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Under vertical load, the composite foundation may be damaged due to insufcient lateral restraint capacity. If the lateral restraint
pile is added to the edge of the composite foundation, the lateral stability can be efectively enhanced. Tis new reinforcement
scheme is called a combined composite foundation. For the combined composite foundation, the lateral restraint piles will bear
a certain force when the composite foundation is loaded, and the force may cause the piles horizontal displacement, instability, or
even failure. After preload on the composite foundation, the mechanical behavior of lateral restraint piles will be more so-
phisticated. To study the mechanical behavior of lateral restraint piles under such condition, a laboratory model test was
conducted. Te results are suggested as follows: Axial force distribution curves tend to be “S” shape with two peak values at the
upper and lower parts, respectively. Te negative axial force is distributed at the upper part, and the positive axial force is
distributed at the lower part. Te bending moment and lateral soil pressure distribution of piles appear with the regularity of
“increase-decrease” along the depth. Such a phenomenon is associated with the expansion of a potential slip surface. In accordance
with the relative location of the potential slide surface and the piles, the lateral restraint piles can fall into three sections. Diferent
sections get diferent stresses. Te reinforcement scopes have an impact on the stress of diferent lateral restraint piles. With the
increase of the reinforcement scope, the axial force, soil pressure, and bending moment show the regularity of increase.Te values
of axial force, the lateral soil pressure, and the bending moment increase with load growth and become stable when the load is
larger than 60 kN. Tis is associated with the piles in the composite foundation, which verifes the reinforcement efect to prevent
the soil slide and the foundation deformation.

1. Introduction

Te traditional composite foundation can enhance the
bearing capacity of foundation efectively, whereas the
stability is fewer improved. To improve the bearing capacity
and enhance the stability using the composite foundation,
a new combination type of composite foundation is formed
[1]. As in a traditional composite foundation, loose material
piles or fexible piles (rigid pile) are set in the foundation to
control vertical deformation (bearing capacity). Besides,
high stifness piles (laterally constraint pile) are set at the

outer side of the foundation to control lateral deformation
(stability). It is found in practice [2] that lateral restraint pile
can signifcantly reduce the damage of composite founda-
tion. Moreover, this pile has aroused great concern in the
engineering feld [3]. Tere has been a lot of research result
on the working performance of composite foundation [1, 4]
and lateral restraint pile [5–8] under the load. However, rare
research studies were made on the working mechanism of
this combined composite foundation. Under the load, the
composite foundation generates settlement, and the laterally
constraint piles will bear lateral earth pressure, skin friction,
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and a bending moment [9–13]. Te stress state of a lateral
restraint pile is impacted by its length and stifness, the value
of the load, and the distance between the pile and load
boundary [14–19].

Te previous research studies primarily aimed at the
mechanical property of lateral restraint pile under the
condition of loading on the homogeneous foundation
nearby. Moreover, the research methods primarily depend
on the fnite element analysis and theoretical analysis. Fewer
laboratory and feld experiments were performed.

For practical engineering, preload is commonly used to
improve the bearing capacity of foundation. After preload
on the combined composite foundation, its stress properties
will be more sophisticated. It is not clear of the mechanical
property of the lateral restraint pile under such condition. It
to some extent limited the application of the “lateral restraint
pile-composite foundation.” In this paper, a model test is
performed to study the engineering property of lateral re-
straint pile under the condition of load on the composite
foundation nearby.

2. Model Test

Tis experiment was performed in a container with the
internal dimension of 2500mm× 1500mm× 1500mm
(l × w × h). Te arrangement of the lateral constrained piles
(end bearing pile) and the composite foundation piles
(friction pile) of the test are shown in Figure 1.Te size of the
test pile refers to the pile with the diameter of 1m and the
length of 24m in the actual engineering. Te parameters of
model piles are summarized in Table 1. Lateral restraint piles
are manufactured by cement mortar with the length of
1200mm and the side length of 50mm.Te distance of pile B
andA is 10 cm, 2 times of the pile side length.Te distance of
pile C and A is 20 cm, 4 times of the pile side length.

Te model piles were manufactured in advance and
placed in cement maintainer for 1month. Te strain gauge
(Type: B∗ 120–80AA. Resistance value: 120.8 + 0.5Ω. Gate
length ∗ width of the gate: 80mm× 3mm. Te sensitive
coefcient: 2.06) was pasted using the groove method [20]
symmetrically on both sides of the piles. Te distance of
strain gauges from the top of piles are 40, 150, 260, 370, 480,
590, 700, 810, and 920 (mm), respectively. Te elastic
modulus of model piles is obtained by simply supported
beam method. Te earth pressure box (Dandong Sanda test
instrument factory production, Model: DYB-2, Range:
0.1MPa) was fxed using double sides adhesive on the
surface of pile A. Te distance of pressure boxes from the top
of the pile are 0, 110, 220, 330, 440, 550, 660, 770, 880, and
990 (mm), respectively.

