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Abstract

This study presents a detailed investigation into the soil arching effects within deep foundation pits (DFPs), focusing on their mechan-
ical behavior and implications for structural design. Through rigorous 3D finite element modeling and parameter sensitivity analyses, the
research explores the formation, geometric characteristics, and spatial distribution of soil arching phenomena. The investigation encom-
passes the influence of key parameters such as elastic modulus, cohesion, and internal friction angle on the soil arching effect. The find-
ings reveal that soil arching within DFPs exhibits distinct spatial characteristics, with the prominent arch axis shifting as excavation
depth progresses. Optimal soil arching is observed when the pile spacing approximates three times the pile diameter, enhancing soil reten-
tion and minimizing deformation risks. Sensitivity analyses highlight the significant impact of soil parameters on soil arching behavior,
underscoring the critical role of cohesive forces and internal friction angles in shaping arching characteristics. By elucidating the interplay
between soil parameters and soil arching effects, the research provides insights for optimizing pile spacing and structural stability.
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1 Introduction

To ensure the safety of subterranean structures and their
surrounding environment, it is crucial to implement sup-
port, reinforcement, or other protective measures for the
lateral walls of tunnels or deep foundation pits (DFPs)
(Zhang et al., 2018; Sun et al., 2019; Xu et al., 2024). Pile
support systems have been extensively used in DFPs due
to their high bearing capacity, excellent stability, and other
advantageous features. During the excavation process, soil
arching forms between piles, which impacts the stress and
deformation of the soil surrounding the piles (Xu et al.,
2019; R. Chen et al., 2020; Peerun et al., 2020). Within a
specific range on the rear of piles, a load-bearing arch is
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generated as a result of the apparent rigid constraint of
two adjacent piles, thus converting the uniform pressure
into concentrated thrust for the piles (Lai et al., 2018;
Zhuang & Wang, 2018). This effect is a prerequisite for iso-
lated piles to function as continuous supports (Al-Naddaf
et al., 2019; Xu et al., 2024).

Soil arching effects have been widely studied through
numerical simulations, theoretical analyses, and prototype
tests. Terzaghi and Peck (1948) were the first to confirm the
existence of soil arching through the trapdoor experiment
and further presented its formation conditions and stress
distributions. Subsequently, several scholars developed soil
arching effect, attempting to indicate its force and deforma-
tion characteristics (Handy, 1985; Ashour & Ardalan,
2012; Iglesia et al., 2014). Eskis�ar et al. (2012) used com-
puted tomography (CT) imaging techniques to quantita-
tively analyze stress distribution laws in an embankment
ehalf of KeAi Communications Co. Ltd.
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Fig. 1. Schematic diagram of foundation pit precast square pile retaining
structure.
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with different fill and pile spacing. Wang and Zhang (2014)
employed the centrifuge model test to investigate the pile
reinforcement behaviors of cohesive soil slopes under
earthquake conditions and the interaction between macro-
scopic soil arching and particles were qualitatively con-
firmed based on a visualization method. Rui et al. (2016)
conducted model tests using a 2D multiple trapdoor sys-
tem, similar to a 2D unreinforced piled embankment.
The tests observed three soil arching evolution patterns:
the triangular expanding pattern, the equal settlement pat-
tern, and the tower-shaped evolution pattern. Additionally,
several researchers examined the response of piles to lateral
soil movements through model tests and numerical model-
ing (Chen et al., 2008; Lai et al., 2014; Rui et al., 2019).

One of the significant challenges in soil arching is con-
firming the pile spacing. Wei et al. (2009) studied slope
reinforcements with row piles using the analysis method
of strength reduction. Li et al. (2019), Liu et al. (2018),
and G. Chen et al. (2020) further studied the distribution
of landslide driving force based on 3D landslide character-
istics and derived the pile spacing calculation. Further-
more, Jiang et al. (2006) derived the formulas for
determining the upper and lower limits of pile spacing by
simplifying the soil pressure to be expressed in terms of
axial compressive stresses in an arch ring. Although many
studies on the morphology and distribution of soil arching
have been reported (Chen et al., 2022), little attention has
been paid to the role of soil arching for excavated DFPs.
Moreover, numerical simulations and pile spacing theories
considering soil arching effects based on 2D methods can
hardly reflect real 3D situations. In reality, soil arching is
affected by various factors such as soil properties, construc-
tion methods, and boundary conditions, leading to a non-
ideal arch shape. To accurately analyze the soil arching
behavior during excavation, a 3D model is required.

In this study, a 3D model oriented to DFP is con-
structed to analyze the force and deformation law of soil
arch during excavation. The 3D distribution of soil arching
under dynamic excavation of DFP is analyzed by simulat-
ing the soil stress and displacement behind the pile in the
range between two piles. Based on the analysis results,
the existing 2D pile spacing calculation method proposed
by Jiang et al. (2006) was modified to better reflect the
actual soil arch behavior. In addition, the effects of physical
and mechanical properties of soil on soil arching were
investigated. Finally, the effects of the physical and
mechanical properties of soil on soil arching were investi-
gated. This study provides valuable insights for similar
future projects.

2 Project overview

The Jinan Rail Transit Line R1 Project serves as a cru-
cial trunk line in the expansive Jinan City rail transit line
network, connecting the northern and southern regions
of the western new city. The experimental site, Yan-
mazhuang Station, situated at the intersection of Qilu Ave-
nue and Qingdao Road in Rail Transit Line R1, represents
a two-tiered underground station with an island platform
structure, spanning a length of 356.6 m, constructed via
the open excavation method. The standard section of the
DFP utilized in the construction process measures 19.9 m
in width and 16.5 m in depth, with a covering soil thickness
ranging from 2.5 to 4.0 m in the primary body of the sta-
tion. The retaining structure of the DFP incorporates an
innovative support system consisting of prefabricated piles
and lining walls, as depicted in Fig. 1.

