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Abstract

For the project of pipe jacking in cohesionless soil, it is key to determine the vertical load on jacked pipe so as to predict the jacking
force accurately. In this paper, a new parabolic soil arching model was proposed to calculate the vertical load on jacked pipe. This pro-
posed analytical model was composed of parabolic soil arching zone, parabola-typed collapse zone and friction arch zone. Combined
with existing literature, the key parameters (i.e., height of parabolic soil arching, horizontal pressure coefficient and width and height
of friction arch) were determined. In addition, considering that the trajectory of major stress is parabola, the formula of horizontal pres-
sure coefficient was deduced in the friction arch. The parabolic soil arching zone is assumed as a three-hinged arch with reasonable arch
axis, and the formula of load transfer was derived considering the transition effect of parabolic soil arching. The results of experiment,
theoretical models and numerical model were adopted to verify the proposed analytical model. Finally, the influence of the key param-
eters on the vertical load on jacked pipe were also discussed in detail. This work provides a meaningful reference for evaluating the ver-
tical load on jacked pipe for design of pipe jacking.
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1 Introduction

Pipe jacking is a trenchless technology. Due to its
advantages of fast construction speed, small disturbance
to the surrounding environment and high construction
quality, it has been widely used in water supply pipeline
(Wang et al., 2018; McGuigan & Valsangkar, 2011;
Khazaei et al., 2006; Meskele & Stuedlein, 2013), sewer
pipeline (Wang et al., 2013; Choo & Ong, 2015, 2020;
Ong & Choo, 2016, 2018; Sofianos et al., 2004; Cui et al,
2015), pressurized pipeline such as oil, gas, communication
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and power pipeline (Bergeson, 2014; Chapman et al., 2007;
Milligan, 1996; Ji et al., 2019), traffic tunnel (Zhang, et al.,
2016a), and pipe roof projects (Tao et al., 2021; Zhang
et al., 2016c; Zhang et al., 2022). The jacking force is the
most important parameter, which has attracted the atten-
tion of designers and researchers. When the jacking force
is overdesigned (too large), pipe failure and ground heave
could occur (Zhen et al., 2014); when the jacking force is
not designed sufficiently (too small), the pipe will be stuck
and the excavation face will collapse (Barla et al., 2006).
The significant soil arching effect will occur during the pipe
jacking construction, and this soil arching effect is influ-
enced by various factors such as soil properties, particle
size, grouting, and disturbance (Choo & Ong, 2017;
Peerun et al., 2019, 2020, 2022). Therefore, it is the key
behalf of KeAi Communications Co. Ltd.
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to determine the load acting on the jacked pipe considering
soil arching effect, so as to determine the friction resistance
in the process of pipe jacking for designers.

Based on the trapdoor tests, Terzaghi (1943) proposed
an analysis method for predicting the vertical load of shal-
low tunnel, which has been widely used. Then, a series of
empirical formulas are proposed in the design guidelines
of different countries to determine the vertical load on
jacked pipe (American Society of Civil Engineering
(ASCE), 2001; Japan Micro Tunneling Association, 2000;
Pipe Jacking Association (PJA), 1995; German ATV
rules and standards, 1990; The Ministry of Construction
of China & General Administration of Quality
Supervision, Inspection and Quarantine of the People’s
Republic of China, 2022; Japan Microtunnelling
Association, 2013). Chapman and Ichioka (1999) pointed
that these empirical formula needs to be modified in prac-
tical engineering based on the parameters of pipe diameter,
soil type and tunneling boring machine (TBM). In the
above models, it is assumed that the shearing bands extend
to the ground surface. However, according to the model
tests of the stability of the tunnel face, many scholars have
found that the failure mode of tunnel face is greatly
affected by the depth diameter ratio C/D (C is the burial
depth of the jacked pipe and D is the diameter of the jacked
pipe). The failure zone will extend to the ground surface
when C/D = 0.5, while the failure zone will be in the inte-
rior of the ground when
C/D � 1 (Anagnostou & Kovári, 1996; Oblozinsky &
Kuwano, 2004; Zhang et al., 2022; Sterpi & Cividini,
2004; Ahmed & Iskander, 2012; Sun et al., 2018;
Chambon & Corte, 1994; Takano et al., 2006; Meguid
et al., 2008; Lü et al., 2018; Idinger et al., 2011; Kirsch,
2010). Subsequently, Jacobsz (2016) and Song et al.
(2018) found that a local failure zone appears in the inte-
rior of the ground according to the trapdoor model tests.
Based on the above experimental phenomena, Zhang
et al. (2016b) proposed that the height of failure zone is clo-
sely related to tunnelling-induced ground loss, and deduced
the formula of vertical load on jacked pipe in deep buried
state. According to the numerical results, Chen and Peng
(2018) pointed out that for soft ground of Shanghai, the
height of the failure zone can be considered as 0.75 times
the tunnel diameter, and the vertical load acting on the tun-
nel can be assumed to be Gaussian distribution. Based on
the theory of particle flow ellipsoid and minor principal
stress, Wu et al. (2019) believed that the vertical load acting
on the tunnel can be assumed to be trapezoidal distribu-
tion, and deduced the corresponding modified formula.
Based on the limit equilibrium theory, Ji et al. (2018) pro-
posed the modified Protodyakonov’s arch model and
deduced the expression of vertical load of deep buried pipe.

Besides, in above models, it is assumed that the soil
above the failure zone is still in an undisturbed state and
acts directly on the failure zone with self-weight stress.
However, according to the discrete element simulation
results of trapdoor tests, Lai et al. (2018) pointed out that
soil arching effect will also occur in the soil above the local
failure zone, which leads to stress redistribution of soil
within a certain range above the failure area. The zone
above the failure zone is called the stress redistribution
zone by Lai et al. (2018). Furthermore, Lin et al. (2022a)
and Chen et al. (2019) assumed that the shape of the stress
redistribution zone is semicircular and deduced the corre-
sponding formula. Wan et al. (2019) supposed that the
shape of the stress redistribution zone is a parabola and
obtained the load transfer expression according to the
characteristics of the structural arch.

In summary, significant progress has been made in the-
oretical research on the vertical loads acting on tunnel.
However, the current theoretical model still has two limita-
tions. (1) As the stress redistribution zone connecting the
undisturbed zone and the failure zone, existing models do
not consider the transition and continuous effects of its
mechanical response characteristics. (2) When the ground
loss rate caused by construction disturbance is small, a
stable shear band has not yet formed inside the ground,
and existing models have not been able to calculate the ver-
tical load in this situation. Although Lin et al. (2022b) con-
structed a fitting function to obtain the vertical load with a
low ground loss rate, the empirical parameters in the func-
tion need to be obtained in advance through trapdoor tests,
greatly limiting the application of this method.

