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Settlement of Thick Clay Deposits under Piled-Raft Foundation
and Design Considerations (Pile Dimensions)

Lee, K.Y.!

Abstract: Characteristics and histories of the deltaic deposits in geotechnical perspective are studied.
Geotechnical issues of clay deposits under floating foundation systems also analyzed. Theoretical expressions
and parameters were examined by an experimental study and numerical analysis on the laboratory scales
and field measurement in this study. Also, piled raft foundation on thick clay deposits is designated to
optimize pile configuration. The predictions of settlements of piled rafts foundation are proposed based on pile
dimensions by utilizing a normalized Ap/nLs and Bg/B:. Practical design of piled raft foundations is made for
the light bridges and five story buildings on thick clay deposits to discuss the long-term settlement, and it is
found that the piled raft is well applicable and effective on thick clay deposits, and that differential
settlements of the foundation should be managed by designing the configuration of pile lengths and spacing.

Keywords: Thick deltaic deposits; settlement; piled-raft; light-weight foundation; width ratio.

Introduction

Design of foundation comprises of settlement and
bearing capacity, which are influenced by its soil-
structure interactions. In spite of using 3D FEM
software to rigorously cover the interactions, some
attempts have been made to reduce the complexity of
the interactions to propose much simpler and faster
estimations for settlement and bearing capacity.

Soil-Structure Interactions

Piled raft foundation is a type of foundation which
takes into account three components (pile group,
raft, and subsoil) to resist the design load subjected
to it. In comparison with the conventional foundation
design, piled raft foundation exhibits a total new
dimension for the soil-structure interaction because
of the new design philosophy to utilize the pile group
up to their ultimate bearing capacities [1]. There are
four major soil-structure interactions on piled raft
foundation that bind the overall performance of the
foundation system. Those interactions are indeed
very complex, so that one should consider modeling
by numerical analysis that allows the most rigorous
treatment for the soil-structure interactions [2].
These four major soil-structure interaction, in addi-
tion, have been contributing continuously to the
development of precise numerical modeling for piled
raft foundation.

The load transferred to the piled raft system creates
interactions among its parts (raft, pile group, and
surrounding soils). First, the pile-soil interaction can
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be simply thought as frictional resistance with the
possibilities for undergoing slip and negative skin
friction. In this interaction, shear modulus plays an
important role rather than Young’s modulus.
Second, the pile-pile interaction is simply dependent
on the pile spacing, number, and length [3] that may
affect the efficiency of bearing capacity of piles.
Third, the raft-soil interaction reveals the bearing
capacity considering net contact between raft and
soil that is usually satisfactory in safety. In this
interaction, Young’s modulus of soil is more domi-
nant when there is no significant horizontal load and
pile spacing is relatively long. Finally, the pile-raft
interaction will determine in the design; proportion
of load sharing and reduction of settlement. Even-
tually, the soil-structure interactions mentioned pre-
viously, are dependent on each other. This empha-
sizes how complex they are in the reality.

The soil structure interactions on piled raft foun-
dation can be simplified to that of piles and raft only.
This simplification is then used to compose the
design philosophy of piled raft foundation. Poulos in
2001 [4] summaries the different design philosophies
for piled raft foundation as follows:

1. Piles are mainly designed to take up the majority
of foundation loads and the raft only carries a
small proportion of the total load.

The raft is designed to resist the foundation loads
and piles carry a small proportion of the total
load. The piles are placed strategically to reduce
differential settlement.

The raft is designed to take up the majority of
foundation loads. The piles are then designed to
reduce the net contact pressure between the raft
and the soils to a level below the pre-consolida-
tion pressure of the soil.
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Bearing Resistant

The interaction behavior of raft and pile group can
be described by examining the load sharing between
them. It is obvious that load taken by the raft may
reduce due to the presence of piles as ground
stiffener. Reul [3] has conducted some numerical
studies on un-piled raft (R), free-standing pile group
(FPG), and piled raft (PR) foundations to see the
phenomena of load sharing. In addition, free-stand-
ing pile group (FGP) is a type of foundations without
considering any of bearing portion of raft (or cap). In
case of piled raft foundation (RP), Reul showed that,
the more the number of pile installed, the bigger the
load portion taken by the group of pile [3].

