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Abstract

To ensure the safety of the tunnel construction, it is very important to take the appropriate treatment measures after the col-
lapse happened. Especially the tunnel goes through the fault fracture zone. This paper sets forth the process of the collapse
that occurred in the Yezhuping Tunnel affected by the fault fracture zone and introduces the treatment for the collapse. The
deformation characteristics of the surrounding rock are analyzed according to the monitoring results. Based on the research
regarding the effect of the fault on the tunnel by using the general Hoek—Brown failure criterion and the field monitoring
results, it is shown that the fault is the main reason for the collapse; it induces the attenuation of the Young modulus and
the compressive strength and the enlargement of the plastic zone. The research results have some reference significance for

similar projects.
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Introduction

As an important part of the expressway in mountainous area,
the mountain tunnel plays an increasingly vital role. Many
mountain tunnels are constructed in fault fracture zones, as
the proper line-type requirements. The rock mass is loose,
broken and unstable where it in the fault fracture zone. It is
prone to collapse and causes serious casualties and economic
losses. Since the surrounding rock is broken and the geologi-
cal condition of the Yezhuping Tunnel is complicated, the
accident caused by construction comes out unexpectedly.
Many instability issues in the engineering practice, such as
initial support damaged are caused by excessive deformation
of the surrounding rock under the influence of fault fracture
zone. No matter whether the fault is exposed during excava-
tion, the stability of the tunnel will be affected. According to
the monitoring results, nearly 80% of the collapse accidents
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are affected by the fault zone in the current underground
engineering. We summarize the mountain tunnels that have
undergone geological disasters, and find that most of them
are built in unfavorable geological areas. Especially when
the tunnel goes through the fault fracture zones, it is prone
to serious accidents, as shown in Table 1.

Many elaborate researches on this issue had been done.
The analysis of physical simulation shows that the mag-
nitudes of rock mass plastic zones will increase with the
decreasing of the friction angle of fault (Hao and Azzam
2005). The shear deformation of the tunnel will emerge
along the weak plane (Schubert and Riedmiiller 1997). It
was pointed out that the fault fracture zone leads to sig-
nificant changes for the structure of the rock mass, through
laboratory model tests (Jeon et al. 2004). It was shown that
the dip and width of the fault are important factors affecting
the stability of surrounding rock by numerical simulation
and model test. As the fault fracture zone, the geostress is
no longer symmetrical and the different degrees of stress
concentration are shown after tunnel excavation (Wang et al.
2017a, b). It was suggested by field experiments that the
high geostress and the lithological changes of surrounding
rocks caused by the fault are main factors leading to the
asymmetric distribution of stress in the deep tunnel (Li et al.
2011). In order to reduce the risk of seismic damage in the
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Table 1 Statistics of tunnel

. Tunnel name Disaster type Geology of tunnel site Damage

accidents caused by fault zone

during the construction in China Baiyun Tunnel Collapse, water-inrush Fault fracture zone 6 deaths

from 2010 to 2017 Qixiaying Tunnel Collapse Influence zone of fault 10 deaths
Xiaopinggiang Tunnel Collapse Fault fracture zone 12 deaths
Liulang Tunnel Collapse of the vault Fault fracture zone 5 people trapped
Zhipu Tunnel Face collapse Influence zone of fault 9 deaths
Manme No. 1 Tunnel Closure collapse Fault fracture zone 9 people trapped

fault fracture zone, an articulated lining design was adopted
along the active fault zone in Turkey (Russo et al. 2002).
The Yanmenguan Tunnel took the method that reserving
core soil and using asymmetric lining through the fault (Lin
et al. 2017). The Wuzhuling Tunnel took asymmetric lining
design and strengthened the thickness of the lining within
the fault to overcome stress concentration and uniform stress
distribution (Wang et al. 2017a, b). Soil-freezing consolida-
tion was adopted to pass through the Qingquan Street Fault
in the Guangzhou Metro Tunnel (Lei et al. 2008). The Guan-
jiao Tunnel passed through faults by shortening the time
span between the initial support and secondary lining and
increasing the amount of shotcrete (Li et al. 2011). Based
on researches that information construction and prediction
in the tunnel, the tunnel construction is optimized (Zhou
et al. 2017). The jet-grouting pile was used to reinforce
the soft rock (Wang et al. 2018a, b, c, 2019a, b, c, d, e;
Li et al. 2018). Besides, the lithology (Zhang et al. 2018a,
b, c; Lai et al. 2018; Yue et al. 2019), groundwater (Wang
et al. 2019b; Zhang et al. 2018a, b, ¢; Zheng et al. 2019),
surface subsidence (Wang et al. 2018b, ¢, 2019a), effect of
vibration (Duan et al. 2019a, b; Li et al. 2019a, b), support
system (Wang et al. 2017b, 2019b; Zhang et al. 2018a, b, ¢),
concrete characteristics (Wei et al. 2018, 2019) were studied.
The effect of the temperature on the rock was discussed (Nie
et al. 2018; Wei et al. 2017; Duan et al. 2019a, b).

