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ARTICLE INFO ABSTRACT

Keywords: Bio-inspired root pile (abbreviated as root pile) is a new type of bio-inspired foundation, which has a broad
Bio-inspired root piles (Root pile) application prospect in the development and construction of China's South China Sea area due to its good
Coral sand

bearing characteristics such as pullout bearing capacity. The effect of root buried depth on the uplift bearing
characteristics of root piles is analyzed through the model test of uplift bearing of root piles with different root
buried depths in coral sand foundation. The results show that increasing the root buried depth can improve the
ability of the root pile to control the uplift displacement, and there exists an optimal buried depth or range of
buried depths that can effectively improve the pile foundation's uplift bearing capacity and control the ultimate
displacement. The attenuation of axial force at the root is in the form of a step; with the increase of root buried
depth, the maximum value of lateral friction resistance develops from the lower part of the pile body without
root to the upper part of the pile body without root. The range of the bearing ratio of the root section of the pile
with root buried depth of 260mm, 340mm and 420mm is 12.33%-15.68%, 9.98%-17.82% and
7.61%-21.65%, respectively; the smaller the root buried depth is, the higher is the ratio of the bearing ratio of
the root section at the beginning of loading, and the bigger the root buried depth is, the bigger is the ratio of the
root's final bearing ratio. The change of soil pressure around the pile increases and then decreases, and the
densest point of soil compacting moves upward with the increase of root buried depth. The research results
provide scientific basis for the design of root pile buried depth and root arrangement in actual projects.

Pullout resistance
Root buried depth
Bearing characteristic

focus. This optimization aims to fulfill requirements pertaining to
load-bearing capacity and cost-effectiveness.

1. Introduction

Offshore wind is an important renewable energy source (Li et al.,
2022). One area that scholars have explored in this regard is the
design of offshore wind power facility foundations. Additionally,
these foundations may encounter diverse environmental conditions
such as coral sand or weak ground foundations. The distinctive
engineering properties of coral sand bear significant implications
for the safety of offshore structures (Fang et al., 2015, 2023, Hu
et al., 2023a, 2023b; Peng et al., 2021; Wang et al., 1997). Opti-
mizing the foundation design for offshore wind power generation
facilities in coral sand settings has become a significant research
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Bio-inspired root pile (abbreviated as root pile) is a new type of bio-
inspired foundation, which is formed by mimicking the roots of a tree
by pushing a root into the sidewall of the pile (Yin, 2007). The design
calculation of root piles in actual projects mainly involves bearing ca-
pacity, displacement and root arrangement. The root arrangement in-
cludes the number of layers of root, the spacing between layers of root,
the number of roots in each layer and the buried depth of root.
Therefore, scholars have carried out a large number of field tests, nu-
merical simulations and theoretical researches around the actual pro-
ject, and investigated the characteristics of root piles under different
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loads, different foundation properties and different root arrangements.
(Gong et al., 2015; Luo et al., 2022a, 2022b; Mu et al., 2010; Wang
et al., 2024; Zhou et al., 2021). Regarding the root pile bearing me-
chanism, Zhang et al. (2020) presented the distribution of root pile
resistance to pullout displacement field through transparent soil model
tests, which elucidated the root pile bearing mechanism. In the theo-
retical study of root foundation design calculation, Luo et al. (2022a,
2022b) developed a modified hyperbolic load transfer model for non-
linear settlement analysis of root piles in multilayer soil. This was fol-
lowed by the introduction of an extended beam model of nonlinear
Winkler foundation (BNWF) that considers soil-root interactions for
analyzing the nonlinear behavior of root foundations under transverse
loads in 2022. Yu et al. (2023) proposed a root foundation compressive
damage mode, which served as the basis for deriving the formula to
calculate the compressive ultimate bearing capacity of root founda-
tions. Hu et al. (2010) derived an elastic solution for the bearing per-
formance of root sinkholes containing bent roots by incorporating root
bending and overlap folding effects into the load transfer method and
the Winkler foundation beam theory (Hu et al., 2010; Luo et al., 2022a,
2022b; Yancheng et al., 2023). Building on experimental results, Wang
et al. (2024) put forward three types of root foundation pullout damage
modes. Subsequently, they developed the formula for calculating the
root foundation pullout bearing capacity. With respect to the root
foundation pullout bearing characteristics, Wang et al. (2023) and Fang
et al. (2024) investigated the impact of relative foundation compaction,
foundation water content state, and the number of root layers on the
root pile pullout bearing characteristics in coral sand foundations. The
current research on root foundations mainly focuses on the vertical,
horizontal and joint bearing characteristics of root foundations in loess,
clay, silty sand and coral sand foundations. The depth of root is an
important design parameter for the design calculation of root piles. If
the depth of root is too shallow, the bearing capacity of root piles will
be low, and if it is too deep, it will affect the number of layers of root
and thus reduce the bearing capacity of root piles. The existing studies
have not considered the effect of root depth on the bearing character-
istics of root foundation, and the reasonable range of root depth is an
important issue to be solved in the design calculation of root pile. In
addition, coral sand foundations have special engineering mechanical
properties, and no research has been reported on the bearing char-
acteristics of root piles in coral sand foundations with different root
buried depths.

