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Safety control of large-scale underground utility tunnels is vital for engineering
management units. The establishment of early warning indicator systems and
standards is critical for safety control. However, there is limited related research for
engineering construction, operation, and maintenance management. Numerical
analysis results of the mechanical response of the underground utility tunnel of the
Xi'an Xingfu LinDai project (the largest underground urban complex in Asia) at different
intersection angles and ground fissure displacements were obtained. The vertical surface
settlement, structural stress, fissure displacement, and contact pressure are proposed as
early warning indicators of the structure of the underground utility tunnel during the active
period of a ground fissure. The safety control values and early warning standards are given
based on the analysis of the results. The safety warning indicator system and standards
proposed in this article are concise, practical, and easy to implement. The data sample
required by this warning indicator system is small and can be obtained using conventional
monitoring sensors, which can be referenced for similar projects.

Keywords: ground fissure, underground utility tunnel, numerical analysis, early warning indicators, early warning
standard

INTRODUCTION

The Xi’an Xingfu LinDai Project is in Xi’an, Shaanxi Province, which is one of China’s “four ancient
capitals.” It is the largest underground urban complex in Asia and the largest urban forest belt project
in China. However, because the project crosses a ground fissure, which is a special geological hazard
in Xi’an, the current construction faces severe technical challenges, which seriously affects the
engineering construction, operation, and maintenance safety in underground utility tunnels. Several
studies have revealed the genesis mechanism, distribution characteristics, and active states of ground
fissures through different methods (Peng et al., 2013; Peng J. B. et al., 2016; Liu et al., 2018; Peng et al.,
2018a; Peng et al., 2018b; Lu et al., 2019; Wang et al., 2019; Xu et al., 2019; Peng et al., 2020; Jia et al.,
2021). At the same time, the characteristics of different soil strata also have an important influence on
the activity of ground fissures (Jiang et al., 2016; Fan et al., 2019; Fan et al., 2020; Wang et al., 2020; Li
et al,, 2021; Wang et al., 2021a; Wang et al., 2021b; Wang et al., 2022). With the construction of an
increasing number of urban underground space projects, the current research results on the
prediction of the deformation law of the underground space structure during the active period
of the ground fissure have been significant; however, they are mainly focused on subway tunnels
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(Men et al,, 2011; Peng J. et al., 2016; Wang et al., 2016; Liu et al.,
2017; Peng et al., 2017). Because the underground utility tunnel is
part of an underground shallowly buried structure, it is different
from a subway tunnel in terms of the stress field and
characteristics. Therefore, it is impossible to predict the risk
situation entirely based on the deformation law of the subway
tunnel. Moreover, current research on underground utility
tunnels is mainly focused on the response of shallowly buried
structures under seismic excitation (Gomes et al., 2015; Dashti
et al,, 2016; Sharafi and Parsafar, 2016; Yan et al., 2021). The
research on early warning management of the underground
utility tunnels in the active period of a ground fissure is
limited, and there is a lack of reference standards.

Standardization is a common and effective way of early
warning management. Therefore, this article considers the
underground utility tunnel of Xi’an Xingfu LinDai project as
the research carrier. Based on the analysis results of the
deformation trend of the underground utility tunnel at
different intersection angles and ground fissure displacements,
an early warning standard that can show the safety situation of
the underground utility tunnel during the active period of ground
fissures is established, so that early warning of underground
utility construction in the ground fissure zone can have a
“standardized” functions for the timely resolution of failures
or reduced risk to disaster.

RESEARCH CARRIER

Background Engineering

The Xi’an Xingfu LinDai underground utility tunnel project is the
longest underground utility tunnel in China, which contains water
mains, gas, rainwater, electricity, telecommunications, heat pipes,
and other pipes. The underground utility tunnel project is an
underground cast-in-situ reinforced concrete structure. The design
uses a multi-chamber structure. The standard section is divided
into a comprehensive cabin, a power cabin, and a natural gas cabin.
The standard soil cover depth of the utility tunnel is approximately
4.8 m, and the standard section of the utility tunnel is 8.96 m high
and 10.1 m wide.