Figures 1 and 2 show a numerical study of progress
of load sharing of a piled raft foundation (&, = 30000
MPa, v, = 0.15, E, = 25743 MPa, v, = 0.15, and pile
group is configured symmetrically from the center of
the raft) by using 2D plain strain FEM analysis.
Obviously, results depicted in Figure 1 are in good
agreement with the study performed by Reul [3] that
the pile resistances will be greater than the resis-
tance of raft as the settlement progresses. Simu-
lating that the raft is in direct contact with the soil
will show higher portion of load taken by the raft at
early stage and slowly reduce as the pile resistances
are mobilized (Figure 2). In addition, “with a reduc-
tion of interface strength” refers to slip at the
interface of soil and pile taken into account. Oppo-
sitely, “without a reduction of interface strength”
means interface strength of soil and pile is the same
as that of soil.

Bearing Resistance vs. Settlement of Unpiled and Piled Raft
(B,=20m,L, =20m,t, =1m,n, =3x3,L =15m,s =5mx5m,
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Figure 1. Bearing Resistance vs. Settlement on Raft and
Piled Raft Foundations

Settlement Behavior of Piled Raft

Regarding the effect of raft and pile group interac-
tion on the settlement of square piled raft, it means
that the settlement of piled raft foundation decreases
due to smaller net contact pressure between the raft
and the soil. For a given piled raft, settlement cannot
be smaller than a certain value, depending on the
pile configuration and the load level [3].
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Percentage of Load Sharing between Raft and Pile
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Figure 2. Proportion of Load Taken by Raft and Piles

The concept of reducing the settlement can be done
readily by increasing the length of pile, while control-
ling the number of pile to be placed at strategic area
bellow the raft.

Simplified Load-Settlement Curve

Calculation of the average settlement for piled raft
foundation from a simplified load-settlement curve of
the foundation system itself is described by Poulos
and Davis [5] in Figure 3. The piles, at first, will
undergo un-drained loading until their failure capa-
cities are reached (point A in Figure 3) and the raft
(or cap) will take the remaining load so that the
additional un-drained settlement would be caused by
the raft only. The working load applied on the
system (point C in Figure 3) is assumed to be located
in between points A and B. Furthermore, the super-
structure loading may progress until the system fails
(point B in Figure 3) which shows the summation of
the piles (individual or block) and raft capacities.
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Figure 3. Simplified Load-Settlement Curve of Piled Raft
Foundation [5]

The average immediate settlement (ow) at working
load (Pw) for a square rigid raft B- x By, is given in
Equation 1 (un-drained condition) where Pw > Pa
(Figure 3). Furthermore, the consolidation settle-
ment of piled raft foundation can be estimated using
Equation 2, as well as the total settlement (imme-
diate and consolidation) using Equation 5 (0w:).
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Line OAC (Figure 3):
2
=P R g+ 094T(R P -V, O
. BI’ EU
where:
pw = total undrained immediate settlement under

working load [m].

P4 = ultimate capacity of pile group (block or
individual failure) [kN].

Reos = undrained group settlement factor.

p1 = immediate settlement of a single pile under
unit load.

Pw = working load [kN].

vu = undrained Poisson’s ratio.

B, = width of raft [m].

E, = undrained modulus of soil [kPa].

The origin of the number 0.947 (termed as imme-

diate settlement coefficient) appears in Equation 1
can be referred to Harr [6]. The other values can be
also referred to the same author, for the immediate
settlement coefficient which depend on width of the
raft (By), length of the raft (L), depth of embedment
(Dp, and the presence of hard layer beneath the
foundation system. It should be mentioned that
Equation 1 does not consider the effects of local slip
along the pile group or local yield of the raft as the
load increases toward failure. In addition, the con-
solidation settlement (o) assumes that the conso-

lidation process is not affected by any local yielding
occurring under undrained condition. Equations 2-4
will then yield a correct value of consolidation
settlement (o ;) for limiting cases of the raft only and

of the rigid block and for those systems in which the
failure load of the pile group is not reached. It is
therefore reasonable to assume that satisfactory
results will be obtained for other cases involving
piles that have slipped.

Pcr = Prre ~ Pie &)

Pree = RuRe, Pire 6

Pie = RyRsospy 4

0.71R, —P,)
Put = PaRgos oy + + Pcr ®)
BE,

where:

pop = consolidation settlement of foundation [m].

Prp = total settlement (immediate + consolidation
settlements) of foundation [m].

P, = total settlement (immediate + consolidation
settlements) of a single pile under unit load

p,; = p, (Equation 1) = immediate settlement of a
single pile under unit load [m].

pie = total immediate settlement of piled raft
foundation [m].

Rgy = group settlement factor with vs =+v’.
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The following review will be focused on describing
the practical methods to estimate the settlement of
piled raft foundation as the primary theoretical
review of this paper. It will include the immediate
average and differential settlements, for piled rafts
with uniform length and spacing.

