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Abstract- Combined Pile Raft Foundation (CPRF) has emerged as a widely adopted
foundation system, particularly suitable for high-rise structures and sites with weak
subsoil conditions. Previous research has extensively examined the influence of
parameters such as pile spacing-to-diameter ratio, raft dimensions, and pile configurations
on the load-sharing behavior of CPRF. However, the effect of relative density of sand on
the lateral load contribution of piles and raft remains underexplored. This study presents
a numerical investigation using small-scale CPRF models in PLAXIS 3D, a finite element
software known for its capability in simulating soil-structure interaction. Relative density
was modeled indirectly by varying the modulus of elasticity (E) and the internal friction
angle (¢) of sand. The findings indicate that the raft’s contribution to lateral load
resistance increases with higher relative density, while the pile’s share in lateral resistance
decreases. Furthermore, both vertical settlement and horizontal displacement were
observed to reduce as relative density increased. Specifically, settlement decreased by
71% (from 0.62 mm to 0.18 mm), and horizontal displacement reduced by 50% (0.40 mm
to 0.2 mm). The shift in lateral load resistance from front piles to back piles was attributed
to increased stiffness in the soil surrounding the rear piles. Understanding the role of
relative density in CPRF systems can contribute significantly to their optimized and cost-
effective design, reinforcing their potential as a sustainable foundation solution in
geotechnical engineering.
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1 Introduction

During earthquakes, both vertical and lateral loads act simultaneously on pile raft foundations. CPRFs are advanced
geotechnical systems that combine piles and a raft to collectively support structural loads. This system is particularly
beneficial for high-rise buildings and sites with weak or compressible soils, where traditional foundations may fall short
in terms of bearing capacity and serviceability [2], [5]. The interaction between the raft and piles allows for an effective
redistribution of loads, leading to reduced settlement and enhanced lateral load resistance [1], [6], [8]. Extensive research,
both experimental and numerical, has been conducted to assess the behavior of CPRF under different loading and soil
conditions. For example, studies have shown that vertical loading can improve lateral load resistance; however, excessive
vertical loads may destabilize the system [4]. Investigations using small-scale physical models [6], [8] and finite element
simulations [2], [4], [7] have highlighted the role of pile spacing, pile configuration, raft geometry, and pile length in
optimizing CPRF performance under lateral and vertical loading conditions. Seismic performance has also been explored,
with findings indicating that pile group arrangement and load combinations significantly affect the system's response
during dynamic events [4]. Moreover, soil parameters such as the modulus of elasticity (E), internal friction angle (¢), and
Poisson’s ratio (v) have been shown to influence the interaction between the pile, raft, and surrounding soil, affecting
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overall foundation behaviour [7], [3]. Recent studies have compared the behavior of connected and disconnected pile raft
systems and demonstrated that strategic pile placement can reduce total and differential settlement, while disconnection
may help mitigate differential displacements [10]. Theoretical models developed by earlier researchers emphasized the
importance of stiffness interaction and load-sharing mechanisms within CPRF systems, under both service and ultimate
load conditions [9]. However, despite these advances, the effect of relative density (Dr) of sand—a key indicator of soil
compactness on the lateral load distribution between the raft and piles in CPRF remains inadequately studied. Dr plays a
critical role in defining the mechanical behaviour of sandy soils and thus significantly affects CPRF performance. As noted
by Walter et al. [13]. A better understanding of how Dr affects the lateral load transfer in CPRF is essential for the safe
and cost-effective design of foundations in sandy soils.

Additionally, lateral loading on piles induces complex soil-structure interaction phenomena such as gapping behind piles
and non-uniform stress distribution along the pile shaft [8]. Though the actual relationship is nonlinear, a simplified linear
approach using the modulus of subgrade reaction is often adopted in design practice [12]. This research aims to fill the
existing gap by numerically evaluating how variations in the relative density of sand influence the lateral load behavior of
CPRF using PLAXIS 3D. By altering sand stiffness and strength parameters to simulate different relative densities, this
study contributes to a deeper understanding of CPRF behavior and offers guidance for more optimized, reliable, and
sustainable foundation designs in sandy soils.

2 Research Methodology

2.1  Finite Element Modelling (FEM) in Plaxis3D

CPRF with four number of piles are modelled in Plaxis3D under combined vertical and horizontal loading. Properties of
soil, raft, piles, outer soil box and loading are same as that of experimental and numerical study conducted by [3] and [8]
respectively. In Plaxis3D, relative density is varied by varying the value of soil stiffness (E) and phi (¢). Correlation
between E and phi is taken from the study conducted by[3], shown in Table 1. Hardening Soil Model is used in Plaxis-3D.

Table 1 Correlation of elastic modulus with friction angle [3]

Model Elastic Modulus E(Mpa) Friction angle (phi(¢)
1 15 22
2 20 27
3 25 32
4 30 37
5 35 42

Figure 1a shows the complete finite element model of CPRF under vertical and lateral loading. Figurelb, depicts
the 4-pile raft system showing piles raft under combined loading and figure 1c shows the 4-pile raft
configuration.
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Figure 1 Finite Element CPRF model in Plaxis3D
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3  Results

3.1 Effect of Relative density on lateral contribution in CPRF:

By increasing the relative density of sand in CPRF, three outcomes arrive, firstly, by increasing the relative density
enhances raft contribution (from 14.89% to 40.03%) and reduces pile contribution (from 85.10% to 59.96%) due to
increased vertical contact pressure beneath the raft, both settlements and horizontal displacement decreased by 71% (from
0.62 mm to 0.18 mm) and 50% (0.40 mm to 0.2 mm) respectively. As the sand becomes denser(stiffer), the lateral load
response gradually shifts from the front piles (from 293.85 N to 203.85 N) to back piles(from 92.25 N to 71.82 N) slowly
and gradually, due to the increased stiffness of the soil in front of the back piles.

Distribution of Lateral load in CPRF with varying relative density of sand
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Figure 2 Effect of relative density on lateral load distribution in piles and Raft

Figure 2 presents the effect of relative density of soil on Piles and raft contribution while Table 2 presents the effect on
relative density on front and back piles.

Table 2 Effect of relative density on lateral load distribution in front and back piles

Parameters Front Piles Back Piles
E(Mpa) Phi ¢(degree) contribution (N) contribution (N)
15 22 293.85 92.25
20 27 279.45 67.86
25 32 249.3 69.93
30 37 225.9 70.29
35 42 203.85 71.82
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3.2 Use of Software
Plaxis-3d a finite element software is used in modelling of CPRF.

4 Practical Implementation

In real design, by considering the effect of relative density on lateral contribution of raft and piles, design of CPRF will
be economical without the overestimation of shear forces, bending moments and displacements.

5 Conclusion

The following conclusions can be drawn from the conducted study:

1 Raft contribution in response of lateral load is directly proportional to relative density of sand. Greater the relative
density of soil, greater will the lateral load response raft and vice versa.

2 By increasing the relative density i.e., stiffness of sand from 15 to 35Mpa, raft lateral contribution was increased
from 14.89% to 40.03% and Piles contribution on the other hand, decreased from 85.10 %to 59.96% by increasing
the relative density of sand.

At smaller relative density, front piles take more lateral load, as the soil get denser, lateral load contribution shifted from
front to back piles gradually, (from 293.85 N to 203.85 N) in front piles and (from 92.25 N to 71.82 N) back piles due to
increase in stiffness of soil. As the relative density increases, both settlement and horizontal displacement in piles and
raft by 71% (from 0.62 mm to 0.18 mm) and 50% (0.40 mm to 0.2 mm) respectively.
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