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Abstract
The large deformation of soft rock is one of the most prominent problems in the deep tunnel during excavation, which brings
serious potential safety hazards and economic losses. Understanding the deformation mechanism of soft rock is the key to
resolving the large deformation issue. In this study, a series of physical and chemical experiments andmechanical experiments
were conducted to examine the engineering properties of soft rock. In addition, field monitoring tests are implemented to
observe the performance of soft rock during tunnel excavation. Through analyzing the deformation mechanism and law of
soft rock, the relationship between the engineering properties of soft rock and performance under excavation of deep tunnel
was established. The results showed that free swell rate of the rock samples is 10~25%, and the average swell force is 11 kPa,
which indicated that the soft rock has a weak swell force. The mechanical properties of soft rocks such as the peak strength
and elastic modulus under different confining pressures are also obtained. The results of field monitoring showed soft rock
has a rapid short-term deformation and a slow long-term deformation property, and its short-term deformation even reaches
10~20 cm. In addition, the phenomenon of cross section shrinkage is prominent when tunnel passes the section of soft rock.
The damage modes of soft rock tunnels can be classified as shotcrete layer fracture, steel arch distortion, collapse at the face.
Moreover, some measures and suggestions are proposed to deal with the large deformation problem.

Keywords Soft rock · High geostress · Super-deep tunnel · Engineering characteristics · Field monitoring

1 Introduction

With the rapid development of China’s infrastructure, all
kinds of tunnel projects such as traffic tunnels, hydraulic
tunnels, and mining tunnels have been constructed or under
construction, which provides great convenience and benefits
for the public [1–6]. Meanwhile, the increase in the number
of long, large-span and deep tunnels has also brought a series
of new problems and challenges, among which large defor-
mation of the soft rock mass is one of the most significant
problems [7–13]. When a deep tunnel passes through soft

B Heng Zhang
tunnelzh@home.swjtu.edu.cn

B Gang Zhang
zg19970521@my.swjtu.edu.cn

1 Key Laboratory of Transportation Tunnel Engineering,
Ministry of Education, Southwest Jiaotong University,
Chengdu 610031, Sichuan, China

2 Department of Road and Bridge Engineering, Sichuan
Vocational and Technical College of Communications,
Chengdu 611130, Sichuan, China

rock section, the large deformation could happen and result
in cross section shrinkage, lining cracking, shotcrete spalling,
steel arch distortion, etc. [14–20], which not only causes eco-
nomic losses and construction delays, but also endangers the
lives of construction workers. Therefore, the large deforma-
tion of soft rock has been an increasing concern for deep
tunnels in these years.

The International Society for Rock Mechanics (ISRM)
first described the rock with an UCS (uniaxial/compressive
strength) in the range of 0.25–25 MPa as the soft rock [21].
However, some scholars [22, 23] found if the rock is under the
geostress ofmore than 25MPa, it may also show themechan-
ical characteristics of soft rock. So, He et al. [24] proposed
a concept of engineering soft rock referring to the rocks that
can produce significant plastic deformation under engineer-
ing forces. The concept of engineering soft rock emphasizes
the importance of strength characteristics and the engineer-
ing forces, using the following conditions:

{
σ ≥ [σ ]
U ≥ [U ]

(1)

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-022-06790-w&domain=pdf
http://orcid.org/0000-0002-0608-7042


13350 Arabian Journal for Science and Engineering (2022) 47:13349–13364

where σ is the engineering stress (MPa), [σ ] is the strength
of engineering rock mass (MPa), U is the rock deformation
(mm), and [U] is the deformation allowance (mm).

The engineering properties of rock have a close relation-
ship with mineral composition, rock structure, groundwater,
weathering factors, etc. [25–30]. Zhang [31] pointed out that
the mineral composition and structure of rock are important
factors affecting its mechanical properties and the uniax-
ial compressive strength and elastic modulus of the rocks
will increase due to the content of quartz. Based on min-
eral composition detection and microstructure observation,
Bian et al. [32] illustrated the reasons for the decrease in
strength and deforming resistance of tunnel rockmasses after
water infiltration. Lin et al. [33] determined the rock mineral
composition by X-ray diffraction analysis, and by observing
the rock microstructure with scanning electron microscopy
(SEM), theypointed that the feldsparwill increase rockbrittle
and the increment of calcite content will reduce the com-
pressive strength and elastic modulus of rock. Li et al. [34]
analyzed the influence of mica content, particle shape and
size, cracks and porosity in the rock and other factors on
the rock engineering properties. However, due to the partic-
ularity of soft rock tunnels, literature related to physical and
chemical experiments of soft rock is not much.

