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Abstract. This study establishes a pile-soil cavity-geotechnical model. The reli-

ability of simulation parameters is verified through experimental piles, and load-

settlement curves of piles under varying height-to-length ratios and burial depths 

of soil cavities are provided. The bearing capacity of piles under different condi-

tions is analyzed. Utilizing the GM (1,3) theoretical model, a calculation formula 

for pile bearing capacity influenced by soil cavities is derived. The results indi-

cate that an increase in the height-to-length ratio leads to a reduction in pile bear-

ing capacity, with an accelerating rate of reduction. When it increases to 0.32, the 

pile bearing capacity decreases by 17.02%. Similarly, an increase in the burial 

depth of soil cavities reduces the pile bearing capacity, with a reduction of 

11.80%. The impact is less significant than that of the height-to-length ratio.A 

formula is established to calculate the pile bearing capacity under the influence 

of these two factors based on the GM (1,3) theory. A comparison between theo-

retical calculations and simulation results shows a posterior error ratio of 0.067 

and a small error probability of 1, demonstrating high calculation accuracy. The 

formula can be used to calculate the bearing capacity of piles under the influence 

of soil cavity factors. The research findings provide a theoretical reference for 

calculating the bearing capacity of similar engineering piles.  

Keywords: geotechnical engineering, pile, cavity, bearing capacity, numerical 

simulation, grey theory 

1 Introduction 

With the development of highway, an increasing number of bridges are being built in 

areas with soil cavities. The soil cavities result in a loss of interaction medium for piles, 

and factors such as cavity height and span significantly affect the bearing of piles[1-3]. 

It’s difficult to determine the bearing capacity and potentially jeopardizing engineering 

safety[4-5]. Therefore, it is essential to develop methods for calculating the bearing ca-

pacity of piles under the influence of soil cavities. 

Currently, some researchers have investigated methods for calculating the bearing 

capacity of bridge piles passing through cavities[6-7] Yao[8] used finite element analysis  
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to study the characteristics of pile horizontal displacement and settlement under differ-
ent relative positions between the soil cavity and pile. Chen et al.[9-10] considering cavity
erosion during the full life cycle, established bearing capacity calculation formulas us-
ing three methods. The formulas were validated against test pile design values. Liu et
al.[11] conducted laboratory model tests to study the effect of varying top plate thick-
nesses in karst regions on the ultimate bearing capacity of piles but did not consider the
influence of cavity dimensions. Huang et al.[12] based on field static load tests, analyzed
the bearing characteristics of piles in karst regions without examining the impact of
varying cavity dimensions on these characteristics. The static load tests cannot be con-
ducted to pile failure, and the data is very scarce [13-15].  Xia  et  al.[16] employed grey
system theory to establish a grey Verhulst prediction model, studying grey prediction
methods for the ultimate bearing capacity of single piles in soft clay regions. Wang et
al.[17] used the GM (1,1) grey theory to predict the load-settlement relationship of bored
piles and derived the bearing capacity with high prediction accuracy. Deng et al.[18]

employed multiple prediction methods for pile ultimate bearing capacity and concluded
that grey prediction models have high accuracy. Cao et al. and Jia et al. [19-20] applied
an improved variable-step grey theory model to study pile bearing capacity prediction
problems, proposing corresponding prediction formulas and methods. Previous studies
indicate that grey theory is suitable for predicting pile bearing capacity in complex ge-
ological conditions involving both known and unknown information[21-23].

This study employs finite element analysis to establish a pile-soil cavity-geotech-
nical interaction model, verifying the reliability of the model parameters. The effects
of shallow soil cavity height-to-length ratios and burial depths on pile bearing capacity
are investigated. A high-precision calculation method for pile bearing capacity in soil
cavity regions is derived using the GM (1,3) model. The accuracy is verified by com-
paring theoretical values with simulation results.

2 Analysis of Pile Bearing Capacity Under the Influence of Soil
Cavities

2.1 Model Development and Parameter Selection

2.1.1 Model Development.
3D model of the soil cavity-pile-geotechnic interaction is established using the

Midas GTS NX software. The dimensions of the geotechnic in the X and Y directions
are 60 m, and Z direction is 70 m. The model cross-section is shown in Figure 1. The
geotechnical body is modeled with an elastic-plastic constitutive model, satisfying the
Mohr-Coulomb yield criterion. The pile-soil contact interface is simulated using Good-
man elements, and the cavity is modeled as a void, ignoring any filling material. The
pile is represented as a 3D cylindrical model made of concrete, with an ideal elastic
constitutive model. The pile diameter is 1.5 m. The bottom boundary is constrained in
the X, Y, and Z directions; The lateral boundaries are constrained in the X and Y direc-
tions; The upper surface is a free boundary.
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Fig. 1. Model.

