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Laboratory model testing of single pile and superlong pile groups in saturated silty sand was conducted to investigate the response
and bearing behavior of superlong pile groups with a high or low cap under vertical loads. The load transfer mechanism and
bearing behavior of the pile shaft were discussed in detail. The load-settlement curve of the loaded superlong pile groups belongs to
the type of gradual descent in silty sand. The transferred load decreased along the pile length during loading, but the gradients
differed in different positions of the superlong pile group foundation with a high or low cap. The maximum shaft friction of the
superlong pile groups with a high and low cap is about 2.5 times and 1.8 times, respectively, than that of the single pile. In addition,
the tip resistance of the piles in the pile group foundation is about 2-3.5 times that of the single pile. The friction resistance of the
superlong pile group foundation with a low cap was slightly larger than that of the high cap in the entire pile length, and two peaks
and one peak, respectively, were observed. Under the ultimate load, the pile-soil maximum relative displacement of the friction on
the pile side in the silty sand stratum was about 3% of the pile diameter. Under the ultimate load, the load sharing ratio of the pile
side resistance of the two types of pile group foundations was about 60% of the total load. The load sharing ratios at the pile tip of
the superlong pile groups with high and low caps are 40% and 33%. Furthermore, equations were proposed to determine the axial
capacity of the superlong pile group based on the single pile bearing capacity and were applied to analyze the test pile. The
calculated ultimate bearing capacity was similar to the measured value, with a maximum error of only 4.88%, thus validating the
proposed method.

1. Introduction

In engineering, a superlong pile group foundation refers to
piles that exceed 50 m in length or have a ratio of length to
diameter (I/d) > 50 [1]. A superlong pile group can provide
higher bearing capacity, better settlement control, and
significantly improved seismic behavior of a superstructure
than a common pile group due to the long pile length. Due to
rapid socioeconomic development, super-large and super-
tall buildings and long-span bridges have emerged; thus,
superlong pile group foundations are increasingly used in
engineering construction [2]. For example, the steel pipe
piles used in the Shanghai World Financial Center and the
Jinmao Tower are 80 m long. The bored piles used in 117
buildings in Tianjin are 120 m long, and the bored piles used

in the sixth bridge of the Hangzhou Qiantang River are
130 m long. However, the theoretical research on super-long
pile group foundations still lags far behind engineering
practice, and the load transfer characteristics, including the
load proportion of the pile and soil, the skin friction dis-
tribution, the evolution of the tip resistance, as well as
calculation methods of the bearing capacity, remain scien-
tific problems to be solved.

In recent years, numerous domestic and international
scholars have conducted extensive research on the load
transfer mechanism of superlong piles using large-scale
models and field-testing techniques to solve these problems.
The research has shown the following results [3-9]. (1) The
load of a superlong pile is mainly borne by the skin friction
resistance of the pile under a vertical load, and the resistance
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occurs from top to bottom; this is referred to as a pure
friction pile. (2) The skin friction resistance and tip resis-
tance are asynchronous and are coupled. (3) Shaft resistance
softening occurs under the ultimate load in the upper part of
the pile body. (4) The difference in soil properties results in
different forms of pile skin friction. These results apply
primarily to superlong single piles. In practical projects,
especially in super high-rise buildings, superlong piles are
mostly used in the form of pile groups. However, relatively
little work has been performed to research superlong pile
groups. Yao [10] found that the vertical load carried by the
cap in a pile group-soil-cap system constituted a small part
of the total applied vertical load. However, the presence of
the pile cap caused the crushing of the soil between the piles,
complicating the pile-soil interaction in a three-dimensional
nonlinear numerical model. Therefore, the finite element
model did not reflect the nonlinear characteristics of the
pile-cap-soil interaction and did not consider the sequence
of mobilization of the pile shaft skin friction and tip re-
sistance was substantially different under vertical load [11].
Wang et al. [12] and Zhou and Kuang [13] carried out large-
scale model tests. The results showed that the ultimate
bearing capacity of each pile in the super-long group pile
foundation with a high cap in soft and clay soil foundation
was lower than that of the single pile, and the skin friction
resistance of the foundation pile increased gradually along
the pile body. The resistance reached the maximum near the
end of the pile, unlike in the single pile. More recently, Li
et al. [14] observed that the ultimate bearing capacity of each
pile in the superlong group pile foundation was larger than
that of a single pile in a loess foundation. Due to the in-
fluence of the cap, the resistance at the end of the pile caused
the axial force to decrease sharply near the end of the pile. An
analysis indicated that the load transfer response was dif-
ferent from that of the pile without the pile caps due to the
influence of the pile caps. In addition, the soil properties and
number of piles had a considerable influence. Fattah et al.
[15] investigate the behavior of piled raft system in different
types of sandy soil. It is found that the piles work as set-
tlement reducers effectively when the number of piles is
greater than 6 than when the number of piles is less than 6.
The settlement can be increased by about 8 times in (1 x 2)
free standing pile group compared with the piled raft of the
same size. The effect of piled raft in reducing the settlement
vanishes when the number of piles exceeds 6. Al-Omari et al.
[16] investigated the load transfer in pile groups constructed
in saturated and unsaturated soil using aluminum model
piles with six group configurations in addition to pullout
test. Results of ultimate load capacity obtained from the
load-displacement curves revealed an increase in the ulti-
mate load with increasing the number of piles in the group
for the same soil properties and an increase in pile capacity
when the soil becomes in unsaturated state compared with
saturated soil for the same pile group tested. Further, Fattah
et al. [17] investigated the influence of matric suction on the
behavior of single pile and pile group and the amount of
increase in the bearing capacity due to the influence of this
suction. The results showed that the sharing of load between
shaft and end resistance for single pile in saturated soil is
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halved when the pile reaches its ultimate resistance, while
this response is different for unsaturated soil where the load
is transferred as a whole to the pile tip at approximately the
intermediate stages of loading according to the analysis
criteria adopted. Moreover, recent studies did not consider
the specification of the pile group effect of the pile length,
pile diameter, soil properties, and cap [18]. Therefore, it is
necessary to analyze the load transfer characteristics of
superlong pile groups with a high or low cap and derive the
equations of the bearing capacity of superlong pile groups in
a silty sand foundation.