The primary loads acting on the foundations of offshore structures,
such as offshore wind turbine power generation, are scouring and uplift
forces induced by wind and seawater. Piles, serving as typical uplift-
resistant foundations, have been extensively utilized in marine en-
gineering. Predicting the uplift capacity and displacement of uplift-re-
sistant piles is a crucial aspect of engineering design, and researchers
have undertaken numerous investigations on various types of piles
(Aamer et al., 2023; Lei et al., 2022; Liu et al., 2011; Malik et al., 2019;
Moayedi & Mosallanezhad, 2017; Moayedi & Rezaei, 2019; Qi et al.,
2015; Vignesh & Muthukumar, 2023; Zhang et al., 2018). Liu et al.
(2023) formulated a theoretical prediction equation for the ultimate
uplift capacity of a single pile based on the Hoek-Brown criterion. Apart
from equal-diameter piles, anchor piles, helical piles, flared-bottom
piles, and extruded flared support disk piles are commonly employed as
pullout-resistant piles. Anchor piles find wide application in mar-
iculture. Gui et al. (2021) analyzed the impact of initial tension angle,
pile diameter, buried depth, and pile type on the pullout resistance of
anchor piles under inclined loads. Vignesh and Muthukumar (2023)
examined the pullout resistance and horizontal properties of helical pile
groups in soft soils using finite element modeling, proposing an optimal
spacing ratio between pullout-resistant grouped piles and horizontal
grouped piles. Moayedi and Rezaei (2019) devised a formula for cal-
culating the ultimate pullout capacity of spread base piles in cohe-
sionless soils based on an artificial neural network model. The funda-
mental concept behind research on resistant piles mirrors that of
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compressive piles, focusing on observing the bearing deformation
characteristics of the pile foundation, exploring its bearing mechanism,
and ultimately establishing a design calculation approach to predict its
bearing deformation (Moayedi & Rezaei, 2019; Qi et al., 2015; Ma
et al., 2020, 2023; Polishchuk and Maksimov, 2018; Yao and Chen,
2014; Yao and Xiao, 2019). The buried depth of roots is a pivotal
parameter for designing and calculating root piles, significantly influ-
encing their pullout bearing properties. Notably, investigations on the
buried depth of roots in coral sand foundations are scarce.

To summarize, the current research on pullout piles mainly focuses
on the pullout bearing capacity and deformation law of various types of
profiled piles, but the pullout bearing characteristics of root piles in
coral sand foundation with different root buried depths have not yet
been reported in the research. In this paper, we analyze the pullout
bearing characteristics of root piles in coral sand foundation through
model test to reveal the bearing mechanism of root piles, which can
provide scientific basis for the design of root piles' buried depth and the
arrangement of root piles in actual projects, and it is of great sig-
nificance to promote the development and application of root founda-
tion.

2. Material and methods
2.1. Coral sand

The coral sand used in the experiment was consistent with the
previous study (Wang et al., 2023, 2024; Fang et al., 2024), which was
taken from an island reef in the Chinese waters, and the grain size
composition is shown in Fig. 1A, and the physical parameters are shown
in Table 1.

2.2. Test model device

The test setup comprises five components: a stand, model box,
loading device, load transfer apparatus, and stabilizing mechanism, as
illustrated in Fig. 1B and G. The stand functions as a crane, while the
model box is a rectangular structure with internal dimensions of 1 m X
0.8m X 0.8m (length x width x height). The loading device consists
of a weight, and the load transfer apparatus involves a 3 mm steel wire
and a fixed pulley. Additionally, a counterweight attached to the crane
serves as the stabilizing mechanism to prevent tipping over.

The similar material of the model pile adopts plexiglass, the density
and other parameters of this kind of material can better meet the re-
quirements of the model test, and the deformation is easy to measure,
the density of plexiglass is 1180 kg/m?, the modulus of elasticity E is
2.5 GPa, Poisson's ratio v is 0.367. This test adopts three root piles with
1-layer root, shown in Fig. 1D-F, and the buried depth of the root is
260 mm, 340 mm and 420 mm, and the diameter is 40 mm. The length
of the root pile is 550 mm, and the diameter is 40 mm, the model box
size and pile size meet the requirements of boundary effect (Wang et al.,
2024). The dimensions of the model box and the pile dimensions satisfy
the requirements of the boundary effect (Wang et al., 2024). The de-
tailed dimensions of the root are shown in Fig. 11, and the root exposed
outside the pile body is a rectangular body with length x width X
height of 1I5mm X 6 mm X 6 mm (Wang et al., 2024). The construc-
tion process of the root pile can be mainly divided into four steps:
digging the hole, lowering the steelObar cage, jacking the root, and
pouring the concrete. Among them, the root jacking can be done by
mechanical jacking and manual jacking, and the mechanical jacking
can be divided into two ways based on the construction platform
jacking and fully mechanized single-arm device jacking (Yin, 2015).
From the aforementioned construction steps, it can be seen that the root
is bonded to the pile body by concrete, which can be simplified to a
fixed end.