The above research mainly aims at the surrounding rock
control measures to prevent accidents when the tunnel
passes through the fault fracture zone, and it has not studied
the treatment measures for accidents during the excavation
process. In many cases, however, due to the suddenness
and concealment of disasters such as tunnel collapse and
water-inrush, it is impossible to predict in advance, and the
engineering disaster is difficult to avoid (Qiu et al. 2019).
Based on the Hoek—-Brown failure criterion (Hoek and
Brown 1980, 1988, 1997; Marinos and Hoek 2001; Sonmez
and Ulusay 1999; Sun and Lu 2008) and the project of the
Yezhuping Tunnel, the variation of physical and mechani-
cal properties of surrounding rock of tunnel section affected
by the fault fracture zone was analyzed in this paper. The
mechanism of the fault on the surrounding rock of the tunnel
was discussed, it was concluded that the fault fracture zone
is the main cause inducing the collapse of the Yezhuping
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Tunnel. The treatment measures for the landslide induced
by the fault were introduced, and the results were found to
be effective based on the analysis for the on-site monitoring.
The results of our research in this paper not only guide in the
construction of the Yezhuping Tunnel, but also have certain
reference value for similar projects.

Engineering background
Project information

The Yezhuping Tunnel is a part of the Dan-Ning Express-
way Project (Danyang to Ningshan). As shown in Fig. 1,
it is located in Zhashui County, south Qinling, Shangluo
City, Shaanxi Province, and it is the connection line between
Zhashui and Shanyang. It is a long-separated highway moun-
tain tunnel and about 60 km away from Xi’an. The length of
the left line is 2309 m and the right line is 2326 m; the depth
of the left line is 523.52 m and the right line is 526.48 m.
Figure 2 shows the lithological section of the tunnel. The
tunnel is excavated by the bench tunneling method, with a
footage of 0.6 m per stage. Generally, the construction of
three stages can be completed within 2 days. The Yezhup-
ing Tunnel adopted the lining sections of the three-centered
circular arch. The net width of the tunnel is 10.25 m. It is
composed by: (0.75+0.5+3.75%240.7540.75) m; a main-
taining way was set up in each side of the tunnel. A circu-
lar drainage ditch with ¢ 20 cm and a fire pipeline with
60 cm X 50 cm were set in left maintaining way; a cable duct
with 60 cm X 65 cm was set up in the right. A central drain
was set under the roadbed of the tunnel. Figure 3 shows the
internal contour design of the tunnel.

Engineering—geological conditions

The mountain tunnel crossing is a rocky mountain with
exposed bedrock and steep terrain. The elevation of the part
of the mountain is about 730-1292 m, and the topography
undulates greatly. The maximum relative elevation differ-
ence is about 562 m. According to the results of the geologi-
cal mapping and drilling, the rock mass is mainly composed
of the slate (D,n) and the quartz schist (Z,), the detritus
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(QS*%Y in the tunnel site. The detritus (Q$*%) are mainly
composed of gravel soil and rocks and distributed at the
entrance and exit of the tunnel. The slate (D,n) is one of the
main rocks in the tunnel site. It has a palimpsest texture and
platy structure. The mineral composition is mainly feldspar
and quartz. The joints of rock mass are abundant. It is mainly
distributed in the tunnel body. The quartz schist (Z,) is one
of the main rocks in the tunnel site. It has a crystalloblastic
texture and schistose structure. The mineral composition is
mainly chlorite, feldspar and quartz. The joints of the rock
mass are abundant. It mainly distributes in the tunnel body.

