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ABSTRACT

The population increase and construction development witnessed by the world in recent years and the
exploitation of areas that may have unsuitable soil for constructing high rise buildings. Hence, it is necessity to develop a
special type of foundation that can withstand large static and dynamic loads. The piled raft foundation system that
depends on the soil-piles-raft interaction phenomenon is very important which was developed to increase the load
carried capacity and reduce the settlement. Many types of weak soil are considered to be problematic which should be
taken into consideration in geotechnical engineering. Therefore, the researchers studied the behavior of the pile raft
system by experimental and numerical methods under static and dynamic loads to understand the mechanism of the load
sharing between the foundation compositions as well as to reach the safe design regarding bearing load and settlement.
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1. INTRODUCTION

When constructing any building, it must
first make sure of the validity of the recognized
types of foundations such as raft foundation. On
the other hand, it must start with shallow
foundation and if it does not meet the design
requirements, it will be transferred to a deep
foundation as piles or combined shallow-deep as
a piled-raft foundation system. The main benefits
of this system are increasing the applied load
capacity and reduction in the total and differential
settlement. Furthermore, increases the ability of
the foundation to resist the lateral load coming
from seismic load [1]. The behavior of piled-raft
system is very important to be understood in
terms of economics and resists the static and
dynamic load, which is very complex. Many
things must be taken into consideration, including
the interaction that occurs between the piles, the
soil, and the raft. In addition, how each part of
such foundation system is taking the load, which
is known as load sharing [2]. The load-sharing
ratio means the load carried by piles divided by
the total applied load on the piled raft system.
This ratio is very important to find out the

efficiency of the system and whether it is suitable
for the applied load and the specified cost or not.
Simulation and finding this ratio are very
complex and difficult, especially in numerical
methods. When a seismic load occurs, this ratio is
more difficult to estimate because the load
directions are vertical from the building while it is
horizontal from the earthquake. This means that
the load-sharing ratio when seismic occurs is
expressed by two values; the first value is vertical
dynamic load sharing which is estimated as in the
static one. The difference between them is just in
the summation of the vertical load carried by the
piles is considered the dynamic phase. However,
the second is lateral dynamic load sharing which
depends on the lateral load carried by piles and
the applied total lateral load on the piled raft
system that comes from the seismic [3]. The
horizontal load that comes from the seismic is
also called the base shear. It can be determined
either by depending on the number and height of
building stories in addition to many coefficients
using different codes like Indian code 1S 2950-1
(1981) and American code ACI 351.3R-18.
Alternatively, by summation of the horizontal
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shear forces carried by raft and piles which
calculated using numerical programs among as
PLAXIS, ABAQUS, ANSYS and ETABS. This
method is useful when the load of the building is
simulated as an equivalent uniform load to study
the behavior of the foundation. Without any
doubt, this system is expensive compared to other
types of foundations (see Fig. 1). This foundation
performs well in weak soil and is resilient
sufficient to support the massive load of a high-
rise building, but its cost goes up when
earthquake safety is taken into account. The aim
of this paper is to collect a number of important
works that studied the piled raft foundation
system on various types of soils, including clay,
sandy and layered soil using experimental and
numerical methods under the static and the
dynamic loads.
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Fig. 1 Load transfer interaction mechanism [4]

2. THE EFFECT OF PILES DIAMETER AND
LENGTH IN PILED RAFT
FOUNDATION SYSTEM BEHAVIOR

Kamash [5] referred to the effect of
pile’s length and was also interested in pile’s
diameter using the ASTN Il software. The study
was about 12 floors of square and rectangular
buildings and the total vertical load from the
building is 101.265MN in addition to the seismic
force. It was found that the increase in the pile’s
diameter from 0.6m to 0.8m and from 0.6m to 1m
caused a decrease in the settlement at the center
of the building by 24% and 43% respectively with
the pile’s diameter for square building model and

27% and 49 % for rectangular building model.

