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1. Introduction 
 

Industrialization has promoted geotechnical innovation, 

but complex engineering and geological problems require 

extensive attention. A composite foundation consists of 

piles with different lengths. Its mechanical properties are a 

combination of the properties of shallow and deep 

foundations. Long-short-pile composite foundations have 

higher bearing capacity and less soil settlement than pile 

foundations and are widely used in high-rise buildings (Liu 

et al. 2019). Academic research on composite foundations 

has mostly focused on vertical loads; however, large lateral 

loads may occur in buildings due to earthquakes, strong 

winds, or vehicle impact (Poorjafar et al. 2021, Ebadi-

Jamkhaneh et al. 2021). The combination of different pile 

types and different horizontal load positions results in 

higher complexity of analyzing the horizontal bearing 

capacity of long-short-pile composite foundations than of 

traditional pile foundations. A complex pile-soil-cushion 

interaction occurs, and the stress and deformation 

characteristics of long and short piles are affected by the 

pile length, pile spacing, pile number, and cushion 

thickness, increasing the analysis complexity. 
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Early research mainly focused on the vertical load-

bearing mechanism of composite foundations, and provided 

meaningful results. These studies primarily focused on the 

bearing capacity and deformation settlement using 

theoretical analysis (Cheng et al. 2017, Xu et al. 2009), 

field or model tests (Wang et al. 2022, Miao et al. 2018, 

Wang et al. 2018), and numerical simulations (Moayed et 

al. 2013, Hazzar et al. 2017). The cushion thickness and 

pile material substantially affected the foundation 

settlement and vertical load sharing (Wang et al. 2018). 

Moreover, long piles had a more significant impact on the 

settlement and stiffness of composite foundations than short 

piles (Guo et al. 2021). However, due to the complex pile-

soil-cushion interaction in long-short pile composite 

foundation, the horizontal bearing capacity has not been 

sufficiently investigated. 

Theoretical research on foundations under horizontal 

loads has primarily focused on pile foundations. The current 

code adopts simplified calculation methods to calculate 

vertical and horizontal loads, and uses the small 

deformation superposition principle to calculate pile 

displacement and internal force (Oh et al. 2018). Scholars 

have proposed theoretical methods to determine the load-

deformation characteristics of piles under a horizontal load. 

The most common methods are the subgrade reaction 

method (Rahgooy et al. 2022, Jeong et al. 2017), elastic 

continuum method (Gupta et al. 2017), and p-y method 

(Choo et al. 2016, Lovera et al. 2021, Mayoral et al. 2016), 

but existing analysis methods are limited. The most direct 

approach to studying horizontal bearing behavior is to carry 

out load tests. However, due to the complexity and 

uncertainty of field tests, most studies have used indoor  
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Fig. 1 Grain size distribution 

 

 

model tests to analyze the internal force of the pile (Zhang  

et al. 2021, Gotman et al. 2018). The vertical load and the 

loading mode affect the horizontal bearing capacity of the 

pile. In addition, changing the pile top constraint type or 

developing new pile types can improve the horizontal 

bearing capacity (Vu et al. 2021, Ren et al. 2021). 

This study investigates the horizontal bearing 

characteristics of a long-short-pile composite foundation. 

Four groups of long and short pile composite foundation 

tests are carried out to fill the research gap of a long-short-

pile composite foundation under horizontal load. A sliding 

roller plate is designed to eliminate the influence of 

additional horizontal friction and prevent excessive 

eccentricity of the vertical loading device. The lateral 

displacement and bending moment of the pile are measured 

by displacement sensors and strain gauges. In addition, 

ABAQUS finite element software is used for a simulation, 

and the effect of different influencing factors on the 

horizontal bearing characteristics are analyzed. 

 

 

2. Horizontal loading tests 
 
2.1 Soil 
 
Previous studies (Garnier et al. 2007, Floravante et al. 

2002) have shown that the influence of the soil particle size 

can be ignored. Therefore, the soil used in the model test 

was the same as the prototype soil. The soil was filled in 

layers using the free-fall method, and the height of each 

layer was 150 mm. The sand in each layer was compacted 

with a plate vibrator, and the next soil layer was added. 

