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Abstract: A series of small-scale 1g X-section Cast-in-place Concrete (XCC) pile-penetration model tests were conducted to 

study the effects of soil density and pile geometry on the lateral responses of an existing pile and the variations in surrounding soil 

stress. The results showed that the bending patterns of existing XCC piles varied with penetration depth. The lateral response of the 

existing pile was sensitive to the change in relative density and pile geometry. For example, the bending moment of the existing 

pile increased along with these parameters. The development of the radial stress σ'r/σ'v0 of the soil around an existing pile showed 

different trends at various depths during the penetration of the adjacent pile. Moreover, the change in radial stress during the 

penetration of the XCC pile did not exhibit the “h/R effect” that was observed in the free-field soil, due to the shielding effect of the 

existing piles. The peak value of radial stress σ'r_max/σ'v0 decreased exponentially as the radial distance r/R increased. The attenu-

ation of σ'r_max/σ'v0 with r/R in the loose sand was faster than in the medium-dense or dense sands. The σ'r_max/σ'v0 at the same soil 

location increased with the cross-section geometry parameter.  

Key words: X-section Cast-in-place Concrete pile; Tests; Penetration; Sand; Lateral response; Radial stress 

1  Introduction 

There are many types of piles used in 

engineering, which can be classified into circular and 

special-shaped piles in terms of cross-section 

geometry. In recent years, special-shaped piles have 

received widespread attention because of their 

superior bearing and deformation performance. 

X-section Cast-in-place Concrete (XCC) pile is one 

type of such special-shaped cross-section pile 

developed to improve efficiency and save material, 

which has been widely adopted in foundation 

reinforcement projects, such as highway and railway 

construction (Ding et al., 2023; Lv et al., 2012, 2014a, 

2014b, 2017, 2020; Liu et al., 2014; Li et al., 2021; 

Peng et al., 2021, 2022; Wang et al., 2019; Zhang et 

al., 2015; Zhou et al., 2017a, 2017b, 2018a, 2018b, 

2019a, 2019b, 2020a, 2020b; Zhou et al., 2022a, 

2022b). Compared with the traditional circular pile, 

XCC piles can increase the side friction and give full 

play to the potential of pile material when the same 

amount of concrete material is used, thus improving 

the bearing capacity of the pile foundation. Until now, 

many works have been carried out to evaluate the 

influence of special X-shaped sections on the 

performances of XCC piles, mainly including model 

and field tests, numerical simulations, and theoretical 

analysis. 

Lv et al. (2012, 2020) conducted a series of 

pile-foundation field tests, and found that XCC piles 

could provide superior vertical bearing characteristics 

to circular piles when the cross-section areas were 

equal. Subsequently, using the field-test data, Lv et al. 

(2014a, 2014b, 2017) employed numerical and 
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theoretical methods to study the load-transfer mode of 

XCC piles under vertical load. The results showed 

that the geometric effect of the cross section had a 

noteworthy influence on the pile tip resistance and the 

distribution of skin friction. Furthermore, they 

quantified the interaction between the XCC pile and 

soil under vertical load by a three-dimensional 

analytical method which they proposed based on the 

principle of minimum potential energy and the 

variational method (Li et al., 2021). However, the 

impact of pile installation was not considered in the 

studies. Zhou et al. (2017a) revealed the 

soil-deformation pattern during penetration of an 

XCC pile by performing transparent soil model tests. 

They then proposed a modified cavity-expansion 

model for predicting the radial displacement of soil 

during penetration (Liu et al., 2014; Zhou, 2017b). 

Afterward, Zhou et al. (2019a) built a large 

deformation numerical model to investigate the 

three-dimensional penetration mechanism during the 

installation of an XCC pile in undrained clay. 

Regarding the bearing characteristics of XCC 

pile under lateral load, Zhou et al. (2018a, 2020a) 

established empirical models using the plane strain 

finite element limit method which could capture the 

ultimate lateral capabilities of XCC single and group 

piles in undrained clay. They proposed a simple 

hyperbolic p-y model (Zhou et al., 2020b) that took 

into consideration the elastic stiffness of the 

two-dimensional laterally loaded XCC pile-soil 

system (Zhou et al., 2019b). However, this model 

could not elucidate the three-dimensional mechanism 

of laterally loaded XCC pile-soil interaction. 

