Hindawi

Shock and Vibration

Volume 2020, Article ID 8877016, 12 pages
https://doi.org/10.1155/2020/8877016

Research Article

Hindawi

Calculation of the Vertical Strata Load of Utility Tunnel Crossing

Ground Fissure Zone

Dan Zhang,' Zhiping Hu ®,"? Ganggang Lu,' Rui Wang,' and Xiang Ren'

!School of Civil Engineering, Chang’an University, Xi’an 710061, China
’Institute of Underground Structure and Engineering, Chang’an University, Xi'an 710061, China

Correspondence should be addressed to Zhiping Hu; huzhping@chd.edu.cn

Received 22 July 2020; Revised 16 November 2020; Accepted 25 November 2020; Published 8 December 2020

Academic Editor: Junyan Yi

Copyright © 2020 Dan Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A ground fissure is a geological disaster in which the vertical dislocation of strata causes surface rupture. Ground fissures can cause
extreme harm to the surface and underground buildings. Ground fissure activity can result in different settlement on the two sides
of the strata, which will generate additional stress (pressure) that differs from the stress of the general stratum on underground
structures across the ground fissure zone. It is essential to assess the effective stress of strata in the design of underground
engineering structures across a ground fissure zone. The Xi’an ground fissure through a utility tunnel was focus of the research,
and a physical model and data for oblique crossing of the 45° ground fissure were analyzed. A model of the utility tunnel structure
was established, including the surrounding soil load as an active ground fissure environment. This model was used to calculate the
vertical formation pressure of the overlying soil on the utility tunnel. A method to calculate the overlying load on the utility tunnel
caused by ground fissure activity was proposed and compared with the calculation based on the A. Marston principle. The results
showed that the ground fissure load calculation method based on the strata-holding effect can effectively calculate the earth
pressure of the surrounding soil layer of the utility tunnel in the cross-ground fissure section. The results of this work provide
guidance and reference value for the design of a utility tunnel in an area with the potential for a ground fissure.

1. Introduction

Ground fissures are serious geological hazards and have
occurred in many parts of the world, including the United
States, China, Australia, and many African countries.
Ground fissures were first reported in China in the 1950s and
can cause damage to roads, buildings, and pipelines [1-9]. In
Shandong, Anhui, Jiangsu, Shanxi, Shaanxi, and Henan
provinces, ground fissures are important considerations in
city planning, with many ground fissures active in these
regions [10-21].

Ground fissures arise from the development of fault
structure and the excessive exploitation of groundwater
[7, 13, 18]. Since the 1950s, excessive extraction of
groundwater has contributed to 14 ground fissures in Xi’an
[3, 16]. The emergence of ground fissure zones has caused
the destruction of many surface buildings and underground
construction facilities, resulting in billions of direct

economic losses in Xi’an. Existing ground fissures continue
to develop and new ground fissures form, seriously
restricting urban construction planning for the effective use
of the land in Xi’an and presenting a significant safety hazard
for urban construction [16, 22-24]. The general trend of the
Xi’an ground fissure is EN65°~EN85° [25]. Unlike surface
buildings or structures, a utility tunnel is a long linear
structure, which must sometimes cross an active ground
fissure but still meet the requirements of structural safety
after completion. The layout of the Xi’an utility tunnel and
the shape of the ground fissure are presented in Figure 1.
Previous research on ground fissures focused on field
investigation, evaluation, monitoring, physical model tests,
and theoretical simulations. When designing the structure of
a utility tunnel that must cross a ground fissure, as with
subway tunnels, the ground load is typically calculated
according to the design specifications and with consider-
ation of the weight of all soil columns above the cross
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FIGUure 1: Xi’an underground utility tunnel and ground fissure map.

section. However, this consideration may not be sufficient to
describe the actual stress on a tunnel crossing a ground
fissure. Huang Qiangbing et al. used a model test and de-
termined that ground fissure activity significantly increased
vertical load on the top of the tunnel in the hanging wall area
and decreased load in the foot wall area [26]. Kailing et al.
obtained similar results through physical model tests [27].
Yuxiang et al. studied the vertical earth pressure of subway
tunnels under normal working conditions (nonground fis-
sure section), but they did not estimate the additional load
caused by ground fissures [28-30]. This study analyzed
physical model test results of a utility tunnel in a ground
fissure environment to establish a vertical load calculation
model of a utility tunnel under a ground fissure environ-
ment. This method provides a reference for utility tunnel
design in a ground fissure zone.

