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Abstract - This study investigates the settlement behavior of 
Composite Piled Raft Foundations (CPRF) through a 
parametric numerical analysis using PLAXIS 3D, focusing on 
varying raft thickness, pile length, and pile diameter. The 
primary objective is to evaluate the combined effects of these 
parameters on total and differential settlements in soil 
conditions, typical of high-rise construction challenges. The 
results demonstrate that increasing raft thickness consistently 
reduces total settlement, with the most significant reduction 
(12.7%) observed at an 18 m pile length and 0.5 m pile 
diameter, identifying this combination as the most efficient for 
balanced stiffness and load distribution. Increasing pile 
diameter also leads to a marked reduction in differential 
settlement up to 23.94% for thinner rafts, though this effect 
diminishes as raft thickness increases. The findings emphasize 
that while thicker rafts and larger pile diameters both 
contribute to improved foundation performance, their 
effectiveness varies depending on the interaction between pile 
geometry and raft rigidity. An optimal design is achieved by 
strategically balancing these parameters, particularly 
favoring moderate pile lengths and smaller diameters in 
combination with thicker rafts to minimize both total and 
differential settlements. This study confirms CPRF as a 
technically efficient and economically viable foundation 
solution for complex geotechnical conditions. 
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1. INTRODUCTION 

Designing a foundation system that is both structurally safe 
and economically viable is a critical aspect of high-rise 
building construction, especially on challenging soil profiles. 
Traditionally, raft foundations and pile foundations have 
been used depending on the soil conditions and load 
demands. While rafts are effective in soils with good bearing 
capacity, they may result in excessive settlement on soft 
soils. Pile foundations, though commonly used, often require 
greater depth and number of piles, making them costly and 
time-consuming. 

To address the limitations of both systems, the concept of 
Combined Piled Raft Foundation (CPRF) has evolved, 

integrating the load-sharing benefits of both piles and rafts. 
In CPRF systems, the raft transfers part of the load directly to 
the soil, while piles reduce settlement by sharing the 
remaining load through end bearing and skin friction. This 
hybrid approach not only enhances bearing performance but 
also controls differential settlement more effectively than 
individual systems. With advancements in theoretical 
research, experimental studies, and numerical modelling, 
CPRF has become a reliable and cost-effective solution for 
high-rise buildings and complex infrastructure projects such 
as thermal power plants, oil tanks, offshore platforms, 
tunnels, and railway structures. 

Several studies have supported the efficiency of CPRF 
systems. Paravita Sri Wulandari et al. (2015) [8] highlighted 
that beyond an optimal pile number and length, additional 
piles do not significantly reduce settlement, stressing the 
importance of economically balanced designs. HamidReza 
Bolouri Bazaz et al. (2021) [3] demonstrated that CPRF 
significantly improves seismic performance on soft soils, 
especially when structures are placed on the surface, 
reducing base shear by up to 40%. Kiyoshi Yamashita et al. 
(2023) [6] analyzed seismic responses and concluded that 
both kinematic and inertial forces significantly affect pile 
head moments, with soil-structure period ratios playing a 
key role in CPRF behavior under earthquake loading. 

2. METHODOLOGY 

The study was carried out through numerical analysis using 
PLAXIS 3D. In order to ensure the safety, serviceability, and 
structural adequacy of the foundation system, a 
comprehensive geotechnical modelling approach was 
adopted in PLAXIS 3D. This enabled accurate simulation of 
substructure behavior under applied loading conditions, 
conforming to relevant Indian Standards. 

The structural loads acting on the foundation were derived 
from a prior structural analysis of the superstructure, which 
included seismic loading considerations. These loads were 
then applied as input to a geotechnical model developed in 
PLAXIS 3D. A detailed model of the substructure, including 
soil strata, pile elements, and a raft foundation, was 
constructed. The soil properties used in the analysis were 
derived from the site-specific soil investigation report, 
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ensuring realistic input for modelling. The detailed 
geotechnical parameters adopted for various soil layers are 
presented in the corresponding table 1. 

Table 1: Soil and rock parameters used in the analysis. 

