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Experimental investigation of vertical bearing capacity
and group pile effect for combined long and short pile
foundations in Loess

Tianzhong Ma!, Mengli Tian?, Zhengzhen Wang®

Abstract: To simultaneously meet both bearing capacity and settlement requirements in loess areas, the
introduction of novel pile foundation types is crucial. A large-scale indoor model experimental was designed
and conducted. The experiment tested four variables: pile spacing, pile type, number of piles, and pile
length. A comprehensive analysis was conducted to determine the vertical bearing capacity of combined
long and short pile foundations, including the influence of the group pile effect on combined long and short
pile foundation performance. The experimental results reveal that the lateral frictional resistance of both
long and short piles in the combined long and short pile foundations system acted in an alternating manner.
Furthermore, the axial force and lateral frictional resistance of the corner piles were slightly greater than
those of the edge and center piles. Increasing the pile spacing, the group pile effect coefficient increases
from 0.83 to 0.95. This results in a 16.7% enhancement in the bearing capacity of the group pile foundation.
Modifying the pile type increases the group pile effect coefficient from 0.825 to 0.94. This leads to a roughly
16% improvement in bearing capacity compared to the ring-shaped pile configuration. Reducing the number
of long piles, the group effect coefficient increased from 0.825 to 0.80. The overall ultimate bearing capacity
decreases by approximately 20%. Increasing the pile length results in a group pile effect coefficient of 0.87,
representing a 0.45 increase compared to the base pile configuration. Consequently, the bearing capacity of
the group pile foundation improves by 18.1%.

Keywords: combined long and short pile foundation, loess, vertical bearing capacity, pile group effect,
model experimental
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1. Introduction

The Loess area is characterized by unique geological conditions, with soil layers exhibiting
high moisture content and plasticity, making them susceptible to settlement and deformation [1].
The construction of building foundations in such regions presents significant challenges. The
susceptibility of loess to wetting-induced collapse and a significant reduction in bearing
capacity upon water saturation poses a major concern [2]. As a result, the design concept of
combined long and short pile foundations has emerged as a viable alternative. The combined
long and short pile foundation is also known as a “settlement reduction pile”. By combining
the characteristics of long and short piles, this approach aims to control foundation settlement
and enhance bearing capacity [3]. The short piles primarily contribute to load-bearing capacity,
effectively supporting a significant portion of the applied load. In contrast, long piles play a
crucial role in controlling foundation settlement by increasing the number and distribution of
piles to distribute the load evenly [4]. There is a lack of research on the use of long and short
pile foundations in loess areas, making it an area that warrants further investigation.

In recent years, there has been a significant amount of research conducted by scholars on
combined long and short pile foundations, yielding fruitful results. Su-Hyung Lee et al [5]
investigated the influence of varying pile spacing on pile-soil-pile and cap-pile-soil interactions
through model experiments conducted on single piles and pile groups. Zhang et al. [6] proposed
a simplified hyperbolic model for nonlinear load-displacement analysis of pile groups in
multi-layered soil, accounting for pile-pile interaction effects on unit skin friction. Li and Gong
et al [7] proposed a combined load transfer and shear displacement method for predicting the
bearing capacity for both new and existing pile groups. Li et al [8] investigated the bearing
characteristics of pile foundations in different soil layers by adjusting the pile length, diameter,
and spacing. Gao et al [9] investigated the load-bearing behavior of combined long and short
pile foundations in loess regions through field testing on a high-speed railway foundation. Li et
al [10] conducted indoor model experiments to examine the impact of varying pile length ratios
and spacing on the load-bearing behavior of combined long and short pile foundations in loess
areas. Building upon the shear displacement model proposed by Randolph and Wroth [11] Shi
et al [12] investigated the impact of the “curtain and reinforcement” effect of pile groups on
their load-bearing capacity and settlement. Ma et al [13] developed a method for calculating
the neutral point of foundation piles based on theoretical analysis and model testing. Xiao Y et
al [14] proposed a method for calculating the stress and settlement of the subgrade under a
composite soft-hard pile foundation, based on the Boussinesq and Mindlin solutions. Shalabi
F et al [15] employed numerical simulations to examine how the length-diameter ratio of
the pile impacts both the deformation of the pile itself and its perimeter under load. Bhaduri
et al [16] proposed a new finite element method for analyzing the behavior of a flexible
composite pile raft foundation located in layered soil within a displacement-based framework.
Bernardes et al. [17] monitored strain in columns and piles, raft-soil interface stress, and
foundation settlement to analyze a high-rise building’s pile raft foundation. Koichiro et al [18]
demonstrated that the load-bearing capacity of pile groups is influenced by group effects. Kong
et al [19] investigated the variation patterns of the group effect coefficient through an indoor
model experiment.
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Numerous studies have been conducted on the application of pile group foundations,
yet research into the combined use of long and short piles remains limited. To address this
limitation, this study aims to investigate the load transfer characteristics of combined long and
short pile foundations in loess areas, as well as the impact of group pile effects on bearing
capacity, through large-scale model experimental.