After the filling was completed, soil samples were obtained 

to test the basic soil properties. The model box was left for 

7 days to allow the soil to settle. The soil moisture content 

was 0.64%, the cohesion was 6 kPa, and the internal friction 

angle was 30º. Fig. 1 shows the soil grain size distribution. 

The particle content of sand with a particle size greater than 

0.075 mm accounted for 82.5% of the total weight; thus, the 

soil was classified as silty sand. A cushion layer with a 

thickness of 50 mm was added to the pile top. The roller 

plate and the loading plate were placed on top of the 

cushion; thus the raft was not contact with the pile heads. 

 

 
2.2 Model pile 
 
The prototype of the model pile (the elastic modulus 

was 28 GPa, pile diameter was 300 mm, pile spacing was 4 

D (D was the pile diameter) , and the length-diameter ratio 

was 21) was a C25 rigid concrete pile. Since the similarity 

ratio does not affect the stress level, an elastic modulus 

similarity ratio of 1 was used, and the scaling of the model 

pile length was 1:3. A hollow aluminum alloy tube was 

selected as the pile, its outer diameter was 100 mm, and the 

modulus was 72 GPa. The tube thickness and long pile 

length were 3 mm and 2100 mm, respectively. Since 

roughness of the pile affects the side friction, a knurling 

treatment was applied to the piles to reduce the roughness 

(Fig. 2). 

A BX-120-5AA strain gauge was used to obtain the 

strain of the piles. It was attached to the middle of the pile 

with a vertical spacing of 200 mm, and the spacing on both 

sides was 100 mm (Fig. 3). Two strain gauges were placed 

in each section with an orientation in the horizontal loading 

direction to measure the stress changes on the front and rear 

sides of the pile body. There are 22 strain gauges on the 

long pile, and 12 strain gauges were attached to the short 

pile. 

 

2.3 Model test system 
 
The model test system consisted of four parts: a model 

box, loading system, reaction device system, and data 

measurement system. The large test model box (Fig. 4) was 

2000 mm in length, 2000 mm in width and 4000 mm in 

height. Sixteen removable rectangular steel plates (100 mm 

× 160 mm × 10 mm) were attached with bolts to the side of 

the model box. The horizontal reaction frame was 

composed of H steel and square steel tubes welded together. 

It was tightly attached to the model box with high-strength 

bolts to enable disassembly and not affect the loading and 

unloading of the soil. A horizontal jack was attached to the 

H steel through the triangular frame so that the height could 

be changed. The pile spacing was 4 D. The configuration of 

the piles is shown in Fig. 5. The horizontal spacing between 

the surrounding box and the pile side was 7.5 D, and the 

distance between the pile bottom and the box was 7 D; thus, 

the boundary effects could be ignored (Liu et al. 2016, 

Hong et al. 2017). 

When the vertical and horizontal loads were applied, the 

bearing plate caused horizontal displacement due to the 

horizontal force. The plate top was in close contact with the 

vertical jack, and the uneven settlement of the plate caused 

an inclination of the jack and eccentricity. A custom  

Table 1 Model test parameters of the pile 

Parameter Symbol Parameter Scaling factor 

Diameter D (mm) 100 1：3 

Length L (mm) 1000/2100 1：3 

Elastic modulus E (GPa) 72 1：1 

Density ρ/(kg/m3) 2500 1：1 
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Fig. 5 Configuration of the four piles 

 

 

designed sliding roller plate was placed on the top of the 

raft. It consisted of bearings and connecting plates, with a 

length of 600 mm in length, a width of 330 mm, and 

thickness of 60 mm. When the raft was horizontally 

 

 

 

 

displaced, the bearing of the roller plate moved horizontally, 

but the upper connecting plate did not. This design ensured 

that the vertical jack always remained vertical. Rigid 

composite foundations are typically not reinforced in 

practical engineering;  the horizontal displacement cannot 

be ignored. The displacement gauge and the pile top were 

connected with iron wires to measure the horizontal 

displacement of the pile top, and the settlement on both 

sides of the loading plate was measured with four 

displacement gauges. The data from pressure sensors, strain 

gauges, and displacement meters were automatically 

corrected using a CM-2B static data acquisition instrument. 

