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Abstract

The pipe jacking method has been increasingly applied to a variety of tunnel projects. Investigating the ground disturbance 

characteristics during pipe jacking is of great significance to ensure accurate safety assessment and timely ground deformation control. 

This paper developed a three-dimensional model to simulate the entire pipe jacking process of a shallow-buried cross passage tunnel 

in soft strata. A key contribution of this research is the development of an element shear failure approach, combining element failure 

method with shear failure modeling. Meanwhile, the dynamic cutter excavation effect and the soil shear failure were considered in 

the numerical modeling. Through the comparison with the field monitoring results and traditional numerical simulation approach, 

the effectiveness, reliability, and superiority of the proposed approach were well demonstrated. Moreover, based on the numerical 

results, the ground deformation characteristics along with the stress-strain state of the cutter head during the soil excavating process 

were thoroughly analyzed. The proposed approach and its application in the ground disturbance analysis will offer useful references 

and guidance for numerical studies in similar pipe jacking projects in near future.

Keywords

pipe jacking, ground displacement, numerical modeling, finite element method, soil dynamic shear failure

1 Introduction
With the continuous development of urbanization and rapid 
advancement of mechanized construction, the utilization 
of vast underground space has received increasing atten-
tion [1–4]. As a promising trenchless tunneling method that 
boasts the advantages of high efficiency, safe construction, 
seepage resistance, and broad applicability to a variety of 
strata, the pipe jacking method has been widely applied to 
numerous municipal projects such as drainage pipelines, 
underground utility corridors, subway entrances, and metro 
crossing passages [5, 6]. The pipe jacking method can be 
described as a technique of using hydraulic rams to push 
precast sections to line a tunnel excavated by a cutting head 
or shield [7]. During the implementation of the pipe jacking 
method, the starting and receiving shafts are constructed 
first at both ends of the designed tunnel. Shortly after the 
shafts are excavated, a powerful hydraulic jacking rig and 
a tunneling machine are put into position, the jacking rig 

then applies a proper thrusting force that pushes the tun-
neling machine against the supporting wall of the starting 
shaft and then into the ground. Once the machine reaches 
a predetermined position in the soil, a pipe segment is low-
ered into the shaft behind the jacking rig and the tunneling 
machine. To ensure that the jacking forces are distributed 
around the circumference of a pipe being jacked, a jacking 
ring is used to transfer the loads. In the excavation pro-
cess, the cutter head of the tunneling machine excavates 
the soil and maintains the stability of the tunnel face simul-
taneously, and the waste soil is further discharged by the 
soil conveying system. Each time a pipe segment is fully 
jacked, the hydraulic jacking system is then retracted and 
the next segment is lifted into the working shaft to continue 
the jacking process, with the remaining pipe segments 
being thrust in sequence until the cutter head reaches the 
receiving pit. Additionally, it is essential to continuously 
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and synchronously grout pressurized slurry into the annu-
lar space between pipe segments and surrounding soils for 
mitigating the frictional resistance, which is generated by 
the movement of the pipe segment behind a cutting head 
that is pushed into ground by hydraulic rams. This is in 
sharp contrast to the shield tunnel method, in which the 
shield is thrusted by hydraulic rams instead of the assem-
bled liner. Moreover, compared with the shield tunnel, the 
pipe jacking tunnel generally has a shallower buried depth, 
and its entire lining structure has to progress through the 
surrounding soil, which results in the complicated vari-
ation of the ground displacement and great difficulty in 
controlling the ground surface deformation, consequently 
causing adverse effects to the jacking efficiency, strata sta-
bility, and adjacent infrastructures. Therefore, it is of great 
significance to study the ground disturbance effect of the 
pipe jacking tunnel, especially with a shallow buried depth.

So far, numerous researchers have made many encour-
aging achievements concerning this topic. These achieve-
ments are mainly obtained based on theoretical analysis, 
field monitoring, and numerical modeling. Through the-
oretical analysis, the ground disturbance characteristics 
of pipe jacking construction were analyzed, and the divi-
sion method of ground disturbance zones was further pro-
posed. Particularly, Peck [8] proposed a series of classical 
theoretical formulas for predicting the ground displace-
ment conforming to a Gaussian distribution by analyzing 
a large amount of surface settlement field data and this 
method has laid a solid foundation for numerous later stud-
ies. Niu et al. [9] presented a new theoretical method that 
combined Mindlin's displacement solution with random 
medium theory and considered the influence of soil loss, 
additional stress, and friction. Beckmann et al. [10] intro-
duced a theoretical approach named CoJack that employed 
nonlinear structural equations and considered the load-dis-
tribution effects. From above literature it can be seen that 
those works provide valuable insights based on multiple 
theories [11, 12]. However, most of them are dependent 
on necessary assumptions, greatly affecting their predic-
tive capabilities in practical applications with complicated 
conditions. Meanwhile, the theoretical analysis hardly 
considers the intricate dynamics of soil-lining interac-
tions inherent in pipe jacking operations. In addition, 
by means of field monitoring, many researchers also made 
extensive achievements based on in-situ data of ground 
deformation [13], lining internal stress, and pipe jack- 
ing parameters in practical engineering projects [14–21]. 