2.2.2 Parameters and Conditions.
The parameters of materials are listed in Table 1.

Table 1. Physical and Mechanical Parameters of Materials.

Name Elastic modulus
Es/MPa

Unit weight
γ/(kN·m-3)

Cohesion
c/kPa

Depth
/m

Friction angle Poisson ratio
φ/° μ

① 25.0 18.0 5.0 10.0 0.35 1.0
② 45.0 17.0 13.2 29.5 0.30 7.8
③ 60.0 18.0 10.8 33.5 0.28 6.7
④ 300.0 24.0 150.0 30.0 0.25 6.0
⑤ 1000.0 26.0 200.0 38.0 0.22 3.5
pile 3×1010 25.0 / / 0.20 25.0

The geology of the SZ pile is shown in Figure 2. The pile has a diameter of 1.5 m, a
length of 25.0 m, and an embedment depth of 3.5 m. It is made of C30 concrete, with a
height-to-length ratio of 0.16 and a burial depth of 2.0 m. The field test applies graded
loading corresponding to each construction stage of the superstructure. Working con-
ditions 1 to 5 represent the self-weight of the pier, tie beam, cap beam, box girder, and
bridge deck, respectively. The loads are 320 kN, 1120 kN, 2150 kN, 3258 kN, 4039
kN. The pile settlement measurement point is shown in Figure 3.

Fig. 2. Geological Conditions. Fig. 3. Layout of Measurement Points.
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A simulation model is established using the SZ pile as a prototype to verify the reli-
ability of the finite element numerical model and its constitutive relationships. Since
the self-weight loads of the pier, tie beam, cap beam, box girder, bridge deck, and crash
barriers are relatively small, the pile settlement measured under graded loading of the
field test is also minor. A comparison between the simulation results and the field test
results is shown in Figure 4.
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Fig. 4. Comparison of Load-Settlement Curves.

As shown in Figure 4, the slope of the load-settlement curve obtained from the nu-
merical simulation is slightly smaller than that of the field test results. Under the same
load, the settlement of the pile in the numerical simulation is smaller. The main reason
is that the numerical simulation model is more idealized, and the side resistance gener-
ated by the pile-soil -cavity interaction is larger. Under the effect of construction loads,
the load-settlement curve obtained from the numerical simulation shows a trend that is
generally consistent with the field test results. The numerical simulation model can be
used to study the impact of different soil cavity parameters on the bearing characteris-
tics of pile foundations.

2.1.3 Working Condition Design.
Using the soil cavity height-to-span ratio and burial depth as variables, different nu-

merical simulation models are established. Existing research indicates that the height
of the cavity has a greater impact on the pile, while the span has less effect. In the
simulations, it is assumed that the span in the X and Y directions is the same, set to 2
m, and the height is varied to change the height-to-span ratio. The design scheme is
shown in Table 2, where A represents the ratio of soil cavity height to pile length, re-
ferred to as the height-to-length ratio.

Table 2. Scheme Design.

Height-to-Length Ratio A/mBuried Depth Z/m
0.04, 0.08, 0.16, 0.24, 0.32 2, 4, 6, 8, 10



          237Calculation of Pile Bearing Capacity Under the Influence   

2.2 Analysis of Bearing Capacity Calculation Results

2.2.1 Analysis of Pile Bearing Capacity under Varying Height-to-Length Ratios.
The load-settlement (Q-s) curves of the pile under the influence of soil cavity are

shown in Figure 5, and the variations in pile bearing capacity are depicted in Figure 6.

(a) Buried depth 2m       (b) Buried depth 4m        (c) Buried depth 6m

 (d) Buried depth 8         (e) Buried depth 10m

Fig. 5. Q-s Curve under Height-to-Length Ratios.