2. Experiment scheme

2.1. Indoor model experimental scheme design

A total of sixteen experimental piles are included in the experiment, divided into four sets
of control experimental: varying pile length, spacing, number, and type. These variations are
designed to investigate the bearing capacity and group pile effect of combined long and short
pile foundations in loess areas. The experimental scheme is presented in Table 1.

The pile arrangement for the varying pile length and varying pile spacing (4D) conditions
is identical, as depicted in Fig. 1(a). Fig. 1(b) presents the pile arrangement for the varying
pile spacing (6D) condition. The pile arrangement for the varying pile number condition (4
long and 8 short piles) is shown in Fig. 1(c). Fig. 1(d) illustrates the pile arrangement for the
varying pile type conditions (triangular pattern).

Table 1. Pile body layout diagram for various working conditions (unit: mm): blue — short pile; red — long

pile
Trial Experimental | .. Pile Pile Length' of Lengtl.l of | Number | Number
classification rOuDS diameter spacin short piles |long piles| of short | of long
group: D (mm) P g (mm) (mm) piles n1 | piles n2
Varying pile 1-1# 60 4D 600 1200 8 8
length
1-2# 60 4D 600 1400 8 8
Varying pile 2-1# 60 4D 600 1200 8 8
spacing
2-2# 60 6D 600 1200 8 8
Varying 3-1# 60 4D 600 1200 8 8
the number
of piles 3-2# 60 4D 600 1200 12 4
Ring-like
Varying the pile type 60 4D 600 1200 8 8
arrangement
shape of piles
pe O PHES | Plum blossom | ¢, 4D 600 1200 8 8
shape pile
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Fig. 1. Pile body layout diagram for various working conditions (unit: mm): blue — short pile; red — long pile

2.2. Design and fabrication of the model apparatus

2.2.1. Model box

The model box, measuring 2.1 x 2.1 X 1.8 m, is constructed with 15 mm thick tempered
glass on all four sides (Fig. 2). This allows for clear observation of soil fill height variations
during compaction and pile settlement throughout the experiment. A sturdy frame is constructed
from steel pipes and angle irons welded together to form the outer perimeter of the box. The
box bottom is fabricated by welding a S mm steel plate to the lower steel pipes.

2.2.2. Loading frame

The experimental loading device utilizes a custom-built horizontal-vertical loading frame.
The frame comprises vertical and horizontal reaction beams, I-beam supports (supporting the
model box), and I-beam support ribs. The loading frame’s upper and lower crossbeams were
2.6 meters in length, and the frame’s height was 2.2 meters. All of the six support beams at the
bottom of the loading rack are 1.3 m in length. A schematic diagram of the loading frame is
shown in Fig. 2.