Model soil makes up of red clay and sand by a certain
ratio, with the density of 1.26 g/cm3, the moisture content of
2.5%, the maximum particle diameter of 5mm, the uneven
coefcient of 5.36, and the curvature coefcient of 1.39. As
the model soil aggregate gradation curve is shown in Fig-
ure 2, the D10 is 0.11mm, the D30 is 0.3mm, the D60 is
0.59mm, the Cu is 5.36 mm, and the Cc is 1.39 mm. Te
model soil is well graded. Before the test, the loading system
is employed to process a cycle of load on the system of

“lateral restraint pile-pile composite foundation” to achieve
the preloading work. Te largest preloading load is 120 kN.
Te test follows the specifcation of technical code for
ground treatment of buildings (JGJ 79-2012). Te process of
test loading starts from 0 to 130 kN, and specifcally, every
load level is 10 kN.Te information of the strain and the soil
pressure box is gathered using the TDS-530 (with 130
channels) and the corresponding computer software.

3. Test Results

3.1. Axial Force Distribution of Piles. Te strain generated by
the resistance strain gauge is the same as that of the model
pile. Te pile shaft force is calculated (pressure stress is
positive) in accordance with the strain value received by
TDS-530 and the pile body elastic modulus obtained by
calibration.

Figure 3 shows the variation curves of axial forceN along
with the distance z for the lateral restraint pile A, B, and C.
Te following is suggested from Figure 3:

(1) Under the load again, the axial force distribution
curves of lateral restraint piles are shaped as an “S.”
Te neutral point is positioned at 0.4 L under the
ground surface. Te negative axial force is distrib-
uted above the neutral point, while the positive axial
force is distributed below the neutral point. Tere
exists a maximum value of negative axial force at the
upper part and another maximum value of positive
axial force at the lower part. Tis phenomenon is
similar to that the axial force characteristic of row
piles subjected to the surcharge nearby [15]. For
lateral restraint piles, the position of the negative
maximum axial force value occurs at 0.15 L under the
ground surface. And the position of the maximum
positive axial force value occurs at 0.8 L-0.9 L under
the ground surface. Te maximum positive axial
force value is bigger than the maximum negative
axial force absolute value. At the initial phase of load,
the axial forces of piles get rapid increase. Since the
load is bigger than 60 kN, the rates of increase tend to
be slow.
Te above-mentioned phenomenon is associated
with the soil in the foundation slide and creates
pressure and friction on the lateral restraint piles.
Figure 4 shows that there exists compressed triangle
region in the upper part of the foundation.Te soil in
the compressed triangle region gets subsidence and
squeezes the soil nearby. Te soil nearby is slid or get
sliding trend along the potential slide surface. Te
lateral restraint piles located in the sliding zone of
soil and sufer acting force from the sliding soil.
In accordance with the relative location of the po-
tential slide surface and the piles, the lateral restraint
piles can be divided into three sections from top to
bottom: the tension-bending section (T-B section),
the bending-shear section (B-S section), and the
compression-bending section (P-B section). Te soil
at the side of the T-B section slides toward tilt up. It
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produces an upward friction force and horizontal
pressure which make the pile section get positive
axial force and bending moment. Te soil at the side
of B-S section slides toward the horizontal. It pro-
duces horizontal pressure, which makes the pile
section get bendingmoment and shear force.Te soil
at the side of P-B section slides toward tilt down. It
produces downward friction force and horizontal
pressure which make the pile section get negative
axial force and bending moment.

(2) In the experiment, the distance between the piles was
defned the reinforcement scope of the pile. It can
obtain the reinforcement scope of diferent lateral

restraint piles from the plane position of Figure 1 and
is shown in Table 2. Lateral restraint piles with
diferent reinforcement scopes get diferent axial
forces. Figure 5 shows the variation curves of
maximum axial force values change with the re-
inforcement scopes under the load of 130 kN. In
Figure 5, positive maximum axial force values show
the regularity of increase as the growth of re-
inforcement scope. Te negative maximum axial
force values change slightly with the increase of the
reinforcement scope.

Lateral restraint piles are located in the potential slide
zone of the foundation and provide a constraint efect for the
sliding soil. With the increase of the reinforcement scopes,
the lateral restraint piles reinforce larger sliding soil and
sufer larger force. Te soil at the side of the upper section
gives less force to the piles. So, the change of the re-
inforcement scope has little infuence on the axial force.

3.2. Lateral Soil Pressure Distribution of Piles. In accordance
with the strain values received by TDS-530 and the cali-
bration equation of the pressure box, the values of soil
pressure on the pile are calculated.