Therefore, Zhou et al. (2022a) established a new p-y 

model to uncover the three-dimensional failure 

mechanism of the soil around the XCC pile based on a 

series of well-calibrated three-dimensional finite 

element analyses. Afterward, Zhou et al. (2022b) 

introduced this p-y model into the Winkler foundation 

model and proposed a simplified analysis model for 

predicting the lateral response of existing XCC piles 

induced by the penetration of adjacent piles under the 

undrained conditions. 

Although numerous studies have been 

conducted on XCC piles, those described above were 

all conducted in clay soils. There were few reports on 

the investigation related to the XCC pile in sand. In 

addition, the previous studies mainly analyzed the 

deformation and stress development of the free-field 

soil in the XCC pile-penetration problem. However, 

in the actual engineering construction, there were 

existing piles in the vicinity of the penetrating pile. 

The compaction displacement load caused by the 

penetrating pile imposed additional bending moment 

on the existing pile, which would lead to damage or 

failure of the pile foundation. The purpose of this 

paper was to investigate the effect of the adjacent 

XCC pile penetration on the existing XCC pile in 

sand by means of a series of small-scale 1g model 

tests. The lateral response of an existing pile and the 

development of soil radial stress around the pile 

during penetration were analyzed by considering 

factors such as the relative density of the soil and the 

cross-section geometry of the existing pile. 

 

2  Experimental equipment and materials 

2.1  Test equipment 

As shown in Fig.1, the testing device included a 

movable sand pourer frame, loading device, square 

chamber, and data-collection system. The movable 

sand pourer frame was mainly composed of iron 

brackets, a slide rail, and a chain block, whose con-

struction and function are detailed below. During 

preparation of the sand foundation, the sand pourer 

device could move freely in six directions to control 

the homogeneity and relative density of the founda-

tion. The loading equipment included a 

pile-penetration device and a control collection box. 

The servo control system for the equipment allowed 

for the implementation of various loading modes, 

which could be controlled either by displacement or 

force. The loading was controlled by displacement in 

this paper. 

The chamber was assembled with transparent 

acrylic plates, angle steels, and bolts. To facilitate the 

arrangement of sensors and preparation of the sand 

foundation, the chamber was divided into two layers. 

The chamber had a width of 1000 mm and a height of 

1050 mm. The distance between the chamber and the 

side of the existing pile was greater than 7Deq (Deq, 

defined as the equivalent diameter of XCC pile), and 

the bottom of the existing pile was located 4Deq 

higher from the bottom of the chamber. Therefore, the 

distance between the model pile and the chamber 

sides in this study was large enough to eliminate the 

influence of the boundary effect according to the 
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previous investigations (Gui et al., 1998; Bolton et al., 

1999; Dong et al., 2018; Cao et al., 2020). During the 

test, a DH5921 high-frequency dynamic acquisition 

system was employed to collect the strain data of the 

existing model pile and the soil pressure sensor data 

around the pile. The sampling frequencies of the 

strain gauge and soil pressure sensor are 100 Hz. The 

bending moment of the existing pile and the radial 

stress of the soil around the pile can be precisely ac-

quired after the calibration of collected data. 
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Fig. 1. Schematic view of the test device. 

 

2.2  Characteristics of sand 

The sand used in this experimental study was 

Fujian standard sand. Table 1 gives the physical 

properties of the sand. The specific gravity was de-

termined according to ASTM D854 (ASTM., 2016a), 

and the maximum and minimum dry densities were 

determined using the methods of ASTM D4253 

(ASTM., 2016b) and D4254 (ASTM., 2016c). The 

particle size distribution curve of the sand is shown in 

Fig.2. It should be mentioned here that all tests were 

conducted in dry sand because sandy soil is typically 

fully drained during penetration, due to its high 

permeability. 

The model foundations of different relative 

densities in this test were prepared using the movable 

sand pourer frame and the sand pourer device by 

controlling the drop distance, as shown in Fig.3a. 

Because the relative densities of the sand foundations 

were strongly affected by the drop distance as cali-

brated previously (Fig.3b). Additionally, to ensure 

the uniformity of the model foundations, the sand 

was poured layer by layer. 

