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Effect of Soil Slope on Lateral Response of Piled Raft Foundations in Cohesive Soil
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ABSTRACT: The advantages of the piled raft foundations system over conventional pile group foundations have been demonstrated in
previous studies. In a pile raft foundation, the raft load capacity is extensively investigated in level ground conditions; its behaviour in a soil
slope is limited. In the present study, three-dimensional finite element analyses using PLAXIS 3D software were performed to examine the
effect of the soil slope on the lateral response of the piled raft foundation. The study showed that the lateral capacity of piled raft foundations
decreases when installed within a certain distance (less than 8 times the pile diameter) from a slope. Furthermore, the enormous effect of slope
occurs at distances nearer than 4D. Despite a decrease in lateral capacity when installed near slopes, the effect on the piles is insignificant,
especially the rear piles. As a result, the distance between the piled raft foundations and the slope is a key factor that needs to be considered to

improve design guidance to reduce construction costs.
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1. INTRODUCTION

Foundations in civil engineering often encounter complex challenges,
particularly when situated atop natural or artificial slopes. These
foundational structures must contend with both vertical and lateral
loads, emanating from various sources such as wind, earthquakes,
moving traffic, and earth pressure (Jamsawang et al., 2021;
Likitlersuang et al., 2019). In the case of onshore structures, this
lateral load can be 10 - 15% of the vertical loads, and it exceeds about
30% of the vertical load in the case of coastal structures (Deb and Pal,
2019). Consequently, the design considerations for such structures
frequently prioritize lateral loading effects.

The adoption of pile foundations in slope environments
introduces additional complexities, notably in terms of lateral load
capacity. Nevertheless, if pile foundations are adopted, the lateral
capacity of the piles will be reduced as those piles are installed closer
to the slopes due to the reduction of passive resistance to be mobilized
in front of piles. The minimum distance from the slope crest,
unaffected by lateral responses, varies based on soil properties, depth,
and slope angle (Georgiadis and Georgiadis, 2010; Jiang et al., 2018;
Mezazigh and Levacher, 1998; Nimityongskul et al., 2018). For
instance, piles in cohesive soil, revealing diminished lateral capacity
when piles were positioned closer than eight times the diameter (8D)
from a slope (Nimityongskul et al., 2018). The maximum lateral
capacity decreased by 20% and 30% when the piles were installed at
the distance 4D and 2D, respectively, from a slope. Therefore, under
slope conditions, larger piles, whether in size or number, are needed
to ensure the serviceability of the foundations.

Piled raft foundations have emerged as a prominent alternative in
modern construction, particularly for structures situated on soft to
medium deposits (Chanda et al., 2020). The piled raft foundations are
the foundation system that integrates the bearing capacity of the raft's
base and piles to support loads of the structure. In contrast to the
conventional design relying solely on piles, adopting the piled raft
foundation concept can result in significant cost savings without
compromising safety requirements. Initially, the piled raft foundation
concept was introduced by adding piles below the raft foundation in
cases where settlement exceeds the allowable limit (Burland et al.,
1977; Poulos, 2001). Much research has been done on piled raft
foundations under vertical loadings. While research on piled raft
foundations has primarily focused on vertical loading conditions,
investigations into their lateral resistance remain relatively limited.
Most studies have contributed valuable insights into the lateral load
response of piled raft foundations, predominantly under level ground

conditions (Bhaduri and Choudhury, 2020; Horikoshi et al., 2003;
Pastsakorn et al., 2002). It was concluded that the proportion of the
horizontal load carried by raft in piled raft foundation was higher than
that carried by piles at the initial loading stage. At larger
displacements, the piles carried more load than the raft. The
horizontal load proportion carried by the raft decreases as the pile
head connections become less rigid (Matsumoto et al., 2010).

