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Abstract

Pile foundations used in marine and onshore structures are often exposed to repeated axial loading, which can reduce their
capacity and increase settlement over time. To address this issue, this study aims to evaluate the performance of rocket
piles in sand and to understand how modifying pile geometry can enhance axial capacity under both static and quasi-static
cyclic loading. A series of 1-g physical model tests were carried out to investigate the influence of sand relative density,
pile slenderness ratio (L/D), fin-length ratio (Lf/L), fin-width ratio (b/D), fin location along the shaft, and surface
roughness (Ra) on load—settlement behavior. The experimental results show that adding fins to the pile shaft significantly
increases ultimate load capacity and reduces settlement compared to conventional smooth piles. The improvement is
particularly noticeable under quasi-static cyclic loading, where fins help mobilize greater shaft resistance and limit the
accumulation of settlement. Furthermore, larger fin-width and fin-length ratios provide greater performance enhancement.
The main contribution of this study is the experimental evaluation of rocket piles under cyclic conditions and the
development of practical design charts that allow engineers to estimate load improvement and settlement reduction based
on fin geometry and surface characteristics, offering a more economical and efficient foundation solution in sandy soils.

Keywords: Experimental Study; Rocket Pile; Sand; Surface Roughness; Static Load; Quasi-Static Cyclic Loading.

1. Introduction

Pile foundations are widely used to support structures subjected to various types of loading, including axial, lateral,
uplift, and cyclic loads. Different pile types such as steel pipe piles, H-piles, screw piles, enlarged-base piles, bladed
piles, and finned piles have been developed to improve load-carrying capacity and performance. Consequently,
numerous studies have investigated pile modification techniques aimed at enhancing shaft resistance and end-bearing
capacity by altering pile geometry at specific depths along the shaft. Earlier research demonstrated that modifying pile
shape into tapered or pyramidal forms can improve axial response and stress distribution [1, 2].

One of the more recent developments in pile modification is the rocket pile, which consists of a conventional
monopile fitted with four radial plates (fins) arranged at 90° intervals around the shaft [3]. Most previous studies on
finned or rocket piles have primarily focused on lateral and uplift resistance, evaluating the contribution of fins in
improving lateral load capacity and overturning resistance. However, limited attention has been given to their axial
behavior, particularly under cyclic loading conditions. Understanding pile response under static and cyclic axial
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loading is a fundamental issue in geotechnical engineering. Offshore and coastal structures such as wind turbines,
marine platforms, silos, and transmission pylons are frequently subjected to repeated loading from waves, wind, and
operational forces. The cyclic response of displacement piles in sand depends on several factors, including load
amplitude, load history, embedded length, sand properties, number of cycles, and loading frequency [4, 5].

Poulos (1981, 1988) [6, 7] demonstrated that cyclic loading leads to progressive stiffness degradation and
reduction in shaft resistance, and introduced the concept of cyclic stability zones based on mean and cyclic load levels.
Although design standards acknowledge the importance of cyclic loading, explicit procedures for evaluating cyclic
pile performance are often lacking. Experimental and numerical studies on plain piles [8-10] confirmed that cyclic
loading can induce friction fatigue and progressive reduction in shaft capacity. Other investigations have examined
installation [11] and dynamic response of piles supporting wind turbines [12-14], highlighting the influence of cyclic
degradation on foundation stiffhess.

In parallel, several researchers proposed geometric modifications such as fins or wings to enhance uplift,
lateral, and torsional performance [15-20]. Their results demonstrated a significant increase in tension, lateral, and
torsional capacities when fins were incorporated at the pile toe. Notably, optimizing the fin width to match the
pile diameter and setting the inclination angle () to 90° resulted in notable enhancements in uplift capacity,
reaching up to 1.82, 3, and 6 times that of a normal pile with stiffness ratios (L/D) of 15, 20, and 30, respectively.
Moreover, a novel technology for pile modification involving the use of wings along the pile at specific depths
was introduced as an experimental investigation by Sakr et al. [21]. On the other hand, These studies reported
significant improvements in tension and lateral capacities when fins were installed at the pile toe. However,
despite these advances, the axial cyclic behavior of rocket piles embedded in sand remains insufficiently
investigated. The limited investigation of such approach has been done by Hagemann et al. [22] and Zhou et al.
[23]. In particular, the influence of fin geometry, surface roughness, fin location along the shaft, and cyclic
loading rate on axial performance is not well established. Existing empirical methods for plain piles may not be
directly applicable to rocket piles due to their altered load transfer mechanism.