Farrokh [22] analyzed a large number of field data to 
acquire the abrasion behaviors of cutters of different sizes 
and proposed a predictive model of cutters' service life. 
Li et al. [23] explored the correlation between the jacking 
control and ground displacement during different stages of 
pipe jacking construction by comprehensively analyzing 
the field monitoring data. Yu et al. [24] analyzed a great 
deal of field data from a box pipe jacking project, and found 
that the on-site geological conditions, lubricated overcut, 
work stoppages, and deviations in alignment have a great 
influence on jacking force. Zhang et al. [25] explored the 
soil deformation mechanism in the construction of curved 
pipe jacking by considering layered displacement, ground 
deformation, and transversal deformation of deep soil. 
It is confirmed that the field monitoring surely offers real-
time data but is constrained by the specific spatial and 
temporal coverage, making it challenging to comprehen-
sively grasp the ground's complex behaviors.

In contrast, numerical modeling empowers research-
ers with the ability to simulate a wide array of scenarios, 
incorporating various soil properties, pipe geometries, 
and operational parameters. Through numerical simu-
lations, intricate phenomena such as soil-lining inter-
action, ground displacement, and stress redistribution 
can be meticulously analyzed, providing crucial insights 
for optimizing jacking operations, mitigating risks, and 
enhancing the overall efficiency and safety of under-
ground infrastructure projects. Because of the advantages 
that FEM modeling leverages mesh-based discretization 
techniques, allowing for efficient representation of soil-
pipe interactions while maintaining reasonable computa-
tional overhead, many researches primarily adopted the 
finite element method to simulate the pipe jacking pro-
cess [26–29]. Gong et al. [30] constructed a sophisticated 
numerical model of parallel rectangular pipe jacking and 
analyzed the ground displacement pattern. Batsaikhan 
et al. [31] conducted a novel numerical analysis to inves-
tigate the applicability of the pipe jacking technique con-
sidering different inclination angles and high wall slopes. 
Ma et al. [32] established an elaborate numerical model 
verified with field monitoring to interpret the soil distur-
bance areas in pipe jacking construction. Zhang et al. [33] 
also established a sophisticated pipe jacking model to ana-
lyze the mechanical behaviors of supporting structures 
at different distances. Liu et al. [34] combined numerical 
simulations and full-scale tests to analyze the influence of 
joint deflection on the axial stress distribution and jacking 
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load transfer of pipe jacking. Zhang et al. [35] combined 
conditional random field (CRF) and Co-Kriging theory 
to establish a numerical model and then used uncondi-
tional random field (URF) method to verify the reliabil-
ity and applicability of the proposed model. Li et al. [36] 
further constructed a soil-structure elastic-plastic model 
to analyze the spatio-temporal evolution of ground dis-
placements. Pan et al. [37] constructed a sophisticated 
Plaxis two-dimensional finite element model to analyze 
the influence of pipe jacking construction on deformation 
of ambient structures. The above researches well contrib-
ute to a deep understanding of mechanical characteristics, 
controlling factors, and ground deformation of pipe jack-
ing, and provide a solid foundation for numerical model-
ing of the pipe jacking process. However, there are still 
several limitations of current numerical studies on the 
pipe jacking-induced ground disturbance:

1. Most of these models failed to consider the dynamic 
interaction between pipe jacking cutter and soil. 
Instead, they directly adopted the soil killing ele-
ment approach and activating the pipe lining ele-
ments, which cannot reflect the cutter excavation 
effect and the positional change of pipe jacking 
structure in reality.

2. Moreover, in most of the studies, the pipe-soil fric-
tion has been directly ignored or simplified by artifi-
cially assuming the friction load.

3. Meanwhile, some of those related studies rely on 
two-dimensional models [38], hardly reflecting the 
three-dimensional structural stress and strain states 
in the jacking process.

Aimed at the aforementioned limitations, this paper 
set out to study the ground disturbance during pipe jack-
ing construction through numerical modeling that fully 
considers the dynamic interaction between pipe jack-
ing machine and soil. Based on an actual shallow-buried 
circular pipe jacking project, a sophisticated model was 
established, which considered the rotation of cutter head, 
the excavation of soil body, and the progression of pipe-
lining. Especially, the element shear failure approach was 
introduced to better simulate the dynamic soil excavation 
process by single cutter head, and the numerical results 
were then compared with the traditional killing element 
approach. In addition, the horizontal, vertical, and longi-
tudinal ground disturbances of the pipe jacking process 
were thoroughly analyzed. Finally, the deformation of 

tunnel face, the dynamic displacement of excavated soil, 
and the cutter-head stress state were also investigated.

2 Theoretical basis
The ground disturbance during pipe jacking construction 
arises from the interaction between the pipe jacking and 
surrounding soil. To facilitate a deeper comprehension of 
the ground disturbance characteristics induced by pipe jack-
ing, and lay a solid foundation for the subsequent numerical 
modeling of the ground deformation, Section 2 provided an 
overview of existing theoretical basis concerning this topic. 
The soil is mainly influenced by the initial formation stress 
before the start of pipe jacking. With advancement of the 
pipe jacking machine, the soil is subjected to both the jack 
propulsion and excavating forces, causing dynamic stress 
states due to compression, extrusion, and shear deforma-
tion [32]. Throughout the pipe jacking process, disturbance 
zones are primarily categorized into seven regions based on 
their relative position to the tunnel face and the disturbance 
factors, as illustrated in Fig. 1.

