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Abstract: As a new kind of technology in retaining structures, the characteristics of double-row piles are significantly affected
by spatial effects. In this paper, double-row piles as a retaining structure are simulated numerically in three-dimension by finite
element software PLAXIS 3D FOUNDATION. The behavior differences of piles in different positions around the foundation pit
are analyzed. By changing the parameters, including the length-width ratio, the excavation depth, the distance between rows and
the diameter of piles, the variations of the lateral deformation, the bending moment and the earth pressure around the piles are
determined. The reasonable values of parameters and some suggestions with consideration of earth pressure are proposed for the
design of double-row piles as a retaining structure. The results show that the lateral deformation and bending moment are the
largest in the middle of long side of the foundation pit, which is identified as the most unfavorable position. It is indicated that the
earth pressure between rows above pit bottom is close to active earth pressure, while the earth pressure between rows under pit
bottom is close to static earth pressure. It is suggested that 1/2-2/3 of pile length, 0.6—-1.2 m, 3d—6d, and 2d-2.5d be chosen as
embedded depth of piles, diameter of piles, distance between rows, and distance between piles, respectively, where d is the pile
diameter.
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1 Introduction the model of a plane rigid frame (He ef al., 1996) is
proposed, which has been widely used in practice.

As a new kind of technology in retaining struc- ~ However, there is a greatly varying distribution of

tures, double-row piles have been produced by the
China Academic of Building Research and Beijing
Construction Engineering Group. The lateral stiffness
of the retaining structures is enhanced due to spatial
effects, the deformation produced by excavation is
smaller with the comparison of the single-row piles as
a retaining structure, and the lateral deformability
resistance is greatly improved (Sun, 2008). Double-
row piles as a retaining structure have been widely
used in foundation engineering.

Based on laboratory model tests and engineer-
ing tests of double-row piles as a retaining structure,
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earth pressure between the front-row pile and the
back-row pile in this model, which leads to deviation
between practice and theory. A new model of a plane
bar-system finite element, considering the interac-
tion between the pile and soil (Zheng et al., 2004), is
proposed. The soil between rows is assumed to be
thin-compressed layer that is simulated by horizontal
springs. The earth pressure is distributed to piles by
deformation coordination among the springs, the
front-row pile, and the back-row pile. A part of
double-row piles as a retaining structure is analyzed
in three-dimension by finite element or finite dif-
ference software (Yang, 2005; Wu, 2006), and the
internal force and deformation of retaining struc-
tures are analyzed. It is essential to perform real 3D
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analyses on double-row piles as a retaining structure,
being able to reflect the spatial effects on the whole
foundation pit.

In this study, using finite element software
PLAXIS 3D FOUNDATION, double-row piles as a
retaining structure are simulated in real three-
dimension, considering the spatial effects on the
whole foundation pit. The behavior differences of
piles in different positions around the foundation pit
are analyzed. By changing the parameters, including
the length-width ratio, the excavation depth, the dis-
tance between rows and the diameter of piles, the
variations of the lateral deformation, the bending
moment, and the earth pressure around the piles are
determined. The reasonable values of parameters and
some suggestions with consideration of earth pressure
are put forward for the design of double-row piles as a
retaining structure.

2 Finite element model
2.1 Establishment of the model

The software PLAXIS 3D FOUNDATION
(Version 1.6) is used to establish the model. Consid-
ering the spatial effects and computing power of the
computer, the size of foundation pit selected is 80 m
x40 mx10 m. The 1/4 of foundation pit is chosen to be
the researching object due to the symmetry. The
computational domain is 80 mx70 mx50 m, extend-
ing to 40—50 m outside foundation pit. The retaining
structures are bored piles. The pile diameter, pile
length, distance between piles, and distance between
rows are 0.6, 18, 1.5, and 2.5 m, respectively.

