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Soil Subsidence Around the Pile under Lateral Cyclic Loading in Granular Soil
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ABSTRACT: In many structures, such as offshore wind turbines, single piles are used in the foundation.
These structures are subjected to cyclic loads such as wind and waves. The cyclic load applied to the
foundation causes a convective flow of soil around the pile and also to appear subsidence around the Revised: Jan. 25, 2025

pile. The geometry of soil subsidence is influenced by loading frequency, pile embedded length, and soil ~ Accepted: Apr. 02, 2025
density. The amount of subsidence based on the number of cycles around the pile, the impact of cyclic ~ Available Online: Apr. 21, 2025
loads on the pile’s bearing capacity, and variations in loading frequency on the subsidence around the pile
have consistently been topics of interest among researchers. To address this question, an experimental
program was designed to provide answers. In this research, piles with different embedded lengths
have been subjected to one-way cyclic loading. Cyclic tests have been performed with three various
frequencies in loose and dense sandy soil. The results of the tests indicate that the depth and radius of
the soil subsidence around the pile are various, according to the embedded length of the pile, loading
frequency, and soil density. Based on past research and laboratory data, a relationship to estimate soil
subsidence depth has been provided and the constant coefficients of this equation have been determined
and calibrated. As a result, it is possible to predict the amount of soil subsidence around the pile in each
cycle by using this relationship. Also, the results of static loading of the pile before and after applying
cyclic loading show that the bearing capacity of the pile may increase or decrease, depending on the
soil density in the initial state and the redistribution of soil particles after cyclic loading. In addition, the
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loading frequency has no considerable effect on the static bearing capacity after cyclic loading.

1- Introduction

In recent decades, wind turbine construction has increased
globally due to growing demand for renewable energy, with
monopiles being the dominant foundation type making up
79% of offshore installations in Europe [1].

While much research has examined soil-pile interaction
under lateral cyclic loading [2, 3], fewer studies have
addressed the subsidence of surrounding soil. Experimental
and field evidence shows that such loading can trigger the
convective motion of soil particles around the pile, resulting
in time-dependent subsidence [4]. This may reduce, have no
effect on, or even improve pile bearing capacity [5], while
increasing deformation, depending on initial conditions and
loading characteristics [6, 7].

This convective movement termed rafcheting creates
voids at the pile-soil interface, allowing sand migration and
local densification [8]. Particle flow is typically more intense
behind the pile, causing asymmetric subsidence [9]. As
shown in Figure 1, this affected zone can extend up to 1.5 pile
diameters laterally and vertically. Two phases characterize the
process: initial densification with subsidence and increased
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resistance, followed by a convective phase with reduced
subsidence and stiffness gain, driven by redistribution of
shear stress toward weaker zones [10].

This study investigates the effects of loading frequency
and pile embedment depth in dense and loose sands on
subsidence and static bearing capacity. Cyclic one-way
loading was applied at three frequencies to piles with varying
embedments. Additionally, by reformulating time-based
subsidence models using the number of cycles as the main
variable, a more practical predictive approach is proposed.

2- Materials and Method

Wind turbine foundations are installed in various soils,
from compacted sands to stiff clays and rocks. For instance,
the North Sea soil layers are sandy[ 11]. This study focuses on
sand-pile interaction, similar to previous research [12]. The
soil used is Firouzkooh sand, classified as poorly graded sand
(SP).

A PVC pipe with a diameter of 63 mm and embedded
lengths of 400 mm, 600 mm, and 800 mm was used as the
pile. Length-to-diameter ratios between 6 and 13 were chosen
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Fig. 1. Convective movement of sand particles around
the pile [9].

to represent both rigid and flexible piles.

The laboratory setup consists of a loading system, soil
container, rainfall apparatus, and data recording system
(Figure 4). The pile is subjected to cyclic lateral loading
using a motor-controlled system and load cell. The loading
frequency used in this study is between 0.07 Hz and 0.28
Hz, in line with typical loading frequencies for wind turbine
foundations [13].