Parameter Sandy silt Weathered rock 

Model type Mohr-Columb Hoek-Brown 

Dry density (kN/m3) 17.6 23 

Saturated density 
(kN/m3) 

19.0 24 

Young's modulus 
(kN/m2) 

18 x 103 25 x 106 

Poisson's ratio (ν') 0.3 0.4 

Cohesion (kN/m2) 12 - 

Angle of internal 
friction 

26 o - 

 
The soil was modeled using mohr-columb model which is a 
appropriate constitutive model to capture its behavior under 
loading, while pile and raft elements were defined using 
embedded beam and plate element and material properties 
adopted in the analysis is given in the table below (Table 2). 
The interaction between the soil and structural elements 
was simulated using interface elements to ensure accurate 
assessment of stress distribution and settlement 
characteristics. This integrated approach allowed for a 
comprehensive analysis of the load transfer mechanism and 
performance of the pile-raft foundation system under 
various loading conditions. 

Table 2: Material properties 

Parameter Raft Pile 

Material used Plate Embedded beam 

Unit weight (kN/m3) 24 24 

Young's modulus 
(kN/m2) 

27.39 x 106 27.39 x 106 

Poisson's ratio (ν') 0.15 0.15 

 
3. RESULTS AND DISCUSSION 

3.1. INFLUENCE OF RAFT THICKNESS ON OVERALL 
SETTLEMENT 

i. Load vs. Settlement Response for 0.5m Pile Diameter 
and 16m Pile Length with Varying Raft Thicknesses. 

 

Fig 1: Effect of Raft Thickness on Load-Settlement Curve 
(Lp = 16m, Pd= 0.5 m) 

Fig 1 shows the Load vs Settlement response for varying 
raft thicknesses with a fixed pile length of 16 m. Settlement 
reduces from 78.59 mm at 0.5 m raft thickness to 72.94 mm 
at 0.75 m and 70.05 mm at 1.0 m, indicating a decrease of 
7.18% and 10.86%. This trend highlights improved stiffness 
and load distribution with increased raft thickness. Hence, 
thicker rafts contribute to better settlement control in piled 
raft foundations. 

ii. Load vs. Settlement Response for 0.5m Pile Diameter 
and 18m Pile Length with Varying Raft Thicknesses. 

Fig 2 shows the Load vs Settlement response for a pile length 
of 18 m with varying raft thicknesses. The settlement 
observed for a 0.5 m raft thickness is 68.99 mm, which 
reduces to 63.6 mm for 0.75 m and further to 60.16 mm for 
1.0 m. This corresponds to a settlement reduction of 7.72% 
and 12.7% respectively. The results indicate that increasing 
raft thickness improves overall stiffness and load 
distribution, thereby reducing settlement significantly. 
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Fig 2: Effect of Raft Thickness on Load-Settlement Curve 
(Lp = 18m, Pd= 0.5m) 

iii. Load vs. Settlement Response for 0.5m Pile Diameter 
and 20m Pile Length with Varying Raft Thicknesses. 

 

Fig 3: Effect of Raft Thickness on Load-Settlement Curve 
(Lp = 20m, Pd= 0.5m) 

Fig 3 illustrates the effect of varying raft thickness on 
settlement for a constant pile length of 20 m. For a raft 
thickness of 0.5 m, the settlement is 59.65 mm; for 0.75 m, 
it reduces to 55.73 mm; and for 1.0 m, it further decreases to 
53.34 mm. This corresponds to a settlement reduction of 
6.57% and 10.5%, indicating that increasing raft thickness 
improves the structural rigidity of the foundation and 
promotes more efficient load transfer to the subsoil, thereby 
minimizing settlement. 

iv. Load vs. Settlement Response for 0.6 m Pile Diameter 
and 16 m Pile Length with Varying Raft Thicknesses. 

 

Fig 4: Effect of Raft Thickness on Load-Settlement Curve 
(Lp = 16 m, Pd= 0.6 m) 

Fig 4 shows the Load vs Settlement response for varying raft 
thicknesses with a fixed pile length of 16 m. Settlement 
reduces from 68.02 mm at 0.5 m raft thickness to 63.20 mm 
at 0.75 m and 61.39 mm at 1.0 m, indicating a decrease of 
7.07% and 9.74%. This trend highlights improved stiffness 
and load distribution with increased raft thickness. Hence, 
thicker rafts contribute to better settlement control in piled 
raft foundations. 

v. Load vs. Settlement Response for 0.6 m Pile Diameter 
and 18 m Pile Length with Varying Raft Thicknesses. 