In order to have a deeper knowledge of the load transfer
mechanism of superlong pile groups and propose more
suitable design and calculation methods, a series of labo-
ratory loading testing was first designed and finished on
superlong pile groups in typical saturated silty sand of
Zhengzhou in China. The effects of a high or low cap on the
load-settlement relationship of superlong pile groups, the
distribution of lateral friction, the load-sharing ratio of the
soil under the cap, the load distribution between the piles,
and the difference in settlement between piles are analyzed
using indoor model tests. According to the pile axial force,
pile side friction, and interpile earth pressure obtained from
the test results, the hypothetical condition of stress super-
position is modified based on the Geddes theory, and a
calculation method of the bearing capacity of a superlong
pile group is proposed. The results provide a reference for
improving the calculation method of the bearing capacity of
a superlong pile group foundation and the optimal design of
the pile foundation.

2. Laboratory-Based Superlong Pile Group
Load Test

2.1. Test Items. The test was conducted using the self-de-
veloped model box system illustrated in Figure 1(a). One
side was a removable wall to facilitate the filling and removal
of the test soil. The model box was placed in the pit, and the
body was 1.5 m below the ground. The geometric similarity
ratio was 1:20 to meet the measurement accuracy re-
quirements and test equipment limitations.

Loading tests (named CT1 and CT2) of 25 pile groups
were conducted in this project. The tests involved two
superlong single piles, a 5#5 high-cap pile foundation
(HCPF) and a 55 low-cap pile foundation (LCPF), as
shown in Table 1. The cap at the top of the pile consisted of a
steel plate with a size of 900 mm * 900 mm * 50 mm. The
distance between the pile groups was 175mm (3.5 D), and
the distance from the pile center to the edge of the raft was
100 mm (2.0 D). The distances of all piles to the sample
container (650 mm) were greater than 10 times the pile
diameter (50 mm) to eliminate the boundary effect [19-21].
The plan arrangement of the piles is shown in Figure 1(b).
Model piles were prepared from plexiglass pipes with an
outer diameter of 50 mm and a thickness of 5mm, with an
elastic modulus of 3.48 GPa, which was verified in a me-
chanical test. The plexiglass surface was evenly coated with a
layer of epoxy resin and a low-molecular compound to
increase its roughness to simulate the contact characteristics
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FIGURE 1: Model box system (mm). (a) Model box (strain gauges on the surface of the pile, soil pressure transducers (SPTs) among piles and
laser displacement sensors (LDSs) on the cap). (b) Installation plan of model box and sensor configuration.

TABLE 1: Parameters of the model tests.