Yanmazhuang Station is situated in the alluvial prolu-
vial geomorphic unit of the Yellow River and Xiaoqing
River, where the overlying layer predominantly comprises
the Quaternary alluvial proluvial stratum. This stratum is
primarily composed of silty clay, and silt and clay, with
some areas consisting of sandy soil and pebbles. The phys-
ical and mechanical properties of each soil layer exhibit
minimal variation. Within the construction site, the soil
layers in descending order are: ①1 miscellaneous fill,
⑦ loess, ⑦3 silt, ⑧ silty clay, ⑧2 silt, and ⑨ silty clay.
The main bearing soil layer of the base is predominantly
composed of medium compressible soil layers, primarily
consisting of silty clay layer ⑧ and locally silty sand layer
⑧2. The foundation soil as a whole exhibits good stability
and may be considered a homogeneous foundation. The
physical and mechanical properties of each soil layer are
delineated in detail in Table 1.
3 Theoretical analysis of pile spacing

3.1 Theory of 2D pile spacing

The 2D pile spacing theory put forward by Jiang et al.
(2006) is a useful analytical tool to study soil arching
behavior in the presence of retaining piles. While it assumes



Table 1
Mechanical parameters of soil layers.

Soil layers Thickness
(m)

Gravity c
(kN/m3)

Cohesion c

(kPa)
Internal friction
angle u (�)

Elastic modulus
E (MPa)

Poisson’s
ratio l

Miscellaneous fill①1 2.1 18.10 10 10.0 9 0.30
Loess⑦ 4.0 19.30 36 16.5 29 0.31
Silt ⑦3 1.4 19.60 18 20.0 10 0.32
Silty clay ⑧ 15.8 19.50 50 15.9 30 0.29
Locally silty sand layer⑧2 1.9 19.60 42 16.0 7.2 0.28
Silty clay⑨ 9.3 19.30 51 16.8 36 0.30
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a simplified scenario in which the piles are arranged in a
single row to form a continuous and symmetrical arching
pattern (Fig. 2(a)), it offers insights into the problem. The
advantage of employing a 2D model is that it simplifies
the analytical process. The reasonable arch axis, or the
direction of the track along the maximum principal stress
in the soil, is depicted in Fig. 2(b). Using the principles
of structural mechanics, the reasonable arch axis follows
a parabolic shape. Its equation is represented by Eq. (1):

y ¼ 4fx2=l2 0 � x � l=2ð Þ; ð1Þ
where x and y are the values taken by the two axes respec-
tively; f is the arch height; l is the soil arch span.

A conservative approach that prioritizes safety in design
was adopted by focusing solely on the maximum principal
stress. While this assumption simplifies the stress distribu-
tion within the soil mass and may lead to a somewhat con-
servative estimation of strength around the arch of the soil,
it is in line with the standard practice in geotechnical engi-
neering to err on the side of caution. Thus, this assumption
contributes to a safer and more robust analysis, even if it
comes at the expense of some intricacies in stress
distribution.

Under the action of uniformly distributed load q, the
mechanical characteristic of a parabolic arch is that there
is no bending moment and shear force on any cross section
on the arch axis. The soil in the arch ring is in uniaxial
compression and is not subject to shear and bending
moments, but only to compressive stress (maximum princi-
pal stress). Based on the static equilibrium theory, the hor-
izontal thrust at any point C1 on the arch axis is ql2/8f, the
resultant force N combined vertical and horizontal coun-
terforces is

N ¼ q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l4 þ 64x2f 2

q� �
=8f : ð2Þ

As seen from Eq. (2), the resultant force N is an increas-
ing function of x. The maximum axial pressure is

ql
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ 16f 2

p� �
=8f at the arch foot A, and the minimum

axial pressure is F1 = F2 = ql2/8f at the midspan B1.
According to the one-way pressure condition and the
assumption of an equal-section arch ring, the normal stress
in the foot section exceeds the normal stress in the span, so
the foot should be the most unfavorable section position.
Therefore, adjacent soil arching forms a triangular pressur-
ized area behind the same pile, as shown in Fig. 2(c). The
two edges of that area are the most unfavorable position.
The soil outside the arch ring sandwiched between two
adjacent pressure areas will collapse to the free face during
damage. Furthermore, the following assumptions were
made to simplify the analysis: (1) the force state of the arch
ring can be simplified to plane strain in the X-Y plane; (2)
the soil was subjected to uniform stress in an arch ring; (3)
the soil strength criterion obeys Mohr–Coulomb formula.

From Fig. 2(c), the following geometric relationship can
be obtained:

b ¼ a cos d
2 cos h

; ð3Þ

where b is the width of the soil arch ring; a is the width of
pile; d is the intersection angle between the failure surface
and the normal plane of axial pressure; and h is the azi-
muth of the cross-section AB.