The model test data acquisition system includes a data acquisi-
tion box, an earth pressure box, a strain gauge and a displacement
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Fig. 1. (A) Proportion of soil grains in each grain group; Test model device diagram (Wang et al., 2024): (B) Physical diagram of the test setup, (G) Schematic
diagram of the uplift device; (C) 1 layer of AB adhesive on the surface of the strain gage and the interface treatment with the pile body; Test piles for the study of the
effect of root buried depth on the pullout bearing characteristics of root piles: (D) The root buried depth is 260 mm, (E) The root buried depth is 340 mm, (F) The root
buried depth is 420 m (Wang et al., 2024); (H) Sensor layout of root piles; (I) Detailed dimensional drawing of root (Wang et al., 2024); (J) Q-S curves of root piles
with different root buried depths; (K) Relation curve between ultimate pulling capacity Q, and buried depth of root; (L) Relation curve between ultimate dis-
placement S, and root buried depth; (M) Displacement curves of pile tops for each pile subjected to ultimate uplift loads for other working conditions.

Table 1
Physical parameters of coral sand (Wang et al., 2023).

G Cy Ce dyo dso deo €max €min

2.78 1.77 0.91 0.26 0.33 0.46 1.14 0.68

gauge. The earth pressure box used in this paper is the BWM type
(miniature) earth pressure sensor produced by Chaoyuan
Instrument Factory in Liyang City, with a diameter of 16 mm and a
measuring range of 1 MPa, which can work in saturated water en-
vironment. The bottom end of the buried earth pressure box is
rammed with soil, and the upper part is covered with a layer of fine
sand, which is used to measure the earth pressure of the foundation
soil layer. The strain gauge is BE120-3AA-P3k resistance strain
gauge manufactured by AVIC Electrical Measuring Instruments Co.,
LTD. The resistance value is 119.9 = 0.1 Q and the sensitivity
coefficient is 2.17 + 1%. Displacement meter is used to measure
pile top displacement. The displacement meter used in this model
test is the TST-50 strain gauge displacement meter produced by
Jiangsu Teste Electronic Equipment Manufacturing Co., LTD., with
a measuring range of = 25mm and a sensitivity of 0.12733mV/
mm. It is characterized by high sensitivity and good stability.

2.3. Similarity ratio of the model

The model test is designed according to the second theorem of simi-
larity, and the similar parameters are taken as geometry, pile density, ac-
celeration, force, stress and pile elastic modulus. Since it is a static test, it is
not possible to completely satisfy the similar indicators, this study focuses
on the root pile pullout bearing characteristic law, and the approximate
satisfaction of the similar indicators can achieve the purpose of the study.
The prototype pile simulated in this model test is made of C40 concrete with
density taken as 2430 kg/m> and modulus of elasticity taken as 32.5 GPa
(Wang et al., 2024). The geometric similarity ratio is taken as 1:40, and the
other similarity ratios are calculated through the similarity indexes to obtain
the pile density similarity ratio of 2.06, acceleration similarity ratio of 1,
force similarity ratio of 18768, stress similarity ratio of 11.73, and elastic
modulus similarity ratio of 11.73.

2.4. Testing program

Root piles with 1-layer root with root buried depths of 260 mm,
340 mm and 420 mm were set up for comparative tests with three
working conditions. All the piles with 1 layer root are used, and the
number of roots in each layer is 6, and the relative compaction of the
foundation is 0.65. The test program is shown in Table 2.
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Table 2
The effect of different root buried depth on the pullout capacity of root piles test
group.

Case Pile type Buried depth(mm)
1 Root pile 420
2 Root pile 340
3 Root pile 260

Note: The buried depth of a root is the distance of the midpoint of the root in
the height direction from the surface of the foundation.

The data acquisition system consists of a data acquisition box, a
computer, sensors, and wires. The data acquisition box visualizes the
signals from the sensors as various data plots on the computer through
the wires. The arrangement of earth pressure box, strain gauges and
displacement gauges are shown in Fig. 1H.

2.5. Testing procedure

The test process mainly includes: ©® Strain Gauge Adhesion:
Adhesive 1 layer of AB adhesive on the outer surface of strain gauges to
ensure that the strain gauges are not damaged during the test, as shown
in Fig. 1C (Wang et al., 2024); @ Pile Interface Processing: Adhesive 1
layer of W50 sandpaper on the pile body, and coral sand at the root to
simulate the contact between the pile-soil interface, as shown in Fig. 1C
(Wang et al., 2024); ® Checking whether the sensors are working
properly; @ Foundation preparation and sensor placement: The mass of
coral sand was calculated according to the measured maximum and
minimum dry density of the coral sand and the relative compaction of
0.65 for each layer of coral sand. It was then compacted to the ap-
propriate height. The earth pressure box is buried at the same time as
the foundation preparation, and the displacement meter is set at the top
of the pile after the foundation preparation is completed; ® Loading, the
slow and continuous loading method was adopted, and data collection
was started at the same time (Wang et al., 2024).