The effect of the model’s shape on the settlement

is negligible. The effect of the pile’s diameter is

less than the effect of the pile’s length in reducing
vertical settlement and lateral displacement for
both square and rectangular shapes. The lateral
displacement increases with pile’s diameter
decrease. 0.6m diameter has greater lateral
displacement compared with 0.8m and 1m by

24% and 40% in square while 30% and 52% in

rectangular shape. The rectangular raft has a

settlement of more than the square raft about

39%, 32% and 28% for 0.6m, 0.8m and 1m in
diameter respectively. The bending moment
increases with the increase in the diameter of piles
regardless if the model is rectangular or square.
The vertical applied load on piles does not only
increase by increasing the pile’s diameter but also
the positions of piles have a significant effect.
About the effect of piles length, it was used 16m,
20m and 24m. It was found that the central,
differential and lateral displacement decreases
with pile’s length increase. The difference of
vertical settlement between rectangular and
square is negligible for the different pile’s length.

Juneja et al. [6] studied the asymmetry
pile’s length that varied between central piles and
outer piles by experimental static load test and
theoretical equations. It was found that increasing
the length of central piles and number of the piles
causes an increase in the load-sharing ratio, where
the central pile’s length has a significant effect on
the load-sharing. Meanwhile, the increase in the
central pile’s diameter has an insignificant effect
on the load sharing.

Chang et al. [7] used an explicit finite
difference scheme and validated it by MIDAS
GTS program to investigate the earthquake effect
on the piled raft foundation system. The main
three parameters studied were pile’s diameter,
pile’s length and pile’s number. The smaller
diameter gave a smaller foundation displacement
but the relative displacement displayed a large
value between the foundation and the soil. By
decreasing the embedment of the piles causes a
slightly increase in the displacement and
decreases the relative displacement between the
foundation and the soil.

Bagheri et al. [8] by numerical study,
using ABAQUS studied the effect of seismic load
on the interaction between piles, soil and
structure. The verification was carried out by
comparison between ABAQUS results and
shaking table test results on soft clay soil. High-
rise buildings have 15 and 30-storey with raft
simulated as a fixed base foundation and piled raft
as asymmetry piles in length and diameter. It was
found that the base shear force was 61% larger in
the 28m pile length compared to the 10m for the
El Centro earthquake and 24% for the Northridge
earthquake. In general, the lateral displacement of
the 28m pile’s length was lower than that
exhibited by the 10m pile length under the El
Centro, Hachinohe and Kobe seismic loads but
only the Northridge earthquake for 30 story gave
convergent values. The 2D and 3D models gave
the same values for lateral displacement in fixed
base but for the case of shallow foundation, it was
found that the lateral displacement depends on the
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seismic intensity. In high seismic intensity, the
lateral displacement gave the same values.
Meanwhile, at the low intensity, the values were
different. Finally, it concluded that the pile’s
configuration, pile’s length, pile’s diameter and
the high of super structure have a significant
impact on the piled-raft foundation behavior that
is subjected to different seismic forces.

Roy et al. [9] studied the piled raft
system as an analytical Winkler model by springs
with centrifuge test validation to find the effect of
harmonic vibration on natural radial frequency. It
was found that the natural radial frequency
decreases with the increased length of piles due to
the effect of pile’s stiffness. The increase in the
number of stories caused an increase in the
system’s stiffness that caused a decrease in
natural radial frequency. The effect of pile’s
diameter was indistinguishable as seen in Fig. 2.

10

—— CPRF without superstructure

Natural radial frequency of system (rad/s)

----- CPRF with Superstructure

04 0.9 1.4 1.9
Pile diameter (m)

d superstructure

Natural radial frequency of the system (rad/s)

Pile diameter (m)

Fig. 2 Influence of pile’s diameter on natural
radial frequency a) comparison between with and
without superstructure. b) with superstructure of
different stories [9].

Beyqgi et al. [10] focused on the effect of
pile’s length on the behavior of PRFS under the
static load using PLAXIS 3D program. The water
table was variable; the raft dimension was
10mx6mx0.35m and the pile’s lengths were 0, 5,
10, 15 and 20m with 0.5, 0.75 and 1m in
diameter. It was found that the bearing capacity
increases and the displacement at the center of the
raft decreases due to the increase the pile’s length.
A higher settlement was obtained when the water
table was at the ground surface compared with no
water table. The settlement deference has

convergent values when increasing the length of
the piles up to 15m. In addition, the increase in
the pile length of more than 15m, leads to reduce
the effect of the changes in water level.