After analyzing a large amount of field data, Peck [8] 
proposed a series of formulas for ground displacement 
which influenced subsequent generations and became 
known as Peck formulas. For the first time, Peck compre-
hensively revealed the definition of ground loss and pro-
posed a calculation approach for predicting the ground 
surface settlement of tunnels due to excavation. Peck pro-
posed that ground deformation was caused by strata loss, 
and the theory of an approximate normal distribution of 

Fig. 1 Disturbance zones of circular jacking pipe construction: 
(a) longitudinal section; (b) cross section
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settlement troughs along the horizontal direction was 
also illustrated. The classical theoretical formulas have 
laid a solid foundation for a great deal of later researches. 
Equations (1) to (3) are specified as follows:
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where S(x) means the amount of ground displacement, 
Vloss stands for the amount of body loss per unit length of the 
tunnel as a coefficient of the width of the ground displace-
ment channel, x represents the horizontal distance from the 
centerline of the pipe, i is the width coefficient, Smax means 
the maximum displacement above the tunnel axis, S0 is the 
consolidated displacement of ground settlement trough.

3 Numerical modeling
3.1 Engineering background
Section 3.1 took a shallow-buried pipe jacking project for 
constructing a station entrance passage in Guangzhou Metro 
as an engineering background. The entire project is exhib-
ited in Fig. 2. Fig. 2 (a) illustrates pipe jacking construction 
method while Fig. 2 (b) is an enlarged view of the pipe jack-
ing machine. Meanwhile, the top view and the longitudinal 

view are depicted in Fig. 2 (c) and (d) separately. The physi-
cal and mechanical properties of the ground soil are shown 
in Table 1. According to the geological data, the tunnel 
excavation mainly passes through the silty fine sand layer. 
The pipe-jack tunnel has a buried depth of 4.00 m, an outer 
diameter of 3.00 m, and a wall thickness of 0.15 m. The pipe 
jacking machine has a total length of 7.50 m.

3.2 Model establishment
Considering the disturbance range and calculation cost of 
pipe jacking construction, the model, which is shown in 
Fig. 3, was designed as 16.00 m long, 10.00 m wide, and 
16.00 m high. The geometric parameters of the pipe jack-
ing were exactly determined according to the project proto-
type in the Guangzhou Metro. The ground and pipe jacking 
models were assigned by the three-dimensional hexahe-
dron elements (C3D8R). The entire finite element model 
consisted of 2.35 × 105 elements. Because the lining mate-
rial adopted C50 precast reinforced concrete, with a stiff-
ness much greater than that of the surrounding soil. Hence, 
it was assumed that no plastic deformation occurs during 
the construction process, thus the linear elastic constitutive 
model was employed. In addition, the shear failure model 
was employed to simulate the soil's nonlinear mechani-
cal behaviors. Roller fixities were used for the lateral and 
bottom boundary conditions to provide stability for the 
soil mass. For the pipe jacking section exposed outside 
the soil, the bottom nodes were fixed using roller fixities. 
The steel shell of pipe jacking machine was not consid-
ered alone. The pipe section adopted isotropic homoge-
neous elastic material, and the joint effect of the pipe sec-
tion was ignored. Fig. 3 (c) shows the model of the cutter 
head. The cutter head was pane-type with an opening ratio 
of 67.00%, considering only the center cutter and cutters. 
The stiffness of the cutter head was generally much greater 
than that of the soil and pipe section. Thus, its deformation 
was ignored and the model of the cutter head was set as 
a rigid body. In addition, the pointing of the directions that 
were mentioned in the article is also shown in Fig. 3.

The operational parameters of cutter head in numeri-
cal modeling were determined according to the field data. 

Table 1 Physical and mechanical parameters of different ground layers

Ground layer Natural gravity (kN/m3) Young modulus (MPa) Internal friction 
angle (°) Cohesive force (kPa) Thickness (m) Poisson ratio

Artificial fill 17.50 4.50 12.00 10.00 3.00 0.30

Silty fine sand 19.00 6.00 25.00 6.00 6.00 0.29

Fully weathered 
argillaceous siltstone 21.50 36.00 22.00 34.00 12.00 0.25

Fig. 2 Overall situation: (a) pipe jacking method; (b) pipe jacking 
machine; (c) top view; (d) longitudinal view
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Specifically, the rotation angular velocity and the longi-
tudinal jacking speed were applied at the central refer-
ence point of the cutter head, meanwhile, the longitudinal 
jacking speed was applied at the end of the pipe section. 
The reference penetration was set to 30.00 mm/r. In order 
to improve computational efficiency, cutter head speed and 
tunneling speed were amplified appropriately. The final 
cutter head speed was 0.63 rad/s (6.00 r/min) while the 
jacking speed was 0.003 m/s (18.00 cm/min). A uniformly 
distributed radial grouting pressure was applied on the 
excavation surface, and the grouting pressure was set to 
0.08 MPa. The surface-to-surface contact was set both at 
the interface between cutter head and soil units and that 
between pipe section and soil units. The friction coeffi-
cient was also set in the tangent direction based on the 
penalty function method. The friction coefficient between 
the cutter head surface and soil was 0.10, and that between 
the pipe section surface and soil was 0.25.