2. Xi’an Ground Fissure Activity

Ground fissures in Xi’an generally exhibit normal fault-type
peristaltic movement, where the hanging wall always slides
relative to the foot wall and the vertical displacement results
in unidirectional accumulation. The activity profile char-
acteristics of the ground fissure zone in the study area are
shown in Figure 2. The overall ground fissure tends to the
south, and the dip angle is steep, generally above 70" [31].

The ground fissure zone has the basic characteristics of
three-dimensional spatial movement, including vertical
displacement, horizontal displacement caused by north-
south tension, and horizontal dislocation, at a ratio of 1:
0.31:0.03 [32]. When a structure obliquely crosses a ground
fissure, the activity of the ground fissure will cause the
structure to generate three-dimensional spatial displacement
motion, with vertical, transverse, and axial displacement
components. Therefore, when a utility tunnel crosses a
ground fissure zone, the structural design does not need to
consider the effect of the tensile and torsional components of
the ground fissure but only the effect of the vertical dis-
placement of the ground fissure.

3. Load Calculation of Ground Fissure in Utility
Tunnel Structure

The model test was designed with a geometrical scale of 1:
15. The stress and deformation mechanism of an under-
ground utility tunnel caused by the displacement of a ground
fissure was simulated with one end of the utility tunnel
model placed at the foot wall and the other on the hanging
wall. The schematic diagram of the physical model is shown
in Figure 3. The foot wall was fixed, and the hanging wall was
moved relative to the foot wall to simulate ground fissure
displacement, with a self-locking jack that artificially
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FIGURre 3: Diagram of ground fissure and utility tunnel (cm). (a) Model of ground fissure and utility tunnel structure (cm). (b) Schematic
diagram of oblique crossing of ground fissure and utility tunnel structure. (c) Picture of model box and self-locking jack.



controlled the overall decline of the hanging wall. The test
device consisted of a lifting system, model box, and data
monitoring and acquisition systems. Lifting was realized by
self-locking jacks and the data monitoring system included
displacement sensors, deformation sensors, and small earth
pressure boxes.

Using the model, the ground fissure was filled with fine
sand, with an inclination of 80° and intersection with the
structural axis at 45°. The ground fissure was set from the
bottom of the model box to the bottom of the structure with
atotal depth of 1.0 m. The ground fissure movement rate was
1 cm/d (1 cm drop per day), data collected after each drop of
lcm and stabilized for 12h, with sequentially increased
drops to simulate increased ground fissure activity. The
hanging wall was displaced relative to the foot wall for
ground fissure displacement, with eight levels of settlement,
s=9, 19, 30, 40, 50, 60, 70, and 80 mm, and with the ground
fissure displacement of 1.2 m, twice the maximum value of
ground fissure settlement in this region for a century
[31, 33].

At distances of 1 and 1.4 m from the bottom of the model
box, a small earth pressure box was placed at the bottom and
top of the utility tunnel model to measure the contact earth
pressure of the surrounding soil under different displace-
ments. Changes in the earth pressure of the surrounding soil
were measured with the measurement point arrangement
shown in Figure 4.