Chaudhuri et al. [11] conducted a 3D
numerical study using ABAQUS to examine the
effect of seismic load on very soft clay on the
steel piled-raft foundation. The length of piles
varied between 5m and 20m with different
configurations for asymmetry pile’s length. The
asymmetry pile’s length caused an increase in
lateral shear force in connection piles-raft point
compared with symmetry length. This may be due
to an increase in force in the asymmetry length of
piles that causes a torsional mode of vibration in
higher modes. The asymmetry piles length also
caused more increase in the lengthening of the
fundamental period compared with symmetry
piles length. This may be due to a decrease in the
lateral stiffness of the asymmetry foundation
system compared to the symmetry foundation
system.

El Attar [12] studied the effect of pile’s
length subjected to the TOHOKU earthquake in
addition to vertical load with the aid of the
ABAQUS program. The lengths of piles used
were 15m, 20m and 25m embedded in layered
soil. It was found that the axial load increases
with increasing the pile’s length. This system with
longer piles and less number was more efficient
than a system with more numbers of piles and
shorter lengths. Higher bending moment indicated
at the connection area of the pile and the raft
especially in the longer piles, which attributed to
the increase in the carrying load and the shear as
well as the higher displacement in the soil in the
case of the longer piles under the seismic force.

Xie et al. [13] used ANSYS program to
simulate a soil with 35 layers of a different shear
modulus and different damping ratio. The piled
raft foundation simulated as shown in Fig. 3 with
different spacing and different diameter. The
model that was used had better design of PRFS by
using different diameters compared with using
different spacing in the event of an earthquake.
The rocking decreases with static optimum
design. For example, it changed from 0.0203 to
0.0168 by optimum diameter, while it changed
from 0.0203 to 0.0198 by optimum spacing. This
results indicated that not only the spacing or
diameter have influenced on the rocking but also
the irregular resistance of piles distribution under
the raft is the reason to decrease the rocking in
addition to decrease the effect of rocking on
superstructure. The static optimum design of piles
caused less acceleration in the base which in turn,
decreased the displacement. The optimum design

Al-Rafidain Engineering Journal (AREJ)

Vol.29, No.2, September 2024, pp. 19-31



22 Shahad Kh. Elias: Understanding the Dynamic Behavior of Piled Raft Foundation.....

has a small effect on amplification factor of soil
on the input earthquake wave but it has a good
effect on amplification of the superstructure that
affects the acceleration magnification coefficient.

L

»

37m

Fig. 3 Dimensions of piles and raft [13]

Moayed et al. [14] investigated the
behavior of PRFS by using different dimensions
of piles. The load is unequal vertical static load
equivalent to a high-rise building with different
soil types such as soft clay, medium clay, medium
sandy clay, dense gravel and very dense gravel
with two layers. In general, the differential
settlement occurs might occur due to many
factors such as the non-uniform distributed load
on the foundation (Fig. 4), different types of soil
under the foundation, different dimensions or
characteristics of foundation under buildings, etc.
It was found that the piles with different
diameters under unequal load behaved well
regarding in piled raft operation more than
uniform piles diameters due to more carried load
capacity under larger applied load position that
caused lower settlement. In addition to the effect
of soil type with different pile diameters as shown
in Table 1 that the model with soft clay at the top
layer and very dense gravel at the bottom layer
was more stable than other types of soil layer. The
piles with different diameters are more effective
for reducing settlement and differential settlement
when dense soil is at the bottom. If the bottom
layer of soil is soft clay, the pile’s diameters will
have an insignificant effect on maximum
settlement and differential settlement and using
longer piles could be more useful.

3. THE EFFECT OF PILES NUMBER AND
SPACING ON PILED RAFT
FOUNDATION SYSTEM BEHAVIOR

Fattah et al. [15] studied experimentally
the behavior of the piled raft foundation resting
on different sandy soils densities. The piles
groups were as (1x2, 1x3, 1x4, 2x2, 2x3, 2x4,
3x3, 3x4, and 4x4) under cases of free-standing
piles and contact raft. The load failure is greater
about one time in PRFS of the contact raft

compared with the free-standing piles group when
the number of piles is 9. When 16 piles were
used, the difference between foundation types
increases to four times. When the number of piles
is more than 6 the system can be considered as a
settlement reducer. The settlement increased to 8
times in group piles compared with PRFS of 1x2
model. When more than 6 piles were used, the
effect of piled-raft on the settlement was
decreases. As the number of piles increases from
4 to 16, the piled-raft system's bearing increases
from 11% to 56% relative to the un-piled system
as well as the pile's load sharing increases as its
number increases; a pile of 16 has a load sharing
that is five times more than a pile of 4 [16].

a) b)

Fig. 4 Unequal applied load on the piles a)
different pile’s diameter and b) uniform piles
diameter [14].