As shown in Fig. 2(c), it is assumed that the normal
stress acting on the failure surface AB is r, shear stress is
s, and the corresponding expression is as follows (Jiang
et al., 2006):

r ¼ ql 4f þ l tan hð Þ cos2 h
4af

; ð4Þ

s ¼ ql 4f tan h� lð Þ cos2 h
4af

: ð5Þ

The axial compressive stress ra on the cross-section AC

is

ra ¼ N
b
¼ ql

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ 16f 2

p
cos h

4af cos d
: ð6Þ

For section AC, according to the reasonable arch axis
assumption mentioned above, it is in a unidirectional com-
pression state in the X-Y plane. From the Mohr–Coulomb
strength theory, the included angle between the rupture
surface of geotechnical materials and the maximum princi-
pal stress surface is 45�+u/2, where u is the internal fric-
tion angle of soil. Therefore, when the arch foot is
damaged, the intersection angle d and the azimuth angle
h shall meet the following formula:

d ¼ hþ a� 90
�
; ð7Þ
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h ¼ 135
� þ u

2
� a; ð8Þ

where a is soil arch azimuth.
It can be seen from Fig. 2(c) that there is a trigonometric

function relationship tana = 4f/l. Thus, Eq. (6) can be
rewritten as

ra ¼
ql 4f tan 45

� � u=2
� �� l

	 

cos 45

� � u=2
� �

4af cos 45
� þ u=2

� � : ð9Þ

The maximum pile spacing is actually the span l under
the limit state. Therefore, the partial derivative of Eq. (9)
to l, i.e., @ra=@l ¼ 0, is used to obtain the stationary point,
and the corresponding rise-span ratio is obtained as
follows:

f
l
¼ 1

2 tan 45
� � u=2

� � : ð10Þ

Then, Eq. (10) was substituted into Eq. (9) to obtain the
maximum value of axial compressive stress. According to
the assumption, the soil on the reasonable arch axis is in
a uniaxial compressive stress state in the X-Y plane. In this
case, the soil arching is equivalent to a simply supported
beam, indicating that the minimum principal stress r3 is
equal to zero.

r1 ¼ ra;max ¼ ql
2a

r3 ¼ 0

(
; ð11Þ

where r1is the maximum principal stress.
For the uniaxial compression state, according to the

Mohr–Coulomb criterion, the uniaxial compressive
strength can be expressed as

ra;max ¼ 2c cosu
1� sinu

: ð12Þ

Therefore, the maximum pile spacing can be obtained as
follows:

lmax ¼ 4ac cosu
q 1� sinuð Þ : ð13Þ
Fig. 2. Force analysis of soil arching. (a) Arched shape
It is evident that the maximum spacing of piles exhibits a
linear correlation with the width of pile a and soil cohesion
c, while it displays an inverse proportionality with the uni-
formly distributed load q acting behind the arch. Hence,
the permissible span enlarges as the soil quality improves.
However, if the inter-pile distance exceeds the critical value
of lmax, the soil arching may suffer harm due to excessive
shear deformation, leading to damage.

Additionally, according to Eq. (9), the axial compressive
stress ra is an increasing function of soil arch height f.
When f >> l, the axial compressive stress asymptotically
approaches the maximum value of r0

a;max ¼ ql=a. In this
case, if there is no strength failure, the net span of soil arch-
ing shall be at the lowest limit, which is

lmin ¼ 2ac cosu
q 1� sinuð Þ : ð14Þ
3.2 Reasonable pile spacing

Utilizing the aforementioned 2D plane analysis tech-
nique, a viable pile spacing was computed for the prefabri-
cated pile enclosure structure located from the foundation
pit to Yanmazhuang West Station. Notably, the stratum
parameters at the enclosure structure profile of the stan-
dard section of the foundation pit were homogenized,
resulting in the acquisition of fundamental mechanical
parameters, as illustrated in Table 2.

The retaining square piles utilized in supporting the
DFP were selected to have a length of 24 m. The minimum
and maximum permissible net distance between piles can
be determined by substituting the relevant parameters into
Eqs. (13) and (14) to be 0.8 and 1.6 m respectively, corre-
sponding to a pile spacing of 1.5 and 2.3 m respectively.
It is important to note that the 2D plane analysis method
employed in this calculation does not account for the spa-
tial distribution effect of soil arching in a 3D state. There-
fore, the next step involves further calculating and verifying
, (b) arch axis, and (c) triangular pressurized area.
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the reasonable pile spacing through the use of 3D finite ele-
ment numerical simulation analysis.

4 Numerical simulation of soil arching effect between piles

4.1 Simulation modeling

In order to comprehensively study the 3D distribution
characteristics of soil arching, the safety of the system,
and the reasonable pile spacing in the row pile support sys-
tem, the finite element method was employed to simulate
the construction process of the prefabricated pile enclosure
structure and excavation for the DFP. This program is
known for its capability to accurately simulate soil
mechanics and pile-soil interaction behavior. To create a
detailed model, a hybrid grid with a total of 91 332 units
and 20 851 nodes was used. Solid elements were used to
simulate piles and geotechnical materials, and the soil
was assumed to follow the Mohr–Coulomb constitutive
model with parameters outlined in Table 2. Since the con-
struction process requires measures to reduce the ground-
water level, the impact of groundwater was not
considered in this study.

To ensure the symmetry of soil arching between the
piles, the model was based on the assumption that the
square piles used for DFPs are arranged at equal intervals,
and only the pile and the soil between the center lines of
two piles were modeled and analyzed. The length of the
model was set as 50 m, the height as 30 m, and the width
as the width of the pile spacing. The cross-sectional size
of the single pile was set as 0.35 m � 0.70 m, with a length
of 24 m, considering the symmetry of the pile body. The
top surface of the model was left free, while the front, back,
left, right, and bottom surfaces were set as fixed boundaries
(Fig. 3). Additionally, the plane where the center line of the
square pile was located was set as a symmetrical constraint,
which allowed the pile to deform only in the X-Z plane
without out-of-plane displacement and rotation (Yan
et al., 2012).