The landforms of the mountain passed through by the
tunnel are precipitous, due to structural erosion and fluvial
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incision. The rock (slate and quartz schist) is loose and
broken in where the tunnel passed through. According to
the measurement during construction, the left line covers
85.25% of the strongly weathered surrounding rock and the
right line covers 83.57% of the strongly weathered surround-
ing rock, as shown in Fig. 2. The groundwater in the tunnel
area includes shallow fissure water formed by loose overbur-
den and weathered bedrock and deep cracked water formed
by the fault fracture zone. The tunnel passes through two
fault fracture zones F1, F2 which contain multiple secondary
fracture surfaces.

The F1 Fault, as shown in Fig. 4, is in the Village
Yezhuping. The fault surface is inclined to the north; the
dip angle is 75°; the width of the fault zone is more than
50 m. The F2 Fault is a north-dipping fault with the dip
angle of 79°; there are multiple secondary faults cross-
ing each other. The rock combination is complex, the

Fig.4 Adverse geological phe-
nomena induced by Fault F1

Rock cavern

&%

maximum thickness between the footwall and hanging wall
is about 60 m. The F2 Fault, mainly consisting of three
secondary faults which the deformation is concentrated
on, is wide in the area around the tunnel exit, but the char-
acteristics of the F2 faults are not obvious.

The section of the Yezhuping Tunnel going through
the fault fracture zone with the development of the frac-
ture has a large depth and complex condition of the sur-
rounding rock, the rock mass is broken and unstable which
induces collapse easily. According to the research, the
fault fracture zone is the main cause leading to the engi-
neering disasters in this project, as shown in Table 2 There
are various geological problems in the affected area by
the fault fracture zone, such as weak interlayer, the fault
gouge, the cavity with the significant scale, and the seri-
ously dripping water, and the rock mass is broken by the
core method of sampling, as shown in Fig. 4.

Fault gouge

Cementing
materials

Hanging wall of fault

Rock broken

Footwall of fault / \
Dip angle of fault=75¢

Thickness of fault>50m

Weak interlayer Seriously

dnpping water

Table 2 Statistics on large accidents during the tunnel through the fault fracture zone

Date Accident Impact on engineering

2017.2.13 Water-inrush and mud-inflow occurred in right line YK2+212 Tunnel face suspended for 40 days
Partial passage initial damaged

2017.4.18 Collapse occurred in left line ZK1+410 Partial passage initial damaged

2017.7.3 Collapse occurred in left line ZK1 4492 Tunnel face suspended for 20 days
Partial passage initial damaged

2017.7.22 Collapse and water-inrush occurred in right line YK1+ 720 Tunnel face suspended for 20 days

Partial passage initial damaged
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Monitoring of the tunnel

During the construction, the deformation of the tunnel has
been monitored (Wang et al. 2018, 2019a). Peripheral con-
vergence and vault settlement are the main methods to moni-
tor the dynamic changes of the surrounding rock and confirm
the situation of the surrounding rock, and judge the effect of
the supporting. The measuring points of the vault settlement
were arranged at the vault and each side of the center line
1.5 m away from the center line of the vault. The measur-
ing points of the peripheral convergence were arranged in
the same section, as shown in Fig. 5. The location of the
monitoring section was determined by the surrounding rock
conditions. The monitoring section was arranged for each
20 m with the condition that complete rock mass (Q = 1-10),

Fig.5 Arrangement of the Vault
measuring points and measuring
lines in cross section
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Fig.6 Arrangement of the
monitoring section

WV Vault settlement point
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and arranged for each 10 m with the condition that broken
rock mass (Q < 1), as shown in Fig. 6. Index Q is a parameter
representing the quality of rock mass in Q system presented
(Barton 1988). Q is determined by the degree of rock integ-
rity, shear strength of chimera and active stress of surround-
ing rock. The larger the value, the more complete the rock
is. The rank of surrounding rock described by Q is shown
in Table 3.