Description of Crossing the Ground Fissure
According to the monitoring data of the surveying team of the
China Earthquake Administration, there are 14 structural surface
fissures in the urban area and suburbs of Xi’an. Among these, the
f5 and {7 ground fissures in xi’ an pass through the Xi’an Xingfu
LinDai underground utility tunnel project, and the intersection is
shown in Figure 1. The eastern segment of the {5 ground fissure
in X{an has the strongest ground fissure activity, with a
maximum activity rate of up to 35mm/a. The maximum
activity rate of the ground fissure in Xi’an {7 is up to 30 mm/
a, which is still active today. According to the analysis, it is
believed that the vertical displacement generated by f5 and f7
fissure activities has the characteristics of long-term creep and
unidirectional accumulation with time. Such long-term creep is
equivalent to cumulative deformation, and it is a continuous
power source for the soil around the ground fissure, which

Utility Tunnel in Ground Fissure

generates local stress and strain fields, eventually leading to
surface soil fractures, and may have a significant impact on
the underground utility tunnel.

Risk Analysis

The safety risks of the construction and operation of large
underground utility tunnels in the active period of the ground
fracture are mainly reflected in the following aspects:

1) Structural damage.

The vertical displacement of Xi’an ground fissures has the
characteristics of long-term creep and one-way accumulation
over time; therefore, as the ground fissure activity accumulates,
the utility tunnel structure develops internal accumulation from
the elastic stage to the plastic deformation recovery phase. When
the structure is damaged, it cannot be repaired.

2) Void at the bottom of the underground utility tunnel.

Under the active environment of ground fractures, the
formation pressure on the roof of the underground utility
tunnel structure is relatively small and uniform, and the
overall contact pressure of the upper disk increases, while the
supporting effect of the surrounding rock soil at the bottom of the
underground utility tunnel in the upper disk is weakened, which
may lead to partial emptying.

3) Differential settlement.

When excavation or hidden excavation passes through the
ground fissure zone, the working face is below the water level;
concentrated water seeps along the fissure zone, thereby softening
and deforming the foundation, thus causing uneven settlement of
the basement. (Kang et al., 2020; Wang et al., 2021a; Wang et al.,
2021b). The infiltration of water along the ground fissures may
also cause local movement of the ground fissures.

4) Secondary disasters.

Because of the several pipelines inside the utility tunnel, when
the local fissures are staggered to the utility tunnel through the
concrete shell of the utility tunnel, the pipeline inside the utility
tunnel is subjected to a certain torsion force, resulting in
deformation and damage to the pipeline facilities inside the
utility tunnel, causing serious secondary disasters.

RISK PREDICTION OF UNDERGROUND
UTILITY TUNNEL IN THE GROUND
FISSURE ACTIVE PERIOD

Risk prediction is the basis of early warning management, which
refers to determining the short-term change trend of the early
warning indicators of a project by adopting certain prediction
methods (Parolai et al, 2017; Finazzi, 2020; Wang et al, 2021a;
Wang et al., 2021b). In this study, a numerical simulation experiment
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FIGURE 1 | Intersection of integrated Underground utility tunnel and ground fissure.
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FIGURE 2 | Schematic of FE numerical calculation model.

is carried out to predict the warning trend of a large underground
utility tunnel in the active period of ground fractures by taking two
ground fissures at oblique crossings of the Xi'an Xingfu LinDai
underground utility tunnel project, and simultaneously simulating
the orthogonal crossing ground fissures.

Numerical Model Test

Parts and Meshing

The analysis uses the finite element software ABAQUS to
establish a three-dimensional element model to simulate the
underground utility tunnel structure under different ground
fissure displacements. Because of the need to consider the
displacement between the hanging wall soil and the footwall
soil, and the emptiness of the utility tunnel structure and the soil,
the finite element model must consider these three parts as
independent, and the subsequent contact action to establish
the relationship between the three parts.

In the analysis, the soil was considered as a solid element, and
shell elements were used for the underground utility tunnel
modeling. The type of solid element was selected as C3D8R,
and the type of shell element was selected as S4R. The soil was
considered as a solid element, and the hexahedron mesh was
divided. The inclination angle of the ground fissure was 60°, 64°,
and 90°. A schematic of the FE numerical calculation model is
shown in Figure 2.