Elastic Continuum Method

Fleming et al. [7] presented a simple method for
analyzing the combined stiffness of the raft and the
pile group, which allows the interaction between
them. For a piled raft where the raft bears on
competent stratum, the approach of combining the
separate stiffness of the raft and the pile group using
an elastic continuum method is based on the use of
average interaction factor (ap) between the pile
group and the raft. The overall foundation stiffness is
given in Equation 6 [7].

_ K, +K,([-2a,) ©)
pr
1- acpz K,
Ko

where:
K, = stiffness of piled raft foundation [kN/ml].
K, = stiffness of pile group = Rg np K; [kIN/m].
K; = stiffness of single pile under average vertical

load [KN/m].
R; = stiffness efficiency factor.
K, = stiffness of raft, assuming rigid raft [5] =

2.25G,\/A [kN/m)].

(1_ Vs )
A, = area of the raft [m2].
Gs = shear modulus of soil [kPal].
vs = Poisson’s ratio of soil.
In(r_/r,
aep = average interaction factor = M .
In(r,,/r,)

rm = radius influence of pile = length of pile [m].
ro = radius of pile [m].
r» = equivalent radius of the pile associated with

each pile = A [m].

m p

np = number of pile.

Equation 7 [8] furthermore, can be used to deter-
mine the stiffness (load/settlement ~ [kKN/m]) of a
single pile (K;) under average vertical load (i.e. total
load divided by number of pile) for all condition of
pile slenderness ratio (./d). In addition, remarks for
G properties in Equation 7 can be seen in Figure 4.

4n 27 tanh(zd) L
_JO-v)e T gu 0
“T L1 a anGaL (O
A -v)s oo,
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where:
n =re/ro
ro = radius of pile above the pile base [m].

ro = radius of pile at the pile base [m].
o = Gost/ GL=Gag / GrL.
& =G/ Ge.
A = pile stiffness ratio = E, / Gr.
L
uL = pile compressibility = \/2/{A — .
r-0
{ = load transfer parameter.
= In{[O.25+(2.5,0(1—\/5)—0.25)5]:_}'
o]
E, = elastic modulus of pile [kPa].
& j Gor G )«I?:le:l‘s Gx G G Mscy}:i:?ﬁls
2r=D1 !
i
[l
L 0.5L 05L
N
e | |I
) ) )

(a) Friction Pile (b) End-bearing Pile

Assumed Variation in Shear Modulus with Depth

Figure 4. G Properties for Stiffness of A Single Pile [9]

Different pile stiffness may be caused by different
pile slenderness ratio (L/d). Table 1 shows the more
precise characteristic of pile stiffness with pile
slenderness ratio (L/d). Eventually, the settlement
profile (6) with depth (z) can be estimated using
Equation 8 [7].

5 =6, cosh(u(L-2)) ®)

where:

Op = settlement at the pile base [m].

— Pb (1 —Vs )
4r, G,

P, = load at the pile base (definition for the
following notations have been previously
given).

4n 1
Py= (1_‘/5)(;: COSh(:uL) < P [kN].

t

an  27p tanh(ul) L
Q-v)s ¢ a o

0

P, = total load applied on the pile group [KN].

ro = radius of pile at the pile base [m].

Gy = shear modulus of soil at the pile base [kPa].
vs = Poisson’s ratio of soil.

p = Gost / GL= Gcwg / GL.

Table 1. Pile Group Stiffness with Different Slenderness

Ratio (L/d) of Pile [7]
L/d>15, Ep/G,_

L/d <0.25,[E, /G,

Pile may be treated as Pile may be treated as
effectively rigid infinitely long.

_ 4n 2oL [2 2
Kl[(l—vs)§+ r jXGLer Kl:(ﬂp ? ><G|_><I’o
(kN/m)

Note: this formula must be (kN/m) i
combined with equivalent pier G715 shear modulus of soil
method. at the bottom of active pile

length Lae, where:

L. =31, /E, /G,

(m).
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Note: all notation definitions in Table 1 have been pre-
viously described in this chapter.

Adopting the same derivation for the pile raft
stiffness (Kp») as described by Fleming et al. [7],
Clancy and Randolph [10] have reported from a
more rigorous analysis that as the size of pile group
size increases, the interaction factor (ap) tends
towards a constant value of 0.8 (Figure 5), indepen-
dent on pile spacing (s), slenderness ratio (L/d), or
stiffness ratio (A = Ep/Ey).
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0.8 — <
& os T ===
t 39 e
2 .
e m—
0.2 l |
0.0 |
2 3 4 s 6 7 8 9
pile 'spacing’, s/d I
Ep/Es = 100000
i | |
0.8 == y—— —— i
P i — L1 = r_g
£ T — i
S 0.4 e R
0.2
0.0 —
2 3 a s 6 7 8 °
pile ‘spacing’. s/d

= jx1'pile group O 2x2 pile grocup * 3x3 pile group
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Figure 5. Interaction Factor, arp (= ag) for Various Size of
Pile Group (After Clancy and Randolph, [10])

Based on this fact, the formulation given in Equation
7 can be simplified to Equation 9. Other procedures
such as finding K, [kN/m] and K, [kN/m] have been

given in Equations 6 and 7.

