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Abstract:

At present, the three-row pile support structure is gradually used in engineering practice, but there is no
mature calculation theory and design code for reference. To solve this problem, considering the
coordination of pile-soil deformation, the three-dimensional finite element analysis of the three-row pile
support structure is carried out, and the monitoring data of the actual project are compared to verify the
rationality of the calculation method. On this basis, the effects of different factors (pile embedded depth,
pile diameter, row spacing, pile spacing, excavation width, crown beam elastic modulus) on the
deformation and stress of three rows of piles are studied. The numerical analysis results show that the
embedded depth of three-rows piles should be 0.5h (H is the excavation depth of foundation pit), the pile
diameter should be 400mm, and the row spacing and pile spacing should be 3d ~ 4d (d is the pile
diameter). These laws provide a theoretical basis for the design and construction of a three-row pile
support structure.

Keywords: Existed workshop, Deep foundation pit, Cantilever row pile, Three-row pile support structure,
Influential factor, Deformation compatibility, Internal force, Numerical simulation

I. INTRODUCTION

In recent years, as the scale of deep foundation pit grows increasingly large, the traditional double-row
pile supporting structure fails to fully meet the needs due to the limitation of working environment.
Compared with double-row piles, three-row piles have a greater lateral resisting stiffnesst*?. In the site
environment with limited conditions such as the deformation of the pit working surface and the lateral
deformation, three-row pile support structure has better adaptability. Therefore, three-row piles are
gradually applied in the deep foundation pit engineering projectst**!.
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Recently, the relatively mature calculation theories and specifications®® can be referred to for the
single and double row pile calculation, but few research has focused on the triple row piles. Xin, et al.””
conducted the model test of the triple row piles, analyzed the deformation and the bending moment of the
triple row piles through the test, and believed that the triple row piles had good antiskid effects. Compared
with single row piles, its antiskid bearing capacity increased by 51.5% and could prevent great
deformations of the slip mass. Xin, et al.™% combined the strength reduction method with the finite
difference program FLAC3D and concluded the internal force distribution law of the triple row mini-piles
under different landslide thrusts. Tian, et al.*¥ studied the deformation and the internal force of the triple
row piles on the high and deep bank slopes of the waterway in a certain city, analyzed the influence rules
of factors such as row spacing, pile stiffness and beam stiffness, and provided the reasonable design
parameters such as row spacing, soil reinforcement positions, beam thickness, etc. Hu, et al.l'”! studied the
variation law of the bank slope stability during the excavation in a canal bank slope restoration project
which had the supporting structure of the triple-row bored piles. The results showed that: the construction
quality of the triple-row bored piles played a very important role in the bank slope stability. Huang™® used
the finite element method to analyze the deformation and internal force of the triple-row piles on a high
slope, and made a comparative study on the influence of the length of the last two rows of piles. He
believed that the front pile played a leading role, the rear two rows played a reverse anchoring role, and the
piles in the middle row was weak in the lateral resisting movement. By combining the numerical
simulation with the field monitoring, Zeng™* studied the laws about the deformation of the triple-row pile
supporting structure and the pile top settlement, and proved that triple-row piles can effectively support the
deformation of subways and tunnels.

At present, the research of the triple-row pile structure is mainly qualitative without the mature
calculation theory. In order to solve this problem, the three-dimensional finite element method was used
for the calculation and analysis of the triple-row pile support structure in this paper under the condition of
considering the pile-soil deformation coordination. The monitoring data of the practical engineering were
compared and the rationality of the calculation method was verified. Moreover, the law of deformation and
internal force evolution under different working conditions was also further explored, which provided a
theoretical basis for the design and construction of triple-row pile supporting structure.