According to the model test, there is contact earth
pressure at the top of the structure. With the increase in the
settlement of the hanging wall, the utility tunnel structure
prevents the strata from moving downward within a certain
range at the top of the structure, and soil on both sides of the
structure will drag the structure downward. This will cause
increased contact earth pressure on the hanging wall and
decreased pressure at the foot wall. In Figure 5, H is the
height of the overlying soil on the utility tunnel structure and
s is the amount of displacement of the ground fissure. There
is increased range of the hanging wall at 0.3-1.5m and
decreased range of the foot wall at 0.3-0.8 m. As shown in
Figure 5 a maximum contact earth pressure of 90 kPa was
measured at the top of the structure, at the end of the
hanging wall. The vertical earth pressure of the overlying soil
of the underground structure was 81.9 kPa according to the
conventional calculation method (see Design Specification
Load Calculation Method section). The activity of the
ground fissure changed the stress field on the top of the
structure, and the vertical load on the top of the structure
differs from the conventional ground load, resulting in
additional loads. The utility tunnel is a shallow buried
structure, and the principle of stress transmission can be
used to calculate the formation load at the top of the
structure.

The settlement deformation mode and the axial force
mode of the utility tunnel structure in the ground fracture
zone are shown in Figures 6 and 7. In the utility tunnel, the
structure located in the foot wall shows the largest defor-
mation near the ground fissure. The closer the structure is to
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the ground fissure, the larger the deformation of the utility
tunnel. The deformation is close to zero far from the ground
fissure. The influence of the movement of the soil body on
the hanging wall will cause the utility tunnel structure lo-
cated on the hanging wall to sink, and the bottom of the
utility tunnel will break away from the soil, resulting in a
void zone. The void zone of the physical model test is shown
in Figure 8. The utility tunnel structure is similar to the
overhanging beam fixed in the foot wall.

In Figure 7, g, (x) and g, (x) represent the stratum load at
the top of the structure, at the hanging and foot walls, re-
spectively. The physical model test results show that g, (x)>
q1 (x), and ¢, (x) is greater than the overburden earth
pressure o = yH. In consideration of the safety of structural
design, g, (x) is considered the ground load of the tunnel
structure across the ground fissure segment. In order to
simplify the calculation, we assume a uniform load distri-
bution on the tunnel structure in this segment.

Analysis of the force pattern of the utility tunnel
structure under ground fissure activity and classical soil
mechanics theory allows proposal of a strata-holding effect
calculation method. The accuracy of this method was next
compared with a load calculation method that is based on
the Marston principle and a calculation method of formation
load.

3.1. Ground Fissure Load Calculation Method Based on
Stratum Holding. In the activity environment of a ground
fissure, when the hanging wall falls, the stiffness of the utility
tunnel structure itself will prevent the downward movement
of the soil mass on the top within a certain range. The
surrounding soil on both sides of the utility tunnel structure
exerts a certain downward drag effect on the utility tunnel
structure. The overall load diagram of the utility tunnel
structure is shown in Figure 9. The forces acting on the
surrounding rock FEGH are the gravity W, of the stratum
soil, the holding force T; of the prism ACE and BDF acting
on FEGH on both sides of the surrounding rock, and the
reaction force P exerted by the utility tunnel structure.
Assuming uniform stress on the upper part of the utility
tunnel structure, the cross section was analyzed, as shown in
Figure 10. In Figure 10, W, is the weight of the soil FEGH;
W, is the weight of the ACE and BDF; T'is the friction along
the sliding surface; and F is the supporting force of the soil
ACE and BDF.

Considering side BFD, the force diagram is shown in
Figure 9(b). In the figure, W, is the weight of the side, and its
size is related to the fracture angle 8 of the strata.