While previous studies have extensively explored lateral and uplift behavior of finned or rocket piles, there is a
clear gap in understanding their vertical response under cyclic axial loading. The interaction mechanism between fins,
surrounding sand, and cyclic shaft resistance degradation has not been systematically examined. Moreover, the
applicability of existing design recommendations to rocket piles remains uncertain. Therefore, the objective of this
study is to experimentally investigate the axial behavior of single rocket piles embedded in sand under static and
quasi-static cyclic loading. The research aims to evaluate the efficiency of fins in enhancing axial capacity and
reducing settlement compared to plain piles, while examining the influence of key parameters such as relative density,
slenderness ratio (L/D), fin length ratio (Lf/L), fin width ratio (b/D), fin position, and surface roughness. The ultimate
goal is to provide a clearer understanding of the cyclic soil-pile interaction mechanism and contribute toward
improved design guidance for modified piles in sandy soils. The investigated parameters are;

o Slenderness ratio (L/D),
¢ Fin-length ratio (Lf/L),
¢ Fin-width ratio (b/D),

o Fin position, and

o Surface roughness (Ra).

The paper structures contain the following sections of parts. Section 2 presents the experimental testing program,
detailing the test setup, model preparation, material properties, instrumentation, and loading techniques. Section 3
outlines the testing strategy and studied parameters. The results under static loading conditions are discussed in
Section 4, followed by an analysis of the quasi-static cyclic behavior, with particular emphasis on the effects of fin
geometry and surface roughness on load capacity and settlement. Also, it provides a comparative evaluation between
rocket piles and conventional plain piles and introduces practical design charts derived from the experimental results.
Section 5 shed the light in the problem of scale effect. Finally, section 6 summarizes the main findings and
conclusions of the present research.

2. Experimental Program

The following flowchart in Figure 1 illustrates the workflow and briefly presents the methodology process.
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Figure 1. Flow chart of the investigated process and methodology

2.1. Tested Sand and Properties

Vol. 12, No. 05, May, 2026

A well-graded silica sand, classified according to ASTM D422-63 [24], was used in the experimental program.
Based on ASTM D3080/D3080M-11 [25], direct shear box tests were conducted at a relative density of 85% to
determine the shear parameters of the tested soil samples. The internal friction angle was found to be 35°. The sand
was placed in layers with compaction effort; each layer had a thickness of 50 mm, and a manual compactor with a
weight of 30 N was used to achieve the required relative density, as described by Sakr et al. [26] and Basha & Azzam

[27].
2.2. Loading System and Test Model

A schematic of the steel loading system and soil testing model is shown in Figure 2. The tank consists of a
cylindrical cell with an internal diameter of 315 mm and a height of 850 mm. The tank dimensions satisfy the scale
effect requirements [28]. The loading frame includes top and bottom plates, four solid steel rods, a two-way air piston,
and a compressor to generate the required air pressure to move the piston. Four dial gauges with a precision of 0.002
mm were used to measure the vertical displacement of both the soil surface and the modeled pile.

B Toj
Alr piston _P—pllte
\ Compression line

‘Tension line

Regulator
Load cell | |

Steclrod || LDT -
Loadin -
Trame Pile cap

Model pile

Compresser

All Dim. in mm.

Sandy Soil
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35—

Figure 2. Schematic diagram of the model test
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2.3. Typical Piles and Execution Technique

The piles were modeled using solid steel rods with a modulus of elasticity of 2.10 x 10° MPa and a diameter of 17
mm. The fins were fabricated from steel sheets with a thickness of 2 mm and a modulus of elasticity of 2.15 x 10°
MPa. Figure 3 presents a schematic diagram of the modeled pile with three different fin positions. The modeled piles
and fins were coated with a layer of epoxy, and fine sand with a diameter of 0.15 mm, equal to the median particle
size, was sprinkled over the epoxy layer to achieve appropriate pile—soil interaction [29, 30]. The ratios (L/D) of the
test piles were 10, 15, 20, and 25. A non-displacement technique with an undisturbed process was used as the
installation method.