. Pile diameter D Pile length L Buried depth H  Aspect ratio D/ Pile Number of .
Test item . . Raft size (mm)
(mm) (mm) (mm) L spacing piles
imgle'pﬂe 50 2500 2500 50 — 1 —
SBmgle‘pﬂe 50 2500 2500 50 — 1 —
HCPF 50 2800 2500 50 3.5D 25 900 * 900 * 50
LCPF 50 2500 2500 50 3.5D 25 900 * 900 * 50

between the surface of the bored piles and the soil. It is
known that the contact characteristics have a negligible
effect on the measurement accuracy of the bending moment
[18].

2.2. Sensor Configuration. Pressure cells were installed un-
der the caps of the 25 pile groups. Ten BX120-5AA resistance
strain foil gauges were installed along the pile’s length; 2
gauges were placed in each of the 5 sections. Four laser
displacement sensors (LDSs) were installed in the four
corners of the loading plate to measure the settlement of the
cap. The average value obtained from the four displacement
sensors was used as the settlement value of the cap. The SPT,
strain gauges, and the LDS configuration are shown in
Figure 1.

2.3. Geological Conditions of the Test. The saturated silty
sand used in this test was acquired from the Economic
Development District in Zhengzhou, China. The particle size
distribution curve of the soil is shown in Figure 2. Each layer
of soil was 100mm thick and was then rammed to a
thickness of 80 mm. Before the start of the loading test, the
foundation soil has to be immersed in water so that the
foundation soil is saturated. Geotechnical tests were carried

out on each layer of soil; the average values are shown in
Table 2.

2.4. Test Process. The test was conducted to determine the
load transfer mechanism of the superlong pile groups under
a vertical load. After the model pile had been constructed,
determine the burying position of the model pile and lay out
in the model slot. Then, the foundation soil was placed into
the model layer by layer (about 10 cm for each layer). The
outline of the model during and after filling is shown in
Figure 3.

Compressive multistage loading tests were conducted.
As shown in Table 3, there were 10, 14, and 8 loading stages
for the HCPF, LCPF, and the single pile foundation, with the
first loading of 20kN, 10kN, and 0.5kN, respectively. The
number of unloading stages was half that of the loading
stages, and the decrement load was twice the increment load.
During each loading stage, the vertical settlement was
recorded at time intervals of 5, 10, 30, and 60 min. For the
unloading stages, the time interval was 60 min. In addition, if
the unequal settlement value was less than 0.1 mm during the
loading stages, the condition was considered to be stable.
When the difference value of 0.1 mm occurred twice, the test
was considered stable, and the next load was applied.
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FIiGURE 2: Particle size distribution curve of the foundation soil.

TaBLE 2: Basic physical and mechanical parameters of the foundation soil.

Specific Density p Water Compfessmn Oedometric Cohesion ¢’ Friction Curvature  Nonuniform
. 5 content w coefficient a,, modulus Ej ' o . .
gravity G, (g/cm’”) (%) (MPa~)) (MPa) (kPa) angle ¢’ (°) coeflicient Cu coeflicient Cc
()
2.69 1.95 26.8 0.15 10.3 8.8 31.2 2.857 0.864
Reaction frame
rigid cushin block
(®)
FiGuRe 3: Installation process of the test models: (a) the photo of HCPF; (b) the photo of LCPFE.
TaBLE 3: Information of the test process.
Pile type Loading stage Unloading stage First load (kN) Increment (kN) Decrement (kN)
HCPF 10 5 20 20 40
LCPF 14 7 10 20 40
Single pile 8 4 0.5 0.5 1

3. Result and Discussion

3.1. Load-Settlement Curves. The Q-S curve of the superlong
pile group (HCPF and LCPF) loading test (Figure 4(a)) is a
smooth curve. After the maximum load of 200kN was
applied to the HCPF, the settlement did not converge. Thus,
the previous-stage load (180kN) was used as the ultimate
bearing capacity, and the maximum settlement of the

foundation was 33.53 mm. The bearing capacity of the LCPF
was 250 kN, and the foundation settlement was 33.82 mm.
The bearing capacity of the LCPF was substantially higher
than that of the HCPF. The rate of decrease of load-set-
tlement curve of the LCPF was lower than that of the HCPF,
and the difference in the settlement between the foundations
increased with an increase in the load. This result indicated
that superlong pile group can provide higher bearing
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FIGURE 4: (a) The load settlement curves of the superlong pile foundation model tests. (b) The force settlement curves of the pile tops of the

superlong pile foundations.

capacity, better settlement control, and significantly im-
proved seismic behavior of a superstructure than a common
pile group due to the long pile length. The present results are
slightly different from the findings of Al-Omari et al. [16]
who showed that the settlement increases with the applied
load until the load reaches some critical point at the start of
load application, and then the curve of the load-displace-
ment becomes steeper, and after this point, the settlement
increases with almost constant load.

