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Abstract: A theoretical formula for large-diameter rock-socket depth is developed to support pail embedding in a 

large bridge pile foundation project. There is a horizontal additional stress concentration at the place where the 

soil around the rock-socketed pile meets the soil layer under the horizontal load. When the rock-socketed tip stress 

and bending moment of the pile are relatively small, the pile shows favourable embedment effect and the pile 

foundation can be considered safe. The function curve of soil resistance around the pile under the action of 

horizontal force was obtained by finite element analysis. The force characteristics reveal the depth of the large-

diameter rock-socketed pile under the horizontal load. As the rock-socketed pile rotates under the action of 

horizontal force, the rock mass resistance around the pile changes according to the cosine. The distribution of pile-

side soil resistance is proportional to the displacement and distributed according to the sine. A comprehensive 

correction coefficient of pile shaft resistance � is introduced to deduce the theoretical formula of the depth rh of 

the large-diameter rock-socketed pile embedded in the bedrock. It is verified through both experiments and 

numerical analysis.

Keywords: Horizontal loading test; finite element model; load transfer; ultimate bearing capacity; rock socket 

depth

 
1 Prof., PhD., School of Transportation Engineering, Shenyang Jianzhu University, Shenyang 110168, China, e-mail: 

lyfneu@126.com, ORCID: https://orcid.org/0000-0003-2153-7934
2 DSc., School of Transportation Engineering, Shenyang Jianzhu University, Shenyang 110168, China, e-mail: 

zjh321814@163.com, ORCID: https://orcid.org/0000-0001-7245-4069
3 DSc., School of Transportation Engineering, Shenyang Jianzhu University, Shenyang 110168, China, e-mail: 

811633834@qq.com, ORCID: https://orcid.org/0000-0001-9720-7048
4 Prof., PhD., School of Transportation Engineering, Shenyang Jianzhu University, Shenyang 110168, China, e-mail: 

wangqinghe@sjzu.edu.cn, ORCID: https://orcid.org/0000-0002-1530-4555

https://doi.org/10.24425/ace.2021.137184
https://creativecommons.org/licenses/by-nc-nd/4.0/


1. Introduction

Advanced bridge construction techniques have made newly constructed bridges across rivers and 

valleys increasingly common in recent decades. Rock-socketed piles are widely used in the 

construction of bridge foundations due to their high bearing capacity and small settlement. The 

bearing capacity of a rock-socketed pile is jointly assumed by pile tip resistance and pile lateral 

friction resistance. Many previous scholars have conducted theoretical analyses, field tests, and 

laboratory model tests on the bearing capacity of rock-socketed piles [1] [2] [3] [4] [5]. Field test 

monitoring data has shown that strong rock and soil at the pile tip can strengthening the pile side 

resistance [6] [7]. Hole wall roughness is also known to affect the ultimate bearing capacity of soft 

rock-socketed piles [8]. The pile-rock interface experiences sliding dilatancy and shear slip [9]; the 

pile-rock interface roughness can be assumed to be destroyed during shearing movement [10] in the 

form of a direct shear fracture from the root [11] [12]. The cementation effect and initial stress of 

concrete side of pile have also been considered empirically. 

There has been a great deal of research to date on the vertical bearing mechanism of the pile 

foundation[13] [14] [15] [16] [17], but relatively few analyses of the horizontal bearing mechanism 

of large-diameter rock-socketed piles. As the self-weight and moving load of bridge superstructures

continue to increase, their pile foundation requirements grow increasingly stringent. Modern pile 

foundation engineering designs require that additional rock-socketed piles be considered to bear 

horizontal loads. The force mechanism of the pile foundation under the horizontal load of a rock-

socketed pile, and the resistance of the soil around the pile, were taken as the research object in this 

study. A finite element theory analysis was conducted based on horizontal loading test results. The 

force of the pile and the soil under the horizontal load of the rock-socketed pile were used to determine 

the depth of rock socketing.

