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Abstract

Tunnel excavation in high geo-stress shattered fault zone usually causes lining cracking, tunnel collapse and arch settlement
because of rock fragmentation, low strength and poor stability of surrounding rock. This paper takes Xiangjunshan tunnel in
high in-situ stress fault fracture zone in Sanmenxia, China, as an example. The field monitoring tests included surrounding
rock deformation monitoring, surrounding rock-initial support, shotcrete, steel arch and primary support-secondary lining
stress measurement. These tests were utilized to study the deformation law and stress response of six sections in Class IV
and V rock mass during the tunnel construction. Test results showed that the tunnel deformation of fault fracture zone was
asymmetrical during excavation. The surrounding rock stress presented a discrete distribution in space, the stress variation
trend of shotcrete and steel frame was not coordinated. The stress of shotcrete reached 75% of its peak value in the initial
stage, while the stress of steel frame reached its peak value in about 1 month. The temporal distribution curve of primary
support-secondary lining stress indicated three stages of intense growth, quick development and steady development stage
in the construction. The research results give significant insights and guidelines for tunnel construction in similar geological
conditions.
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Introduction

04 Xiaolin Weng Since the scale of road and railway construction in Mid-
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Rongming Zhou increasingly important role in transport engineering. At the
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conditions, such as high ground stress (Zhang et al. 2020,
Manasa and Maji 2023), fracture zones (Zhong et al. 2020;
Das et al. 2018), landslides (Zhang et al. 2022; Gattinoni
et al. 2019), falling stones (Qin et al. 2022), karst strata (Gis-
bert et al. 2009), large deformations in the surrounding rock
and rich groundwater zones (Xu et al. 2022; Wu et al. 2022)
during construction. Especially tunnels are excavated in the
fault zone of high geo-stress areas, engineering problems
such as tunnel palm face collapse and large deformation
often occurred due to fragile rock mass and weak stability
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of surrounding rock (Wang et al. 2015; Meng et al. 2013;
Bayat and Hamidi 2017; Roy et al. 2017; Yang et al. 2017).
Thus, it is of significant engineering meaning to research the
distribution of rock mass deformation and stress responses
of supporting structures of tunnels crossing fault fracture
zone of high in-situ stress areas.

Fault zones frequently encounter poor geological condi-
tions in the construction of mountain tunnels (Zhong et al.
2020). It causes significant changes in the rock structure and
leads to asymmetric ground stress, meanwhile, this is the
primary factor contributing to asymmetric stress distribu-
tion in deeply buried tunnels (Jeon et al. 2004; Wang et al.
2017a, b; Li et al. 2011). In the high geo-stress zone, rock
mass deformation and load-bearing capacity are the most
critical affecting factors affecting mountain tunnels’ stability
(Chen et al. 2019a; Deng et al. 2022; Wang et al. 2016; Qian
et al. 2017). To solve the complex construction problem of
tunnel crossing through fault, many researchers at home and
overseas have launched a series of research. For different
tunnel excavation methods and geological engineering con-
ditions, scholars have used different research methods, such
as field tests, to develop reasonable support design solutions
(Chen et al. 2022; Su and Fu 2009; Liu et al. 2010, Dwivedi
et al. 2013, Maleki et al. 2018). Asghar et al. (2017) used
numerical model to study the mechanical behavior of rock
mass, and calculated the displacement value of tunnel vault.
Malkowski et al. (2017) analyzed the influence of fault frac-
ture zone on the convergence deformation of mine tunnel
and the degree of fracturing around the tunnel by numerical
method, and verified the accuracy of the calculated results
by comparing with the field measured tunnel convergence
data. The surrounding rock and tunnel lining stress distribu-
tion characteristics are also important contents of current
research (Zhou et al. 2021a). Combining numerical simu-
lations and field tests, scholars have compiled a wealth of
engineering examples to understand the characteristics of
tunnel envelope pressure evolution under high-ground stress
and to address the impact of excessive tunnel deformation on
tunnel construction progress and safety (Wang et al. 2019;
Aicha and Mezhoud 2021; Tang and Ren 2021). However,
the types of fault zones and high-ground stress conditions
encountered in mountain tunnels differ. The rock mass's
mechanical properties, interaction effects, and support struc-
ture are also different (Wu et al. 2022). There are relatively
few studies on spatiotemporal effect of rock deformation and
stress characteristics of the tunnel support structure with
complex conditions in high geo-stress fault fracture zones
and force characteristics of the support structures, and fur-
ther studies are needed to optimize the support methods to
enhance tunnel safety and rock bearing capacity (Chen et al.
2019b; Zhou et al. 2021b; Li et al. 2022; Lia et al. 2018).
Besides, there needs to be effective experience and construc-
tion guidance for tunnel construction and support design.
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In this paper, taking the Xiangjunshan tunnel of Luan
Lu Highway project in Henan Province as the engineering
background, excavation-induced deformation and stress
responses for the tunnel in high geo-stress fault fracture
zones were analyzed in detail. Firstly, tunnel deformation
monitoring tests were used to analyze the arch settlement
and perimeter convergence of Grade IV and V rock sec-
tions; then, according to the results of stress measurements,
spatial and temporal distribution of the surrounding rock
stress and support system stress with time were determined;
finally, tunnel support methods were optimized following
the maximum tunnel deformation and stress evolution char-
acteristics of the tunnel over time. The findings can provide
optimal support systems and construction guidance for the
Xiangjunshan tunnel and provide the theoretical basis for
the constructing similar tunnels crossing high in-situ stress
fault fracture zone.