Il. THEORETICAL MODEL
According to the stress characteristics of piles, the soil between piles is simplified as the soil springs™

18] ‘and the bottom end of piles is regarded as the fixed end. The calculation model is shown in Fig 1.
Accordingly, the calculated widths of active and passive earth pressure are shown in Fig 2.
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1. Piles in the front row; 2. Piles in the middle row; 3. Piles in the last row; 4. Crown beam
Fig 1: Calculation model
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bo-calculated width of passive zone; b,- calculated width of active zone
Fig 2: Calculated width of earth pressure
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The earth reaction acting on the front piles is calculated according to formula'® below.
ps = ksv+ psO (1)

Where, p,is the soil reaction strength (kPa) of the front piles, k. is the horizontal reaction coefficient of

the soil (kN/m?), which is calculated according to formula (2), v is the horizontal displacement of the front
piles at the calculation point of the soil reaction (m), and p, is the initial soil reaction strength (kPa),

calculated according to formula (3) [,
k,=m(z—h) (2)
Where, m is the proportional coefficient of the soil’s horizontal reaction coefficient (kN/M*), which
should be determined according to the field load test and the experience. Z is the distance from the

calculation point to the ground (m). H is the excavation depth of the foundation pit (m).

psO = O-pk Kai (3)
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Where, is the total vertical stress (kPa) generated by the soil’s dead load at the calculation point inside
the three rows of piles. K, is the pressure coefficient of the active soil. p, is horizontal soil pressure of the

soil between front and middle row piles on the inner side of the supporting structure.
pél = ks/A v+ p;o (4)

p, is horizontal soil pressure of the soil between middle and rear row piles on the inner side of the
supporting structure.

P, =kAV, + P, (5)

Where, k!is the horizontal stiffness coefficient of the soil between piles (kN/m?®), calculated according
to formula (6). Av, is the horizontal displacement difference value between front and middle row piles (m).
Av, s the horizontal displacement difference value between middle and rear piles (m). p., is the initial earth
pressure (kPa) of the soil between piles on the pile side, calculated according to formula (7). p, Is the
pressure of the soil between front and middle rows of piles on the pile side (kPa); p, is the pressure of the
soil between middle and rear rows of piles on the pile side (kPa).

K =— (6)

Where, E, is the calculated compression modulus (kPa) of the soil. s, is the row spacing between three

rows of piles (m). d is the diameter of the pile (m).
Py = (20‘ _az) Pak (7

—d
P 8)
htan(45° — @/ 2)
Where, « is the calculation coefficient. Ifo>1, and then a=1.¢is the internal friction angle of the
foundation pit soil (°). p, is the standard value of the active earth pressure strength at the calculation point
of the outside soil mass for the three rows of piles, which is calculated according to formula (9)%!.

Pak = T Ka - 20\/K_a (9)

Where, o, is the total vertical stress (kPa) generated by the dead load of the soil at the calculated point

outside the three rows of piles.
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I11. NUMERICAL ANALYSIS
3.1 Project Overview

The reconstruction project of a workshop is located in Huangshi, Hubei Province. The foundation pit
excavation is required on the original ground of the workshop because of the recon structuring needs. The
maximum excavation depth of the foundation pit is -9.0m, and the area is about 646m?. The importance
and safety level of the foundation pit is grade 2. Since the edge of the foundation pit is nearly 2m away
from the edge of the workshop pillar, it is considered that the excessive lateral displacement of the
workshop pillar may cause safety hazards. Therefore, the control requirements of the of the pit wall’s
lateral displacement were high and the spatial constraint effect was obvious during the foundation pit
excavation. Meanwhile, because the heavy equipment base needed to be installed in the foundation pit, the
small field operation surface made it impossible to set up the foundation pit support. Considering the
excavation depth, the environmental conditions of the site and other factors, the traditional double-row pile
structure failed to meet the requirements, and the three-row supporting structure was used. The pile
diameter was 300mm, the row spacing between piles was 600mm, the pile length was 12.0m, and it was
arranged in the shape of the quincunx. The top of the pile was C30 concrete beam, connecting the three
rows of piles as a whole. Given the need of calculation, analysis and comparison, the parameters were
monitored in real time and they included the horizontal displacement of the three-row pile supporting
structure, the surrounding ground surface settlement, the foundation settlement of the workshop pillar, etc.