In addition to experimental studies, numerical analysis plays a
pivotal role in understanding geotechnical problems in clayey soil
(Chub-uppakarn et al., 2023; Hsiung et al., 2021; Likitlersuang et al.,
2018b; Nguyen et al., 2022). The finite-element method is a powerful
analytical technique gaining popularity for modeling construction
projects (Likitlersuang et al.,, 2014). Recent research findings on
numerical analysis have shed light on various aspects of soil behavior
and foundation performance. Deb and Pal (2021) executed a series of
laboratory experiments and finite element analyses of model piled raft
foundations in silty clay and reported that the capacity of the piled
raft and load sustained by the raft tends to increase with the increase
of the vertical load. A similar conclusion was also reported by
Bhaduri and Choudhury (2020), who studied the load-sharing and
deformation behaviour of piled raft foundations using the finite
element approach.

Only the piled raft systems in level ground conditions were
assessed from the studies mentioned above. Due to the advantages of
pile rafts over conventional pile group foundations, there are
possibilities to provide more cost-efficient foundations when soil
slopes need to be dealt with by adopting piled raft foundation concept.
Therefore, the study attempts to assess the raft's contribution to load
resistance and evaluate the feasibility of piled raft behavior near
slopes. Thus, the present study focuses on the effect of slope on the
lateral behaviors of piled raft foundations. Integrating numerical
analysis into the study of geotechnical problems allows for a
comprehensive examination of soil behavior and foundation
performance. To examine the effects of soil slope on the lateral
response of piled raft foundations, a series of 3D finite element
analyses were conducted, referencing the case study of piled raft
foundations with 3x3 steel pipe piles embedded in cohesive soil from
the work of Nimityongskul et al. (2012).
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2. FINITE ELEMENT MODELING
2.1 Numerical Model

The geometry of the problem analysed in the study is illustrated in
Figure 1. The study adopted the characteristics of the problem,
including slope angle, slope depth, pile section properties, and the soil
profile from the full-scale lateral load tests reported by
Nimityongskul et al. (2012). The analysis program includes piled raft
and free-standing pile group foundations in level ground and near a
slope condition at distances xD (Figure 1) of 0D, 2D, 4D, and 8D
from the slope, with D representing the pile diameter.

The distinction between the piled raft and free-standing pile group
models lies in the placement of the raft in the free-standing pile group,
positioned 10 cm above the ground, to avoid contact with the ground
surface. The soil slope was 2:1, having a depth of 2.7 m. The
foundation comprised 3 x 3 steel pipe piles with an outer diameter of
0.3 m., and the wall thickness is 9.5 mm. Piles were arranged with a
normal center-to-center spacing of 3 times pile diameters. The length
of the pile was 8 m. The raft was 2.4 x 2.4 m concrete raft 0.8 m thick,
as shown in Figure 1b.

Three-dimensional finite element analyses were performed using
PLAXIS 3D. The model’s validity was checked using the results of
full-scale field lateral loading tests on a single pile near the slope and
small-scale model laboratory tests of piled raft foundation. Figure 2
shows the geometry and finite element mesh of the piled raft
foundation model in level ground and near the slope condition. The
advantage of the symmetry across the x-axis was taken, and half of
the model piled raft foundation and model ground were modeled to
decrease the computation consumption.

2.2 Boundary Conditions

The dimensions of the soil mass were sufficiently large to render the
effects of the model boundary insignificant. Several sensitivity tests
were made to find the proper boundary size. A boundary greater than
20 times the pile diameter was found to have a negligible effect on
the results. Hence, the horizontal side boundary and the vertical side
boundary were kept at more than 20 times of the pile diameter. The
boundary displacement condition of fully fixed was imposed to the
bottom, and normally fixed was set on the vertical boundaries of the
sides of the model geometry. In addition, a finer mesh size was used
to model the soils near the structural elements, while a larger mesh
size was used near the model boundary.
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Figure 1 The problem geometry (a) elevation of the geometry
(b) plan view of piled raft foundation

(b)
Figure 2 FEM mesh of piled raft foundation (a) in the level
ground (b) near the slope condition

