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ABSTRACT

Piled raft is commonly used as foundation for high rise buildings. The design concept of piled
raft foundation is to minimize the number of piles, and to utilize the entire bearing capacity. High
axial stresses are therefore, concentrated at the region of connection between the piles and raft.
Recently, an alternative technique is proposed to disconnect the piles from the raft in a so called
unconnected piled raft (UCPR) foundation, in which a compacted soil layer (cushion) beneath the
raft, is usually introduced. The piles of the new system are considered as reinforcement members
for the subsoil rather than as structural members. In the current study, the behavior of unconnected
piled rafts systems has been studied numerically by means of 3D Finite Element analysis via
ABAQUS software. The numerical analysis was carried out to investigate the effect of thickness
and stiffness of the cushion, pile length, stiffness of foundation soil, and stiffness of bearing soil
on the performance of the unconnected piled raft. The results indicate that when unconnected piles
are used, the axial stress along the pile is significantly reduced e.g. the axial stress at head of
unconnected pile is decreased by 37.8% compared with that related to connected pile. It is also
found that the stiffness and thickness of the cushion, and stiffness of foundation soil have
considerable role on reduction the settlement.

Keywords: piled raft, unconnected piled raft, cushion, Finite Element method, ABAQUS.
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1. INTRODUCTION

The piled raft is a composite foundation that comprises three parts; raft, piles and soil. The design
philosophy of piled raft differs from that in conventional foundation where it is assumed either a
raft or pile group that carry the superstructure loads and insuring a certain value of safety factor.
Basically, piled raft herein will be called connected piled raft (CPR) concept is proposed in order
to obtain an economic design compared to conventional pile foundation by using the required
number of piles that are important to minimize settlement to an acceptable limit and the transmitted
loads are shared between the raft and piles (Al-Mosawe et al., 2011), (Al-mosawe et al., 2013).
However, relatively large bending moments may be developed when these small number of piles
are structurally connected to the raft as well as cracks in the raft and high axial stress concentration
at the pile head may be occur. Thus, the probability of structural failure of the foundation is greater
than that related to the bearing capacity failure of the supporting soil. To overcome the problem of
connection reaction an alternative approach has been proposed where unconnected piles are used
and provided an interposed cushion layer between the raft and the piles. The piles in such condition
will behave as soil stiffeners instead of as structural members (Wong et al., 2000), (Burghignoli
et al., 2007), (Jamiolkowski et al., 2009).

Recently, many numerical studies have been presented to investigate the behavior of unconnected
piled raft, UCPR. For instance, (Wong et al., 2000), introduced a numerical investigation by
means of plane straining FE methods to evaluate the behaviour of unconnected piled raft. The
study show that, a much lower factor of safety against structural failure of the piles can be used by
disconnecting the piles from the raft. This may be due to the fact that the piles can be considered
as soil reinforcement members strengthen the subsoil rather than as structural members carrying
the applied load

(Liang et al., 2003) examined numerically in the elastic regime many parameters such as the
thickness and stiffness of the cushion layer, the ratio of length to diameter of the pile, and the
elastic modulus of piles. This study proposed the way for optimizing the pile configuration so as
to allocate the loads evenly and alleviate the pressure concentrating upon the lengthier piles. An
elastoplastic numerical analysis was performed by (Eslami et al., 2012), showed that the thickness
and the stiffness of cushion affects the location of the maximum axial stress along piles. (Sharma
et al., 2011), showed that using the cushion will adjust the load-sharing ratio evenly among the
piles. (Hor et al., 2015) employed a three dimensional finite element method via Plaxis to model
the complex interactions of the disconnected piled raft taken into account the load transfer in the
interposed cushion layer and along the pile. In this study the stiffness of the soil and the piles,
thickness as well as the strength parameters of the cushion layer were investigated. The results
obtained from this study showed that, the performance of unconnected piled raft for heavy load
structures is better compared with connected system. (Ata et al., 2015) performed a parametric
study on unconnected piled raft, they showed that unconnected piled raft may be considered as an
economical alternative to the connected piled raft.
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Most of the aforementioned numerical results are proved by experimental findings obtained from
small model tests performed by many researchers. Among them, (Cao et al., 2004) reported that
the settlement and the bending moments at the piles head are considerably reduced by using
unconnected piled raft. (Fioravante and Giretti, 2010) studied the stiffness of the foundation
when the granular cushion layer was interposed between the raft and piles. They found that the
relative stiffness of pile and soil underneath raft affect the load distribution mechanism in the
foundation. Also, it is found that the initial stiffness of foundation was essentially a function of the
piles stiffness. The present parametric study aims at identifying the most important parameters
which affect the performance of the unconnected piled raft foundation such as; thickness and
stiffness of the cushion, length of the piles, stiffness of bearing soil, and stiffness of foundation

soil.

