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Abstract: The population surge has led to a corresponding increase in the demand for high-rise
buildings, bridges, and other heavy structures. In addition to gravity loads, these structures must
withstand lateral loads from earthquakes, wind, ships, vehicles, etc. A piled raft foundation (PRF)
has emerged as the most favored system for high-rise buildings due to its ability to resist lateral
loads. An experimental study was conducted on three different piled raft model configurations with
three different relative densities (Dr) to determine the effect of Dr on the lateral response of a PRF.
A model raft was constructed using a 25 mm thick aluminum plate with dimensions of
304.8 mm × 304.8 mm, and galvanized iron (GI) pipes, each 457.2 mm in length, were used to
represent the piles. The lateral and vertical load cells were connected to measure the applied loads. It
was found that an increase in Dr increased the soil stiffness and led to a decrease in the lateral dis-
placement for all three PRF models. Additionally, the contribution of the piles in resisting the lateral
load decreased, whereas the contribution of the raft portion in resisting the lateral load increased.
With an increase in Dr from 30% to 90%, the percentage contribution of the raft increased from 42% to
66% for 2PRF, 38% to 61% for 4PRF, and 46% to 70% for 6PRF.

Keywords: soil; particle size; classification; piled raft foundation; relative density; dynamic cone
penetrometer; lateral load; stress; strain gauge

1. Introduction

The foundation is the most critical part of any structure because of its ability to provide
support and stability to ensure the long-term integrity of the structure. For cohesionless
and expansive soils, the shallow foundations cannot sustain the heavy lateral loads, and
piles are essential for providing stability and load-bearing support in such conditions.
Properly designed deep foundations can adapt to expansive soil conditions, by adjusting
the pile length and diameter. Longer piles that exceed the thickness of the active zone are
more effective in resisting volumetric changes. Granular anchor piles are significantly more
effective than concrete piles in highly expansive soil conditions. Specifically, they perform
over 50% better in terms of mitigating the adverse effects caused by soil expansion [1]. Pile
foundations reinforce embankments and retaining structures to ensure slope stability and
reduce the soil arching effect [2]. The shape of the pile cap can affect the load efficiency
of a pile and the settlement of an embankment [3]. Utilizing longer and capped piles
significantly decreases both the maximum and differential settlements [3].

Shallow foundations such as rafts and deep foundations such as piles were used
separately. However, geotechnical engineers have started to combine these two systems. By
integrating them, engineers can achieve the required safety values for design while also pro-
viding a more economical solution in the form of pile group and piled raft foundation [4–6].

Buildings 2024, 14, 3687. https://doi.org/10.3390/buildings14113687 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings14113687
https://doi.org/10.3390/buildings14113687
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-0827-5394
https://doi.org/10.3390/buildings14113687
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14113687?type=check_update&version=1


Buildings 2024, 14, 3687 2 of 22

The piled raft foundation (PRF) and pile group foundation both consist of piles and
rafts, but the main difference between them is that in the pile group foundation, there
is a free space between the raft and ground surface, whereas in the case of a PRF, the
raft is in contact with the soil, and there is no gap between the raft and the supporting
soil. Because of this contact, the interaction between the raft and soil is considered during
the PRF design. Many researchers [7–10] have explored the foundation design for high-
rise buildings with a preference for a PRF because of its economical and safety features.
PRFs have been used in marine and offshore structures [11–14]. The concept of a PRF
was initially introduced by Zeevaert in 1957 [15]. He used the PRF system for “Tower
Latino Americana” in Mexico. The PRF has been divided into two categories by [16]: small
PRFs, which are those with a raft width-to-pile length ratio of less than 1, while for large
PRFs, the raft width is greater than the length of the pile. In a small PRF, the provision of
piles increases the bearing capacity and reduces the settlement of the foundation, whereas
in a large PRF, the raft typically offers sufficient bearing capacity, and the provision of
piles is used to control the total and differential settlement [16]. The lateral resistance of
a PRF is approximately 2.5 to 6 times greater than that of pile group foundations with
the same configuration [17]. The primary advantage of a PRF over the conventional
pile group foundation is its ability to resist lateral loads; according to [18], the raft can
resist 21–81 percent of the total vertical load and 15–61 percent of the total applied lateral
load on the PRF. In a pile group foundation, it is assumed that the raft does not contribute
to the resistance of the lateral load [19,20]. In a PRF, the piles provide the necessary support
for the structure and are used as settlement reducers [21], whereas the raft reduces the
bearing pressure by distributing the load over the supported soil [22]. The use of piles
at strategic locations improves the bearing capacity of the raft portion in a PRF [23]. The
length of the piles does not significantly impact the load sharing mechanism of a PRF [24].
With the increase in the raft–soil relative stiffness, the differential settlement of the PRF
decreases [25]. Several researchers have studied the contribution of the vertical load among
the piles and raft in a PRF [26–28], but very limited research has been conducted on the
lateral load sharing behavior in a PRF. Jamil et al. [29] conducted an experimental and
numerical study to examine various parameters affecting the lateral load contribution of
a raft in a piled raft foundation system. The study concluded that the vertical pressure is
directly related to the raft’s lateral load contribution, whereas the pile length, the number of
piles, and the spacing-to-diameter ratio are inversely related. According to Plaban Deb and
S.K Pal [30], the lateral load capacity of a PRF increases with the application of a vertical
load. Increasing the vertical load also enhances the lateral load capacity of the raft. For
spacing between the piles and diameter of pile ratios ranging from 3 to 5, the lateral load
capacity of both the pile and raft increased by approximately 14–25%. A numerical study
was conducted by [31] on the lateral response of a PRF and found that at the initial stage of
loading, approximately 85% of the total lateral load was taken as the raft portion. In a PRF
with a rigid pile head connection, a higher lateral load is transferred to the piles, resulting
in greater initial horizontal stiffness than a PRF with a hinged connection [32].