The effect of the fault zone

Fault is the main cause of the collapse, so it is necessary to
analyze the impact of the faults. The rock failure charac-
teristics are non-linear. Therefore, the Hoek—Brown failure
criterion is used to analyze the rock mass of the collapse
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Table 3 Rank of the surrounding rock described by index Q

Valueof 9 0.001 0.1 1 4

10 40 100 400 1000

Rank Extremely bad  Ratherbad  Bad  Slightly bad

General

Slightly good  Good  Rather good  Extremely good

section. The general Hoek—Brown failure criterion that can
be applied to both rock and rock mass was proposed (Hoek
and Brown 1988). It can be shown in Eq. 1

o a
o, =03+6C<mb—3+s> . 1)

C

In the formula: ¢, and o5 are the maximum and minimum
principal stresses. o is the uniaxial compressive strength
for rock, the values of o are obtained by the uniaxial com-
pression test. Specifically, we take core sampling drilling,
and make rock samples with diameter of 48—52 mm and
height—diameter ratio of 2 firstly. Then we conduct the uni-
axial compression test with ten specimens per point. The
loading rate is 0.5 MPa/s. The average values are taken as
the values of o, as shown in Table 4. m;, and a are dimen-
sionless empirical parameters of the rock mass. S is an
empirical parameter of the rock mass reflecting the degree
of fragmentation of the rock mass. To determine the value of
the empirical parameter my, a, S, a disturbance parameter D
considering stress releasing, and a method for determining
the value of parameters was proposed, based on the geologi-
cal strength index (GSI), as shown in Eq. 2:

(GSI - 100>
_ .
28—14D /"
GSI - 100)
9-3D

a=05+ é[exp(—GSI/lS) —exp(—20/3)]

mb=

s=exp )

In the formula: m; is a dimensionless empirical parameter
of the rock, reflecting the hardness of the rock. The value
of parameter m; can be obtained, based on the experience of
laboratory and field, as shown in Table 4. The value of GSI
can be obtained by interpolating the GSI table (Sonmez and
Ulusay 1999).

To study the influence of the fault on different sections
of rock mass, the fault model needs to be established firstly.
Based on outcrop studies of consolidated rock mass in the
fault fracture zone, a fault zone model (Caine and Tomusiak

2003) comprising core zone and surrounding damage zones
with different properties and thicknesses was developed. The
fault core accommodates most of the strain and displacement
of the fault zone and is formed by gouge and cataclasite. The
damage zone consists of minor faults and fractures (Aydin and
Basu 2005; De Dreuzy et al. 2001; Hestir and Long 1990). The
fault model is shown in Fig. 7. In order to reflect intuitively
the effect of fault fracture zone on the surrounding rock of the
tunnel, three points named A, B, and C are taken along the
longitudinal direction of the tunnel in the fault core (close to
the collapse section ZK1+492) and the fault damage zone and
outside the fault zone, as shown in Fig. 7.

In order to obtain empirical parameters of the rock mass
characteristics, the value of the disturbance coefficient D needs
to be determined. Abundant engineering practice shows that
the loosening and damage of surrounding rock caused by blast-
ing and excavation can be effectively evaluated by measuring
and analyzing the propagation velocity of the acoustic wave,
and it has good precision. Therefore, it is feasible to evalu-
ate the degree of disturbance of rock mass by measuring the
propagation velocity of the acoustic wave (Sun and Lu 2008).
In addition, the Young modulus E,, of the rock mass can be
estimated according to the following equations:

E. = ( - g), 2 101GSI=10/40] (5 < 100 MPa)
E, = (1 - §> - 10LGSI=10)/40] (6, > 100 MPa)

3

In the formula: the disturbance parameter of the rock mass

is D, and the average Young modulus is E;; when the rock

mass is not disturbed, Ej, is the average Young modulus of

disturbed rock mass. The quotient of E;; and E}, obtained by
Eq. 3 1is:

Ey, 1
E, 1-DJ2 @
D
According to the elastic wave theory, the relationship

between the Young modulus of the rock mass and the longitu-
dinal wave propagation velocity can be expressed as:

Table 4 Partial table for the
value of parameter m;

Rock type Different texture rocks and their m; values
Rough Medium Tiny Very tiny
Sedimentology Conglomerate (21 +3) Sandstone (17 +4) Siltstone (7 £2) Shale (6+2)
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Ey1-p) )
p(1 + )1 =2p)

In the formula: V;, is the longitudinal wave velocity. P is
the density of the rock mass. u is the Poisson ratio. Assume
the average longitudinal wave velocity in the undisturbed rock
mass be Vy;, the average longitudinal wave velocity in the dis-
turbed rock mass be Vj,. The disturbance parameter D can be
obtained from Egs. 4, 5, as shown in Eq. 6:

D=2 1-(V—U> . ©)

Although the rock type of points A, B and C is same, due
to their different water content and void ratio, the value of
o, have large differences. According to field and laboratory
tests and calculations, the values of the three parameters in
points A, B, and C are obtained, as shown in Table 5.

