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Abstract Typical large-deformation phenomena of soft rock
occurred frequently during the tunneling process in
Huangjiazhai Tunnel, Hubei Province, China, including extru-
sion at the tunnel wall and severe damage of the primary
support and secondary lining. To reveal the mechanisms of
these anomalies, comprehensive investigations have been un-
dertaken combining engineering, laboratory, and microscopic
analyses. Since the monitoring results show that there might
be a close relationship between the large deformation phe-
nomena and water infiltration into the tunnel, the water-rock
interaction is the research focus in the investigations. The
experimental results reveal that the deforming resistance and
strength of shales exposed at the excavation face weaken
quickly in the first 20 days after the shales have contact with
water. The results obtained by mineral composition detection
and microstructure observation illustrate the microscopic rea-
sons for the decreasing strength and deforming resistance of
the tunnel surrounding rock after water infiltration. The results
from in situ geostress tests indicate that as a result of high
tectonic stress and low rock strength, the field of
Huangjiazhai Tunnel is an extremely high geostress area. By
combining analyses from the mechanical and geological per-
spectives, there are two main reasons for the large
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Introduction

Highway transportation in mountainous areas is of great im-
portance for local economic development and Tunneling en-
gineering plays a significant role in highway construction in
these mountainous regions.

Large deformations of surrounding rock are often encoun-
tered during tunnel excavation in rock masses with squeezing
characteristics. Generally, the deformation usually lasts from
several weeks to several months (Aydan et al. 1996; Brox et al.
1999; Hoek 2001; Meng et al. 2013) or even up to more than
1 year in soft rock tunnels (Yassaghia and Salari-Rad 2005;
Wang et al. 2015), often accompanied by the lining cracking
and even collapsing. These phenomena are widely observed at
relatively shallow depths in soft rocks such as phyllite, mud-
stone, shale, and siltstone (Aydan et al. 1996). When a tunnel
is excavated in a soft squeezing rock, the ground advances
slowly into the opening, without visible fracturing or loss of
continuity. The continuous inward deformation of the rock
may occur together with the separation of rock fragments, or
blocks, from the roof and walls of the excavation (Gioda and
Cividini 1996). Because of the universality and pernicious-
ness of large deformations in the construction of soft rock
tunnels, the squeezing behavior and its mechanisms during
tunneling in soft rock layers have aroused much interest
among a number of researchers in the past (Wood 1972;
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Nakano 1979; Tan et al. 1980; Aydan et al. 1995, 1996; Barla
etal. 1995; Kalamaris and Bienawski 1995; Gioda et al. 1996;
Kovfiri and Staus 1996; Steiner 1996). Wood (1972) proposed
a competency factor, which was defined as the ratio of uniax-
ial strength of rock to overburden stress to assess the stability
of tunnels. Nakano (1979) later used this parameter to recog-
nize the squeezing potential of soft-rock tunneling in Japan.
Aydan et al. (1995) and Barla (1995) stated that squeezing was
a large, time-dependent deformation that occurred around
tunnels and was essentially associated with creep caused by
exceeding a shear stress limit. On the basis of surveying and
analyzing the similarity of more than 20 squeezing tunnels,
Aydan et al. (1993, 1996) proposed that squeezing-type fail-
ures tended to occur in soft rock tunnels when several condi-
tions were satisfied, such as a competency factor less than 2
and a tangential strain of the tunnel wall greater than 1%. With
an increasing number of soft rock tunnels being constructed,
researchers studied large-deformation mechanisms of practi-
cal tunnel projects (Khanlari et al. 2012; Meng et al. 2013;
Agan 2016). Among them, Meng et al. (2013) summarized
three factors inducing large deformations in Zhegu Tunnel,
situated on the Sichuan-Tibet Highway: the plastic flow of
soft rock, shear sliding of wedges, and bending of thin-
layered soft rock.

Over the past several decades, a number of researchers
have studied the large deformations in squeezing tunnels, es-
pecially the extent of the plasticity zone (Anagnostou 1993;
Duncan 1993; Yassaghia et al. 2005; Sterpi et al. 2009; Meng
et al. 2013; Wang et al. 2015; Agan 2016). Many studies
(Brox et al. 1999; Dalgic et al. 2002; Bizjak and Petkovsek
2004; Khanlari et al. 2012; Wang et al. 2015) have focused on
the large-deformation mechanisms from the perspective of
either mechanics or geology. To reveal the mechanisms of
large deformations in a squeezing tunnel, integrated analyses
of the mechanical and geological methods are usually essen-
tial. However, investigations of the causes triggering squeez-
ing in soft rock tunnels are normally not comprehensive in the
existing research; few studies have researched this problem by
combining engineering, laboratory, and microscopic analyses.
Because of the various geological conditions in different tun-
nels, each tunnel has distinct reasons underlying the observed
squeezing problems. To intrinsically reveal the causes of large
deformations for a specific tunnel, comprehensive investiga-
tions must be carried out. It has been demonstrated that
squeezing can be controlled effectively by installing yielding
supports (Hoek and Guevara 2009; Cantieni and Anagnostou
2009; Barla et al. 2011; Aksoy et al. 2012), and the use of
simple sliding joints in steel sets has proven to be a very
effective means for providing emergency support in the event
of a tunnel collapse close to the face (Hoek et al. 2009). If the
permissible deformations are known beforehand, measures
such as the design of steel fiber reinforced shotcrete (SFRS)
may be used to solve the squeezing problem (Singh et al.
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2007). Adopting higher-capacity segmental lining systems
will extend the operational possibilities for Tunnel Boring
Machine (TBM) in squeezing rock (Mezger et al. 2017).