0 10 20 30 40

100

80

60

40

20

0

Se
ttl

em
en

t/m
m

Load/MN

 0  0.04
 0.08  0.16
 0.24  0.32

0 5 10 15 20 25 30 35 40 45

120

100

80

60

40

20

0

Se
ttl

em
en

t/m
m

Load/MN

 0.04  0.08
 0.16  0.24
 0.32

0 10 20 30 40

120

100

80

60

40

20

0

Se
ttl

em
en

t/m
m

Load/MN

 0.04  0.08
 0.16  0.24
 0.32

0 10 20 30 40

120

100

80

60

40

20

0

Se
ttl

em
en

t/m
m

Load/MN

 0.04  0.08
 0.16  0.24
 0.32

0 10 20 30 40

120

100

80

60

40

20

0

Se
ttl

em
en

t/m
m

Load/MN

 0.04  0.08
 0.16  0.24
 0.32

-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
23
24
25
26
27
28
29
30
31

 2m  4m
 6m  8m
 10m

B
ea

rin
g

ca
pa

ci
ty

/M
N

Hole height to pile length ratio

Fig. 6. Pile Bearing Capacity under the Influence of Height-to-Length Ratios.

As observed in Figure 5 and 6, compared to the case without a soil cavity, the pres-
ence of a cavity increases the settlement of the pile top under the same load and de-
creases the pile's bearing capacity. As A (the height-to-length ratio) increases, the load
required to produce the same settlement at the pile top decreases, leading to a gradual
reduction in pile bearing capacity, with an increasing rate of reduction. Taking a burial
depth of 6 m as an example, as A increases from 0 to 0.32, the reduction in pile bearing
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capacity is 3.90%, 5.21%, 6.95%, 11.38%, and 17.02%, respectively. This indicates
that as the height of the soil cavity increases, A increases, resulting in a reduction of the
soil surrounding the pile foundation. Consequently, the medium compressing the pile
foundation decreases, the side resistance of the pile becomes discontinuous, and the
reduction in pile bearing capacity intensifies.

2.2.2 Analysis of Pile Bearing Capacity under Varying Burial Depths.
The load-settlement (Q-s) curves of the pile under the influence of soil cavity are

shown in Figure 7, and the variations in pile bearing capacity are depicted in Figure 8.

(a) A is  0.04                 (b) A is  0.08              (c) A is 0.16

(d) A is  0.24                       (e) A is 0.32
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Fig. 7. Q-s Curve under the Influence of Soil Cavity Burial Depth.
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Fig. 8. Pile Bearing Capacity under the Influence of Soil Cavity Burial Depth.
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As observed in Figure 7 and 8, increasing the burial depth of the soil cavity reduces
the load required to produce the same settlement at the pile top, leading to a gradual
reduction in pile bearing capacity, with an increasing rate of reduction. Taking A=0.16
as an example, as the burial depth of the soil cavity increases from no cavity to 10 m,
the influence on pile bearing capacity is 5.03%, 5.86%, 6.95%, 7.64%, and 11.80%,
respectively. Although the impact of increasing burial depth on pile bearing capacity
becomes more significant, it remains less influential compared to the effect of the
height-to-length ratio. The primary reason is that as depth increases, the standard value
of lateral resistance in the soil layer also increases. For the same height-to-length ratio
of the soil cavity, the pile's lateral resistance is more effectively utilized. However, in-
creasing burial depth causes a greater loss of lateral resistance.

3 GM (1,3) Model

3.1 Establishment of the Grey GM (1,3) Model

The grey model theory is applied to construct a model considering the influences of
height-to-length ratio and burial depth. The model includes three variables: the pile
bearing capacity (Qj) , the height-to-length ratio (A) , and the burial depth (Z) . A GM
(1,3) model[24]is established to derive the relationship between the bearing capacity un-
der soil cavity conditions and the height-to-length ratio and burial depth.