2.3 Material Modelling and Method of Analysis

Determining the list of soil parameters for laboratory and field testing
requires considering the specific project's objectives and the soil type
being investigated (Chompoorat and Likitlersuang, 2016;
Chompoorat et al., 2021; Sukkarak et al., 2021). Reviewing relevant
research on similar soils, like the studies focusing on Bangkok clays
(Chompoorat et al., 2022; Likitlersuang et al., 2018a; Surarak et al.,
2012). These studies typically present the soil parameters measured
and their significance to the project's goals, such as understanding
stiffness, strength, or behaviour under specific conditions
(Likitlersuang et al., 2013a; Likitlersuang et al., 2013b). By analysing
these studies and tailoring the parameters to your own project's needs,
you can establish a comprehensive list of relevant soil properties for
your laboratory and field-testing program (Julphunthong et al., 2018).

In this case, the soil ground was modelled by using 10-noded
tetrahedral element. The Hardening soil model (HS-model) having
parameters listed in Table 1 was adopted in the study. The HS-model
parameters were determined by using soil investigation results (STP-
N) and Mohr-Coulomb (MC) parameters reported by Nimityongskul
et al. (2012) with correlations of the parameters and empirical value
found in literatures (Bergado et al., 2022; Brinkgreve et al., 2022;
Likitlersuang et al., 2019; Obrzud and Truty, 2018; Wu and Tung,
2020). Due to available undrained parameters, the Undrained B
analysis, where strength is defined as undrained shear strength, was
used for clay, and the Drained analysis was used for sand. The HS-
model parameters were then validated with field test results, which
will be discussed in Section 4.1.
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Table 1 Material properties of the model ground

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
HS-model Parameters Med. to Dense Med. to V. dense V. stiff
V. stiff clay  sand V.stiff clay  sand clay
Depth of soil layer [m] 0-3.05 3.05-3.96 3.96-5.48 5.48-7.00 7-00-16.00
Unsaturated unit weight, y,  [kN/m’] 16.07 18.42 18.07 18.42 15.28
Saturated unit weight, » [kN/m?] 18.07 20.42 20.07 20.42 17.28
Secant stiffness in standard drained triaxial test, £ ;(‘)’ [kN/m%] 7565 28730 7565 30000 7565
. . . ref
Tangent stiffness for primary oedometer loading, E’7 7565 28730 7565 30000 7565
[kN/m?]
. . . . ot ref
Unloading/reloading stiffness from drained triaxial test, £ 22700 86190 22700 90000 22700
[KN/m?]
Poisson’s ratio, v, [-] 0.2 0.2 0.2 0.2 0.2
Undrained shear strength, s, - [kN/m?] 90 0 114.9 0 167.6
Friction angle, ¢ ' [°] 40 0 42 0
Dilatancy angle, v [°] 10 0 12 0
Interface reduction factor, R, [-] 0.7 0.7 0.7 0.7 0.7

The raft was modeled through the plate element and meshed using
6-noded triangular element. The raft interface's reduction factor
(Rinter) was 0.6 (Potyondy, 1961). The pile was modeled using
hybrid elements, consisting of beam elements surrounded by solid
elements, following the method described by Kimura and Zhang
(2000) (Figure 3). In this method, the beam elements share a large
portion of the pile's axial stiffness (EA) and bending stiffness (EI).
However, the solid elements must be sufficiently rigid to represent
the influence of pile size. The stiffness-sharing ratio between the
beam and solid elements was 9 to 1. Adopting this hybrid modeling
makes it easy to obtain the axial forces, bending moments, and shear
forces of the pile based on the factored values of the beam elements.
Although the piles were hollow cylinders, their properties were
transformed to solid to model them as solid cylinder piles. The
connection between the pile and the raft was rigid; consequently, the
interface between the pile and the raft was omitted. Table 2
summarizes the beam pile, solid pile, and raft properties. After
meshing, 35,640 elements, 59,986 nodes and total 37,742 elements,
63,155 nodes were generated for model in level ground and near a
slope condition, respectively.

The modelling method was validated by small-scale laboratory
test results of the piled raft foundation models in sand (Pastsakorn et
al., 2002). The validation results will be discussed in Section 4.2.