Input Parameters
The strata within the burial depth range of 50.0 m at the proposed
site are from top to bottom in the following order: Miscellaneous

fill, loess, paleosols, old loess, and silty clay. Because the soil in
Xi’an is mainly collapsible loess, the numerical simulation
parameters in this article are based on the research parameters
of the soil characteristics by relevant scholars (Mei et al., 2016;
Mei et al., 2019).The underground utility tunnel structure
adopted C40 concrete. The specific parameters of the
numerical simulation are listed in Table 1. The simulation
of ground fissures in this study was realized by setting the
contact between the hanging wall and the footwall soil contact
surfaces. Hard contact is normally set on the soil contact
surface of the hanging wall and footwall soil. The Coulomb
friction model was used tangentially, a reasonable friction
coefficient was set, and a limited slip between the contact
surfaces was considered. The calculation model was divided
into three contact bodies: 1) frictional contact between the
hanging wall soil and the footwall soil; 2) friction contact
between the hanging wall soil and the utility tunnel structure;
3) frictional contact between the footwall soil and the utility
tunnel structure. The friction coefficient between the hanging
wall soil and the footwall soil was the tangent value of the
inner friction angle(p)of loess in Table 1. The friction
coefficient between the soil and the structure is the average
value of the friction angle(¢) of loess and underground utility
tunnel in Table 1.

Numerical Analysis Conditions

The simulation of ground fissures in this paper is realized by
setting the contact action between the soil contact surfaces of the
upper and lower walls of the ground fissures. Hard contact is set
in the normal direction of the soil contact surface of the upper
and lower discs of the ground fissure, the Coulomb friction model
is used in the tangent direction, a reasonable friction coefficient is
set, and the limited slip between the contact surfaces is
considered. The calculation model is divided into three contact
bodies: 1) The frictional contact between the ground fissure
hanging wall soil and the bottom wall soil, and the friction
coefficient is 0.3; 2) the friction contact between the ground
fissure hanging wall soil and the Underground utility tunnel, The
friction coefficient is taken as 0.7; 3) The frictional contact
between the bottom wall of the ground fissure and the
Underground utility tunnel, the friction coefficient is taken as
0.7. The friction coefficient between the upper and lower plates is
the tangent value of the internal friction angle ¢ of the loess in
Table 1, and the friction coefficient between the soil and the
structure is the average value of the tangent value of the internal
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TABLE 1 | Specific parameters of numerical simulation.

Soil layer name H(m) w/% €o
miscellaneous fill 20m - -
loess 6.0m 19.8 1.15
palaeosols 3.6m 20.76 0.98
old loess 15.0m 22.18 0.93
silty clay 40m 26.84 0.81

underground utility tunnel - - -

Utility Tunnel in Ground Fissure

c/kPa ol ykN-m3 fo/kPa E./MPa
10 15 18 100 4.0
215 20.0 16.5 120 10.0
29.5 23.0 175 150 10.0
315 215 16.0 160 7.0
39.0 26.0 195 180 8.2
2.5 47 25 - -

Note: H = average thickness,; w = water content; ey is void ratio; ¢ = cohesion; ¢ = internal friction angle; y = unit weight, f, = characteristic value of bearing capacity; Es = compression

modulus.

TABLE 2 | Numerical analysis condition.

No Ground fissure
displacement/cm

Crossing angle/()

1-1 0 60°
1-2 64°
1-3 90°
2-1 10 60°
2-2 64°
2-3 90°
3-1 20 60°
3-2 64°
3-3 90"

No Ground fissure
displacement/cm

Crossing angle/()

4-1 30 60”
4-2 64°
4-3 90°
5-1 40 60°
5-2 64°
5-3 90°
6-1 50 60°
6-2 64"
6-3 90°
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FIGURE 3| Vertical displacement of surface curve of underground utility
tunnel obliquely crossing the ground fissure (inclination 60°).
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FIGURE 4 | Vertical displacement of surface curve of underground utility
tunnel obliquely crossing the ground fissure (inclination 64°).

friction angle ¢ of the loess and the Underground utility tunnel.
The design life of the underground utility tunnel is 100 years,
while the recommended maximum vertical dislocation quantity
of Xi’an ground fissure within 100 years is 500 mm. Therefore,
according to the actual situation of background engineering,
this study established six kinds of analysis models for numerical
calculation and analyzed deformation law of the vertical
displacement of the surface, vertical displacement of the
utility tunnel, the structural maximum principal stress, and

the contact pressure. The numerical analysis conditions are
listed in Table 2.