The excavation process for the foundation pit involves
six stages, namely S1 to S6, where the excavation depth
is gradually increased from 2 to 13 m. To investigate the
effect of soil arching under different pile spacing conditions,
four different pile spacing values of 1.5, 2.0, 2.5, and 3.0 m
are compared in this study, as outlined in Table 3. These
specific pile spacing values were chosen to examine the
impact of varying pile spacing values on the stability and
safety of the system. The different pile spacing values used
in the analysis allowed for a comprehensive assessment of
the performance of the prefabricated pile enclosure struc-
ture under varying conditions.

4.2 Morphology and distribution of soil arching

Figure 4 illustrates the contour plot of horizontal dis-
placement of the foundation pit during different excavation
stages in Case 2. The analysis shows that the foundation pit
remains stable when the excavation depth is less than 10 m.
However, when the excavation depth reaches 13 m, the soil
mass between the piles undergoes significant extrusion
deformation and forms a sliding surface. The maximum
displacement recorded in this case reaches 55.2 cm, indicat-
ing that the soil behind the piles is unstable and has under-
gone damage, resulting in a large lateral movement of the
prefabricated pile top towards the pit.

The soil failure patterns in the other cases examined
were observed to be largely similar to those of Case 2.
Accordingly, only the horizontal displacement contours
at the S6 stage, which corresponds to an excavation depth
of 13 m, are presented in Fig. 5. The results indicate that
the location of maximum horizontal displacement tends
to shift downward with an increase in pile spacing. Specif-
ically, when the spacing between piles exceeds 2 m, the
maximum displacement occurs at a depth of approximately
3/4H, where H represents the depth of the excavation for
the DFP. This can be attributed to the fact that for smaller
pile spacing, the supporting capacity of row piles can be
likened to that of a diaphragm wall, which imposes a rigid
constraint on the soil near the pit bottom, thereby limiting
the lateral deformation of the soil at this level. However, as
the spacing between piles increases, the rigid constraint
imposed on the soil near the pit bottom diminishes, result-
ing in the gradual downward movement of the location of
maximum displacement. Notably, when the pile spacing
exceeds 2 m, the continuous lateral displacement of soil
may lead to the formation of a stable and continuous bear-
ing arch, which diverts the majority of the soil pressure to
the retaining pile. As a result, the maximum displacement
of soil and its occurrence position remains largely
unchanged. Furthermore, it was observed that under the
pile spacing range of 2–3 m, the soil displacement far from
the foundation pit was generally small, with values falling
within a consistent range. This observation indicates that
a continuous retaining barrier exists between the piles,
which significantly restricts the deformation of the soil
behind the piles.

The results of the analysis revealed that the failure of the
enclosure structure occurred when the excavation reached
S6 stage, as evidenced by the extrusion deformation of
the inter-pile soil. Therefore, to analyze the morphology
and distribution of soil arching, the stable enclosure struc-
ture stage, i.e., S5, was considered for each case. The shape
and distribution of soil arching varied considerably with
different pile spacing when the excavation depth of the
foundation pit was fixed. Figure 6 illustrates the horizontal
displacement programs at the position having the most
obvious soil arching effect between piles in Case 1 to Case
4. The arch shape and distribution of the most significant
soil arching varied with different pile spacing, with the most
notable soil arching observed at the pile spacing of 2.0 and
2.5 m (Cases 2 and 3), as depicted in Fig. 6(b) and (c).
These results imply that the soil arching effect can be
clearly observed when the pile spacing is between 3 and 4
times the pile diameter, which is consistent with the



Table 2
Material parameters of soil and retaining pile.

Materials Gravity c（kN/m3） Cohesion c (kPa) Internal friction angle u (�) Elastic modulus
E (MPa)

Poisson’s ratio u

Homogeneous soil 19.50 40 18 30 0.30
Retaining square piles 25.00 – – 34 500 0.25
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findings of Li et al. (2013). In addition, the uneven
displacement of soil between piles, with more significant
displacement near the DFP than at the distal end, indicates
the presence of an internal soil support system. Moreover,
Cases 2 and 3 showed an evident arch axis, arch foot, and
arch ring. In contrast, Cases 1 and 4 did not exhibit signif-
icant soil arching due to unreasonable pile spacing. Insuffi-
cient pile spacing fails to form an effective soil arch,
whereas a sparse pile distance causes the foot of the dis-
placement arch to be located between two piles, rather than
on the pile back.

Furthermore, the spatial distribution of soil arching was
found to be greatly influenced by the pile spacing, which
resulted in the significant position of soil arching being
observed at different depths for different cases. Specifically,
the soil arching effect in Case 1 was prominently located at
a depth of 5.5 m, whereas in Cases 2 and 3, it was observed
at a depth of about 7.0–7.5 m. This observation suggests
that the depth of the prominent soil arching increased with
an increase in pile spacing. As such, it is crucial to pay close
Fig. 3. Establishment of numerical modeling.
attention to the soil deformation and stress state within the
excavation depth of (1/2–3/4)H during excavation, as it is
the zone where significant soil arching occurs.

4.3 Pile-soil deformation analysis

The analysis of pile and soil deformation during excava-
tion is conducted based on Case 2, which exhibits the most
prominent soil arching effect. To ensure symmetry in the
displacement calculation results, the soil mass positioned
between the two piles is selected for deformation analysis.
The corresponding pile-soil deformation curves are pre-
sented in Fig. 7. The initial stage of excavation shows the
maximum soil deformation occurring at the top surface,
while as the excavation progresses, the maximum displace-
ment position shifts downwards towards the middle and
lower sections, although it remains above the excavation
surface. The step-like fluctuation in soil displacement with
depth, mainly due to the lack of soil restraint, is observed
as the excavation depth increases (Cui et al., 2018). More-
over, the soil arch effect acts differently at different depths,
resulting in differential soil displacement constraints
(Zhang et al., 2023). The excavation reaching the S5 stage
exhibits the most significant soil displacement at the depth
of z = 7.5 m, indicating optimal soil self-bearing capacity
and the most prominent soil arching effect. Therefore, the
deformation and stress state of soil within the excavation
depth of (1/2–3/4)H during excavation merit significant
attention.