Pile top Pile top Pile top

|

Rocket Pile
Rocket Pile
I

i
=}
f

| Rocket Pile

Pile tip Pile tip / Pile tip ,
(a) () (© (d)

Figure 3. Study variables of finned piles: (a) top fin pile; (b) middle fin pile; (c) tip fin pile; (d) plan section of finned pile

2.4. Testing Approach and Strategy

The studied and testing parameters are shown in Tables 1 and 2, which specify the procedures that were adopted in
this research with suggested testing parameters. Table 2 shows the static load test program and all test series. While
Table 3 mentions repeated variable loading (cyclic tests).

Table 1. Model tests program under static load

Grou Fin position  Fin length ratio  Fin width ratio Pile surface Slenderness ratio  Installation method Test No
p w.r.t pile L/L b/D roughness Ra mm L/D / relative density
| - - - Smooth 10, 15, 20, 30 4
1] - - - 0.075, 0.15, 0.425 10, 15, 20, 30 12
At Top 0.10,0.15,020  050,1.0,150  0.075,0.15, 0.425 20 Nongr'fggﬁzmem 12
i At Middle  0.10,0.15,0.20  0.50,1.0,150  0.075,0.15, 0.425 20 12
At Tip 0.10,0.15,020  0.50,1.0,1.50  0.075,0.15, 0.425 20 12
Table 2. Repeated variable loading cases

Loadingcase  b/D [ frse Pusse P PPy PradPusme %Py

1) 0.50 0.0 400 1257 1455 0.318 0.275 15.75

2) 1.00 0.0 400 1375 1610 0.290 0.248 17.10

?3) 1.50 0.0 400 1492 1780 0.268 0.224 19.30

3. Results

3.1. Results of Static Load Test

The main purpose of the static load test is determining the maximum load capacity of the tested pile under different
slenderness ratios and different surface roughness. The load settlement relationships of a pile with and without fins are
presented in the following sections. The definition of the failure ultimate load capacity of the pile is determined from
the load-settlement charts at the steeper part of the curve. In case of absence of a clear inflection point of the load
settlement curve, the ultimate load capacity of the pile is determined to be equivalent to the settlement of 10% of the
pile diameter. The determination of ultimate capacity (Pu) utilized a hybrid methodology to capture both geometric
and structural failure thresholds. Initially, the 10% diameter settlement rule was employed, following the classical
recommendations of Terzaghi [31] and the codified standards in ASTM D1143 [32] and Eurocode 7. This provides a
uniform benchmark for defining the ultimate limit state in displacement piles. Furthermore, to evaluate the specific
stiffening effects of the finned geometry, the Tangent Method [33] was integrated. This second technique pinpointed
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the inflection point where settlement rates accelerate sharply relative to load increments. This dual-layered analysis
ensures that the observed benefits of finned configurations are validated against both serviceability requirements and
theoretical stability.

3.1.1. Load-Displacement Diagrams for Static Test

First, the behavior of standard piles under vertical static load was examined to obtain essential reference data for
meaningful comparison. The load-settlement relationships for piles without fins, at a relative density of 85%, for
different surface roughness conditions and slenderness ratios (L/D), are shown in Figure 4.
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Figure 4. Load-settlement relationships for tested piles without fins at Dr = 85%6:(a) smooth pile surface; (b) rough pile
surface Ra =0.15 mm; (c) rough pile surface Ra =0.425 mm
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The failure load is defined as the axial failure load for all test series. The ultimate load corresponds to the point on
the displacement curve where displacement continues to increase at a constant load. For smooth pile surfaces, the
ultimate loads were 510 N, 746 N, 942 N, and 1100 N corresponding to L/D ratios of 10, 15, 20, and 30, respectively,
as shown in Figure 4-a. For piles with an average surface roughness (Ra) of 0.15 mm, the ultimate loads were 550 N,
962 N, 1257 N, and 1414 N for L/D ratios of 10, 15, 20, and 30, respectively, as shown in Figure 4-b. For piles with
an average surface roughness of Ra = 0.425 mm, the ultimate loads were 667 N, 982 N, 1316 N, and 1453 N
corresponding to L/D ratios of 10, 15, 20, and 30, respectively, as shown in Figure 4-c. Overall, the ultimate load
increases with increasing slenderness ratio and surface roughness.