In the literature, numerous researchers have investigated the load sharing behavior of
a PRF and the various factors influencing it. However, the impact of the soil density on
the load sharing behavior of a PRF remains unclear. Therefore, a detailed experimental
investigation was carried out by using small-scale piled raft models. This research aims
to explore the effect of the relative density (Dr) on the lateral response of a PRF through
a detailed experimental study. It focuses on evaluating how changes in Dr influence the
load sharing behavior between the raft and pile elements of a PRF. The findings seek to
offer valuable insights for optimizing PRF designs to enhance the lateral load resistance in
high-rise structures.
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2. Materials and Methods
2.1. Soil Sample

Locally sourced clean dry sand was used as the test medium. To determine its geotech-
nical properties, all necessary tests were carried out according to the ASTM standards.
Sieve analysis was performed for the gradation of the soil sample (ASTM D-6913) [33].
Figure 1 displays the curve representing the particle-size distribution of the soil. From
Figure 1, it can be concluded that the soil is poorly graded sand (SP), according to the
Unified Soil Classification System (USCS).
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Figure 1. Particle size distribution of the soil used in this study.

Direct shear tests were performed on loose, medium, and dense sand (Dr 30%, Dr 60%
and Dr 90% respectively) in order to determine the angle of internal friction as shown in
Figures 2–4 respectively.
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The maximum and minimum dry unit weights of the soil samples were calculated to
determine their relative densities. Equation (1) was used to obtain the relative densities of
30%, 60%, and 90% [34]. Table 1 tabulates the geotechnical properties of the sand used in
this study.

Dr(%) =

(
γd − γmin
γmax − γmin

)
∗
(
γmax
γd

)
(1)

Table 1. Soil properties.

Tests Performed ASTM Standards Property Value

Sieve analysis ASTM D-6913

D10 0.175 mm
D30 0.307 mm
D50 0.394 mm
D60 0.474 mm

Coefficient of
gradation (Cc) 1.136

Coefficient of
uniformity (Cu) 2.708
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Table 1. Cont.

Tests Performed ASTM Standards Property Value

Maximum and
minimum dry unit weights

ASTM D-4253 [35]
ASTM D-4254 [36]

γd max
γd min

17.058 (kN/m3)
13.890 (kN/m3)

Specific gravity ASTMD-854 [37] Gs 2.65

Direct shear test ASTM D-3080 [38]

Frictional angle, φ′

for Dr 30% 31◦

Frictional angle, φ′

for Dr 60% 33◦

Frictional angle, φ′

for Dr 90% 36.3◦

2.2. Model Soil Box

The selection of the soil box dimensions is a crucial factor for ensuring that the soil
stress remains within the selected boundary. Unsever [31] used a lateral boundary of
3.33 times the width of the raft (Wr), and the vertical boundary was approximately twice
the embedded length of the pile (Lp) for the lateral load analysis of the PRF. Similarly,
Katzenbach [39] used a lateral boundary of 3.57 Wr and vertical boundary of 1.93 Lp.
To satisfy the boundary conditions, a model soil box with dimensions of 1.2 m in length, 0.9 m
in width, and 1.5 m in height was used as a model soil box. The dimensions of the soil box
were such that the width of the testing tank was 3 times Wr, and the height of the tank was
3.33 times Lp. A model soil box with stiffeners and a 3D view are shown in Figure 5.
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2.3. Model Raft and Piles