Project overview

Luan Chuan-Lu Shi expressway project is one of ten lines
in Henan province’s expressway network scheme (Fig. 1).
The total length of expressway project is 75 km at 80 km/h,
running between Luoyang and Sanmenxia. It is located in
the mountainous region of western Henan, passing east of
the Qinling Mountains, south of the Funiu Mountains and
west of the Xionger Mountains. The Xiangxianshan tunnel
is located in a complex tectonic zone in the Qinling Moun-
tains, where the latitudinal tectonic system is particularly
developed. Therefore, highway construction in this area is
more challenging. It is a separate tunnel with a distance of
9-47 m between two lines. The left line starts and ends at
Z4KS52+612 to Z4K58 + 120, its length and maximum bur-
ied depth are 5508 m and 396 m, respectively; the right sec-
tion starts and ends at K52 + 627 to K58 + 124, its length is
5497 m; and its maximum buried depth is 395 m. Both left
and right lane tunnels have a clear width of 10.25 m and a
clear height of 5 m.

Geological structures

According to the regional tectonic data and physical sur-
vey data of Henan Province, the tunnel is particularly well
developed in the latitudinal tectonic system, with the main
fault being the Taowan Fault. There are two faults, F1 and
F2, at the tunnel body (F1 and F2 faults in Fig. 2). F1 inter-
sects with the tunnel left line at Z4K53 + 869, and the tun-
nel right line at K53 + 853, with an angle of about 56°. F2
intersects with the left line of the tunnel at Z4K55 + 830
and the right line at K55 + 844, with an angle of about 78°.
The grade of surrounding rock for fault fracture zones and
their affected areas are mainly V and I'V. Tunnels in the fault
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Fig. 1 Location of Xiangjun-
shan tunnel
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zone are prone to collapses, rock falls and other engineering
accidents.

Rock mass properties and hydrogeology

According to the engineering geological survey, the tun-
nels’ overlying strata mainly formed from the Quaternary
Upper Pleistocene (Q3) silty clay, pebbles and the Prote-
rozoic Taowan Formation schist below the underlying bed-
rock. The geological section along the tunnel is presented
in Fig. 2. The detailed information and distribution of the
strata are as follows: Q3 silty clay contains quartz minerals
and a small amount of root and leaves, and the soil layer
is about 0-2 m thick, mostly distributed at the foot of the
slope. Q3 pebbles are mainly schist, with a thickness of
about 2-3 m, and they are mostly distributed near the foot