The large deformation of soft rock is caused due to the
instability of ultimate shear stress [35], and it usually occurs
around the excavation surface of underground space. And
the large deformation is a time-dependent behavior and it
could last a very long time [36]. Many scholars have con-
ducted to study the failure mechanism of soft rock and the
law of deformation [37]. Chen et al. [38] proposed that the
mechanism of convergence deformation of surrounding rock
should include five aspects: plastic wedge, flow deforma-
tion, swelling, dilatation and deflection of the surrounding
rock. Anagnostou [39] thought that large deformationmainly
depends on rock strength andoverburden thickness, and it can
occur in any type of rock mass. Singh et al. [19] pointed out
that large deformation occurs on the premise of weak sur-
rounding rock combined with high in-situ stress. Jiang et al.
[40] proposed a theoretical method for predicting the devel-
opment of a plastic zone and loosening pressure in soft rock
tunnels and discussed the influence of themechanical proper-
ties of soft rock on loosening pressure. In addition, Chu [41]
et al. derived an analytical solution for lined circular tunnels
in deep viscoelastic burgers rock, which considers vari-
ous factors such as excavation methods, rheological rocks,
and supporting forms. With respect to countermeasures for
large deformation, Goel et al. [42] introduced the Maneri-
Uttarkashi power tunnel passing through the chlorite schist,
and the support scheme includes adding invert struts, remov-
ing and replacing steel arch, strengthening pre-support and
grouting reinforcement. However, previous support theories
and traditional technologies cannot effectively control soft

rock deformation in some deep tunnels [43], and new sup-
port technologies have been developed, including retractable
support [44] and bolt-net-cable coupling support [45, 46].
Additionally, Yassaghi et al. [47] emphasized the importance
of proper and timely support to prevent the large deformation
of soft rock in tunnel engineering.

However, there is little literature about the relationship
between the engineering properties of soft rock and the
performance under the excavation of deep tunnels. This
study is based on the construction project of headrace tun-
nels of Jinping II Hydropower Station. A series of physical
and chemical experiments and mechanical experiments were
conducted to examine the engineering properties of soft
rock. In addition, field monitoring tests are implemented to
observe the performance of soft rock during tunnel excava-
tion. Through analyzing the deformationmechanism and law
of soft rock, the relationship between the engineering prop-
erties of soft rock and performance under excavation of deep
tunnels was established. The findings can provide valuable
reference data for addressing the problem of large deforma-
tion of soft rock in deep tunnels.

2 Engineering Background

The Jinping IIHydropowerStation, theworld’s largest under-
ground complex, is located on the trunk stream of the Yalong
River in Liangshan Prefecture, Sichuan Province, China. The
hydroelectric station consists of seven tunnels (including four
headrace tunnels, two traffic tunnels, one drainage tunnel),
a river sluice on the west side of Jinping Mountain and an
underground powerhouse on the east side of the mountain.
Harnessing the hydraulic head of 310 m of Jinping Bend of
the Yalong River, the hydropower station generates electri-
cal energy by diverting water into headrace tunnels through
Jinping Mountains, as shown in Fig. 1.

In the tunnel system of the Jinping II Hydropower Station,
as shown in Fig. 2, there are four parallel headrace tunnels of
which the length is 16.7 km, the space is 60m, the diameter is
12.4~13m, and the gradient is 0.365%. The average depth of
four headrace tunnels is 1500~2000 m, and the maximum is
2525 m, which means that it even exceeds the world’s deep-
est railway tunnel—the Gotthard Base tunnel (the maximum
depth of 2450m) and it is one of themost representative deep
tunnel projects.

The headrace tunnels are excavated from the east and the
west ends to themiddle at the same time by drilling and blast-
ing methods and TBM method. The section of tunnels that
adopt the drilling and blasting method is horseshoe-shaped
and the lining structure is the reinforced concrete of which
the minimum thickness is not less than 50 cm.

The Yalong River valley, at which the hydropower station
is located, has a typical V-shaped cross section with steep
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Fig. 1 The location of Jinping II hydropower station

Fig. 2 The 3D designed drawing of Jinping II hydropower station

slopes on both sides. The elevations of the mountains are
more than 3000 m, and the highest peak reaches 4125 m.
The terrains on both sides of the watershed are asymmetrical,
and the east side is wide and the west side is narrow. In
the foothills and gullies, there are a lot of collapse deposits
and debris cones, which form alluvial cones. High mountain,
deep valley and steep slope are the topographical features of
the engineering zone.

The rock stratums, in which the headrace tunnels are
constructed, consist of Lower Triassic chlorite schist (T1),
Middle Triassic Zagunao Formation (T2z), Upper Triassic
sand slate (T3), Middle Triassic Baishan Formation marble
(T2b) and Middle Triassic Yantang Formation marble (T2y)
from west to east, as shown in Fig. 3.

According to the signs of the geological structure in Jin-
ping Bend, the engineering zone is under the control of the
approximately east–west (NWW~SEE) stress field, which
causes a series of south-north trending compact folds and
high-angle faults under compression or compression-torsion.

Due to the chlorite schist formation acting as a water-
resistant layer, the fissure water in the headrace tunnels is
not well developed, and only a small amount of drops can be
seen, and continuous drops can be noticed occasionally.

3 Engineering Properties of Soft Rock

3.1 Physical and Chemical Properties

To investigate the swelling properties, themicrostructure and
mineral composition laboratory tests including the swelling
test, XRD and SEM were performed.