In this work, considering the continuity of the principal
stress deflection and horizontal pressure coefficient in the
region above the failure zone, a parabolic soil arch model
is established to calculate the vertical load on jacked pipe,
and the analytical expression is derived. In addition, the
influence of key parameters on vertical load is discussed,
and the key parameters include the soil volume bulking fac-
tor a, the internal friction angle u and the cover to diame-
ter ratio C/D. The current work arrangement as follows.
The proposed analytical model and corresponding param-
eter are introduced in detail in Section 2. The analytical
expression is elaborated in Section 3. By comparing the
results of the proposed analytical model with the existing
models and numerical results, the proposed analytical
model is verified in Section 4. Moreover, the influence of
key parameters on the calculation results is described in
Section 5. Finally, conclusions are given in Section 6.

2 New model

2.1 Introduction of the new model

In general, micro shield construction technology is used
for pipe jacking. Under this construction technology, the
outer diameter of the micro shield is slightly larger than
that of the pipes following it. That is to say, an annular
overcut space is formed between the micro shield and the
pipes. This ‘‘overcut” is typically 10–30 mm in diameter.
Milligan and Norris (1999) pointed that when pipe jacking
is carried out in cohesionless soil or very soft clay, the bore
will not be stable, and the soil above the pipe will fill the
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annular overcut space, resulting in the formation of a fail-
ure zone above the pipe. Essentially, the annular overcut
space refers to the ground loss in this paper. When the
jacked pipe is in the deep burial state, the failure zone
above the pipe is still in the interior of the ground and can-
not be extended to the ground surface. The scope of col-
lapse is closely related to the size of the annular overcut
space. Through two-dimensional discrete element trapdoor
tests, Lai et al. (2018) found that there are three types of
soil arching structure under different buried depths: shear
plane arching, partial arching and full arching, as shown
in Fig. 1. When the trapdoor is shallow buried, the col-
lapsed soil usually extends to the ground surface. The
deformation of ground surface is equal to the trapdoor,
and the soil arching is shear plane arching (see Fig. 1(a)).
With the increase of buried depth, the deformation of
ground surface is less than that of trapdoor, and the soil
arching is partial arching (see Fig. 1(b)). When the trap-
door is deep buried, the collapsed soil is within the ground
surface. Namely, no deformation occurs on the ground sur-
face, and the soil arching is full arching (see Fig. 1(c)).
According to the above description, shear plane arching,
partial arching and full arching can be regarded as shallow
buried model, transition model and deep buried model
respectively.

Therefore, in order to fully reflect the influence of soil
arching type under different burial depths, a new parabolic
soil arching model is proposed to calculate the vertical load
on jacked pipe, as shown in Fig. 2. It is worth noting that in
the symbols shown in Fig. 2, D is the dimeter of the jacked
pipe, x is the gap of overcut, C is the burial depth of the
jacked pipe, D is the diameter of the jacked pipe, H1 is
the height of parabolic soil arching zone, H2 is the height
of parabola-typed collapse zone, H3 is the height of friction
arch, Kl is the horizontal pressure coefficient on shear
bands, KT0-1 and KT0-2 are the horizontal pressure coeffi-
Fig. 1. The type of soil arching under different buried depths. (a)
cient at the top of parabolic soil arching of transition mod-
els 1 and 2 respectively, KPl is the horizontal pressure
coefficient at the bottom of parabolic soil arching in transi-
tion model 1 and deep buried model 1, K0 is the static earth
pressure coefficient, q0 is the vertical load acting on the top
of the parabolic soil arching zone, qS is the vertical load
acting on the top of the parabola-typed collapse zone, qP
is the vertical load acting on the top of the friction arch
zone, and qF is the vertical load acting on the jacked pipe.

The proposed analytical model consists of the parabolic
soil arching zone, the parabola-typed collapse zone and the
friction arching zone. Each zone is described as follows.

Parabolic soil arching zone. It is also can be called stress
redistribution zone. Actually, the cohesionless soil cannot
bear tensile stress, but can bear the compressive stress.
Thus, the soil arching can be regarded as several three-
hinged arch with reasonable arch axis, and the arch foot
is supported on the stable soil on both sides (Wan et al.,
2019). Part of the load acting on the top of this zone can
be transferred to the stable zone on both sides through
the arch foot, and the other part can be transferred to
the failure zone below. The vertical deformation occurs
in this part, but it is much smaller than the failure zone
below, which can be ignored. Due to the vertical deforma-
tion of this zone, the stable soil on both sides is squeezed to
the center, resulting in the increment of horizontal stress
increases, which forms the major principal stress arch in
this zone. However, since this part is between the undis-
turbed part and the failure part, the principal stress deflec-
tion angle and horizontal pressure coefficient of this part is
not constant and is assumed to be linear distribution.

Parabola-typed collapse zone. The obvious vertical dis-
placement appears in this zone. It is supposed that there
is no friction between this zone and the surrounding stable
soil. Thus, the self-weight of this zone acts directly on the
friction arch (Zhang et al., 2015, 2022; Li et al., 2020;
Shear plane arching, (b) partial arching, and (c) full arching.



Fig. 2. The analytical model under different buried depths. (a) Shallow buried model, (b-1) transition model 1, (b-2) transition model 2, (c-1) deep buried
model 1, and (c-2) deep buried model 2.
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Wan et al., 2019). In addition, it is considered that the
shape of top fracture surface is the same as the principal
stress trajectory in the friction arch.

Friction arch zone. The shear bands are formed between
this zone and the stable soil. Similar to the parabolic soil
arching zone, the horizontal stress of this zone increases
obviously due to the stable soil on both sides and is
squeezed to the center. Due to the frictional effect of the
shear band, principal stress deflection occurs in this zone.
Similarly, part of the load acting on this zone is transferred
to the surrounding stable soils through friction, and the
other part is transferred to the jacked pipe. The
parabola-typed collapse zone and friction arch zone
together constitute the failure zone.

Different ground losses and burial depths may lead
to different responses of soil arching, greatly affecting
the mechanical state of jacked pipes. The models
established in this paper can be summarized into 5 types
(see Fig. 2).

(i) Shallow buried model: the failure zone has extended
to the ground surface, and the parabolic soil arching
zone and undisturbed zone have disappeared. In this
case, the soil stress state is consistent with the theoret-
ical model of loose soil pressure constructed by
Terzaghi (1943), as shown in Fig. 2(a).

(ii) Transition model 1: when the ground loss and burial
depth are both small, only the parabola-typed col-
lapse zone is formed above the jacked pipe, and the
parabolic soil arching zone has expanded to the
ground surface, as shown in Fig. 2(b-1).



Fig. 3. Different failure zone widths.
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(iii) Transition model 2: the difference from transition
model 1 is that the parabola-typed collapse zone
and friction arch zone have been formed above the
jacked pipe, as shown in Fig. 2(b-2).

(iv) Deep buried model 1: when the ground loss is small
and the burial depth is large, only the parabola-
typed collapse zone is formed above the jacked pipe.
The parabolic soil arching zone formed is still in the
interior of ground, and there is the undisturbed zone
above the parabolic soil arching zone, as shown in
Fig. 2(c-1).

(v) Deep buried model 2: the difference from deep buried
model 1 is that the parabola-typed collapse zone and
friction arch zone have been formed above the jacked
pipe, as shown in Fig. 2(c-2).