Fig. 6 shows the measurement device. 

 

2.4 Loading scheme 
 

Four groups of load tests were conducted on the rigid 

long-short-pile composite foundation under horizontal  

 

Fig. 2 Rigid model pile 

 

Fig. 3 Arrangement of the strain gauges of the piles (unit: mm) 

 

Fig. 4 Model test system 

343



 

Chen-yu Lv, Yuan-cheng Guo, Yong-hui Li, An-di Hu-yan and Wen-min Yao 

 

 

 

 

loads. The loading scheme is listed in Table 2. Vertical loads 

of 60 kPa, 70 kPa, 80 kPa, and 90 kPa were selected 

according to the characteristic value of the bearing capacity. 

The static load test was carried out in multiple stages. First, 

we applied the vertical load stepwise to the desired value. 

When the composite foundation was stable, the vertical load 

was kept constant, and a horizontal load of 2 kN was 

applied in each stage until the horizontal displacement of 

the loading plate increased sharply or the horizontal 

displacement of the raft was twice that of the upper layer at 

a certain level. At this time, it was assumed that the limit 

horizontal load had been reached, and the load was 

terminated. The pile near the horizontal loading side was 

defined as the back row pile (P3, P4), and the pile on the 

other side was the front row pile (P1, P2). 

 

 
3. Results 
 

3.1 Displacement of the composite foundation 
 

Fig. 7 shows the overall settlement of the composite 

foundation when the vertical load is 90kPa. At vertical  

loads of 60 kPa, 70 kPa, 80 kPa, and 90 kPa, the 

corresponding horizontal load limits were 14 kN, 16 kN, 18  

 

 
Fig. 7 Load settlement curves of the long-short-pile 

composite foundations 

 

 

kN, and 22 kN, respectively. The horizontal bearing 

capacity increases with an increase in the vertical load. 

Increasing the vertical load can improve the effective 

vertical compressive stress of the soil between the piles, 

thereby improving the shear strength and the ultimate 

bearing capacity of the piles. 

Fig. 8 shows the horizontal load and displacement 

curves of the raft and the pile top under different loads. The 

horizontal displacement of the raft is always larger than that 

of the pile top. As the horizontal load increases, the 

horizontal displacement increases. The pile, soil, and 

cushion share the load. The horizontal load is first 

transmitted to the cushion by friction and then to the piles 

and the soil between the piles. In addition, under the same 

horizontal load, changing the magnitude of the vertical load 

has a negligible effect on the horizontal displacement of the 

pile top, confirming the result of Wu et al. (1996), who 

found that the Q-Up curve was consistent. 

The horizontal load causes pile-soil separation in the 

composite foundation, thereby reducing the soil pressure  

 

Fig. 6 Test device 

Table 2 Loading scheme of the model test 

Test number 
Vertical 

load (kPa) 

Horizontal 

load (kPa) 

1 0-60 

60 

0 

0-Hmax1 

2 0-70 

70 

0 

0-Hmax2 

3 

 

0-80 

80 

0 

0-Hmax3 

4 0-90 

90 

0 

0-Hmax4 
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Fig. 8 The horizontal displacement at horizontal loads 

 

 

and the pile side friction, leading to the additional 

settlement of the pile. The settlement on both sides of the 

raft (away from and near the horizontal loading side) is 

listed in Table 3. When V=90 kPa and H=0, the settlement 

on both sides of the raft is the same (10.545 mm). As the 

horizontal load increases, both sides continue to settle. 

When H=22 kN, the raft settlement away from the 

horizontal loading side is 12.325 mm, and that near the 

loading side is 11.298 mm. Therefore, as the horizontal load 

increases, the settlement difference on both sides of the raft 

gradually increases. In practical engineering, the influence 

of the foundation settlement difference must be considered 

when the superstructure is subjected to a large horizontal 

load to prevent the inclination of the structure. 