Analysis of Numerical Results

Deformation Law of Vertical Displacement of Surface
From Figures 3-5, the vertical displacement of the surface curve
of the underground utility tunnel obliquely crossing the ground
fissure (inclination 60°, 64°, and 90°). Figures 3-5, the ground
fissures at three intersecting angles caused subsidence on the
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FIGURE 5 | Vertical displacement of surface curve of underground utility
tunnel obliquely crossing the ground fissure (inclination 90°).
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FIGURE 6 | Structural deformation curve of underground utility tunnel
obliquely crossing the ground fissure (inclination 60°).

ground surface. The vertical displacement of the ground surface
increased with an increase in ground fissure displacement.
Moreover, the amount of ground surface deformation on the
ground fissure was much larger than that on the ground fissure,
and the uneven settlement of the ground surface near the
position of the ground fissure was significant. The reason for
this analysis is that the footwall remains stable, and the hanging
wall continues to decline during the active period of the ground
fissure. Therefore, the closer the hanging wall is to the ground
fissure, the greater the rate of change of the vertical
displacement of the ground surface; the farther the hanging
wall is to the ground fissure, the smaller the rate of change of
vertical displacement.

FIGURE 7 | Structural deformation curve of underground utility tunnel
obliquely crossing the ground fissure (inclination 64°).
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FIGURE 8 | Structural deformation curve of underground utility tunnel

obliquely crossing the ground fissure (inclination 90°).

Deformation Law of Vertical Displacement of Utility
Tunnel

From Figures 6-7, the structural deformation curve of the
underground utility tunnel obliquely crossing the ground
fissure (inclination 60°,64°,90°). As can be seen from Figures
6-8, at the three intersecting angles, the vertical deformation of
the underground utility tunnel structure is consistent with the
trend of the vertical displacement of the surface, and the whole
structure is characterized by an inverse “S” curve. Moreover, the
larger the amount of ground fissure displacement, the more
obvious the change of the “S” curve. When the ground fissure
displacement is less than 10 cm, the underground utility tunnel
structure is still continuous under the three kinds of intersection
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FIGURE 9 | Maximum principal stress curve of underground utility tunnel
obliquely crossing the ground fissure (inclination 60°).
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FIGURE 10 | Maximum principal stress curve of underground utility
tunnel obliquely crossing the ground fissure (inclination 64°).

angles. When the displacement is increased to 20 cm, the
underground utility tunnel structure on both sides of the
ground fissure begins to produce displacement. The ground
fissure displacement increases to 50 cm, and the maximum
displacement of the underground utility tunnel ranges from 20
to 35 cm. When the underground utility tunnel obliquely crosses
to the ground fissure at 60° and 64°, the deformation gradient is
more significant within the range of 20 m from the ground fissure
on the hanging wall and footwall. The orthogonal ground fissure
deformation gradient of the underground utility tunnel is more
apparent in the range of 30 m above and 15 m below the ground
fissure.

FIGURE 11 | Maximum principal stress curve of underground utility
tunnel obliquely crossing the ground fissure (inclination 90°).

Deformation Law of Maximum Principal Stress

From Figures 9-11, the maximum principal stress curve of the
underground utility tunnel obliquely crossed the ground
fissure (inclination 60°,64°, and 90°). As can be seen from
Figure 9-11, under the three intersecting angles, the positions
of the maximum principal stress appeared near the ground
fissures, and the maximum principal stresses were 5.346,
3.981, and 3.305 MPa, respectively. The maximum principal
stress of the underground utility tunnel with an increase in the
ground fissure displacement and the stress of the footwall was
all greater than 0 MPa. Therefore, it was determined that when
the underground utility tunnel intersects with the ground
fissure, the utility tunnel structure is mainly subjected to
tensile stress at the upper part and compressive stress at
the lower part. Comparing Figures 9, 11, the tensile stress
in the oblique condition is generally greater than the tensile
stress in the orthogonal condition for the oblique condition at
the same position compared with the orthogonal condition,
because of the additional torsional deformation in the oblique
condition.