A square (304 mm × 304 mm) aluminum plate with a thickness of 25 mm was used as
the model raft (Figure 6). A hook was connected to the raft to apply lateral load. In addition,
20 mm holes were created in the raft for piles and raft rigid connections. Galvanized hollow
iron pipes with an outer diameter of 19.05 mm, an internal diameter of 16.70 mm, and a
length of 457 mm were employed as model piles. These hollow pipes were used owing
to their sensitivity to small strains [4]. The toe of the piles was closed by steel plates, and
a plain bar with a 19 mm diameter was used for the pile and raft connection, as shown
in Figure 7.
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2.4. Piled Raft Configurations

Three different configurations, namely 2 × 1, 2 × 2, and 2 × 3, were employed in this
study. The spacing between the piles was kept constant for all three models (127 mm).
The piles were connected precisely in a vertical position throughout the depth of the PRF to
ensure uniform spacing between them. For a rigid connection, the piles were fitted into the
holes of 25 mm thick aluminum raft through nuts. The top views of the schematic diagrams
of the models and the real PRF models are shown in Figures 8 and 9, respectively.
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2.5. Strain Gauge Installation

Shear strain gauges were attached to each pile to act as load cells for measuring the
lateral loads transferred from the raft to the piles. Each strain gauge, with a gauge length
of 7 mm and resistance of 350 Ω, was capable of measuring the strain with a precision of
1 µm/m. Prior to installing the strain gauges, the surfaces of the model piles were smoothed
with coarse sandpaper to remove major fractures or grooves. To remove fine particles,
alcohol and other recommended solvents [40] were used. The precise location of the strain
gauge on the pile was demarcated with a pencil, and the strain gauge was affixed to the
pile using epoxy.

A Wheatstone bridge configuration was employed as the load cell, incorporating
four strain gauges into a single cell. As shown in Figure 10, these strain gauges were located
25 mm beneath the pile head, with two tension gauges on one side and two compression
gauges on the other side. These strain gauges were installed such that all were perpendicu-
lar to the direction of the applied lateral load. These load cells were tested using an ammeter
and subjected to an initial calibration process to ensure accurate lateral load measurements.
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2.6. Strain Gauge Calibration

Proper calibration is critical to ensure accuracy in data collection. Therefore, an initial
calibration process was undertaken to ensure the strain gauge accuracy. A digital balance
was attached to the steel rope near the pile to measure the accurate load transfer, as
shown in Figure 11. Incremental loads ranging from 9.8 N to 980 N were applied, and the
corresponding strain gauge readings were recorded. To determine the calibration factor,
these readings were divided by the respective loads. The calibration factors remained
consistent across all increments, which allowed the calibration process to be concluded at a
load of 980 N for each pile. Table 2 shows the calibration factors for each pile.
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Table 2. Calibration factors for 9.8 N load.

Pile Name Pile 1 Pile 2 Pile 3 Pile 4 Pile 5 Pile 6

Calibration factor 3.3 3.5 3.5 3.8 3.3 3.5
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2.7. Preparation of Testing Medium

The arrangement and packing of sand grains significantly affected the load settlement
behavior of the PRF. Consequently, a methodology for creating a sand bed with uniform
density was required [28]. A mobile pluviator or sand raining technique was employed
to achieve uniform density in the soil box. This technique has been successfully used by
numerous researchers [29,34,41,42]. As the density of sand is dependent on the height of
the fall and the sand particles, several tests were conducted to determine the relationship
between the relative density (Dr) and the height of the fall for the sand used in this study,
as shown in Figure 12.

Buildings 2024, 14, x FOR PEER REVIEW 9 of 23 
 

Table 2. Calibration factors for 9.8 N load 

Pile Name Pile 1 Pile 2 Pile 3 Pile 4 Pile 5 Pile 6 
Calibration factor 3.3 3.5 3.5 3.8 3.3 3.5 

2.7. Preparation of Testing Medium 
The arrangement and packing of sand grains significantly affected the load seĴle-

ment behavior of the PRF. Consequently, a methodology for creating a sand bed with 
uniform density was required [28]. A mobile pluviator or sand raining technique was em-
ployed to achieve uniform density in the soil box. This technique has been successfully 
used by numerous researchers [29,34,41,42]. As the density of sand is dependent on the 
height of the fall and the sand particles, several tests were conducted to determine the 
relationship between the relative density (Dr) and the height of the fall for the sand used 
in this study, as shown in Figure 12. 