2. MEHDOLOGY AND DEVELOPED MODEL

Simulation of the behaviour of the connected or unconnected piled raft foundation and the
supported soil requires careful selection of the modelling parameters to produce accurate results
that are as close as possible to the actual behaviour of the analyzed members. In this analysis the
numerical investigations were performed by using the developed ABAQUS 3D model. Where, the
behaviour of the soil is modeled as nonlinear elastic perfectly plastic, Mohr Coulomb yield
criterion. While, the cushion, raft, and piles are modeled as elastic material. The subsoil used in
this study is dry sand soil, and the piles are simulated as bored piles. The properties of the subsoil,
cushion, raft, and piles are shown in Table. 1.

The finite element discretization of each part was conducted by using eight-node continuum three-
dimensional brick element (C3D8R) with reduced integration available in ABAQUS (6.14.1)
library. The layout and meshing of the reference model that chosen for this parametric study is
shown in Fig. 1, it is consist of a (6 x 6) piles group of 0.6 m in diameter and 12 m in length,
spaced at 2 m (3.33d). A compacted granular cushion layer 1m in thickness with an elastic modulus
60 MPa is placed under a concrete raft of 0.5 m thickness and side dimensions of (12m x 12m)
supporting a distributed load of 300 kPa. ABAQUS presents an advantage of analyzing quarter of
the symmetrical model. This advantage was taken into account and only one-fourth of the
geometry is considered to simulate the piled raft foundation under consideration as shown in Fig.
1.C. The domain of the soil continuum taken in this analysis is extended to a large distance to
reduce the effect of the boundaries on the displacement of the foundation. The soil mass is 60 m
long (in the x-direction), 60 m wide (in the y-direction), and 30 m high (in the z-direction).

The parametric study was concerned on the most important parameters that are effect on the load-
settlement behaviour, axial stress along the piles, and pile load sharing ratio. The parameters
considered in this study can be summarized as shown in Table 2.
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Table. 1 Properties of material of the UCPR for the reference case.

Properties | Foundation soil | Cushion layer | Pile Raft
y kN/m3 18 20 25 25
E (kPa) 4E4 6E4 3E7 | 3E7
v 0.3 0.3 0.2 0.2
c' (kPa 0.1 - - -
@° 32 - - -
¥ 3 - - -
Material model MC* Elastic Elastic | Elastic

0<m TR T Rant
15m m— Cushwon loyves

Pile

<1 Foundatice sl

13.5m

|~ Heanng soul

Figure 1.

A. One fourth of the reference piled raft system;
B. Section show soil profile and parts of piled raft;
C. Meshing of ABAQUS 3D model.
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Raft Cushion Pile group
Study Esoil dimensions parameter geometry
Parameters MPa Hc, Ecushion
LxB | t o (MPa) S| n |DJ|L
Connected 40 12x12 | 0.5 - - 6x6 | 0.6 | 12
0.25
0.5
0.75
Cushion thickness 40 12x12 | 0.5 1 60 2 |6x6 06|12
1.25
1.5
2
20 2|6x6 |06 |12
40 2|6x6 |06 |12
60 2| 6x6 |06 |12
Cushion stiffness 40 12x12 | 0.5 1 100 2 |6x6 06|12
150 2| 6x6 |06 |12
200 2| 6x6 |06 |12
30E3 2| 6x6 |06 |12
6
Pile length 40 12x12 | 0.5 1 60 2 |6x6 |06 |12
18
40*+40** 12x12 | 0.5 1 60 2| 6x6 |06 |12
Bearing soil 40*+90** 12x12 | 0.5 1 60 2| 6x6 |06 |12
40*+1.2E3** | 12x12 | 0.5 1 60 2| 6x6 |06 |12
10 12x12 | 0.5 - - 2|6x6 |06 |12
Stiffness of 15 12x12 | 0.5 - - 2 |6x6 |06 |12
foundation soil of 20 12x12 | 0.5 - - 2 |6x6 |06 |12
Connected piled raft 30 12x12 | 0.5 - - 2| 6x6 |06 |12
model 40 12x12 | 0.5 - - 2 |6x6 |06 |12
60 12x12 | 0.5 - - 2 |6x6 |06 |12
10 12x12 | 0.5 1 60 2 |6x6 |06 |12
Stiffness of 15 12x12 | 0.5 1 60 2|6x6 |06 |12
foundation soil of 20 12x12 | 0.5 1 60 2 |6x6 |06 |12
Unconnected piled 30 12x12 | 0.5 1 60 2 |6x6 |06 |12
raft model 40 12x12 | 0.5 1 60 2|6x6 |06 |12
60 12x12 | 0.5 1 60 2|6x6 |06 |12