Water-weakening effects are widely believed to be an im-
portant factor contributing to large deformations in soft rock
tunnels, and most of the past relevant research (Van Eeckhout
1976; Alm 1982; Hadizadeh and Law 1991; Erguler et al.
2009; Yilmaz 2010; Duda and Renner 2012; Jiang et al.
2014) has concentrated on the mesoscopic mechanisms and
mechanical properties of soft rock influenced by water.
However, little research has investigated the relationship be-
tween the mesoscopic mechanisms of soft rock and the mac-
roscopic deformation behavior of a tunnel with water infiltra-
tion. In this paper, we study the interaction between the hy-
dration effect of shales and the deformation behavior of tunnel
rock. The coupling process continuously cycles and finally
induces the large deformation and even failure of the tunnel.

In this paper, to reveal the mechanism of large-deformation
phenomena during tunneling in Huangjiazhai Tunnel, com-
prehensive investigations have been undertaken by combining
engineering, laboratory, and microscopic analyses. The large
deformation in Huangjiazhai Tunnel has two main reasons:
the plastic flow caused by tunnel excavation under high
geostress and low rock strength and the hydrated-mechanical
coupling process between shales and water.

Topographic and geological conditions
Location and topographic conditions

Huangjiazhai Tunnel is one of the 29 tunnels of the Macheng-
Zhuxi Highway, which is located in the north-west of Hubei
Province in Central China. The owner of Huangjiazhai Tunnel
is Hubei Provincial Communications Investment Group Co.,
Ltd., a wholly state-owned company funded by the
Government of Hubei Province. The tunnel was constructed
between 29 May 2013, and 25 December 2015, and the con-
struction period lasted for nearly 2.5 years. Designed as a
long, separated tunnel, Huangjiazhai Tunnel has a maximum
buried depth of 270 m and a length of 1437 m. Both tunnels
are of 12.4 m width and 9.9 m height, and an end-wall tunnel
portal was chosen. The tunnel sites are mainly hilly areas, and
there are also some valleys and terraces.

Lithology

The principal stratum at the construction site of the
Huangjiazhai Tunnel is Silurian shale belonging to the Sllm
Group (S;1). Quaternary residual gravelly soil (Qf”dl) consti-
tutes the covering layer of this area. Geological explorations
via boreholes drilled at the tunnel route show that three layers
divide the ground surface to the bottom: gravelly soil, heavily
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weathered shale and moderately weathered shale. The topo-
graphic map and geological profile of Huangjiazhai Tunnel
are shown in Figs. 1 and 2. The estimated rock mass classifi-
cation systems of Huangjiazhai Tunnel are shown in Table 1.

The gravelly soil, which is made up of shale fragments and
small amounts of clay, displays a yellow to brown color. The
diameter of these shale pieces ranges from 2 to 8 cm, and the
soil thickness at the entrance to the tunnel varies between 1.7
and 14.8 m. The heavily weathered shale has a pelitic texture,
with thin- and medium-layered structures and well-developed
joints. The layer thickness of heavily weathered shale usually
ranges from 10.2 to 26.4 m, and the cores are mostly fragmen-
tized. The moderately weathered shale is medium-jointed,
with a depth generally from 10 to 20 m. The cores drilled from
the boreholes of the three layers are shown in Fig. 3.

Geological structure

According to data on the regional structure of Hubei Province,
Huangjiazhai Tunnel is located at the intersection of the third
uplifted zone of a Neocathaysian system and the west reflex-
arc of the Huaiyang epsilon-type structure. A world-class
fault, Qingfeng Fault, is located in the north of Huangjiazhai
Tunnel. East-west folded belts and fractured zones of the west
reflex-arc of the Huaiyang epsilon-type structure run through
the tunnel sites. A north-north-east (NNE) tectonic belt and a
north-north-west (NNW) fractured zone, both of which be-
long to the Neocathaysian system, overlay the epsilon-type
structure.

Hydrogeology

The groundwater at the tunnel site, which is composed of
fissure water at bedrock and pore water at the loose bed of
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Fig. 1 Topographic map of Huangjiazhai Tunnel

Quaternary, is supplied by the infiltration of atmospheric pre-
cipitation. The annual average rainfall is 800—-1200 mm at the
tunnel site, mostly in summer, when the south-east monsoon
carries rainwater into the inland provinces.