According to the parameters obtained in Eq. 3, the
Hoek—Brown criterion for the rock mass corresponding to
each measuring point can be established:

A 6, =0y +1.561 X (27.696 - 0, + 3.646) "

B: 0, =0;+0.866x (16431 - o5 + 0.256
C: o, =0;+0.143x (94.017 - 55 + 0.248

)0.515 (7)

)().536

Fault zone

In order to get intuitive analysis results, linear regression
analysis to Eq. 7, and the equivalent Mohr—Coulomb failure
criterion formula are shown in Eq. 8:

1 +sing 2¢cos @
= [oF

B 1 —sing 3

7 1—sing’ ®)
In order to ensure the fitness of the parameters, the range
of the minimum principal stress is 63 € (0, 0.56,). The equiv-

alent M—C failure criterion formula is available:

A1 o) =2.34326705 4+ 11.510433, )
B : 0, =1.8053490; + 3.682924, (10)
C: o0, =147663105+ 1.258120. (11)

The parameters of the physical and mechanical prop-
erties of the rock mass including Young modulus £,
cohesive force c, internal friction angle ¢, compressive
strength o,,, were solved by using Eqs. 3, 8—11. The
results are shown in Table 6.

From the data of Table 6, some conclusions can be
drawn.

(1) Compared to the parameters of rock mass outside
the fault, the Young modulus of the rock mass in the
damage zone has decreased by 73.78%, the cohesion
has decreased by 63.54%, the inner friction angle has

Table 5 Parameters of rock

. Station Rock type Location
mass for each station

m; o,(MPa) SI /107 a

i

Vy (m/s) Vp(m/s) D my,

A Slate Outsideof FZ 9 51.09 2 2423 2330 0.15 1.415 36.464 0.505
B Slate DZ 9 30.37 36 1338 1189 042 0.499 2.564 0.515
C Slate Fz 9 19.89 23 1008 849 0.58 0.187 0.248 0.536
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Table 6 Parameters of physical and mechanical properties for each
station

Station E,, (MPa) C (MPa) Q) 6., (MPa)
A 7.418 3.760 23.9 11.510

B 1.945 1.371 16.9 3.683

c 0.669 0.518 11.1 1.258

decreased by 29.28%, and the compressive strength has
decreased by 68.00%.

(2) Compared to the parameters of rock mass outside
the fault, the Young modulus of the rock mass in the
fault core has decreased by 90.98%, the cohesion has
decreased by 86.22%, the inner friction angle has
decreased by 53.56%, and the compressive strength
has decreased by 89.07%.

(3) Compared to the parameters of rock mass in the fault
damage zone, the Young modulus of the rock mass in
the fault core has decreased by 65.60%, the cohesion
has decreased by 62.22%, the inner friction angle has
decreased by 34.32%, and the compressive strength has
decreased by 65.84%.

It can be shown that the shorter distance between the
tunnel face and the fault core, the smaller Young modu-
lus, cohesion, internal friction angle and compressive
strength. The shear strength of the surrounding rock grad-
ually decreases, and the plastic zone becomes increas-
ingly large, the load capacity of the surrounding rock is
gradually smaller.

Fig.8 Collapse field of section
ZK1+492

Initial support cracking

@ Springer

Collapse and treatment
Overview of the collapse

In July 2017, the vault rock dropped and the water emerged
by seepage in the tunnel face of the section ZK1+492 in
the left line of the tunnel. Then the collapse happened in the
position of the vault after closing the tunnel face. The col-
lapse spread from the left side to the right side along the arch
ring. The slag body slid off from the vault intermittently, and
the collapse body mainly composed of loose mixture of soil
and rock, and most of the rock was fully weathered mud-
stone with the black mud. The collapse length was estimated
to be no less than 5 m, the volume of the collapse body was
roughly estimated to be about 110 m?, as shown in Fig. 8.
The collapse also had a serious impact on the excavated sec-
tion. The initial support was damaged such as deformation
of the steel arch, cracking and spalling of the shotcrete layer
by this collapse, as shown in Fig. 8.