In summary, the basic assumptions of the mechanical
model constructed in this paper are as follows. (1) The soil
material conforms to the Mohr–Coulomb yield criterion,
and the soil is uniformly distributed and isotropic. (2)
The shape of the top fracture surface in the parabola-
typed collapse zone remains consistent with the principal
stress trajectory in the friction arch zone, both of which
are parabola. (3) The horizontal pressure coefficient and
the principal stress deflection angle at the top and bottom
of the parabolic soil arching zone are determined by the
undisturbed zone and the failure zone respectively, and
are assumed to change linearly within the height range of
the parabolic soil arching zone. (4) The parabolic soil arch-
ing zone is composed of several three-hinged arches with
reasonable arch axis. (5) There is no shear friction between
the soil in the parabola-typed collapse zone and the sur-
rounding stable soil.

2.2 Determination of key parameters

2.2.1 Width of failure zone B

The width of failure zone B has a great influence on the
vertical load on jacked pipe (Chen & Peng, 2018; Ji et al.,
2018; Lin et al., 2022a; Terzaghi, 1943; Wu et al., 2019;
Zhang et al., 2016b). So far, different scholars have pro-
posed different failure modes, and a total of six types of
shear bands have been adopted, as shown in Fig. 3. In fact,
the width of failure zone was observed to be almost equal
to the tunnel diameter in cohesionless soil in some model
tests (Lee et al., 2004, 2006; Franza et al., 2019). Therefore,
the width B of shear bands is taken as the diameter of the
tunnel borehole diameter (Chen & Peng, 2018; Zhang et al.,
2016b), and the expression is:

B ¼ Dþ x; ð1Þ
where D is the dimeter of the jacked pipe and x is the gap
of overcut.

2.2.2 Horizontal pressure coefficient Kl

The friction on the shear band will lead to the deflection
of the principal stress direction in the failure zone, thus
affecting the horizontal pressure coefficient (Chen et al.,
2013). Moreover, the form of stress distribution is also
related to the shape of the principal stress trajectory
(Chen et al., 2015, 2019; Lin et al., 2022a, 2022b). Nowa-
days, the shape of the principal stress trajectory can be
summarized into three categories: (i) circular (Chen et al.,
2015, 2019; Lin et al., 2019b, 2022a, 2022b; Paik &
Salgado, 2003), (ii) catenary (Xu et al., 2019; Handy,
1985), and (iii) parabola (Wan et al., 2019; Goel & Patra,
2008). In this work, the parabola is adopted as the major
principal stress trajectory, as shown in Fig. 4.

The vertical stress rv and horizontal stress rh can be
written as (see Fig. 4)

rv ¼ r1sin
2hþ r3cos

2h; ð2Þ

rh ¼ r1cos
2hþ r3sin

2h; ð3Þ

where r1 is the major principal stress, r3 is the minor prin-
cipal stress and h is the angle between the horizontal direc-
tion and the major principal stress direction.

It is supposed that the principle stresses are constant in
the parabolic soil arching, and the ratio of the minor prin-
cipal stress to the major principal stress is equal to the
Rankine active earth pressure coefficient Ka.

Ka ¼ r3

r1

¼ tan2 p
4
� u

2

� �
ð4Þ

Dividing Eq. (2) by Eq. (3) gives:

K ¼ rh

rv

¼ cos2hþ Kasin
2h

sin2hþ Kacos2h
: ð5Þ



Fig. 4. Major principal stress arch.
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For the shear bands (points A and C in Fig. 4), h = h0 =
p/4 + u/2, K = (1 � sin2u)/(1 + sin2u). For the center line
(point O in Fig. 4), h = 0, K = Kp = tan2(p/4 + u/2).

Due to the stress distribution in the failure zone is also
related to the trajectory of principal stress, the equation
of parabola needs to be determined before solving the hor-
izontal pressure coefficient. According to the assumptions
(2) and (4) in Section 2.1, the equation of parabola can
be expressed based on the characteristic of three-hinged
structural arch.

y ¼ � 4f

B2
x2; ð6Þ

where f is the height of parabola.
To obtain the height f of parabola, the derivation of Eq.

(6) can be written as:

y0 ¼ � 8f

B2
x: ð7Þ

Substitute (x = � B/2, y0 = tan h0) into Eq. (7), the f is:

f ¼ H 2 ¼ B tan h0
4

: ð8Þ

By combining Eq. (8) and Eq. (6), the expression of
parabola is:
y ¼ � tan h0
B

x2: ð9Þ

The average vertical stress in failure zone can be
expressed:

rav ¼ 1

B

Z B
2

�B
2

r1sin
2hþ r3cos

2h
� �

dx; ð10Þ

where the relationship between x and h is

y0 ¼ tan h ¼ � 2 tan h0
B

x: ð11Þ

It can be obtained from Eq. (11):

x ¼ � B tan h
2 tan h0

; ð12Þ

dx ¼ � B
2 tan h0cos2h

dh: ð13Þ

By substituting Eq. (13) into Eq. (10), it can be obtained

rav ¼ 1þ Ka � 1ð Þh0
tan h0

� �
r1: ð14Þ

According to the Eqs. (2), (4) and (14), the distribution
factor of vertical stress m is defined as:

m ¼ rv

rav

¼ sin2hþ Kacos
2h

1þ Ka�1ð Þh0
tan h0

: ð15Þ

The shear stress s at point A on the shear bands can be
expressed as (see Fig. 4)

s ¼ KArvA tanu; ð16Þ
where KA is the ratio of horizontal stress to vertical stress
at the shear bands and rvA = the vertical stress at the shear
bands. Since rvA = mArav (Eq. (15)), the shear stress on the
shear bands can be obtained:

s ¼ KAmArav tanu: ð17Þ
Therefore, the horizontal pressure coefficient on the

shear bands can be expressed as:

K l ¼ KAmA: ð18Þ
By substituting Eq. (5) and Eq. (15) into Eq. (18), it can

be rewritten as

K l ¼ cos2h0 þ Kasin
2h0

1þ Ka�1ð Þh0
tan h0

: ð19Þ

Figure 5 illustrates the relationship between horizontal
pressure coefficient Kl and friction angle u under different
literatures. With the increase of u, the Kl obtained from
the proposed analytical model decreases nonlinearly, which
is consistent with the results obtained by Chen et al. (2015),
Kirsch and Kolymbas (2005), Handy (1985) and Marston
(1930). It is worth noting that the difference between the
proposed analytical model and Chen’s model is that
Chen et al. (2015) assumed that the trajectory of principal
stress is an upward convex arc, while the proposed analyt-
ical model assumed a parabola.
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2.2.3 Height of friction arch H3

During the pipe jacking, due to the effect of overcut, the
soil above the jacked pipe deforms into the annular space
and the shear bands are formed. Thus, the height of shear
bands is closely related to the volume of annular space (Lin
et al., 2022a; Zhang et al., 2016b). For simplicity, it is sup-
posed that the annular space caused by overcut is fully
compensated by the soils from the failure zone. For the
transition model 2 and deep buried model 2 shown in
Fig. 2(b-2) and (c-2), it is necessary to determine the height
of friction arch H3 based on the ground loss caused by pipe
jacking construction. In the case of transition model 2 and
deep buried model 2, the parabola-typed collapse has been
completely formed, and the height of parabola-typed col-
lapse H2 can be determined by Eq. (8). Thus, the failure
zone is composed of parabola-typed collapse, rectangle
and two spaces between arc and rectangle, as shown in
Fig. 6.