Large-deformation phenomena during tunneling
and monitoring situation

Large-deformation phenomena during tunneling

The New Austrian Tunneling Method (NATM) was applied in
the construction of Huangjiazhai Tunnel. The bench-cut meth-
od was utilized at Chainage K60 + 860-K60 + 980, K61 +
140-K61 + 240 and K61 + 320-K61 + 440 in the right tunnel,
and it was applied at Chainage ZK60 + 830-ZK60 + 945,
ZK61 + 166-ZK61 + 196 and ZK61 + 310-ZK61 + 603 in
the left tunnel, with a total length of 778 m. In the residual
sections where the rock masses were considered soft and frag-
mentized, the ring cut method (Hisatake et al. 2009; Hisatake
et al. 2012) was adopted. The initial supports in the tunnel
were combinative technologies, including ductile grouting,
steel arch, reinforcing mesh, and shotcrete. Reinforced con-
crete was adopted as the secondary lining. The details of the
construction procedure and supports for the ring cut method
are shown in Fig. 4.

Continuously exposed at the excavation surface during the
tunneling process, most of the rock masses were fragmentized,
thin-layered, and jointed (Fig. 5). The groundwater developed
at several sections in Huangjiazhai Tunnel (e.g., Chainage
ZK61 + 977-ZK62 + 010, ZK61 + 603-ZK61 + 624,
ZK61 + 203-ZK61 + 196, ZK61 + 166-ZK61 + 156,
ZK61 + 122-7ZK61 + 112, ZK61 + 085-ZK61 + 052,
ZK61 + 052-ZK61 + 036, ZK60 + 690.5-ZK60 + 707,
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Fig. 2 Geological profile of Huangjiazhai Tunnel

ZK60 + 945-ZK60 + 980.6, and ZK60 + 726.5-ZK60 +
747.1 in the left tunnel, and Chainage K60 + 803-K60 +
784, K61 + 132-K61 + 112, K61 + 072-K61 + 055, K60 +
720-K60 + 745, and K60 + 745-K60 + 763 in the right
tunnel). Among these tunnel sections, the groundwater at
Chainage K61 + 132-K61 + 112 and K61 + 072-K61 + 055
was the most abundant, as shown in Fig. 6. Collapse occurred
occasionally in Huangjiazhai Tunnel. For instance, on 1
September 2015, a collapse occurred at the excavation surface
at Chainage K60 + 762.8 in the right tunnel, as shown in Fig.
7a. When the collapse occurred, construction at the excavation

Table 1 The estimated rock mass classification systems in
Huangjiazhai Tunnel

Chainage Length /m RMR
K60 + 666-K60 + 750 84.5 16
ZK60 + 636-ZK60 + 720 84

K60 + 750-K60 + 860 110 31
ZK60 + 720-ZK60 + 830 110

K60 + 860-K60 + 980 120 44
ZK60 + 830-ZK60 + 980 150

K60 + 980-K61 + 060 80 32
ZK60 + 980-ZK61 + 010 30

K61 + 060-K61 + 140 80 17
ZK61 + 010-ZK61 + 140 130

K61 + 140-K61 + 170 30 35
ZK61 + 140-ZK61 + 170 30

K61 + 170-K61 + 240 70 32
ZK61 + 170-ZK61 + 240 70

K61 + 240-K61 + 320 80 27
ZK61 + 240-ZK61 + 310 70

K61 + 320-K61 + 440 120 43
ZK61 + 310-ZK61 + 430 120

K61 + 440-K61 + 700 260 34
ZK61 + 430-ZK61 + 720 290

K61 + 700-K61 + 890 190 31
ZK61 + 720-ZK61 + 900 180

K61 + 890-K62 + 020 130 33
ZK61 + 900-ZK62 + 000 100

K62 + 020-K62 + 101 81 15
ZK62 + 000-ZK62 + 084 84

RMR rock mass rating
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surface was halted. The steel arches between Chainage K60 +
733 and K60 + 734.2 had to be replaced at that time; the
primary supports of these sections were chiseled off by the
workers. First, some of the rock fragments were seen to slip
from the left sidewall and crown; as time passed, the number
of rock fragments increased rapidly, and collapse at the exca-
vation surface was induced afterwards. Typical large-
deformation phenomena of soft rock occurred frequently, such
as extrusion of the tunnel wall (Chainage K60 + 745-K60 +
763, Fig. 7b), damage of the primary supports (Chainage
ZK60 + 980.6-ZK60 + 945, Fig. 7c), and surface peeling of
the secondary lining (Chainage K61 + 026-K61 + 014,
Fig. 7d). According to the statistics, a special alteration of rock
mass grade occurred 27 times in constructing Huangjiazhai
Tunnel, resulting in a dramatic increase in the project costs
and a delay in the tunnel construction.

Monitoring situation

The monitoring results provide quantitative data to analyze the
real situation during the tunneling process. The horizontal
displacement of Huangjiazhai Tunnel was measured with tape
extensometers, which measure the distance between reference
points (hooks) bolted on the tunnel wall. The accuracy of such
measurements is typically =0.2 mm for distances up to 10—
15 m (Kavvadas 2005; Walton et al. 2014).