The soil container was filled layer by layer with sand,
maintaining the pile’s verticality. After installation, cyclic
loading was applied, and displacement sensors measured
lateral movement and soil settlement. Loading ratios of 0.4
(§,=0.4) and 0 (§, = 0.4) were used for 5000 cycles at three
different frequencies. Static tests were conducted to determine
the pile’s bearing capacity before cyclic tests.

To minimize scale effects, the experimental parameters
followed dimensional analysis, with a scale ratio of 1:60.

A key limitation of this study is the exclusion of water,
which would affect sand behavior by altering pore pressure
during cyclic loading. While dry sand tests may offer results
similar to saturated sand tests, water-flushing effects, and
particle mobility would likely complicate the results [14].

3- Results and Discussion

This study investigates the subsidence behavior around
piles embedded in loose and dense sand subjected to cyclic
lateral loading at three different frequencies (0.07 Hz, 0.14
Hz, and 0.28 Hz) and varying embedment depths.

Subsidence increases with greater pile embedment depth
due to higher applied loads. Increasing the loading frequency
results in an average 10% increase in subsidence, especially
in shorter piles. Over 60% of total subsidence occurs in the
first 200 cycles, with more than 20% occurring in just the first
10 cycles.

A time-dependent model initially used for scour around
piles [15] was applied to subsidence data [14], expressed
by:
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Experimental data fit this model well (R* = 0.99) for
both loose and dense sand. Coefficient values closely align
with those reported in previous research [14], supporting
the model’s validity. Minor differences are attributed to soil
gradation and compaction.

Since frequency is variable, number of cycles replaces
time as the key parameter:

fefod]

Models were developed for both sand types (loose and
dense), enabling estimation of subsidence at any cycle count
using average values: N = 95 and S_ = 6-18 mm.

Post-cyclic static lateral loading tests showed that in loose
sand, subsidence densifies the surrounding soil, increasing the
lateral resistance. In dense sand, rearrangement of particles
may reduce or restore the pile’s initial load-bearing capacity.

4- Conclusion

-Increasing the pile’s embedment depth leads to more
subsidence, with the subsidence depth averaging about
3.5% of the embedment length. This is due to soil particle
redistribution and convective flow.

-Higher loading frequencies cause more subsidence,
with a 10% increase in subsidence depth for each frequency
doubling (from 0.07 Hz to 0.14 Hz, and 0.14 Hz to 0.28 Hz).

-The radius of subsidence is directly related to its depth,
being 1.8 times the depth in loose sand and 2 times in dense
sand, due to compaction and particle redistribution around
the pile.

-Loading frequency does not significantly affect the static
lateral bearing capacity after cyclic loading. Forces at given
displacements were almost identical across frequencies.

-In loose soil, bearing capacity increases by 10% to 50%
after cyclic loading due to soil compaction, while in dense
soil, it decreases by 5% to 20% due to particle redistribution.
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Fig. 1. Convective movement of sand grains around the pile
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Fig. 3. Grading of Firoozkuh sand used in the experiment
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Table 1. Specifications of Firoozkuh sand

Gs oy SRz b ol uSile (5 19Ks gy (sLioxdl g i

dso: mm Cu C.

YV AR /A \IY

oy Oladudo =Y =Y
Avemm g Fee Fee pgdie Jobo o Y MM L3 L 0 (g9 2 Ay
o Sl 48515 odlial y90 JEmg% (Rl 3 @ Gl
Oy 4l zad (S 4 o Ol (g 4 g Jlad & Jobo il
@ Jsb s sl o aslid pdy Sllasl plyie 4 (S g o ged
o el 1:60 ° ol Camd 9 W B F oo Gidghs cpl )0 gedd ylad
FAX- AN VD b ay Jobo (gla o Lo gy s 5
Ve g VAs e e A AXS AN cla oo Cand L YA 5 ¥
69 2 s Ayl SUlKe Glasuine [YY-YY YV F] cl odd sanli