Pile

Hybrid element Solid element

(EDyo1ia » (EA)so1ig

Beam element
(El)bcam s (EA)bcam

EI = (El)beam + (El)solid
EA = (EA)bea_m + (EA)solld

Figure 3 Hybrid pile element concept
(after Kimura and Zhang, 2000)

Table 2 Material properties of the structural elements

Properties Beam pile Solid pile  Raft
Unit weight, y

8.56 0.95 24
[kN/m?]
Elastic modulus, £

’ 40.97 x10° 4.55x10° 25x 109

[kN/m?]
Poisson’s ratio, v ) 03 02

[-]

3. THE ANALYSIS PROCEDURES

The following procedures were adopted in the FEM analysis.

Step 1: The initial stress state was calculated with the Ko-procedure,
and the initial water condition was calculated using the phreatic level.
No structural elements were activated during this calculation.

Step 2: The slope was created. The pile beam elements, raft plate
elements, and interface elements were activated, and the properties of
the solid pile element were changed to the pile properties. The self-
weight of structural elements was also considered in this calculation.
Step 3: Calculation of loading process. The vertical load was first
applied to the foundation before lateral loading. The vertical load was
0.5Vu, where Vy is the ultimate vertical capacity defined as the load
corresponding to 0.1D settlement. The lateral loading of the model
was performed in a displacement-controlled manner. The lateral
displacement was increased by 2D interval until 20D displacement
was reached.

4. COMPARISON AND VALIDATION OF THE MODEL

The FEM models of piled raft foundations were validated through the
two case studies. The objective of the first case study was to validate
the HS-model parameters using the results of the full-scale lateral
load test of piles near a slope reported by Nimityongskul et al. (2012).
The second case study aimed to validate piled raft models created in
PLAXIS 3D with the small-scale model laboratory test results
published by Pastsakorn et al. (2002). The following Sections
describe the two case studies in greater detail.

4.1 Full-Scale Lateral Load Test of the Pile Near a Slope

Nimityongskul et al. (2012) conducted a series of full-scale lateral
tests of fully instrumented piles in cohesive and cohesionless soils to
assess the lateral response of piles near a slope condition. However,
only cohesive soil is interested in the present study. The HS model
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was adopted in the present study instead of the initially proposed MC
model. The HS-model properties are present in Table 1. The single
piles were modeled with the same method as piles in piled raft
foundations. The comparative results are shown in Figure 4.

-€--NG Field test (Nimiyongskul et al., 2012)

-4~ 4D Field test (Nimiyongskul et al., 2012)

250 4-81-8D Field test (Nimiyongskul et al., 2012)
—8— NG FEM present study
—&— 4D FEM present study
200 A ’
—8— 8D FEM present study

100

Lateral load capacity (kN)

50 -

0 2 4 6 8 10 12
Pile head lateral displacement (cm)

Figure 4 Displacement curve for comparison

A good compatibility could be observed between the full-scale
lateral load test and FEM analysis in the case of a pile at the distance
8D from a slope and a pile in level ground (NG). For a pile at a
distance 4D from a slope, the FEM overestimates the lateral capacity
at large displacement. This is because, at large displacement, the
loosening of soil particles occurring at a slope causes a reduction in
lateral resistance, which FEM cannot simulate this effect. However,
the maximum applied displacement in the present study was 20D or
6 cm. The results show good agreement within this range.

4.2 Small-Scale Model Laboratory Test

Pastsakorn et al. (2002) executed lateral load tests on pile group and
piled raft foundation models in Toyoura sand under 1g field
condition. The Toyoura sand was prepared in an acrylic box with
dimensions of 500 mm in width and 840 mm in length. The raft
models were made of duraluminium plates with a thickness of 22 mm,
Young’s modulus is 68,670 MN/m, and Poisson’s ratio is 0.335. The
piles were made of aluminum pipe having an outer diameter of 20
mm and a wall thickness of 1 mm. The length of the piles is 200 mm.
Young’s modulus and Poisson’s ratio are 70,632 and 0.245,
respectively. The raft size, number of piles, and pile spacing were
varied in the study. The pile raft case with the raft size of 225 mm x
225 mm, having four piles and piles spacing of 150 mm, was selected
to validate the FEM model. The piled raft in FEM was modelled in
the same manner as described in Section 2. The sand ground model
throughout the analysis employed the HS model. The material
properties of Toyoura sand, based on the HS model, were previously
documented by Ashour and UNsever (2022).