 

Table 1  Physical properties of the test sand. 

Characteristic Symbol Value 

Mean particle size (mm) d50 0.776 

Coefficient of uniformity Cu 1.41 

Specific gravity Gs 2.652 
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Maximum dry density (g/cm
3
) ρdmax 1.691 

Minimum dry density (g/cm
3
) ρdmin 1.422 

 

0.01 0.1 1 10

0

25

50

75

100

Particle size (mm)

P
e

rc
e

n
t 
P

a
s
s
in

g
 (

%
)

 
Fig. 2  Particle size distribution curve of the test sand. 
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Fig. 3  (a) Model foundation preparation device; (b) Calibrated relationship between drop distance and 

relative density. 
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2.3  Model piles 

Fig. 4a shows the cross section of the XCC pile, 

which consisted of four cambered and flat sections. 

The parameters a, b, and θx were employed to control 

the geometric size and shape of the cross section of 

the XCC pile. In engineering, θx is generally 90°, 

which we adopted in this study as well. 

The existing model pile in this test had a length 

of 800 mm, and 700 mm of it had penetrated into the 

soil. The model pile was made of an aluminum alloy 

solid tube (Type: 6061T6), which exhibited an elastic 

modulus of 68.9 GPa, Poisson's ratio of 0.33, tension 

yield strength of 275 MPa, and tensile strength of 305 

MPa. It should be explained here that a real existing 

pile would generally be solid (with an elastic modu-

lus of 30 GPa) and would be cast with the concrete 

material in actual engineering, but it was difficult to 

strictly control the material properties and 

cross-section geometry of the model concrete pile 

due to the limitations on its size. Therefore, the ex-

isting model piles were made of hollow aluminum 

alloy according to the principle of equal flexural 

stiffness without affecting the purpose of the ex-

perimental study. In addition, the pile end was sealed 

with an aluminum block during the test. Fig. 4b il-

lustrates the cross section of the existing model pile. 

Three existing XCC model piles of different geome-

tries were designed, and their geometric dimensions 

and physical appearance are shown in Table 2 and 

Fig. 4c, respectively. The b1/a1 varied from 0.1 to 0.5, 

which covered the range of the cross-section sizes of 

the XCC piles typically used in practical engineering. 

The penetrating XCC model pile (Number in Table 2: 

XCCPP) was made as a rigid body, since the defor-

mation of the pile body during penetration was very 

small. The angle of pile tip and penetration depth 

were 60° and 700 mm, respectively. 
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Fig. 4  Model test piles. a1 and b1 represent the outer dimensions of the model pile, and ai and bi repre-

sent the inner dimensions. 
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Table 2  Geometrical dimension parameters of existing model piles. 

Pile code b1/a1 b1(bi) a1 (ai) 

XCCEP1 0.1 5 (4.33) mm 50(43.34) mm 

XCCEP2 0.3 15 (13.00) mm 50(43.34) mm 

XCCEP3 0.5 25 (21.67) mm 50(43.34) mm 

XCCPP b/a = 0.5, a = 50 mm 

 

 

 

3  Experimental scheme 

3.1  Test matrix 

Taking the relative densities of soil (Dr) and the 

geometries of the cross section (b1/a1) as the varia-

bles, we performed six sets of small-scale 1g model 

tests to investigate the lateral responses of the existing 

pile and the development of soil stress around the pile 

during the penetration of an adjacent XCC pile in 

sand. Table 3 shows the test program, in which T1-T3 

investigated the influence of Dr and T4-T6 investi-

gated the influence of b1/a1. The cross-section geom-

etry and relative density were the same for T2 and T5, 

which could be used to evaluate the reliability of the 

tests. The distance between the axes of the penetrating 

pile and the existing pile was set to 80 mm (i.e., 

1.6a1). In the test, the impact of the head load of the 

existing pile was not taken into account and the 

boundary condition of the pile head was free. 

 

Table 3  Test program. 