Treatment for collapse

In order to avoid secondary disasters happened, the emer-
gency measures that stopping excavation, closing the col-
lapse body, and backfilling the back-pressure soil were taken
immediately. The treatment measures for this collapse were
started from two aspects, on the one hand, improving the
bearing capacity of the surrounding rock-support system,
the key is to enhance the surrounding rock conditions of
the tunnel, and improve the bearing capacity of the sup-
port. On the other hand, adjusting the excavation method
and strengthening the monitoring. The treatment measures
are shown in Fig. 9.

Deformation of steel arch

A cag'ity appeared

Collapse body
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Fig.9 The scheme for treatment
of collapse

Measure to deal with the collapse
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Advance treatment

Backfilling soil

Final treatment

|
l |

Optimizing the system of
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Advance treatment

Stopping the excavation and treating the collapse body firstly
after the collapse occurred. The collapse body was sealed
by spraying C20 concrete and steel mesh to form an overall
force body, so that it can be uniformly stressed. The gravel
and soil are transported from outside the tunnel, and they
are used as back-pressure soil, then they are backfilled on
the tunnel face. They provide back pressure and prevent the
occurrence of secondary collapse. There are two layers of
back-pressure soil. The first layer adopts manual compaction
to avoid disturbance, the thickness is 50 cm. The second
layer is mechanically compacted, and the thickness of the
second layer is 3 m. The back-pressure soil had a length of
5 m and the area accounted for two-thirds of the tunnel face,
as shown in Fig. 10.

Tunnel
face

{ Collapse
body

Operation monitoring — Adding monitoring section

Radial grouting

In order to improve the integrity of the surrounding rock,
and reduce the damage to the surrounding rock by the fault
fractured zone, the radial grouting was adopted which
was also the main measure to plug water. The specific
technique is: adjust the systematic rock bolt (mortar rock
bolt) to ¢ 50x4 mm grouting pipe (5 m length, 120 cm
longitudinal spacing, 25 per ring). To ensure slurry can
quickly condense under dynamic water conditions, this
measure adopts the cement—sodium silicate binary slurry.
The cement—sodium silicate binary slurry application was
applied in which 120° of the arch part. The ordinary cement
slurry was applied in other part. The grouting sequence was
from top to bottom and from the vault to the sides, as shown
in Fig. 11. The specific slurry is shown in Table 7.

Conette First layer

back-pressure soil

Second layer
back-pressure soil

300 cm

Fig. 10 Backfilling of field back-pressure soil and vertical sketch of the back-pressure soil
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Fig. 11 Schematic diagram of
radial grouting and supporting

Rock mass

150

L=5m

120cm

Initial Supporting

I-25b Invert arch -
Steel arch Secondary Lining
®25 Reber
;I'al?lle 7 Slurry ratio parameter No. Type Proportional parameters
able
Water—cement ratio (W/C) Volume ratio Concentration of  Initial pressure/
water—glass (kg/ final pressure
m?) (MPa)
1 Ordinary W:C=(0.8-1): 1 - - 0.4-0.8/1.0-1.2
cement slurry
single-shot
grouting
2 Ordinary con- W:C=(0.8-1): 1 C:S=1:1 1320 0.4-1.2/1.8-3
crete—water
glass two-shot
grouting
Table 8 Adjustment for Succession Support structure Before the collapse After the collapse
parameter of support structure
Initial supporting Steel arch shelf Model Distance Model Distance
122a 80 cm 125b 60 cm
Secondary lining Rebar - Adding ¢ 25 rebar

Increasing support-stiffness

It is necessary to improve the bearing capacity of the sup-
porting to ensure the safety of construction while improv-
ing the physical and mechanical properties of surrounding
rock (Li et al. 2019a, b). The parameters of the supporting
in the collapse section were adjusted to improve the stiff-
ness of the supporting. The specific measures are as fol-
lows: adjusting the type of the steel arch shelf from 122a
to I125b with 60 cm spacing, the secondary lining added
@ 25 rebar as shown in Table 8.