The comparison between experimental results and FEM analysis
of the present study shows a good agreement, as shown in Figure 5.
A similar trend of the displacement curves is observed for both piled
raft (total lateral capacity) and pile components. The comparison
proves the correctness of the modelling method.

1.8
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16 4 =& Piles (Pastsakorn et al ,2002)
—o—Total (FEM present study)

| —&—Piles (FEM present study

0.8 1

0.6 1

Lateral load capacity (kN)

0.4 1

0 002 004 006 008 0.1 012  0.14 0.16
Normalized displacemnt (y/D)

Figure 5 Displacement curve comparison between small-
scale model test and FEM

5. RESULTS AND DISCUSSIONS
5.1 Piled Raft Foundation in Level Ground

The results of the piled raft and pile group foundations on the level
ground served as a baseline result for piled raft foundations near a
slope condition. During vertical loading on the piled raft, the raft was
observed to share 16.5% of the vertical load applied before lateral
loading. The lateral load at each lateral displacement target was
normalized in terms of Fr/(SuD?) to make the results easier to
visualize and interpret, where FrL is the lateral force, Su is the
undrained shear strength, and D is the diameter of the pile.
Normalization was conducted using the undrained shear strength of
the first clay layer because it is the most influential layer and enables
the obtaining of unitless results. Lateral displacement was normalized
in terms of y/D, where y is the lateral displacement. Figure 6 displays
the lateral response of a piled raft and its components (raft and piles)
compared to the free-standing pile group's lateral response.
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Figure 6 Lateral response of piled raft and pile group
foundation in level ground

At a normalized displacement of 0.1, the overall lateral capacity
of a piled raft is 7.0% greater than that of a free-standing pile group.
Comparing the load proportion taken by piles in a piled raft to the
free-standing pile group capacity, the lateral load taken by piles in a
piled raft is 12.0% less than that of the free-standing pile group (at a
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normalized displacement of 0.1). This is because, in the case of a free-
standing pile group, the lateral loads are entirely supported by the
piles, whereas in the case of a piled raft, the lateral loads are shared
between the raft and the piles. Figure 7 illustrates the proportion of
lateral load the raft carries as a function of normalized displacement.
It revealed that the raft carried less lateral load as displacement
increased. The raft shares 19.4% of the lateral load at the beginning
of the displacement, then the lateral load shared by the raft decreases
to 18.0% as the normalized displacement increases to 0.20.

20

19 A

16 4

Proportion of lateral load carried by raft (%)

0 0.04 0.08 0.12 0.16 0.2
Normalized displacemnt (y/D)

Figure 7 Proportion of lateral load carried by raft of piled
raft foundation in level ground

5.2  Piled Raft Foundation Near a Slope Condition

FEM analyses were conducted on model piled raft foundations at
distances of 0D, 2D, 4D, and 8D from the slope crest. The vertical
load-sharing ratio appears unaffected by a slope, as the raft maintains
the sharing ratio of 16.38% of the total vertical load (applied before
lateral loading). However, further parametric studies need to be done
to fully comprehend the effect of slope on the vertical response of a
piled raft foundation. The lateral response of a piled raft foundation
near a slope is depicted in Figure 8.