ABAQUS finite element software was also used to conduct a numerical simulation of horizontal load 

on the large diameter rock-socketed piles of a solid bridge. The influence factors of rock-socketed 

pile horizontal stress were taken into consideration to construct a comparative model of the change 

trend of soil resistance around the pile under the action of horizontal force. The experimental and 

numerical simulation results were compared to determine the force characteristics of rock-socketed 

piles, particularly, the depth of the large-diameter rock-socketed pile with large diameter under 

horizontal load. A comprehensive correction coefficient of pile shaft resistance, � was established 

to deduce the theoretical formula of the depth rh of the large-diameter rock-socketed pile embedded 
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in the bedrock. The results were verified through both experiments and numerical analysis. This work 

may have certain reference significance for similar projects.

2. Field test of rock-socketed pile under horizontal load

The diameter of both pile I and pile II subjected to the field test are 2.2 m. The pile length is 12 m, 

which is the design value for rock-socketed piles. The rock-socket depth is about 3 times the pile 

diameter. The bending moment distribution of rock-socketed pile and the stress condition of pile 

bottom under various loads were obtained via horizontal loading test. The stress deformation 

mechanism of the large-diameter rock-socketed pile under horizontal loads was determined 

accordingly.

Fig. 1. Lifting reinforcing cage Fig. 2. Pile foundation concrete pouring completed

2.1. Test plan

The horizontal loading point is at the center of the pile tie beam. The riverbed scour should be 

considered; the distance between the loading point and the bedrock roof is 4 m in this case. To achieve 

100% test efficiency, horizontal loading force was defined as max /H uP M h F� � , where maxP has 

exceeded the horizontal bearing capacity of the pile. The bearing capacity of the pile should also be 

considered. The temporary horizontal loading force max0.5 u uF P F� � , with a test efficiency of 82%, 

can be used to simulate the stress state of a pile foundation after the bridge is completed. The test 

layout is shown in Fig. 3.
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Fig. 3. Test elevation

The horizontal bearing capacity of the rock-socketed pile was estimated to be F=1600kN. The test 

was run using a cyclic loading and unloading scheme. The horizontal load was applied at 13 levels 

each with a load increment P of 100kN.

In this test, 108 concrete strain gauges and 68 steel bar strain gauges were installed on the main steel 

bars in the test pile. The specific locations are shown in Fig. 4. Four concrete strain gauges and four 

steel strain gauges were arranged on the pile. The bending moment value of the pile section cannot 

be read directly, so it was approximated by the readings of the concrete and steel bar strain gauges 

placed inside the pile [18] [19]. The bending moment at each section of the pile was then calculated.

Fig. 4. Sensor layout: (a) Horizontal load direction sensor position; (b) Sensor position perpendicular to 

loading direction; (c) Along bridge sensor.

The distribution of soil resistance on the side of pile is complicated. There are many factors that 

influence the measurement of soil pressure force[20]. The most direct approach is to bury an earth 
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pressure cell on the side of the pile [21] [22]. In this test, a total of 24 earth pressure cells were used 

to measure the soil resistance values on the side of the pile at different depths. The locations of the 

soil resistance cells are shown in Fig.5.

Fig. 5. Earth pressure box layout

During the test, the jack loading force was applied as horizontally as possible on the central axis of 

the pile. The displacement measuring rod and the generated displacement were imposed in the same 

direction to ensure that the rod was sufficiently flexible. The track of the measured point was kept

parallel to the central axis of the sensor rod and the surface of the measuring point was kept smooth 

and flat.

2.2. Analysis of test results

In the initial stage of loading, the horizontal load on pile foundation is relatively low. The linear 

variation relationship of each parameter is small and increases uniformly. The horizontal load of the 

pile foundation is borne by the resistance of the upper soil, and the soil around the pile is still in the 

elastic compression stage before reaching the limit state; the soil deformation is experiencing an 

elastic change. As the horizontal load of the test pile increases, the bearing capacity of the pile 

foundation increases and the shape variable increases. The load transferred by the test pile to the 

upper soil layer is strengthened as the upper soil layer gradually reaches the limit state. The soil mass 

produces plastic yield, then the horizontal load received by the soil layer begins to transfer to the 

deeper rock layer. The upper soil layer and the lower rock layer bear the horizontal load together. 