Q3 pebbles D Middle weathered schist ﬂ Fault I:l Tunnel

of the slope. The Lower Palaeozoic Taowan Formation
schist includes fully weathered, strongly weathered and
moderately weathered layers. The full weathered layer is
about 3 m thick, and the original rock structure has been
largely destroyed, with extremely developed joints and fis-
sures. The strong weathered layer is about 14-36 m thick
and the joints and fissure are developed. The weathered
middle layer is thicker, with more developed joints and
fissures and a small amount of rock in fragmented form.
The main types of underground water in the tunnel area are
bedrock crack water and loosely packed rock pore water.
The loose rock pore water is shallowly buried and mainly
localized in the Pleistocene gravel soil layer. The tunnel
area is dominated by bedrock fissure water, and groundwa-
ter flows into the tunnel along the rock fractures, resulting
in dripping water. Particularly during the rainy season,
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there may be sudden water surges in the locally fractured
rock, causing tunnel collapse.

Geo-stress

The geo-stress results measured using hydraulic fractur-
ing are presented in Fig. 3 and Table 1. Table 1 shows that
the geo-stress field is characterized by principal horizontal
stress, the maximum of which is in the direction of N 25° E.
There is a critical depth above which the minimum horizon-
tal stress is greater than the vertical stress, and the situation
is the opposite below the depth. The average values of maxi-
mum and minimum lateral stress coefficients are 1.31 and
0.94, respectively. According to the standard for engineering
classification of rock mass (GB/T 50218-94, National stand-
ards of the People’s Republic of China, 1995), when the ratio
of uniaxial saturated compressive strength of the rock (R,)
to the maximum initial ground stress in the direction of the
vertical cave axis (o,,,,) is between 4 and 7, the rock mass is
in the high geo-stress state. The tunnel ground investigation
data shows that R, = 44.4 MPa, 0,,,,, = 8.14 MPa, so R /o
= 5.45. Therefore, the test section is in the high geo-stress
zone. When high geo-stress sections are encountered during
tunnel construction, rock bursts easily occur. Because of the
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Fig. 3 In situ stress distribution curve with depth

fault fracture zones, the tunnel is easily susceptible to col-
lapse during excavation.

Construction method and support design

The width and height of a typical tunnel section were 12.7 m
and 10.3 m, respectively. The tunnel excavation was carried
out with a full section drill and blast method near the fault
rupture zone and step method in the fractured fault zone, as
illustrated in Fig. 4.

When excavating the reserved core soil, the upper step
excavation height was 4.5 m, the width was 6 m, the length
was 0.8 m, the core soil was 2 m from the vault, and the
length was 3 m. The staggered excavation length was 1.5 m
for the left and right sections. The invert was excavated and
supported in half swing, and a trestle bridge was laid on
its upper side. Shotcrete was sprayed immediately after the
invert was excavated to make the primary support structure
into a ring as quickly as possible. The support system of
the tunnel included advance support and initial support.
The main support consisted of steel flower pipes, shotcrete,
anchors and steel arches. The shotcrete thickness was 30 cm,
and the reserved space between the initial support and the
rock mass was 15 cm.

In-situ monitoring procedure

For the sake of studying excavation-induced deformation
and stress responses of the tunnel, a range of field monitor-
ing tests were planned in Xiangjunshan tunnel:

vault settlement and peripheral convergence monitoring
surrounding rock-initial support stress monitoring
shotcrete stress measurement

steel frame stress measurement

primary support-secondary lining stress monitoring.