Table 1: Soil layers used [14].

No. of Top layer Bottom layer
model

1 Soft clay Very dense gravel
2 Soft clay Dense gravel

3 Soft clay Medium sandy clay
4 Soft clay Medium clay

5 Soft clay Soft clay

6 Medium sandy clay Very dense gravel
7 Medium sandy clay Dense gravel

8 Medium sandy clay Medium sandy clay

Jayarajan and Kouzer [17] investigated
the piled raft foundation behavior by numerical
analysis using PLAXIS 3D. The raft is square
12mx12mx0.5m. The piles numbers are 4, 8, 12
and 16 piles of different configurations under
static uniform load. It was concluded that the
increased number of piles causes an increase in
load carried by the piles and a decrease in
settlement until the optimum upper limit that no
benefit for adding more piles than a specific
number. The increase the number of piles caused
an increase in the bending moment, especially in
piles-raft connection points.

Elsamee [18] studied the effect of pile’s
spacing on ultimate load capacity and load
sharing for PRFS and piles group. The study was
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done by experimentally and numerically using
models with load cell and PLAXIS 3D
respectively for dense sand. The pile’s spacing
that was chosen is 2, 3, 4, 5, 6 and 7 times the
pile’s diameter (d). The ultimate capacity of the
piled raft increases with the increase in the
spacing between the piles but for the piles group,
the behavior is reversed after the spacing becomes
more than 4d. The load carried by skin friction of
piles increases with the increase in the pile
spacing in the pile group but in piled raft the
behavior is the same until the spacing is more
than 4d the behavior changes to the opposite. The
end-bearing load carried by piles for both piled
raft and piles group decreases with increasing the
piles spacing.

The work of Sharafkhah and
Shooshpasha [19] compared the piled raft, piles
group and unpiled raft by physical laboratory
tests. The main parameter in this study is the pile
number comprised of a single pile, 2x2, and 3x3
for both piled raft and piles group in sandy soil.
When the load is uniform on all the raft’s area the
raft is in higher bearing capacity because of the
increase in confining pressure under the center of
the raft before failure. When the 2x2 piles are
used, the piles bear an equal portion of the load
because of the symmetrically distribution. The
contact pressure below the raft is uniformly
distributed more than the other models. The 3x3
piles have a different behavior; firstly, the piles

o8

o | —— r———

|7-7 24 piles
0.4 - e - O piles
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carry the major portion of the applying load until
the piles fail then the raft’s contact pressure
suddenly increases from the corner to the center.
The stiffness of central pile is small due to the
interaction effect that causes an increase in
pressure at the center of raft. The bearing capacity
of piles is larger in piled raft more than the group
of piles but the stiffness is smaller. By increasing
the number of piles, the settlement decreases and
the load-settlement curve in the initial step of
loading becomes steep but when the piles fail,
more load transverse to the raft causes the load-
settlement curve to be similar to the curves of
unpiled raft. By increasing the spacing/ diameter
ratio from 2.6 to 5.2, the load sharing by piles
decreases from 87% to 71%.

Karmakar et al. [3] simulated the
combined piled raft foundation system by a 3D
finite element model using SAP-2000 in addition
to a centrifuge experimental model for validation.
The vertical and horizontal load sharing were
studied because of its importance especially in the
dynamic case. The results revealed that the
vertical and horizontal load sharing is not affected
by the frequency of superstructure but it increases
by increasing the number of piles. In addition,
there were some peaks in vertical and lateral
displacement with some frequencies due to the
approach of the frequency of dynamic site with
the frequency of soil-structure. This behavior was
in the 24 and 39 piles number but when
increasing the number to 77, both displacements
showed uniform displacement. It may be that the
effect of frequencies closeness decreases with
increasing the number of piles as shown in Fig. 5.
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& 12 a 24
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Fig. 5 The effect of frequency of superstructure with different configuration of number of piles on
(a) axial load shared, (b) normalized vertical settlement, (c) lateral load shared and (d) normalized
lateral displacement [3].
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Nguyen et al. [20] performed the
analysis of PRFS by numerical analysis using CIS
SAFE software. The raft thickness and number of
piles were studied and there is a main point that
reached about the pile’s number. It was found that
the average settlement and differential settlement
decrease with increasing the number of the piles
for the minimum thickness of the raft, however,
there are limits to the number of piles, which give
no more effect on the differential settlement as
shown in Fig. 6.
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Fig. 6 Variation of differential settlement with raft
thickness [20].