The plane shape of model is shown in Fig. 1. The
X-axis is along the long side of the foundation pit,
pointing to the right. The Z-axis is along the short side
of the foundation pit, pointing downwards. The Y-axis
is perpendicular to the X-Z-plane, pointing towards
the user. There are eight lines around the foundation
pit to improve the mesh, which cannot affect the
mechanical properties of model.

The soil is homogeneous. The constitutive
model of the soil is Mohr-Coulomb (Neher et al.,
2001; Brinkgreve, 2002). The density is 19 kN/m’;
the elastic modulus is 40 MPa; Poisson’s ratio is 0.35;
the cohesion is 15 kN/m?; the internal friction angle
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Fig. 1 Plane shape of model

is 20°; the interface-reduction coefficient is 0.7; and
the dilatancy angle is not considered. The piles are
simulated by changing the properties of soil in the
same positions. The constitutive model is linear-
elastic. The density is 25 kN/m’; the elastic modulus
is 2.5x10* MPa; and Poisson’s ratio is 0.2. The cou-
pling beams are simulated by linear-elastic beam
elements. The section size is 0.8 mx0.8 m. The den-
sity is 25 kN/m’ ; the elastic modulus is 3x10* MPa;
and Poisson’s ratio is 0.2.

PLAXIS will generate initial vertical stresses
that are in equilibrium with the self-weight of the soil.
Initial horizontal stresses, however, are calculated
from the specified value of K,. The value of K for a
normally consolidated soil is assumed to be related to
the friction angle by Jaky’s empirical expression
(Brinkgreve, 2002):

Ko=1-sing, (1)
01,0=Ko0vy, ()

where ¢ is the friction angle of soil; K is the coeffi-
cient of lateral earth pressure at rest; gy is the initial
vertical stress; and oy is the initial horizontal stress.
In practice, two K values can be specified, i.e., Ko
for the x-direction and K, for the z-direction. In this
study, the Kj, value is equal to the K, value.

The groundwater and ground overload are not
considered. Vertical model boundaries with their
normal in x-direction (i.e., parallel to the Y-Z-plane)
are fixed in x-direction and free in y- and z-direction.
Vertical model boundaries with their normal in
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z-direction (i.e., parallel to the X-Y plane) are fixed
in z-direction and free in x- and y-direction. The
model bottom boundary is fixed in all directions.
The “ground surface” of the model is free in all
directions.

2.2 Mesh of model

The mesh of model is automatic in PLAXIS. The
mesh around the eight lines is densified. The plane
mesh of finite element is shown in Fig. 2. After the
plane mesh, 3D mesh is carried on. The mesh of
coupling beams and interface elements around the
piles is shown in Fig. 3. The interface elements are
used to simulate interaction between soil and struc-
tures (Mendonca and de Paiva, 2000; Ellis and
Springman, 2001; Chen and Martin, 2002). The
complete 3D mesh is shown in Fig. 4. The elements of
soil are 15-node triangular prisms. The Y-axis is de-
fined positive upward. The upper part of model where
piles are located is densified. There are 37965 ele-
ments and 114513 nodes in all.

Fig. 3 3D mesh of coupling beams and interface
elements

‘l :

o
%gi-a e
S
E‘.Iﬂl %“\q//ﬁjj{ﬂn-
> =/
i = y w#:li.“ f

e

it

Fig. 4 3D mesh of model

3 Analysis of the model
3.1 Typical piles

The displacement fields of model are shown in
Fig. 5. The results show that the resilience of the pit
bottom and lateral displacement at the top of the piles
are main deformations. Due to the large size of the
model and a large quantity of the piles, few of the
properties of all the piles are shown in tables or fig-
ures, but it is essential to choose the piles on special
positions.
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Fig. 5 Displacement fields of model