* E of the subsoil of depth from 0 to the bottom of piles;

3. MODEL VALIDATION
To confirm the finite element numerical model, it should be compared with an accepted data. For
this purpose, the developed ABAQUS 3D model has validated by utilizing the example introduced
by Poulos in "American Society of Civil Engineers (ASCE) Technical Committee — 18 (TC -18)
report in 2001" (Poulos, 2001), the details of the example is showed in the appendix A. The Piled
raft example presented by Poulos consist of a rectangular raft of plane (10m x é6m) and 0.5 m in
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thickness. The raft is supported by 9 piles of 0.5 m in diameter and 10 m in length. For this piled-
raft model, (Poulos, 2001) reported the load-settlement relationship using different approaches
such as, the simple method, PDR-Method and by using software numerical models; GARP5,
GASP, FLAC 2D, and FLAC 3D. The results obtained from the developed ABAQUS 3D model
compared with other methods are illustrated in Table. 3 and Fig. 2.

Table 3. Summary of computed piled raft behaviour for total load 12 MN

Method Central Settlement of % of Load
settlement, mm | corner pile, mm | taken by Piles
Poulos-Davis-Randolph 36.8 77.0
GARP5 34.2 26.0 65.1
GASP 33.8 22.0 65.5
Burland 33.8 29.7 65.5
FLAC 2-D 65.9 60.5 79.5
FLAC 3-D 39.9 35.8 58.2
Performed ABAQUS model 36.7 25.7 53.85
S e e
- a o
z
=
E 1 PDR method
’ 2 GARPS
3 GASP J
4 FLAC2-D
- 5 FLAC 3-D
| ABAQUS model |
0 20 40 60 80 A 100 IEO 140
Central Settlement (mm)

Figure 2. Load-settlement relationship for different approaches for example reported by Poulos
(2001).

4. RESULTS AND DISCUSSIONS

4.1 Importance of the Interposed Cushion Layer

The cushion layer has main role in performance of unconnected piled raft, which it is utilized to
redistribute and transfer the axial stress between the piles and surrounding soil. The effect of the
cushion is studied for the following three cases;

4.1.1 General Effect of the Cushion

A comparison between the connected and reference case of unconnected piled raft systems relative
to unpiled raft is shown in Fig. 3. In general, it can be concluded from this figure, that the
settlement of the connected piled raft is decreased by 48.3% compared with the unpiled raft while
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unconnected piled raft is decreased by 46.4%. Fig. 4 show the axial stress along the pile length for
connected and unconnected piled raft. From the figure it can be seen, that the axial stress along the
pile of unconnected piled raft is smaller than that of the connected piled raft, and the maximum
axial stress is occurs at the head of connected pile, while it is shifted downward in unconnected
pile. This is because the interposed cushion layer between the raft and piles causes a downward
soil-pile relative displacement. This displacement is maximum at the pile heads and extends to a
specific depth beneath the upper pile heads. This relative displacement becomes zero at a certain
depth which is known as the depth of neutral plane at which the axial stress in its maximum value.
Initially, the surrounding soil and the raft settle greater than the piles, cause the negative skin
friction along the upper portion of the piles (above the neutral plane). Thus, the loading of piles
come from their upper head as well as because of the negative skin frictions. Because of these
loads, the piles will settled and a mobilized positives skin frictions occurring at the lower portion
of the pile shaft.