Adjustment of excavation method

The bench method was used to excavate in the collapse
section before the collapse occurred. In order to avoid the

@ Springer

disasters such as collapse happened again, the excavation
method was adjusted. Compared with the original method,
the new methods include two aspects, on the one hand, the
spacing between the upper and lower bench was reduced
from; on the other hand, reserving the core soil, as shown
in Fig. 12. The slope of core soil is 5:1, and the height of
the upper core soil is 3 m, the height of lower core soil is
4 m. The other parameters of the new method are shown
in Fig. 13. Although this method extends the construction
period, it is conducive to the stability of the tunnel face.

In addition, these measures were taken that reducing
the time interval between processes and adjusting the
sequence of each process, building the inverted arch in
time, and the initial support closely followed the tunnel
face to ensure the safety under construction.
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Fig. 12 Core soil and its
mechanism

Core soil

Upper tunnel face

Upper core soil

tunnel face

Sm

L<] 2m

Circle numbers indicate excavation sequence

Trestle bridge

Fig. 13 Sketch of the new excavation method

Fig. 14 Spalling and cracking of
concrete in the affected section

Fig. 15 Temporary reinforce-
ment was used in the affected
section

Measure for the affected section

The supported sections within 30 m behind the collapse
were affected after collapse occurred. The phenomenon of
spalling and cracking of concrete appeared in the initial
support of these sections, as shown in Fig. 14. Therefore,

Slope of Core Soil
5:1

Surrounding
rock push in

Reverse pressure formed by core soil

&7 “Som Tunnel face
—y == Secondary lining
kY NS )
_ N - Upper core soil
AEIRA _
YN N\ : Slope of Core Soil
= M N 5:1
g \ N :‘ ¢ Lower core soil
| \
'\E_L '—*——4 Invert arch
) 5.0m 2.8m e s
L<12m 7

455cm

/_\

! Mid-line of
‘ the tunnel

Anchor
connection

120a steel

arch shelf \
231°
D

Feet-lock
bolt

the 120a steel arch shelf is used for circumferential rein-
forcement in the affected section (Wang et al. 2017a, b).
The range of the temporary reinforcement section is 30 m.
The steel arch frame is fixed and connected by anchor, as
shown in Fig. 15. The parameters of temporary reinforce-
ment are shown in Table 9.
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Table 9 Parameters of temporary reinforcement

Range of reinforcement Method Material

Range of angle for aring Distance between rings Connection type

30 m Circumferential reinforce-

ment

120a steel arch shelf 231°

30 cm Anchor

Analysis and discussion
Deformation characteristics of surrounding rock

Many engineering disasters occurred in the Yezhuping
Tunnel were concentrated in the fault fracture zone, so it
is necessary to strengthen the monitoring on the fault frac-
ture zone. In addition, the other section of the tunnel was
impacted by this collapse, such as the section ZK1 + 480
and ZK1+589 as shown in Fig. 16. Based on the monitoring
data before taking the treatment, some deformation regulari-
ties of the surrounding rock in the affected section could be
obtained. Figures 17 and 18 show the monitoring date of the
section ZK1 +480 and ZK1 + 589 separately.

According to the data in Figs. 17 and 18, the deformation
regularities of the surrounding rock in the fault fracture zone
could be obtained as follows:

(1) Large amount of deformation The significant plastic
deformation occurred in surrounding rock of the fault
fracture zone. For example, the maximum vault settle-
ment of the section ZK1+ 480 reached 235.8 mm, and
the section ZK1 + 589 is 365.5 mm.

(2) Fast deformation rate The deformation rate of the sur-
rounding rock in the fault fracture zone is very large
after excavation. The deformation rate was susceptible
to the disturbance. For example, the deformation rate
of the section ZK1 + 480 suddenly increased after the
collapse occurred.

(3) Long deformation time The surrounding rock of the
fault section that tunnel passes through continued to

Fig. 16 Location of representa-

deform for a long time after excavation. It had obvious
creep deformation characteristics.