~1-06(K, /K,)

= ©)
P 1-064(K, /K,)

p

Elastic Half Space

The pile group stiffness observed by Shen et al. [11]
assumes that a rigid pile group is embedded in soil
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modeled as an elastic half space. The proposed
method, however, has been extended for com-
pressible pile groups. The settlement of a single rigid
pile must be calculated in terms of normalized
stiffness of a single rigid pile (k1) using Equation 2.8.
To calculate the settlement of a rigid pile group, Rs
(Le. ratio of rigid pile group settlement to the
settlement of rigid single pile under the average load
per pile carried by the group) must be obtained from
Equation 10.

Using the same manner, the settlement of a single
compressible pile must be calculated in terms of
normalized stiffness of a single compressible pile (%1c)
using Equation 11 given in 3 x 3 matrix shown in
Equation 12. To calculate the settlement of a
compressible pile group, Equation 10 must be
multiplied by a factor R (= Rs/Rs), termed as a
normalized pile group settlement ratio (i.e. ratio of
compressible group settlement ratio (Rs) to rigid
group settlement ratio (Ry)). Furthermore, Rs is
defined as a ratio of the settlement of compressible
pile group to the settlement of a single compressible
pile, which allows the use of Equations 11 and 12. In
order to calculate k;, P; in Equation 11 or 13 can be
obtained by dividing the total load acting on the raft
by the number of pile (np). In addition, the group of
pile is assumed to be connected by a rigid raft at the
pile head in the analysis.

R, = np'09“(2’%&%%j"°g4(2’%cﬁ%—vs)42) (10)

_ R 1 (11a)
1c = ~ 3 3
G rw, [ 1
0 H ]
[cell ] = 1/sum (minverse (H)) (11b)
2dp, 4 a(4p-1) ABp-1)
roé’ 1- Vs 3['0; 3r°§
| Ap-1)  aai A(Bp-1) A a(8p-3)
[H ]_ 2 + 12
3¢ L e L 10r,¢ 12)
n@Bp-1) ai . ABp-3) 4m,A N 27.(5p-2)
g L 10r.¢ 3L 15r,¢
= P _ 27 p N 4 (13)
GI LW, roé/ 1- Vs
where:
k1 = normalized stiffness of a single pile (kic for

compressible pile and k- for rigid pile).
P; = average load applied on a single pile [kN].

w1 = settlement of a single pile [m].
Gr= shear modulus at depth L [kPa].
L = length of pile [m].

p = homogeneity of soil = Gag/GL.
¢

i

load transfer parameter = In (I’m / r, )

§+2In(rm/s)+ln(rm/\/§s).

_ 4r/ 2r.
2 = 1470/ 4700 .
¢ 7 J2rs
rm = maximum influence radius of pile [m].
= 2.5Lp(1—V5 )—l— 0.7s. In(L/ro) for Equation
18
= 25 Lp(l—Vs) for Equations 12 and 13.
ro = radius of pile [m].
vs = Poisson’s ratio of soil.
& = Gr/Go.
Gy = shear modulus of soil bellow the base of the
pile [kPa].
A = npile-soil stiffness ratio = E,/GL.
np = number of pile.

Pile Group Modeled by Load-Transfer Curve

The research on analytical method [11] was
continued by Shen and Teh [12] to estimate group
stiffness assuming the soil as an elastic half space.
Although this method was originally used for pile
group foundation, however it will be still introduced
since that can be used for the piled raft system [12].

The normalized stiffness of a pile group (kg) can be
given by Equation 14. Matrix H in Equation 14a, is
given as 3 x 3 matrix, shown in Equation 15. The use
of spreadsheet may ease the sum of inverse of the
[H] by typing the command given in Equation 14b.
Furthermore, for a case with a rigid pile group, the
matrix H in Equation 15 becomes a matrix with only

one term (i.e. H {11) that allows a simpler pile group
stiffness (Equation 16) to be calculated.

k i ! (14a)
Ge — =73 3 4,
Gl_roWt ZZ[H ]—1
i=1 j=1
[CE” ] = l/sum(minverse(H)) (14b)
4 (4p-1) #:(3p-1)
2p,p+ py 3 3 (15)
[H]= mép-1) - uBp-1) L 4(8p-3)
3 P 3 P 10
nBp-1) u@p-3) 4 2u(5p-2)
3 P 10 37° 15
27l da
ot = e (16)
GLrth roé’ 5(1_‘/5)
where:
ke = normalized pile group stiffness (kge for com-
pressible pile group and kg for rigid pile
group).
w: = settlement of piled raft foundation [m].

load applied on the pile group [kN].
shear modulus at depth L [kPa].
length of pile [m].