EARLY WARNING STANDARD OF
UNDERGROUND UTILITY TUNNEL IN
GROUND FISCAL ACTIVE PERIOD

Early Warning Indicator

Real-time monitoring and early warning have great significance
in reducing/avoiding the consequences caused by ground fissure
(Chen et al., 2021; Hoshiba, 2021; Wang and Zhao, 2021). Early
warning indicator systems are generally divided into qualitative
and quantitative indicators. Qualitative indicators refer to
indicators that cannot be evaluated by data calculation and
need to be described and analyzed objectively to reflect the
evaluation results. Quantitative indicators refer to indicators
that can directly obtain data, such as monitoring data. Under
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TABLE 3 | Reference Early warning indicator.

No Common security incidents

1 Excavation face instability and severe ground subsidence

2 Cracking of Underground utility tunnel structure

3 the structure of the Underground utility tunnel are deformed
4 Void at the bottom of the underground utility tunnel

the environment of ground fissure activity, the underground
utility tunnel structure is deformed and damaged. However,
because of complex reasons for the changes in the structure of
the Underground utility tunnel, it is still insufficient to formulate
a single early-warning indicator as a basis for judging the safety of
the underground utility tunnel structure. Moreover, quantitative
early warning indicators can be directly obtained by using
conventional monitoring sensors to help managers take timely
control measures, which can greatly improve the early warning
efficiency of operation and maintenance units. Therefore, based
on the experience and knowledge of relevant experts, this article
summarizes the risks in the construction of underground utility
tunnels in cities, such as Xi’an, Beijing, and Zhengzhou, and lists
the common risks in the early warning unit (Ding and Zhou,
2013). The following are quantitative early warning indicators, as
shown in Table 3.

Early Warning Control Value

As mentioned in the previous article, when the ground fissure
is active, the main structure of the underground utility tunnel is
mainly the upper tensile stress and the lower compressive
stress. When the structural stress of the underground utility
tunnel reaches the concrete design strength, the concrete
cracks. Therefore, it is suggested that the design value of the
concrete tensile strength (f;) should be used as the stress
control value of the upper part of the structure, and the
design value of concrete compressive strength (f.) should be
used as the stress control value of the lower part of the
structure. Because different underground utility tunnel
heights have a certain effect on the displacement of the
underground utility tunnel structure under the environment
of ground fissure activity, the underground utility tunnel
height of this background project is 8.96 m. When the
length of the ground fracture dislocations in the three
intersecting conditions reached 20cm, the underground
utility tunnel reached a height of 2.23%. The structure of
the Underground utility tunnel began to shift up and down;
therefore, 2.23% of the height of the underground utility tunnel
was taken as the early warning control value. Because the
underground utility tunnel is a shallow buried structure, the
depth of soil in the underground utility tunnel has a certain
effect on the amount of vertical displacement of the
underground utility tunnel. According to the numerical
simulation data of background engineering, when the
displacement of the ground fissure is 20 cm, the utility
tunnel begins to shift up and down. Therefore, it is
recommended to use the maximum settlement of the

Utility Tunnel in Ground Fissure

References warning indicator

Vertical displacement of surface
Maximum principal stress
Ground fissure displacement
Contact Pressure

ground fissure crossing position as the ground settlement
early warning control value when the ground fissure
displacement is 20cm. When the ground fissure
displacement is 20 cm, the maximum vertical displacements at
the three angles of crossing the ground fissure are 1.931, 1.929,
and 1.863 cm, respectively. Because the soil depth of the
underground utility tunnel is 480 cm, it is recommended that the
soil depth of the Underground utility tunnel be 0.388-0.422% as the
vertical displacement of the surface value for early warning control.
When the contact pressure is 0 MPa, it is used as the early warning
control value when the utility tunnel structure is emptied.