Axial stress, kPa
500 1500 2500 3500
0
UCPR e CPR e=@==unpiled raft
£ 110 1 £ 2
€ | £
*s' 20 i %o
£ : - 4
9 70 1 =2
= | a
3 1
50 Y 6
30 ; ; |
0 2 4 6 8
distance from center to edge of the raft, m
10
Figure 3. Settlement along centerline of unpiled
raft, CPR, UCPR. 12

Figure 4. Variation of axial stress along
the connected and unconnected center
piles.

4.1.2. Effect of the Cushion Thickness

The effect of the cushion thickness is examined by using different values for the cushion thickness,
0.25,0.5,0.75, 1, 1.5, and 2 m. Fig. 5 shows the variation of settlement of the raft with the cushion
thickness. This figure indicates that the settlement decreases significantly as the cushion thickness
varies from 0.25 m up to 1.25 m. After that no change in settlement values is recognized.

Fig. 6 show the variation of axial stress along the center pile for different values of the cushion
thickness. It can be seen that the axial stress along the pile is slightly effected by increasing the
cushion thickness. As the pile load sharing ratio is related to the axial stress at the pile, the effect
of the cushion thickness on this ratio is similar to that on the pile axial stress. This finding is clearly
illustrated in Fig. 7.
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# Hc=0.25 B Hc=0.5 Hc=0.75 B Hc=1
E- W Hc=1.25 Hc=1.5m M Hc-2m Axial stress, kPa
g 54
g 500 1000 1500 2000 2500
£ 52 0 D&
a £ —®— Hc=0.25m e &
g| 50 .
E Hc=0.5m &
E 48 , | Heim o
g 46 £ +:c:1.§5m : :
- c=l.om
44 ﬁ, —®— Hc=2m ‘#‘
S a4 e
Figure 5. Variation of settlement of the raft 3
with the cushion thickness .
EHc=0.25 B Hc=0.5 " Hc=0.75 M Hc=1 M Hc=1.5 B Hc=2
X 8
)
E 60
2
S | 40 10
a
®
S | 2
o 12
a . . .
0 Figure 6. Variation of axial stress along
the center pile for different values of the
Figure 7. Pile load sharing ratio for different cushion thickness

values of the cushion thickness

4.1.3. Effect of the Modulus of Elasticity of the Cushion

To investigate the effect of the elastic modulus of the cushion on the performance of the
unconnected piled raft system a wide range of values of elastic modulus was used. It is started
from 20 MPa (represent loose soil material) to 30,000 MPa (represent concrete material). The
influence of the elastic modulus on the settlement is shown in Fig. 8. It can be seen that the elastic
modulus of the cushion have a considerable effect on the total and differential settlement. The
effect of elastic modulus of the cushion on the axial stress along the pile is shown in Fig. 9. From
this figure, it can be clearly seen that of the axial stress increases as the elastic modulus is increased.
In the case of elastic modulus of 30,000 MPa, the maximum axial stress occur at pile head (similar
to connected piled raft). Also, it is clear that the location of the neutral plane (location of maximum
axial stress) shifted downward as the elastic modulus decreases. Fig. 10 shows the pile load sharing
ratio for different values of elastic modulus. It is clear the pile sharing ratio increases as the cushion
stiffness is increased.
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—&— E=20MPa —&— E=40MPa —A— E=60MPa
70 | —%—E=80MPa —#—E=100MPa  —®— E=200MPa
—8— E=30x106

Axial stress, kPa

500 1500 2500 3500

(93]
o

Settlement, mm

30 -

0 2 4 6
Distance along the centerline of the raft, m

Pile length, m

Figure 8. Influence of the elastic modulus on the

settlement | e b g
HE=20MPa ®E=40MPa m®E=60MPa E=80MPa
B E=100MPa M E=200MPa m E=30E6MPa
" 8 e B EEEEre——
£ | 100 —o— E=20MPa
S) 80 ~—@— E=40MPa
E ==t E=60MPa
2 60 10 - —%— E=80MPa
% == E=100MPa
8 | 40
0o @ E-200MPa
é’ —#— E=30E006
a 20 12 A B b ——e—
0 - -
Figure 9. Effect of elastic modulus
Figure 10. Pile load sharing ratio for of the cushion on the axial stress
different values of elastic modulus along the pile