The vertical displacement of Huangjiazhai Tunnel was
measured with total station. Total station surveying uses opti-
cal reflectors that are installed around the tunnel profile (usu-
ally at five to seven points) and a stable reference point that is
outside the zone of convergence to measure deformations. The
total station must be moved progressively forward from the
location of the stable reference points to the tunnel excavation
surface as the tunneling progresses. Total stations have an
accuracy of about +2.5 mm over 100 m for tunneling applica-
tions (Kavvadas 2005; Walton et al. 2014).

Figure 8 shows the monitoring results of displacement at
two typical sections of Huangjiazhai Tunnel. During the mon-
itoring period of 27 days, the maximum accumulative horizon-
tal displacement exceeded 500 mm, and the maximum velocity
of horizontal convergence reached 60.6 mm/day. Compared
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Fig.3 Cores drilled from boreholes of three strata at Huangjiazhai Tunnel: (@) gravelly soil; (b) heavily weathered shale; and (c¢) moderately weathered shale

with the horizontal convergence, the vertical displacement was
slightly smaller; however, the maximum accumulative vertical
displacement reached 304 mm. After monitoring for 5 or
6 days, the deformation velocity decreased compared with that
in the earlier days; nevertheless, the velocity was still great.
Throughout the monitoring period, both the horizontal and ver-
tical deformations at the monitored sections showed no possi-
bility of convergence. The deformation in Huangjiazhai Tunnel
had the properties of large magnitude, high velocity, and long
duration. Since the ground displacements that occurred imme-
diately after tunnel excavation could not be monitored, the laser
measuring instrument was also utilized in this tunnel section.
The results showed that the actual horizontal deformation of the
sections exceeded 800 mm. In this case, the originally designed
contour lines of the tunnel had been encroached. The primary
supports at these large-deformation parts, including the
distorted steel arches and cracked shotcretes, together with
the squeezing rock masses, were chiseled off meter by meter.
Immediately after chiseling, new steel arches were installed and
the new shotcrete-bolting-mesh supports were applied. The
above cycles were repeated until all of the large deformations
were repaired.

Figure 9 shows the monitoring results of contact pressure
between the primary support and secondary lining at Chainage
ZK61 + 746 in Huangjiazhai Tunnel. During the observation
period, the contact pressure increased quickly in the initial
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month; thereafter, the velocity of pressure increment gradually
decreased and became stable. The pressure at the crown
remained unchanged from early September 2014, and the value
at the tunnel wall maintained a continuously increasing trend
until the middle of October 2014. In general, the pressure was
higher at the tunnel wall than at the crown, and the maximum
contact pressure occurred at the right tunnel wall, which was in
excess of 0.68 MPa.

According to former research (Zhu et al. 2007; Yang
et al. 2014), shale is considered a type of rock with typical
rheological properties. The experimental results from the
direct-shear creep tests showed that the shear modulus,
shear strain, and shear stress all have non-linear relation-
ships with time, and a rheological model has been devel-
oped to describe the rheological characteristics of shales
(Yang et al. 2014). Other experimental research showed
that the axial and lateral creep curves of shale specimens
exhibit the attenuation creep stage under a relatively low
stress state. The rheological constitutive equation was ob-
tained via the parametric regression of an Hooke-Kelvin
(H-K) three-component model (Zhu et al. 2007). The
above observed deformation characteristics and contact
pressure seem to be explained by the typical rheological
property of the shale in Huangjiazhai Tunnel. However,
considering the buried depth of the large-deformation re-
gions (generally approximately 150-200 m), it is still
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Fig. 4 Details of tunnel construction procedure and supports for the ring cut method
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Fig. 5 Rock masses at the excavation surface at Chainage K61 + 931 in
Huangjiazhai Tunnel

difficult to understand such large deformations and high
contact pressures. It was found that the tunnel deformed
intensively during continuous rainy days; on the days with-
out rain, the occurrence of severe deformations decreased
dramatically. Consequently, it appeared that there might be
close relationships between the large deformation and wa-
ter infiltration into the tunnel.

Investigations of the mechanism of large
deformations in Huangjiazhai Tunnel

Large-deformation phenomena in a soft rock tunnel could be
induced by several potential causes. The geological conditions
are considered to be essential causes inducing large-
deformation problems in tunnels (Brox and Hagedorn 1999;
Yassaghia et al. 2005; Sterpi and Gioda 2009; Khanlari et al.
2012; Meng etal. 2013; Agan 2016). The strength—stress ratio
(SSR), which can be defined as the ratio between the uniaxial
compressive strength of rock mass o, and the in situ stress
Py, is widely recognized as a factor that describes the extent of
rock squeezing (Hoek et al. 2000; Hsiao et al. 2009). The
mechanical properties of rock masses and geostress levels

Fig. 6 Groundwater in
Huangjiazhai Tunnel
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are important factors inducing large-deformation phenomena
in tunnels. Previous studies (Tan and Kang 1980; Anagnostou
1993; Erguler and Ulusay 2009; Meng et al. 2013) have indi-
cated that rock swelling due to clay material encountering
groundwater is one of the most important factors in large
deformation during tunneling. Therefore, the mineral compo-
sition of rock masses and groundwater are also potential fac-
tors that trigger squeezing in the tunnel. Since the monitoring
results show that there might be a close relationship between
the large deformation and water infiltration, the water—rock
interaction was the research focus of the investigations.
Therefore, in addition to a geostress test, a series of laboratory
experiments was carried out, including uniaxial compression
tests, microstructure observations of shale under different im-
mersion times, and mineral composition detection, to reveal
the mechanisms of such anomalies during the construction of
Huangjiazhai Tunnel.