The lateral displacement at the top of front-row
piles along the long side and short side of the foun-
dation pit is shown in Fig. 6. The lateral displacement
of the pile on the corner of the foundation pit is ap-
proximate to 0. As the distance to the corner of
foundation pit increases, the lateral displacement is
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observed to increase. The piles on point 4 to point G
are chosen to be analyzed. Table 1 gives the distance
to pit corner and lateral displacement at the top of
piles on point A—point G. The piles on point B, point C
and those on point F, point £ have the same distance
to the pit corner, respectively.
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Fig. 6 Lateral displacement at the top of front-row piles
(a) Lateral displacement at the top of front-row piles along
the long side of foundation pit; (b) Lateral displacement on
the top of front-row piles along the short side of foundation

pit

Table 1 The positions of point A—point G

Distance to Lateral displacement at the

Point pit corner (m) top of front-row piles (cm)

A 40.5 16.8
B 9.0 10.5
C 3.0 5.5
D 0 0

E 3.0 5.4
F 9.0 10.0
G 19.5 12.6

3.2 Analysis of lateral displacement

The lateral displacements of front-row and
back-row piles on point 4 to point G are shown in
Fig. 7. The lateral displacement of pile on point D (a)
represents deformation of pile on point D along Z-axis,
while the lateral displacement of pile on point D (b)
represents deformation of pile on point D along
X-axis. Above the bottom of the foundation pit, the
lateral displacement of the piles on the corner of the
foundation pit is very small and negligible in analysis.

As the distance to the corner of the foundation pit in-
creases, the displacement is observed to increase. For
the same pile, the lateral displacement near the top of
the pile is larger than that near the bottom of founda-
tion pit. The curve shape of lateral displacement of
front-row piles is concave, while the curve shape of
back-row piles is convex. Under the bottom of the
foundation pit, the lateral displacement of all the piles
is similar and relatively small. The lateral displacement
of piles on points B, C, and D (a) is very similar to that
on points F, £, and D (b), respectively.
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Fig. 7 Lateral displacement of piles on point A—point G
(a) Lateral displacement of front-row piles on point
A-point G; (b) Lateral displacement of back-row piles on
point A—point G

3.3 Analysis of bending moment

The bending moments of front-row and back-
row piles on point A—point G are shown in Fig. 8. The
moment of pile on point D (a) is the moment of pile
on point D bending around X-axis, while the moment
of pile on point D (b) is the moment of pile on point D
bending around Z-axis. The moment of pile is defined
positive in compression at the near-pit side.

The moment of the piles on the corner of the
foundation pit is very small and negligible in analysis.
The moment near the top and bottom of piles is ap-
proximate to 0. The moment of front-row piles is 0
near the bottom of foundation pit. The moment of
front-row piles is negative and similar above the
bottom of foundation pit. The moment of front-row
piles is positive under the bottom of foundation pit,
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while the moment of back-row piles is always posi-
tive. As the distance to the corner of the foundation pit
increases, the moment is found to increase. The mo-
ment of piles on points B, C, and D (a) is very similar
to that on points F, E, and D (b), respectively.
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Fig. 8 Bending moment of piles on point A—point G
(a) Moment of front-row piles on point A—point G; (b)
Moment of back-row piles on point 4—point G

3.4 Analysis of earth pressure

The earth pressures around front-row and
back-row piles on point 4 to point G are shown in
Fig. 9. Static earth pressure and the Rankine earth
pressure are also drawn in Fig. 9. Static earth pres-
sure and the Rankine earth pressure can be calcu-
lated by

po=Koyz, (3)
y-z-tan’(45°— @/ 2)

P, = —2c-tan(45°-¢/2), p, >0, 4)
0, p, <0,

Py =y-z-tan’(45°+ @/ 2)

6))
+2c¢-tan(45°+ @/ 2),

where py, p. and p, are the static earth pressure, Ran-
kine active earth pressure, and Rankine passive earth
pressure, respectively; y is the soil density; z is the
depth of calculated position; and c is the cohesion of
soil. When the depth of calculated position is smaller
than the critical depth, the Rankine active earth pres-
sure is defined as 0.
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Fig. 9 Earth pressure around piles on point A—point G
(a) Earth pressure in front of front-row piles; (b) Earth
pressure in back of front-row piles; (c) Earth pressure in front
of back-row piles; (d) Earth pressure in back of back-row
piles