 

3.2 Bending moment of the pile 
 

The pile is compressed and bent under vertical and 

lateral loads, and the cross-section of the pile produces 

tensile and compressive strains. The bending moment is 

calculated from the strain of the pile. The bending moments 

of the piles under 90 kPa vertical load are shown in Fig. 9.  

The bending moment curve of the pile is parabolic. The 

bending moment increases and then decreases in the depth 

direction. When the soil depth is less than 0.4 L (L is the 

length of the pile), the bending moment is mainly affected 

by the p-∆ effect. The pile experiences large horizontal 

displacement under a horizontal load. Due to the large 

vertical force on the upper part, additional horizontal soil 

resistance is generated near the pile, which is balanced with 

the bending moment generated by the lateral displacement 

of the pile. Therefore, as the depth increases, the bending 

moment of the pile decreases. The maximum bending 

moment of the long pile occurs at 0.4-0.6 m below the pile 

top, and the bending moment at the upper part is greater 

than that at the bottom. The maximum value of the short  

 

 

pile is about 0.4 m. Moreover, the bending moment is 

substantially lower than that of the long pile. 

Fig. 9 shows a downward trend in the position of the 

maximum bending moment. When the horizontal load 

increases, the deep soil is fully mobilized, thereby 

improving the resistance to the horizontal load. The 

horizontal force is further transmitted to the deep soil, 

enhancing the horizontal bearing capacity of the composite 

foundation. When the horizontal load is applied for the first 

time, the bending moment of the back row pile is slightly 

larger than that of the front row pile. As the load continues 

to increase, uneven settlement of the raft occurs, and the 

growth rate of the bending moment of the front row piles 

increases. Finally, the bending moment of the front row 

piles is greater than that of the back row piles. In long-

short-pile composite foundations, the curves of the piles 

with the same length are similar at different positions. The 

long pile shows a ‘long pile effect’, and the bending 

moment curve has many inflection points along the pile. In 

contrast, the short pile bending moment curve has a 

parabolic shape, and the values increase and then decrease 

in the depth direction. Under a larger horizontal load, the 

ranking of the piles’ bending moments is P1 > P3 > P2> P4. 

Fig. 10 shows the shear force of the piles at different 

positions under 90 kPa vertical load. The shear force has a 

linear relationship with the upper depth, and the maximum 

value occurs near the pile top. Therefore, the shear failure 

of the pile is most likely to occur near the top. The shear 

force gradually decreases with an increase in the depth, and 

is 0 at about 0.4 m. When the depth exceeds 0.4 m, a 

reverse shear force is generated. Due to the soil resistance 

around the pile, the shear force near the bottom of the long 

pile is approximately 0. Furthermore, the trend of the shear 

force with the horizontal load is the same as for the pile’s 

bending moment. Under the maximum horizontal load, the 

maximum shear force of the front row long piles is about 

1.47 times that of the back row; that of the short piles in the 

front row is 1.48 times that of the short piles in the back 

row. 

 

 
4. Discussion 

 
Due to limitations of the measurement method in the 

test, many measurement could not be obtained to analyze 

the horizontal bearing mechanism. Therefore, a numerical 

simulation model consistent with the model test parameters 

was established in the ABAQUS finite element software. 

The model was composed of the structural (pile and raft) 

and geotechnical parts (soil and cushion), and the elastic 

and ideal elastic -plastic Mohr-Coulomb constitutive 

models were used, respectively. It was assumed that the  

Table 3 Settlement at the top of the raft 

Horizontal load/kN 0 4 8 12 16 20 22 

Settlement on the left/mm 10.545 10.675 10.865 11.108 11.528 11.983 12.325  

Settlement on the right/mm 10.545 10.625 10.785 10.932 11.018 11.188 11.298 
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(a) P1 (b) P2 

  
(c) P3 (d) P4 

Fig. 9 The bending moments of the four piles under different horizontal loads (V=90 kPa) 

  
(a) P1 (b) P2 

  
(c) P3 (d) P4 

Fig. 10 The curves of the shear force of the piles under different horizontal loads (V=90 kPa) 
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Fig. 11 3D numerical simulation model 

 