The volume of each zone can be obtained:

V 1 ¼ B2 tan h0
6

; ð20Þ

V 2 ¼ BH 3; ð21Þ

V 3 ¼ B2

2
� p

8
B2; ð22Þ

V L ¼ p
4

B2 � D2
� �

: ð23Þ

The volume V of the failure zone is:

V ¼ B2

6
tan h0 þ BH 3 þ B2

2
� p

8
B2: ð24Þ

The soil volume bulking factor a is defined as the ratio
of volume increment to initial volume, which is determined
by O’Rourke et al. (1991). At the same time, O’Rourke
et al. (1991) also pointed that the a of sand and gravels is
0.1–0.18, while that of silt and clay is 0.18–0.4. However,
by summarizing a large number of trapdoor tests, Lin
et al. (2022a) supposed that for loose or medium dense
sand, a is less than 0.08, and for dense sand, a is in between
0.1–0.24. In addition, Lin et al. (2022a) pointed that labo-
ratory tests should be conducted to obtain more accurate a
if necessary.

Thus, the a can be written as:

a ¼ V L

V
: ð25Þ

Substituting Eq. (23) and Eq. (24) into Eq. (25), it can be
obtained:

p
4

B2 � D2
� � ¼ a

B2

6
tan h0 þ BH 3 þ B2

2
� p

8
B2

� 	
: ð26Þ

It is taken as g = x/D, and the Eq. (26) can be rewritten
as

H 3

D
¼ p g2 þ 2gð Þ

4a gþ 1ð Þ þ gþ 1ð Þ p
8
� tan h0

6
� 1

2

� 	
: ð27Þ

It can be seen from Eq. (27) that the height H3 of shear
bands can be solved by determining the parameters a, x
and u. Figures 7 and 8 show the relationship between
H3/D and the soil volume bulking factors a under different
parameters respectively. The height of shear bands
decreases with the increase of a and u. Compared with
the u, the a has a greater influence on H3/D. In contrast,
H3/D increases with the increase of g.
2.2.4 Height of parabola-typed collapse H2

From the transition model 1 and deep buried model 1
shown in Fig. 2(b-1) and (c-1), it can be seen that when
the ground loss caused by pipe jacking construction is
small, only the partial parabola-typed collapse is formed
above the jacked pipe, and the height of partial parabola-
typed collapse H2 needs to be determined, as shown in
Fig. 9. The angle between the arch foot of the fracture sur-
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face and the horizontal direction is defined as n. The vol-
ume V1 of partial parabola-typed collapse is:

V 1 ¼ B2 tan n
6

: ð28Þ

By combining Eqs. (28) and (22), the volume V of the
failure zone can be obtained as

V ¼ B2

6
tan nþ B2

2
� p

8
B2: ð29Þ

Substituting Eqs. (23) and (29) into Eq. (25), it can be
obtained:

p
4

B2 � D2
� � ¼ a

B2

6
tan nþ B2

2
� p

8
B2

� 	
: ð30Þ

Take g = x/D, Eq. (30) can be rewritten as:
n ¼ arctan
3p g2 þ 2gð Þ

2a g2 þ 2gþ 1ð Þ � 3þ 3

4
p

� �
: ð31Þ

Therefore, the height of partial parabola-typed collapse
H2 can be expressed as:

H 2 ¼ B tan n
4

: ð32Þ
2.2.5 Height of parabolic soil arching zone H1

Lai et al. (2018) indicated that there is a certain height of
load-transfer zone above the failure zone, and this height
can be taken as 0.4 times the width of the trapdoor in
the deep buried state, as shown in Fig. 1(c). The parabolic
soil arching of the proposed analytical model is similar to
the load-transfer zone. Therefore, according to the research
of Lai et al. (2018), the height of parabolic soil arching
zone also can be assumed as 0.4 times the width of failure
zone.

H 1 ¼ 0:4B ð33Þ
For the model given in Fig. 2, there are five conditions:

(1) When C �H2 �H3 � 0,H1 = 0. The jacked pipe is in
shallow buried model (see Fig. 2(a)).

(2) When 0＜C � H2＜0.4B, H1 = C � H2 and H3 =
0. The jacked pipe is in transition model 1 (see

Fig. 2(b-1)).
(3) When 0＜C � H2 � H3＜0.4B, H1 = C � H2 � H3.

The jacked pipe is in transition model 2 (see
Fig. 2(b-2)).

(4) When C � H2 � 0.4B, H1 = 0.4B and H3 = 0. The
jacked pipe is in deep buried model 1 (see Fig. 2(c-1)).

(5) When C � H2 � H3 � 0.4B, H1 = 0.4B. The jacked
pipe is in deep buried zone (see Fig. 2(c-2)).
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3 Calculation method

3.1 Parabolic soil arching zone

According to the above description, the parabolic soil
arching zone can transfer part of the undisturbed soil load
to the parabolic-typed collapse and the other part to the
stable soil. Lin et al. (2022a) and Chen et al. (2019)
assumed that the soil arching above the failure zone is an
equal thickness semicircle and proposed corresponding cal-
culation method. Moreover, Wan et al. (2019) supposed
that the soil arching above the failure zone is a parabola
and given the corresponding calculation method by the
characteristics of structural arch. However, the transition
effect of soil arching above the failure zone is ignored in
above models. As the connection between undisturbed
zone and failure zone, the variation of horizontal pressure
coefficient and principal stress deflection angle in the soil
arching zone should be continuous. On this basis, it is
assumed that the horizontal pressure coefficient and princi-
pal stress deflection angle change linearly in the parabolic
soil arching. Further, a new load-transfer calculation
method considering the continuity of principal stress
deflection angle and horizontal pressure coefficient is pro-
posed in parabolic soil arching zone.