The field deformation monitoring test of Xiangjun-
shan tunnel included items vault settlement and perimeter

Table 1 Geo-stress results of

. Depth (m) Value of geo-stress (MPa) Direction of Sy; Su Su/Sy
the test section Sy

Maximum horizon- Minimum horizon-  Vertical

tal principle stress  tal principle stress  principle

Sh Sh stress Sy
273.20-338.98 9.09-12.53 7.04-8.41 7.08-8.76 N25°E - -
273.20-273.82 11.17 7.87 7.08 - 1.58 1.11
306.03-306.65 9.09 7.04 7.93 - 1.15 0.89
320.05-320.67 9.12 7.09 8.29 - 1.10 0.86
327.28-327.98 12.53 8.41 8.48 - 1.48 0.99
338.36-338.98 10.99 7.57 8.76 - 1.25 0.86
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Fig.4 Excavation method of the
step method
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convergence, measured by Leica total station and explicit
digital convergence and reflective patch, respectively.
The observation time of tunnel deformation is 90 days.
A vibrating string earth pressure gauge measured the sur-
rounding rock stress. The accuracy of the earth pressure
gauge is selected as 0.2 MPa, 0. 6 MPa, and 2 MPa respec-
tively. The layout point of the earth pressure box should
have a certain flatness to make the earth pressure gauge
contact the surrounding rock well. In order to ensure the
reliability of the measurement results of the earth pres-
sure gauge, the earth pressure gauge is connected with
the 8-channel vibrating string acquisition instrument and
the data cloud platform, and the debugging is carried out.

Fig.5 Site layout of test instru- p Vy“ .
ments. a Reflective patch; b ,k I
earth pressure gauge; ¢ surface ™ .
g Reflective pfth_

strain gauge; d concrete strain
-
gauge 42

An embedded concrete strain gauge measured shotcrete
stress, and steel arch stress was measured by a surface
strain gauge, of which two surface strain gauges were
set up at each measuring point. The test components are
shown in Fig. 5. The measurement accuracy of embedded
concrete strain gauge and surface strain gauge for steel
arch is 0.01 MPa respectively. The initial frequency of the
strain gauge is detected before installing the strain gauge,
and then the surface strain gauge support is fixed at the
monitoring position of the steel frame and fixed with bolts,
and a metal protective shell is installed to place the strain
gauge to be damaged. The embedded strain gauge is fixed
at the steel frame and steel mesh with cable ties. After the
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strain gauge is installed, it is debugged to ensure the valid-
ity and accuracy of the measurement data.

The hand-held vibrating string acquisition instrument col-
lected all measured data, and the collection frequency was 1
time/day. The acquisition instrument could stop data collec-
tion when the collected data no longer changed significantly.
The monitoring time of the primary lining-surrounding rock
pressure and the pressure between the primary and second-
ary lining is also 90 days. The monitoring time of shotcrete
stress and steel arch stress is 120 days. Near the fault fracture
zone of Grade IV rock mass, ZK53 + 830 and ZK53 +950
were selected as test sections, and in the fractured fault
zone of Grade V rock mass, ZK53 + 860, ZK53 + 880,
ZK53 4900 and ZK53 4+ 920 were selected as test sections.

Analysis of tunnel deformation monitoring

Monitoring points of vault settlement and peripheral con-
vergence are shown in Fig. 6. Three test points, G1, G2
and G3, were set to measure the vault settlement. The test
section selected two lateral lines, BC and GC, to measure
the peripheral convergence. Two monitoring sections were
selected, numbered ZK53 + 830 and ZK53 +860. Cumula-
tive settlement curves of the tunnel vault and perimeter over
time are shown in Fig. 7.

As for the ZK53 + 860 section in Fig. 7a, tunnel defor-
mation consisted of three stages: intense development
stage, rapid development stage and steady development
stage. During the construction, there was a significant
spatial and temporal effect of vault settlement and periph-
eral convergence, with cumulative settlement stabilizing
after 30 days. In the intense growth stage, the maximum
cumulative settlement of G1, G2 and G3 were 58.7 mm,

Measuring point of G2

G1
vault settlement Reflective patch

BC

GC

Fig.6 Measurement lines and points layout of Xiangjunshan Tunnel
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Fig. 7 Vault settlement and peripheral convergence of each monitor-
ing section. a ZK53 +860; b ZK53 + 830