Influence factor Test number Dr b1/a1 

Relative density T1 30% 0.3 

T2 60% 0.3 

T3 90% 0.3 

Cross-section geome-

try 

T4 60% 0.1 

T5 60% 0.3 

T6 60% 0.5 

 

 

 

3.2  Instrumentation 

To measure the bending moment of the existing 

pile, we installed miniature high-precision strain 

gauges with a length of 3 mm and resistance of 120 Ω 

along the body of the existing model pile. Ten loca-

tions were selected at uniform intervals of 80 mm 

along the pile length starting from the pile end under 

the premise of satisfying the requirements for meas-

uring the bending moment profile. Paired strain 

gauges were arranged symmetrically at each eleva-

tion. In addition, all strain gauges on the model pile 

were coated with epoxy to protect them and the wires 

from damage. Fig.5 shows a schematic diagram of the 

strain gauge arrangement around the existing XCC 

model pile. We should mention here that the strain 

gauges of each existing model pile were calibrated 

using the method for a simple supported beam before 

conducting the test, and then the bending moment of 

the existing model pile during the penetration was 

back-calculated from the calibration coefficient. 

We employed a micro silicon piezoresistive 

high-frequency dynamic soil pressure sensor with a 

measurement range of 500 kPa and precision of 0.2% 

to study the stress change of soil during the penetra-

tion. According to the experimental scheme, three 

representative depths, i.e., vertical heights z/R (R = 

a1/2) of 8, 16, and 24, were first selected. Then, for 

each depth, we installed miniature earth-pressure 

sensors along the radial direction of the strong and 

weak axial profiles of the existing XCC pile to 

measure the soil radial stresses at radial distances r/R 

= 2, 4, and 8. Fig.6 gives the elevation of the soil 

pressure sensor arrangement. The plan view of the 

sensors installed at different depths is shown in Fig.7. 
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Fig. 5  Schematic diagram of the strain gauge layout for the existing model pile. 
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Fig. 6  Elevation of soil pressure sensor arrangement. 
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Fig. 7  Plan view of soil pressure sensor installation at various measurement depths. 

 

3.3  Test procedure 

Before preparing the model foundation, we fixed 

the existing XCC model pile at the specified location 

using a T-shaped aluminum alloy square tube and a 

square hoop, as shown in Fig.8. Note that the instal-

lation effect was neglected in this test, i.e., the 

“wish-in-place” method was adopted for installing the 

existing model pile. This is because Anusic et al. 

(2019) found that the installation method had a very 

limited impact on the characteristics of the laterally 

loaded pile, based on field experiments. Moreover, 

this approach prevented a change in the soil state 

around the pile arising from the installation of the 

existing pile and the buckling deformation of the 

existing pile itself. After the foundation was prepared 

using the sand pourer, the T-shaped construction was 

dismantled without disturbing the existing pile. The 

penetrating XCC pile was then installed on the 

pile-penetration device. Finally, the penetrating XCC 

pile was installed by the pile foundation penetration 

device at a speed of 1 mm/s (Gui et al., 1998; Bolton 

et al., 1999; Arshad et al., 2014). Meanwhile, the 

strain data of the existing pile and the soil pressure 

sensor data around the pile were collected using the 

data acquisition system. 
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Fig. 8  The fixed existing model pile device. 
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4  Experimental results and discussion 

4.1  Influence of relative density 

4.1.1  Lateral response of the existing pile 

Fig.9 shows the bending moment profiles of the 

existing XCC pile during the penetration of the ad-

jacent XCC pile with relative densities Dr of 30%, 

60%, and 90% when the penetration depth H was 100 

mm, 200 mm, 300 mm, 400 mm, 500 mm, 600 mm, 

and 700 mm. It should be noted here that the positive 

bending moments involved in the following analysis 

indicate that the existing pile bends away from the 

adjacent pile, while the negative bending moments 

indicate that the existing pile bent toward the adjacent 

pile. In addition, the location of the measured maxi-

mum bending moment should not necessarily be 

consistent with that of the actual maximum bending 

moment since the distance between the adjacent strain 

gauges along the pile length was 80 mm, but it should 

be close. 