 
Figure 12. Variation in relative density with free fall height. 

After preparing the test medium, the density of the sand was verified using both the 
weight–volume relationship and a small dynamic cone penetrometer (DCP). The dynamic 
cone penetrometer was chosen for its simplicity, cost-effectiveness, and efficiency in 
providing rapid in situ measurements. Various correlations are available to estimate the 
soil properties from the cone resistance [43]. To obtain more precise results, DCP tests 
were conducted at all four corners and at the center of the soil box. The DCP test results 
and positions are shown in Figure 13. 

0

100

200

300

400

500

600

700

20 30 40 50 60 70 80 90 100

H
ei

gh
t o

f 
Fa

ll
 (

m
m

)

Relative Density (%)

Figure 12. Variation in relative density with free fall height.

After preparing the test medium, the density of the sand was verified using
both the weight–volume relationship and a small dynamic cone penetrometer (DCP).
The dynamic cone penetrometer was chosen for its simplicity, cost-effectiveness, and ef-
ficiency in providing rapid in situ measurements. Various correlations are available to
estimate the soil properties from the cone resistance [43]. To obtain more precise results,
DCP tests were conducted at all four corners and at the center of the soil box. The DCP test
results and positions are shown in Figure 13.
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To verify the density, the penetration of the cone was recorded in centimeters per blow
(cm/blow). Upon completion of each test, readings were taken, and the corresponding
density was calculated using the correlation presented in [44].

Dr(%) =
189.93
DPI0.53 (2)

where DPI is the dynamic penetration index.
It was observed that the DCP provided accurate results for the dense sand. However,

the results were less accurate for the loose sand. Comparison curves of Dr 60% and Dr 90%
are given in Figure 14.
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3. Test Procedure

A step-by-step procedure is outlined below:

• The model box was filled to a height of 1.07 m (corresponding to the pile tips) using
the sand raining technique as described earlier. Once this level was reached, the model
was precisely positioned at the center of the box.

• The box was then filled to two-thirds of the pile length.
• The raft was carefully removed without disturbing the pile positions, and the soil box

was filled to the final level.
• The raft was installed over the piles using a long-handled wrench to maintain the

orientation and position of the piles, creating a non-displacement piled raft.
• Supporting plates with sufficient rigidity and thickness were placed beneath the

vertical load cell to ensure a uniformly distributed vertical load and prevent stress
concentration at any single point.

• Linear variable displacement transducers (LVDTs) were installed in the overall system
to measure the lateral displacement resulting from the applied lateral load.

• The LVDTs, along with the lateral, vertical, and pile load cells, were connected to a
data logger for data acquisition.

• A hydraulic loading jack was used to apply a vertical load, and this load was main-
tained until the experiment concluded.

• A lateral load was applied through a hydraulic machine with a capacity of 5 tons,
equipped with a lateral load cell at the front of the hydraulic jack, by utilizing a hook
arrangement for the application of the lateral load.
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• The loading and unloading processes were regulated using the control lever on the
machine, and the rate of load application by the hydraulic pumps was maintained at
a very low rate, approximately 4.9 N/s (0.5 kg/s), to allow for the collection of the
lateral displacement values resulting from very small lateral loads.

• Data were collected from the data logger for further analysis. A schematic diagram is
shown in Figure 15.
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The experimental instruments used during this study are shown in Figure 16, and the
overall vertical and lateral load setups are shown in Figures 17 and 18, respectively.
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4. Results and Discussion

A total of 27 tests were conducted, as listed in Table 3. Each test was conducted
three times to minimize the experimental errors, and the average values were used as the
final results. Tests with errors exceeding 5% were excluded. A static vertical load of 6 kN
was applied for the lateral load analysis of all three configurations. Although this research
focused only on the lateral load analysis of the PRF, to simulate a real-world scenario, a
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lateral load analysis was conducted under the application of vertical loads. Subsequently, a
hydraulic jack was used to apply lateral load, and all readings were recorded.

Table 3. Tests conducted.

