k—f@ x [(2(3m) (15m)) + (2(3m) (15m))]

=3 780kN
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Thus, piled raft bearing capacity {Eq. 8.11)
=1165.77 kN+2 772 kN

=4945.77kN >3 500 kN, O. K

iii) Raft stiffness

Average stiffness of raft {Eq. 8.13)

=[6,/(1 — )18, (4cd):

- 100 Jatsease 5))2

=1075 MN/m

iv} Pile group stiffness

- Single pile stiffness {Eq. 8.14)

r__ EHEA )G

Gy wy 1~1-{(ﬂc1_us)(ka I}) )}

dp = 150mm

r,=150mm/2 =75 mm=0.075m

G, = 100 MN/m’

P = Gayof/ Gy =100 MN/m’/ 100 MN/m?
p=1

Iy = 25p(1—v, )L,

= 2.5(1)(1-0.4415)

=22.5
=In(ry/r,)

= In (22.5/0.075)
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A

i

1
v

=5.70

- (@)

[

= Esuwe _
Rrre =350

@G

N

({s.wo?(s so)) (e.:is)

=6.33

Single pile stiffness:

X (100 x 0.075)

= 261.197 MN/m

- Pile group efﬁecienby
Pile group efficiency, 71,.. ( Eq. 8.15)
= n ¢
Base value for e, refer upper part of Figure 8.2, slenderness ratio L/d = 15m/0.15m = 100
S0, base value of efficiency exponent, e = 0.51

Then, refer to bottom part of Figure 8.2 to obtain 4 exponent correction factors based on:

i) Stiffness ratio, E,/G =350, logy 350 = 2.5
e correction factor = 0.875

ii} Spacing ratio, s/d=4
e correction factor = 0.93

iiiy Poisson ratio, nu=0.4
e correction factor = 0.975
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iv) Homogeneity factor, p=1
e correction factor = 1.06

Corrected efficiency exponent, ¢ = 0.51 x (0.875x0.93x0.975x1.06)
=(0.4289

Pile group efficiency, 77,,= 2 54287

=0.2514

Thus, pile group stiffness {Eq. 8.16)
kp = ??“.nkl
=0.2514 {25) {261,197 MN/m)

=1 641.84 MN/m

v) Piled raft stiffness
Area of raft= mtr,2

2 2
9m” =25nr,

r,=0.339m

... = interaction factor
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Thus, piled raft stiffness {(Eq. 8.17}
= [ep+ip{1-2app)]
E
[s-at(3E)]

kp:

- [1 641.84 MN/m +1075mMN/m(1=2(0.735))]
[1-[0 735}2(}&&1&* MKim )]

=1 746.597MN/m

vi} Average settiement {Eq. 8.19)

___ applied vertical load
piled raft stif fness

__ 3sMN
1 73482 MN/m

= 2.004 mm

vii) Differential settiement

Raft-soil stiffness, k. {Eq.8.20)

ke =557 () il () ()

=g 57(35000) (:-ow] )“5(

150 {(1-0.3%)

=96

From Figure 8.3, normalized differential settlement, Aw = 0.025 {mid-side}, Aw = 0.042 (corner)

Thus, average differential settlement (Eq.8.21)
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- Mid-side to centre
= Aw X Average settlement
=0.025 x 2.004mm

= 0,0501mm (unfactored)

1641.84 MN/m
=0.051mm % 1746597MN/m (Eq. 8.22)

= 0.0467 mm (factored value)

- Corner to center
= 0.042 x 2.02mm

= 0,0842mm {unfactored)

1641.84 MN
= 0.0848 mm x LE¥184MN/m
1746.597MN/m

= 0,0785mm (factored value)

viii} Load distribution between raft and pile group
The proportion load carried by raft and piles can be calculated using Eq. 8.23

F__ {&r(l—“r‘p}]
(po+py)  lRpthr(1-2apy )i

= [1 075 MN/m{1—0.735 )]
[1 641,84 MN/m +1 075 MN/m{1-2(0.735) )]

= 0.25 (Raft)
Load carried by piles =1-0.25 = 0.75 or 75%

Load carried by raft = 0.25 or 25%

Due to the load portion carried by piles is 75% , the number of piles assumed in the early step can be
reduced from 25 to maybe 23. This because, in the early calculation, we assumed the piles carried 100% of the
total load. But, as reminder, load portion by raft and piles can be done theoretically but in construction
perspectives, it needs a crucial construction.
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