As can be observed from the figure, the corre-

sponding profiles at the same penetration depth varied 

significantly with Dr, but the shapes of the bending 

moment profiles were similar. For shallow penetra-

tion depths (H = 100 mm and 200 mm), the bending 

profile exhibited a negative bending moment, indi-

cating that the existing pile bent toward the penetra-

tion one. Moreover, the negative bending moment 

increased with increasing values of H, but the eleva-

tion of the maximum bending moment gradually 

moved down; for example, the maximum bending 

moments occurred at 380 mm and 460 mm below the 

surface when H was 100 mm and 200 mm, respec-

tively. This is because the shallow soil movement and 

lateral soil pressure induced by penetration of the 

adjacent pile were concentrated in the upper section 

of the existing pile, which made the top part of the 

existing pile move away from the adjacent penetra-

tion pile. Meanwhile, the middle part of the existing 

pile rebounded to a certain extent, resulting in it 

bending towards the adjacent penetration pile. 

As the adjacent XCC pile penetrated further (H = 

300 mm, 400 mm, and 500 mm), the pile bending 

direction changed and its profile exhibited a positive 

bending moment. With the increase of H, the positive 

bending moment increased and then decreased, and 

the maximum bending moment occurred at the ele-

vation close to the corresponding penetration depth. 

This was due to the fact that the soil movement ex-

tended deeper with increasing penetration depth, 

causing the soil movement within a certain depth 

below the surface to be very intense. The soil 

movement and lateral soil pressure were mainly 

concentrated in the middle of the pile, thus pushing 

the middle of the existing pile and making it bend 

away from the adjacent penetration pile. With deep 

penetration (H = 600 mm and 700 mm), the existing 

pile again bent towards the adjacent pile, and its 

bending moment was negative. The position of the 

maximum bending moment did not occur near the 

corresponding penetration depth, but gradually 

moved down as H increased. This could be explained 

by the fact that at deeper penetration depths, the soil 

movement directed to the existing pile reached its 

maximum and was concentrated within the range of 

the pile end. As a result, the pile end deviated from the 

direction of the adjacent pile. As with shallow pene-

tration, a corresponding rebound also occurred in the 

middle of the pile at this point, thus making the ex-

isting pile bend towards the adjacent penetration pile. 

Fig.10 compares the bending moments of the 

existing XCC pile caused by the penetration of adja-

cent piles in the sand of different relative densities. 

Four penetration depths H of Lp/4, Lp/2, 3Lp/4, and Lp 

were selected. It can be seen from the figure that the 

bending moment of the existing pile increased with 

the increase of Dr for any given H, and all the max-

imum bending moment almost occurred at the same 

elevation. Because the dilatancy behavior became 

more significant and the peak friction angle also in-

creased with the gradual compaction of soil during the 

shearing process, thus increasing the soil resistance 

around the existing pile. The bending moment of the 

existing pile corresponding to each relative density 

reached its maximum value at a penetration depth of 

Lp. The maximum bending moment in dense sand (Dr 

= 90%) was -51.89 Nm, while it was -15.49 Nm in 

loose sand (Dr = 30%), which was only 29.85% of 

that in dense sand. 
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Fig. 9  Bending moment profiles of the existing pile during penetration of the adjacent pile. Une
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Fig. 10  Comparison of the bending moments of the existing pile during the penetration. 

 

 

4.1.2  Development of soil stress around the exist-

ing pile 

Fig.11 shows the variations of radial stress σ'r 

(normalized by the initial vertical gravity stress σ'v0) 

with the penetration depth H/R at r/R = 2 of the strong 

and weak axis profiles of the existing XCC pile dur-

ing the penetration of the adjacent XCC pile in sands 

of Dr = 30%, 60%, and 90%. It can be seen from the 

figure that radial stress σ'r/σ'v0 of soil around the ex-

isting XCC pile exhibited different development 

trends at each measured depth (z/R= 8, 16, and 24). As 

H/R increased, the normalized radial stress σ'r/σ'v0 at a 

measurement depth of z/R = 8 below the surface first 

increased, then decreased, and finally became 

miniscule. The σ'r/σ'v0 value reached its peak at a 

penetration depth of H = 17R and was close to zero at 

approximately H = 24R. For the measured depth of 

z/R = 16, the normalized radial stress showed an 

“M-shaped” variation trend with the increase of H/R. 