3.3 Element shear failure approach
Traditionally, the killing element approach is adopted 
to simulate the tunnel excavation effect. However, this 
approach neglects the element state and involves multiply-
ing the stiffness of the specific area element by a mini-
mal reduction coefficient. Then, the killed element stress 
and strain are reset to 0, while the stiffness matrix size 
remains constant. The killing element approach is simple 
to operate. Although this approach is widely used, it sig-
nificantly diverges from the actual situation, resulting in 
inadequacy for simulating the continuous rotation of the 
cutter head and the excavated soil at the tunnel face. This 
is because, during the actual pipe jacking construction 
process, the soil at the tunnel face is continuously and 
dynamically removed under high shear stresses. In order 
to realistically simulate this scenario, the element shear 

failure approach is introduced. The element shear failure 
approach is essentially a combination of the element fail-
ure method and the failure model (the shear failure model 
is adopted in this study). On one hand, for the purpose 
of simulating the disappearance or completely failed ele-
ments of the material in real situations, the element failure 
method is proposed based on the FEM. On the other hand, 
the failure model is commonly employed to characterize 
the destructive behavior of materials. For example, the 
shear failure model is applied to evaluate the performance 
of elements experiencing shear stresses. Particularly, the 
shear failure model is useful for simulating materials 
prone to failure under high shear conditions. ABAQUS 
offers material-based shear failure models that define 
damage evolution rules based on stress or strain. Indeed, 
the combined approach incorporating both element failure 
method and failure modeling has been extensively imple-
mented in various engineering applications. Padilla-Llano 
et al. [39] combined the element failure method with plas-
tic strain model to simulate the cyclic fracture character-
istics of structural steel. So as to research the property 
of laminated glass, Wang and Zhupanska [40] proposed 
a novel element failure approach and integrate it into finite 
element analysis (FEA) to study the lightning heat trans-
fer in situation of the moving boundary. Zhang et al. [41] 
conducted a damage analysis to simulate crack propaga-
tion in UHPC under shear tension, combining the concrete 
damage plasticity model with the element failure method. 
Furthermore, the similar approach is also gradually being 
adopted in tunnel excavation studies. Han et al. [42] inves-
tigated the dynamic construction process of tunnel boring 
machine (TBM) by employing the element plastic failure 
approach to model the formation of rock fragments.

During pipe jacking construction, the cutter head rotates 
at high speed, generating significant shear stresses on the 
soil at the tunnel face while gradually excavating the soil. 
This process closely aligns with the application scenario 
of the previously mentioned element failure method and 
shear failure model. Therefore, this study combines the 
element failure method and the shear failure model, call-
ing it the element shear failure approach to simulate the 
pipe jacking construction process. A shear damage model 
driven by plasticity is adopted. This model is based on the 
equivalent plastic strain values at the integration points of 
the elements. The proposed element shear failure approach 
adopts damage parameter ω to judge whether an element 
is damaged and uses "status" variable to control the dele-
tion of elements. When the "status" value is 0, the element 

Fig. 3 Finite element model: (a) holistic model; (b) pipe jacking model; 
(c) cutter head model
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is deleted from the model. Damage is assumed to occur 
when the damage parameter ω exceeds 1, and then the 
"status" would be set to 0. The damage parameter ω is 
defined as follows:

�
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pl pl
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pl
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where ε0
pl  is any initial value of the equivalent plastic 

strain. where �� pl  is the increment of the equivalent plas-
tic strain. where ε f

pl  is strain at destruction. The damage 
parameter ω is calculated based on the equivalent plas-
tic strain values at the element integration points. For the 
stress-strain relationship and ω, they are mutually influ-
encing. Essentially, the main purpose of introducing the 
damage parameter ω is to determine whether the element 
has failed completely or not.

The main steps of the element shear failure approach 
are as follows. Firstly, the shear failure criterion and dam-
age parameter ω are defined for the soil element material. 
Then the damage variable is acquired and assigned to the 
element state parameter "status" (Boolean type) to deter-
mine whether the element has completely failed. If the fail-
ure criterion is reached, the element is then deleted from 
the model and no longer participates in the subsequent 
computation. Through this approach, the entire dynamic 
process of tunnel face soil was modeled, including, exca-
vating, evolving damage, and ultimate failure. The com-
plete procedures are exhibited in Fig. 4.

4 Results and analysis
4.1 Comparative analysis and model verification
To verify the effectiveness and reliability of the proposed 
model, the numerical results of ground surface deformation 
were compared to the field monitoring data. In this project, 
the ground surface displacements along the tunneling cen-
tral axis and its normal line were continuously monitored. 
Moreover, the comparative analysis of results from the 
direct killing element approach and the dynamic element 
shear failure approach was also performed. Particularly, 
in order to verify the applicability, the result from the pro-
posed approach was fitted with the Peck formulas. Fig. 5 
depicts the curves of ground surface horizontal and vertical 
displacements in the cross section 0.3 m ahead of the tun-
nel face based on the two numerical simulation approaches. 
Fig. 5 (a) and (b) depict the horizontal displacement curves, 
while Fig. 5 (c) and (d) present the vertical displacement 
curves. The bar indicates the error between the numerical 
and field monitoring data. As observed, both the numerical 

approaches yielded similar results whether in the horizontal 
or vertical displacement. However, the proposed approach 