4.2 Effect of the Pile Length

In order to examine the effect of the pile length on the performance of the unconnected piled raft,
three different pile lengths of 6, 12, and 18 m were utilized. According to the limit stated by
(Fliming, 2009), shown in Eq. 1, the piles of 12 m and 18 m are considered as flexible and the pile
of long 6 m is considered as rigid;

Gy

If 0.25 \/? <% < 15 22 thenpile is flexible (1.a)
l

If =< 0.25\/’2:’; , then pile is rigid (1.b)

Where: L, D, the length and diameter of the pile respectively

E,, G;, Modulus of elasticity of pile, shear modulus of bearing soil, respectively.

Fig. 11 show the settlement along the centerline of the raft. It can be noticed that the influence of
pile length on the settlement results of unconnected piled raft are similar to these related to the
connected piled raft. As the pile length is increased the settlement decreases. The variation of the
distribution of the axial stress along the piles are shown in Fig. 12. It can be seen that the axial
stress along the pile increases noticeably with increasing the pile length, and as the pile shaft be
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longer the axial stress at the lower pile tip gets smaller. Also, it can be seen that the location of
neutral plane gets relatively deeper as the pile gets shorter. For example, for piles of length 6, 12,
and 18 m the neutral plane is located at 0.33Lpile, 0.29Lpile, and 0.25Lpiie, respectively.

Axial Stress, kpa
0 1000 2000 3000
70 - 0 : '
L
60 R LR EEEEEEEE & "CEEEEEE
- 50 < A - G §
< o
o | = me—a | |le 6 L e _gr_l______.
£ 40 §°
9 9
§ 30 & 8 T
—4—L=6m ——L=12m —&— L=18m 20 foooo g™
20 T T T T 1 1 |
0 1 2 3 4 5 6 12 g
Distance along centerline of the raft, m | |
14 o S S ——
Figure 11. Settlement along the centerline of . ! +|L=162m
. . T-----——--- —- M- ----- - 1=12m
the raft for piled raft supporting by e L=18m
unconnected piles of different length 18 - :

Figure 12. Distribution of the axial stress
along the piles of different length

4.3 Effect of the Stiffness of the Bearing Soil

The influence of bearing soil has been studied by chosen three different soil types, fine sand (same
as foundation soil), weak rock, and rock. The mechanical properties of this layer are shown in
Table 4. From Fig. 13 it can be observed that by increasing the stiffness of the bearing soil will
result in considerable reduction in the overall and differential settlement.

The influence of the bearing soil layer on distribution of axial stress along the pile is shown in
Fig.14. It is obvious that as the stiffness of the bearing soil increases the axial stress also increase.
For piles resting on rock bearing soil, the axial stress along the pile exhibits a different variation
of axial stress where the load transferred to the pile tip becomes greater than that at the pile head.
This is may be attributed to the high stiffness of the bearing layer that prevent the relative
displacement in the lower part of the pile where positive skin friction is generated. As mentioned
earlier this part of the pile located below the neutral plane. In addition, the depth of maximum
axial stress be greater for stiffer bearing layer. For instances, the neutral plane for fine sand, weak
rock, and rock are located at 0.29L pite, 0.41Lpite, and 0.58Lite, respectively.

Table 4. Mechanical properties of the different bearing soils investigated in this study

Type of soil | Elastic modulus, E, | Cohesion, ¢', kPa | Friction angle, @ ,
kPa degree

Fine sand 4E4 0 32

Weak rock 9E4 30 33

Rock 1.2E6 200 34
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—&—dense sand —8— weak rock —a&— Rock
60 i ‘
E 50 l —— + &
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Figure 13. Influence of stiffness of bearing soil on the settlement of the raft.
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Figure 14. Influence of the bearing soil layer on distribution
of axial stress along the pile.