Uniaxial compression tests for different immersion times

Rock samples obtained from the intact shale inside
Huangjiazhai Tunnel were processed into ®50
mm % 100 mm cylindrical specimens. Most of the samples
were prepared according to the saturated standard, which
was based on “GB/T 502662013 (2013) (Standard for test
methods of engineering rock mass)”, a Chinese national
standard, in which the procedure to saturate the rock spec-
imens was described. The immersion time was 2, 15, 30,
50, 70, and 90 days (‘immersion time’ refers to the time
elapsed since immersion of the specimens). First, the spec-
imens were put into a trough, and water was injected into
one-quarter of the specimen’s height. After 2 h, water was
injected into half of the specimen’s height, and another 2 h
later, to three-quarters of the specimen’s height. After 6 h,
the specimens were fully submerged. The uniaxial com-
pression tests of the dry and saturated specimens were con-
ducted on the Rock Mass Testing System (RMT), and the
mechanical parameters of rock specimens with different
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Fig. 7 Anomalies in
Huangjiazhai Tunnel during the
tunneling process: (a) collapse
inside the tunnel; (b) squeezing of
the sidewall; (c) damage of the
primary support; and (d) surface
peeling of the secondary lining

immersion times are shown in Table 2. Figure 10 shows the
fitting curves of the elastic modulus and immersion time of
rock specimens, and Fig. 11 shows the curves of the uni-
axial compressive strength and immersion time. The uni-
axial compressive strength and elasticity modulus of the
rock samples gradually declined along with the increase
of immersion time, which indicated that the deforming re-
sistance and strength of shales weaken with an increase of
time in a wet environment. After the saturated status had
persisted for 90 days, the uniaxial compressive strength
and elasticity modulus of the rock samples were reduced
by 62% and 56% compared with the values in the dry state.
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Fig. 8 Curves of displacement and time at two sections of the tunnel

Surface concrete peeling off and
reinforcement mesh exposed

The relationship between the uniaxial compressive
strength and immersion time is described by the following
expression (Eq. 1):

0. = 60.45-8.82Int (t > 1) (1)

where o, is the uniaxial compressive strength of shale
(MPa) and t is the immersion time (day).

Equation 1 shows that the uniaxial compressive strength
had a negative logarithmic relationship with immersion time.
The uniaxial compressive strength of shale declined quickly in
the initial 20 days. With an increase in the immersion time, the
rate of reduction decreased. When the saturated status had
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Fig. 9 Curves of contact pressure and time at Chainage ZK61 + 746
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Table2 Mechanical parameters under different immersion times of the E wr
rock specimens S
. . . . L g 60., 56.85 ® experimental results
Immersion time Elastic modulus ~ Possion’s  Uniaxial oD fitting curve
(days) (GPa) ratio compressive 250 52.66
strength (MPa) § 0:=60.45-8.82Int

‘% 40 -
0 27.38 0.295 56.85 s
2 25.67 0.312 52.66 £ 30}
15 20.90 0.343 41.32 L;
30 17.59 0.355 30.23 %201
50 13.55 0.388 23.15 g " L
70 12.36 0.392 2205 0 10 20 30 40 50 60 70 80 90
90 11.40 0412 21.54 immersion time (days)

persisted for 50 days, the uniaxial compressive strength had
become approximately stable.

Similarly, the relationship between the elasticity modulus
and immersion time could be described by the following
fitting expression (Eq. 2):

E=2946-387Int (t>1) (2)

where E is the elasticity modulus of shale (GPa) and t is the
immersion time (day).

It is important to note that to achieve the experimental
standard, the rock samples were collected from the shale with
the best integrity and highest strength. However, most of the
rock masses in Huangjiazhai Tunnel were actually fragmen-
tized, thin-layered, and jointed. Thus, the mechanical param-
eters in Table 2 are generally much larger than those of the
rock masses exposed at the excavation surface of tunnel.

Mineral composition detection

The mineral compositions of the rock samples can be quanti-
tatively identified by X-ray diffraction (XRD) analysis, and
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Fig. 10 Curves of elastic modulus and immersion time for rock
specimens
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Fig. 11 Curves of uniaxial compressive strength and immersion time for
rock specimens

the tests were conducted on a D8 Advanced X-ray diffractom-
eter. The shale samples, taken from eight different positions at
Huangjiazhai Tunnel, were ground to powder. The scanning
angle was between 3 © and 50 °, and the scanning velocity was
5 °/min. The voltage and current were 40 kV and 80 mA,
respectively. The results showed that the shale samples were
composed primarily of chlorite, quartz, muscovite, and albite,
with a small amount of calcite, as shown in Table 3 and
Fig. 12. Among all of the components, the chlorite accounted
for the highest amount, ranging from 31.12% to 42.66%,
followed by the albite, with a content of 11.35-36.28%. The
content of muscovite was relatively fixed and was approxi-
mately 20%.