 

cushion and soil were homogeneous media. Table 4 lists the 

material parameters obtained from the tests. The horizontal 

and vertical displacements of the soil bottom were 

constrained, and the surrounding area was subjected to 

horizontal constraints perpendicular to the side. There was 

no constraint on the upper surface of the soil. When the 

horizontal load was applied, the displacement in the X-

direction of the cap was not constrained. Fig. 11 depicts the 

mesh; the mesh density was finer around the piles. A 

surface-to-surface contact was selected between the raft, 

cushion, pile, and soil, and the cushion was connected to the 

surrounding soil by a tie contact to simulate the real 

stress condition. Table 5 lists the friction coefficients of 

the interaction surfaces. The surface with a higher stiffness 

was the master surface, and that with a lower stiffness was 

the salve surface to ensure convergence. After the initial 

stress field was balanced, the pile, cushion, and raft were 

introduced sequentially by establishing the contacts at the 

interaction interface. 

 

 
Fig. 12 Experimental and numerical horizontal 

settlement results of the raft 

 

 
Fig. 13 Experimental and numerical horizontal bending 

moment of the pile (P1) 

 
 
4.1 Numerical simulation verification 
 
We compared the measured and simulated parameter val

ues due to the complexity of the soil state and the uncertaint

y of the soil parameters. Fig. 12 shows the horizontal displa

cement of the raft obtained from the model test and numeric

al simulation. Fig. 13 lists the calculation results of the bend

ing moment of the front row pile under different horizontal l

oads. The curves are in good agreement, and the small diffe

rent are attributed to the fact that the indoor model test cann

ot achieve the ideal conditions of the numerical simulation.

The results verify the effectiveness of the numerical model. 

 
4.2 Effect of the load on the horizontal bearing 

mechanism 
 

The ratio of the horizontal load on each component to 

the total horizontal load is called the horizontal load-sharing 

ratio. Fig. 14(a) shows the horizontal load sharing ratio of 

the pile and soil at different horizontal loads (V=90 kPa). 

The results show that the soil bears most of the horizontal 

load, and the cushion also bears part of the horizontal load. 

Fig. 14(b) shows the horizontal load-sharing ratio of 

different rows of piles. The horizontal force increases from 

4 kN to 22 kN, the horizontal load sharing ratio of the back 

row pile decreases from 58.3% to 45.7%, and that of the 

front row pile increases from 41.7% to 54.3%. The reason is 

the settlement difference on both sides of the raft. When the 

settlement difference is small, the back row piles bear more 

of the horizontal load initially. The proportion of the 

horizontal load on the front row piles increases with an 

increase in the horizontal load.  

The stress deformation characteristics of the pile are 

related to the distance from the horizontal loading location. 

Fig. 15 lists the horizontal displacements of the four piles 

under different horizontal loads. There are considerable 

differences between the long and short piles, but the 

maximum values both occur at the pile top. The horizontal 

displacement of the long pile decreases with the depth, 

ranging from 0 to 0.8 m, and there is almost no horizontal 

displacement at the bottom (approximately 0), showing the 

long pile effect. The short pile rotates around a point at the 

bottom of the pile with an increase in the horizontal load, 

Table 4 Model parameters employed in the finite element 

analysis 

Parameter ρ/(kg/m3) E/(MPa) ν c/(kPa) φ/(°) 

Soil 1600 20 0.3 6 30 

Cushion 1400 30 0.3 4 33.9 

Pile 2500 8100 0.2 - - 

Raft 7800 210000 0.2 - - 
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(a) 

 
(b) 

Fig. 14 The horizontal load sharing ratio of the (a) pile, 

cushion and soil and (b) the front row and rear row piles 

at different horizontal loads 

 

 

and the horizontal displacement decreases with increasing 

depth. When it decreases to 0 and thenincreases in the 

opposite direction, the pile bottom has the reverse 

maximum value. Because the compressive stress of the 

short pile is small, the horizontal displacement directions of 

the upper and lower parts are the opposite. 