Reaction beam

Load cell

Steel pier
Soil

Jack
For lifting weig|
Abutment

2.4m

=
] \ !
. . Model box . .
s T “0.4m " 2.Im " 0.4m”
Fig. 2. Model box diagram Fig. 3. Diagram of the loading device

2.2.3. Loading device

Vertical forces are applied to the vertical beam of the custom-built loading frame by a 20T
hydraulic jack, coupled with a 40 x 40 x 40 cm square steel block. The jack is elevated and
force is transferred to the supporting platform by the steel block. A 20T load cell is positioned
above the jack to monitor the applied force. The loading device is illustrated in Fig. 3.



www.czasopisma.pan.pl N www.journals.pan.pl
T

EXPERIMENTAL INVESTIGATION OF VERTICAL BEARING CAPACITY AND GROUPPILE... 425

2.2.4. Model piles

Adherence to the principles of model experimental similarity dictated the use of hollow
aluminum pipe piles, with an outer diameter of 60 mm and a wall thickness of 1.5 mm, as model
piles. Long piles and short piles all with a uniform diameter. A custom-designed aluminum cap
sealed the base of each pile. Both the pile caps and pile bodies were fabricated from aluminum
tubing possessing a stiffness of 59.7 GPa.

2.2.5. Data acquisition system

For pile shaft stress measurement, strain gauges, a DH3816N static strain data acquisition
instrument, a stabilized power supply, and a computer were employed. Bearing platform
settlement was measured using six 20 mm electronic dial gauges with a precision of 0.01 mm.

3. Experimental methods and procedures

3.1. Production of model piles

The hollow aluminum pipe was first polished smooth on the exterior. Epoxy resin glue was
then applied, followed by a coating of fine sand that had been passed through a 3mm sieve.
This roughening process was conducted to simulate the surface condition of actual piles in
real-world engineering projects, as illustrated in Fig. 4.

3.2. Strain gauge placement

The strain gauge model is BFH120-3AA-R-D150 with 120€ resistance and 2.0+1%
sensitivity factor. The strain gauges are arranged symmetrically on both sides of the aluminum
tube concerning the corresponding cross-section, and the arrangement is shown in Fig. 4.

SQ 100, 100,100, 100 1005(;

600mm pile
/ Strain gauge placement (symmetrical on both sides of the pile)
. 5 100 200 200 200 200 100, 150
1200mm pile
Exposed portion of plle
Required for loading - gyraip gauge placement (symmemcal on both sides of the plle)

1400mm pile ‘SQ wq wq 20 20 + 20 + 20 t 20 1100\5Q Plle -wrapping Pile wiring diagram
sand diagram

Strain gauge placement (symmetrical on both sides of the pile)

Fig. 4. Schematic diagram of the arrangement of the strain gauge (unit: mm)

3.3. Model pile placement

The soil used in this experiment was collapsible loess from the northwest region. The
preparation of the surrounding soil involves crushing, sieving, and moistening processes to
achieve the desired soil properties. The experiment measured a moisture content of 14.1% in
the soil. The compaction degree was measured to be 0.91 after the backfill was completed.
The specific process is as follows:
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Before filling, the soil was pre-wetted by adding the calculated amount of water and
allowing it to soak for 24 hours. The soil was then backfilled into the box in layers. The soil was
filled in 100 mm layers, ensuring a consistent drop height for each layer to maintain uniform
soil compaction. After each layer was filled, the surface was leveled to half the layer thickness
and compacted. A custom-designed horizontal loading frame and leveling ruler were used to
accurately position the piles. This process is illustrated in Fig. 5.

3.4. Loading and measuring process

A pile-top force transmission method was employed for the experimental loading. A
2 cm thick steel plate served as the loading plate, and a 10T load cell was placed atop each
pile to measure vertical load. A separate 20T load cell was installed on the jack to measure
the total applied load. The experimental model pile’s bearing capacity was estimated based
on the Technical Specification for Building Pile Foundation (JGJ94-2008) [20] and loaded
incrementally at 7 kN per stage until failure. Data acquisition was performed using a DH3816N
static strain data collector. The loading measurement process is illustrated in Fig. 5.