The loading procedure is shown below (Ministry of Housing and
Urban-Rural Development of the People’s Republic of China, 2014):

@ Graded loading: load according to 50N for each grade, the first
graded load is taken as 2 times of graded load, i.e. 100 N, and each
subsequent grade load is 50 N;

@ Deformation observation: after each level of loading is applied, re-
cord the displacement of pile top at 5 min, 10 min, 15 min, 30 min,
60 min, 90 min and 120 min after loading;

® When the settlement rate of pile top reaches the relative stability
standard, the next level of loading can be applied. Relative stability
criterion of test pile: the settlement of pile top shall not exceed
0.1 mm in each hour and occur twice consecutively (starting from
the 30th min after the application of graded load, calculated ac-
cording to the settlement observation value of every 30 min for
three consecutive 1.5 h);

@ After the pile is pulled out from the soil, then the loading is stopped.
3. Results
3.1. Q-S curve

The Q-S curves of root piles under different root buried depths are
shown in Fig. 1J. The Q-S curves of all pull-out piles are of steep drop
type, and the ultimate pull-out bearing capacity is the load at the

starting point of steep drop (Gong, 2015). The ultimate pull-out bearing
capacity Q, and the corresponding displacement S,, of 1-layer root piles
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with buried depths of 260 mm, 340 mm and 420 mm are 450N,
0.267 mm; 500N, 0.232 mm; and 550 N, 0.271 mm, respectively. The
relationship curves of ultimate pullout bearing capacity Q,, pile top
displacement S, and root buried depth are shown in Fig. 1K and L.

The ultimate pullout capacity Q, of root piles with root buried
depths of 340 mm and 420 mm increases by 11.11% and 22.22%, re-
spectively, compared with that of root piles with a root buried depth of
260 mm, as can be seen in Fig. 1K. Q, also increases significantly with
an increase in root buried depth. Fig. 1L shows that as the buried depth
grows, the root pile's S, first falls and subsequently increases. The root
pile with the lowest ultimate pullout displacement, measuring
0.232 mm, is the one with a buried depth of 340 mm. It can be seen that
there exists the optimum buried depth or range of buried depth that can
greatly enhance the pile foundation pullout load capacity and at the
same time the ultimate displacement is relatively small. The ultimate
displacement corresponding to the ultimate bearing capacity of the pile
foundation reflects the displacement control ability of the pile foun-
dation. The smaller the ultimate displacement, the stronger the dis-
placement control ability of the pile foundation. Using the ultimate
pulling load Q, of each pile as the horizontal coordinate and the dis-
placement of the top of each pile under the ultimate pulling load Q, as
the vertical coordinate, a curve is drawn, as shown in Fig. 1M. The
picture shows that when the load is 450 N and the buried depth of the
root increases, the top displacement of the three model piles reduces
first quickly and then somewhat. The uplift displacement increments of
the root piles with buried depths of 340 mm and 420 mm are close to
one another when the load is 500 N. This indicates that while elevating
the root buried depth can help the root piles better control the uplift
displacement, elevating the root buried depth beyond a certain point
has little effect on that ability. The reason for the above phenomenon is
that, with the increase of root buried depth, the force of soil acting on
the root is larger, and the equivalent lateral friction resistance at the
root pile section is higher, on the other hand, the crowding effect of the
root on the soil above can also increase the lateral friction resistance of
the soil above to the pile body, so increasing the root buried depth can
greatly improve the ultimate uplift bearing capacity of the root pile to
resist the uprooting. For the uplift displacement and ultimate dis-
placement S,,, the soil resistance and strength at the root will increase
when the root buried depth increases, so under the same level of load,
the larger the buried depth, the smaller the uplift displacement is, and
the ultimate displacement S, decreases at the beginning of the uplift
resistance; When the root pile bears a large ultimate uplift load, the soil
under the pile body is fully developed, and the ultimate uplift bearing
capacity may be reached during the process of penetrating the plastic
zone around the pile. The greater the buried depth of the root, the
greater the range of the plastic zone around the pile, and the greater the
ultimate uplift displacement S,,. In the actual project, the two factors of
uplift bearing capacity and uplift displacement should be comprehen-
sively considered. The buried depth of the root should not be too small.
A shallow depth will result in a low uplift bearing capacity of the root
pile. However, the buried depth of the root cannot be increased in-
definitely. Beyond a certain depth, the improvement in displacement
control ability becomes minimal. Moreover, increasing the depth too
much may lead to an overstandard uplift displacement. When the root
is multi-layered, the spacing between layers and the number of layers
will also limit how deep the root can be buried.