3.2 Model Parameters
The undisturbed soil of the foundation pit was taken for the relevant basic physical and mechanical
tests according to literature™®. The related parameters of the soil were obtained and listed in TABLE I.

According to the test parameters in TABLE I, the soil was the silly clay of medium compressibility and it
was hard.

TABLE 1. Physical and mechanical properties of soil

WATE | DENS | PLAS | LIQ | PLAS | LIQ | COEFFICIE | COMPRE | COHE | INTER| DILAT
R ITY TIC uib | TIC UID | NT OF | SSION SIVE NAL | ANCY
CONT | ,/cni) LIMI | LIMI | INDE | IND | COMPRESSI | MODULU | FORC | FRICTIf ANGLE
ENT T T X EX | BILITY S E ON w ()
w/ (%) W, w, I, I a, /(M) E, 7 (MPa) o/ (kPe) | ANGL

E

Q)
19.6 1.89 205 |371 |16.6 |0.05 |0.2 7.38 47.9 17.0 0
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The geometric parameters of the calculation model for the foundation pit are as follows: The
excavation depth of the foundation pit was 9m and the excavation width was 10m. In the 3D model, the
excavation depth of the foundation pit in the vertical direction was enlarged 5 times (45m), and the
excavation depth of the foundation pit in the horizontal direction was also enlarged 5 times™. A three-row
pile was taken as the calculation model (as shown in Fig.3 (a)), and the dimension of the model was 55mx
45mx 2.4m. The three-row pile support structure were arranged in a quincunx shape, and the calculation
model is shown in Fig. 3. The geometric parameters of the support structure are shown in TABLE II.

TABLE I1. Geometric parameters of three-row pile support structure

Pile length/m Pile diameter/mm | Row spacing/mm | Pile spacing/mm Crown beam section/mm

12 300 600 1200 150x400

In order to fully consider the pile-soil interaction, the solid elements were used for soil mass, piles and
crown beams in the model. The linear elastic model was used for the three-row piles and the Mohr-
Coulomb strength criterion was used for the soil mass. The tangential direction of the friction model on the

pile-soil contact surface was the penalty function model, the friction coefficient wasﬂzta”(0'75‘/’),¢’was
the internal friction angle of the soil mass, and the hard contact was selected in the normal direction.
According to the geological survey report, little difference was shown in the soil layer of the foundation pit,
which is mainly composed of silty clay. It was taken as the representative soil layer for calculation. The
material parameters of soil mass, piles and crown beams are shown in TABLE IlI.

TABLE I11. Physical and mechanical parameters of materials

Density/ Elastic modulus | Cohesive force Internal Poission
Name (kg/m®) /MPa /kPa friction ratio
angle/.
Silly clay 1890 14.8 47.9 17 0.3
Piles and crown beams | 2400 30000 - - 0.2

3.3 Calculation Model

The element types of pile body, soil mass and crown beams were set as C3D8 (eight-node hexahedron
element) to establish a 3D finite element calculation model. There were 50,520 elements in the soil mass,
and 1,790 elements in the pile body. The grid division of the computing unit for the soil mass and pile
body is shown in Fig 3.
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The boundary conditions of the model are the constraints of the displacement in the X direction on the
left and right sides, the displacement in the Y direction on the front and rear sides and the displacement in
the X, Y and Z directions of the bottom. In this paper, keywords were used to define the initial ground
stress method®® for the crustal stress balance. The method required the input of the coordinates of the
highest and lowest point in different material areas as well as the dead weight stress. It is generally
applicable to the geometric model with regular surface smoothness.

(@) pile body unit  (b) soil mass unit
Fig 3: Finite element calculation grid of piles and soil

The steps of the simulated foundation pit excavation are as follows :
1) The finite element model of the soil mass, three-row piles and crown beams was established, the
material got defined and the section was assigned attributes, and the components were assembled into a

whole.