The distribution of horizontal pressure coefficient and
principal stress deflection angle under different model is
shown in Fig. 10. K0 is the static earth pressure coefficient,
and the expression is:

K0 ¼ 1� sinu: ð34Þ
3.1.1 Calculation method in transition model 1

When the jacked pipe is in transition model 1, the angle
between the arch foot of the fracture surface and the hori-
zontal direction n and the height of parabola-typed col-
lapse H2 can be calculated according to Eqs. (31) and
(32), respectively. Based on the assumption (2) in Sec-
tion 2.1, it also can be considered that the principal stress
deflection angle at the bottom of the parabolic soil arching
zone is n. Besides, it can be seen from Eq. (19) that the hor-
izontal pressure coefficient is related to the principal stress
deflection angle. Therefore, the lateral pressure coefficient
at the bottom of the parabolic soil arching zone can be
obtained by replacing h0 with n in Eq. (19). It can be
expressed as:

KPl ¼ cos2nþ Kasin
2n

1þ Ka�1ð Þn
tan n

: ð35Þ

The horizontal pressure coefficient KT0�1 and principal
stress deflection angle nT0 at the top of parabolic soil arch-
ing are:

KT0�1 ¼ K0 þ KPl � K0

H 1 þ H 2

H 1 þ H 2 � Cð Þ: ð36Þ
nT0 ¼
n
H 1

H 1 þ H 2 � Cð Þ: ð37Þ

The parabolic soil arching zone can be divided into n

parts, and the height of each soil arching at centerline is
(C � H2)/n. The mechanical analysis of the ith part is car-
ried out, as shown in Fig. 10(a). The load transferred from
the (i � 1)-th part is qT(i�1)�1, and the load transferred to
the (i + 1)th part is qTi�1. The load acting on the
parabola-typed collapse is qTn�1(qS). The horizontal pres-
sure coefficient and principal stress deflection angle of each
part is taken as the average value within the height range.
Thus, the average value of horizontal pressure coefficient
KTai-1 and principal stress deflection angle nTai�1 of the
ith soil arching are:

KTai�1 ¼ KT0�1 þ ðKPl � KT0�1Þ C � H 2ð Þ 2i� 1ð Þ
2nC

þ BðKPl � KT0�1Þ
8C

tan nT0 þ
i nT � nT0ð Þ

n

� 	�

þ tan nT0 þ
ði� 1Þ n� nT0ð Þ

n

� 	
� 2 tan nT0

�
; ð38Þ

nTai�1 ¼ nT0 þ
n� nT0

2n
2i� 1ð Þ: ð39Þ

By integrating the volume of the ith part, the self-weight
qTGi-1 of each part can be obtained:

qTGi�1 ¼
C � H 2

n
cþ Bc

12
tan nT0 þ

i n� nT0ð Þ
n

� 	�

� tan nT0 þ
i� 1ð Þ n� nT0ð Þ

n

� 	�
; ð40Þ

where c is the unit weight of soil.
The horizontal thrust of the arch foot in the ith part can

be obtained:

F Ti�1 ¼ qT i�1ð Þ�1 þ qTGi�1

� �
KTai�1LTi�1; ð41Þ

where LTi�1 is the length of ith part arch foot, and the
expression is:

LTi�1 ¼ C � H 2

n
þ B

4
tan nT0 þ

i n� nT0ð Þ
n

� 	�

� tan nT0 þ
i� 1ð Þ n� nT0ð Þ

n

� 	�
: ð42Þ

Since the parabolic soil arching is regarded as a three-
hinged arch with reasonable arch axis (assumption (4) in
Section 2.1), according to the characteristics of the
three-hinged arch structure, the relationship among the
load qTGi-1, load qT(i�1)�1, the load qTi�1 and the FTi�1 is:

F Ti�1 ¼
qT i�1ð Þ�1 þ qTGi�1 � qTi�1

� �
B2

8f Tai�1

: ð43Þ

By substituting Eq. (41) into Eq. (43), it can be obtained:



Fig. 10. The load-transfer model. (a) Transition model 1, (b) transition model 2, (c) deep buried model 1, and (d) deep buried model 2.
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qT i�1ð Þ�1 þ qTGi�1 � qTi�1

¼ 8F Ti�1f Tai�1

B2
¼

8 qT i�1ð Þ�1 þ qTGi�1

� �
KTai�1LTi�1f Tai�1

B2
;

ð44Þ
where fTai-1 is the average arch height of the ith part, and
can be written as

f Tai�1 ¼
B tan nTai�1

4
: ð45Þ

The Eq. (44) is simplified as

qTi�1 ¼ qT i�1ð Þ�1 þ qTGi�1

� �
1� 8KTai�1LTi�1f Tai�1

B2

� 	
:

ð46Þ
The boundary condition is: qT0�1 = 0 when i = 1. The

load qS can be obtained by solving the parabolic soil arch-
ing from top to bottom. Thus, the general equation is:

qS ¼ qTn�1 ¼ qTG1�1

Qn
i¼1

ð1� 2KTai�1 tan nTai�1LTi�1

B Þ þ qTG2�1

Qn
i¼2

ð1� 2KTai�1 tan nTai�1LTi�1

B Þþ

. . .þ qTGn�1

Qn
i¼n

ð1� 2KTai�1 tan nTai�1LTi�1

B Þ;

ð47Þ
where KTai�1, nTai�1 and LTi�1 are determined by Eqs. (38),
(39) and (42), respectively.

3.1.2 Calculation method in transition model 2
Similar to the transition model 1, the analytical method

in transition model 2 also needs to be solved from top to
bottom (see Fig. 10(b)). However, due to the existence of
friction arch zone, a series of variation will occur in the
analytical equation, which is described in detail below.
When the jacked pipe is in transition model 2, the hori-
zontal pressure coefficient and principal stress deflection
angle at the top of parabolic soil arching are:

KT0�2 ¼ K0 þ K l � K0

H 1 þ H 2

H 1 þ H 2 þ H 3 � Cð Þ; ð48Þ

hT0 ¼ h0
H 1

H 1 þ H 2 þ H 3 � Cð Þ: ð49Þ

The parabolic soil arching zone also can be divided into
n parts, and the height of each soil arching at centerline is
(C � H2 � H3)/n. The mechanical analysis of the ith part is
carried out, as shown in Fig. 10(b). The average value of
horizontal pressure coefficient KTai�2 and principal stress
deflection angle hTai�2 of the ith soil arching are:

KTai�2 ¼ KT0�2 þ ðK l � KT0�2Þ C � H 2 � H 3ð Þ 2i� 1ð Þ
2nðC � H 3Þ

þ BðK l � KT0�2Þ
8ðC � H 3Þ tan hT0 þ i h0 � hT0ð Þ

n

� 	�

þ tan hT0 þ ði� 1Þ h0 � hT0ð Þ
n

� 	
� 2 tan hT0

�
; ð50Þ

hTai�2 ¼ hT0 þ h0 � hT0
2n

2i� 1ð Þ: ð51Þ

The self-weight qTGi�2 of each part can be obtained:

qTGi�2 ¼
C � H 2 � H 3

n
cþ Bc

12
tan hT0 þ i h0 � hT0ð Þ

n

� 	�

� tan hT0 þ i� 1ð Þ h0 � hT0ð Þ
n

� 	�
: ð52Þ

The expressions for the length of arch foot LTi-2 and the
average arch height fTai�2 in the ith part are:
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LTi�2 ¼ C � H 2 � H 3

n
þ B

4
tan hT0 þ i h0 � hT0ð Þ

n

� 	�

� tan hT0 þ i� 1ð Þ h0 � hT0ð Þ
n

� 	�
; ð53Þ

f Tai�2 ¼
B tan hTai�2

4
: ð54Þ

According to the characteristics of the three-hinged arch
structure, it can be obtained:

qTi�2 ¼ qT i�1ð Þ�2 þ qTGi�2

� �
1� 8KTai�2LTi�2f Tai�2

B2

� 	
:

ð55Þ
The boundary condition is: qT0�2 = 0 when i = 1. Thus,

the general equation is:

qS ¼ qTn�2 ¼ qTG1�2

Qn
i¼1

ð1� 2KTai�2 tan hTai�2LTi�2

B Þ þ qTG2�2

Qn
i¼2

ð1� 2KTai�2 tan hTai�2LTi�2

B Þþ

. . .þ qTGn�2

Qn
i¼n

ð1� 2KTai�2 tan hTai�2LTi�2

B Þ;

ð56Þ
where KTai�2, hTai�2 and LTi�2 are determined by Eqs. (50),
(51) and (53), respectively.