3.2. Axial force of pile body

The axial force of the pile body Fy is calculated by first measuring the
strain with strain gauges and then calculating according to Formula (1).
Fy = EAe (€]

In the formula, Fy is the axial force of the pile; E is the modulus of
elasticity of the pile; A is the cross-sectional area of the equal diameter
section of the pile; and ¢ is the axial strain of the pile.



X. Fang, Y. Zhang, Z. Wang et al. Biogeotechnics 4 (2026) 100145
A B C
0 - 0r 0. » r
1 #
4 [
100 100 100 Jl =700 N]
—=— 100N ——150 N
= . —e— 150N - 7 ——200 N
E E —&— 200N 3 L A ——250 N
& 200 E 200 e o £ 200 / _:_gggs
5 £ mes I S =
& 300 & 300 eon| 8300 (Y pa
—e— 450N y ./ —*—550N
—— 500N I/ ——600 N
400 400 —e— 550N 400 772> ——650 N
—o— 600N y :;gg x
500 ; : . ; 500 o e 500 ; ; , 80N
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 0 200 400 600 800
Axial force of pile shaft(N) Axial force of pile shaft(N) Axial force of pile shaft(N)
D E F
0 0 0
—=—100N —=— 100N : —=—100 N
NN parl] T, < s g
100 F LU Y —~—250N 100 | LLLILL LA, —v— 250N 100 LWL —v—250N
| lll DL —+—300N | \\\\\\ \{\\ —o— 300N —+— 300N
eAvedq on\o —«—350 N QAVELY ) XN —4— 350 N —<—350 N
= LUAVA NN 400 N = RN 400 N z 400 N
Eo00 | "° v\o LR Eo00 | ® oA Ve exe €200 | —e—450 N
E RN L A e e/ /rg N E 500N
£ WSS 8y 2 T a1 “ason
$300f [/ /v —~on  Baoo | JIITTT NN ~-%oN @300 | ~eson
[a) = /./A/v/o « /0/ / o BOAVS < - Ox. \ —i— 650 N a 650 N
RIS PSES— =
400 IEERBRITR N AANN “o0 (SRR /77%/ 400 | ==
P e u%'! & < )
500 1 1 1 1 J 500 1 1 1 1 1 500 1 1 1 1 1 1 1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 30 35
Side friction resistance of pile body(kPa) Side friction resistance of pile body(kPa)
G H |
0 0 0
—=— 100 N
100 100 H 100
£ B £
£ £ £
= 200 =200 H = 200
a a a
© [} ©
o o [a]
300 300 H 300
400 400 400
-8 -6 -4 -2 0 2 -8 6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 6
Earth pressure(kPa) Earth pressure(kPa) Earth pressure(kPa)

Fig. 2. Axial force diagram of root pile body with different root buried depths: (A) Buried depth 260 mm, (B) Buied depth 340 mm, (C) Buried depth 420 mm; Lateral
friction resistance diagram of root pile under different root buried depths: (D) Buried depth 260 mm, (E) Buried depth 340 mm, (F) Buried depth 420 mm; Soil
pressure diagram of root pile around the pile for different root buried depths: (G) Buried depth 260 mm, (H) Buried depth 340 mm, (I) Buried depth 420 mm.

The axial force diagrams of piles at different root buried depths
are shown in Fig. 2A-C. The axial force of each pile body decays
gradually with the increase of depth, and finally decays to 0, and
the axial force decays at the root show a step-like shape. The root
piles with root buried depths of 260 mm and 340 mm have obvious
sharp decay at the root, while the root pile with root buried depth of
420 mm has the largest rate of axial force decay at the root and the
middle of the pile body. The reason may be that the lateral friction
resistance of the pile body is exerted from the top to the bottom, and
the equivalent average lateral friction resistance at the root pile
section is larger compared with that at the non-root section, so that
the axial force decay at the root section shows a stepped shape. Due
to the crowding effect of the root on the soil above, the upper part of
the root pile without root at a buried depth of 420 mm formed a
great value of lateral friction resistance, i.e., the value of lateral
friction resistance at the densest point of the soil around the pile, so
the root pile with a buried depth of 420 mm had the greatest rate of
axial force attenuation at the root and at the middle of the pile
body.

3.3. Frictional resistance along the pile body

The pile body is divided into 12 segments, and the pile lateral
friction resistance is the equivalent average lateral friction resistance of
each pile segment, which consists of the lateral friction resistance of the
equal diameter segments of the pile body and the resistance due to the
root, and is calculated as shown in Formula (2).

E

qu:Zj

@

In the formula, g;; denotes the equivalent average lateral friction
resistance of pile section j for load level i; F; denotes the axial force
attenuation of pile section j for load level i; and A; denotes the lateral
area of pile section j, with the lateral area of a pile section with a root
taken to be the lateral area of the corresponding equal-diameter pile in
the same location.