The earth pressure around pile on point D (a)
represents lateral earth pressure around pile on point
D along Z-axis, while the earth pressure around pile
on point D (b) represents lateral earth pressure around
pile on point D along X-axis. All the earth pressure in
front of the front-row piles is similar. The earth
pressure of the upper part of the embedded pile length
is larger than the Rankine passive earth pressure,
while the earth pressure of the lower part of the em-
bedded pile length is between static earth pressure and
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the Rankine passive earth pressure. The earth pressure
in back of the front-row piles is similar to that around
the back-row piles. Earth pressure around piles on the
corner of the foundation pit is approximate to static
earth pressure. The earth pressure around piles on the
other positions is smaller than the Rankine active
earth pressure above the bottom of foundation pit,
while earth pressure is larger than the Rankine active
earth pressure and approximate to static earth pres-
sure near the bottom of the piles under the bottom of
foundation pit. The earth pressure in back of the
front-row piles fluctuated near the bottom of the
foundation pit because of the tension of coupling
beams. The earth pressure around piles on points B, C,
and D (a) is very similar to that around piles on points
F, E, and D (b), respectively.

4 Effect of length-width ratio

In parameter analyses, the middle point of the
long side of the foundation pit is defined as point A4.
The lateral displacement, bending moment, and earth
pressure of piles on point A are all the largest in the
same model. The properties of piles on point 4 indi-
cate spatial effects effectively. The behavior differ-
ences of piles on point A are used to reflect the in-
fluence of parameters.

Based on the basic model mentioned in Section 2,
the behavior differences of double-row piles as a
retaining structure are simulated through four cases
with different length-width ratios. Table 2 shows the
length-width ratios.

Table 2 The length-width ratios

Case Length-width ratio Case Length-width ratio
Case 1 1:1 Case 3 1:5
Case 2 1:3 Case 4 1:10

Because the computing power is limited, the
number of piles is constrained by PLAXIS 3D
FOUNDATION. Keeping the length of foundation pit
at 60 m, the behavior differences of piles on point 4
are simulated by decreasing the breadth of foundation
pit. The 1/4 of foundation pit is chosen to be the study
object due to the symmetry. The other parameters are
identical with the basic model.

4.1 Analysis of lateral displacement

The lateral displacements of the front-row and
back-row piles on point 4 are shown in Fig. 10. A de-
crease in length-width ratio is shown to increase the
lateral displacement above the bottom of foundation pit
and decrease the lateral displacement under the bottom
of foundation pit. Small variations in lateral displace-
ment are observed for remarkable variations of
length-width ratio. It can be seen that the short side
length of foundation pit has no significant influence on
the lateral displacement of long side of foundation pit.
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Fig. 10 Lateral displacements of piles on point 4 with
different length-width ratios
(a) Lateral displacement of front-row pile; (b) Lateral
displacement of back-row pile

4.2 Analysis of bending moment

The bending moments of front-row and back-row
piles on point 4 are shown in Fig. 11. Variations of
moment in different cases are almost the same to each
other for remarkable variations of length-width ratio,
which is in accord with variations of lateral displace-
ment. It can be seen that the short side length of foun-
dation pit has no significant effect on the moment of
piles in the long side of foundation pit.

4.3 Analysis of earth pressure

The earth pressures around front-row and
back-row piles on point 4 are shown in Fig. 12. The
variations of earth pressure with remarkable variation
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of length-width ratio are relatively small except for
near the bottom of piles. Above all, the variation of
length-width ratio has no significant influence on
earth pressure in magnitude around the front-row and
back-row piles.
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Fig. 11 Bending moments of piles on point 4 with different
length-width ratios
(a) Moment of front-row pile; (b) Moment of back-row pile

5 Effect of excavation depth

Based on the basic model mentioned in Section 2,
the behavior differences of double-row piles as a
retaining structure are simulated through three cases
with different excavation depths. Table 3 shows the
excavation depths. Case 3 is the basic model. The
other parameters are identical with the basic model.