Microstructure observation of shale for different
immersion times

The microstructural features of the different minerals
contained in rock samples, including the type of minerals
and crystal morphology, can be observed using scanning elec-
tron microscopy (SEM) techniques. A micrograph of a dry

Table 3  Mineral content of shale in Huangjiazhai Tunnel

Sample number  Mineral content (%)

Calcite  Albite Quartz  Muscovite  Chlorite
1 5.80 1236 3125 17.03 33.56
2 4.02 12.27  33.10 19.48 31.12
3 3.63 1493 2037 22.04 39.02
4 0.74 12.06  21.67 23.75 41.78
5 3.28 2170 1135 21.02 42.66
6 - 16.77  30.78 19.09 33.36
7 0.84 1730  34.72 1491 32.23
8 0.96 10.01  36.28 17.72 35.03
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Fig. 12 Mineral compositions of
the shale samples from

3000
Huangjiazhai Tunnel
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sample is shown in Fig. 13a, and the microstructures of shale
for different immersion times are listed in Fig. 13b—d.
Micrographs with different magnifications are shown in
Fig. 14, with an immersion time of 50 days.

In dry conditions, the chlorite crystals presented laminar-
structure aggregate morphologies, with a diameter of approx-
imately 50 pm. The microstructures were compact, with few
micro-pores and micro-cracks. The mineral particles were
mostly bonded in a face-to-face contact style.

When the samples had been saturated for 2 days, the
laminar structures of chlorite began peeling off as a result

Fig. 13 Micrographs of shale for
dry and saturated conditions
(magnification: 2000): (a) dry; (b)
saturated for 2 days; (¢) saturated
for 20 days; (d) saturated for 50
days

T T T T T T T T T
20 30 40 50 60 70 80
2Theta (Coupled TwoTheta/Theta) WL=1.54060

of hydration, with a diameter of approximately 8 um for a
peeling particle. At this stage, the face-to-face contact
remained the primary style; however, as more mineral
particles separated from the laminar structure, the number
of point-to-face contacts increased. The compact laminar
structures became loose, and the edges of the structures
gradually fragmentized. A large number of micro-pores
appeared among the mineral particles.

After the saturated status had lasted for 20 days, the
mineral particles increasingly peeled off, and the cementa-
tion among mineral particles was weakened. In this case,
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Fig. 14 Microstructures of shale
with different magnifications
(saturated for 50 days): (a)
magnification: 800; and (b)
magnification: 5000

the microstructures of the samples were less compact, and
the scales of micro-pores and micro-cracks inside the shale
quickly expanded. The peeling particles scattered into
smaller ones, with a diameter of approximately 3 yum, fill-
ing in the micro-pores and micro-cracks. The flocculent
microstructures emerged in this stage, making the shale
much more fragmentized. The dominant combination style
gradually changed from face-to-face to point-to-face
contact.

After the saturated status had lasted for 50 days, an increas-
ing number of flocculent microstructures had appeared due to
continuous hydration, leading to increased damage to the orig-
inal cementation among mineral particles. At this stage, the
compact laminar structures mostly became porous loose ones,
and the dominant combination style became point-to-face.

This analysis illustrates the reasons for the decrease of
strength and deforming resistance of tunnel rock after water
infiltration from the micro perspective.

Geostress test

The geostress test was carried out to assess the geostress level at
the field of Huangjiazhai Tunnel. The vertical borehole for

Fig. 15 Hydraulic fracturing test
at Section K61 + 195 of
Huangjiazhai Tunnel
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geostress measurement, with a depth of 50 m, was located at
Chainage K61 + 195 in the right tunnel (Fig. 15), and the buried
depth of measurement was 260 m. The hydraulic fracturing
method, which has been widely used to measure geostress
(Matsunaga et al. 1989; Kuriyagawa et al. 1989; Hayashi and
Ito 1993; Haimson and Cornet 2003), was applied at
Huangjiazhai Tunnel. The in situ test results are listed in
Table 4. The hydraulic fracturing test procedure is as follows:

(1) The borehole with a depth of 50 m along the vertical
direction was drilled, and continuous cores were
extracted.

(2) The test interval was sealed off by positioning the strad-
dle packer at the planned depth, and the packers were
pressurized to a typical level of 3 MPa.

(3) The test interval was pressurized for an initial qualitative
permeability inspection (slug test).

(4) The interval pressure was raised to maintain a constant,
predetermined flow rate.

(5) Upon reaching breakdown pressure, pumping was
stopped.

(6) After the pore pressure had reached its original value,
i.e., after waiting for a few minutes, the above
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pressurization was repeated and cycled three times, using
the same flow rate.