A 3D numerical study was carried out by
Ferchat et al. [21] on the PRFS in addition to a
group of piles and unpiled raft foundation using
FLAC®® program considering different spaces
between the piles. It was found that the increased
in the number of the piles causes an increase in
the load-carried capacity of the piled raft system
and the spacing between piles has a significant
effect on this behavior. The number of piles has a
more significant effect on the load-settlement
curve and bearing capacity than spacing between
piles.

4. THE EFFECT OF PILES POSITION ON
PILED RAFT FOUNDATION SYSTEM
BEHAVIOR

The behavior of the piles is influences by
their position in the PRFS as well as regarding the
seismic load direction. The piles at the edge which
is opposite to the direction of the earthquake load
have carried larger lateral load compared with
central piles and edge piles on the other side of the

seismic load as shown in Fig. 7.

03

W Edge pilel
T Central pile
B Edge pile?

Pile load Ph [MN]

Pie Giameter= 0.6 [m] Ple diameter= 0.8 [m]  Pie diameter=1.0 [a]

03

W Edge piel
M Central pile
B Edge pile2

=
=
by

Pile load P/ [MN]

Pl knogth=16[m]  Pllelnsth=20[m]  Pik lensth=24 [m]

Fig. 7 Variation of pile load resistance with
pile diameter and pile length [5].

The earthquake has a big impact on the
bending moment but this effect varies with the
location of the piles. Shafiqu and Sa’ur [22]
studied the effect of pile’s position by numerical
analysis using PLAXIS 3D considering the effect
of the Hallabjah earthquake on different soil types
from different sites in Irag. The largest earthquake
to ever strike Irag happened on November 12,
2017, in Halabjah, Sulaymaniah Province, with a
magnitude of 7.3 MW. As shown in Figs. 8 and 9,
the piles A, B, C and D are studied, the piles B
and D have a significant effect on bending
moment especially B because it is opposite to the
seismic wave direction. The bending moment is
larger at the pile’s head (pile-raft connection
point) or at 5-15% of the pile’s depth measured
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from the top. The type of soil is a very effective
factor because the value of the bending moment
in all the piles and the settlement of the raft were
larger in cohesion soil compared to the
cohesionless. The shear wave velocity had higher
values for the cohesion soils compared to the
cohesionless.

Y
Fig. 8 Model of piled-raft and the piles
positions [22].
The mechanism of the piled raft

foundation has a significant effect on the
behavior of piles. The position of piles and
settlement level are very important to study the
load carried by piles. The load carried at initial
settlement 0.2% Br (width of the raft) was the
larger at corner pile compared to the edge

piles.
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The piles at the center carried the smaller
portion of the load. After the load is ultimate at
settlement 10% Br, the carried load by all piles
increases and be more closely related to each
other and is larger at the center piles due to the
pressure at the group’s center as shown in Fig.
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Fig. 10 The load carried by piles according to
it is position and percentage of settlement (P1
is the pile at the center, P2 is the pile at the
edge and P3 is the pile at the corner) [21].
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Fig. 9 Bending moment with different pile’s position and different sites [22].
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5. THE EFFECT OF RAFT SHAPE AND
DIMENSIONS ON PILED RAFT
FOUNDATION SYSTEM BEHAVIOR

The raft has an insignificant effect on the
settlement reducing when the number of piles is
greater than 6. For loose, medium, and dense soil,
the static ultimate load carrying capacity increases
by around 93%, 96%, and 98% respectively,
when the raft dimensions and the number of piles
is increase from the 3x3 piled raft model to the
4x4 model. The effect of raft dimensions on
settlement and failure load was more significant
in the PRFS compared with both the unpiled raft
and piles group [15].