The load—settlement curves are nonlinear and tend to become approximately parallel to the settlement axis at
higher loads. A clear increase in the ultimate load is observed with increasing slenderness ratio and surface roughness.
At the initial stage, the load—settlement curves are similar until the surrounding soil reaches its yield stress, after which
the curves become nonlinear. Surface roughness affects the load—settlement behavior and enhances the ultimate load
capacity. The linear portion of the curve increases with increasing surface roughness, particularly for shorter piles.

It can be concluded that the effects of surface roughness and L/D ratio are clearly illustrated in Figure 4, which
establishes a baseline by examining piles without fins. The comparison includes smooth surfaces and two levels of
roughness (Ra = 0.15 mm and Ra = 0.425 mm). Regarding the influence of L/D, in all three figures, as the L/D ratio
increases (i.e., the pile becomes longer and more slender), the curves shift to the right, indicating that longer piles can
support higher loads for the same settlement. In terms of surface texture, comparing Figures 4-a to 4-c shows that
rough piles carry higher loads than smooth piles due to increased skin friction, as the rough surface provides better
resistance against soil movement. Regarding settlement behavior, as the load approaches the ultimate capacity, the
curves become steeper. Rougher piles exhibit a more gradual transition in the curve, suggesting a more stable load
transfer mechanism before failure.

3.1.2. Effect of Fin Position on the Load-Settlement Curve

The effect of fin position on the ultimate pile load and the load—settlement curve was examined. The results clearly
show that for L/D = 20, the optimal fin position is at the pile tip. Figure 5 presents the load—settlement relationships
for a smooth pile with L/D = 20, b/D = 0.50, and Dr = 85% for different h/L ratios. For smooth piles with and without
fins, as shown in Figure 5-a, the ultimate pile capacity of the SP-FB model at h/L = 0.10 increased by approximately
33.4%, 23.1%, and 14.3% compared to the SP, SP-FT, and SP-FM models, respectively. At h/L = 0.15, the ultimate
pile capacity of SP-FB increased by about 66.7%, 51.0%, and 33.3% relative to SP, SP-FT, and SP-FM, respectively,
as shown in Figure 5-b. At h/L = 0.20, the ultimate pile capacity of SP-FB increased by approximately 108%, 67%,
and 56% compared to SP, SP-FT, and SP-FM, respectively, as illustrated in Figure 5-c.

At a constant fin width, increasing the h/L ratio leads to an increase in fin efficiency. For the SP-FB model, fin
efficiency increased by approximately 25% and 56% at h/L = 0.15 and h/L = 0.20, respectively, compared to h/L =
0.10. For the SP-FM model, the increase was about 7% and 14% for h/L = 0.15 and h/L = 0.20, respectively.
Similarly, for the SP-FT model, fin efficiency increased by approximately 2% and 15% at h/L = 0.15 and h/L = 0.20,
respectively, relative to h/L = 0.10, as shown in Figures 5-a to 5-c. The results indicate that, at a constant fin width, the
ultimate pile capacity increases with increasing h/L ratio. In general, as the ratio increases from 0.10 to 0.20 (i.e.,
longer fins), the load—settlement curves shift further to the right. The h/L = 0.20 case (Figure 5-c) shows the most
significant improvement, nearly doubling the load capacity compared to the pile without fins. Additionally, piles with
fins sustain higher loads before reaching the point of rapid settlement.
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Figure 5. Load-settlement relationships for test piles with and without fins at Dr = 85%; L/D=20; b/D=0.50:(a) h/L=0.10; (b)
h/L=0.15; (c) h/L=0.20

3.1.3. Effect of Fin Length Ratio on the Load-Settlement Curve

Figure 6 presents the load—settlement curves for piles with and without fins at a relative density of 85%, with L/D
= 20 and b/D = 0.50, for three different fin positions: at the pile top, middle, and tip. The experimental results in
Figure 6 show that the ultimate pile load increases with increasing fin length ratio. The lowest increase in ultimate
capacity was observed when the fin was placed at the pile top, with increases of approximately 8.39%, 10.51%, and
25.0% for h/L = 0.10, 0.15, and 0.20, respectively, compared to the regular pile (SP), as shown in Figure 6-a. The
highest increase in ultimate load occurred when the fin was positioned at the pile tip, with increases of about 33.44%,
66.77%, and 108.50% for h/L = 0.10, 0.15, and 0.20, respectively, as shown in Figure 6-c.