The lateral friction resistance diagrams of root piles at different root
buried depths are shown in Fig. 2D-F. The lateral friction resistance of
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the upper part of the pile body without root increases gradually with
the increase of depth in each group of test piles, and all of them produce
the relative maximum value of lateral friction resistance at the root. The
difference is that when the root is buried at a depth of 260 mm, the
maximum value of lateral friction resistance is generated at the root at a
depth of 430 mm, which is smaller than that at the root, and the lateral
friction resistance at the lower part of the pile body decreases sharply.
When the buried depth of the root is 340 mm, the lateral friction re-
sistance of the pile body below the root decreases sharply. The max-
imum value of the lateral friction resistance of the pile section without
the root occurs at a depth of 190 mm on the pile body. This value is
smaller than the maximum value of the side friction resistance at the
root. When the buried depth of the root is 420 mm, the lateral friction
resistance of the pile body under the root decreases sharply, and the
maximum value of the lateral friction resistance of the pile section
without root appears at the depth of 260 mm on the pile body, which is
deeper than the condition of the buried depth of the root is 340 mm.
The reason for the above phenomenon may be that the side friction
exerted downward from the top, and the deeper the depth, the greater
the soil pressure. Therefore, the side friction of the section without root
on the pile body gradually increases with the increase of depth. The end
resistance provided by the surface of the root and the side friction
provided by the section with equal diameter are greater than the side
resistance provided by the section with equal diameter, so the extreme
value of side friction resistance appears at the root. The squeezing effect
of the root on the soil above will change the compaction of the soil
around the pile. When the buried depth is deeper, the squeezing effect
of the root increases. This, along with the soil pressure, causes the
characteristics of the soil above to form a dense region. In this region,
there will be a relative maximum value of the soil pressure. This part of
the analysis will be explained later in the soil pressure analysis.
Therefore, when the root buried depth is 340 mm and 420 mm, the
rootless pile section shows a relative maximum value of lateral re-
sistance. when the root buried depth is 340 mm and 420 mm, the lateral
friction of the pile section without root appears to have a relative
maximum value of resistance. When the root buried depth is 260 mm,
due to the small buried depth, the rootless pile section does not produce
the relative maximum value of lateral friction resistance, however, due
to the pile body of the rootless area below the pile to the surrounding
soil body of the extrusion effect makes the bottom of the pile body also
produces the relative maximum value of lateral friction resistance. The
loosening of the soil in the lower part of the root and the very bottom of
the pile resulted in a sharp decrease in the lateral friction resistance of
the pile in those areas.

3.4. Proportion of load carried by the root segment

Root bearing percentage is the proportion of the load borne by the
root pile section to the total load, calculated as shown in formulas (3)
and (4).

X
Di—total = Z 77ij
J=1 3
Ey
N ==
Qi 4)
In the formula, 7); is the percentage of the total load carried by the j
root segment under the i load level; F; is the amount of attenuation of
the axial force in the j root segment under the i load level; Q; refers to
the value of the total load in the i level; #,_, ,,; is the total percentage of
the load carried by all the root segments under the i load level; x de-
notes that there is a total of the x levels of loading.
Root pile section bearing ratio is the ratio of the attenuation value of
the axial force in the root pile section to the total load, which can reflect
the effect of the root to enhance the uplift bearing capacity of the pile
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and the process of the bearing capacity of the root section, so as to
reveal the bearing mechanism of the root pile. Fig. 3A shows the
bearing ratio of the root pile section under different root buried depths.
It can be seen that the bearing ratio of the root segment of the root pile
with root buried depths of 260 mm, 340 mm and 420 mm ranges from
12.33% to 15.68%, 9.98%-17.82 % and 6.98%-21.65%, respectively.
The smaller the root buried depth is, the higher is the bearing ratio of
the root segment at the beginning of the loading process, and the bigger
the root buried depth is, the bigger is the final bearing ratio of the root.
In the middle of loading, the load carrying ratio of the root section with
large root buried depth gradually exceeds the load carrying ratio of the
root section with small root buried depth. The reason for the above
phenomenon may be that the lateral friction resistance is exerted from
top to bottom, and the smaller the root buried depth is, the more it acts
first, so the smaller the root buried depth is, the higher the ratio of the
root section at the beginning of loading is. The greater the root buried
depth, the more obvious the enhancement of the ultimate bearing ca-
pacity of the root pile, so the greater the final bearing ratio of the root.
In the middle of loading, the soil body near the upper part of the pile
without root pile section gradually undergoes shear damage, and the
root pile section gradually plays a role, and the greater the root buried
depth is, the more load it can bear, so the load carrying ratio of the root
pile section with a large root buried depth gradually exceeds the load
carrying ratio of the root pile section with a small root buried depth.

3.5. Earth pressure around the pile

The soil pressure around the pile with different root buried depths
(the test measured the change of soil pressure during loading) is shown
in Fig. 2G-I. The trend of soil pressure around the pile with different
root buried depths is more or less the same, which is first increasing and
then decreasing to a negative value, the reason may be that the pile
body has a compacting effect on the upper soil, and the soil at the
bottom of the pile body is loosened due to the uplift displacement of the
pile body.