The locations of two peaks of σ'r/σ'v0 occurred at 

penetration depths of H = 11R and 26R. Compared 

with the variation pattern of soil radial stress at z/R= 
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8, the stress reduction in the range of H = 11R-19R 

could be attributed to the fact that the change in the 

bending pattern of the existing pile during the transi-

tion from shallow to middle penetration, which is 

evident from Fig.9. At a depth of z/R = 24, the value 

of σ'r/σ'v0 was almost zero before the adjacent XCC 

pile penetrated to a depth of 10R. Then, it increased to 

the peak value at H = 26R followed by a decrease 

stage with increasing the penetration depth H/R. In 

addition, compared with the penetration of the pile in 

the free-field soil, the variations of the radial stress of 

soil did not exhibit the “h/R effect” due to the 

shielding effect of the existing XCC pile. The “h/R 

effect” means that the radial stress of the soil around 

the pile body decreased with the increase of the rela-

tive depth from the pile tip, where h was defined as 

the relative height above the pile tip or the relative 

height below the pile tip (Jardine et al., 2013a, 2013b; 

Yang et al., 2014, 2020). 

Fig.12 illustrates the variations of the normal-

ized peak radial stress σ'r_max/σ'v0 of soil around the 

existing XCC pile with the radial distance r/R from 

the pile axis during the penetration in sand of different 

relative densities. One can see that the normalized 

peak radial stress σ'r_max/σ'v0 decreased exponentially 

as r/R increased, and the decay rates of σ'r_max/σ'v0 

from r/R = 2 to 4 were much larger than those from 4 

to 8. Moreover, the gap between the σ'r_max/σ'v0 at each 

measurement depth gradually narrowed with in-

creasing r/R. Compared with the medium-dense and 

dense sands (Dr = 60% and 90%), the attenuation 

index of σ'r_max/σ'v0 along the radial direction in loose 

sand (Dr = 30%) was greater. 
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Fig. 11  Variation of σ'r/σ'v0 with H/R at r/R = 2 away from the pile axial during adjacent XCC pile pen-

etration. 

 

0 2 4 6 8 10

0

3

6

9

12

0 2 4 6 8 10

0

2

4

6

8

Dr = 30%-Weak axis profile

ba
  z/R = 8

  z/R = 16 

  z/R = 24 

r/R

σ
' r_

m
a
x
/σ

' v
0

Dr = 30%-Strong axis profile

  z/R = 8

  z/R = 16 

  z/R = 24 

r/R

σ
' r_

m
a
x
/σ

' v
0

 

0 2 4 6 8 10

0

6

12

18

24

0 2 4 6 8 10

0

3

6

9

12

Dr = 60%-Weak axis profile

dc
  z/R = 8

  z/R = 16 

  z/R = 24 

r/R

σ
' r_

m
a
x
/σ

' v
0

Dr = 60%-Strong axis profile

  z/R = 8

  z/R = 16 

  z/R = 24 

r/R

σ
' r_

m
a
x
/σ

' v
0

 

Une
dit

ed



|  J Zhejiang Univ-Sci A (Appl Phys & Eng)   in press 14 

0 2 4 6 8 10

0

8

16

24

32

0 2 4 6 8 10

0

4

8

12

16

Dr = 90%-Weak axis profile

fe
  z/R = 8

  z/R = 16 

  z/R = 24 

r/R

σ
' r_

m
a
x
/σ

' v
0

Dr = 90%-Strong axis profile

  z/R = 8

  z/R = 16 

  z/R = 24 

r/R

σ
' r_

m
a
x
/σ

' v
0

 
Fig. 12  The relationship between σ'r_max/σ'v0 and r/R during the penetration. 