Fig. 4 Process of the element shear failure approach

Fig. 5 Comparison of displacement results from the two different 
approaches with field data
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aligned more closely with field data. By observing the error, 
it's apparent that the field data curve exhibited less devi-
ation with the proposed approach compared to the killing 
element approach, for both horizontal and vertical displace-
ments. This difference was most evident in the horizontal 
displacement. By comparison, the killing element approach 
showed a maximum error of over 1 mm, and most of bars 
exceeded 0.5 mm. This was in a sharp contrast to the dis-
tributed error bars from the proposed approach, with 75% 
of them lower than 0.45 mm. Similar phenomenon could 
also be observed from the vertical displacement. The kill-
ing element approach showed errors reaching up to 4.2 mm, 
with the majority of errors exceeding 2.0 mm, which was 
much higher than that from the element shear approach. 
It is worth pointing out that although the element shear 
approach is closer to the field data, there is still some error 
between them. The error originates from boundary effect, 
as well as model simplification and the idealization of con-
struction parameters. However, despite the error between 
the numerical simulation results and the field-measured 
values, the proposed approach clearly provides a reason-
able prediction and trend analysis of ground settlement in 
pipe jacking construction. Fig. 5 (e) demonstrates the fitting 
result of the proposed approach with the Peck formulas. 
The two curves overlapped with an R2 value of 0.99. This 
phenomenon indicated that the proposed approach fitted the 
Peck formulas exceptionally well, which demonstrated the 
effectiveness and reliability of both the proposed approach 
and the numerical model. Hence, based on the comparative 
analysis, it could be concluded that the modeling was reli-
able. Meanwhile, the proposed approach better agreed with 
the actual situation and displayed evident superiority over 
the killing element approach.

Subsequently, a comparative analysis was also con-
ducted for the displacements along the longitudinal axis 
(pipe jacking direction). Due to a lack of relevant mea-
sured data, only numerical results were compared. Fig. 6 
shows the ground longitudinal displacement distributions 
from both the killing element approach and the proposed 
approach. Overall, the distribution characteristics of the 
longitudinal displacement acquired from both approaches 
had a good consistency. Both approaches observed a sym-
metric displacement distribution along the tunneling cen-
ter axis. In addition, the maximum displacements approx-
imately appeared at the center point of the tunnel face. 
Nevertheless, the longitudinal displacement from the kill-
ing element approach was excessively small, with its value 
even lower than 1.15 × 10−3. In contrast, the numerical results 

from the proposed approach were in a much more reason-
able range. Additionally, it was visualized from Fig. 6 (b) 
that some inconsistent displacements were scattered at the 
tunnel face. This phenomenon could be attributed to the 
dynamic soil excavation effect. Therefore, the reasonability 
of the proposed approach was well reflected.

To better compare the numerical results of the two dif-
ferent modeling approaches, the underground displace-
ments in the disturbed regions around the tunnel face 
were extracted and analyzed. Specifically, four different 
regions were concentrated, regions a and b refer to the 
transverse sections 2.0 m above and below the tunnel hor-
izontal centerline, respectively, while regions c and d rep-
resent the cross sections at distances of 3.0 m and 6.0 m 
to the right of the tunnel vertical centerline, respectively. 
The regions a and b were primarily selected to study the 
differences in the results of both approaches around the 
tunnel face, while regions c and d were extracted to ana-
lyze ground disturbance at different depths. The results 
are exhibited in Figs. 7 and 8. Fig. 7 displays the distrib-
uted vertical displacements in regions a and b based on 
the killing element approach and the element shear failure 
approach. Meanwhile, Fig. 8 compares the curves of lon-
gitudinal displacements in regions c and d. As observed 
from Fig. 7, both the displacement curves from the two 
approaches were symmetrically distributed about the 
tunnel centerline. However, the vertical displacement 
resulting from the element shear failure approach varied 
much more significantly than that from the killing ele-
ment approach. The maximum settlement in region a for 
the former approach reached up to 8.8 mm, which was in 
sharp contrast to a value of 1.2 mm at the same position 
for the latter approach. Similarly, the proposed approach 
also yielded a larger uplift at the bottom of the tunnel face. 

Fig. 6 Longitudinal displacement: (a) killing element approach; 
(b) proposed approach
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The maximum displacement reached 5.4 mm, as compared 
to 3.7 mm by the counterpart approach. Notably, based on 
the results of the proposed approach, the curves of verti-
cal displacement presented a W-shaped distribution around 
the top and bottom regions of the tunnel face. The area 
with the largest displacement appeared on both sides of the 
vertical centerline. This phenomenon could be attributed to 
the arch effect induced by the soil extrusion and excavation 
during pipe jacking. The arch effect is a structural phenom-
enon where soil forms an arch-like structure, redistribut-
ing overlying loads to the sides. This redistribution reduces 
settlement at the center while increasing it at the edges, 
resulting in a W-shaped ground settlement curve [43–45]. 
The above analysis demonstrated that the killing element 
approach was relatively unfavorable, as it greatly under-
estimated the ground deformation throughout the pipe 
jacking tunneling process, adversely affecting the safety 
assessment and deformation control. This conclusion could 

also be supported by Fig. 8, which shows the longitudinal 
displacement primarily occurred within the depth range 
of 0.0–16.0 m below the ground surface. Moreover, it was 
also evident that the proposed approach yielded greater 
displacement than that of the killing element approach. 
Therefore, the proposed approach could better reflect the 
ground deformation characteristics.