40.3 mm and 52.1 mm, accounting for 80%, 76% and
75% of the total settlement, respectively. There are two
reasons for this. On the one hand, there was insufficient
space reserved between the arch crown and the rock mass
during site construction; For another, the redistribution
of the rock mass pressure after excavation and the coor-
dination of deformation between the rock mass and the
initial support resulted in rapid tunnel deformation rate.
The convergence rate of survey line BC and GC was sig-
nificantly higher than the vault settlement rate, indicating
that the surrounding rock horizontal deformation of the
high-ground stress tunnel was significantly higher than the
vertical deformation. In the rapid deformation stage (8—27
days), the average settlement rate of G1, G2 and G3 meas-
urement points was 0.41, 0.29 and 0.47 mm/day, respec-
tively, indicating that the vault settlement rate was sig-
nificantly lower than that of the arch shoulder settlement
in this period. The horizontal convergence rate of BC and
GC survey line was 0.41 and 0.93 mm/day, respectively,
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indicating that the GC survey line was greatly affected by
invert and lower step excavation in this period.

As for the ZK53 + 830 section in Fig. 7b, tunnel deforma-
tion also included three development stages: intense devel-
opment stage, rapid development stage and slow develop-
ment stage. In the intense deformation stage (0-18 days),
the deformation rate was significantly slower than that of
the ZK53 + 860 section. The mean values of arch subsidence
and perimeter convergence were 15.9 mm and 18.1 mm,
amounting to 55% and 51% of the accumulated total subsid-
ence, respectively. After the secondary lining construction,
the vault settlement and the peripheral convergence ratio
slowed down, which showed that secondary lining had an
obvious impact on controlling the settlement in tunnel cross-
ing the high geo-stress fractured fault zone. The convergence
rate of BC survey line kept up after the secondary lining
construction, suggesting that the horizontal deformation of
rock mass near the fault fracture zone was larger than verti-
cal deformation, so supporting structure stiffness of tunnel
arch can be appropriately increased in the subsequent con-
struction process.

Tunnel primary support stress test results
Data processing of stress

The change of surrounding rock pressure causes the defor-
mation of the bearing film of the earth pressure box, and
the deformation changes the tension of the steel string and
affects the vibration frequency of the steel string. The sur-
rounding rock pressure can be calculated according to the
following formula (1).

P=Kx(f2~13), (1)

where P is the measured earth pressure (unit: MPa), K is the
instrument calibration coefficient (unit: MPa/Hz?), fiis the
measured frequency (unit: Hz), f; is the initial frequency
(unit: Hz).

The concrete strain gauge and surface strain gauge for
steel arch vibrating wire strain gauges, which are composed
of a strain gauge tube, a coil protection housing, a steel
string and a coil, and the steel string and the coil are used
to measure the vibration frequency. The strain value can be
calculated by Eq. (2):

e=kx (7 =15), @)

where € is the strain value, k is the linear relationship func-
tion between the output frequency value and the compressive
stress value (unit: 1/Hz?).

Further, the stress of steel arch and shotcrete can be
obtained according to formula (3):

c=FEXe¢, €©))

where o is the stress value (unit: MPa), E is the elastic modu-
lus of the material, and € is the strain value calculated by
formula (2).

Development and distribution of surrounding rock
stress

Two sections were selected from the total monitoring
sections to monitor surrounding rock stress, numbered
ZK53 + 830 and ZK53 4+ 880. There were nine measur-
ing points in respect of each monitored section in Fig. 8.
The positive value presents the compression. As for the
7ZK53 + 830 section, the stress increased dramatically before
the primary support closure. After that, the surrounding
rock pressure at measurement points 7 and 8 changed to a
lesser extent, while the surrounding rock pressure at other
measurement points appeared to decrease and then increase.
After the second lining construction, the surrounding rock
pressure stabilized. Compared with the arch crown stress,
the horizontal stress on the arch shoulder and haunch was
greater, indicating that the horizontal tectonic stress was
obvious. Figure 10a showed that the maximum stress at left
haunch and arch shoulder was 0.212 MPa and 0.234 MPa,
respectively, while the maximum pressures at the right
haunch and spandrel were 0.179 MPa and 0.159 MPa,
respectively. The surrounding rock stress was distributed
asymmetrically about the tunnel axis and discrete in space.
The construction of the second lining can effectively reduce
the pressure at the spandrel and waist.