= homogeneity of soil = Gay/GL.

P
GL
L
o
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wa, L
Us = .
g
= %
(1 —Vs )é
AN
_ p
Mp = .
Lr,
ro = radius of pile [m].
Vs Poisson’s ratio of soil.
¢ = load transfer parameter.
= In[L/r,(0.25+(2.5p(1—v,)—-0.25))].
E = Gu/Go.
Gb = shear modulus of soil bellow the base of the
pile [kPa].
A = pile-soil stiffness ratio = E,/Gr.
np = number of pile.

Stiffness matrix coefficients (ap and apy) can be
obtained based on the soil flexibility matrix which
has been described by Shen et al. [13] using Equa-
tions 17 and 18.

“p=zn:2n:f

i=L j=1

Xpp =sz

i=L j=1

-1
sij

a7

-1

sbij 18

Differential Settlement of Piled Raft System

A practical formula to estimate the differential
settlement of piled raft foundation under vertical
loading was proposed by Randolph and Clancy [14].

The normalized differential settlements (AW/ Wayg )

given in Equation 19 and 20 are a function (f) of
relative raft-soil stiffness (K»s) and overall aspect
ratio (OAR). The relative raft-soil stiffness given in
Equation 21 (for rectangular and square rafts) and
22 (for circular rafts) were proposed by Brown [15].
Having calculated the relative raft stiffness given in
Equation 21 or 22, the function (f) must be obtained
from Figure 5. The formula to calculate the overall
aspect ratio (OAR) proposed by Randolph and
Clancy [14] can be seen in Equation 23. In addition,
the formula to calculate the overall aspect ratio
(OAR), however, was originally made for piled rafts
having a square pile group. Extension of using
Equation 23 for other shapes of pile group can be
done by composing an equivalent square pile group.

AW ¢ OAR for OAR< 4 (19)
Wayg 4

AW
—— = f for OAR>4 (20)
W

avg
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20+v,)E, 4B, (t, )
K, = — 21)
G 3 (L
3
K. - 2(1+v, )E, (t_j )
G a
where:
vs = Poisson’s ratio of soil.
E, = elastic modulus of raft [kPa].
B, = width of raft [m].
L = length of raft [m].
tr = thickness of raft [m].
a = radius of circular raft [m)].
G = shear modulus of soil beneath the raft [kPa].
[y, ~1p+d] s
OAR = ~ . |2 (23)
L L
where
np = number of pile.
s = npile spacing [m].
d = npile diameter [m].
L = pilelength [m].

Design Concept for Settlement Reduction

The design trend of piled raft foundation is basically
changing to piles as settlement reducers, instead of
taking a major portion of the foundation load. A
current design trend of piled raft foundation is to
utilize the piles below the raft to reduce the
settlement of the foundation and reduce the net
increase pressure in the subsoil. This trend composes
an optimum pile configuration to satisfy design
philosophy of piled raft foundation. In order to
minimize the settlement of piled raft system, the
following design considerations must be taken into
account:

1. The raft foundation must be able to provide an
enough bearing capacity against the applied
working load [16].

. The primary objective is to reduce the differential
settlement of the raft by placing few piles up to
an acceptable value [17] rather than reducing the
average settlement.
In case of piled raft on soft soil, imposing
adequate temporary surcharging and preloading
techniques prior to the piled raft foundation will
effectively reduce the average settlement of the
piled raft foundation [16]. This combination is
necessary to satisfy the performance of the
foundation.

The settlement reducing piles are designed as

friction piles and this eliminate a risk of struc-

tural failure or an inadequacy of piles due to

negative skin friction [16].

Few piles needed to satisfy the differential

settlement must be located strategically to reduce

as much the stress concentration on the soil [16].
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Experimental Study on Piled Raft System

A study of relation between the settlement of piled
rafts with a varying pile length and/or spacing, and
piled rafts with an uniform pile length and spacing
has performed in this study. Moreover, it comprises
of some objectives of the study to achieve for under-
standing and develop the relation and prediction of
the settlements into design. The objectives of the
study are as follows:

Finding the influence of design parameters (Ap,
nL, and Bg/B;) on the settlement of piled rafts
through some case studies.