5.1 Analysis of lateral displacement

The lateral displacements of the front-row and
back-row piles on point 4 are shown in Fig. 13. The
lateral displacement increases as the excavation depth
increases. The lateral displacements are quite different
above the bottom of foundation pit and relatively small
under the bottom of foundation pit. In case 1, lateral
displacement at the top of pile is approximate to 0.
Lateral displacement at the bottom of pile is larger than
that at the top of pile. In case 2, lateral displacement at
the top of pile is approximate to that at the bottom of
pile. In case 3, lateral displacement above the bottom
of foundation pit is significantly larger than that in the
other two cases. It can be seen that the excavation

depth has a great effect on double-row piles as a re-
taining structure. For a cost-effective and more reliable
design, it is suggested that 1/2-2/3 of pile length be
chosen as the embedded depth of piles.
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Fig. 12 Earth pressures around piles on point 4 with
different length-width ratios

(a) Earth pressure in front of front-row pile; (b) Earth pres-
sure in back of front-row pile; (c) Earth pressure in front of
back-row pile; (d) Earth pressure in back of back-row pile

Table 3 The excavation depths

Case Excavation depth (m)
Case 1 6
Case 2 8
Case 3 10
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Fig. 13 Lateral displacements of piles on point 4 with
different excavation depths

(a) Lateral displacement of front-row pile on point 4; (b)
Lateral displacement of back-row pile on point 4

5.2 Analysis of bending moment

The bending moments of the front-row and
back-row piles on point A are shown in Fig. 14. The
bending moment increases as the excavation depth
increases. In case 1 and case 2, because the pit resil-
ience is the main deformation, the moment of
front-row piles is negative between the bottom of
foundation pit and the bottom of piles. In case 1,
bending moment of back-row pile is very small, and
its sign (positive or negative) may be changed easily
due to many factors, such as the self-weight of soil
between rows, pit resilience, and tension of coupling
beams. In general, the variation of moment consists
with the variation of lateral displacement.

5.3 Analysis of earth pressure

The earth pressures around the front-row and
back-row piles on point 4 are shown in Fig. 15. The
earth pressure follows a similar trend with the vari-
ation of excavation depth. The variation of earth
pressure is the most significant and the least sig-
nificant in case 3 and case 1, respectively. The earth
pressure in case 3 is the largest in Fig. 15a, and the
smallest in Fig. 15b, Fig. 15¢ and Fig. 15d. In gen-
eral, the variation of excavation depth influences the
earth pressure in magnitude around the front-row
and back-row piles to some extent.
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Fig. 14 Bending moments of piles on point 4 with different
excavation depths
(a) Moment of front-row pile; (b) Moment of back-row pile

6 Effect of distance between rows

Based on the basic model mentioned in Section 2,
the behavior differences of double-row piles as a
retaining structure are simulated through five cases
with different distances between rows. Table 4 shows
the distances between rows. Case 2 is the basic model.
d is the diameter of the piles. The other parameters are
identical with the basic model.

6.1 Analysis of lateral displacement

The lateral displacements of the front-row and
back-row piles on point 4 are shown in Fig. 16. The
lateral displacement decreases with increasing dis-
tance between rows. Above the bottom of foundation
pit, lateral displacements are quite different. In case 1
and case 2, the curves of lateral displacements are
almost parallel. In case 4 and case 5, the lateral dis-
placement at the top of front-row piles is not the
largest owing to the tension of coupling beams. The
largest lateral displacement occurs between the top of
piles and the bottom of foundation pit. There is a
significant difference in lateral displacement between
front-row piles and back-row piles. Under the bottom
of foundation pit, all the lateral displacements are
relatively small and similar. Judged by lateral dis-
placement, increasing the distance between rows is
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favorable to double-row piles as a retaining structure.
3d-6d is suggested as the distance between rows for a
more cost-effective and more reliable design.
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Fig. 15 Earth pressures around piles on point 4 with
different excavation depths