Horizontal loading frame
(for pile alignmen
5

Fig. 5. Pile positioning
4. Experimental results and analysis

The ultimate bearing capacity of 0.6 m, 1.2 m, and 1.4 m piles was determined to be 3.5 kN,
6.5 kN, and 7 kN, respectively, by single pile tests. In this paper, the bearing capacity of short
and long piles is obtained by analyzing the force of side piles, center piles, and corner piles in
short and long piles and according to the symmetry of piles, and the results of the bearing
capacity of piles and effect coefficients of piles for each working condition are compared and
analyzed. The group pile effect coefficient is determined using the method outlined in the “Pile
Foundation Engineering Manual” [21].

4.1. Analysis of variable pile spacing experimental results

An experiment was conducted with a pile spacing of 4D, employing 8 long piles and 8
short piles. Fig. 6 presents the axial force distribution curves for the 16 group piles under
vertical loading. The foundation piles exhibited varying bearing capacities, influenced by their
distinct locations within the pile group. Notably, corner piles demonstrated a higher bearing
capacity compared to center piles. The loads on the center pile, corner pile, and variable pile
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are 5.75 kN, 6 kN, and 2.6 kN, respectively. Despite variations in load distribution, even at
failure, the center and side piles did not reach the ultimate bearing capacity achieved by the
corner piles. An ultimate bearing capacity of 66 kN was observed for both long and short piles
at failure, resulting in a calculated group pile effect of 0.825.

Axial Force Q (kN) Axial Force Q (kN) Axial Force Q (kN)
: ! 2 34 3 ° 00 05 10 1.5 20 25 3.0 0O 1 2 3 4 5 6
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Fig. 6. Axial force of the pile under 4D working conditions: (a) 4# Center pile (long pile);
(b) 7# Side pile (short pile); (c) 8# Corner pile (long pile)

Lateral friction distribution along the buried depth of the center, side, and corner piles for
the 16 group piles under vertical loading in the 4D spacing condition is presented in Fig. 7.
The overall trend of the lateral friction is an initial increase followed by a decrease. In the early
stages of loading, the lateral friction in the upper portion of the long piles is not fully utilized.
As the load increases, the lateral friction in the upper portion of the long piles gradually
increases until it approaches its limit, at which point the lateral friction in the middle and upper
portions of the long piles is fully utilized. At the working load (Q,,/2) for the long and short
pile group foundations, the lateral friction of the short pile is 16 kPa, which is greater than that
of the long pile. This indicates that at the working load, the lateral friction of the short pile is
utilized before the long pile. Under the working load (Q,,/2), the ratio of pile-top reaction force
to ultimate load was 0.41 for center piles, 0.46 for corner piles, and 0.47 for side piles. This
indicates a greater contribution from short piles at lower load levels, with the influence of long
piles increasing proportionally as the load increases. At ultimate bearing capacity, a greater
proportion of the load was borne by the long piles compared to the short piles.

Pile Side Frictional Resistance qg (kPa) Pile Side Frictional Resistance qg (kPa) Pile Side Frictional Resistance qg (kPa)
000310 15 20 25 30 35 40

0'00 5 10 15 20 25 30 35 40 0'00 5 10 1v5 20 2v5 39 35 49 45
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N ——6kN N N
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3 —o—24kN 3 3
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Fig. 7. Pile side friction resistance under 4D pile spacing: (a) 4# Center pile (long pile);
(b) 7# Side pile (short pile); (c) 8# Corner pile (long pile)
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A comparison of the characteristics and load-bearing characteristics of Table 2 long-short
pile groups and equal-length pile groups is presented in Table 2, using the 4D spacing condition
as an example. Table 2 indicates that increasing the length of selected piles within a group pile
foundation leads to improved bearing capacity and reduced settlement. Moreover, appropriately
increased pile length resulted in a slight reduction of the group pile effect coefficient.