 

 

 

4.2  Influence of cross-section geometry 

4.2.1  Lateral response of existing pile 

Fig.13 shows the effect of the cross-section 

geometry on the bending moment of the existing XCC 

pile at four typical penetration depths (H = Lp/4, Lp/2, 

3Lp/4, and Lp). It is clear that as the cross-section 

geometry parameter b1/a1 increased, the bending 

moment of the existing pile increased, and that all the 

maximum bending moments occurred at the same 

location in the pile. This is because the cross-section 

geometry affected the distribution of soil resistance 

inside the pile, resulting in a complex nonlinear 

pile-soil interaction. Furthermore, the maximum 

bending moments corresponding to b1/a1 = 0.1, 0.3, 

and 0.5 were -26.06 Nm, -35.60 Nm, and -43.42 Nm 

at a penetration depth of Lp, which increased by 

36.60% and 22.00%, respectively. This indicates that 

cross-section geometry had a significant effect on the 

lateral response of the existing XCC pile. Specifi-

cally, the existing XCC pile had a stronger ability to 

resist the lateral load as b1/a1 decreased. 
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Fig. 13  Comparison of the bending moments of existing piles with b1/a1 = 0.1, 0.3, and 0.5 during the 

adjacent XCC pile penetration. 

 

4.2.2  Development of soil stress around the exist-

ing pile 

Fig.14 presents the variations of the normalized 

radial stress σ'r/σ'v0 with the penetration depth H/R at 

r/R = 2 of the strong and weak axis profiles of the 

existing XCC piles with b1/a1 = 0.1, 0.3, and 0.5 

during the penetration. For a given cross-section 

geometry parameter b1/a1, the relationship between 

σ'r/σ'v0 and H/R showed different variation patterns at 

different measurement depths (z/R= 8, 16, and 24). 

These trends were similar to those in Fig.11, so we 

will not describe them again here. Fig.15 gives the 

variations of the normalized peak radial stress 

σ'r_max/σ'v0 with the radial distance r/R for b1/a1 = 0.1, 

0.3, and 0.5 during the penetration. It can be seen 

from the figure that σ'r_max/σ'v0 decreased exponen-

tially with the increase of r/R as well. Furthermore, at 

the same soil location, σ'r_max/σ'v0 increased with in-

creasing b1/a1. 

 

Une
dit

ed



|  J Zhejiang Univ-Sci A (Appl Phys & Eng)   in press 16 

 

0 6 12 18 24 30

0

4

8

12

16

0 6 12 18 24 30

0

3

6

9

12

  b1/a1 = 0.1 

  b1/a1 = 0.3 

  b1/a1 = 0.5 

z/R = 8-Weak axis profile

ba

  b1/a1 = 0.1 

  b1/a1 = 0.3 

  b1/a1 = 0.5 

H/R

σ
' r/
σ

' v
0

z/R = 8-Strong axis profile

H/R
σ

' r/
σ

' v
0

 

0 6 12 18 24 30

0

6

12

18

24

0 6 12 18 24 30

0

4

8

12

16

  b1/a1 = 0.1 

  b1/a1 = 0.3 

  b1/a1 = 0.5 

z/R = 16-Weak axis profile

dc

  b1/a1 = 0.1 

  b1/a1 = 0.3 

  b1/a1 = 0.5 

H/R

σ
' r/
σ

' v
0

z/R = 16-Strong axis profile

H/R

σ
' r/
σ

' v
0

 

0 6 12 18 24 30

0

10

20

30

40

0 6 12 18 24 30

0

5

10

15

20

  b1/a1 = 0.1 

  b1/a1 = 0.3 

  b1/a1 = 0.5 

z/R = 24-Weak axis profile

fe

  b1/a1 = 0.1 

  b1/a1 = 0.3 

  b1/a1 = 0.5 

H/R

σ
' r/
σ

' v
0

z/R = 24-Strong axis profile

H/R

σ
' r/
σ

' v
0

 
Fig. 14  Variation of σ'r/σ'v0 with H/R at r/R = 2 during the adjacent XCC pile penetration. 
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Fig. 15  The relationship between σ'r_max/σ'v0 and r/R during the penetration. 

 

 

 

 

 

 

Une
dit

ed



|  J Zhejiang Univ-Sci A (Appl Phys & Eng)   in press 18 

5  Conclusions 

 

A series of small-scale 1g model tests were 

performed in this paper to study the effect of the 

penetration of an adjacent XCC pile on existing XCC 

piles in sand. Taking into account the relative density 

of soil and the cross-section geometry of the existing 

pile, we analyzed the lateral response of the existing 

pile and soil stress development during the penetra-

tion. Based on the observed results, we obtained the 

following conclusions: 

1. The existing XCC pile exhibits different 

bending patterns during the penetration of an adjacent 

XCC pile. With shallow penetration, the existing pile 

bends toward the adjacent XCC pile. The bending 

moment increases along with H, but the position of 

the maximum bending moment gradually moves 

downward. The bending moment first increases and 

then decreases with the value of H, and the maximum 

bending moment occurs near the corresponding pen-

etration depth. With deep penetration, the existing 

pile again bends towards the adjacent XCC pile. The 

location of the maximum bending moment gradually 

moved down from the upper part with increasing H. 