4.2 Ground disturbance analysis
Aiming to better understand the disturbed regions in the 
dynamic excavation process, the ground displacements 
were extracted and analyzed by adopting the element 
shear failure approach. Fig. 9 shows the ground surface 
displacements caused by the pipe jacking construction. 

Fig. 9 Ground surface displacements: (a) horizontal displacement; 
(b) vertical displacement; (c) longitudinal displacement

(a)

(b)

(c)

Fig. 7 Vertical displacement: (a) disturbed regions around the tunnel 
face; (b) 2 m above; (c) 2 m below

Fig. 8 Longitudinal displacement: (a) disturbed regions around the tunnel 
face; (b) 3 m to the right; (c) 6 m to the right
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As observed, there was a degree of similarity in the spatial 
distribution of displacements in all directions. Specifically, 
it showed a symmetric distribution along the tunneling cen-
ter axis, whether in the horizontal, vertical, or longitudinal 
directions. However, due to the rotation of the cutter head, 
the longitudinal displacement distribution on both sides of 
the axis had a certain difference. Meanwhile, it was nota-
ble that there was a trend of moving back in the longitudi-
nal direction around the tunnel face. And the maximum of 
the longitudinal displacement reached up to 3.39 mm. This 
phenomenon was due to the clockwise rotation of the cutter 
head during pipe jacking, which drove the soil downward 
on the right side, making it easier for the soil in front of 
the tunnel face to surge into the hole. Thus, the soil above 
the tunnel face was driven to move back. In addition, the 
maximum displacement, which reached up to 18.1 mm, 
occurred in the vertical direction.

The displacements in Z = 1.2 m cross-section dis-
turbed regions were extracted and analyzed in Fig. 10. 
−0.9 m – 1.2 m means the distance between the tun-
nel face and Z = 1.2 m cross-section. The negative dis-
tance means that the tunnel face has not yet reached the 
Z = 1.2 m cross-section. As observed, both displacements 
yield similar results, showing a symmetric distribution 
along the center axis, whether in the vertical or longitu-
dinal displacements. Almost all the displacements were 
settlements. In addition, from Fig. 10 (a), it was evident 
that the maximum of the vertical displacements occurred 
in the center axis. The maximum displacement was grad-
ually increasing in the excavation process and eventu-
ally reached up to approximately 16.8 mm. This was in 
a sharp contrast to the longitudinal displacement, with 
a maximum of merely 2.4 mm. Moreover, the peak line 
in Fig. 10 (b) existed fluctuations. Although there were 
fluctuations in the peak line, the ground surface displace-
ments were essentially stable after the tunnel face passed 
through the Z = 1.2 m region.

Fig. 11 shows the variation of ground surface displace-
ment distribution during the jacking process. The target 

tunnel face was chosen at a location 10.0 m from the begin-
ning of the start. Different excavation distances, such as 
0.3 m, 0.9 m, 1.5 m, and 2.1 m, were extracted for analy-
sis. It was evident that the curves yielded similar tenden-
cies whether in the vertical or longitudinal displacements. 
Specifically, in Fig. 11 (a), the ground surface displace-
ments above the axis generally increased as the jacking dis-
tance increased. However, there was a notable variation in 
the vertical ground surface displacement as distance from 
the model boundary increased. The factors included the 
movement of deep soil ahead of the tunnel face into the 
tunnel and the longitudinal displacement constraints at the 
boundaries. This was in a sharp contrast to the longitudi-
nal displacements, with a more manifest V-shaped distri-
bution region. In fact, in Fig. 11 (b), although the ground 
surface longitudinal displacement values increased gradu-
ally during the pipe jacking process, there was a V-shaped 
region which meant there were some ground surface dis-
placements decreased. The reason was that when the cutter 
head rotated, the soil at the tunnel face was in contact with 
the panel. Meanwhile, the soil was subjected to continuous 
changes in the supporting section, causing irregular changes 
in the longitudinal direction of the soil at the surface.

By means of selecting five specific points along the 
Z = 8.0 m cross-section, the aim was to better investigate 
deep soil disturbance during dynamic pipe jacking con-
struction. The locations of the position points are shown 
in Fig. 12. The distance between point 2 and the other 
points is 2.0 m.

The displacements of the five points at different jacking 
stages were extracted and analyzed. Fig. 13 shows the dis-
placement of deep soil in different jacking stages. The dis-
placements of the position points were recorded and pro-
jected onto the vertical plane. The longitudinal distance 
between the tunnel face and the Z = 8.0 m cross-section 
was recorded during the pipe jacking process. The negative 
distance indicated that the tunnel face had not yet reached 
the Z = 8.0 m cross-section. It was evident that both points 

Fig. 10 Distribution of ground surface displacement: (a) vertical 
displacement; (b) longitudinal displacement

Fig. 11 Variation of ground surface displacement distribution: 
(a) vertical displacement; (b) longitudinal displacement
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1 and 3 yielded similar results, whether in the horizontal, 
vertical, or longitudinal displacements, which indicated 
that the displacements at these two points were essen-
tially identical. The horizontal displacements at points 
1 and 3 were notably larger than other points, reaching up 
to approximately 6.5 mm, while the longitudinal displace-
ments were considerably small. The displacement direc-
tion was also different from the other points. Differently, 
there were opposite trends at points 4 and 5, especially 
in the vertical direction. The negative maximum vertical 
displacement occurred at position point 5, reaching up to 
nearly 8.1 mm, while the positive maximum vertical dis-
placement occurred at position point 4, reaching up to 
nearly 3.9 mm. Position point 2 had the largest longitudinal 
displacement which reached up to approximately 13.0 mm.