1 1 1
W2—£X|BF|><|DF|—E)/(H+D)W. (1)
In the formula, y is the gravity of surrounding soil (kN/
m?), H is the utility tunnel depth (m), and D is the height of
the utility tunnel.
The fracture surface AD and BC are considered the back
of the retaining wall, and the soil ABCD will generate active



Shock and Vibration

30 1414, 30 70

70

¥ 100 * 70 ¥ 50 1|_30 1|_30 ¥ 50 ¥ 70 ¥ 100 ¥
FIGURE 4: Earth pressure cells layout (cm).
0.10 -
'/i Hanging wall
i I
0.08 - Intersection position |
= of utility tunnel i
% and ground fissure |
< 0.06 - !
2 i
g |
E 0.04 |- !
£ i
Eoq |
0.02 |- :l
|
000 L Foot wall
1 1 1 1 1 1 : 1 1 1 1 1

1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Longitudial distance from ground fissure (m)

FIGURE 5: Variation of top contact pressures of the utility tunnel crossing the ground fissure section (H=4.5m).

—— s=9mm
—¥— s=40mm
—»— s=70mm

—0— s=19mm
49— s=50mm
—@— 5s=80mm

—A— s=30mm
—4 s=60mm

J

Iﬁlﬁ

Foot wall

|

Hanging wall

Cross ground fissure
| section utility tunnel

FIGURE 6: Sinking model of the utility tunnel crossing ground fissure section.



q,(x)

LI

________________________________________ SAZI AN
R o O n

X
N
lo—of 2>
\
\
\
\

Shock and Vibration

< Ll » l\A LO ] < L2 »
Ll “ Ll
y Foot wall \ Hanging wall
v (NG

FIGURE 7: Load pattern of the utility tunnel crossing ground fissure section.

Void zone

()

()

FIGURE 8: Physical model test of the ground fissure section utility tunnel void zone. (a) Model test void zone. (b) Model test void zone.

=

Hanging wall

.

(a)

Figure 9: Continued



Shock and Vibration

7‘______

(®)

FIGURE 9: Calculation model of interaction between the utility tunnel and Earth in the hanging wall of ground fissure. (a) Structural overall
diagram. (b) Structural hanging wall force mode.
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FiGure 10: Calculation model of the surrounding pressure of the utility tunnel under ground fissure environment. (a) Structural disk force
mode. (b) Force diagram of BFD and FEGH.

earth pressure for AD and BC, respectively. According to the sin (B - ¢)
Coulomb earth pressure, " tan Bcos[B—(6+ )]
1
F= E(H +D)*A. (2) 1 - tan ¢ cot 8

- tan B[(cos 0 — sin O tan g)cot B + sin 6 + cos O tan @]’
(3)

In the formula,



So,
T =Fcos¢gx f. (4)

Take the friction coefficient as f=tang, then

T,

_12y(H + D)’ [1/tan B + Asin @ cos (90" — B) — A sin (45" + (¢/2))]

Shock and Vibration

T = Fsin ¢. (5)

It can be known from force balance of BFD in
Figure 9(b):

. (6)

In this formula, ¢ is the inner friction angle of sur-
rounding soil and 0 is the friction angle on both sides of the
soil at the top of the utility tunnel.

A utility tunnel structure is generally shallow and the
surrounding rock is mainly soil, so the surrounding rock
level is VI. No corresponding criterion is included in the
utility tunnel specification, but the value of 0 can be within
the range (0.3~0.5)¢ as suggested in subway specifications
[34].

1/2yH*[1/tan  + A sin ¢ cos (90" — B) — Asin (45" + (¢/2))]

sin 0

In formula (6), A is the lateral pressure coeflicient and 3 is
the rupture angle of the surrounding rock. The value of 5 can
be calculated from the theory of active earth pressure:

- 9

=45 +—.

P 2

For FEGH on the soil column at the top of the utility

tunnel structure, a force diagram was drawn, as shown in

Figure 8(b). T; is the holding force, which changes in the
following range with different construction methods:

(7)

T

sin 0 =1
(8)

_V2y(H+ D)*[1/tan 8 + Asin ¢ cos (90" — B) — Asin (45" + (¢/2))]

- sin 6 '

Take T; as
_ 1/2yH*[1/tan 8 + Asin ¢ cos (90" — B) — Asin (45" + (¢/2))] 9)
b sin 6 '

According to the equilibrium condition, the total vertical
pressure P of the surrounding rock can be obtained as
P=W, +2T,sin®.