Fig 5 shows the Load vs Settlement response for a pile length 
of 18 m with varying raft thicknesses. The settlement 
observed for a 0.5 m raft thickness is 58.37 mm, which 
reduces to 56.82 mm for 0.75 m and further to 55.88mm for 
1.0 m. This corresponds to a settlement reduction of 2.65% 
and 4.27% respectively. The results indicate that increasing 
raft thickness improves overall stiffness and load 
distribution, thereby reducing settlement significantly. 
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Fig 5: Effect of Raft Thickness on Load-Settlement Curve 
(Lp = 18 m, Pd= 0.6 m) 

vi. Load vs. Settlement Response for 0.6 m Pile Diameter 
and 20 m Pile Length with Varying Raft Thicknesses. 

 

Fig 6: Effect of Raft Thickness on Load-Settlement Curve 
(Lp = 20 m, Pd= 0.6 m) 

Fig 6 illustrates the effect of varying raft thickness on 
settlement for a constant pile length of 20 m. For a raft 
thickness of 0.5 m, the settlement is 51.01 mm; for 0.75 m, it 
reduces to 50.68 mm; and for 1.0 m, it further decreases to 

50.21 mm. This corresponds to a settlement reduction of 
0.65% and 1.57%, indicating that increasing raft thickness 
improves the structural rigidity of the foundation and 
promotes more efficient load transfer to the subsoil, thereby 
minimizing settlement. 

3.2. OBSERVATIONS 

The analysis of various load–settlement responses across 
different pile lengths and diameters clearly demonstrates 
that increasing raft thickness consistently contributes to a 
reduction in overall settlement, highlighting its positive 
influence on foundation performance. Among the evaluated 
configurations, a pile length of 18 m yielded the maximum 
percentage reduction in settlement, suggesting an optimal 
interaction between the raft and pile system that ensures 
effective stress distribution and improved settlement 
control. However, as pile length increases beyond this point, 
the relative impact of raft thickness diminishes, indicating 
that deeper piles contribute more significantly to settlement 
reduction by directly transferring load to deeper, stiffer soil 
strata. A comparative assessment of results for 16 m pile 
length across different pile diameters confirms that thicker 
rafts enhance foundation stiffness and load distribution 
regardless of the initial settlement values. Furthermore, 
increasing raft thickness is more effective with smaller pile 
diameters; a 0.5 m pile showed more pronounced settlement 
reduction compared to a 0.6 m pile. As pile diameter 
increases, the system becomes inherently stiffer, thus 
reducing the additional benefits of increased raft thickness. 
This trend was particularly evident when comparing 
configurations with 20 m pile lengths, where the influence of 
raft thickness was minimal in the presence of larger 
diameter piles. Collectively, these findings emphasize that 
while increasing raft thickness is a reliable strategy for 
improving settlement behavior, its effectiveness is 
influenced by both pile length and diameter, necessitating a 
balanced design approach for optimal foundation 
performance. 

3.3. INFLUENCE OF PILE DIAMETER ON DIFFERENTIAL 
SETTLEMENT FOR A GIVEN RAFT THICKNESS AND PILE 
LENGTH. 

i. For 0.5m raft thickness  

Fig 7 shows the effect of increasing pile diameter from 0.50 
m to 0.60 m on differential settlement across varying pile 
lengths. It can be observed that for all pile lengths, the 
differential settlement decreases with an increase in pile 
diameter. The percentage reductions in settlement are 
approximately 20.08% for a pile length of 16 m, 23.94% for 
18 m, and 22.02% for 20 m. This trend indicates that a larger 
pile diameter enhances the stiffness of the foundation 
system and improves load distribution, leading to reduced 
differential settlement. 
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Fig 7: Variation of Differential Settlement with Pile Length 
and diameter. 

ii. For 0.75m raft thickness  

Fig 8 shows the effect of increasing pile diameter from 0.50 m 
to 0.60 m on differential settlement for different pile lengths. 
The results indicate a consistent reduction in differential 
settlement with increased pile diameter across all cases. The 
percentage reduction is approximately 16.29% for a pile 
length of 16 m, 16.25% for 18 m, and 12.61% for 20 m. This 
consistent reduction occurs because larger pile diameters 
increase the pile's lateral stiffness and bearing area, 
enhancing load-carrying capacity and uniformity in 
settlement across the foundation. 