3.1.3 Calculation method in deep buried model 1

The calculation method for deep buried model 1 is sim-
ilar to that for transition model 1. The difference between
deep buried model 1 and transition model 1 lies in the pres-
ence of undisturbed zone. The parabolic soil arching zone
is divided into n parts, and the height of each soil arching
at centerline is H1/n. The mechanical analysis of the ith
part is carried out, as shown in Fig. 10(c). The average
value of horizontal pressure coefficient Kai�1 and principal
stress deflection angle nai�1 of the ith part are:

Kai�1 ¼ K0 þ ðKPl � K0ÞH 1 2i� 1ð Þ
2nðH 1 þ H 2Þ

þ BðKPl � K0Þ
8ðH 1 þ H 2Þ tan

ði� 1Þn
n

� 	
þ tan

in
n

� 	� �
; ð57Þ

nai�1 ¼
2i� 1

2n
n: ð58Þ

The self-weight qGi-1 of each part can be obtained:

qGi�1 ¼
H 1c
n

þ Bc
12

tan
in
n

� 	
� tan

i� 1ð Þn
n

� 	� �
: ð59Þ

The expressions for the length of arch foot Li�1 and the
average arch height fai�1 in the ith part are:

Li�1 ¼ H 1

n
þ B

4
tan

in
n

� 	
� tan

i� 1ð Þn
n

� 	� �
; ð60Þ

f ai�1 ¼
B tan nai�1

4
: ð61Þ

According to the characteristics of the three-hinged arch
structure, it can be obtained:
qi�1 ¼ q i�1ð Þ�1 þ qGi�1

� �
1� 8Kai�1Li�1f ai�1

B2

� 	
: ð62Þ

The boundary condition is: q0�1 = (C � H1 � H2) c
when i = 1. Thus, the general equation is:

qS ¼ qn�1 ¼ ðq0�1 þ qG1�1Þ
Qn
i¼1

ð1� 2Kai�1 tan nai�1Li�1

B Þ þ qG2�1

Qn
i¼2

ð1� 2Kai�1 tan nai�1Li�1

B Þþ

. . .þ qGn�1

Qn
i¼n

ð1� 2Kai�1 tan nai�1Li�1

B Þ;

ð63Þ
where Kai�1, nai�1 and Li�1 are determined by Eqs. (57),
(58) and (60), respectively.

3.1.4 Calculation method in deep buried model 2

When the jacked pipe is in deep buried model 2, the
parabolic soil arching zone also can be divided into n parts,
and the height of each soil arching at centerline is H1/n.
The mechanical analysis of the ith part is carried out, as
shown in Fig. 10(d). The average value of horizontal pres-
sure coefficient Kai�2 and principal stress deflection angle
hai�2 of the ith part are:

Kai�2 ¼ K0 þ ðK l � K0ÞH 1 2i� 1ð Þ
2nðH 1 þ H 2Þ

þ BðK l � K0Þ
8ðH 1 þ H 2Þ tan

ði� 1Þh0
n

� 	
þ tan

ih0
n

� 	� �

ð64Þ

hai�2 ¼ 2i� 1

2n
h0: ð65Þ

The self-weight qGi�2 of each part can be obtained:

qGi�2 ¼
H 1c
n

þ Bc
12

tan
ih0
n

� 	
� tan

i� 1ð Þh0
n

� 	� �
: ð66Þ

The expressions for the length of arch foot Li�2 and the
average arch height fai�2 in the ith part are:

Li�2 ¼ H 1

n
þ B

4
tan

ih0
n

� 	
� tan

i� 1ð Þh0
n

� 	� �
; ð67Þ

f ai�2 ¼
B tan hai�2

4
: ð68Þ

According to the characteristics of the three-hinged arch
structure, it can be obtained:

qi�2 ¼ q i�1ð Þ�2 þ qGi�2

� �
1� 8Kai�1Li�1f ai�1

B2

� 	
: ð69Þ

The boundary condition is: q0�2 = (C � H1 � H2 � H3)
c when i = 1. Thus, the general equation is:

qS ¼ qn�2 ¼ ðq0�2 þ qG1�2Þ
Qn
i¼1

ð1� 2Kai�2 tan hai�2Li�2

B Þ þ qG2�2

Qn
i¼2

ð1� 2Kai�2 tan hai�2Li�2

B Þþ

. . .þ qGn�2

Qn
i¼n

ð1� 2Kai�2 tan hai�2Li�2

B Þ;

ð70Þ

where Kai�2, hai�2 and Li�2 are determined by Eqs. (64),
(65) and (67), respectively.
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Fig. 12. The entire calculation processes.
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3.2 Failure zone

Since there is only obvious vertical displacement in the
failure zone, it can be considered that there is no friction
between the failure zone and the parabolic soil arching
(Zhang et al., 2015, 2022; Wan et al., 2019; Li et al.,
2020; Engesser, 1882). That is to say, the parabola-typed
collapse acts directly on the friction arch zone with its
self-weight stress.

3.2.1 Transition model 1 and deep buried model 1

When the jacked pipe is in transition model 1 or deep
buried model 1, the self-weight of parabola-typed collapse
WP is:

W P ¼ B2 tan n
6

c: ð71Þ

The average vertical load qF on the jacked pipe can be
obtained:

qF ¼ qS þ
B2 tan n

6
c

B
¼ qS þ

B tan n
6

c: ð72Þ
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Fig. 13. The influence of parameter n. (a) Cover-depth ratio C/D, and (b)
the internal friction angle u of soil.
3.2.2 Shallow buried model, transition model 2 and deep

buried model 2

When the jacked pipe is in transition model 2 or deep
buried model 2, the self-weight WP is:

W P ¼ B2 tan h0
6

c: ð73Þ

The load acting on the top of the friction arch qP can be
expressed as:

qP ¼ qS þ
B2 tan h0

6
c

B
¼ qS þ

Bc tan h0
6

; ð74Þ

where qS is determined by Eqs. (47), (56), (63) and (70).
By taking the element with any depth as the analysis

object, the equation can be obtained based on the equilib-
rium conditions (see Fig. 11):

drav

dz
þ 2K l tanu

B
rav ¼ c; ð75Þ

where rav is the vertical stress, z is the depth from the top
of the friction arch. According to the boundary conditions
(z = 0, rav = qS), it can be obtained:

rav ¼ cB
2K l tanu

1� e�
2Kl tanu

B z
� �

þ qSe
�2Kl tanu

B z: ð76Þ

When z = H3, the average vertical load qF on the jacked
pipe can be obtained:

qF ¼ cB
2K l tanu

1� e�
2Kl tanu

B H3

� �
þ qSe

�2Kl tanu
B H3 : ð77Þ

It should be noted that when the jacked pipe is in shal-
low buried model, the parabolic soil arching zone and
parabola-typed collapse zone disappear. In this case, the
average vertical load qF acting on the jacked pipe is:
qF ¼ cB
2K l tanu

1� e�
2Kl tanu

B C
� �

: ð78Þ
3.3 Calculation procedures

Based on the above description, the entire calculation
processes under different cases are shown in Fig. 12.