In practical engineering, the piles in the composite 

foundation must bear the vertical load of the upper structure 

when it bears the horizontal loads. The compressive stress 

generated by the vertical load is balanced with the partial 

tensile stress of the pile. Four groups of different vertical 

loads were selected to determine stress deformation and 

load-sharing of the composite foundations under horizontal 

loads. Fig. 16 plots the horizontal load sharing ratio curves 

of the pile top under different loads. When the horizontal 

load is large, the effect of the vertical load is small. After 

the horizontal load exceeds 12 kN, the curve becomes 

linear. 

 
(a) P1 

 
(b) P2 

 
(c) P3 

 
(d) P4 

Fig. 15 The horizontal displacement of the piles under 

different loads 
 

Table 5 Contact parameters of the model 

Contact surface Contact type Friction coefficient 

Raft-cushion 
surface-to-surface con

tact 
0.365 

Cushion-pile 
surface-to-surface con

tact 
0.82 

Pile-soil 
surface-to-surface con

tact 
0.4 

Cushion-soil tie contact - 
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Fig. 16 The horizontal load sharing ratio of the pile top 

 

 
(a) P1 

 
(b) P2 

Fig. 17 The bending moment of the piles under different 

vertical loads (H=14 kN) 

 

 

Fig. 17 shows the bending moment of the piles with 

different vertical loads under a horizontal load of 14 kN. 

The degree of soil compaction is closely related to the 

vertical load. As the load increases, the soil under and 

around the pile becomes denser, improving the ability of the 

soil to restrain the pile and resist horizontal deformation. At 

the depth of 1.2 m, the bending moment of the long pile 

decreases with an increase in the vertical load. However, 

when the depth exceeds 1.2 m, the influence of the load size 

on the bending moment negligible. The bending moment of 

the short pile decreases with an increase in the vertical load, 

but the rate of decrease is low. Thus, it is considered that the 

bending moment of the piles is only slightly affected by the 

vertical load. 

 
(a) Raft 

 
(b) Pile top 

Fig. 18 The horizontal displacement of the pile for 

different cushion thicknesses 

 
 
4.3 Effect of the cushion thickness on the horizontal 

bearing mechanism 
 

The cushion is a key factor in distinguishing a 

composite foundation from a pile foundation. The change in 

the cushion thickness directly affects the horizontal bearing 

capacity. Therefore, the effect of different cushion 

thicknesses on the composite foundation at a vertical load 

of 90 kPa and a horizontal load of 22 kN was analyzed. 

Fig. 18(a) shows the horizontal load-displacement curve 

of the raft. The increase in the cushion thickness leads to a 

higher horizontal displacement of the raft at the same 

horizontal load. The horizontal displacement at the top of 

the raft is almost the same under different cushion 

thicknesses at low horizontal loads. When the load exceeds 

20 kN, the horizontal displacement increases sharply with 

an increase in the cushion thickness. The horizontal load-

displacement curve of the pile top is shown in Fig. 18(b). 

As the cushion thickness increases, the horizontal 

displacement of the pile top gradually decreases. These 

results suggest that the fluidity of the soil in the cushion 

increases with cushion’s thickness, and the cushion will be 

fully supplemented to the soil between the piles. 

Fig. 19 shows the horizontal load-sharing ratio of the 

pile top. As the cushion thickness increases from 50 mm to 

150 mm, the horizontal load-sharing ratio of the pile top is 

6%-13%, and that of the soil is 87%-94%. The horizontal  
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Fig. 19 The horizontal load sharing ratio of the pile top 

for different cushion thicknesses 

 

 

load on the pile top is inversely proportional to the cushion 

thickness. When the cushion thickness is 150 mm, the 

horizontal load shared by the pile is only 10.8% of the total 

horizontal load. Thus, increasing the thickness of the 

cushion ensures sufficient soil fluidity and shear 

deformation of the soil, thereby improving the safety of the 

piles. 