The initial data in the GM (1,3) model are:

(0) (0) (0) (0)

(0) (0) (0) (0)

(0) (0) (0) (0)

(1) (2) (25)

(1) (2) (25)

(1) (2) (25)

j j j jQ = Q Q Q

A = A A A

Z = Z Z Z

       


   

， ，…，

， ，…，

， ，…，

(1)

The first-order accumulated data in the GM (1,3) model are:

(1) (1) (1) (1)

(1) (1) (1) (1)

(1) (1) (1) (1)

(1) (2) (25)

(1) (2) (25)

(1) (2) (25)

j j j jQ = Q Q Q

A = A A A

Z = Z Z Z

       


   

， ，…，

， ，…，

， ，…，

(2)

in which:

(1) (0) (1) (0) (1) (0)

1 1 1
( ) ( ) ( ) ( ) ( ) ( )

k k k

j j
i i i

Q k = Q i A k = A i Z k = Z i
< < <
  ， ， (3)

Where: 1, 2 3 25k < ，，…, .
The initial sequences of Qj, A, and Z are shown in Figure 6 and 8. To ensure the

original data exhibit an overall increasing trend and effectively reduce errors, a value
of 40 is uniformly subtracted from the bearing capacity. This adjustment produces the
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original data for the three variables, as shown in Figure 9. Using Equation(2) , the first-
order accumulated sequence is obtained, as shown in Figure 10.

Fig. 9. Original Data Chart. Fig. 10. 1-AGO Data.
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Based on grey system theory, the whitening differential equation is established as
follows:

(1)
(1) (1) (1)

1 2
j

j

dQ
aQ b A b Z

dt
∗ < ∗ (4)

where: a —development coefficient(1/mm), b1, b2—grey effect(kN/mm).
The value of â  can be calculated using the least squares method, that is:

1ˆ T - T
na B B B y<（ ） (5)

Where:

(1) (1) (1) (1)

(1) (1) (1) (1)

(1) (1) (1) (1)

1 ( (1) (2)) (2) (2)
2
1 ( (2) (3)) (3) (3)
2

1 ( (24) (25)) (25) (25)
2

j j

j j

j j

Q Q A Z

Q Q A Z
B

Q Q A Z

 ,

 ,<



,

Λ Λ Λ

+

+

+

(6)

(0) (0) (0)[ (2), (3), , (25)]T
n j j jy Q Q Q< ϑ (7)

So, Ζ ∴1 2ˆ , , ( 0.19, 0.67, 0.33)T Ta a b b< < , ,

Expanding the GM (1,3) model, we get the relationship:

(0) (0) (0) (0)
1 2( ) ( ) ( ) (1 ) ( 1)jQ k A k Z k Q k  γ< ∗ ∗ , , (8)

where, 1 2
1 2, ,

1 0.5 1 0.5 1 0.5
b b

a a
 < <

∗ ∗
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By performing parameter calculations and restoring the initial data, the formula for
calculating the pile bearing capacity under the influence of soil cavities is derived:

(0) (0) (0) (0)( ) 40 0.74 ( ) 0.36 ( ) 1.21 ( 1)jQ k A k Z k Q k< , ∗ , , (9)

3.2 Verify the Reliability of the Formula

Substituting A and Z for each working condition, the corresponding pile bearing
capacity is calculated and compared with the simulation results, as shown in Figure 11.
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Fig. 11. Comparison of Predicted and Theoretical Values.

As shown in Figure 11, the bearing capacity calculated using the formula derived
from the GM (1,3) theoretical model has a maximum relative error of 5.29% compared
to the simulation results, with an average residual error of 2.69%. According to the
accuracy evaluation criteria of grey theory, the calculated posterior error ratio is 0.067,
and the small error probability is 1, indicating that the calculation accuracy of the bear-
ing capacity is rated as "good."

4 Conclusion

(1) The pile bearing capacity shows a negative correlation with the soil cavity height-
to-length ratio and burial depth. As the height-to-length ratio increases, the pile bearing
capacity decreases at an accelerating rate. When the height-to-length ratio increases to
0.32, the bearing capacity decreases by 17.02%. Within the burial depth range of 2–10
m, the pile bearing capacity decreases as the burial depth increases. When the burial
depth reaches 10 m, the bearing capacity decreases by 11.80%. The impact of the
height-to-length ratio on pile bearing capacity is greater than that of the burial depth.

(2) The calculation formula for pile bearing capacity under the influence of the soil
cavity height-to-length ratio and burial depth, established using the GM (1,3) model,
achieves a posterior error ratio of 0.067 and a small error probability of 1, indicating
high calculation accuracy. This formula can be used to calculate pile bearing capacity
in geological conditions involving soil cavities.
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(3) The grey GM (1, N) model is applicable for calculating pile bearing capacity
under multifactor influence when on-site bearing capacity tests cannot be conducted,
or data is limited. It demonstrates significant practical value in engineering applica-
tions.
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