For fins placed at the pile middle, the increases were 16.70%, 25.0%, and 33.0% for h/L = 0.10, 0.15, and 0.20,
respectively, as shown in Figure 6-b. These results indicate that placing fins at the pile tip is more effective, as it takes
advantage of higher confining pressure at greater depths and increases the end-bearing area, making it more difficult
for the pile to penetrate further into the soil.
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Figure 6. Load-settlement relationships for test piles with and without fins at Dr = 85%; L/D=20; b/D=0.50 for different fins
positions :(a) fins at top; (b) fins at middle; (c) fins at tip
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3.1.4. Effect of Fin width Ratio on the Ultimate Pile Capacity

The pile load capacity of a single pile with fins is significantly influenced by the fin width ratio. Figures 7-a to 7-c
illustrate the variations in the increase of ultimate load capacity for different fin positions and fin-length ratios (h/L).
For example, when h/L = 0.10, the ultimate load capacity increases by 8%, 17%, and 25% of its initial value for piles
SP-FT, SP-FM, and SP-FB, respectively, as shown in Figure 7-a, with the fin width ratio varying from 0.50 to 1.50.
Similarly, at h/L = 0.15, the increase ranges from 6% to 41% for the same piles, as illustrated in Figure 7-b. For h/L =
0.20, the increase ranges from 16% to 33%, as shown in Figure 7-c. However, for pile SP-FT at h/L = 0.10, 0.15, and
0.20, varying the fin width from 0.50 to 1.50 has a negligible effect on increasing the ultimate load capacity, as
observed in Figures 6-a to 6-c and reflected in Figures 7-a to 7-c. In contrast, for all other fin positions, a noticeable
improvement in ultimate load capacity is observed within the studied range. Therefore, it can be inferred that the
optimal fin width ratio (b/D) lies at or above 1.0 to achieve maximum ultimate load capacity.

The experimental results show that increasing the fin width ratio enhances the ultimate load capacity due to the
increase in fin width and the corresponding rise in overburden pressure acting on the fins. A larger fin width results in
a greater confined soil volume between the fins, which increases the size of the equivalent cylindrical soil block and,
consequently, enhances shear resistance. As a result, the load capacity of finned piles increases with higher fin width
ratios. Conversely, as the fin width ratio decreases toward zero (i.e., a regular pile, SP), the confined soil volume
between fins diminishes, reducing the equivalent cylindrical block size and ultimately lowering the load capacity until
it approaches that of a regular pile.
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Figure 7. Variation of increase in ultimate load versus b/D for different fins position: (a) h/L =0.10; (b) h/L =0.15; (c) h/L =0.20
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3.1.5. Effect of Slenderness Ratio and Surface Roughness on the Load Ratio

Pile surface roughness also has a significant effect on pile capacity. The effect of average surface roughness (Ra)
with different slenderness ratios (L/D = 10, 15, 20, and 30) on the load ratio (Lr) is presented in Figure 8. The load
ratio was calculated as the ratio of the ultimate pile load for a given case to that of the smooth pile (SP). The load
ratio—surface roughness curves initially exhibit a linear trend and become nearly parallel to the horizontal axis at
higher values. A clear increase in load ratio is observed with increasing slenderness ratio and surface roughness. As
shown in Figure 9, the load ratio increases linearly with increasing surface roughness until reaching a peak at Ra =
0.08 mm.
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Figure 8. Variation of load ratio versus average surface roughness for different L/D
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Figure 9. Variation of load ratio versus L/D for different surface roughness

3.2. Results of Quasi Static Cyclic Pile Load Test
3.2.1. Quasi Static Cyclic loading

The cyclic load was applied using a controlled two-way air piston, which exerted a reaction force against the pile
top. The cyclic test procedure was carried out in the following sequence. After installation of the pile, the axial
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compressive force was increased until reaching the mean static load (Po). The load was then increased by the cyclic
amplitude (Ao) to reach the maximum cyclic load (Pmax) within 60 seconds. Subsequently, the applied load was
gradually decreased by 2A, to reach the minimum load (Pmin) in 120 seconds. After that, the load was again increased
gradually by 2Ato return to Pmax in another 120 seconds. These steps were repeated until 10 cycles were completed.
According to Poulos [34], the significant effects of cyclic loading on piles embedded in sandy soil occur primarily
within the first 10 cycles.