4 Model validation

4.1 Determination of parameter n

In the proposed analytical model, the value of parame-
ter n has a great influence on the load qp. To take a reason-
able value of n, the influence of parameter n on load qp is
analyzed in detail, as shown in Fig. 13. It is shown that
the load qp remains almost unchanged when n � 80.
Namely, the influence of parameter n on the load qp can
be ignored when n � 80. Thus, n is taken as 100 in the fol-
lowing analysis.

4.2 Comparison with trapdoor model tests

Zhu et al. (2012) carried out many trapdoor tests to
research the soil-geosynthetics interaction in the landfill
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Table 1
Basic parameters in the proposed analytical model.

References c (kN/m3) u(�) c(kPa) D(m) a C/D

Franza et al. (2019) and Lin et al. (2022a) 20 38.5 0 3.2 0.05 1.3, 2, 2.4, 4.4, 6.3
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under local settlement. In the model tests, the weight of the
selected sand was 14 kN/m3 and the internal friction angle
was 37�. The size of the model box was 1.2 m
(length) � 1 m (width) � 2 m (height). The width of trap-
door was 0.2 m, and the height of sand was set as 0.4, 0.8
and 1.6 m, respectively. Therefore, the ratios of fill height
to trapdoor width were 2, 4 and 8, respectively. Three pres-
sure sensors were set in the center of the trapdoor to mon-
itor the vertical load during the test, and the average value
was taken as the final result. More details about this model
tests can be found in the work by Zhu et al. (2012).

It should be noted that the average vertical load acting
on the trapdoor is calculated by Eqs. (72), (77) and (78),
while the vertical load in the center of the trapdoor is mon-
itored in the model tests. In order to match the calculation
results of the proposed analytical model with the model
tests, the expression of vertical load acting on different
positions on the trapdoor are given as follows.

The expression of the vertical stress distribution coeffi-
cient m has been given in Eq. (15). The relationship
between the h and x of any point on the major principal
stress arch is (see Fig. 4):
cos2h ¼ B2

4tan2h0x2 þ B2
; ð79Þ

sin2h ¼ 4tan2h0x2

4tan2h0x2 þ B2
: ð80Þ

By substituting Eqs. (79) and (80) into Eq. (15), it can be
obtained:

m ¼ rv

rav

¼ 4tan2h0x2 þ KaB2
� �

tan h0
4tan2h0x2 þ B2
� �

tan h0 þ Ka � 1ð Þh0½ � : ð81Þ

Therefore, the expression of vertical stress at any posi-
tion on the jacked pipe is:

rv ¼
4tan2h0x2 þ KaB2
� �

tan h0
4tan2h0x2 þ B2
� �

tan h0 þ Ka � 1ð Þh0½ � rav: ð82Þ

It is worth noting that when the jacked pipe is in transi-
tion model 1 and deep buried model 1, the expression of
vertical stress at any position can be solved by simply
replacing h0 with n in Eq. (82).

Figure 14 shows the comparison of normalized vertical
load in the center of trapdoor obtained from the proposed
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analytical model and model tests. The normalized displace-
ment d is defined as the vertical displacement of the trap-
door divided by the width of the trapdoor. Since the soil
volume bulking factor a of the sand used was not given
in the tests of Zhu et al. (2012), based on the suggestions
of Zhang et al. (2016b) and Lin et al. (2022a), the parame-
ter a of the soil were taken as 0.05, 0.1 and 0.15, respec-
tively. It is shown that with the increase of the
normalized displacement, the vertical load on the center
line of the trapdoor decreases rapidly, and then tends to
converge, showing a nonlinear decreasing trend. The pro-
posed analytical model results of the vertical load in the
center of the trapdoor are consistent with the model test,
which verifies the proposed analytical model in this paper.
4.3 Comparison with centrifuge model tests

Franza et al. (2019) conducted a series of centrifuge
model tests to research the average vertical load acting
on the tunnel under different tunnel volume loss using
dry silica sand. The conditions with cover-depth ratio C/
D of 1.3, 2.0, 2.4, 4.4 and 6.3 are set, respectively. Accord-
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Fig. 16. 2D numerical model.

Table 3
The parameters in numerical model.

Material Sand Tunnel lining

Material model M�C Linear elastic
Unit weight, c (kN/m3) 20 25
Cohesion, c (kPa) 0 –
Friction angle, u (�) 30 –
Elastic modulus, E (MPa) 24 31 500
Poisson’s ratio, m 0.33 0.2
Shield contraction – 8%
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ing to the recommendation of Lin et al. (2022a), the param-
eters of the centrifuge model tests are reasonably deter-
mined, as shown in Table 1.

The tunnel volume loss rate Vl,t is defined as the volume
of the annular space caused by overcut divided by the vol-
ume of the tunnel, and the expression is:

V l;t ¼
p
4
B2 � D2
� �

p
4
D2

¼ B2 � D2

D2
: ð83Þ

By substituting Eq. (1) and g = x/D into Eq. (83), the
expression of Eq. (83) can be obtained:

V l;t ¼ g2 þ 2g: ð84Þ
Figure 15 depicts the comparison of the normalized

average vertical load rav/(cC) acting on the tunnel under
different buried depths obtained from the centrifuge model
tests, the proposed analytical model and the existing the-
ory. It is shown that the normalized average vertical load
rav/(cC) decreases nonlinearly with the increase of tunnel
volume loss Vl,t. With the increase of buried depth, the cal-
culation results of proposed analytical model are closer to
the results of centrifuge model tests than those of Zhang’s
model (Zhang, et al., 2016b), which proves the rationality
of the proposed analytical model.

4.4 Comparison with numerical results

4.4.1 Numerical model

A finite element software, PLAXIS 2D, was used to cal-
culate the vertical load acting on the jacked pipe. A 2D
plane strain numerical model with 80 m (length) � 50 m
(height) is established, as shown in Fig. 16. In this numer-
ical model, an elastic–plastic soil material, which satisfies
the Mohr–Coulomb yield criterion, was used and the linear
elastic material is set for the tunnel lining. The parameter
Table 2
The parameters in proposed analytical model.