The raft thickness has slightly affected
the average settlement. The differential settlement
was recorded at the different locations. The raft
thickness has an effect up to the specific value
and then has an insignificant effect on the
differential settlement as shown in Fig. 6. The raft
thickness has does not affect on the load shared
between the piles and the raft. The bending
moment of the raft increases and the surface
pressure at the raft bottom decreases with
increasing the raft thickness. In general, the
distribution of static load from the structure to the
piles is irregular; it was found that by increasing
the raft thickness, the piles’ reactions at the center
area decreases, while it increases at the perimeter
and other area. On the other hand, the increase in
raft thickness causes a regular redistribution static
load from the structure that was carried by the
piles [20].
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Nashaat [23] used both steel and
concrete rafts to examine the impact of raft
rigidity on load sharing through numerical and
experimental methods. The load shared by piles
increased by (28.3-53.67)% and the load shared
by soil decreased by (27.3-36.85)% as a result of
the rigidity of the raft. It is recommended to use a
raft that is at least twice as thick as the pile’s
diameter. An increase in raft thickness affects the
load transferred by piles substantially depending
on the type of connection between the raft and the
piles. When the piles are not attached to the raft,
the raft stiffness has no influence; however, when
it is, the load carried by the piles increases with
the raft rigidity [24].

As shown in Fig. 11 the raft thickness
has an insignificant effect on both the axial and
the lateral load sharing. The axial and lateral
displacement decreases with increasing the raft
thickness to a specific value and it becomes
ineffective with the continuing increase in the
thickness [3].

In general, the raft thickness is not very
effective in PRFS, especially with the minimum
spacing between piles. The acceleration, vertical
load on the foundation system and lateral
displacement do not change obviously with
different raft thickness. For the same spacing
between piles, the increase in raft thickness
caused significant effect on load shared by raft
but the load shared by piles and the bearing soil
also did not change obviously [12].
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Fig. 11 Variation of the Lateral load share and displacement with raft thickness [3].
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Bhartiya et al. [25] used a numerical
method to evaluate the nonlinear behavior of the
piled-raft foundation as an alternative method for
the hand-calculation. An investigation was
conducted on the impact of raft shapes, including
strip, rectangle, and circle, on the settlement of
various types of sand soil. It was found that the
choosing raft’s shape has an important effect on
the static settlement of the piled raft foundation.
The circular raft with a circular configuration of
the piles below the raft has the a small differential
settlement. The differential settlements in
rectangular and strip shapes were 10% and 20%
respectively of the average settlement. According
to Azizkandi and Taherkhani [26], the geometric
shape of the foundation has an impact on its
settling as well as its bearing capacity. The results
showed that square foundations were capable of
bearing greater loads than circular foundations. A
circular foundation's wedge has a more uniform
structure  throughout, whereas a square
foundation's wedge is formed on the side that
carries the eccentric load.

6. THE EFFECT OF WATER TABLE ON
PILED RAFT FOUNDATION SYSTEM
BEHAVIOR

Meena and Nimbalkar [27] care about the
effect of the water table on the PRFS under the
seismic load in addition to static vertical load in
layered soil using PLAXIS 2D program. The water
level was at 6m, 12m and 18m from the ground
surface with some cases of arranging the soil
layers. In the first case the clay is underlain by
sand, it was found that the ultimate settlement was
18.85mm, 23.6mm and 22.8mm respectively with
the water level. As shown in Fig. 12 all water
levels give the same trend and there is a change in
the interface line because of the change in soils
property. At the consolidation phase, the settlement
was 3.5mm, 4.3mm and 4.4mm. In second case,
when sand is underlain by soft clay as shown in
Fig. 13 the ultimate settlement was 209.2mm,
198.4mm and 191.6mm respectively with water
level. At the consolidation phase, the settlement
was 5.3mm, 5mm and 4.8mm. In addition to the
effect of water level on ultimate settlement, it also
affects the peak ground acceleration. The peak
ground acceleration was increased by 20% when
the water level at 18m upon that when at 12m and
6m.

The differential settlement decreases
with the increase in the ratio Dw/B (the depth of
the water level from the surface /width of the raft)
from zero to 2 and when the ratio is up to 2 it has
an insignificant effect as shown in Fig. 14. The
load sharing increases with increase the Dy to its

optimum value and then has an insignificant
effect and this behavior is clearer by increasing
the length of piles as shown in Fig. 15.
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Fig. 12 Ultimate settlement with different water
table for sand underlying soft clay [24].
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Fig. 14 Effect of water level on settlement for
different lengths of piles [10].
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7. THE EFFECT OF SEISMIC INTENSITY
ON PILED RAFT FOUNDATION
SYSTEM BEHAVIOR