To further understand the behavior of the prefabricated
pile during excavation, the stress state was analyzed and
found to be similar to that of a cantilever beam. As the
excavation progressed, the horizontal displacement of the
pile top gradually increased, with a significant increase
observed when the excavation depth exceeded 6 m. The
maximum horizontal displacement at the pile top was
found to be 0.09 m, indicating that the pile was subjected
to significant stress and deformation during the excavation
process.

4.4 Soil stress analysis

4.4.1 Shear stress in X-Z plane

The shear stresses present in the central plane of the two
piles (y = 1.0 m) under excavation to S5 stage have been
illustrated in Fig. 8. The shear curves observed in the soil
located near the pile side display a consistent pattern.
The shallow soil layers exhibit positive shear due to their
close proximity to the free surface of the ground. As the



Table 3
Operating parameters of modeling.

Cases Pile spacing (m) Pile cross section (m2) Pile length (m) Excavation depth (m)

1 1.5 0.35 � 0.70 24 13
2 2.0 0.35 � 0.70 24 13
3 2.5 0.35 � 0.70 24 13
4 3.0 0.35 � 0.70 24 13
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depth increases, the shear force demonstrates a characteris-
tic pattern of increase followed by a decrease, with the
maximum shear stress occurring at a depth of 7–8 m.
The observed depth is consistent with the depth at which
the maximum lateral displacement of the soil occurs, thus
indicating that the spatial effect of the shear transfer is
reflective of the 3D effect of soil arching. As such, the trans-
fer of vertical shear stresses is identified as one of the pri-
mary factors influencing the soil arch pattern at varying
depths.

4.4.2 Principal stress in X-Y plane

The three-dimensional stresses are disassembled into
planar states for analysis. According to the assumptions
in Fig. 2, the soil stress in soil arching is in a unidirectional
compressive state. The stress response ground behind the
soil arch is simplified to in-plane stress. The 2D plane strain
method is used to study the soil stress distribution in the X-
Y plane perpendicular to the piles. The maximum principal
stress r1 in the soil can be obtained using Eq. (15):

r1 ¼ rx þ ry

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rx � ry

2

� �2

þ s2xy

r
: ð15Þ

Equation (16) introduces the calculation of shear stress
sh in the plane along a direction that is at an angle of b
to X-axis.

sh ¼ � rx � ry

� �
sin b cos bþ sxy cos2 b� sin2 b

� �
: ð16Þ

If sh ¼ 0, the direction of the principal stress can be
found in Eq. (14).

2 tan b
1� tan2 b

¼ tan 2b ¼ 2sxy
rx � ry

; 0 < h < 180
�� �
; ð17Þ

where rx, ry and sxy are known quantities that can be
obtained by monitoring.

Based on Eqs. (15)–(17), the maximum principal stress
and direction angle of the soil in the X-Y plane at a depth
of z = 7.5 m in Case 2 can be determined. The locations of
the selected soil stress measurement points are shown in
Fig. 9. Figure 10 illustrates the arrangement of measuring
points for the maximum principal stress. It can be observed
from Fig. 10 that as the measuring points approach the
edge of the foundation pit, the maximum principal stress
of the soil between the piles decreases. Conversely, the
maximum principal stress of the soil mass behind the pile
increases, particularly at the pile-soil interface
(x = 0.7 m). The maximum principal stress at x = 0 is
increased by both the soil thrust behind the pile and the
rigid restraint force exerted by the two piles, resulting in
an increase in the maximum principal stress here compared
to x = 0.7 m.

The neglect of the minimum principal stress has limita-
tions. While the minimum principal stress may have a role
in the overall stress state of the soil, its magnitude is signif-
icantly smaller compared to the maximum principal stress.
The assumption of uniaxial compression stress state simpli-
fies the analysis and allows for a more straightforward
interpretation of the soil arching phenomenon. In the con-
text of the soil arching between the piles, the focus is pri-
marily on the load-carrying capacity and the distribution
of stresses that resist the soil pressure behind the piles.
By considering the maximum principal stress and neglect-
ing the minimum principal stress, the study prioritizes the
dominant stress component that governs the soil arching
behavior and its effect on the retaining structure. However,
it should be acknowledged that the omission of the mini-
mum principal stress may limit the comprehensive under-
standing of the soil stress state, and further research is
warranted to explore its potential influence on the overall
behavior of the soil arching system.

The vector diagram of the maximum principal stress
depicted in Fig. 11 presents a vivid demonstration of the
soil arching phenomenon at the rear of the pile. As shown
in Fig. 11, the maximum principal stress of the soil initiates
deflection at a specific location, i.e., x = 2.56 m, where the
soil is under significant stress at the back of the pile. This
arch serves as a crucial mechanism for resisting the pres-
sure of the soil at the rear of the pile, as well as transferring
this pressure to the pile body. Therefore, the observed bear-
ing arch mechanism serves as a fundamental factor in
understanding the complex stress state and deformation
characteristics of the soil-pile system under excavation-
induced loading.