Figure 6 shows the soil pressure distribution curves of
lateral restraint piles A under the load on the pile composite
foundation again. It is observed as follows:

Before the load applied on the pile composite foundation
again (the load is 0 kN), there still exists the lateral soil
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Figure 1: Arrangements of the test. (a) Design of layout plan (unit: cm). (b) Sectional drawing of “A-A” (unit: cm).

Table 1: Parameters of model piles.

Pile numbers Diameter or
length (D/mm) Length (L/mm) Section shape Elastic modulus

(E/GPa)
Materials and
pile types

A, B, C 50 1 200 Square 16.55 Cement mortar and end bearing pile
Z1, Z4 40 800 Circular 6.91 PVC tube flling

Cement mortar and friction pileZ2, Z5 40 800 Circular 6.91
Z3, Z6 40 400 Circular 6.91
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Figure 2: Grain-size distribution curve of model soil.
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Figure 3: Axial force distribution curves. (a) Pile A. (b) Pile B. (c) Pile C.
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pressure on the lateral restraint pile. It appears that the soil
stress in the composite foundation cannot be the dissipation
after the frst unloading. With load growth, the pressure P
growth less in the T-B section and the P-B section, whereas it
gets a large increase in the B-S section. Under diferent loads,
the soil pressure P shows the regularity of “increase-
decrease” from top to bottom. Tere exists a maximum
value located at B-S section.

Figure 7 shows the stress condition of diferent sections.
Te direction of the force of the pile is toward the tangent
line of the potential slide surface. For the T-B section, the

direction of the tangential force is toward tilt up. Te tan-
gential force can be decomposed into an upward vertical
component force as well as a horizontal component force.
Te vertical component force produces frictional resistance.
And the horizontal component force produces horizontal
soil pressure. Te horizontal component force varies with
the tilt angle of the tangential force. In the T-B section, the
tilt angle decreases from top to bottom, and the component
force increases. In the B-S section, the direction of the force
on the pile is nearly horizontal. Moreover, the soil pressure
obtains the maximum value at the middle of the section. In
the P-B section, the direction of the tangential force is to-
ward tilt down.Te tangential force can be decomposed into
a downward vertical component force and the horizontal
component force. Te vertical component force produces
frictional resistance. Furthermore, the horizontal compo-
nent force produces horizontal soil pressure. In the P-B
section, the tilt angle increases from top to bottom, and the
component force decreases. It is verifed that the B-S section
is the major section to control the soil pressure of piles.

3.3. Bending Moment Distribution of Piles. Figure 8 shows
the bending moment distribution curves of lateral restraint
piles A, B, and C under the load on the pile composite
foundation again.

Te following can be observed:

(1) For lateral restraint piles, the bending moments
appear with the regularity of “increase-decrease”
from up to bottom along the depth z. It is similar
to the variation of the lateral soil pressure. And for
diferent piles, there exist maximum values on B-S
sections. Te position of the maximum value located
at 0.37 L under the ground surface. Te bending
moments get little values on the T-B section and the
P-B section. And they increase less as the load
growth. For B-S section, the bending moments get
large values. And they increase rapidly as load in-
crease. At the initial phase of load, the bending
moments of piles increase rapidly as the increase of
load. When the load is large (60 kN), the bending
moment change little with the increase of load.
Te lateral soil pressure shows the regularity of
“increase-decrease” from up to bottom along the
depth z and gets maximum value at the middle of B-S
section. Te bending moment values primarily de-
pend on the lateral soil pressure on the pile.
Terefore, the B-S section sufers a larger bending
moment, and this section is the major section to
control bending failure.

(2) Te reinforcement scope has a large impact on the
bending moment of piles. Under the same load, the
pile C get the largest maximum bending moment
value, the pile B is second, and the pile A is the least.
In accordance with the diferent reinforcement
scopes of piles, the variation curve of maximum
bending moment values change with reinforcement
scope is shown in Figure 9.Tis fgure shows that the
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Figure 5: Regularity of maximum axial force values change with
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Table 2: Reinforcement scopes of lateral restraint piles.
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Figure 8: Bending moment distribution curves. (a) Pile A. (b) Pile B. (c) Pile C.
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maximum bending moment values increase with the
increase of the reinforcement scope. It is suggested
that with the increase of the reinforcement scope, the
lateral restraint pile reinforces more sliding soil,
sufers larger lateral soil pressure, and gets larger
bending moment. And with the increase of the re-
inforcement scope, the growth rate of bending
moment increase. Tus, with the increase of the
reinforcement scope, the bending moment of piles
increases rapidly. Te pile is easy to get bending
failure.