When the upper soil layer reaches the ultimate bearing state, the pile deformation increases to the 

point that its foundation becomes instable and the pile-soil system is destroyed. The two test piles do 
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not experience the ultimate load simultaneously, so the test may end without the test pile resistance 

being completely destroyed.

The pile strain was determined here by embedding a steel sensor and concrete sensor in the pile, as 

mentioned above. The stress and bending moment distribution were calculated from the strain value 

as shown in Fig. 6-9.

Fig. 6. Rebar compression and tension stress diagram 

of test pileⅠ

Fig. 7. Rebar compression and tension stress diagram 

of test pileⅡ

Fig. 8. Bending moment diagram of test pileⅠ Fig. 9. Bending moment diagram of test pileⅡ

As shown in Fig. 6 and Fig. 7, the stress on the pile head is relatively large as the upper soil pile side 

soil resistance is small and the degree of freedom is large. The displacement of the horizontal 

deflection curve of the soil layer is relatively large. The soil resistance of the pile side increases after 

entering the rock-socketed section, where the deflection curve displacement is relatively small. The 

maximum pile stress point moves slowly downward as the load increases. At the bottom pile end, the 

displacement of the deflection curve is a nearly reverse, minuscule value. The final positive and 

negative values alternate with the stress point 0. The rock-socked depth value of the pile foundation 

is approximately h=10. The overall force characteristics of the pile under the horizontal load can be 

determined based on these results.

As shown in Fig. 8 and Fig. 9, a bending moment distribution diagram of the pile was calculated from 

the strain values of the tested pile sections. The diagram shows the relationship between the pile 

horizontal load, the pile bending moment, and the pile sensor position. The load-bending moment 
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curve values of the two test piles are close to each other. The maximum bending moment was obtained 

from the top of the pile to the left and right positions 5-6 m from the pile. The strength of the rock 

layer is higher after this point and the bending moment value begins to decrease gradually. The 

bending moment produced by the two test piles around 8 m is already very small. A slight negative 

bending moment emerges close to the pile depth at 10 m (where the rock socket depth is about 6.0 

m). This is at the point where the bending moment value reaches 0 for the first time, which is in the 

upper part of the rock layer. The bending moment of the pile increases as the load increases.

3. Finite element study of rock-socketed pile under horizontal load

3.1 Finite element model establishment

ABAQUS software was used to build a three-dimensional finite model and embed the pile foundation 

into the soil. The soil is divided into two parts, a soil layer and rock layer. Horizontal force was 

applied step-by-step on top of the pile foundation. The constitutive parameters of pile-soil-rock in the 

rock-socketed pile model were set according to actual engineering test geology and the pile 

foundation type. The total length of the rock-socketed pile in this case is 12 m, the sandy soil layer is 

4.8 m above the rock layer, the rock layer is 7.2m., and the pile diameter is 2.2 m. The foundation 

soil surface layer is above a lower layer of moderately weathered rock. The total depth of the model 

foundation is 25.2 m. Horizontal loading was applied to the pile top in the test, so the digging depth 

was reserved for 0.8 m. The sand layer in the model is 4.0 m, the rock layer is 7.2 m, and the length 

and width of the foundation is 20×20 m. The pile-soil-rock material parameters are listed in Table 1.

Table 1. Pile-soil-rock material parameters

Pile-soil-rock 

material

Concrete 

strength

Deformation 

modulus

Poisson 

ratio

Internal 

friction 

angle

Expansion 

angle

Cohesion

Pile concrete C40 43.25 10pE Mpa� � 0.20p� � ------- ------- -------

Sand layer ------- 35SE Mpa� 0.30��S 25° 20° -------

Moderately 

weathered rock

------- 4
1.2 10� �eE Mpa 0.31��b 36° 3° 5.2kPa

In this model, the pile-soil-rock contact surface is a surface-to-surface contact element. Assuming 

that the pile-soil-rock interface has relative sliding, the behavior of pile-soil-rock under the working 

load was simulated as shown in Fig. 10.The friction coefficient between the pile and soil was set to 
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0.5 and the initial ground stress was 0.3MPa. The model was equipped with 13 levels of loading at 

the top of the pile; each level of load is 100kN totaling 1300kN.