The mathematical relationship between a and f at the
foot of the arch is obtained by taking the derivative of
Eq. (1) as

tana ¼ 4f
l
: ð18Þ

The determination of the arch height f is based on the
furthest distance at which the maximum principal stress
is observed to deflect in Fig. 11. The calculated angle of a
is 75�, which is in close agreement with the angle of the
arch axis depicted in the illustration. This finding confirms
the validity of converting 3D spatial stresses into 2D in-
plane stresses. The arch-shaped distribution of the maxi-



Fig. 4. Horizontal displacement nephogram at different excavation stages when pile spacing is 2.0 m. (a) S1 stage: excavation depth 2 m, (b) S2 stage:
excavation depth 4 m, (c) S3 stage: excavation depth 6 m, (d) S4 stage: excavation depth 8 m, (e) S5 stage: excavation depth 10 m, and (f) S6 stage:
excavation depth 13 m.
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Fig. 5. Horizontal displacement nephogram in different cases. (a) Case 1: 1.5 m pile spacing, (b) Case 2: 2.0 m pile spacing, (c) Case 3: 2.5 m pile spacing,
and (d) Case 4: 3.0 m pile spacing.
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mum principal stress depicted in Fig. 11 is in agreement
with the assumptions made in Fig. 2, thus justifying the
simplification of the minimum soil stress. This finding fur-
ther supports the validity of the assumption of a reasonable
arch axis.

4.5 Modified reasonable pile spacing

The soil arching observed between piles exhibits a spa-
tial effect along the depth direction. As previously dis-
cussed, the position of the soil arch gradually shifts down
with the excavation of the DFP and stabilizes at approxi-
mately 3/4H from the top of the pile. The soil shear
between the piles also reaches a maximum at this depth,
indicating that the soil at this position exerts the maximum
thrust on the pile body. However, the aforementioned 2D
theory fails to consider the variation of soil pressure along
the depth direction, which can have a significant impact on
the behavior of the soil. Furthermore, the calculation
method for 2D pile spacing is primarily based on the theory
of anti-slide piles to resist landslides and does not account
for the dynamic excavation of the DFP, which can result in
unloading reactions and the dynamic development of stress
and deformation in the pit wall and bottom soil. Therefore,
it is imperative to modify the existing calculation method
for pile spacing to account for the depth-dependent stress
behavior of the soil.

The soil arch encompasses a specific area, represented by
the shaded region in Fig. 12. This area is bounded by the
assumed arch axis, which corresponds to the rupture sur-
face towards the pit. In the 3D numerical analysis, the
numerical simulation does not fully capture the ultimate
damage due to limitations inherent in the finite element
method. Consequently, the 2D pile spacing calculation
method discussed in the paper is applied under the most
unfavorable condition.



Fig. 6. Horizontal displacement clouds of each condition at S5 stage. (a) Case 1: z = –5.5 m, (b) Case 2: z = –7.0 m, (c) Case 3: z = –7.5 m, and (d) Case 4:
z = –7.5 m.
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Reasonable pile spacing range as shown in Eq. (19) can
be obtained by combining Eqs. (13) and (14) (Jiang et al.,
2006).

lmin ¼ 2ac cosu
q 1� sinuð Þ � l � lmax ¼ 4ac cosu

q 1� sinuð Þ ; ð19Þ

where q refers to the active soil pressure at the pit bottom,
which is normally expressed in terms of Rankine active
earth pressure. Rankine active earth pressure, despite its
historical significance and wide application, presents cer-
tain limitations when used to calculate soil pressures at
specific cross-sections. The method serves as a means to
estimate soil pressures in a vertical plane where a damaged
surface is envisioned. Hence, a correction is needed when
applying Rankine active earth pressure because the super-
position of damage in the vertical plane X-Y and the hori-
zontal plane X-Z can overestimate the soil strength. The
earth pressure correction factor k is introduced here to
account for the effect of damage superposition. The cor-
rected earth pressure is calculated as

q ¼ kczKa � 2ck
ffiffiffiffiffiffi
Ka

p
; ð20Þ

where z is computational depth; Ka is the active earth pres-
sure coefficient.

The value of the earth pressure correction factor k still
needs further study. According to the calculation results,
considering the difference between the damage of soil arch
in 3D and the damage of 2D plane, the value of corrected
earth pressure is taken as 0.9.

Moreover, the soil arching effect is a complex 3D stress
transfer phenomenon that involves in-plane principal stres-



Fig. 7. Pile and soil deformation during foundation pit excavation in Case 2. (a) Inter-pile soil, and (b) retaining pile.

Fig. 8. Distribution for shear stresses in Z-X plane.
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ses. As shown in Fig. 5, the most unfavorable damage sur-
face should be located at 3/4H, where H is the depth of
excavation. The stress of this section can be expressed
mathematically as shown in Eq. (21):

q ¼ 3ckHKa

4
� 2ck

ffiffiffiffiffiffi
Ka

p
: ð21Þ

The modified range is closer to the pile spacing of 2.0–
2.5 m obtained from the original method. The results
demonstrate the significant impact of soil arching on the
numerical simulation. The proposed modification accounts
for the contribution of out-of-plane shear at the least
favorable section, located at a depth of 3/4H from the
top of the pile, where the maximum lateral displacement
of the soil occurs. The use of soil pressure at this depth,
represented by Eq. (21), to replace the active soil pressure
at the pit bottom has allowed for a more accurate represen-
tation of the 3D stress transfer and the complex behavior
of soil arching.
5 Sensitivity analysis of soil parameters