Obtaining and summarizing the relation among
design parameters (Ap, nL, and B,/ B;).

Proposing design charts and procedures to utilize
the design parameters (4p, nL, and Bs/B;) to
predict the settlement of piled raft foundation.
Evaluating the use of the some practical analy-
tical methods in terms of applicability.

Design of Bench Scale Test
Dimension of Miniature and Material Properties

The raft thickness of 1.5 ecm was chosen by
considering an impression of rigid raft. The lengths
of pile were determined to be 10 cm and 15 cm
(Figure 7) by considering the application of sort piles
and workability when pushing the piled raft
miniature into the soil. The longer the piles the
harder it will be, because the soil used was sand,
which may exhibit dilation at higher relative density
(Dy). During pushing, the piled raft miniature will
increase the surrounding density. In spite of
technical aspect described above, the miniature was
designed considering application of short piles below
the raft. The overall miniature was scaled up to 1: 75
after considering all the aspects. This was merely
design to have relative raft-soil stiffness (Ks) > 54 (as
rigid raft) as part of the assumption of the study.

The piled raft miniature made of aluminum was
used because it is light, yet strong and durable.
Figure 7 has shown the piled raft miniature with
dimension. Eventually, the material properties of
piled raft miniature were adopted from some
reference values as given in Table 2.

Table 2. Properties of Material of Piled Raft Miniature

Property Value and Remarks
Unit
Unit weight (y) 27.2kN/m3  United States Steel
Corporation
Elastic Modulus (E) 70,000 MPa  United States Steel
Corporation

Poisson’s ratio (v)  0.33
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The engineering properties of the soil can be seen in
Table 3. During the test the sand was mounted in an
acrylic chamber (50 cm x 50 cm x 50 cm) up to 30 cm
high. A small light weight plate was the used to
gently compact the surface to the soil horizontally.
The sand was furthermore classified as SP (poorly
graded sand) with low relative density (D, which
can represent soft ground.

Table 3. Material Properties of Soil

Property Value and Unit  Remarks
Total unit weight (y) 14.39 kN/m?
Cohesion (c) 0.2 kPa
(minimum)
Internal friction angle (p) 32°
Poisson’s ratio (vs) 0.32
Deformation modulus (Es;) 5000 kPa
Water content 0%
Specific gravity 2.64
Relative density 30.71% Standard
proctor
Classification SP USCS

Configurations of Piled Raft System

The pile configurations are divided into three groups
of case study (Figure 6), termed as cases 1, 2 and 3.
In addition, a group must have the same ratio of
width of pile group to width of raft (B¢/B:) and total
length of pile (nL), but different total area of pile
(4p). Every case a of each group has uniform pile
length (L) and spacing (s), however, cases b to ¢ or d
may have different pile length (L) and spacing (s).
The comparison and correlation of settlement
behavior of every case a to other cases will be
studied by involving some design parameters (By/Br,
Ap, and nL). Another important rule depicted in
Figure 6 is that the group of pile of every case b, c,
or d has axis of symmetry, as well as for every case
a. eventually, the list of design parameters of every
group of case study is given in Table 4. In conclusion,
the experimental case studies in Figure 6 (cases 1,
2, and 3) were designed with fixed B¢/Br and nL for
each group. Each case, however, has different Ap.

In order to study the use of the design parameters
(Ap, nL, and Bs/B;), some pile raft configurations
were designed (Figure 6). The pile raft miniature
used (Figure 7) was made of aluminum provided
with two different lengths of pile (10 and 15 cm).
Furthermore, the number of piles was selected to be
25 (maximum) with spacing of 4 d (d = diameter of
pile = 0.8 cm) for convenient and workability pur-
poses. Furthermore, the schematic diagram of the
bench scale test can be seen in Figure 7.
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Figure 6. Configuration of Piled Raft System.

Table 4. Alternative for Parameter Design

Case | By/B; | A, (cm?) A,/nL (cm) | nL
1a 0.80 12.566 0.050 250
1b 0.80 11.561 0.046 250
1c 0.80 11.058 0.044 250
1d 0.80 10.051 0.040 250
2a 0.40 4.524 0.050 90
?b 0.40 4.021 0.045 90
2c 0.40 3.519 0.039 90
3a 0.80 4.524 0.050 90
3b 0.80 4.021 0.045 90
3c 0.80 3.519 0.039 90

Results and Discussions

The model simulations for the bench scale tests were
conducted using 2D FEM plane strain program
(PLAXIS Finite Element Code v. 8.2) to account the
part of piled raft foundation which is located out of
plane. The load was idealized as uniform one and a
standard boundary condition was used according to
program code.