The applied load and the corresponding pile settlement at the pile cap were continuously monitored and recorded
from the start of the initial loading through the 10 cycles until the ultimate pile capacity was reached. The duration of
each force-controlled cycle was approximately 240 seconds.

The measured cyclic load was applied at the pile top during the cyclic tests. The value of the cyclic load was
defined as follows:

P(t) = Py + 220 (1)

where, P(t) is the cyclic load applied at the pile top, Po is the mean static load, Ao is the bounty of the cyclic load,
f is the loading frequency, and t is the time (Figure 10). Table 3 summarizes all variable values used in the cyclic
tests.

P Cyclic period
_________ P max e _r 1
_____ Po/ _N__ T / _N____/__\_
NS Pmin N\ 7~

N
7/
Time

Figure 10. Cyclic loading characteristics

Table 3. Repeated variable loading cases

Prmin Pmax Py, statc Py, oyclic Pmax/ Pu, static Pmax/ Py, cyclic % Py

Loading case  b/D N) (N) (N) (N)

(1) 0.50 0.0 400 1257 1455 0.318 0.275 15.75
(2 1.00 0.0 400 1375 1610 0.290 0.248 17.10
3) 1.50 0.0 400 1492 1780 0.268 0.224 19.30

Figure 11 presents the variation in cyclic load—settlement behavior for ten cycles of a constant amplitude (400
N) under force-controlled loading, with the same relative density (Dr = 85%), slenderness ratio (L/D = 20), fin
length ratio (Lf/D = 0.10), and varying fin width ratios. It is evident from Figure 11 that soil resistance under cyclic
loading differs with changes in fin width ratios (b/D = 0.50, 1.0, 1.50), even under the same loading amplitude. As
shown in Figures 11-a to 11-c, cyclic settlement decreases as the fin width ratio increases. The recorded cyclic
settlements were 1.36, 1.07, and 0.91 mm for fin width ratios (b/D) of 0.50, 1.00, and 1.50, respectively, at the end
of ten cycles. The reduction in cyclic settlement was approximately 26.5% and 33.0% for b/D = 1.00 and 1.50,
respectively, compared to b/D = 0.50.

The unit side surface area of fins for b/D values of 0.50, 1.00, and 1.50 was 68 mm, 136 mm, and 204 mm,
respectively. Accordingly, the increase in fin surface area followed ratios of 1, 2, and 3 for b/D values of 0.50,
1.00, and 1.50, respectively. Experimental results indicate that the side surface area of fins has a minor effect on
cyclic response.
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Figure 11. Variation of pile cap settlement during force-controlled loading cycles: (a) finned pile with fin width ratio 0.50;
(b) finned pile with fin width ratio 1.00; (c) finned pile with fin width ratio 1.50
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3.2.2. Axial Stiffness

Figure 12 presents the axial load—settlement response of the non-displacement pile under force-controlled
cyclic loading with an amplitude of approximately 400 N. The experimental results indicate that greater
permanent deformation occurs at the pile tip due to axial cyclic loading for b/D = 0.50 compared to other fin
width ratios.
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0.6 1
—o—b/D=0.50
0.4 -
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Figure 12. Accumulation of pile head displacement with number of loading cycles-cyclic compression tests

Poulos [34] defined the degradation factor for skin friction, base resistance, and soil modulus as the ratio of the
property after cyclic loading to that under static conditions, to quantify the effects of soil degradation. EI Naggar &
Sakr [35] and Fahmy & EI Naggar [36] introduced the axial stiffness factor (K) to evaluate the effect of cyclic loading
on pile stiffness, as follows:

_ Pmax—Pmin
k= Smax—0min (2)
where, Pmax and Pmin are the maximum and minimum applied loads during each load cycle, dmax and dmin are the
corresponding maximum and minimum displacements, respectively, excluding the permanent settlement accumulated
in previous cycles. Soil underneath the pile tip is densified then its stiffness increases gradually with the axial load
cycling and pile axial stiffness increases with increase fin width ratio.