(a) Earth pressure in front of front-row pile; (b) Earth pressure
in back of front-row pile; (c) Earth pressure in front of
back-row pile; (d) Earth pressure in back of back-row pile

Table 4 The distances between rows

Distance between Distance between

Case Case

rows (m) rows (m)
Case 1 1.5 (2.5d) Case 4 7.0 (11.7d)
Case 2 2.5 (4.2d) Case 5 10.0 (16.7d)
Case 3 4.5 (7.5d)
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Fig. 16 Lateral displacements of piles on point 4 with
different distances between rows

(a) Lateral displacement of front-row pile; (b) Lateral dis-
placement of back-row pile

6.2 Analysis of bending moment

The bending moments of the front-row and
back-row piles on point 4 are shown in Fig. 17.
Above the bottom of foundation pit, the moment of
front-row piles increases with increasing distance
between rows. In case 4 and case 5, the curves of
moments of front-row piles are almost parallel. Under
the bottom of foundation pit, the moment of front-row
pile in case 5 is a little smaller than that in the other
cases. Thus, in case 5, the largest negative moment of
front-row pile above the bottom of foundation pit is
approximate to the largest positive moment under the
bottom of foundation pit, which is very favorable to
the structures.

The largest moment of back-row pile in case 5 is
also the smallest. In the other cases, the largest mo-
ments of back-row piles are similar. However, the
position where the largest moment of back-row pile
occurs is elevated with increasing distance between
rows. In general, increasing distance between rows
has no unfavorable effects on the moment of piles.

6.3 Analysis of earth pressure

The earth pressures around the front-row and
back-row piles on point 4 are shown in Fig. 18. The
earth pressure follows a similar trend with the
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variation of distance between rows. In all cases, the
curves of earth pressure around front-row piles are
almost parallel. The earth pressure around back-row
pile increases with increasing distance between rows.
In general, the difference in distance between rows
has certain influence on earth pressure in magnitude
around the back-row piles. The variation of earth
pressure has a good agreement with those of the dis-
placement and the moment.

7 Effect of diameter of piles

Based on the basic model mentioned in Section 2,
the behavior differences of double-row piles as a
retaining structure are simulated through three cases
with different diameters of the piles. Table 5 shows
the diameters of the piles. Case 1 is the basic model.
The other parameters are identical with the basic
model.

7.1 Analysis of lateral displacement

The lateral displacements of the front-row and
back-row piles on point 4 are shown in Fig. 19.

As the diameter of piles increases, the lateral
displacement is found to decrease. Above the bottom
of foundation pit, lateral displacements are quite dif-
ferent, while under the bottom of foundation pit, lat-
eral displacements are relatively small and similar. In
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Fig. 17 Bending moments of piles on point 4 with different
distances between rows
(a) Moment of front-row pile; (b) Moment of back-row pile
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Fig. 18 Earth pressures around piles on point 4 with
different distances between rows

(a) Earth pressure in front of front-row pile; (b) Earth pres-
sure in back of front-row pile; (c¢) Earth pressure in front of
back-row pile; (d) Earth pressure in back of back-row pile

Table 5 The diameters of the piles

Case Diameter of piles (m)
Case 1 0.6
Case 2 0.8
Case 3 1.0
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Fig. 19 Lateral displacements of piles on point 4 with
different diameters of piles

(a) Lateral displacement of front-row pile; (b) Lateral dis-
placement of back-row pile

case 3, lateral displacement at the top of pile is ap-
proximate to that at the bottom of pile. In case 1,
lateral displacement above the bottom of foundation
pit is significantly larger than that in the other two
cases. It can be observed that the diameter of the piles
has a great influence on double-row piles as a re-
taining structure.