Table 2. Comparison between long and short piles and equal-length group piles

Ultimate bearing Group pile effect Group pile
Working condition capacity of the group pile PP . PP
. coefficient settlement (mm)
foundation (kN)
1200 mm Equal-length pile group 83 0.80 6.1
600 mm Equal-length pile group 47 0.813 10.8
Combined long-short pile group 66 0.825 8.5

The axial force distribution curves along the pile embedment depth for center, edge, and
corner piles in a 16-pile group with a 6D spacing are presented in Fig. 8. The bearing capacity
of each pile in the group exhibits an increase when the pile spacing is expanded from 4D to 6D.
Consequently, the pile group efficiency factor also increases from 0.825 for a pile spacing of
4D to 0.953 for a pile spacing of 6D. Increasing the pile spacing reduces the mutual influence
of additional stresses generated by individual piles, leading to a significant improvement in the
group’s overall bearing capacity. The ultimate bearing capacity of the pile group increases
from 66 kN to 77 kN as a result of the wider spacing. Under the working load (Q,/2) and
6D spacing condition, the ratio of pile-top reaction force to ultimate load was 0.54 for both
center and side piles and 0.49 for corner piles. These ratios indicate a substantial increase in
bearing capacity for all piles. compared to the 4D pile spacing. A positive correlation exists
between pile spacing and the group pile effect coefficient, with wider spacing resulting in a
higher coefficient and an increased bearing capacity.
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Fig. 8. Axial force of the pile under 6D work conditions: (a) 4# Center pile (long pile);
(b) 7# Side pile (short pile); (c) 8# Corner pile (long pile)

The distribution curves of lateral friction resistance along the pile body for 16 group piles
under vertical loading with a pile spacing of 6D are shown in Fig. 9. Increasing the pile
spacing from 4D to 6D results in more fully mobilized lateral friction forces along the pile
shaft. Additionally, this change in spacing reduces the interaction between foundation piles.
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This behavior arises because the majority of the load in friction-type group piles is transferred
through lateral resistance along the pile shaft. Furthermore, interactions between the pile,
soil, and adjacent piles exist, and pile spacing directly influences the mobilization of lateral
resistance and the superposition of these additional stresses. Smaller pile spacing leads to larger
vertical soil displacements between piles, particularly as the influence of neighboring piles
becomes more pronounced. Conversely, larger pile spacing decreases the relative displacement
between piles and soil, reducing the overall impact on soil behavior. Increasing the pile spacing
to 6D allows for the more complete mobilization of the lateral resistance of each pile, leading
to a significant improvement in the bearing capacity of the group pile foundation.
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Fig. 9. Pile side friction resistance under 6D pile spacing: (a) 4# Center pile (long pile); (b) 7# Side pile
(short pile); (c) 8# Corner pile (long pile)

4.2. Analysis of variable pile type experimental results

The axial force distribution curves along the pile embedment depth for center, edge, and
corner piles in a triangular 16-pile group are presented in Fig. 10. The pile group arranged in a
triangular pattern exhibits a 16% increase in bearing capacity compared to the foundation pile
type. Furthermore, the bearing capacity of individual piles within the triangular pile group has
also been enhanced. These findings indicate that a triangular pile arrangement is capable of
supporting greater loads. For the triangular pile arrangement under the working load (Q,,/2), the
ratios of pile head reaction force to ultimate load were 0.49 for the center pile and 0.52 for both
corner and edge piles. Compared to the foundation pile arrangement, the corner and edge piles
exhibit a noticeable increase in bearing capacity Compared to the foundation pile arrangement,
the triangular arrangement minimizes the mutual interaction between adjacent piles.