Early Warning Level

The early warning control value is quantified and divided into
early warning levels and corresponding intervals. The severity of
the warning situation is reflected in a scientific and intuitive way,
which can effectively help the decision-makers to determine
reasonable decisions. Due to the different engineering
geological conditions and construction environment conditions
in different regions, the classification standards for early warning
levels are also different (Ding and Zhou, 2013). According to
relevant technical regulations, the early warning levels are divided
by combining the proposed underground utility tunnel early
warning indicators and control values for crossing the ground
fissures, as shown in Table 4.

Early Warning Response

When an early warning alarm is issued, all parties concerned
should respond within the specified time. Generally, the first
warning should respond within 3 h, the second warning within
6 h, and the third warning within 9 h. The response time can be
appropriately extended; however, it must not exceed 24 h at the
latest. The measures taken at different warning levels are as
follows:

1) Primary warning response.

When the primary warning is reached, the construction unit,
the third-party monitoring unit, and the supervision unit should
strengthen the monitoring frequency of the early-warning part.
The construction unit should slow down the construction speed
appropriately, determine the reason for the abnormal data
according to the monitoring data, and immediately formulate
corresponding measures with the design unit to curb the
development of risk.

2) Secondary warning response.
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TABLE 4 | Early warning control value.

Intersection angle of

Utility Tunnel in Ground Fissure

Early warning indicators

ground fissures and
underground utility
tunnel

Vertical displacement Structural upper
of stress
surface A/cm o1/Mpa

60-90° 0.388%C ~0.422%C fi

Contact
pressure §/MPa

Ground fissure
displacement
d/cm

Under-structure
stress o,/MPa

f, 2.23%H 0

Note: f; = design value of concrete tensile strength; fc = design value of concrete compressive strength; C= covering depth of underground utility tunnel; H = utility tunnel height.

When the secondary warning is reached, the construction unit,
the third-party monitoring unit, and the supervision unit should
strengthen the monitoring frequency and on-site inspection of
the warning site, and at the same time, increase the monitoring
points. The construction unit shall control the construction
speed, analyze the reasons according to the monitoring data,
and work out corresponding measures together with the design
unit to deal with it, to prevent the further development of the
alarm situation and eliminate the alarm source as soon as
possible.

3) Three-level warning response.

When a three-level warning is reached, the construction unit
shall immediately stop the construction and report to all the units
participating in the project. The construction unit shall put
forward a preliminary treatment plan. Then all the parties
involved in the project shall jointly hold a special early-
warning meeting to formulate the early-warning disposal plan
and urge the construction unit to organize and implement it
immediately to eliminate potential safety risks.

CONCLUSION

Based on the finite element numerical simulation of the oblique
crossing and orthogonal crossing of ground fissures in an
underground utility tunnel, the deformation trend of the
underground utility tunnel structure under the action of the
ground fissures is analyzed, and an early warning standard for
a large-scale underground utility tunnel during the ground fissure
active period is proposed. The following conclusions can be
drawn:

1) Under the three intersecting angles, the vertical deformation
of the underground utility tunnel structure is basically
consistent with the trend of the vertical displacement of the
surface, and the entire structure is characterized by an inverse
“S” curve.

2) Compared with the orthogonal condition, because of the
additional torsional deformation in the diagonal condition,

the tensile stress is generally greater than the orthogonal
condition. When the underground utility tunnel is
obliquely crossing the ground fissure, and the displacement
of the ground fissure is greater than or equal to 30 cm, voids
occur at the bottom of the utility tunnel structure. When the
underground utility tunnel is orthogonal to the ground fissure
displacement is greater than or equal to 40 cm; voids will
occur at the bottom of the utility tunnel structure.

3) It is suggested that the design value of the concrete tensile
strength (ft) should be used as the stress control value of the
upper part of the structure, and the design value of concrete
compressive strength (fc) should be used as the stress
control value of the lower part of the structure; 2.23% of
the height of the underground utility tunnel was taken as
the early warning control value. When the contact
pressure was 0 MPa, it was used as the early warning
control value when the utility tunnel structure was
emptied. 0.388-0.422% as the vertical displacement of
surface value for early warning control.
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