The difference is that, in terms of the location of the maximum earth
pressure, the maximum earth pressure around the root pile with a root
buried depth of 260 mm is located at a depth of 180 mm, and the
maximum earth pressure around the root pile with root buried depths
of 340 mm and 420 mm is located at a depth of 260 mm. The reason for
this may be that the squeezing effect of the root on the soil above it
changes the compaction of the soil above it, and the greater the buried
depth of the root is, the densest point of the squeezing will be shifted
upward.

In terms of the scope of the squeeze zone, in the late loading stage of the
root pile with a root buried depth of 260 mm, the soil around the pile above
the depth of 340 mm is in a squeeze state (soil pressure is positive); for the
root pile with a root buried depth of 340 mm, the soil around the pile above
the depth of 260 mm is in a squeeze state (soil pressure is positive); for the
root pile with a root buried depth of 420 mm, the soil around the pile above
the depth of 340 mm is in a squeeze state (soil pressure is positive) in the
late loading stage. It can be seen that the soil surrounding the pile with a
root buried depth of 420 mm has the largest compacted zone, followed by
the pile with a root buried depth of 260 mm, and the soil surrounding the
pile with a root buried depth of 340 mm has the smallest compacted zone.
The reason may be that, when the root buried depth is larger, the range of
soil above the root squeezing is naturally larger, when the root buried depth
is smaller, in addition to the root squeezing the soil above the root, the pile
section without root in the lower part of the pile body will also drive the soil
around the pile and thus squeezing the soil around the pile, so the soil
around the pile of the root with the root buried depth of 340 mm has the
smallest squeezing area.

In terms of soil compaction degree around the pile, under the last
stage of load, the earth pressure in the compaction area around the pile
with the root buried depth of 260 mm is the smallest, which is 2.16 kPa;
the earth pressure in the compaction area around the root pile with the
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Fig. 3. (A) Bearing ratios of root at root pile segments for different root buried depths; (B) Plot of ultimate bearing capacity of spread footing pile against depth of
spread footing portion in previous study (Chen et al., 2010); (C) Plot of ultimate displacement of spread footing pile against depth of spread footing portion in
previous study (Chen et al., 2010); (D) Map of the area where the soil displacement occurred on the measured soil of the spread footing piles in the previous study

(Chen et al., 2010).

root buried depth of 420 mm is the largest, which is 5.43 kPa; and the
earth pressure in the compaction area around the root pile with the root
buried depth of 340 mm is 4.72 kPa. The reason may be that the greater
the buried depth of the root, the greater the ultimate uplift bearing
capacity, the more the load borne by the root pile section, the greater
the extrusion pressure on the soil.

4. Discussion

In summary, increasing the buried depth of the root significantly
enhances the pullout bearing capacity of root piles and improves their
ability to control uplift displacement. However, once the buried depth
reaches a certain point, the increase in displacement control capability
becomes minimal. The ultimate uplift displacement S, initially in-
creases and then decreases with greater buried depth. There exists an
optimal buried depth, or a range of depths, that can substantially en-
hance the pullout bearing capacity of the pile foundation while main-
taining relatively small ultimate displacement. Additionally, the at-
tenuation of axial force at the root exhibits a step-like pattern. As the
buried depth of the root increases, the area of compacted soil expands,
and the maximum soil pressure value shifts upward.

In the study of root piles resisting uplift displacement pattern, previous
study (Ge et al., 2019) carried out the bearing capacity and displacement
analysis of root piles with different root buried depths in silica sand foun-
dation. In the study of uplift displacement field of pile foundation, previous
study (Chen et al., 2010) gives the uplift displacement region of expanded
bottom pile and reveals the uplift damage mode of expanded bottom pile.
This paper is compared with the above studies as follows:

(1) In terms of vertical bearing capacity of piles. Previous study (Ge et al.,
2019) gives the Q-S curves of uplift of root piles with the upper layer of
root piles 230 mm, 310 mm and 390 mm from the surface of sandy soil,
and it is found that the greater the depth of buried, the greater the
ultimate load bearing capacity of resistance to uplift, and the greater the
total uplift displacement of the pile body. Previous study (Ge et al.,
2019) only compared the total uplift displacement of the pile body, but
did not compare the ultimate uplift displacement corresponding to the
ultimate load bearing capacity. In this paper, the pattern of the ultimate
bearing capacity against uplift and the total uplift displacement of the
pile is the same as that in the previous study (Ge et al., 2019). In ad-
dition, this paper points out that after the root buried depth is increased
to a certain degree, the enhancement of displacement control ability is
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Table 3
Comparison of theoretical calculation and test results of ultimate bearing ca-
pacity for pullout resistance.

Buried depth (mm) Test results Qu(N) Error
QuN)

260 450 527.70 17.27%

340 500 584.34 16.87%

420 550 640.98 16.54%

not large, and the ultimate uplift displacement S, increases and then
decreases with the depth of buried, and there exists the optimal buried
depth or the range of buried depth that can greatly enhance the pile
foundation's resistance to uplift load bearing capacity, and at the same
time the ultimate displacement is relatively small, which can be a useful
guide to the design of root piles in practical engineering. There exists an
optimum buried depth or range of buried depth that can greatly im-
prove the pile foundation's pullout capacity while the ultimate dis-
placement is relatively small, which is of great significance in guiding
the design of root piles in actual projects. However, this paper does not
give a quantitative judgment method for the optimum buried depth and
the range of buried depth, which needs to be further studied.