Fig. 10. Pile-soil overall grid division

3.2 Finite element calculation results

By obtaining the pile body stress curve of the model loaded at all levels, the bending moment values 

of each part of the pile were deduced as shown in Fig. 11 and Fig. 12.

Fig. 11. Pile stress curve Fig. 12. Pile bending moment curve

At 0-5 m (pebble layer), the bending moment of the pile appears to increase to its maximum. The 

maximum bending moment value point (6 m) of the pile gradually moves downward as the load 

increases. The maximum bending moment value corresponds to the downward movement of the pile 

point by about 1 m. The bending moment of the pile tip is very small, which suggests that the bottom 

reinforcement ratio of the rock-socketed section is reduced.

The resistance of the soil around the pile is the most intuitive feedback of the normal stress generated 

by the pile-soil and pile-rock interface under the horizontal load. The normal stress of the pile-soil 

and rock interface was obtained by analyzing the distribution of the resistance of the soil along the 

pile, as shown in Fig. 13.
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Fig. 13. Pile foundation resistance q distribution curve 

The resistance value of the pile foundation soil at the 0 point appears between 5-6 m. The resistance 

of soil appears to reverse (contrary to the horizontal load direction) as the pile depth increases; it 

increases backward if it continues downward.

4. Theoretical analysis of rock-socketed pile depth 

4.1 Embedded depth formula

The experiments and numerical simulation results show that under the action of horizontal force, the 

rock-socketed pile reaches the maximum bending moment at the pile depth of 3 H. After that, the 

strength of the rock layer increases and the bending moment value begins to decrease. A slight 

negative bending moment is generated at the pile depth of 6 H, which is the first time the bending 

moment value reaches 0. In terms of real-world force characteristics, the resistance of the rock mass 

at the side of the pile exist simultaneously. The following assumptions are imposed here regarding 

the embedded depth of rock-socketed piles.

(1) According to the finite element analysis results regarding soil resistance between the piles, when 

the rock-socketed pile rotates under the action of horizontal force, the rock mass resistance around 

the pile changes according to the cosine (Fig. 14);

(2) The distribution of the normal stress and shear stress on the side of the pile is proportional to the 

displacement and is distributed according to the sine (Fig. 15);

(3) The influence of the pile tip reaction is not considered.

(4) The rock-socketed pile bearing layer is impervious unaffected by erosion of the riverbed.
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Fig. 14. Force mode of rock-socketed section and rock mass resistance beside pile

Fig. 15. Pile-rock lateral resistance distribution (a) Normal resistance distribution (b) Lateral level friction

distribution

According to the above assumptions and the static equilibrium conditions ( 0�	M ):

(4.1)
0

2 ( )
2

rh

r u r
r

xF h P COS h x dx
h


 �
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and the solution is:

(4.2)

2

8
r

u

Fh
P



�

where up is the ultimate resistance of the surrounding rock.

As shown in Fig. 15, the total ultimate resistance of the surrounding rock is composed of two parts: 

level friction and pile side normal resistance. Therefore, the ultimate resistance can be calculated as

follows:

(4.3)
/2 /2

2

0 0

2
2 sin d  2 sin(2 )cos d

2 2 4 3
u m u m u

d dP d d
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where m� is the maximum normal phase resistance in the rotation direction and u� is the ultimate 

level friction at the pile-rock interface, which can be obtained according to Coulomb’s equation:

(4.4) tanu m� � ��

Substituting Eq. (4.4) into Eq. (4.3) reveals the ultimate resistance of surrounding rock:

(4.5)
2

( tan )
4 3

u mp d
 � �� �

Substituting the obtained ultimate resistance up of the surrounding rock into Eq. (4.2) allows the 

depth which ensures the rock-socketed pile is firmly embedded in the rock formation to be obtained:

(4.6)

2 23

3 2 (18 16tan )
8( tan )

4 3

r
m

m

F Fh
dd


 


 
 � �� �

� �
� �

��

The comprehensive correction coefficient � can be 0.5-1.0. According to the lateral structure of the 

rock layer, the joint development may have a small or a large value.