3.4. Deformation of Composite Foundation and Efect on Piles.
Figure 10 is the P-S curve of the composite foundation under
the load again. In the process of load, the settlement of the
composite foundation increase as the load growth.When the
load is larger than 60 kN, the settlement becomes gradually
stable. In the process of unloading, the settlements change
little when the load is larger than 40 kN. Te settlement
decreases rapidly when the load is smaller than 40 kN. Te

largest settlement of the foundation is 2.9mm, and at last the
total settlement is 1mm after unloading. It verifes that the
process of preloading eliminates most of the inelastic de-
formation already. In this exit, the inelastic deformation is
1mm, and the elastic deformation is 1.9mm.

Because of preloading on the foundation, the foundation
primarily gets elastic deformation under 60 kN. Te de-
formation of the foundation is primarily through the de-
formation of soil grain. Te composite foundation supports
the load as a whole. Piles in composite foundation do not
have the reinforcement efect. When the load is larger than
60 kN, the soil in the foundation shows both the elastic
deformation and the inelastic deformation. Soil and piles
generate relative slip. Piles in composite foundation prove
the reinforcement efect to prevent the soil slide and the
foundation deformation.

Figure 11 shows the variation curve of the maximum
axial force value, the maximum bending moment value, and
the maximum soil pressure value change with the load,
respectively. With the increase of the load, the values all
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show the trend of increase. When the load is less than 60 kN,
the values increase rapidly. Since the load is larger than
60 kN, the values become stable. Analysis suggests that after
preloading, the soil in the foundation is void less. Te soil
pressure transmits to the lateral restraint piles rapidly.
Lateral restraint piles sufer vertical and horizontal force,
and the force increase with the increase of load. When the
load is larger than 60 kN, the piles in the composite foun-
dation provide reinforcement efect, which prevents the soil
pressure transmits to the lateral restraint piles.

4. Conclusion

Adding lateral restraint pile at the edge of composite
foundation can efectively enhance the lateral stability of
composite foundation. Tis paper studies the mechanical
behavior of the lateral restraint pile under loading, with the
following conclusions:

(1) Under the load again, there exist compressed triangle
region in the upper part of the foundation. Te soil
nearby is slid or get sliding trend along the potential
slide surface. In accordance with the relative location

of the potential slide surface and the piles, the lateral
restraint piles can be divided into three sections from
top to bottom: the tension-bending section (T-B
section), the bending-shear section (B-S section),
and compression-bending section (P-B section).
Diferent sections show diferent stresses. Te T-B
section sufers the soil pressure of the direction for
tilt up, producing upward friction force and hori-
zontal pressure. Te B-S section sufers horizontal
pressure. Te P-B section sufers the soil pressure of
the direction for tile down, producing downward
friction force and horizontal pressure.

(2) For diferent piles, the axial force distribution curves
of lateral restraint piles are in “S” shape. Te neutral
point is positioned at 0.4 L under the ground surface.
Te negative axial force is distributed above the
neutral point, while the positive axial force is dis-
tributed under the neutral point. Tere exists
a maximum value of negative axial force at the upper
part and another maximum value of positive axial
force at the lower part. Under diferent loads, the soil
pressure P shows the regularity of “increase-
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decrease” from top to bottom. Tere exists a maxi-
mum value located at T-P section. Similar to the
variation of the lateral soil pressure, the bending
moments appear the regularity of “increase-
decrease” from up to bottom along the depth z.
And the position of the maximum value is located at
0.37 L under the ground surface. Tis phenomenon
is associated with the relative location of the po-
tential slide surface and the piles.

(3) Te reinforcement scopes have an impact on the
stress of diferent lateral restraint piles. With the
increase of the reinforcement scope, the axial force,
the soil pressure, and the bending moment show the
regularity of an increase. It is suggested that with the
increase of the reinforcement scope, the lateral re-
straint pile reinforces more sliding soil, sufers larger
lateral soil pressure, and gets larger force. And with
the increase of the reinforcement scope, the growth
rate of the bending moment increases.Tus, with the
increase of the reinforcement scope, the bending
moment of piles increases rapidly. Te pile is easy to
get bending failure.

(4) Te process of preloading eliminates most of the
inelastic deformation of the foundation. Under
60 kN, the foundation primarily shows the elastic
deformation. Te deformation of the foundation
primarily results from the deformation of soil grain.
As a whole, the composite foundation supports the
load. Besides, the soil pressure transmits to the lateral
restraint piles directly. Te values of axial force,
lateral soil pressure, and bending moment increase
rapidly with the growth of the load. Since the load is
larger than 60 kN, the soil in foundation exist in-
elastic deformation, and the soil grain slide. Soil and
piles generate relative slip. Piles in composite
foundation prove the reinforcement efect to prevent
the soil slide and the foundation deformation. Te
values of axial force, lateral soil pressure, and
bending moment become stable.
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