(7) Finally, both the test interval and the packer pressure
were vented to allow the packers to deflate.

As shown in Table 4, within the depth range of geostress
measurement, the maximum horizontal principal stress at the
borehole was 14.60 MPa. The results indicated that the max-
imum principal stress and the second principal stress were
both horizontal stresses and that only the minimum principal
stress was in the vertical direction. The lateral pressure coef-
ficient, i.e., the ratio of the maximum horizontal principal
stress and the vertical stress, reached nearly 1.8, indicating
that the tectonic stress was the primary composition of
geostress at the tunnel site. Consequently, it was concluded
that the site had experienced intense tectonic movements in
geological history, which could also be verified by the littery
attitude of exposed rock masses at the excavation surface.

Mechanism of large deformation in Huangjiazhai
Tunnel

The mechanisms of large deformation in Huangjiazhai Tunnel
can be attributed to a number of reasons, both geological and
mechanical. The main inducing factors are summarized in the
following sections.

Plastic flow of rock masses induced by tunnel excavation
under high geostress and low rock strength

According to previous research (Anagnostou 1993; Meng et al.
2013), excavation-induced plastic deformation is considered
one of the most important factors resulting in squeezing in soft
rock tunnels. The deformation in plastic flow will appear to
different extents, moderate or severe, depending on the

magnitude of geostress and rock strength. A quantitative eval-
uation of the rock strength and geostress magnitude around the
in situ test hole at Huangjiazhai Tunnel is given in this section,
utilizing the loading factors, e.g., 0.,,,/Py and R0,

The rock mass rating (RMR) system was initially devel-
oped by Bieniawski (1974, 1989) on the basis of his experi-
ences in shallow tunnels. According to the geological explo-
ration data shown in Table 1, the value of RMR at the
geostress test areas of Huangjiazhai Tunnel (Chainage
Ké61 +195) is 32.

Over the past several decades, based on the rock mass
classification system, many empirical equations for calculat-
ing the strength of rock mass (o,,,) have been proposed. The
most widely used equations and the results of o, at the
geostress test areas are listed in Table 5. In these equations,
0., the strength of intact rock (MPa), is 56.85 MPa at the
geostress test areas, as shown in Fig. 11.

On the basis of the equations in Table 5, the average value
of o,,, at the drilling hole is 3.2 MPa. The in situ stress P, at
the geostress test area is 14.6 MPa. The SSR, defined as o,/
Py (Wood 1972; Nakano 1979; Hoek and Marinos 2000), is
0.22 at Chainage K61 + 195, which is less than the cut-off
value of o,,/Py (0.25; between moderately squeezing rock
and severely squeezing rock) (Hsiao et al. 2009).
Consequently, the rock masses at the abovementioned area
of Huangjiazhai Tunnel are considered to be severely squeez-
ing rock.

In “GB/T 50218-2014 (2014) (Standard for Engineering
Classification of Rock Mass)”, a Chinese national standard
describing the classification of engineering rock masses, the
factor of R /0, is adopted to evaluate the grade of the initial
stress field. R./o,,,, is defined as the ratio of uniaxial compres-
sive strength of saturated rock to maximum principal stress.
Similar to choosing 0.25 as the cut-off value of o.,,/Py to
differentiate moderately squeezing rock and severely squeez-
ing rock (Hsiao et al. 2009), 4 is chosen to be the cut-off value
of R0, to differentiate high geostress from extremely high

Table 4 Results of the geostress

test in vertical boreholes at Depth  Maximum horizontal Minimum horizontal Vertical Direction of maximum
Huangjiazhai Tunnel (m) principal stress principal stress stress horizontal principal stress
(0 [MPa]) (on [MPa]) (o
[MPa])

18 2.44 2.14 7.23 /

22 6.41 4.30 7.33 /

26 13.20 7.01 7.44 /

30 12.61 6.56 7.54 /

37 11.90 6.56 7.72 /

39 14.33 7.85 7.77 NEg&°

41 14.60 7.86 7.83 NE10°

NE north-cast
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Table 5 The empirical equations and results of strength of rock mass
(0.m) at the geostress test areas

Researcher Equation Oem
(MPa)
Kalamaris and 334
_ RMR—-100
Bieniawski Oem = UvieXp[ 24 } (MPa)
(1995)
Sheorey (1997 1.90
Y ( ) Ocm = 0¢i€XP [RM—ISSIOO} (MPLZ)
Trueman (1998) Oem=0.5exp(0.06RMR)(MPa) 341

Aydan and AR 413
Dalgic (1998) Tem = mamre100-mm) Oci(MPa)

geostress by summarizing the geological data from a number
of projects. An area is considered to bear extremely high stress
when R_/0,,,. 18 less than 4.

Based on the results of geostress tests and laboratory ex-
periments, the maximum value of R /g, is 3.89 at the bot-
tom of the geostress test hole. Consequently, it indicates that
although the maximum buried depth (270 m) of the tunnel is
not too large, the geostress test area of Huangjiazhai Tunnel is
still considered an extremely high stress area due to the high
tectonic stress and low rock strength.