(4.7)

23

(18 16tan )
r

m

Fh
d




 � ��

�
�

�

When rh is determined, it must be ensured that the maximum lateral normal resistance max� of the 

surrounding rock does not exceed the allowable lateral resistance rkf during lateral movement. That 

is:

(4.8) � � rk

1 f
K

� �

where K is the safety factor, which is generally taken as 2.0; � is the comprehensive correction 

factor. Eq. (4.8) can be further simplified as follows:
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(4.9)

2

u

rk

6

(18 16tan )
r

F
h

d f
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�

�
�

4.2 Comparative analysis of embedded depth theoretical formulas

The minimum rock-socketed depth in the test setup presented above was calculated to assess the 

rationality of the proposed theoretical formula. The pile diameter d was set to 2.2 m, the pile site was 

considered to be mainly weathered granulite with a gray-green, metamorphic structure, massive 

structure, and well-developed joints and cracks. Considering the development of rock 0.5� � , the 

allowable lateral resistance 3000rk af kP� and the angle of the internal friction is 36°. The lateral 

normal resistance m� of the surrounding rock under the action of each class of load was input to Eq.

(4.7) to determine the solid depth rh of the rock-socketed pile embedded in the rock (Table 2).

Table 2. Depth rh of rock-socketed piles under various loads

Graded 

load 

(kN)

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Soil

resistanc

e (Kpa)

15.7

6

29.4

9

46.6

7

58.9

0

77.1

4

93.3

9

103.6

7

119.7

6

135.2

0

149.4

5

164.6

9

179.9

4

197.1

4

Embedd

ed 

theoretic

al value 

(m)

5.51 5.89 5.58 5.89 5.63 5.58 5.86 5.80 5.78 5.81 5.80 5.79 5.72

r
h / d 2.50 2.68 2.54 2.68 2.56 2.53 2.66 2.64 2.63 2.64 2.64 2.63 2.60

Fig. 16 lists the ratios of rock-socketed pile embeded depth to pile diameter (ordinate) under different 

loads (abscissa). The theoretical correction value is 2.58, and the experimental and finite element 

analysis value is 2.7. Table 2 shows that the ratio of the buried depth of the rock-socketed pile to the 

pile diameter fluctuates significantly between 2.58-2.7 and its dispersion is small.
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Fig. 16. Rock-socketed pile embedded depth rh values under horizontal loads

5. Conclusion

A horizontal loading field test was conducted in this study followed by ABAQUS finite element 

simulations to study the horizontal bearing capacity of rock-socketed piles in bridge foundations. The 

strain of the pile and the stress state of the rock around the pile under various loads were determined 

to define the bending moment distribution law of the pile, as well as its stress and deformation 

mechanism. The finite element analysis results were compared against the experimental results, then 

utilized to establish a theoretical formula for the depth of large diameter rock-socketed piles 

embedded in bedrock. The conclusions can be summarized as follows.

(1) The length of the rock-socketed pile can be accurately determined via finite element analysis. 

Under the horizontal load, the bending moment zero (rock-socketed depth) of the pile is the most 

reasonable at 6.0 m when pile diameter is 2.2 m. The optimal depth of the rock-socketed pile is 

determined to be about 2.7 times the pile diameter. 

(2) When the rock-socketed pile rotates under the action of horizontal force, the rock mass resistance 

around the pile changes according to the cosine. The distribution of normal resistance and level

friction on the pile side is proportional to the displacement and distributed according to the sine. The 

effect of the pile tip reaction is not considered. The theoretical depth of the solid embedment of the 

rock-socketed pile in the rock layer is

23

(18 16 tan )
r

m

Fh
f d




 �

�
�

�
.

(3) The lateral normal resistance of the surrounding rock in an actual bridge under the action of each 

class of load was substituted into the fixed depth formula to validate it. The solid depth of the rock-

socketed pile was obtained. The discreteness is relatively small when 2.58rh d� (where d is the pile 

diameter). The theoretical results are in close agreement with field experiments and numerical 
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analysis. The proposed formula may thus provide a theoretical basis for the design of large-diameter 

rock-socketed pile embedded depth characteristics.
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