At the distance 8D from the slope crest, the lateral displacement
of the piled raft foundation is approximately the same as in the level
ground, indicating that the slope no longer affects the behavior of
piled raft foundations at this location, which agrees with the
conclusion reported in the case of the single pile (Nimityongskul et
al., 2012). As the locations of the piled raft foundations get closer to
the slope, the maximum lateral capacity decreases gradually.
Although the initial stiffness is similar for all piled raft cases. But, at
greater displacement, for example, at y/D = 0.1, the capacity of piled
rafts at 4D, 2D, and 0D from the slope crest decreased by 3.0%, 6.5%,
and 10.0%, respectively. When compared to the results of the full-
scale lateral load test on single piles (Nimityongskul et al., 2012), the
lateral capacity of single piles decreased by 3.5%, 7.14%, and 21.4%
when the distances changed from 8D to 4D, 2D, and 0D from the
slope crest, respectively. The reduction in the lateral capacity of 4D
and 2D piled rafts is compatible with the full-scale lateral load test on
a single pile. However, for the 0D piled raft, it seemed to be 2 times
less. In fact, in the case of the 0D piled raft, the center of the front
row piles was located 1D away from the slope crest (the edge of the
raft extended 1D from the center of the outer piles), while the center
of single pile locates at the slope crest. Thus, the 10% decrease in
lateral capacity is reasonable.
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Figure 8 Lateral response of piled foundation near a slope

Figure 9 compares the lateral load sharing ratio on the raft. At
distances greater than 2D, the contribution of the raft is approximately
the same when the normalized displacement (y/D) is lower than 0.14.
However, at larger displacement, the load sharing ratio of rafts in 8D
piled raft and piled raft in level ground decrease rapidly compared to
4D and 2D piled raft. As the 8D piled raft and piled raft in level
ground possess stronger pile capacity than 2D and 4D cases, the
lateral load tends to transfer to the piles. The raft's load-sharing ratio
is significantly reduced in the 0D piled raft. The reduction results
from the diminishing contact pressure at the raft-soil interface. The
average contact pressure at the interface of the 8D piled raft is 49.89
kN/m?, while for the 0D piled raft, it is 46.5 kN/m? as shown in Figure
10.

20

—6— 0D Piled raft
—%—2D Piled raft
—6—4D Piled raft
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--A-+ Level ground piled raft

Proportion of lateral load carried by raft (%)
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Normalized displacemnt (y/D)

0 0.04

Figure 9 Lateral load sharing ratio of the raft in piled raft
foundations near a slope condition
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Figure 10 Contact pressure in raft — soil interface when y/D
= 0.1 (a) 8D piled raft (b) 0D piled raft

Figure 11 shows the overall lateral capacity of pile and raft in the
piled raft system focused on lateral displacement (y/D) of 0.1 and 0.2.
As mentioned earlier, at the distance 8D and beyond, the slope effect
is almost negligible. At distances between 8D and 4D, the lateral
capacity of the pile gradually decreases. The pile's rapid decrease in
the lateral capacity is observed at a distance closer than 2D. While
raft capacity remains approximately constant until at the distances 2D
from the slope. The decrease in lateral capacity of the raft is observed
at distances closer than 2D.

Comparing the lateral capacity of the piled raft and free-standing
pile group foundation at 0D from the slope crest, as shown in Figure
12, the piled raft shows a higher lateral capacity, around 7.0%, than
the pile group. When considering the lateral load carried by pile
components within the piled raft, the load distributed to the piles is
12.8% lower than the total lateral load carried by the free-standing
pile group (at a normalized displacement of 0.1). The results indicate
that adopting the piled raft foundation concept offers two significant
advantages: an increase in overall lateral capacity and a reduction in
the lateral load transferred to the piles.
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Figure 12 Lateral response of piled raft and free — standing
pile group at the distance 0D from the slope crest

Figure 13 shows the bending moment along the shaft of the front
and rear row piles. Piles in the front row take a higher lateral load than
piles in the rear row, as shown in Figures 13(a) and 13(b). The
distance from the crest of the slope has a significant impact on the
front row pile than the rear row piles, as shown in Figure 14. The
maximum negative moment of the front row pile decreases by 6.60%
when the distance changes from 8D to 0D from the slope, while the
rear pile maintains a similar value. It can be concluded that the loss
in lateral capacity of the piled raft systems when they are constructed
near the slope occurs due to the loss in lateral capacity of the front
piles.