Kumar et al. [2] interested in the effect
of different seismic loading on both lateral
displacement and the bending moment. The El-
Centro, Loma Prieta, Bhuj and Sikkim earthquake
were used by numerical method analysis using the
PLAXIS 3D program. The characteristics of the
aforementioned earthquake are presented in Table
(2). The verification was carried out by
experimental centrifuge test for some models in
addition to the numerical study. The piled raft
foundation model was 28mx28mx16m for soil
media with raft 4mx4m in addition to four piles.
The case study was about the Messetrum tower as
a complex model that shown in Fig. 16. It is
noteworthy that, when compared to all other
normalized displacements seen under various
input motions, the normalized horizontal
displacement acquired during the motion of the
Loma Prieta 1989 earthquake was the largest.
This can be explained by the resonance condition,
which was not present in any of the previous
instances. In the case study, the bending moment
and normalized lateral displacement gave the
maximum values at piles raft connection points
(pile head).

Halder and Manna [28] look after the
effect of seismic intensity by the pseudo static
load for Uttarkashi (1991) and Sikkim (2011)
using finite element method by PLAXIS 3D
program that was validated by centrifuge test for
the literature. The model is homogenous soil with
four piles 9m length and 0.5m diameter and
4mx4m raft. It was found that the lateral
displacement and bending moment have larger
values with the increase in the load intensity. The
load shared by the raft decreases with increased
load intensity regardless of the piles-raft

connections cases if the connection is rigid or
hinged. The values of pseudo-static load sharing
by piles varied between (25-57) % and pseudo-
static load sharing by raft (43-75) % depending on
the piles-raft connection case. The lateral
displacement is a maximum at the pile’s head for
fixed and hinged connections. The bending
moment is a maximum and zero at the pile’s head
in rigid and hinged connections respectively. The
maximum value of bending moment in a hinged
connection occurs at 2m-3m depth from the
embedded pile’s length.

Table 2: Details of earthquakes [2].

Earthquakes

Loma El-
Prieta Centro
1989 1979

Earthquake
strong motion Bhuj Sikkim
parameters 2001 2011

Peak ground

- 0.106 0.201 0.279 0.43
acceleration (g)

Bracketed

. 12.44 25.35 15.17 17.64
duration (sec)

Maximum
horizontal load
applied to 621.4 1178.4 1635.6 2520.8
generic CPRF
(kN)

Maximum
horizontal load
applied to
CPRF of
Messeturm
tower (MN)

192.7 365.5 507.4 782.0

Inner raft

Middle raft

Outer raft

lnner ring pile
Middle ring pile

Outer ring plle

Fig. 16 The piled raft foundation system for
Messetrum tower model [2].
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8. CONCLUSIONS

This research paper is a collection of

previous works that contributed effectively to the
development of the piled raft foundation system
(PRFS). In general, the studies depend mostly on
two methods of analysis and research, either
through finite element numerical analysis using
important and well-known engineering programs,
or through making laboratory models, whether in
the case of static or dynamic load. Many
parameters have been studied and still need to be
developed, including the effect of piles diameter,
spacing between piles, and length of piles for
symmetry or asymmetry design, raft thickness,
raft dimensions, water table, seismic intensity and
number of stories. Through these studies, it was
concluded that the dynamic loads should be
investigated for additional results such as shear
strength, moments, differential settlement and
average settlement and the most important
parameter is the load sharing between piles and
raft to get an economical and safe design. The key
findings from the previous studies can be summed
up as follows:

e Regardless of the raft shape, an increase in the
diameter and length of the piles resulted in a
decrease in lateral displacement and settling.
When it comes to reducing settlement and
lateral displacement, pile length has a bigger
impact than pile diameter.

e As the diameter and length of the piles
increase, so does the bending moment and the
axial load.

e The rise in the water table led to an increase in
settlement, but this effect may be disregarded
if pile length is increased over the upper limit.

e In comparison to the symmetry situation, the
asymmetry length of piles has a greater lateral
shear force and a longer fundamental period.

e While the number of piles increased,
settlement and  differential  settlement
decreased, whereas the vertical and horizontal
loads carried by the piles as well as the
bending moment increased.

e The load sharing by piles is unaffected by the
thickness of the raft; nevertheless, lateral
displacement and settlement decline as raft
thickness increases.

e |t is suggested to use raft thickness that is at
least twice the diameter of the piles because
the rigidity of the raft increases load sharing.

e The lateral displacement and bending moment
have larger values with the increase in the
load intensity. The load shared by the raft
decreases with increased load intensity.
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