3.3. Scale Effect

To study the effect of boundary conditions of the cylindrical tank and the extent of the active zone around the
modeled pile, six linear displacement transducers (LDTs) were used to measure pile settlement and vertical settlement
of the soil surface. Two LDTs were used to measure pile head movement (upward and downward), while four LDTs
were positioned at distances of 2D, 4D, 6D, and 8D from the pile centerline. The boundary effect was evaluated in
terms of relative settlement, defined as the ratio between the vertical settlement of the soil surface and the pile
settlement at ultimate load. At a distance of 8D, the vertical settlement of the soil surface was equal to zero. The
average values of relative settlement were 0.04, 0.006, and 0.001 at distances of 2D, 4D, and 6D from the pile
centerline, respectively. These values indicate that the boundary conditions had a minor effect on the results obtained
from the physical model.

To minimize boundary effects, the side distance between the tank boundary and the pile perimeter was set to
9D. Previous studies, including Robinsky & Morrison [37], Nazir [38], Shark & Patra [39], Fattah & Al-Soudani
[40], Fattah et al. [41, 42], and Al-Suhaily et al. [43], suggest that the distance between the pile tip and the bottom
boundary should range from 15D to 30D, which is satisfied in the present model. The ratio of pile diameter (D =
17 mm) to mean grain size (d; ; = 0.525 mm) exceeds 30, indicating that scale effects can be neglected, as
reported by Franke & Muth [44]. Additionally, the surface roughness condition, expressed as Ra/ds; , > 0.003,
follows the recommendation of Lings & Dietz [45], where Ra represents the average deviation of roughness
heights along the pile surface from the mean line.
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3.4. Comparative Study with Other Investigators

Comparison with previous studies shows good agreement. The results are consistent with the work of Uesugi &
Kishida [29], who introduced the concept of normalized roughness. They found that when the surface roughness (Ra)
exceeds a critical value relative to the mean grain size of the sand (ds , ), the failure plane shifts from the pile—soil
interface into the surrounding soil mass. The results confirm that increasing Ra from 0.15 mm to 0.425 mm improves
pile capacity, suggesting that the critical roughness was not fully reached at Ra = 0.15 mm in the tested soil, allowing
further increases in friction as roughness increases.

These findings are also consistent with those reported by Peng et al. [46] regarding finned or star-shaped piles.
Previous research indicates that fins not only increase surface area but also create a soil-plugging effect. The soil
trapped between the fins moves with the pile, effectively increasing the pile diameter to the outer edge of the fins.
Figure 7 shows a near-linear increase in load increment (AP) with increasing b/D, confirming that a larger trapped soil
plug leads to higher bearing capacity. As a result, the pile behaves similarly to a displacement pile with a larger
effective diameter. Accordingly, adding fins significantly increases the ultimate load capacity (Pu), particularly as fin
length (h/L) and width (b/D) increase.

4. Conclusions

Numerous experimental tests were conducted on densely packed sand supporting the rocket pile, examining three
different fin length ratios and three distinct fin width ratios, along with variations in surface roughness and slenderness
ratio. The test results lead to the following conclusions:

¢ The experimental findings indicate that achieving a higher ultimate pile load requires adopting an optimal fin
width ratio (b/D) within or above the range of 1.0.

¢ Pile surface roughness significantly modifies the load—settlement curves and enhances the ultimate pile load.

e The ultimate pile load increases linearly with increasing pile surface roughness until reaching a peak at Ra =
0.08 mm.

e The ultimate pile load is considerably higher when fins are positioned at the pile tip compared to the pile top,
with an increase ranging from 2 to 4 times.

o Similarly, the ultimate pile load is higher when fins are positioned at the pile tip compared to the pile middle,
with an increase ranging from 1.5 to 3 times.

e The stiffness of the soil surrounding the pile shaft, as observed during cyclic compression testing of finned
piles, increases with increasing fin width ratio.

5. Nomenclature

Pile embedded depth Lf Fin length
Pile external diameter b Fin width
Number of cycles Dr Relative density
Ao Axial cyclic load amplitude ds0 Soil median particle size
Pmax Maximum axial cyclic load Ra Surface roughness
Pmin Minimum axial cyclic load Lr Load ratio
Po Mean axial cyclic load t Time
F Frequency of cycles T Cyclic period
Pu static Ultimate pile capacity under static load Pu cyclic Ultimate pile capacity after 10 cyclic
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