Classification Relative Density (%) PRF Configuration No. of Tests

Loose 30% 2, 4, 6 3
Medium 60% 2, 4, 6 3

Dense 90% 2, 4, 6 3

4.1. Effect of Relative Density on 2PRF

A model with two piled raft configurations was analyzed in sand with Dr values
of 30%, 60%, and 90%, as shown in Figures 19–21, respectively. For Dr 30%, as shown
in Figure 19, initially up to a 180 N lateral load, when there was no displacement in the
PRF, the raft portion played a significant role in resisting the lateral load, contributing
more than the piles. However, once the raft portion began to displace, its load-carrying
capacity decreased rapidly, while the contribution of the piles started to increase. After a
displacement of 2.8 mm, the raft contact stiffness reduced, leading to a state in which the
piles began to resist more load than the raft. This transition indicated that the role of the pile
became critical after this displacement. As the Dr increased to 60% and 90%, it enhanced
the contact pressure between the raft and the soil, leading to a larger portion of the load
being resisted by the raft compared to Dr 30%. This meant that at higher densities (Dr 60%
and 90%), the raft could withstand more lateral loads before the piles started to contribute.
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Figure 20. Analysis of 2PRF at Dr 60%.
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4.2. Effect of Relative Density on 4PRF

The results for 4PRF at Dr 30% and 60% and 90% are shown in Figures 22–24 respec-
tively. With the increase in the number of piles, the contact pressure between the raft and
soil decreased. Initially, upon the application of the lateral load, the contributions of the
raft and piles were approximately the same; however, as the lateral load increased, leading
to greater displacement, the contribution of the raft in resisting the lateral load decreased
significantly. In contrast, the piles displayed a nearly linear response to the displacement.
This distinction arises because the resistance of the raft is primarily due to interface friction,
whereas the piles provide resistance along their entire length.
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The lateral load contribution of the piles decreased for Dr 90%, while the contribution
of the raft portion in resisting the lateral load increased, as shown in Figure 24. The lateral
load sharing by the piles and raft depended on the lateral displacement. Initially, the raft
components shared the total lateral load. As loading progressed and the raft’s resistance
was fully mobilized, the piles began to take on the lateral load, increasing their load sharing
role at larger displacements.



Buildings 2024, 14, 3687 16 of 22Buildings 2024, 14, x FOR PEER REVIEW 17 of 23 
 

 
Figure 24. Analysis of 4PRF at Dr 90%. 

4.3. Effect of Relative Density on 6PRF 
For 6PRF, as the number of piles increased, their contribution to the total lateral load 

also increased. Figure 25 shows the load sharing between the piles and raft under a Dr of 
30%. Initially, the lateral load was carried by the raft only, but after some displacement 
occurred, the piles also contributed to resisting the lateral load. The contribution of the 
piles increased as the displacement increased, whereas that of the raft decreased. 

The lateral load behavior of 6PRF at 60% relative density is shown in Figure 26. In 
this case, the load-carrying capacity of the raft increased compared to that at the lower Dr. 
The raft revealed the ability to sustain a higher load before significant displacement oc-
curred. However, the load-carrying capacity of the piles decreased relative to that of the 
raft. This behavior suggests that the increased soil density enhanced the raft interaction 
with the soil, thereby improving its ability to resist lateral loads more effectively. 

For the 6PRF configuration at 90% Dr, as shown in Figure 27, the trend continued as 
the load-carrying capacity of the raft increased further. The raft was capable of resisting a 
substantial portion of the lateral load before noticeable displacement occurred. The piles, 
while still contributing to the load resistance, carried less load compared to the raft as Dr 
increased. This indicates that higher relative densities significantly improve the raft’s ef-
fectiveness in terms of lateral load resistance, reducing the dependency on the piles. 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

0 1 2 3

A
pp

li
ed

 la
te

ra
l l

oa
d 

(N
)

Lateral displacement (mm)

Load taken by PRF

Piles Load

Raft Load

Figure 24. Analysis of 4PRF at Dr 90%.

4.3. Effect of Relative Density on 6PRF

For 6PRF, as the number of piles increased, their contribution to the total lateral load
also increased. Figure 25 shows the load sharing between the piles and raft under a Dr of
30%. Initially, the lateral load was carried by the raft only, but after some displacement
occurred, the piles also contributed to resisting the lateral load. The contribution of the
piles increased as the displacement increased, whereas that of the raft decreased.
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The lateral load behavior of 6PRF at 60% relative density is shown in Figure 26. In this
case, the load-carrying capacity of the raft increased compared to that at the lower Dr. The
raft revealed the ability to sustain a higher load before significant displacement occurred.
However, the load-carrying capacity of the piles decreased relative to that of the raft.
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This behavior suggests that the increased soil density enhanced the raft interaction with
the soil, thereby improving its ability to resist lateral loads more effectively.
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For the 6PRF configuration at 90% Dr, as shown in Figure 27, the trend continued as
the load-carrying capacity of the raft increased further. The raft was capable of resisting a
substantial portion of the lateral load before noticeable displacement occurred. The piles,
while still contributing to the load resistance, carried less load compared to the raft as
Dr increased. This indicates that higher relative densities significantly improve the raft’s
effectiveness in terms of lateral load resistance, reducing the dependency on the piles.
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4.4. Percentage Contribution of Piles and Raft