Aiming to further understand the relationship between 
ground disturbance and pipe jacking machine during the 

jacking process, soil data from Z = 0.6 m and Z = 1.5 m (tun-
nel face) cross-sections were extracted and analyzed. In par-
ticular, soil displacements within 6 m from the jacking axis 
were extracted. The results are illustrated in Fig. 14. The 
positions of Z = 0.6 m and Z = 1.5 m cross-sections were 
depicted in Fig. 14 (a) while the directions were shown in 
Fig. 14 (b). As observed, both the cross-sections yielded 
similar results that longitudinal displacements of the deep 
soil at symmetrical positions on both sides of the axis were 
essentially the same. Meanwhile, the direction of soil dis-
placements at the pipe jacking position was the same as 
the jacking direction. And the displacements were bigger 
than the others. Particularly, soil displacements matched 
the pipe jacking profile very well. This was consistent with 
the actual situation. In fact, during the pipe jacking pro-
cess, soil displacements along the surface of the pipe jack-
ing machine certainly were along the surface of the contour. 
Moreover, with the increase of the horizontal distance from 
the jacking pipe's axis, the longitudinal displacement of 
soil gradually decreased. From Fig. 14 (a), in the Z = 0.6 m 
cross-section, which was at a distance of 0.9 m behind the 
tunnel face, the maximum longitudinal displacement of the 
soil was approximately 12.0 mm in the center of the arch. 
From Fig. 14 (b), in the Z = 1.5 m cross-section, which was 
the tunnel face, the longitudinal displacements of the soil in 
the center of the vault and the inverted arch on the tunnel 
face were very close, 25.0 mm and 24.0 mm, respectively. 
Comparing the longitudinal displacement results of the two 
cross-sections, it was evident that the longitudinal displace-
ment of the deep soil at the center of the tunnel face was 
approximately twice that of the soil at the same position on 
the Z = 0.6 m cross-section. This indicated that the cutter 
head had a significant supporting effect on the soil, which 
was in front of the tunnel face, during excavation. This 
effect could result in a more prominent impact on the longi-
tudinal displacement of the deep soil. Additionally, the lon-
gitudinal displacement of the soil in the central area of the 
tunnel face was smaller compared to the soil at the edge of 

Fig. 12 Location of position point

Fig. 13 Displacement of the position points

Fig. 14 Longitudinal displacement of the soil along the depth: 
(a) Z = 0.6 m; (b) Z = 1.5 m
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the cutter head. This phenomenon indicated that there was 
a tendency of the soil in the central area of the tunnel face 
to flow into the deeper region. 

4.3 Analysis on dynamic excavating process
Studying the dynamic process of pipe jacking construction 
helps understand the impact on deep soil stability during 
the excavation, enhances construction safety, and provides 
valuable experience and guidance for designing similar 
projects in the future. Thus, in order to better study the 
dynamic excavating process, the deformation of the tunnel 
face, the dynamic displacement of excavated soil, and the 
cutter-head stress state were concentrated and analyzed.

Fig. 15 illustrates the evolution of the tunnel face shape 
in the first rotation cycle of the cutter head. The calcula-
tion of the jacking distance was based on the initial dis-
tance between the cutter head and the soil, as well as the 
jacking speed of the cutter head at the corresponding time. 
It was evident that the center cutter had penetrated the 
soil 0.001 m at 1.0 s. At this time, the soil of the vault 
had a very small displacement along the jacking direc-
tion, only reaching 0.7 mm. This was in a sharp contrast 
to displacement direction of the soil below the tunnel face, 

with an opposite direction. But the displacements of both 
regions were close. At 8.0 s, the center cutter penetrated 
the soil 0.015 m, and the whole cutter head was about to 
touch the soil of the tunnel surface. The central area of 
the tunnel face had a significant longitudinal displacement 
which was caused by the center cutter and reached up to 
approximately 14.8 mm. At 10.0 s, the center cutter pen-
etrated 0.019 m into the soil, and the whole cutter head 
penetrated 0.004 m and rotated 72.0° in the soil. At this 
time, a distinct contour of the cutter head appeared in the 
tunnel face, which was caused by the rotation of the cutter 
head. At 11.0 s, the cutter head had rotated 108.0° since 
the cutter first touched the soil. Meanwhile, the contour 
of the cutter head continued to develop further. At 18.0 s, 
the cutter had already rotated one cycle, and the excava-
tion path of the cutter entirely covered the soil on the tun-
nel face. The positive maximum displacement had reached 
up to nearly 202.2 mm while the negative maximum dis-
placement had reached up to about 96.0 mm. The com-
plete cycle from the beginning to the 18.0 s was dynami-
cally simulated. The dynamic process of soil changes on 
the tunnel face was clearly reflected.