The force settlement curves of the foundation piles in
different position for different top loads are shown in
Figure 4(b). In the initial stage of loading, the deformation of
the HCPF and LCPF was larger than that of the single pile.
As the load increased, the deformation of the foundation pile
increased more slowly than that of the single pile. When the
ultimate bearing state was reached, each foundation pile
showed a significant increase in the bearing capacity, and
piles in LCPF showed the largest increase. In addition, the
load borne by the foundation pile of the LCPF was signif-
icantly higher than that of the HCPF, and its settlement
deformation was smaller under the same load.

3.2. The Soil Resistance Distribution under the Cap. The soil
stress between the piles at different buried depths and dif-
terent loads for the LCPF and HCPF is shown in Figures 5
and 6, respectively. In the initial stage of loading, the increase
in the soil stress between the piles of the LCPF is small,
showing a sharp decreasing distribution law along the buried
depth. With the increase in the load, the soil stress between
piles under the cap increases rapidly. At deeper depths, the
rate of increase of the soil stress between the piles is relatively
low. The soil stress along the buried depth decreases sharply
at first and then increases slowly. The lowest soil stress
between the piles occurs in the upper buried depth of the pile

body. As the load reaches the ultimate bearing capacity of the
pile group foundation, the rate of increase of the soil stress
between the piles at each buried depth tends to decrease.
Under the cap, the soil stress between the piles tends to be
stable. The closer to the center of the cap, the smaller the soil
stress between the piles in upper buried depth, the greater
the soil stress is between the piles at the deeper depths
(Figure 5). The high value of the pile cap group foundation
(as shown in Figure 6) is different from that of the low cap
pile group foundation. With the increase in the load, the soil
stress (50 cm~200 cm) between the piles decreases and then
increases.

3.3. The Load Sharing Ratio of the Pile and Soil. The pile
friction resistance, pile tip resistance, and soil reaction force
(low cap) under the pile cap of the group pile foundation for
different loads are shown in Figure 7. The load shared by the
pile shaft and tip of the group pile foundation increases
approximately linearly during early loading. Subsequently, it
reaches the bearing limit under a small load level and then
stabilizes. Under the same load condition, the pile shaft
resistance of the HCPF is the same as that of the LCPF,
whereas the pile tip resistance of the HCPF is considerably
higher than that of the LCPF. These results show that the
load transferred to the pile shaft is the same for the two types
of pile group foundation, but the load transferred from the
pile cap to the pile tip in the LCPF is relatively small. In
addition, when loading to the ultimate bearing capacity, the
load transferred to the pile tip of the LCPF is slightly higher
than that of the HCPF, indicating that the bearing capacity of
the pile tip is increased.

Figure 8 shows the load sharing ratios of different parts
of the two types of pile group foundations (pile side friction
resistance, pile tip resistance, and foundation soil reaction
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F1GuRre 5: The soil stresses between the piles at different buried depths of the LCPF. (a-c) Different positions of SPT as shown in Figure 1(b).

force under the cap (low cap)) to the total load versus the
foundation settlement. In the initial stage of loading, the pile
shaft resistance of the two types of pile group foundations is
relatively large and then decreases rapidly to about 60%. The
bearing capacity ratio of the pile end of the HCPF is con-
siderably higher than that of the LCPF. As the foundation
settlement increases, the ratio increases rapidly to a stable
value (about 40%). The pile tip bearing capacity of the LCPF
increases faster than that of the HCPF in the initial stage of
loading and then slowly increases to 33% under the ultimate
load. The load sharing ratio of the foundation soil under the
cap of the LCPF increases linearly at the beginning of
loading and stabilizes at about 15% after reaching its bearing
limit. Subsequently, the load sharing ratio of the foundation
soil shows a gradual downward trend and finally stabilizes at
about 7%. In a single pile, at the start of load applying, the
percentage of distributed load is 82% for shaft and 18% for
tip; then as the applied load increases, an increase in shaft
and tip capacity is noticed until the pile reaches the failure

point; and at this point, the transferred load is approximately
quartered between the tip and shaft as indicated. This result
indicated that the stress of the foundation soil under the cap
plate significantly enhanced the bearing capacity of the
foundation pile, but the load transferred to the pile shaft
decreases from superlong single pile to superlong pile
groups. The present results are inconsistent with the findings
of Fattah et al. [17] who showed that the load transferred to
the pile shaft increases as the number of piles increases for
groups of piles tested. In addition, at the same settlement
value, the friction resistance of the HCPF is the same as that
of the LCPF, whereas the pile tip resistance of the HCPF is
significantly higher than that of the LCPF.