Then, the vertical earth pressure load along the unit
length of the utility tunnel structure can be determined as

P W, +2Tsin0

I T (10)

q

3.2. Ground Fissure Load Calculation Method Based on
Marston [35] Principle. Under the activity environment of a
ground fissure, the soil mass of the hanging wall will cause
settlement. With a utility tunnel structure, the soil mass at
the top of the structure located in the hanging wall of the
ground fissure will settle more slowly than the surrounding
soil mass, and the surrounding soil mass will exert down-
ward friction on the soil mass at the top of the structure. This
kind of stress characteristic is similar to the earth pressure of
the buried pipeline studied by Marston. So Marston’s

principle of calculating the earth pressure of the buried
pipeline with ultimate equilibrium conditions can be used to
solve the vertical formation pressure or load of the utility
tunnel structure under the action of a ground fissure.

Figure 11 shows the vertical earth pressure calculation
model for the utility tunnel structure located on the hanging
wall under the action of ground fissure. According to the
Marston principle, the soil at the top of the structure on the
hanging wall is displaced relative to the surrounding soil
under ground fissure action. The sliding failure surface is in
the vertical plane aa“and bb’, and the utility tunnel structure
is buried deeply to H, and the structural cross section height
and width are D and L. When the hanging wall is lowered,
the soil showed a downward drag effect on the structure,
forming a downward shear force 7 that is equal to the shear
strength of the soil 7. The stress distribution of the dz
thickness stratum at the depth of z was analyzed, as shown in
Figure 10. The formation microelement weight force is
dW=yLdz, and the lateral earth pressure is 0;, = Ko, so
then the shear strength is 7; = ¢ + 0}, on the fracture surface
aa’ and bb".
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FiGgure 11: Calculation model of vertical earth pressure on the top of the utility tunnel in the hanging wall of ground fissure.

According to the static equilibrium of the vertical layer
microelement,

dW = Lo, +21,dz = L(0, +do,). (11)

Then,
yLdz +2(Ko,tan¢ + ¢) — Ldo, = 0. (12)

In formula (12), y is the gravity of the stratum (kN/m?); ¢
and ¢ are the cohesive force and internal friction angle of the
soil, respectively; and K is the earth pressure coefficient and
is between the active earth pressure coefficient K, and the
refined earth pressure coeflicient K,. Marston uses the active
earth pressure coefficient K,. From formula (9),

do, 2Ktan(p(7
dz L z

2c
= 13
YT (13)

Formula (13) is a first-order differential equation.
According to the boundary conditions z=0 and 0,=0, the
vertical earth pressure at the depth z can be obtained:

o M(eﬂ((zﬂ)tan? _ 1), (14)

‘ 2K tan ¢

When the buried depth of the structure is H, the vertical
earth pressure at the top of the structure can be obtained.

L 2¢/L
o = (y +(2c/L)) (ezK(H/L)tanq;_l)_

‘ 2K tan ¢ (15)

Then, the total earth pressure (load) at the top of the
structure under the action of the ground fissure is as follows:

G =ozL. (16)

3.3. Design Specification Load Calculation Method. Article
7.3.2 of the Design Standard for Urban Utility Tunnel of
Shaanxi Province (DBJ61/T 125-2106) stipulates the forces
on a structure including structural self-weight, earth pres-
sure, water pressure with constant water level, prestressing,
pipeline steady-state water weight, water weight in gravity

flow pipes, concrete shrinkage, and ground deformation.
According to standard [34], the earth pressure is a per-
manent load and can be calculated as follows.