Axial Force Q (kN)
0 1 2 3 4 5 6

Axial Force Q (kN) Axial Force Q (kN)
00 05 1.0 1.5 2.0 25 3.0 35 0 1 2 3 4 5 6

~ 0.1

E 0.2

S
o

o
w

I~
'S

Pile burial depth Z (m

e
n

(b) ©)
Fig. 10. Axial force of the plum blossom pile: (a) 2# Center pile (long pile); (b) 5# Side pile (short pile);
(c) 6# Corner pile (long pile)
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The lateral frictional resistance distribution curves along the pile embedment depth for
center, edge, and corner piles in a triangular 16-pile group are shown in Fig. 11. The triangular
arrangement exhibits a more complete mobilization of lateral frictional resistance in the corner,
edge, and center piles compared to the foundation pile arrangement. Furthermore, the peak
lateral frictional resistance in the triangular arrangement occurs at the mid-section of the pile,
unlike the foundation pile arrangement where it is concentrated in the upper mid-section. In
certain cases, the short piles display higher lateral frictional resistance than the long piles.
This phenomenon might be attributed to the presence of custom-made settlement markers
installed along the sides of the long piles. The manual compaction process might have failed
to achieve optimal compaction density around the long piles, potentially hindering the full
mobilization of lateral frictional resistance. The pile group efficiency factor for this pile type is
0.94, representing a modest improvement compared to the foundation pile arrangement.
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Fig. 11. Plum blossom pile arrangement pile side friction resistance: (a) 2# Center pile (long pile); (b) 5#
Side pile (short pile); (c) 6# Corner pile (long pile)

4.3. Analysis of variable pile number experimental results

The axial force distribution curves along the pile embedment depth for the center, edge,
and corner piles in a 16-pile group are presented in Fig. 12. In this cases, the axial force
decreases rapidly in the upper mid-section of the pile and at a slower rate in the lower section.
Furthermore, altering the number of piles resulted in a 20% reduction in the bearing capacity
of the pile group foundation compared to the foundation pile arrangement.

Axial Force Q (kN) Axial Force Q (kN) Axial Force Q (kN
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Fig. 12. Axial force of the pile under the condition of variable pile number: (a) 8# Center pile (long pile);
(b) 5# Side pile (short pile); (c) 7# Corner pile (short pile)
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Under working load, the short piles primarily contribute to the bearing capacity, while the
long piles play a role in controlling settlement. However, under ultimate load, the axial force
mobilized by the long piles significantly exceeds that of the short piles. Therefore, reducing
the number of long piles in the combined long and short pile foundation is the primary reason
for the decline in the group foundation’s bearing capacity.

As observed in Fig. 13, the lateral frictional resistance in this arrangement generally
increases with increasing pile embedment depth before eventually decreasing. Furthermore, the
lateral frictional resistance of the piles in this arrangement is most fully mobilized in the upper
mid-section of the pile shaft. Under working load (Q,,/2), the ratio of the pile top reaction force
to the ultimate load pile top reaction force is 0.43 for the center pile long pile and 0.5 for the
corner pile short pile. The corresponding ratio for the edge pile short pile is 0.48. These findings
indicate that under working load, the short piles in this pile arrangement mobilize their bearing
capacity earlier than the long piles. The pile group efficiency factor for this arrangement is
0.80, slightly lower than the 0.825 observed in the foundation pile arrangement. Furthermore,
experimental findings indicate that the settlement in this arrangement is larger than that observed
in the foundation pile arrangement. This is attributed to the reduction in the number of long
piles weakens the settlement control capacity of the combined long and short pile foundation.
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Fig. 13. Lateral friction resistance of the pile under the condition of variable pile number: (a) 8# Center
pile (long pile); (b) 5# Side pile (short pile); (c) 7# Corner pile (short pile)