5.1 Elastic modulus

To investigate the impact of soil elastic modulus on soil
arching effects during excavation, a parametric study was
conducted in this study by varying the elastic modulus of
the soil to 20, 40, and 50 MPa, while keeping other param-
eters unchanged in Case 2. Figure 13 illustrates the distri-
bution of the maximum principal stress in the X-Y plane
for different soil elastic modulus. The results reveal that
with the excavation of the foundation pit, the maximum
principal stress at the pile-soil interface (x = 0.7 m)
increases significantly, while the stress in the soil between
the piles decreases to varying degrees, especially within
the range of 0–1.0 m from the edge of the foundation pit.
The decrease in stress is more pronounced with a smaller
elastic modulus of soil. The ratio of the stress of the soil
passing through the pile shaft (y = 0 m) to the stress of
the soil between the two piles (y = 1.0 m), known as the
pile-soil stress ratio, shows a sharp increase at the pile-
soil interface (y = 0.7 m), indicating that most of the soil
stress is transferred to the pile body (see Fig. 14). The trend
is most evident at an elastic modulus of 30 MPa, which
suggests that 30 MPa is a reasonable value for arch forma-
tion. However, when the elastic modulus of the soil exceeds



Fig. 9. Distribution diagram of main stress measuring points. (Unit: m).

Fig. 10. Distribution for maximum principal stress of soil arching.

Fig. 11. Maximum principal stress direction (z = 7 m).
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40 MPa, the height of the arch and the load it can carry will
decrease.

The outcomes presented in Fig. 15 reveal the distribu-
tion of horizontal displacement of the soil between piles
at different levels of soil elastic modulus at an excavated
depth of 10 m. The results demonstrate that a reduction
in soil elastic modulus significantly augments the horizon-
tal displacement of the soil, with a greater extent of dis-
placement being observed at lower values of soil elastic
modulus. Moreover, it is notable that the maximum dis-
placement occurs at a depth of approximately 3/4H from
the top of the pile.
5.2 Cohesion

To investigate the impact of soil cohesion on the soil
arching effect during foundation pit excavation, different
cohesion was analyzed. Figure 16 illustrates the distribu-
tion of major principal stress corresponding to the maxi-
mum horizontal displacement with varying soil cohesion,
Fig. 12. Extent of collapse between piles.



Fig. 13. Distribution of maximum principal stress in X-Y plane for different soil elastic modulus. (a) E = 20 MPa, (b) E = 40 MPa, and (c) E = 50 MPa.

Fig. 14. Maximum principal stress distribution under different soil
modulus.

Fig. 15. Effects of different elastic modulus on horizontal displacements of
inter-pile soil.
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while Fig. 17 displays the distribution curve of the pile-soil
stress ratio under different cohesion. It was observed that
the horizontal displacement of soil between piles increases
with the decrease in soil cohesion. The interval of cohesion
values corresponding to the arching capacity of the soil
mass, when the pile spacing is 2 m, is 30–50 kPa. When
the cohesion is less than 30 kPa, the span of the arch
formed is small, and the arch foot cannot fall on the pile
body. Conversely, when the cohesion exceeds 50 kPa, the
span is large, making it difficult to effectively transfer the
load of the arch foot to the pile body, thereby resulting
in a weaker bearing capacity of the soil arching.

To investigate the relationship between soil cohesion
and the stability of DFPs, Fig. 18 presents the horizontal
displacement of inter-pile soil before unstable damage
occurs. The results reveal a positive correlation between
cohesion and stability of DFPs. For instance, a cohesive
force of 20 kPa yields an ultimate stable excavation depth
of 6 m, while 50 kPa yields a corresponding depth of 13 m.
These findings suggest that as cohesion increases, the
allowable deformation of the foundation pit before insta-
bility is greater, and the depth of the most prominent soil
arching effect between piles shifts downward.
5.3 Internal friction angle

Using a constant pile spacing of 2 m and keeping all
other soil material parameters unchanged, the internal fric-
tion angles of the soil were varied between 9�, 27�, and 36�
to investigate their effects on the soil arching phenomenon.
Figrue 19 depicts that the stress transfer of soil mass
between piles with smaller internal friction angles deviates
from the expected soil arching effect law. In particular, the
stresses of the soil on both sides behind the two piles are
not symmetrical, indicating an absence of a reasonable
arch axis. On the other hand, as the friction angle increases
to 18�, the soil stress at the pile-soil interface (x = 0.7 m)
increases, which supports the formation of a reasonable
path for stress transfer. However, when the internal friction
angle exceeds 27�, the stress reduction value of the soil



Fig. 16. Effects of different cohesion on horizontal displacements of the inter-pile soil. (a) c = 20 kPa, (b) c = 30 kPa, and (c) c = 50 kPa.

Fig. 17. Maximum principal stress distribution under different soil
cohesions.

Fig. 18. Effect of changed cohesion on horizontal displacements of inter-
pile soil.
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between piles is not substantial, which implies that soil with
high shear strength undermines the arching effect, and the
lateral bearing capacity of precast piles is not fully utilized.
In practice, the findings suggest that reducing the pile spac-
ing is necessary when the internal friction is small, while an
increase in the pile spacing is feasible when the internal fric-
tion angle is large.

The variation of the pile-soil stress ratio shown in
Fig. 20 suggests that stress ratio became significantly higher
when the friction angle within the soil is about 18�–27�,
indicating that this range is the cohesive arch-forming
interval of soil arching effect, and further, the bearing
capacity of the pile can also be effectively used.