The curves reflect the load transfer response of the two
types of superlong pile groups. The analyses show that the
response of the HCPF depends on the pile-soil interaction
under vertical loads, whereas in the LCPF, the pile-soil-cap
interaction bears most of the load. Due to the pile body
compression of the foundation piles, the deformation of the
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FIGURE 6: The soil stresses between the piles at different buried depths of the HCPF. (a—c) Different positions of SPT as shown in Figure 1(b).
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pile group foundation is relatively small at the beginning of
loading. At this time, the foundation load is borne mainly by
the pile friction resistance, and the amount of load transfer
to the pile tip is relatively small. As the load increases, the
pile tip resistance is also embodied progressively, and the
pile side friction continues to increase. The pile tip bearing
ratio of the pile group foundation (especially that of the
LCPF) is significantly higher than that of the single pile
(Figure 8). The reason is the silty sand [22]. In the LCPF, the
compression deformation of the foundation soil first in-
creases due to an increase in the vertical load on the
foundation soil. Due to the lateral shear action of the
foundation pile, the foundation soil under the cap is then
deformed and stabilizes at a fixed value. Furthermore, the
force and deformation of the foundation soil under the cap
increase the friction resistance of the pile, thereby decreasing
the load-bearing ratio of the foundation soil under the cap as
the load increases.

3.4. Load Transfer Mechanism

3.4.1. Axial Stress. Figure 9 displays the axial force of the
foundation pile of the pile groups and the single pile at
different positions under the ultimate load. The axial force
distribution is similar for the two types of superlong pile
group foundations. The axial force of piles is lower where
closer to the center, indicating that the load transfer modes
of the two kinds of pile groups are similar. Compared with
the LCPF, there is a significant difference in the axial force of
the pile body at different positions of the HCPF. This result
demonstrates that the force of each foundation pile is more
uniform in the LCPF than the HCPF. In addition, the axial
force distribution of the pile groups is different from that of
the single pile, especially in the upper part of the pile. This
response indicates that the pile group exhibits a higher
bearing capacity and a better load transfer behavior than the
single pile because more of the load is transferred to the pile

tip.

3.4.2. Lateral Friction Resistance. The lateral friction resis-
tance depends on the relative displacement between the piles
and the soil, the stiffness ratio of the piles and soil, the lateral
force on the pile shaft, and the soil properties. As shown in
Figure 10, the shaft friction resistance of the HCPF exhibits a
single peak, with the maximum value at half of the pile
length, whereas that of the LCPF is similar to that of the
single pile, with the maximum value at 1/4 of the pile length;
the curve has an “M” shape. Moreover, the lowest friction
values of the pile are observed near the center pile of the pile
groups. The shaft friction resistance of the HCPF is lower
than that of the single pile from pile top to the 1/4 of pile
length under the ultimate bearing capacity. In contrast, the
shaft friction of the HCPF is about 2.5 times that of the single
pile at half of the pile length. In addition, the shaft friction
resistance of the LCPF is more than 1.8 times that of the
single pile, and the difference between them reaches the
maximum at a 1/4 the length above the pile shaft.
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Therefore, for both the LCPF and HCPF, the soil
between the piles in restrained condition when the pile
distance equals 3.5D causes an increase in the normal
stress on the side of the pile; thus, the pile friction re-
sistance of the pile groups is higher than that of the single
pile. In addition, during the shear interaction of the pile-
soil transmitted along the soil side of the pile, it causes
large shear deformation of the soil on the lower side of the
foundation pile. Hence, the relative displacements of the
pile and soil and the pile side friction resistance are
relatively low from half of the pile length to the pile tip,
resulting in the “M-shaped” curve.