As seen in Fig. 9b, before the construction of lower
steps, the surrounding rock pressure at measurement
points HO—H4 increased rapidly due to the large stress
change induced by the upper step excavation. After the

Earth pressure gauge

Fig. 8 Distribution of stress measurement points
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Fig.9 The distribution curve of the surrounding rock stress over the
time of each section. a ZK53 +830; b ZK53 + 880

initial support was completed, the surrounding rock pres-
sure at measurement points H2—-H4 first increased slowly,
then decreased gradually, while measurement point H1
gradually decreased, indicating that the initial support
could effectively govern the stress release in the rock.
After the completion of the secondary lining construction,
the contact stress first slowly decreases and then tends
to be stable, which indicates that the secondary lining
of the section where the fault fracture zone is located
has a better supporting effect. In Fig. 10b, the maximum
compressive stress of section ZK53 + 880 appeared at H4,
and it was 0.345 MPa. The rock mass stress was spread
symmetrically along the tunnel axis, with a value of
0.058-0.345 MPa.
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Fig. 10 Envelope of maximum internal forces between the surround-
ing rock and initial support (unit: MPa). a ZK53 +830; b ZK53 4880

Development and distribution of shotcrete stress

Two sections were selected from the total monitoring sec-
tions to monitor shotcrete stress, numbered ZK53 + 830 and
ZK53 +900. There were seven measuring points in each
monitoring section, as shown Fig. 11. Stress distribution
curve of shotcrete with time is seen in Fig. 12. And the vari-
ation curve of maximum shotcrete stress is shown in Fig. 13.

C25 concrete was used as the shotcrete, and its compres-
sive and tensile strength were 16.7 MPa and 1.78 MPa,
respectively. As seen in Fig. 12, shotcrete stress (except
arch feet) had rapidly grown before the secondary lining
construction. After the secondary lining construction, the
stress at C1-C2 increased and then gradually decreased, fol-
lowed by a slight increase and eventual stabilization. How-
ever, the stress of CO increased first and then decreased, and
gradually became regionally stable. There are two reasons
to explain this phenomenon: one is that the concrete in the
trolley appears to have a hydration heat reaction in the hard-
ening process; on the other hand, during the construction
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Concrete strain gauge

Fig. 11 The monitoring points of shotcrete stress
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Fig. 12 The distribution curve of shotcrete stress over time at each
monitoring section. a ZK53 +830; b ZK53 + 900
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Fig. 13 Maximum stress distribution of shotcrete in each monitoring
section. a ZK53 +830; b ZK53 + 900

of the second lining, greater pressure was required to fill
the lining with concrete, while the high-pressure concrete
transferred the pressure to the primary support. Compared
with section ZK53 + 830, about 10 days after excavation,
stress value at section ZK53 + 900 reached 75% of the
maximum stress, because the concrete was the main force-
bearing carrier in the early stage of excavation. After the
completion of the second lining, the stress value at section
ZK53 +900 decreases obviously at first and then tends to be
stable, because part of the stress borne by the shotcrete is
transferred to the steel arch, and the reduction of the stress
value of section ZK53 +900is greater than that of section
ZK53 + 830, which indicates that the second lining effect
of the section at the fault fracture zone is better. Localized
bulges and minor cracks on the primary support surface
were observed at the construction site. Therefore, engineers
should adjust the current support method in time for the tun-
nel construction, and the support mode of “flexible support
first, rigid support second” can be adopted in the section
with large geo-stress. In brief, the grid arch support with
low stiffness is adopted in the first support, and the steel
arch support is adopted in the second support to meet the
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requirements of early rapid deformation of tunnel surround-
ing rock.