The part of piled raft foundation which is out of
plane is considered having average flexural (Elug)
and axial (EAwg) stiffness. Prakoso and Kulhawy
[18] proposed to use average plane strain stiffness on
2D plain strain analysis. The concepts are adopted in
Equations 24 and 25 against bending and axial
forces for modeling an out of plane row of piles as a
beam element. The input data for material property
in numerical simulation are taken from Tables 3 and
4.
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Figure 7. Pile Raft Miniatures and Dimension

B xdpxng,

El avg L (24)
E_ x xn

EAan - m (25)

Lr

where:

El.e = average plane strain flexural stiffness
[kNm?2].

EAue = average plane strain axial stiffness [KN].

E, = elastic modulus of pile [kPa].

I, = moment of inertia of one pile in bending
direction [m4].

Ap = areaofone pile [mZ].

npir = number of pile of a row in out of plane
direction.

L, = length of raft [m].

Three practical formulas proposed by Fleming et al.
[7] Shen et al. [11], and Shen et al. [12], have been
selected. The analytical methods, however, are
limited to piled rafts with uniform pile length (L) and



Lee, KY. / Settlement of Thick Clay Deposits under Piled-Raft Foundation / CED, Vol. 17, No. 3, December 2015, pp. 166178

spacing (s), so that the evaluations of sensitivity of
analytical method with bench scale test results are
performed only for cases Ia, 2a, and 3a (see Figure
6). The use of analytical method for other case
studies was not recommended due to the variation of
pile spacing (s) and lengths (L). The detail of every
formula mentioned is not described in this paper,
since the reader can easily refer to text books and
journals. In addition, the input data for analytical
methods was taken from Tables 2 and 3.

Settlement Behaviors

The experimental load-settlement curves were
idealized using quadratic. That use of quadratic
polynomials with R? close to one show that the soil
mostly performs hyperbolic-non-linear behavior. The
results expressed in Figures 8 - 17 shows that the
load-settlement curves obtained experimentally and
numerically are in good agreement. The comparisons
with analytical methods have also resulted in good
agreement as well (Figure 18 - 23). In Figures 18 -
23, it give some ideas of the best fit analytical
methods. The method proposed by Fleming et al. [7]
or Shen et al. [11] are best-fit for estimating the
settlement of piled rafts with greater Bg/B: (in this
case, Bs/B, = 0.80. When Bg/B; is smaller (in this
case, Bs/Br = 0.40; see Figure 19), the formula
proposed by Shen et al. [12] is best-fit.
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Figure 8. Numerical and Experimental Load- Settlement
Curves of Case 1a
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Figure 9. Numerical and Experimental Load-Settlement
Curves of Case 1b.
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Figure 10. Numerical and Experimental Load-Settlement
Curves of Case 1c
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Figure 11. Numerical and Experimental Load-Settlement
Curves of Case 1d.
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Figure 12. Numerical and Experimental Load-Settlement
Curves of Case 2a.

Load (kg)
40 60 80
L T T T T

100
0.00

0.20
0.40
0.60

0.80
1.00

R? = 0.9989

Settlement (mm)

1.20

1.40

1.60

—o— Case 2b - experiment
—®— Case 2b - numeric | .
Quadratic polynomial (case 2b - experiment)

Figure 13. Numerical and Experimental Load-Settlement
Curves of Case 2b
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Figure 14. Numerical and Experimental Load-Settlement
Curves of Case 2c.
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Figure 15. Numerical and Experimental Load-Settlement
Curves of Case 3
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Figure 16. Numerical and Experimental Load-Settlement
Curves of Case 3b.
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Figure 17. Numerical and Experimental Load-Settlement
Curves of Case 3c
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Linear) Load-Settlement Curves of Case 1a.
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Figure 19. Analytical (Linear) and Experimental (Non-
Linear) Load-Settlement Curves of Case 2a.
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Figure 20. Analytical (Linear) and Experimental (Non-
Linear) Load-Settlement Curves of Case 3a
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Figure 22. Analytical (Linear) and Numerical (Non-
Linear) Load-Settlement Curves of Case 2a
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Figure 23. Analytical (Linear) and Numerical (Non-
Linear) Load-Settlement Curves of Case 3a