2) Three-rows piles were removed, and boundary conditions were set, and the weight of the soil mass
was exercised to balance the initial ground stress.

3) The corresponding contact pairs of three-row piles and soil were activated.

4) The excavated soil mass was removed, and the contact pairs between three-row piles and the soil
mass were deleted.
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3.4 Validation of the Results
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Fig 4: Comparison of horizontal displacement of pile

Fig 4 compared the calculated and measured values of the maximum pile displacements at different
depths. As can be seen from Fig. 4, the numerical calculation result of the horizontal displacement at pile
top was 47.3mm, while the measured data was 40.6mm. The variation trend of pile displacement got
relatively close along with the variation trend of the depth. This indicated the rationality, reliability and
applicability of the numerical calculation results in this paper.

IV. INFLUENCE OF DIFFERENT FACTORS

Based on the above calculation and analysis model, different factors (Embedded depth, pile diameter,
row spacing between piles, etc.) were changed to analyze the change law of the pile displacement and the
internal force and to study the mechanical mechanism of the three-row pile supporting structure. It
provided a theoretical basis for establishing the calculation method of the three-row pile supporting
structure.

4.1 Embedded Depth of Piles

Other factors (pile diameter, row spacing between piles, pile spacing, width of foundation pit
excavation, etc.) were controlled and made constant. The different ratios of embedded depth and pile
length were set to change the embedded depth of the pile support. The influence law of the pile’s
embedded depth on the three-row piles was explored Five working conditions are simulated, as shown in
TABLE IV.

TABLE IV. Embedded depth of pile

Working 1 2 3 4 5
conditions
Embedded depth 0.33h 0.4h 0.5h 0.6h 0.7h

Notes: h is the excavation depth of the foundation pit(m).
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Fig 5 shows the calculated results of the horizontal displacement under five different working
conditions. The variation trend of horizontal displacement in front, middle and rear piles was basically the
same: under the same embedded depth, the maximum horizontal displacement of the three-row piles
ranked as follows: ront pile > middle row pile > rear pile. Under the foundation pit subface, the
displacement changed little when the embedded depth got changed. The maximum horizontal displacement
of front, middle and rear piles decreased gradually with the increase of embedded depth. However, when
the embedded depth reached 0.5h, the maximum horizontal displacement didn’t change much. Therefore,
0.5h can be regarded as the design threshold of the embedded depth.

Fig 6 shows the bending moment of the pile section under different working conditions. The embedded
depth didn’t obviously influence the maximum negative bending moment of front, middle and rear piles.
The maximum negative bending moment of front middle piles was at about 10m, and the maximum
positive bending moment was at about 5-6m. The maximum positive bending moment of the rear pile was
at the pile top, while the maximum negative bending moment was at the bottom of the pit. The maximum
bending moment of middle piles was smaller than that of front and rear piles, so in the practical
engineering design, it can be considered that the piles in front and rear rows should be equipped with more
bending reinforced bar than middle piles.

In conclusion, increasing the embedded depth can reduce the horizontal displacement of piles to a
certain extent. However, when the embedded depth exceeded a certain threshold, it had little effect on
reducing the horizontal displacement of the supporting structure and would increase the economic cost.
Therefore, the recommended design value of the embedded depth for the three-row piles can be set as 0.5h.
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Fig 5: Relationship curve between horizontal displacement and embedded depth
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Fig 6: Relationship curve between section bending moment and embedded depth

4.2 Pile Diameter

In order to study the influence rule of the pile diameter, and five possible pile diameters were selected
for calculation based on the engineering practice, as shown in TABLE V.

TABLE V. Pile diameter (mm)

Working conditions 1 2 3 4 5

Pile diameter 200 300 400 500 600

Fig 7 and Fig 8 are relationship curves of the maximum horizontal displacement and the section
bending moment that changed along with pile diameters. As can be seen from the Fig, the maximum
horizontal displacements of front, middle and rear piles all decreased with the increase of pile diameters,
while the maximum positive bending moment increases with the increase of pile diameters. However,
when the pile diameter was between 200mm and 400mm, the maximum horizontal displacement of the
pile decreased rapidly and the maximum positive bending moment increased slowly as the pile diameter
increased. When the pile diameter was between 400mm and 600mm, the maximum horizontal
displacement of the pile decreased slowly with the increase of the pile diameter, while the maximum
positive bending moment increased rapidly.