The relationship between the pile shaft friction resistance
and the pile-soil relative displacement at different depths is
shown in Figure 11. For experimental purposes, the pile-soil
relative displacement between the soil and pile layer i, AS,,
can be expressed as

i
ASi=St—Z ](£j+£j+1), (1)
=

where §, is the pile head settlement, which can be measured
by a displacement sensor at the top of the pile; ¢; and ¢, are
the strain of the foundation piles at section j and j+ 1,
which can be measured by a strain gauge on the pile shaft;
and L; is the length of the pile layer i.

The pile friction resistance increases rapidly when the
relative displacement between the piles and the soil is small
in the initial loading stage. The pile side friction resistance
reaches the limit with the increase in the relative displace-
ment between the piles and the soil. Subsequently, the av-
erage friction resistance increases slightly and then remains
constant. The pile-soil relative displacement, which can play
the ultimate shaft capacity, is, on average, 3% of the pile
diameter in silty sand.

3.4.3. Tip Resistance. Figure 12 shows the pile tip resis-
tance versus the pile tip settlement of the pile groups and
single pile at different positions. At higher pile tip set-
tlement values, the tip resistances of the foundation piles
in the superlong pile groups are greater than that of the
single pile, and the differences become more significant as
the pile tip settlement increases. Under the ultimate load,
the tip resistance of the piles in the pile group foundation
is about 2-3.5 times that of the single pile (the resistance is
largrs for the corner pile, followed by the side piles and the
center pile). The rate of change of the pile tip resistance is
larger for the HCPF than for the LCPF at different po-
sitions. The reason is that the upper load of the HCPF is
transferred to the pile tip only through the pile body,
resulting in a concentrated load. In contrast, in the LCPF,
the load is transferred to the tip of the pile by the soil and
piles, thereby distributing the load. Moreover, as the tip
displacement increases, the pile tip resistance of the HCPF
tends to be relatively stable, whereas that of the LCPF
shows an increasing trend under the ultimate load. The
final load and the ultimate pile tip resistance are higher for
the LCPF than for the HCPF.
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F1GuRre 9: The axial forces of the pile groups and the single pile under the ultimate bearing capacity. (a) HCPF piles and single pile. (b) LCPF
piles and single pile.
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F1GURE 10: Pile shaft friction resistance of the foundation piles and the single pile under the ultimate bearing capacity. (a) HCPF piles and
single pile. (b) LCPF piles and single pile.

4. Proposed Method to Calculate the Ultimate capacity of superlong pile groups using the subentry (pile

Bearing Capacity of Superlong Pile Groups tip resistance, shaft friction resistance, and cap resistance)
efficiency factors of the pile groups of the cap-pile-soil

The results of existing research [23, 24] and this study interaction.

indicate that, based on the assumptions of the Geddes

theory [25], the lateral shear distribution of the superlong

pile groups in silty sand should be a triangular distri- 4.1, Equation to Calculate the Ultimate Bearing Capacity of

bution, which is slightly different from the assumption of  Pile Groups. We propose the following equation to calculate

stress superposition. Therefore, in this study, the as-  the ultimate bearing capacity of superlong pile groups. It

sumptions of the conditions of the stress superposition for  considers the influence of the pile length, pile diameter, pile

the superlong pile group foundation are modified. Thus,  spacing, the internal friction angle of the soil, and the

we propose an equation to calculate the ultimate bearing  subentry efficiency factors of the pile groups [26]:
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FIGURE 11: The average pile shaft friction resistance versus the average displacement of the pile sections. (a) LCPF. (b) HCPF.
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FiGure 12: Pile tip resistance versus the pile tip settlement. (a) LCPF piles and single pile. (b) HCPF piles and single pile.

Pu= I/Iansu + ’/Ianpu + rchfck’ (2)
where Qg and Q,,, are the standard values of the ultimate
friction resistance and ultimate tip resistance of the pile
groups, respectively; f is the ultimate bearing capacity of
the soil under the caps, which is defined as zero in superlong
pile groups with a high cap; A is the area of the soil under the
caps (excluding the pile section); 77,77, and 7, are the co-
efficient of the friction resistance, the coefficient of the tip
resistance, and the coeflicient of the soil resistance under the
cap, respectively; and n is the number of single piles in
superlong pile groups.

In addition, in the HCPF, the pile friction resistance
provides the main bearing capacity. Therefore, the average
coefficient of the friction resistance is used to replace the
coeflicients of the friction resistance and tip resistance:

Pu= nsanu’ (3)

where Q,, is the ultimate bearing capacity of a single pile and
fsp is the average value of the coeflicients of the friction
resistance and end resistance of the group piles.