Based on the maximum displacement, the percentage contribution of the piles and
raft portions was analyzed against the relative density for all configurations. The analysis
revealed that with an increase in Dr from 30% to 90%, the percentage contribution of the
raft increased from 42% to 66% for 2PRF, from 38% to 61% for 4PRF, and from 46% to 70%
for 6PRF, as shown in Figures 28–30 respectively. The analysis revealed that the percentage
contribution of the piles decreased as Dr increased.
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Table 4 presents the percentage contribution of the model piles and raft at lateral
displacements of 0.5 mm and 1 mm.

Table 4. Percentage contribution of piles and raft at 0.5 mm and 1 mm lateral displacement.

Relative Density (%) Lateral Displacement
% Contribution

2PRF 4PRF 6PRF

30

0.5 mm
Piles 34 50 39

Raft 66 50 61

1 mm
Piles 38 52 44

Raft 62 48 56

60

0.5 mm
Piles 24 60 36

Raft 76 40 64

1 mm
Piles 29 62 39

Raft 71 38 61

90

0.5 mm
Piles 20 33 25

Raft 80 67 75

1 mm
Piles 23 35 27

Raft 77 65 73

5. Conclusions

From the results obtained in this study, the following conclusions were made.

• The performance of a piled raft foundation (PRF) in resisting the lateral load is
greatly reliant on the density of the surrounding soil. As the relative density (Dr)
increases, the soil stiffness increases, and as a result the lateral displacement for all
PRF models decreases.

• Initially, when a lateral load is applied to the PRF, the raft portion resists all lateral
loads, preventing any lateral displacement. However, as the lateral load increases, the
displacement of the PRF also increases, causing the raft to gradually transfer load to the
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piles. This load transfer occurred because of the rigid connection between the pile and
raft, which allows the raft to transfer some of the load to the piles. Consequently, the
contribution of the raft in resisting the lateral load decreases, whereas the contribution
of piles in resisting the lateral load increases with further lateral displacement.

• In loose soils, the lateral load is primarily resisted by the piles because of the reduced
contact pressure between the raft and adjacent soil. As Dr increases from the loose
to dense state, the raft becomes more effective in resisting lateral loads, and the
contribution of the raft portion to resist the lateral load increases, while the contribution
of the piles in resisting the lateral load decreases; that is, with an increase in Dr from
30 to 90%, the percentage contribution of the raft increased from 42% to 66% for 2PRF,
38% to 61% for 4PRF, and 46% to 70% for 6PRF.

• The contribution of the piles to resist the lateral load decreases with an increase in Dr;
that is, with an increase in Dr from 30 to 90%, the percentage contribution of the piles
decreases from 58% to 34% for 2PRF, 62% to 39% for 4PRF, and 54% to 30% for 6PRF.

• At lower densities and large displacements, piles play a crucial role in resisting lateral
loads. For dense soils, the raft becomes more effective in resisting the initial applied load.

• A small dynamic cone penetrometer (DCP) apparatus provides good results for dense
sands compared to loosen sands.

6. Practical Applications

Relative density is a very important parameter in the analysis of a PRF, as the Dr
affects the pile’s lateral load distribution, the lateral load contribution of piles and raft, and
lateral deflection of a PRF. So, for the practical design of a PRF, the effect of Dr should not
be ignored.

Based on the findings of this study, practical applications are given below:

• For dense soils, the raft portion of a PRF becomes more critical and requires careful
attention during the design stage.

• In loose soils, where there is a greater likelihood of larger lateral displacements, piles
become more critical. Engineers should therefore pay special attention to the design of
piles when working with such soil types.

7. Future Recommendations

• This research could be extended to investigate the response of a PRF under dynamic
cyclic loading conditions to better understand the behavior under real-world scenarios
such as earthquakes and traffic loads.

• This research could be expanded to examine the response of a PRF in layered soil profiles.
• Advanced numerical simulation is needed for this study to enhance the understanding

of PRF behavior and guide more effective designs.
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