ol 01 039 ¥ gl )3 o3liol 590 o

1. Scale ratio

0ot

_6AV,
5 zB*

By cuniind o AV icandind Gae S dal) ol
s bl ol ez (6595 ©)jgum 2z 0 )l dlasly A3l (oo o
a4y 0,5 4y ol (I 3 o s By i b glass 453
P &S b dagi Bb smad D)l (0L 0,8 Jes 50ty (o mewd
R Sy g gl 33 00 Dbl Gy b glad 48,k S sl ()35
awle SB > ged 8te Jobo g (IS uilS p Sl 50
IS )L Sl cov gt SlbI Cuniigd p Cuns g oSl (]
SISk 420 5l w9 U @od (Solil (6l b )b o olpen &
Jloel b (g ol 53 canl 8,55 5118 4255 390 gale yob 4 (S
o diged du (g9 Al (IS )l l)8 dw )3 )by S L
Connig d duodid s 9 oSyl dwlo ;> Oglite (p9die slo Jobo L
43 )5 )8 oy 2 2590 0Bl )3 (Sl (600l il g zas Sl )
ools il s oy Saingss e bangs o il abaly uisxan Cal
s ol 2 Cannin B (55 el 9 3L (oo (loj p Canniin B sl
Febl 4 oloj yrably s b (BmgR cpl )3 2 dgg 03l & S
2 Comadigd e (e38 ISl calid (3500 S 5SS ol
ol 035wl S aes pulul

o ploil (yog, Y
ol 5y90 S =Y Y

o5 1te (sl dulo Sl amg 039050 53 (3L (sl (s sl ol (2
Sl Y ises Glois 4 Nad 0 cual b S g Cows sl oy U
DSl Gieogy ol 3 [YA] el anle g5 5l Jlod b 5 S
Cawl 04 48,5 a5 3> ladses | )l Ale o b awle g4 51 SB
[ry-y.]

Al &S WL 0 065 jopd dwle pils imgh 50 edlaiwl 5yg0 S
Y Jsds ) awle Glastie .l odd o3y ioles ¥ S 3 )] oo
ol (g Al W dwle (laie &y Ui i (gd ddb > S ol &)

39 e a5l (SP)



03] 3580 855 39 3 dulo (o gy (g1 Kol )b Y o

Table 3. Shear parameters of the Firoozkuh sand used
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Table 2. Specifications of the PVC pipe used
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Table 4. List of tests
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Table 5. Dimensional analysis for laboratory models under 1g conditions
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Table 7. Values of Te and Se using relation (3)

Se(mm) Te (h) ol Se (mm) Te (h) Sl
\Ydias FI¥A L40F0.28H VE/20 Y/EY L40F0.28L
V¥/AY AYD L40F0.14H ARVAN AIYO L40F0.14L
VYA VY1 L40F0.07H VAV/VY a/vy L40F0.07L
YY/AY FIYA L60F0.28H AAVA /YA L60F0.28L
YeIvY £IAN L60F0.14H ARIATS AIYO L60F0.14L
\F/af /vy L60F0.07H VAIDS VY8 L60F0.07L
YAIVA FIYA L80F0.28H Y- IVO /YA L80F0.28L
Y&IYY FIANY L80F0.14H YVIVE £IAN L80F0.14L
Y¥/A- \Y/8 L8OF0.07H Y¥/ /vy L80F0.07L
10 1.2 1
P
104 I 1.0 -
0.8 0.8 1
< 0.6+ § 0.6
0O L40F0.28H ) O L40F0.28L
0.4 - O L40F0.14H 0.4 4 O L40F0.14L
A L40F0.07H : /A L40F0.07L
Vv L60F0.28H Vv L60F0.28L
< L60F0.14H < L60F0.14L
0.2 1 X L60F0.07H 0.2 4 % LBOF0.07L
<7 L80F0.28H <# L80F0.28L
O L80F0.14H O L80F0.14L
0.0 - X LBOFQ.07H 0.04 X L80F0.07L
—— Equation 5 . —— Equation 4
0.0 05 10 15 20 00 05 10 15 20

UTe
51 e dwlo 3 Comliig 8 3o a9 (Sloj @U A S

Fig. 8. Dimensionless time function of subsidence
depth in dense sand
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Table 8. Values of Ne and Se using relation (3)
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Table 9. Depth and radius of subsidence in different piles along with their ratios
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Fig. 12. Force-displacement graph of a pile with 600
mm embedded length in loose soil
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