In the LCPF, the upper load is borne by the pile and cap
and part of the load is borne by the soil between the piles.
Meanwhile, each pile in the pile group interacts with the soil
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under the cap at the contact surface. This interaction can
generate stress superposition on the upper part of the pile,
increasing the shaft friction resistance of the upper part of
the pile and improving the overall bearing capacity of the
pile group. Therefore, we consider the influence of the load
sharing by the pile cap in the LCPF and introduce the co-
efficients of the cap (C; and C,) to calculate the bearing
capacity of the LCPF:

pu = Cscprlsansu + ﬂcAfck’ (4)
Sa

C,=1+0.1-2-08, (5)
d
Sa BC

CP=1+0.1E\T, (6)

where f. is the standard value of the ultimate bearing
capacity of the soil under the cap, which is obtained from a
static load test; S, is the pile distance; d is the diameter of the
pile; B, is the width of the cap; A is the depth of the pile in the
soil; and # is the number of single piles in superlong pile
groups.

'—muz—uy+ﬂz—vx4—no—zu—2m(mmfun—nf
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4.2. Average Coefficient of the Pile Group. We make the
following assumptions for simplification: (1) the load of the
cap is evenly distributed, and the tip resistance of the piles is
ignored, resulting in a pure friction pile; (2) the lateral
friction of the pile has a triangular distribution along the
length of the pile; (3) the stress on the side and top of the pile
is diffused according to the Mindlin stress solution; and (4)
the foundation stress has a parabolic distribution at the plane
of the pile tip.

According to assumption (3), the distance from any
point in the soil to the pile axis is r and the distance from the
ground surface is z. The vertical stress at this point can be
expressed as

o= %K,, (7)
where N is the vertical load on the pile top, & is the depth of
the pile in the soil, and k, represents the stress coeflicients
based on assumption (2), which is calculated as [25]

A

2(1- 2v)(m2/n2) -8Q2-vm mn*+9(m-1)°
} +

B

F
2 2 2 2
domn” + 4m” — 15n"m — 2(5 + 2v) (m/n)

m+1°+m+1)°

A3

K,=—
2 4m(1-v)

207 - 20)mn* — 6m° +2(5 + 2v) (m/n)*m’

B
, (8)

4

6mn2(n2 - mz) +12(m/n)* (m +1)°

FS

12 (m/n)*m’ + 6mn2(n2 - mz)

BS

where r is the distance from any point in the soil to the pile
axis; z is the distance from the ground surface; F? = n? + m?;

-22-vlog,(A+m—-1/F+mxB+m—-1/F+m) |

FS

A=+ m-1D%5 B =+ (m+ 1% n=r/h; m=zlh;
and v is the average Poisson’s ratio of all soil layers.
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TaBLE 4: Calculated and measured results.

Pile type sp Pu
Measured value Calculated value Measured value Calculated value
Single pile — — 4 —
5% 5 HCPF 1.60 1.623 160 162.33
5% 5 LCPF 2.20 2.45 230 241.79
Pile cap 0.277 0.1874 18.24 22.43

In this test, when m > 1.0, the above formula can be
simplified at the position of the pile axis as follows:

'2 22—-vm 6(2-v)m7

m-1 (m+1)
1 2(7-20)m°  4m’ .
T 4nl v m+1?  (m+1)’] ©)

m® -1
-2(2- u)loge<—2>
L m §

In this paper [27], it is suggested that the vertical stress at
the pile end should be replaced by 10 points below the pile
end, i.e., the calculation point (L is the length of the pile) is
used to describe the vertical stress at the pile tip. This ap-
proach minimizes the influence of the stress concentration
below the plane of the pile end.

For a rectangular arrangement of the pile groups (a x b),
the longitudinal pile distance is S;, the transverse pile

distance is S,, and the oblique distance is S;. Between the two
piles, due to the influence of the vertical stress caused by the
reverse force of the pile side friction, the tip of the single pile
is affected by the vertical stress o, as of the adjacent pile,
while the maximum vertical stress of the single pile itself at
the tip of the pile is 0,,,,,. The discount rate of the two piles is
Ag. Combined with Euation (7), it is not difficult to deduce
the following equation:

S
= Ky (10)
One of the piles is most affected by the vertical stress of
the 8 adjacent piles, and the maximum reduction rate is
2As, + 2As, + 4As; ; the side piles are affected by the vertical
stress of 5 piles, whose reduction rates are 2As; + As, + 2As;
and As, + 2As, + 2As,; the reduction rate of the corner pile
is affected by the vertical stress of 3 piles, whose reduction
rate is As, + As, + As;. Thus, the average reduction rate [28]
is as follows:

(2As, +2As, + 4As;) (ab - 2a - 2b + 4) . (2As, + As, + 2As;) (2a - 4) . (Asy +2As, + 2As;) (2b — 4) + 4(As; + As, + As;)

As= ab ab ab ’
(11)
) Ain Aex
where ne=1; - AfC +re AC >
A B KSl Cc (4
ST K. ~ ) S /B 1/2
Sinax }1171 =0 08_a<_c> (14)
. ¢ d\L)’
5
A, = K (12) s = l(& . 2)
max c - 8 d bl
Ag = & where 7, is the coeflicient of the pile group of the soil re-
K sistance under the cap; #" and #** are the pile group coef-

The average coefficient of the lateral resistance of the pile
groups is as follows:

ns = — (13)

4.3. The Coefficient of the Pile Cap. The coeflicient of the pile
cap depends on the distance between the piles, the ratio of the
cap width to the pile length, the arrangement of the pile groups,
and other factors [29]. When the foundation piles are arranged
in a rectangle, the calculation formula is as follows:

ficients of the soil resistance in the inner and outer soil layers
under the cap, respectively; A", A®*, and A, are the areas of
the inner layer, outer layer, and entire area under the cap,
respectively; S,/d is the ratio of the center-to-center distance
to the pile diameter; and B/I is the ratio of the cap width to
the pile length.

4.4. Applications. As shown in Table 4, a good agreement is
obtained between the calculated and measured results, in-
dicating that the proposed method is applicable to engi-
neering practice.
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The difference between the calculated and measured
vertical bearing capacities of the HCPF and LCFP is 1.43%
and 4.88%, respectively. These results demonstrated the high
accuracy and reliability of the proposed theoretical calcu-
lation method.

5. Conclusion

Indoor tests were conducted of single pile and superlong pile
groups in saturated silty sand to investigate their bearing
behavior under vertical loads. The following conclusions
were obtained:

(1) The Q-S curve of the superlong pile groups exhibited
a decreasing trend. The ultimate bearing capacity and
settlement of the superlong pile groups were sig-
nificantly different for different cap heights. At the
same loading level, the settlement of the foundation
piles of the LCPF was smaller than that of the HCPF.

(2) Under a vertical load, the axial force of the foun-
dation piles decreased gradually from the top of the
pile to the end, and the axial force of the corner pile,
the side pile, and the middle pile decreased consis-
tently in the process of attenuation. In addition, due
to the pile group effect, the axial forces were similar
for the corner pile and side pile but that of the middle
pile was higher.

(3) Under a vertical load, the distribution of the lateral
friction of the HCPF was significantly different from
that of the LCPF, and the friction resistance of the
pile body was different at different depths. Under the
ultimate load, the skin friction resistance was
relatively low at greater depth due to less relative
displacement between the piles and the soil. The pile-
soil relative displacement, which can mobilize the
ultimate shaft capacity, is, on average, 3% of the pile
diameter in silty sand.

(4) The pile tip resistance of the foundation piles in the
superlong pile groups was significantly greater than
that of the single pile, and the difference between the
pile types increased with increasing pile tip dis-
placement. A significant difference in the pile tip
resistance was observed between the HCPF and
LCPEF.

(5) Under the ultimate load, the load sharing ratio of the
pile side resistance of the two types of pile group
foundations was about 60% of the total load. The load
sharing ratio at the pile tip of the HCPF was 40%, and
that of the LCPF was 33%. The load borne by the
foundation soil under the soil of the LCPF was re-
duced from about 15% in the initial loading stage to
about 7%, indicating that the foundation soil was
deformed after reaching the ultimate bearing ca-
pacity. As a result, the load borne by the soil under
cap eventually stabilized at 50% of the ultimate
bearing capacity.

(6) An equation was proposed to calculate the ultimate
bearing capacity of superlong pile groups in a silt
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stratum based on the principle of stress superposi-
tion. The calculated ultimate bearing capacity was
similar to the measured value, with a maximum error
of only 4.88%. The applicability of the proposed
equation was verified; it provides a reference for
calculating the bearing capacity of superlong pile
groups.
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