As shown in Fig. 13, as for the ZK53 + 830 section, the
maximum stress of right arch shoulder was larger than the
maximum stress of the left arch shoulder, but the pres-
sure at left arch waist was higher than the pressure of right
haunch. The section ZK53 4900 was the opposite. As for the
ZK53 + 830 section, the maximum compressive stress with
the right shoulder was 3.84 MPa. A small tensile stress of
0.42 MPa occurred only at the left arch foot. The maximum
compressive stress at the ZK53 4900 section appeared at the
right haunch, which was 4.75 MPa, while the arch right foot
had small tensile stress. This proved that the spatial distribu-
tion of shotcrete stress was asymmetrical, mainly attributed
to the tunnel arch as the main bearing component.

Development and distribution of steel arch support

Two sections were selected from the total monitoring sec-
tions to monitor initial support steel frame stress, numbered
ZK53 +920 and ZK53 +950. There were seven measur-
ing points in each monitoring section in Fig. 14. Figure 15
shows the steel arch’s stress distribution curve with time.
And Fig. 16 is the variation curve of the steel frame maxi-
mum stress at each monitoring section. The normal stress
value of steel arch represents compressive stress, and vice
versa is tensile stress.

As shown in Fig. 15, before the excavation, the stress on
the steel frame’s inner and outer sides at the ZK53 +950 sec-
tion increased fast, and the stress changes tended to level off
after the second lining construction. Therefore, the second
lining construction should be carried out as early as possible
after the invert construction in the area affected by the frac-
ture zones to reduce the concrete stress. The steel arch stress
of the ZK53 4920 section increased rapidly after the lower
step excavation because the arch was in suspension due to
the excavation of lower step. The inner and outer stress in

S0

Surface strain gauge

Fig. 14 The monitoring points of steel arch support

@ Springer

both monitored sections was asymmetrical about the tunnel
axis, which may be related to the excavation environment,
support timing and climatic conditions. The internal and
external stress of the steel arch in section ZK53 +920 is
obviously greater than that in section ZK53 +950. This is
because the self-bearing capacity of the surrounding rock
at the fault fracture zone is poor, and the steel arch needs to
bear greater stress.

In Fig. 16, the stress on the steel arch’s outer side at
ZK53 4920 section was greater than that at the ZK53 +950
section, but the measured stress on the steel arch’s inner side
was the opposite. The stress difference of steel arch at Grade
V surrounding rock was 0.77-3.66 times that at grade IV
surrounding rock. At fault zones, the stress at the steel arch
right shoulder was the highest, 260 MPa, which was higher
than the compressive strength design value of the steel arch.

Development of stress between the primary
support-secondary lining

Two sections were selected from the total monitoring sec-
tions for stress monitoring between primary support and
secondary lining, numbered ZK53 4+ 920 and ZK53 +950.
There were five monitoring points in each monitoring sec-
tion in Fig. 17. Figure 18 is the variation curve of contact
stress over time at each monitoring section.

The stress monitoring of the primary and secondary lin-
ing of different monitoring sections starts on the second day
of the secondary lining construction. In Fig. 18, the contact
stress change of the two sections included three development
stages: intense development stage, quick development stage
and steady development stage. The stress at ZK 53 +920
section was in the range of — 0.15 to 0.20 MPa. Moreo-
ver, the contact stress at ZK 53 +950 section was in the
range of — 0.05 to 0.25 MPa. In addition, at the ZK53 +920
section, the stress of the left arch shoulder and right arch
shoulder was unevenly distributed, with the stress values
being 0.095 MPa and 0.15 MPa, respectively, in the stable
development stage. This suggested that the joint and geo-
stress tectonic action of surrounding rock were obvious. The
stress of the two monitored sections was evenly distributed
at the arch feet, so there was no stress concentration at the
arch feet. Unlike the stress evolution law between rock mass-
primary support, the contact stress at different measurement
points in the two sections first increased sharply to a peak.
Then it decreased rapidly in the intense development stage.
In the second lining construction, the contact stress increases
rapidly as the strength of the concrete increases rapidly dur-
ing the setting process. Later, as the concrete hardened, its
internal temperature decreased and its volume contracted,
resulting in a gradual decrease in contact stress. And after
the removal of the secondary lining formwork trolley, the
contact stress gradually grows to stabilize. In the rapid