(4) Uncoordinated deformation The uncoordinated defor-
mation of the surrounding rock in the fault fracture
zone showed the large difference between different
positions of the same section. For example, the cumu-
lative settlement of the right spandrel of the section
ZK1+ 589 was 3.6 times than the left spandrel and 3.7
times than the vault.

Treatment effect

The tunnel was excavated by the Bench Method with
reserving core soil after the treatment was completed. We
strengthened the monitoring for the initial support of the
section where the collapse occurred (ZK1 +492), after the
re-excavation. Monitoring data of the section ZK1 + 492
was obtained, and was compared with that of the section
ZK1+480. The monitoring data of the section ZK1 +492
are shown in Fig. 19:

It was concluded from Figs. 17 and 19 that the maxi-
mum cumulative value of the vault settlement of the section
ZK1+492 was 134 mm, and the cumulative value of the
peripheral convergence was 148 mm. The deformation trend
of the surrounding rock in the section ZK1 4492 was the same
as that in the section ZK1 +480. The monitoring data showed
that as the disturbance of excavation for the lower step, the
value of the left spandrel settlement in the section ZK1 +492
increased. But the increment is obviously lower than that in
the section ZK1 +480. The deformation of the surrounding
rock was stabilized in the short term. Phenomena such as the

V¥ Vault settlement point

. R ; ) Unit: m
tive monitoring section ® Pecripheral convergence point
. Zk1+480 5
\ F1 fault F2 fault Tunnel

Y Y \ Y \ 4
[

% ...... ! f

\
1
> ZK1+589
Collapse section
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Fig. 17 The vault settlement
and surrounding convergence
datagram of the section
ZK1+480

Fig. 18 The vault settlement
and surrounding convergence
datagram of the section
ZK1+589
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Fig. 19 The vault settlement and surrounding convergence datagram of collapse section ZK1+492

abnormal deformation of the initial support and the cracking
of the initial support during the monitoring period did not
occur. The treatment proved to be effective.

Conclusion

In this paper, a case study involving tunnel through the
fault zone in the south Qingling mountain region in China
was provided and studied in terms of the geological survey,
namely extreme deformation characteristics and collapse
induced by the fault, effective countermeasures. The effec-
tiveness and rationality of the countermeasures were verified
based on the on-site tunnel monitoring (Lai et al. 2018). The
geotechnical engineering properties of the impact of the fault
on the tunnel were discussed and studied. The valid coun-
termeasures of this case can provide a meaningful reference
to similar projects. Based on the findings of this study, the
following conclusions can be drawn:

Fault fracture zone is the main factor inducing the col-
lapse. It causes the surrounding rock with broken and well-
developed joints which is challenging to construct tunnels.
According to the Hoek—Brown failure criterion, the compres-
sive strength and shear strength of the surrounding rock were
significantly reduced. Specifically, in the damage zone, the
Young’s modulus has decreased by 73.78%, the cohesion has
decreased by 63.54%, the inner friction angle has decreased
by 29.28%, the compressive strength has decreased by
68.00%; In the fault core, the Young’s modulus has decreased
by 90.98%, the cohesion has decreased by 86.22%, the inner
friction angle has decreased by 53.56%, the compressive
strength has decreased by 89.07%. The deformation charac-
teristics of the surrounding rock in the collapse section of the
Yezhuping Tunnel are controlled by the fault fracture zone.
The main features are: (1) fast deformation rate; (2) large
amount of deformation; (3) long deformation time; (4) poor
stability; (5) uncoordinated deformation.

@ Springer

The proposed countermeasures mainly include the fol-
lowing: (1) backfilling the back-pressure soil backfill; (2)
radial grouting; (3) increasing support-stiffness; (4) adjust-
ing excavation method to two-bench reserving core soil
method; (5) strengthen stability of the section affected by the
collapse with Steel Arch Shelf. According to the monitoring
results after treatment, the amount of maximum deformation
in the rock mass significantly decreased. Specifically, the
maximum vault subsidence and horizontal convergence were
13.8 cm and 15.3 c¢cm, the maximum vault settlement was
approximately 2/3 of the values in the section ZK1 + 480
before treatment. The achievement confirmed that these
measures can markedly decrease the displacement amount
and the effectiveness of the proposed countermeasures.
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