In conclusion, the structural stiffness of the three-row piles increased with the increase of the pile

diameter. 200mm~400mm is the recommended range of designing the pile diameter, and 400mm is the
critical point of stiffness, namely the design threshold of the pile diameter.
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4.3 Row Spacing of Piles

In the engineering design of the three-row piles, the change of row spacing will affect the distribution
form of the earth pressure in front, middle and rear piles. In order to determine more reasonable row
spacing and make other factors constant, five different row spacing conditions were simulated as shown in
TABLE VI.

TABLE VI. Row spacing of pile (mm)

Working 1 2 3 4 5
conditions
Row spacing 2d 3d 4d 5d 6d

Fig 9 shows the horizontal displacement changes along with the row spacing. The front pile was less
affected by row spacing, and its displacement was closer under different row spacings. However, the
middle and rear piles were greatly affected by it. The maximum horizontal displacement of front, middle
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and rear piles decreased with the increase of row spacing. When the row spacing changed from 3d to 4D,
the maximum horizontal displacement decreased gently.

Fig 10 shows the bending moment changes along with the row spacing. For front piles, with the
increase of row spacing, the maximum bending moment increased gradually but with an increasingly small
trend. The maximum positive bending moment of middle row piles increased gradually with the increase
of row spacing, while the negative bending moment increased first and then decreased. With the increase
of row spacing, the reverse bending point gradually moved up, indicating that: with the increase of row
spacing, middle rows produced an increasingly strong Rachel effect on front piles. In general, the
maximum positive bending moment of the front, middle and rear piles increased with the increase of row
spacing. When the row spacing was from 3d to 4d, the maximum positive bending moment of the front and
rear piles showed relatively small differences, and the stress was relatively uniform, which can give full
play to the role of each piles in row.

In conclusion, the recommended range of the three-row piles was 3d-4d.
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Fig 9: Relationship curve between horizontal displacement and row spacing
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Fig 10: Relationship curve between section bending moment and row spacing

4.4 Pile Spacing
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To analyze the influence law of the pile spacing, five different working conditions were used, as shown
in TABLE VII.

TABLE VII. Pile spacing

Working 1 2 3 4 5
conditions
Pile spacing 2d 3d 4d 5d 6d

Notes: d is the pile diameter.

Fig 11 shows the horizontal displacement changes along with pile spacing. The pile body’s horizontal
displacement of three-row piles increased at a growing rate with the increase of pile spacing. When the pile
spacing was between 2d and 4d, the maximum horizontal displacement difference of front, middle and rear
piles was relatively small. Below the foundation pit subface (below 9m), the displacement was almost
unchanged due to the good embedment of the soil.

Figl2 shows the bending moment changes along with pile spacing. As the pile spacing increased, the
maximum positive and negative bending moments of three-row piles also increased at a growing rate. The
inflection points of the front and middle row piles were close to each other, and they were located about
8m underground. However, the pile body’s inflection point of rear piles moved up, indicating that the
excessive pile spacing will cause the soil deformation of the lateral pile, causing an increase in the internal
force and the supporting structure deformation. When the pile spacing was from 3d to 4d, the maximum
positive bending moment of middle and rear piles changed little, and the stress of middle and rear piles

was relatively uniform.

The increase of pile spacing will cause the displacement and internal force of the supporting structure
to increase, which is likely to cause the instability of the supporting structure. However, the smaller pile
spacing will increase the number of piles, resulting in excessive economic cost. Based on the above
analysis, the recommended design range of the three-row pile spacing of is 3d ~ 4d.
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Fig 11: Relationship curve between horizontal displacement and pile spacing
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Fig 12: Relationship curve between section bending moment and pile spacing

4.5 Excavation Width

To analyze the influence law of the excavation width, four different working conditions were used, as
shown in TABLE VIII.