4.4 Effect of Stiffness of Foundation Soil

It is well known that the foundation soil has the essential influence on the bearing capacity of the
foundation system. Thus, in this parametric study the effect of the stiffness of foundation soil is
taken into account. For this purpose, many numerical jobs for reference connected and
unconnected foundation models were performed with variation the elastic modulus of the
foundation soil to examine the effect of foundation soil stiffness on the load-settlement behavior
and the axial stress along the piles. Fig. 15 shows the load-settlement relationships for connected
and unconnected piled raft foundations. As it is shown in the figure, the settlement of the raft
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decreases significantly as the elastic modulus of the foundation soil increases for both connected
and unconnected piled raft.

The distribution of the axil stress along the pile is shown in Fig. 16, it is clear that increasing the
modulus of elasticity of foundation soil will decrease the axial stress at pile head and increase the
depth of neutral plane.

Bearing Pressure, q (kPa)
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= _ 1 1 1
e i |
20 f----2 _ i i~y "_"__ﬁ.~_~ e e _: ____________
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| 1 ~ I -
40 + - - AN - - - -7 ___\__\__s - —-S |
| | [ =
£ : : LTSN
E 60 L NG 0 N~ N ne N
o | | | |
5 1 1
g g0 - L PN S S S
G | DN A
ey 1 1 S 1 N\ 1
T — L R — N
(7] 1 1 | >
: : NN 1 N
120 +----—-—-—-—-—-—- o~ . P N, S LN
K H NS K
1 1 1 N\ 1
: : : N
140 B [ T T T T T TN \__I ____________
1 1 1 N
| | | N .
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| | | N\ N
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180 |- e e — R
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200 . | | | |
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Figure 15. Load-settlement relationship for connected and unconnected piled raft.
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Figure 16. Effect of the foundation soil stiffness on the
distribution of the axil stress along the pile.

CONCLUSIONS

. The unconnected piled raft, UCPR is efficient in reducing the axial stress along the pile
compared with that related to the connected piled raft, CPR. The maximum axial stress of
2607 kPa is occurs at the head of connected piles. While the axial stress at the head of
unconnected piles is equal 1750 kPa and the maximum stress shifted downward.

. The settlement of the unconnected piled raft foundation system decreases as the thickness
of the cushion layer increased up to certain value after that no effect is recorded. For
example, for cushion thickness of 0.25, 0.5, 0.75, and 1m; the corresponding settlements
are 52.64, 49.85, 49.15, 48.66 mm.

. The finding shows that the axial stress along the pile and pile load sharing ratio is slightly
effected by increasing the cushion thickness.

. The elastic modulus of the cushion layer has a considerable effect on the settlement of the

unconnected piled raft system. For cushion elastic modulus of 20, 40, 60, 100, and 30,000
MPa the maximum settlements are 62.5, 53.8, 48.6, 47.4, and 37.9 mm, respectively.
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. As the stiffness of cushion increases the axial stress will be increases significantly, e.g. for
cushion stiffness of 20, 40, 60, 100, and 30,000 MPa the axial stresses at piles head are
1441, 1621, 1750, 1848, and 3180 kPa.

. The study showed that, as the pile length is increased the settlement of the UCPR decreases,
e.g. UCPR with piles of length 6, 12, 18 m showed settlements of 64.4, 48.6, and 40.3 mm,
respectively. Meanwhile, the axial stress along the pile increases noticeably.

Increasing the stiffness of the bearing soil will result in considerable reduction in the
overall and differential settlement, but when the stiffness of the bearing soil increases the
axial stress along the pile also increase. For bearing soil of stiffness of 40, 90, and 1.2x103
MPa, the settlement of the UCPR system will be 48.6, 34.0, and 15.7, respectively, while
the stress at the pile head will be 1750, 1830, 2351 kPa, respectively.

. The settlement of the raft decreases significantly as the elastic modulus of the foundation
soil increases for both connected and unconnected piled raft.

It is concluded that increasing the modulus of elasticity of foundation soil will decrease the
axial stress at pile head such as increasing the modulus of elasticity from 10 MPa to 60
MPa the axial stress at piles head decreasing from 2232 kPa to 1573 kPa.
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Appendex A
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Figure A.1 Layout and material properties of piled raft example stated by Poulos
(Poulos, 2001).
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