2. The relative density (Dr) and cross-section 

geometry (b1/a1) have significant effects on the lateral 

response of the existing pile; i.e., the bending moment 

increases with increasing Dr and b1/a1 for a given H. 

The maximum bending moment of the existing pile in 

loose sand (Dr = 30%) is only 29.85% of that in dense 

sand (Dr = 90%). It increases by 36.60% and 22.00% 

when the cross-section geometry parameter b1/a1 

increases from 0.1 to 0.5. This means that the smaller 

the b1/a1, the higher the capacity to resist lateral load.  

3. The variations of the radial stress of soil 

around the existing pile with the penetration depth at 

various measurement depths shows different patterns 

during the penetration. In addition, compared with 

penetration in free-field soil, the variations of the 

radial stress did not show the “h/R effect” because of 

the shading effect of the existing XCC pile. 

4. The peak of radial stress σ'r_max/σ'v0 decreases 

exponentially with increasing radial distance r/R. The 

decay index of σ'r_max/σ'v0 with r/R in loose sand (Dr = 

30%) is larger than in medium-dense and dense sands 

(Dr = 60% and 90%). The peak of radial stress at the 

same soil location exhibits an increasing trend with 

the increase of b1/a1. 

 

6  Limitations 

 

There are some limitations that must be 

addressed for the work done in this study. The soil 

arching effect caused by the pre-buried soil pressure 

sensor causes measurement error, which needs to be 

considered in future model tests. In addition, due to 

the limitations of the small-scale 1g model test, we 

could only qualitatively analyze the lateral response 

of the existing pile and the development of soil radial 

stress around the pile during the penetration, and it 

was difficult to obtain a quantitative relationship. In 

follow-up work, we plan to adopt the discrete element 

method to establish a full-scale model for quantitative 

research. 
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题 目：砂土中相邻 XCC 桩贯入对既有 XCC 桩影响的模
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目 的：在实际工程施工过程中，由于 XCC 桩属于挤土

桩，其安装或沉桩过程将使桩周土体产生变形，

而这种挤土荷载（尤其是侧向挤土位移）会对既

有桩施加附加的桩身响应，从而导致桩基破坏。

本文旨在探讨砂土中相邻 XCC 桩贯入对既有

XCC 桩的影响，研究贯入过程中不同土体相对密

实度和既有桩截面几何形状情形下既有桩侧向

响应及桩周土体应力发展规律。 

创新点：1. 探讨了相对密实度和截面几何形状对既有桩侧

向响应的影响；2. 揭示了贯入过程中既有桩桩周

土体应力变化规律。 

方 法：基于沉桩加载模型试验系统，开展了一系列砂土

中相邻 XCC 桩贯入对既有 XCC 桩影响的 1g 模

型试验，考虑了土体相对密实度和既有桩截面几

何效应的影响，以获得砂土中相邻 XCC 桩贯入

过程中既有 XCC 桩的侧向响应以及桩周土体应

力变化的趋势。 

结 论：1. 既有 XCC 桩侧向响应受相对密实度和截面几

何效应的影响很敏感，主要表现为既有 XCC 桩

的弯矩随着它们的增加而增大；2. 既有 XCC 桩

周围不同深度位置处的土体径向应力随贯入深

度的变化呈现出不同的发展趋势，而且由于既有

桩的遮挡效应，土体的径向应力的变化不在表现

出“h/R 效应”；3. 径向应力峰值 σ'r_max/σ'v0随着径

向距离 r/R 的增加表现出以指数函数的形式在减

小，松砂中 σ'r_max/σ'v0随 r/R 的衰减指数要大于中

密砂和密砂中的衰减指数。 

关键词：XCC 桩；贯入；模型试验；侧向响应；径向应力 
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