TABLE VIII. Excavation width of foundation pit (m)

Working conditions | 1 2 3 4

Excavation depth 10 20 30 40

Fig 13 shows the horizontal displacement changes along with the excavation depth of the foundation
pit. The horizontal displacement of the three-row piles increased along with the increase of excavation
width, and the maximum horizontal displacement was at the pile top. The influence degree of the
foundation pit excavation width on the supporting structure of three-row piles tended to increase slowly.
When the excavation width was 10m ~ 20m, the displacement of three-row piles didn’t change obviously.

Fig 14 shows the bending moment changes along with the excavation width of the foundation pit. The
bending moment of the three-row piles was less affected by the excavation width of foundation pit,
because the overall lateral resisting stiffness of the three-row piles was large, and the coordinated
distribution of internal forces was strong. Therefore, the internal force changed little.
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4.6 Crown Beam Stiffness
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To study the influence law of the crown beam stiffness, three different working conditions were used,

as shown in TABLE IX.

TABLE IX. Elastic modulus of crown beam

Working conditions

1

2

Elastic modulus of crown beam/(GPa)

0.5E

1E

1.5E

Notes: E is the elastic modulus of the pile body.

The horizontal displacement changes along with the elastic modulus of crown beam, as shown in Fig

15. As the elastic modulus of crown beam increased, the pile displacement gradually dropped at a
decresing rate. The bending moment change curve of the pile body is shown in Fig 16, and changing the
elastic modulus of crown beam didn’t obviously influence the bending moment change of three-row piles.
Therefore, it can be known that: the supporting effect enhancement for the three-row piles was not obvious
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by increasing the elastic modulus of the crown beam, which also indicates that the three-row pile structure

is good in terms of lateral resisting stiffness and overall stability.
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Figl15: Relationship curve between horizontal displacement and elastic modulus of crown beam
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Fig 16: Relationship curve between section bending moment and elastic modulus of crown beam

V. CONCLUSIONS
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Based on the pile-soil displacement coordination, a three-dimensional finite element model for three-
row piles was established in this paper, and its rationality got verified by comparing the simulated data
with the measured data. On this basis, the influence law of different factors on the deformation and internal
force of three-row piles was simulated, which provided the theoretical basis for the design and construction
of three-row piles. The following conclusions are drawn:

1) The horizontal displacement of the supporting structure can be reduced by increasing the pile’s
embedded depth (i.e. increasing the pile length), and the optimum embedded depth of three-row piles

should be 0.5h (h is the excavation depth of the foundation pit).

2) Increasing the pile diameter can improve the pile stiffness and reduce the horizontal displacement of
the supporting structure. When the pile diameter exceeded 400mm, the displacement of three-row piles

1479



Forest Chemicals Review

www.forestchemicalsreview.com

ISSN: 1520-0191

March-April 2022 Page No. 1464-1481

Article History: Received: 08 February 2022, Revised: 10 March 2022, Accepted: 02 April 2022, Publication: 30 April 2022

didn’t decrease obviously. 400mm can be used as the threshold of the designed pile diameter, and
200mm~400mm was the recommended range of the designed pile diameter.

3) When the row spacing changed in between 3d and 4d, the maximum positive bending moment of
front and rear piles were relatively small, and the maximum horizontal displacement decreased gently.
Therefore, it is suggested that the design range of the row spacing for three-row piles is 3d~4d.

4) When the pile spacing varied from 2d to 4d, the maximum horizontal displacement difference of
threerow piles was relatively small, and the maximum positive bending moment of middle and rear piles
changed little. Therefore, the recommended design range of the pile spacing for three-row piles is 3d~4d.

5) The excavation width of the foundation pit and the stiffening of crown beam had a certain influence
on the displacement and internal force of the supporting structure, but it was not significant.
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