Environmental Earth Sciences (2024) 83:145

Page 110f 14 145

Fig. 15 Stress time history curve of the initial support steel frame. »
a ZK53+950 (inner side of steel arch); b ZK53+950 (outer side
of steel arch); ¢ ZK53+920 (inner side of steel arch); d ZK53 +920
(outer side of steel arch)

development stage, the contact stress at ZK 53 + 920 section
and ZK 53 +950 section gradually increased. This showed
that the pressure passed from the initial supporting to the
secondary lining had a significant effect on the secondary
lining following the hydrothermal chemical reaction of the
concrete. Each monitoring section’s measuring points’ stress
remained unchanged at about 40 days.

Conclusions

In this paper, based on the high geo-stress highway tunnel in
fault fracture rock zone, excavation-induced tunnel deforma-
tion and stress responses of the rock mass and support struc-
ture were investigated by field monitoring tests. According
to the research findings, the main conclusions are as under:

1. The tunnel is excavated by the up and down step method
in the fault fracture zone, the tunnel arch subsidence and
perimeter convergence were significantly asymmetric.
The stable convergence value of upper step is 88.2 mm
and the stable value of vault settlement is 53.1 mm, the
former is about 1.56 times of the latter. Before the lower
step excavation, the surrounding rock deformation is
severe, and after the second lining is applied, the sur-
rounding rock deformation is in the stable development
stage. The results showed that secondary lining could
effectively control tunnel subsidence in Class V rock
mass section. The stiffness of tunnel support structure
Class IV rock mass could be appropriately increased to
control the tunnel deformation during the subsequent
engineering construction.

2. The surrounding rock stress was mainly compres-
sion. The maximum surrounding rock stress in sec-
tions ZK53 4830 and ZK53 + 880 was 0.234 MPa and
0.345 MPa, respectively. After the secondary lining
was constructed, the changes in surrounding rock stress
tended to stabilize, indicating that initial support and
second lining shared rock mass loads. The stress was
spatially presented as “greater at the vault and lower at
the arch bottom”. And the surrounding rock stress in
the arch shoulder and arch waist was asymmetric about
the tunnel axis, suggesting that the horizontal structural
stress was significant.

3. The shotcrete stress in the section of the fault zone
reached 75% of the maximum stress in about 10 days
of excavation, and localized bulging and cracking of
the primary support surface were observed at the con-
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Unit: MPa

___________ Inside of steel frame

----------- outside of steel frame

(2)

Unit: MPa

Inside of steel frame

——————————— outside of steel frame

(b)

Fig. 16 Stress distribution of inside and outside of steel arch support
on each monitoring section (unit: MPa). a ZK53 +950; b ZK53 + 920

struction site. The stress of steel arch frame reaches its
peak about 1 month after excavation. Therefore, the sur-
rounding rock stress is mainly borne by shotcrete in the
early stage and steel arch in the later stage. In the area
impacted by fault fracture zones, the construction of
the second lining significantly reduced the rate of stress
growth in the steel arch. Therefore, second lining con-
struction should be carried out as soon as possible after
the completion of the invert excavation in this area to
reduce the arch stress.

4. A "flexible support first, rigid support second" type of
support approach can be adopted at the high ground
stress fault zone, i.e. the first support was a low stiffness
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Fig. 18 The temporal distribution curve of initial support-secondary
lining for each monitored section. a ZK53 +920; b ZK53 + 950

grid arch support and the secondary support was pro-
vided by a steel arch support to reduce the tunnel initial
deformation better.
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5. The fault zone section's initial supporting-second lining
contact stress was asymmetrically distributed at the arch
shoulders, with a maximum pressure of 0.15 MPa at the
left shoulder and 0.95 MPa at the right arch shoulder.
The joints and geo-stresses in the surrounding rock had
obvious tectonic impacts.
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