 

Fig 8: Variation of Differential Settlement with Pile Length 
and diameter. 

 

iii. For 1m raft thickness 

  

Fig 9: Variation of Differential Settlement with Pile Length 
and diameter. 

Fig 9 shows the influence of increasing pile diameter from 
0.50 m to 0.60 m on differential settlement for various pile 
lengths. The results reveal a marginal reduction in 
differential settlement with increased pile diameter. 
Specifically, the percentage reductions are approximately 
2.36% for a pile length of 16 m, 3.40% for 18 m, and 4.47% 
for 20 m. These relatively smaller improvements suggest 
that at higher raft thickness, the effect of increasing pile 
diameter on reducing differential settlement becomes less 
significant, likely due to the already enhanced stiffness 
provided by the thicker raft. 

3.3  OBSERVATION: 

The comparison of (Fig.7, Fig.8 and Fig.9) demonstrates that 
increasing pile diameter consistently contributes to a 
reduction in differential settlement across varying pile 
lengths. However, the degree of improvement diminishes as 
raft thickness increases. In thinner rafts, the impact of 
increasing pile diameter is more pronounced due to the 
greater need for enhanced stiffness and load distribution. As 
the raft becomes thicker, the system’s inherent stiffness 
improves, reducing the relative influence of pile diameter. 
Overall, while larger pile diameters are beneficial in 
minimizing differential settlement, their effectiveness is 
more significant in systems with lower raft thickness. 

4. CONCLUSIONS 

This study investigated the settlement behavior of 
Composite Piled Raft Foundations (CPRF) by varying raft 
thickness (0.5 m, 0.75 m, and 1.0 m), pile length (16 m, 18 m, 
and 20 m), and pile diameter (0.5 m and 0.6 m). The analysis 
revealed that increasing raft thickness consistently reduced 
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total settlement across all configurations. For instance, at a 
pile length of 18 m and pile diameter of 0.5 m, settlement 
decreased from 68.99 mm to 60.16 mm (a 12.7% reduction) 
as raft thickness increased from 0.5 m to 1.0 m, highlighting 
this combination as the most efficient in balancing stiffness 
and load-sharing. 

It was also observed that the optimal pile length for 
maximum settlement reduction, when combined with 
increasing raft thickness, was 18 m. This length appears to 
provide the most efficient interaction between raft and piles, 
resulting in a well-balanced load-sharing mechanism. Longer 
piles (20 m) showed slightly diminished improvements, 
suggesting diminishing returns beyond a certain depth due 
to increased stiffness and reduced additional load transfer 
benefits. 

The effect of pile diameter was analyzed across three raft 
thicknesses (0.5 m, 0.75 m, and 1.0 m). Increasing the 
diameter from 0.5 m to 0.6 m led to a significant reduction in 
differential settlement, particularly for thinner rafts. For 
instance, at 0.5 m raft thickness, differential settlement 
reductions of 20.08% to 23.94% were observed across 
different pile lengths. However, as the raft thickness 
increased to 1.0 m, the influence of pile diameter on reducing 
differential settlement became less significant, with 
improvements dropping to around 2–4%. This trend 
highlights that while larger pile diameters contribute to 
foundation stiffness and better settlement control, their 
relative effect is most prominent when the raft is relatively 
flexible. 

In all the graphs, it was noted that an initial settlement 
occurred even before the application of external load, which 
can be attributed to the self-weight of the raft inducing 
compression in the underlying soil strata. This initial 
settlement behavior reinforces the importance of accounting 
for dead load effects in CPRF design. 

Overall, the analysis demonstrates that increasing raft 
thickness is the most effective and consistently beneficial 
parameter for minimizing both total and differential 
settlements in CPRF systems. While pile length and diameter 
also contribute to improved performance, their influence is 
more situational and subject to diminishing returns based on 
the stiffness of the overall foundation system. The findings 
underline the need for an optimized design approach that 
considers the interaction between all three parameters to 
achieve structural safety, serviceability, and cost efficiency in 
real-world foundation engineering applications. 
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