46



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 55 No. 1 March 2024 ISSN 0046-5828

Bending Moment (kN.m)

120 -70 -20 i "
=-==-0D Front row
~~~~~~~ 2D Front row
— — 4D Front row

8D Front row
-2.0 1
-3.0 A
_
E
= 4.0 1
=
=3
3
a
-3.0 A
-6.0 1
-7.0 4
-8.0 1
(a)
Bending Moment (kN-m)

120 - -20 >0 >
===-0D Rear row
~~~~~~~ 2D Rear row

> _ ===4D Rear row
——8D Rear row
-2.0
-3.0
E
= -4.0
=
-9
@
a
-5.0
-6.0 1
-7.0
-8.0

(b)
Figure 13 Bending moment along the pile shaft (a) Front row
pile, (b) Rear row pile

60
..... ﬁ—______ﬁ—_-__-_______ﬁ
-~ 40 4
g
o 20
B
g
o 0 v T ™ T r T T T
E 2 4 6 8
E 20 Piled raft distance away from slope crest (xD)
g
= =—(+M) Front Row
g 40 A
= —% (+M) Rear Row
e
= - .
£ .60 —©—(-M) Front Row
ED =% (-M) Rear Row
S -804
&
:é
& -100
-120

Figure 14 Comparison of maximum and minimum moment
in the pile shaft between the front piles and the rear piles

5.3 The Mechanism Behind the Response of the Piled Raft
Foundation System Near the Slope

The mechanism behind the response of the piled raft foundation
system near the slope is elucidated in Figures 15 and 16. Figure 15
illustrates the mobilized shear stress (tmod) in the soil mass. When
subjected to lateral loading, for the piled raft system at 8D from the
slope crest, the mobilized stress does not reach the slope, as shown in
Figure 15a. At 0D, the mobilized shear stress is observed on the slope,
as shown in Figure 15b. The failure wedge extends up to the slope.
The lower passive resistance at the slope causes a reduction in the
lateral capacity of the piled raft systems. Figure 16 shows the failure
wedge of the piled raft foundation near the slope.

[kN/m2]
140.00

(b)
Figure 15 The mobilized shear stress (Tmod) in the soil mass
(a) 8D piled raft (b) 0D piled raft
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Active wedge

€2

Passive wedge

Figure 16 The failure mechanism of the piled raft foundation
system near the slope

6. CONCLUSIONS

The FEM analyses were carried out using the finite element analysis
to investigate the effects of soil slope on the lateral response of piled
raft foundation system. The case study was a 2.4 x 2.4 x 0.8 m piled
raft foundation on medium stiff clay ground. The piles were 9 steel
pipe piles with an outer diameter of 0.3 m arranged with piles spacing
3 times the pile diameter. The analysis program covered piled raft
foundations and free-standing piled group foundations in level ground
and near the slope crest to compare the results. The main findings can
be summarized as follows:

1. The slope affects the response of piled raft foundations when
they are installed at certain distance less than 8 times of pile
diameter (8D) in which lateral capacity of piled raft
foundation deceases. The enormous effect of slope can be
observed within the distances closer than 4D when the lateral
capacity decreases rapidly. In additional, the slope tends to
affect only the front piles rather than the rear piles.

2. Piled raft foundations offer higher lateral capacity than the
pile group. The critical factor is the interaction between the
raft and the pile. The raft increases the lateral capacity of
piled raft foundations while reducing lateral load transfer to
piles.

3. A slope insignificantly affects the proportion of the lateral
load sharing by the raft component, especially at a distance
greater than 2D. It shows the advantages of the piled raft
foundation over the pile group when foundations need to be
constructed near a slope. However, at a distance closer than
2D, the load-sharing ratio tends to be affected by a slope due
to the loss of passive resistance and the loosening of soil
particles at the slope, which reduces the efficiency of piled
raft foundations.

4. In conclusion, the distance between the piled raft foundation
and a slope plays important rule and need to be considered
to improve design guidance which would lead to economical
design without compromising safety requirement.
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