The structure of a utility tunnel is generally considered in
terms of the weight of all soil columns on the calculated
section. The specification does not specifically include any
additional loads caused by ground fissure activities. This
method can be used to calculate the vertical earth pressure
on a utility tunnel structure as follows:

i=1
o, = Zy,-hi. (17)

In formula (13), y; is the gravity of the i-th layer of soil
(kN/m3), and for lower than groundwater level, the satu-
rated gravity density calculation should be used; h; is the
thickness of the i-th layer of soil (m). When the stratum
changes little and is more uniform, the vertical earth
pressure can also be approximated by the average gravity
multiplied by the buried depth of the pipe structure.

4. Comparison of Methods and Discussion

The buried depth of the utility tunnel is 4.5m, a shallow
buried structure, as shown in Figure 12. According to a
geological survey report, the average gravity of the inner
layer within this buried depth range is 18.2kN/m’, the
cohesive force of the stratum soil is 25 kPa, and the internal
friction angle is 24. Height L and the buried depth H of the
utility tunnel in the ground fracture section are 4.7 and
4.5m, as shown in Figure 12. The model test results were
compared with the ground fissure load calculation method
using the stratum holding effect and the calculation method
based on the Marston principle. The results are shown in
Table 1.

As shown in Table 1, the calculated value was largest
when calculated based on the Marston principle, followed by
the calculated value based on the stratum holding effect. The
design specification method does not consider any addi-
tional load caused by the ground fissure, so the calculated
value is the smallest for this model. The results for the model
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FIGURE 12: Schematic diagram of utility tunnel structure and burial depth.

TaBLE 1: Comparison of results for theoretical analysis and model test.

Vertical pressure value (kPa)

Utility tunnel buried depth Based on stratum holding  Based on the Marston Model test Design specification calculation
H/m effect principle result method
4.5 94.83 124.67 90 81.9

test and calculations based on the stratum holding effect
method are relatively close but not identical. This slight
difference may reflect gravity deviations in the model tests
and the prototype structural engineering site. The model test
and the prototype structural stress field are similar but not
identical.

As shown in Figure 11, Marston’s principle assumes that
the rupture surface on both sides of the top of the structure is
a vertical plane, which deviates from the failure situation of
the surrounding soil around the top of the structure under
actual ground fissure activity. According to the model test
results, the rupture surface of the soil is an inclined plane (as
shown in Figure 13). Based on the calculation method based
on the stratum holding effect, the fracture surface is con-
sidered as an inclined plane, with a fracture angle of 45° + °¢/
2. This more accurately reveals the actual failure mode, so the
calculation result is closer to the actual situation.

In conclusion, when there is ground fissure activity, the
vertical stratum load of a utility tunnel structure on the
hanging wall cannot be calculated using the conventional
stratum load, as the additional load caused by ground fissure
activity should be considered. Thus, the calculation method
based on the stratum holding effect should be adopted in the
design of a utility tunnel structure across a ground fissure
zone. For the foot wall of the ground fissure where the
vertical formation pressure is reduced (as shown in Fig-
ure 5), there is less vertical load at the top of the structure
than that for on an area lacking a ground fissure. To increase
design safety, the weight of all the soil columns above the
calculated section should be considered. The approach de-
scribed here allows the calculation of the vertical earth
pressure in the hanging and foot walls of a section of the
utility tunnel that crosses a ground fissure zone. Due to
changing vertical load of the structure section, variable

Sl Surface of rupture

FIGURE 13: Model test soil rupture angle.

design can be considered for a utility tunnel structure in a
region with ground fissure.

5. Conclusion

Using the results of physical model tests, a stress model for a
utility tunnel structure under the action of ground fissures
was analyzed. Through comparative analysis and discussion
of the calculation method of the vertical stratum load of the
utility tunnel structure, the following conclusions are drawn:

(1) An active ground fissure will cause additional load,
which differs from the normal stratum environment.
The additional load caused by a ground fissure
should be considered as part of the stratum load of a
utility tunnel structure in a ground fissure area.
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(2) In a ground fissure environment, compared with the
Marston principle calculation method and the
standard calculation method, the ground fissure load
calculation method based on the stratum holding
effect is more accurate and is a better way to analyze
the failure mode.
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