 

4.4 Analysis of horizontal bearing mechanism 
 

Fig. 20 shows the horizontal load distribution of the 

long-short-pile composite foundation under vertical and 

horizontal loads. Since the pile is a slender rod, it can 

withstand vertical and lateral forces. The ability of the pile 

to withstand horizontal loads is much smaller than its ability 

to withstand vertical loads. The cushion disconnects the 

bottom of the foundation from the pile. Therefore, the 

composite foundation does not rely as much on the pile to 

bear the upper load, but the soil bears more of the load 

through pile-soil interaction. The horizontal load acting on 

the foundation is first transferred to the cushion. Then, the 

load acting on the cushion is distributed to the piles and the 

soil between the piles. 

The pile is deformed and displaced under the action of 

the horizontal force. The upper soil moves to the left, and a 

pile-soil separation area occurs at the backside of the pile. 

The soil rapidly flows into the gap, and the pile-side soil is 

displaced and compressed, resulting in active earth 

pressure. The soil is densified due to an increase in the 

vertical load, improving the bearing capacity of the 

composite foundation. The horizontal force acting on the 

pile is borne by the soil pressure on the pile side, and the 

displacement in the deep soil is small. The pile lengths are 

different in long-short-pile composite foundations. 

Therefore, the long and short piles produce different 

horizontal displacements under the same horizontal load, 

resulting in different stress mechanisms. The short pile 

rotates around a point (O) at the bottom of the pile axis, and 

the soil strength around the pile determines the horizontal 

bearing capacity. The length-diameter ratio of the long pile 

is larger than that of the short pile, and there are more than 

two zero displacement points in a long pile. Thus, the  

 
Fig. 20 Horizontal load distribution of the long-short-pile 

composite foundation under horizontal load 

 

 

bending moment and displacement decrease rapidly in the 

downward direction of the pile. The lower end of the long 

pile is embedded in the soil, while the upper part of the pile 

experiences horizontal displacement and rotation. 

The vertical load and the thickness of the cushion layer 

affect the horizontal bearing characteristics of the 

composite foundation. Increasing the vertical load and 

decreasing the cushion thickness can significantly improve 

the horizontal load-sharing ratio of the pile top. The cushion 

thickness has the most significant influence on the 

horizontal load-sharing, and the horizontal displacement of 

the pile top decreases as the thickness of the cushion 

increases. Changing the vertical load has a negligible effect 

on the bending moment of the pile. 

 

 

5. Conclusions 
 

An indoor model test was carried out to research the 

horizontal bearing performance of a composite foundation 

with rigid long and short piles. A roller plate was developed 

to prevent tilting of the vertical loading device under 

horizontal loading. The settlement, horizontal displacement, 

bending moment, and shear force of the pile were analyzed, 

and the horizontal load sharing between the pile and the soil 

was investigated with finite element software. The main 

conclusions are as follows: 

• The existing vertical load improved the horizontal bearing 

capacity of the composite foundation. Under the same 

horizontal load, the larger the vertical load, the greater the 

horizontal bearing capacity of the composite foundation 

was, enabling the pile body to bear large horizontal loads. 

The bending moment of the pile decreased with an increase 

in the vertical load, and the maximum value occurred at 3 D 

below the pile top (D is the diameter of the pile). 

• When the long-short pile composite foundation was 

subjected to vertical and horizontal loads, the maximum 

horizontal displacement of the pile occurred at the pile top, 

and the horizontal displacement curves of the long pile and 

the short pile were different. As the horizontal load 

increased, the short pile rotated around a point of the pile, 

whereas the long pile had multiple points with zero 

displacements, showing the characteristics of long elastic 
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piles. 

• The difference in the horizontal load borne by the piles in 

the same row perpendicular to the horizontal load direction 

was small. In contrast, the back row piles bore most of the 

load in the initial stage of horizontal loading. As the 

horizontal load increased, a settlement difference occurred 

on both sides of the raft, and each row of piles entered the 

working state in turn in the horizontal loading direction. 

Ultimately, the front row piles bore more of the horizontal 

load. 

• Increasing the cushion thickness utilized the fluidity and 

shear deformation ability of the soil so that the horizontal 

load was shared between the piles and the soil. The 

horizontal displacement of the pile top in the composite 

foundation decreased, and the horizontal load borne by the 

soil between the piles increased. As a result, the horizontal 

load borne by the pile decreased, reducing the potential for 

damage to the piles. 
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