According to the Mohr-Coulomb criterion, the yielding of
rock mass has close relationships with both the deviator stress
and the rock strength. The adjusted deviator stress after exca-
vation in a high stress case is obviously higher than that in a
low stress case, which leads to the rock fracture propagation
and further accelerates the deformation and failure of rock
masses. Compared with the case of high rock strength, rock
masses with low strength yield more easily, resulting in a
larger deformation of plastic flow. High geostress and low
rock strength are important factors in the large deformation
at Huangjiazhai Tunnel.

Hydrated-mechanical coupling process in rock masses

The results of laboratory experiments show that the uni-
axial compressive strength and elasticity modulus of the
rock samples are gradually reduced along with an increase
in the immersion time, following a negative logarithmic
relationship. This result indicates that the deforming resis-
tance and strength of shales exposed at the excavation
surface are quickly weakened in the initial 20 days after
the shales contact water. From the mechanical perspective,
this is also why Huangjiazhai Tunnel deforms intensively
during the continuous rainy days.

The results of XRD analysis indicate that the chlorite and
muscovite account for a large proportion of the mineral com-
position of shale. According to previous research (Teng et al.
2010), both have the characteristics of hydro-expansiveness.
For muscovite, the spacing of the crystal layer increases by
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0.285% after saturation, and the increased proportion of ex-
pansive force reaches 124.4%; for chlorite, the respective
values are 0.047% and 111.8%. Another study (Zhu 1996)
showed that the water molecules are adsorbed on the surface
of the chlorite particles, after which the polarized layers of
water molecules form. Through continuous water absorption,
the layers of water molecules gradually thicken, causing the
volume expansion of chlorite. Since the volume expansion is
heterogeneous, differential expansion stresses appear inside
the chlorite, inducing the dissolution of argillaceous cementa-
tion; consequently, the shales gradually fragment.

The hydrated-mechanical coupling process in rock
masses is shown in Fig. 16. Due to the effects of dilatancy
and unloading rebound of rock masses in the process of
tunnel excavation, the number of rock fractures increases,
and the fracture apertures increase in size. Groundwater
continuously infiltrates into the rock mass along the rock
fractures, thus accelerating the hydration process inside the
shales. As time passes, the chlorite and muscovite at the
surface of shales gradually swell and peel off, and more
porous and flocculent microstructures appear at the peeling
particles, making the structures increasingly incompact and
fragmentized. The cementations among mineral particles
are gradually dissolved, and the cohesion and stiffness of
shales decrease, thereby inducing larger deformations of
rock masses after excavation. As a result, more rock frac-
tures expand, and more surfaces contacting water are ex-
posed inside the rock masses, thus aggravating the hydra-
tion action. The above cycles repeat and finally induce the
large deformation and even failure of the tunnel.

l

Deformation increase
of tunnel rock

I
! !

Increase of rock

Unloading Dilatation

rebound

Expansion of rock
fractures’ amount fractures’ opening

l |
!

Acceleration of water

infiltration into rock Weakening of
cementations among

L mineral particles

Peeling off of the
fractures

mineral particles

Aggravation of
hydration inside shales
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and flocculent

Structure becoming
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fractured

microstructures

Reduction of strength

and stiffness of tunnel

rock

Fig. 16 Hydrated-mechanical coupled process in rock masses of the
Huangjiazhai Tunnel
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Conclusions

Severe deformation phenomena occurred frequently during
tunneling in Huangjiazhai Tunnel in Hubei Province, China.
To determine the mechanisms of such anomalies, comprehen-
sive engineering, laboratory, and microscopic investigations
were conducted, including geostress tests, uniaxial compres-
sion tests, microstructure observations of shale with different
immersion times, and mineral composition detection.

The experimental results show that the uniaxial compres-
sive strength and elasticity modulus of the rock samples de-
crease gradually along with an increase in the immersion time,
following a negative logarithmic relationship. When the satu-
rated status lasts for 90 days, the uniaxial compressive
strength and elasticity modulus of the rock samples are re-
duced by 62% and 56% compared with the values under dry
conditions. This indicates that the deforming resistance and
strength of shales exposed at the excavation surface of
Huangjiazhai Tunnel are quickly weakened in the initial
20 days after the shales contact water. The mineral composi-
tion detection and microstructure observation results illustrate
the reasons for the decrease in strength and deforming resis-
tance of tunnel rock masses after water infiltration.

According to the results of in situ geostress tests, the max-
imum horizontal principal stress at the borehole in
Huangjiazhai Tunnel is 14.60 MPa. Although the maximum
buried depth (270 m) of the tunnel is not too large, considering
the high tectonic stress and low rock strength, the geostress
test area of Huangjiazhai Tunnel can be considered an ex-
tremely high stress area.

By combining engineering, laboratory, and microscopic
analyses, the large deformation at Huangjiazhai Tunnel can
be attributed to two primary triggering factors: the plastic flow
induced by tunnel excavation under high geostress and low
rock strength and the hydrated-mechanical coupling process
in the shales.
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