4.4. Analysis of variable pile length experimental results

The axial force distribution curves along the pile embedment depth are presented in Fig. 14
for center, edge, and corner piles in a 16-pile group. These curves are analyzed under varying
pile lengths and vertical loading. Increasing the length of the long piles resulted in an 18.1%
increase in the bearing capacity of the group foundation. The pile group efficiency factor
for the arrangement with increased pile lengths is 0.87, a slight improvement compared to
the baseline pile arrangement. This enhancement is attributed to the minimal or negligible
interaction between the short piles and the lower portions of the long piles due to the increased
length of a portion of the piles. A significant stress variation was observed at a pile embedment
depth of 0.2 meters during the first load increment. Post-test analysis suggests that this anomaly
may be attributed to the presence of loose soil at this depth due to insufficient compaction
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after the installation of the earth pressure cell. This loose soil condition resulted in a lower soil
density than the design specifications for the experiment, leading to a higher soil settlement rate
compared to the pile settlement rate. This phenomenon is further evidenced by the presence
of negative skin friction at the 0.2-meter depth in the subsequent lateral frictional resistance
curves. However, this issue did not recur in subsequent load increments, corroborating the
hypothesis regarding the cause of this error.

Axial Force Q (kN) Axial Force Q (kN) Axial Force Q (kN)
0O 1 2 3 4 5 6 7 00 05 1.0 1.5 2.0 25 3.0 3.5 0o 1 2 3 4 5 6 7
Z ~ 0.1 ~ 0.2
£ g
~ 02 N 0.4
s £0.6
£03 £
—_ — 08
g 8
= =)
E 0.4 510
2 2
£05 z12

(a) (b) (©

Fig. 14. Axial force of the pile under the condition of variable pile length: (a) 4# Center pile (long pile);
(b) 7# Side pile (short pile); (c) 8# Corner pile (long pile)

The lateral friction distribution curves along the pile shaft depth, shown in Fig. 15, are
presented for the central, edge, and corner piles of a 16-pile group. The figures demonstrate
that the shaft friction of each pile is enhanced after increasing the pile length. As the pile
embedment depth increases, the shaft friction generally exhibits a trend of first increasing
and then decreasing, with the upper and middle portions of the pile shaft exhibiting the most
effective shaft friction. Individual negative skin friction values were observed in the upper
half of the central pile, while sudden increases and decreases in skin friction were observed at
specific locations along the shaft of the shorter edge piles. As a consequence, during loading,
the settlement rate of the surrounding soil may have exceeded the settlement rate of the pile,
causing the observed fluctuations in skin friction. Compared to the baseline pile configuration,
the variable pile length scenario resulted in increased shaft friction for the central pile and the
long corner piles after pile length augmentation. However, the shaft friction of the shorter edge
piles remained largely consistent with the baseline configuration.
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Fig. 15. Friction resistance of the pile under the condition of variable pile length: (a) 4# Center pile (long
pile); (b) 7# Side pile (short pile); (c) 8# Corner pile (long pile)
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5. Conclusions

1. In loess regions, the lateral frictional resistance of long and short piles in combined
long and short pile foundations exhibits an asynchronous behavior, with alternating
mobilization; comparisons with equivalent-length pile groups highlight the advantages
of combined long and short pile foundations in terms of enhanced bearing capacity and
reduced settlement.

2. Increasing pile spacing from 4D to 6D enhanced group pile bearing capacity by 16.7%,
attributed to improved individual pile lateral frictional resistance mobilization and
reduced pile-pile interaction. The group pile effect coefficient increased from 0.825 to
0.953.

3. Changing the pile arrangement from a basic circular to a staggered configuration
significantly increased the individual pile bearing capacity. This change also resulted in
a 16% improvement in overall group pile bearing capacity, with the group pile effect
coefficient rising from 0.825 to 0.94.

4. Reducing the number of long piles resulted in a shift in the location of maximum lateral
frictional resistance for the short piles from the mid-upper portion of the pile to the
middle portion. This change, along with a reduction in the overall group pile-bearing
capacity by approximately 20%. The group pile effect coefficient remained relatively
consistent at 0.80.

5. Increasing long pile length enhanced group pile bearing capacity by 18.1%. This
corresponded to an increase in the group pile effect coefficient from 0.825 to 0.87,
suggesting improved lateral frictional resistance mobilization and load distribution.
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