(2) Previous study (Wang et al., 2024) proposed a formula for calcu-
lating the ultimate bearing capacity of root piles resisting pullout in
sandy soils, as shown in Eq. (5). The ultimate bearing capacity re-
sisting pullout in Eq. (5) Q, consists of the lateral friction force of
the pile body Q;, the lateral friction force of the root Q, the end
resistance force of the root on the upper surface of the root Q,,, and
the gravity force of the pile body W}, and the explanations of each
variable are described in detail in previous study (Wang et al.,
2024), which will not be repeated here. The results of the tests in
this paper are compared with those calculated using the formulae in
the previous study (Wang et al., 2024), and the results are shown in
in Table 3. From in Table 3, it can be seen that the theoretical
calculation results are overall large, with an error of about 16%.
This may be due to the special engineering properties of coral sand,
and this aspect needs to be further studied.

Qu= Qsp + Qu + Qer + % )
L ng 4 Lgl + ng
Qsp = nd Zl ‘/;gl (Kugyg tan ¢g)zdz =nd 21 - Kiugy, tang,
g= g=
“Hy (6)

n L
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(3) In the study of pile bearing capacity and displacement patterns.
Previous study (Chen et al., 2010) carried out a large-size modeling
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test study on the uplift bearing capacity of expanded bottom piles in
unsaturated floury soil with different buried depths. The tables of
the uplift ultimate bearing capacity and uplift ultimate displace-
ment of the expanded bottom pile in relation to the buried depth of
the expanded bottom portion were plotted as shown in Fig. 3B and
C, respectively. From Fig. 3B, it can be seen that the pile foundation
pullout capacity increases with the increase of the depth of the
expanded head, which is similar to the test results in this paper, and
the pile foundation pullout capacity can be improved by increasing
the depth of the expanded head or the root. It can be seen from
Fig. 3C, the ultimate displacement of the expanded pile with the
expansion of the head buried depth increases first basic unchanged
after a sharp increase, it can be presumed that the expanded pile
also exists in the higher bearing capacity, while the ultimate dis-
placement of the smaller buried depth range, this law and the laws
derived from this paper are generally consistent with the law. It can
be seen that for the root piles and spread footing piles, which are
designed to improve the pullout capacity by means of pile body
members, the optimum buried depth range exists in which the pile
body members have a high pullout capacity and a small pullout
ultimate displacement at the same time.

In the study of uplift displacement field of pile foundation. Previous
study (Chen et al.,, 2010) gives the uplift displacement region of ex-
panded bottom pile and reveals the uplift damage mode of expanded
bottom pile. In previous study (Chen et al., 2010), the measured dis-
placement region of soil body of expanded pile is shown in Fig. 3D,
from which it can be seen that the displacement region above the ex-
panded head of expanded pile shows the law of increasing first and then
decreasing along the depth direction, which also reflects that the dis-
placement of soil body increases first and then decreases along the
depth, and then it can be presumed that the change of soil pressure
around the pile also increases first and then decreases along the depth.
This law is consistent with the law in this paper, which indicates that
the root and the enlarged head play the same role of driving the sur-
rounding soil body to carry the load together.

(4

—

5. Conclusions

In this paper, the pullout bearing characteristics of root piles in coral
sand foundations with different root buried depths are comparatively
analyzed through model tests. The main conclusions are as follows.

(1) Increasing the root buried depth can improve the root pile's ability
to resist elevation bearing capacity and control upward elevation
displacement, and there exists an optimal buried depth or range of
embedment depths that can effectively improve the pile founda-
tion's ability to resist elevation bearing capacity and control the
ultimate displacement.

(2) The root carries most of the load. When the root is buried at a large
depth, the maximum value of lateral friction resistance occurs at the
upper part of the pile body without root, and when the root is
buried at a small depth, the maximum value of lateral friction re-
sistance occurs at the lower part of the pile body without root.

(3) The range of bearing ratio of root section of root piles with root
buried depths of 260mm, 340mm and 420mm are
12.33%-15.68%, 9.98%-17.82% and 6.98%-21.65%, respectively;
the smaller the root buried depth is, the higher is the ratio of
bearing ratio of the root section at the beginning of loading, and the
bigger the root buried depth is, the bigger is the ratio of final
bearing ratio of the root.

(4) The amount of change of soil pressure around the pile first increases
and then decreases. The soil around the upper part of the pile body is
crowded, the soil around the lower part of the pile body will be loo-
sened; the root buried depth increases, the densest point of the crowded
(the maximum value of the soil pressure) will move upward, and the
crowded area of the soil will first decrease and then increase.
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