Subsequently, the dynamic variation of the cutter head 
was also concentrated and analyzed in Fig. 16. A specific 
period was selected to study which was 30.0 s long, from 
47.0 s to 77.0 s. At 47.0 s, a small part of the soil body had 
been removed in the lower half of the cutter head, creating 
a cavity area. The longitudinal displacement of the soil 
decreased from inside to outside. When advancing 57.0 s, 

Fig. 15 Dynamic deformation of the tunnel face during a rotation cycle Fig. 16 Dynamic excavation process
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the soil in the lower half of the cutter head was removed, 
only part of the residual soil in the center cutter and the 
edge area. The cavity area in the upper half of the soil 
also began to develop. At 57.0 s, the soil in the lower half 
of the cutter head was removed, leaving only residual soil 
in the central cutter and the edge area. The cavity area in 
the upper half of the soil also began to develop. At 67.0 s, 
the soil in front of the cutter head had been excavated, 
leaving only a small amount of soil adhering to it. After 
advancing for 77.0 s, the cutter head had removed all the 
soil in front of it that was in contact with its surface. Only 
a small amount of soil remained unexcavated at the edge. 
Obviously, in this dynamic excavation process, the soil in 
the lower part of the cutter head will be removed more 
quickly. Actually, this phenomenon is due to the effect 
of soil pressure balance. On one hand, the soil pressure 
increases with depth, creating a gradient that imposes 
higher pressures on the lower soils. During jacking, these 
soils with higher pressures are more susceptible to desta-
bilization and damage. On the other hand, the soil in the 
lower part of the tunnel face is subjected to greater forces 
and therefore has a greater displacement. It will contact 
the cutter head earlier in the excavation process and there-
fore be cut earlier. Thus, as the cutter head advances and 
continues to cut the soil, the soil in the lower portion of the 
cutter head is gradually removed, creating a void.

Fig. 17 illustrates the distribution of surface normal 
contact stress during the excavation process. It was appar-
ent that large normal contact stress was generated near the 
cutter and at the edge of the panel. This was due to soil 
penetration and stress concentration caused by geometric 
mutation. The contact stress between the cutter head sur-
face and the soil was minimal, particularly in the central 

area of the panel around the center cutter and the other 
cutters. This was consistent with the reality of the stripped 
soil pouring into the soil screw conveyor.

5 Conclusions
The objective of this paper is to investigate the ground dis-
turbance during the dynamic pipe jacking construction. 
This research introduced an element shear failure approach 
combining the element failure method and the shear fail-
ure model. And a sophisticated numerical model was con-
ducted to simulate the comprehensive pipe jacking pro-
cess. Especially, ground disturbance during the dynamic 
excavation process was concentrated. Surface settlement 
and ground displacement were extracted and analyzed. 
The dynamic process of soil excavation was simulated and 
revealed. Major conclusions can be drawn as follows:

1. The numerical results matched well with the classi-
cal Peck formulas, which confirmed that the estab-
lished numerical model could well simulate the pipe 
jacking construction. The displacement curves from 
the numerical and theoretical Peck method were 
highly correlated, with an R2 value of 0.99. In addi-
tion, compared to the traditional approach, the pro-
posed method effectively reflected the dynamic soil 
excavation process, facilitating a better understand-
ing of ground disturbance characteristics induced by 
pipe jacking. Specifically, by comparing the numer-
ical results with the field monitoring data, the error 
of the proposed approach was evidently smaller than 
that of the killing element approach, with the major-
ity of them lower than 0.45 mm.

2. The three-dimensional ground disturbance was thor-
oughly analyzed. The numerical results displayed 
a symmetric distribution of the ground surface dis-
placements. And the maximum surface displacement 
mainly occurred in the vertical direction. However, 
due to the dynamic excavation effect, there were some 
differences in the longitudinal direction. The longitu-
dinal displacements of soil on the left side at the tunnel 
face were less than that on the right side. Additionally, 
as the jacking distance increased, the longitudinal 
displacement of the ground surface on the axis dis-
played a V-shape. This was in sharp contrast to the 
ground displacement. Specifically, as the pipe jacking 
machine advanced, the ground longitudinal displace-
ment of the monitored section gradually increased. 
And the largest soil displacements were located on the 
axis. In addition, it was evident that the farther from Fig. 17 Normal contact stress of the cutter head
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the jacking axis on the same cross-section, the smaller 
the longitudinal soil displacement.

3. The dynamic process of the excavated soil was 
clearly visualized. Specifically, after jacking began, 
the center cutter of the pipe jacking machine con-
tacted the tunnel face, causing small deformations 
in the soil. As the cutter head fully contacted the 
tunnel face, the displacement of the soil increased. 
Finally, the cutter head completed a full rotation. 
The dynamic excavation process of the soil during 
this period was presented completely and explic-
itly. Moreover, the dynamic jacking process of the 
soil in the tunnel face at different times was also 

visualized. It was evident that during the jacking 
process, the gradual disappearance of the soil was 
well depicted. Additionally, the normal contact stress 
of the cutter head demonstrated that the numerical 
results aligned with the actual process of excavated 
soil being transferred into the soil screw conveyor.
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