The relationship between the horizontal displacement of
inter-pile soil and the internal friction angle is depicted in
Fig. 21. The results show that as the internal friction angle
increases, the limit excavation depth and the allowable
deformation of soil between piles before failure both
increase. When the internal friction angle is large enough
(u = 36�), the high shear strength of the soil mass enhances
its overall stiffness, leading to reduced deformation of the
soil mass between piles. However, the impact of internal
friction angle change on the soil arching effect is weak when
the excavation depth of the foundation pit is small, but it
cannot be ignored when the excavation depth is large.
6 Application and promotion

The soil arching effect is an important phenomenon that
enables isolated pile foundations to function as continuous
supports. While previous research on soil arching has pri-
marily focused on its ability to resist landslides, few studies
have examined its behavior under the unloading caused by
foundation pit excavation (Wei et al., 2009; Li et al., 2015).
In this study, we have investigated the morphologies and
distribution of soil arching during DFP excavation using
both theoretical analysis and numerical simulation, and
have revised the calculation of pile spacing accordingly.
Our findings have also shed light on the spatial differences
in horizontal soil arches between piles and the factors that



Fig. 19. Effects of changed internal friction angles on horizontal displacements of inter-pile soil. (a) u = 9�, (b) u = 27�, and (c) u = 36�.

Fig. 20. Maximum principal stress distribution under different soil inner
friction forces.

Fig. 21. Effects of different internal friction angles on horizontal
displacements of inter-pile soil.
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influence them. These results are of significant importance
and can provide valuable insights for the design of precast
pile row as a DFP supporting structure.
As highlighted earlier, the spacing of piles plays a crucial
role in shaping and distributing soil arching. However, soil
arching, as a result of excavation of deep foundation pits,
exhibits a unique 3D pattern, distinct from the uniform soil
arching associated with anti-slip piles. With excavation, the
dominant position of soil arching progressively shifts
downwards from the top of the piles until it stabilizes at
a depth ranging from one-half to three-fourths of the over-
all excavation depth. This behavior is of utmost impor-
tance when designing the pile spacing since a well-defined
arch axis enables significant downward displacement of
the soil arch, enhancing its ability to retain soil. In addi-
tion, the study presents an improved approach for comput-
ing pressure on soil arching and investigates the impact of
soil parameters on soil arching. Based on the findings, for a
pile spacing of 2 m, recommended ranges for elastic mod-
ulus, cohesion, and internal friction angle that enable the
formation of soil arching are identified as 20–40 MPa,
30–50 kPa, and 18�–27�, respectively. These results are
instrumental in guiding the design of row piles.

The use of piles as a safe and efficient foundation solu-
tion is widely accepted. However, when used in conjunction
with a waterproof curtain made of cement soil, the struc-
ture becomes mainly bearing-oriented and is suitable for
use in water-rich strata. Figure 22 illustrates the pile-wall
composite supporting structure, which is composed of pre-
fabricated square piles, water-retaining structures, and
basement side walls. During construction, the prefabri-
cated square piles are surrounded by high-pressure rotating
piles that serve as a water-retaining structure, and they bear
the soil pressure from the back wall of the DFP (Fig. 22)
(Lu et al., 2021). These prefabricated square piles are
retained as part of the permanent structure and are con-
nected to the basement side walls through reinforcement
or shear keys. During the service period, the pile and wall
jointly bear the water-soil coupling pressure. This compos-
ite structure, which combines the temporary enclosure
structure and the permanent structure, enables the recy-
cling of resources and has broad prospects. This paper
studies and analyzes the performance and mechanism of
prefabricated piles for retaining structures during excava-



Fig. 22. Prefabricated piles connected to side walls for joint bearing. (a) Finished precast piles, and (b) pile-wall composite supporting structure.
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tion. Future studies will focus on the force–deformation
characteristics of the composite structure.
7 Conclusions

To investigate the evolution of soil arching and its stress
and deformation characteristics induced by the excavation
of DFPs, a 3D finite element model was established in this
study. Subsequently, an improved method was proposed
for calculating the reasonable pile spacing, and the sensitiv-
ity of soil parameters to the soil arching effect was ana-
lyzed. The main conclusions drawn from this study are as
follows:

(1) After excavation of the foundation pit, the horizon-
tal displacement of soil between the piles gradually moves
towards the free surface, and the soil forms a bearing soil
arch between the piles, which resists the soil pressure
behind the piles and reduces deformation. The significant
position of the soil arching gradually moves downward
from the pile top to about 3/4H as the excavation depth
increases.

(2) Pile spacing plays a critical role in the formation and
distribution of soil arching. The retaining soil constraint
effect of soil arch is most significant when the pile spacing
is 3 times the pile diameter, which is specific to the geolog-
ical conditions of the engineering case studied in this paper.

(3) Considering the three-dimensional distribution dif-
ference of soil arching, the existing two-dimensional calcu-
lation method for determining reasonable arch spacing is
revised by suggesting that the uniformly distributed thrust
of soil behind the pile at the bottom of the foundation pit,
calculated according to Rankine active earth pressure, be
revised to the earth pressure behind the pile at the depth
of 3/4H.

(4) Soil property parameters such as elastic modulus,
cohesion, and internal friction angle can affect the shape
and distribution of soil arching. In the case studied, the dis-
tribution intervals of these three parameters suitable for
arching are 20–40 MPa, 30–50 kPa, and 18�–27�,
respectively.

(5) While the study sheds light on the soil arching law of
DFP, it has some limitations. The results of numerical sim-
ulation need to be verified by practical projects, and the
complex factors affecting soil arching effect coupling still
require further study.

In this paper, the assumption of uniaxial compression
stress states is made to provide a simplified framework
for investigating the soil arching phenomenon in DFPs.
While the assumption simplifies the analysis, it is important
to recognize its limitations and the need for more advanced
modeling approaches to capture the complexities of arch-
shaped failure modes and multidirectional stress states in
future research.
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