Parameter c (kN/m3) u(�) c(kPa) D(m)

Values 20 30 0 3.07
value of the proposed analytical model and numerical
model are shown in Tables 2 and 3, respectively. The con-
traction of shield in the software was adopted to simulate
the tunnel volume loss in the process of pipe jacking. The
literature of Lin et al. (2019a, 2019b) and Chen et al.
(2016) can be referenced to obtain a detailed simulation
process.

4.4.2 Numerical results

The comparison of the normalized vertical load acting
on the jacked pipe obtained from the proposed analytical
model, numerical simulation and existing theories is given
in Fig. 17. After calculation, it is shown that the four cases
given in Table 2 are all in the deep buried model 2. Thus,
the formula given in Sections 3.1.4 and 3.2.2 is used to cal-
culate the vertical load qF action on the jacked pipe. It is
shown that the calculated results of the proposed analytical
model are close to the numerical results. The normalized
vertical load is the minimum at the centerline of the failure
zone, and increases nonlinearly with the increase of the dis-
tance from the centerline of the failure zone. However, in
the model of Terzaghi (1943) and Zhang, et al. (2016b),
because the deflection of the principal stress in the failure
zone is not considered, only the normalized average vertical
load can be obtained.

Figure 18 depicts the comparison between the proposed
analytical model results and numerical results in vertical
deformation, shear bands, and failure zones under case
C/D = 6. The numerical results indicate that there is signif-
icant vertical deformation of the soil within the failure zone
provided by the proposed analytical model, while the verti-
cal deformation of the soil above the failure zone rapidly
decreases (see Fig. 18(a)). Meanwhile, the deformation
curves of soil at different heights also exhibit a parabolic
shape, which is consistent with the assumption of the shape
of the fracture surface in the proposed analytical model.
However, the shear bands and failure zone cannot be
obtained solely through vertical deformation of the soil.
In numerical models, the propagation path of shear bands
can be reflected through soil shear strain. The shear band
x(m) a g Vl,t C/D

0.13 0.05 0.042 3 0.086 3, 4, 5, 6
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Fig. 17. Comparison of the normalized vertical load distribution of the proposed analytical model with those from the numerical simulations and the
existing approach.
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obtained from numerical simulation extends diagonally
upwards from the arch foot of the jacked pipe, and the dis-
tance between the shear bands gradually increases, which is
consistent with the simulation results of Lin et al. (2019b).
The height of the shear band obtained from numerical sim-
ulation is similar to that of the proposed analytical model
(see Fig. 18(b)). Based on the numerical simulation results,
Lin et al. (2022a) suggested that during the construction of
the theoretical model, the shear band above the jacked pipe
can be simplified as a vertical straight line for the conve-
nience of analysis. As for failure zone, Lin et al. (2019b)
pointed that the failure zone can be reflected through soil
porosity ratio. Due to the occurrence of soil expansion in
the failure zone, the porosity ratio of the failure zone is lar-
ger than that of other zones. The height and range of the
failure zone obtained by the numerical model are slightly
larger than those of the proposed analytical model (see
Fig. 18(c)). On the whole, the failure zone calculated by
the proposed analysis model is consistent with the numer-
ical results.

Combined with the descriptions in Sections 4.2 and 4.3,
it can be seen that the calculation results of the proposed
analytical model can well predict the average vertical load
and the distribution form of vertical load acting on the
jacked pipe, and the effectiveness of the proposed analytical
model has been further verified.
5 Parameter analysis

5.1 Influence of cover-depth ratio C/D

The relationship between normalized average vertical
load rav/(cC) and cover-depth ratio C/D under different
internal friction angles u is shown in Fig. 19. The normal-
ized average vertical load decreases nonlinearly with the
increase of depth diameter ratio, and the reduction rate
also decreases.

5.2 Influence of internal friction angles u

Figure 20 shows the relationship between normalized
average vertical load rav/(cC) and internal friction angles
u. When the depth diameter ratio C/D remains unchanged,
with the increase of u, the normalized average vertical load
decreases first and then increases, and the symmetry axis is
about 35�. The reasons for this phenomenon are analyzed
as follows.

(1) On the one hand, with the increase of u, the self-
weight load of parabola-typed collapse gradually
increases according to the Eqs. (72) and (74); On
the other hand, the horizontal pressure coefficient
Kl in the failure zone gradually decreases (see
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Fig. 5), resulting in the reduction of the horizontal
pressure coefficient in the parabolic soil arching zone.
The bearing capacity of soil arching effect is further
weakened. In other words, the load qP acting on the
top of the friction arch increases with the increase
of u.

(2) Because the load qP acting on the friction arch can be
transferred to the stable soil through the friction in
the shear bands, the friction in the shear bands has
an obvious positive effect on reducing the normalized
average vertical load rav/(cC). It is shown from Eq.
(78) that when the width B of the failure zone remains
unchanged, the normalized average vertical load rav/
(cC) is related to the values of parameters Kl, u and
H3. Figures 21 and 22 show the variation curves of
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normalized height of shear bands H3/D and Kltanu
under different internal friction angles u. With the
increase of u, the normalized height of shear bands
H3/D decreases gradually, but Kltanu increases first
and then decreases.

According to the above description, under the combined
action of the horizontal pressure coefficient Kl in the failure
zone, the height of the shear bands H3 and the self-weight
of the parabola-typed collapse WP, the normalized average
vertical load rav/(cC) first increases and then decreases with
the increase of u.
5.3 Influence of soil volume bulking factor a

Figure 23 illustrates the relationship between the nor-
malized average vertical load rav/(cC) and the a under dif-
ferent cover-depth ratio C/D. With the increase of a, the
normalized average vertical load increases gradually, but
the reduction rate decreases. According to the Eq. (27),
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the height of shear bands H3 decreases with the increase
of a, which reduces the ability to transfer the load acting
on the friction arch to the stable soil.
6 Conclusion

In this study, a new parabolic soil arching model is pro-
posed to calculate the vertical load on the jacked pipe in
cohesionless soil under different buried depth. Moreover,
the influence of key parameters on the vertical load acting
on jacked pipe were also discussed in detail. The conclu-
sions can be summarized.

(1) Based on the type and response of soil arching under
different cases, the state of jacked pipe can be summa-
rized as shallow buried model, transition model 1,
transition model 2, deep buried model 1 and deep
buried model 2. The proposed analytical model is
composed of parabolic soil arching zone, parabola-
typed collapse zone and friction arch zone.

(2) By assuming that the trajectory of principal stress is a
parabola in the failure zone, the calculation formula
of horizontal pressure coefficient Kl was derived.
Besides, considering the influence of internal friction
angle u, ground loss and soil volume bulking factor
a, the calculation formula for the height of shear
bands was deduced.

(3) Considering the continuity of horizontal pressure
coefficient and principal stress deflection angle, the
load transfer path of parabolic soil arching zone is
described in detail and the corresponding calculation
method is proposed. This calculation method was
verified by comparing with the existing literatures
and numerical model.

(4) The parameter analysis shows that the key parame-
ters, including cover-depth ratio C/D, the internal
friction angle u of soil, the soil volume bulking factor
a, have significant effects on the vertical load acting
on the jacked pipe.
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