Normalized Settlement vs. Normalized Ay/nL

Having further analyzed the load-settlement curves,
the settlements of piled raft with varying pile lengths
were normalized with those of piled raft with a
uniform length. The normalized settlements obtain-
ed were related to the corresponding normalized
Ap/nL. Moreover, the results show that the relation
between normalized settlement and normalized
Ap,/nL are not sensitive to different load levels
(Figures 24 to 29). Based on this phenomenon, it is
more convenient to express the normalized settle-
ments as the average normalized settlement form
now on.
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Figure 24. Normalized Settlement vs. Normalized Ap/nL
of Case 1 for Different Load Levels Experimentally
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Figure 25. Normalized Settlement vs. Normalized Ap/nL
of Case 2 for Different Load Levels Experimentally
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Figure 26. Normalized Settlement vs. Normalized Ap/nL
of Case 3 for Different Load Levels Experimentally
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Figure 27. Normalized Settlement vs. Normalized A,/nL
of Case 1 with Different Load Levels Numerically
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Figure 28. Normalized Settlement vs. Normalized Ap/nL
of Case 2 with Different Load Levels Numerically.
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Figure 29. Normalized Settlement vs. Normalized Ap/nL
of Case 3 with Different Load Levels Numerically

Average Normalized Settlement vs. Norma-
lized Ap/nL.

The average normalized settlements obtained from
2D plain strain analysis are, in fact, not too sensitive
with the change of the normalized Ap/nL. These
phenomena are slightly different form those obtain-
ed from bench scale tests (Figure 30). This may
attribute that 2D plain strain may underestimate
the change of average normalized settlements. The
influence of variation of Bs/B; from the case study
(0.4 to 0.8) 1s also small, shown that the distribution
of data in Figure 30.
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Figure 30. Average Normalized Settlement and Norma-
lized Ap/nL.

Based on the results of bench scale tests and
numerical simulations, the relation between the
average normalized settlements for given limited
range of the normalized Ap/nL can be predicted or
1dealized (Figure 31). The prediction of settlement of
piled raft with varying pile length has been finally
simplified by referring to pile raft with a uniform pile
length. The relation given in Figure 31 can be used
by following some rules, those are when both pile
rafts with a varying pile length and uniform pile
length have the same B,/ B and nL. Once B,/ B and
nL have been fixed, the only variable left is A, of pile
rafts with a varying and uniform pile lengths. Since
the settlement of pile raft with a uniform pile length
can be predicted with some analytical formulas
(shown in Figures 18 to 23), the settlement of pile
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raft with varying pile length can be estimated by
referring to Figure 31. The relation between average
normalized settlement and normalized Ap/nL can be
finally expressed in Equation 26.
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Figure 31. Prediction of Average Settlement by Ap/nL.

SS=a-AL+b (26)
where:
SS = average normalized settlement of piled raft

with a varying pile length to piled raft with
a uniform pile length. These two piled rafts
must have the same B;/B; and nL.

AL = normalized Ap/nL of piled raft with a
varying pile length to piled raft with a
uniform pile length. These two piled rafts
must have the same Bg/B; and nL, as well.

a, b = experimental constants varies from geo-

technical properties(a = 0.5809 ; b = 0.4189)
for 0.78 <x < 1.00.

Conclusions and Discussions

A study on the prediction of settlement of the piled
raft based on the pile dimension has been performed.
The settlement of piled raft with a varying pile
length and the settlement of piled raft with an
uniform pile length have been analyzed in term of
relation of normalized average normalized settle-
ment and normalized Ap/nL. The relations were
composed through the proposed design parameters:
the total area of pile (4p), the total length of pile (nL),
and the ratio of the width of piled group to the width
of raft (Bs/By) or width ratio. Moreover, there are
some important concluding remarks to be high-
lighted, as follows:

The settlement of piled rafts with a varying pile
length can be predicted based on the settlement
of piled rafts with an uniform pile length by using
parameter Ap and nL for the same Bs/B: and nL.
The normalized settlements are insensitive to
different load levels. One may confidentially
predict the settlement using Figure 31 at various
load levels. The normalized settlements have a
linear relationship with the normalized Ap/nL.
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The pile resistances is greater than the resistance
of raft as the settlement progresses. The raft is in
direct contact with the soil will show higher
portion of load taken by the raft at early stage
and slowly reduce as the pile resistances are
mobilized (Figure 2). In addition, “with a
reduction of interface strength” refers to slip at
the interface of soil and pile taken into account.
“without a reduction of interface strength” means
interface strength of soil and pile is the same as
that of soil.

In practical design of piled raft system, it is
recommended that the standard for determining
the working load share rate of piles and raft
should be studied by using the collected field
measurements. In domestic, piles and rafts are
designed by two different fields and it surplus
designed in economically. It is preferable to use of
piled raft system to reduce expenses for
foundation rather than the end bearing piles.
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