7.2 Analysis of bending moment

The bending moments of the front-row and
back-row piles on point 4 are shown in Fig. 20.
Above the bottom of foundation pit, the moment of
the front-row pile in case 3 is much larger than that in
the other two cases. The curves of moments in case 1
and case 2 are almost parallel. Under the bottom of
foundation pit, the moment of front-row pile in case 1
is the largest. The largest moments of front-row piles
in case 2 and case 3 are similar.

As the diameter of piles increases, the moment
of back-row piles is found to decrease. The largest
moment of back-row piles appears at the bottom of
foundation pit in case 1 and case 2, while the largest
moment of back-row pile occurs between the bottom
of foundation pit and the bottom of pile in case 3.
With an increase in diameter of piles, a certain
bending moment is gradually generated at the bottom
of piles due to the effect of pit resilience. Based on an

overall consideration of displacement and moment,
it is suggested that 0.6—1.2 m and 2d-2.5d be chosen
as diameter of piles and distance between piles,
respectively.
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Fig. 20 Bending moments of piles on point 4 with dif-
ferent diameters of piles
(a) Moment of front-row pile; (b) Moment of back-row pile

7.3 Analysis of earth pressure

The earth pressures around the front-row and
back-row piles on point 4 are shown in Fig. 21. The
earth pressure follows a similar trend with different
diameters of piles. In case 1, the variation of earth
pressure is the most significant. For case 2 and case 3,
the curves of earth pressure are almost parallel. The
earth pressure around back-row pile in case 1 is a little
smaller than that in the other two cases. In general, the
variation of diameter of piles has no obvious influ-
ence on earth pressure in magnitude around the
front-row and back-row piles.

8 Conclusions

Based on the results of this study, the following
conclusions can be drawn.

1. The lateral displacement of the front-row piles
is larger than that of the back-row piles. Thus, the
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Fig. 21 Earth pressures around piles on point 4 with dif-
ferent diameters of piles

(a) Earth pressure in front of front-row pile; (b) Earth pressure
in back of front-row pile; (c) Earth pressure in front of
back-row pile; (d) Earth pressure in back of back-row pile

distance between rows after deformation is larger than
that in the initial state. This means that the restriction
effect on soil between rows has decreased after de-
formation. Above the bottom of foundation pit, earth
pressure in back of front-row piles and in front of
back-row piles is approximate to the Rankine active
earth pressure. It is suggested that the earth pressure
between the rows above the pit bottom is close to
active earth pressure, while under the pit bottom,
earth pressure between the rows is close to static earth
pressure.

2. The Rankine active earth pressure is larger
than calculated active earth pressure in the finite

element method, while it is smaller than calculated
passive earth pressure in the finite element method.

3. The short side length of foundation pit has no
significant effect on the long side of foundation pit.
When the foundation pit is large enough, the interac-
tion between long side and short side of foundation pit
can be neglected in analysis.

4. If two piles in long side and short side of
foundation pit have the same distance to the corner,
they would have approximately the same lateral dis-
placement, bending moment, and earth pressure.

5. If excavation depth is small, pit resilience may
be the main deformation. Lateral displacement at the
bottom of piles could be larger than that at the top of
piles. As the excavation depth increases, the lateral
displacement above pit bottom increases. 1/2-2/3 of
pile length as embedded depth of piles is suggested.

6. With increasing distance between rows the
lateral displacement decreases. An increasing dis-
tance between rows has no unfavorable effects on the
moment of piles. 3d—6d as distance between rows is
suggested, where d is the diameter of the piles.

7. As the diameter of piles increases, the lateral
displacement is observed to decrease. With the in-
creasing diameter of piles, the moment of piles shows
an irregular variation. 0.6-1.2 m and 2d-2.5d are
suggested as diameter of piles and distance between
piles, respectively.
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