3.1.1 SEM–EDS Test

Four groups of rock samples (I, II, III, V) were used for the
laboratory tests. The four groups of samples were collected
from four places which are at 1 550 m,1 650 m from the
entrance of #1 headrace tunnel and 1 620 m, 1 640 m from
the entrance of #2 headrace tunnel, as shown in Figs. 4 and
5.

In order to analyze the microstructural characteristics and
the elemental composition of soft rock, an SEM–EDS test
was conductedusing aPhilipsQuant-200 typeSEMequipped
with an EDS system at Key Laboratory of Advanced Tech-
nologies of Materials of Southwest Jiaotong University, as
shown in Fig. 6.

The SEM images showed rough surfaces of rock sam-
ples, fine flake structure (typical characteristics of chlorite)
and sheet structure packed with detrital particles. It may be
inferred that the soft rock contacts water once, the weathered
detritus from the parent rock float in the water and the contact
forces between the parent rock particles are reduced greatly,
and the strength of the rock mass decreases rapidly.

In order to analyze local characteristics of the structure,
it can be seen from Fig. 7 that there is a relatively complete
crystal structurewith surface-to-surface contacts between the
microstructural units. Based on themorphology and distribu-
tion of the detrital particles in the figure, it can be inferred that
the crystal structure of the rock sample is easily destroyed or
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Fig. 3 Geological structures and lithology of Jinping Mountain

Fig. 4 The geological condition exposed

Fig. 5 Rock samples

weathered, forming detrital particles distributed uniformly
on the surfaces of rocks.

SEM monitor

EDS monitor

SEM monitor

Fig. 6 The SEM–EDS system

The EDS spectrum shows that the chemical elements of
the soft rock include O, Si, Mg, Ca, Fe, Al, Au. According
to the previous geological survey, the soft rock is chlorite
schist of which main component is chlorite. The chlorite is
composed of silica and silicate, and its major elements are O,
Si, Mg, Fe, Al, along with minor other elements such as Ca,
Ti, Mn, and Cr. Therefore, the results of EDS tests agree with
the conclusion from the previous geological investigation.

3.1.2 XRD Test

X-ray powder diffraction (XRD) is an effective analytical
technique used for identifying mineralogical compositions
and contents of rock samples. This study used a PANalytical
XRD instrument at Key Laboratory of Advanced Technolo-
gies ofMaterials of Southwest Jiaotong University, as shown
in Fig. 8. Four groups of rock samples were first crushed to
fine powder using an agate mortar and pestle. Next, the pow-
der was collected in a glass container, and then used for XRD
analysis. TheXRD test is conducted at 40 kV and 40mAwith
the scan speed of 0.1 s/step, the sampling step width of 0.01°
2θ, and the scan range from 0° to 100° 2θ.
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Fig. 7 SEM–EDS images of chlorite schist
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Fig. 8 XRD system

Table 1 Mineral composition of
soft rock No. Mineral species and content/%

Chlorite Talcum Amphibole Calcite Sericite Quartz Epidote Plagioclase Albite

I 47.2 8.5 9.7 2.6 6.7 4.6 2.8 1.2 0.9

II 38.9 16.1 10.2 3.3 5.8 6.9 3.4 0.9 0.5

III 44.6 6.2 3.8 4.2 9.5 3.7 1.5 2.0 1.1

IV 41.7 11.3 1.9 6.6 2.8 4.3 4.1 1.5 0.8

As shown in Table.1, the XRD analysis reveals that the
major mineral of samples is chlorite (41.7~47.2%), which
is easy to soften in water and has thin sheet structure, low
strength and relatively strong plastic deformation ability.
The results are in good consistent with SEM–EDS analy-
sis. The hydrophilic minerals such as quartz (3.7~6.9%),
sericite (2.8~9.5%) make up a considerable proportion,
which means that the rock has a strong softening prop-
erty. And the auxiliary minerals of samples include talcum
(6.2~16.1%), amphibole (1.9~10.2%), calcite (2.6~6.6%),
epidote (1.5~4.1%), plagioclase (0.9~2.0%), and albite
(0.5~1.1%).

3.1.3 Swelling Property Test

In order to study the influence of the swell property of sur-
rounding rock on the deformation, a series of swell property
tests were carried out determining free swell rate and swell
force, as shown in Figs. 9 and 10.

Table 2 shows that the free swell rate of the rock sam-
ples is 10~25%, and the changes of volume have been over
within 2 h and remain stable. And the results of swell forces
of the four rock samples are 11 k Pa, 9.33 kPa, 7 kPa,
14.27 kPa, respectively. In summary, both free swell rate
tests and swell force tests indicate that the rock has a very
low swell force. So, it can be inferred that the effect of swell
property of the rock is not the controlling factor of large
deformation.

3.2 Mechanical Properties

In this study, uniaxial tests and triaxial tests were carried out
to study themechanical properties of chlorite schist under dry
and saturated conditions, which mainly include deformation
characteristics, strength characteristics, failuremodes and the
influence of water content (Figs. 11 and 12).

Fig. 9 Free swell rate test
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Fig. 10 Swell force test

Table 2 Free swell rate test data
sheet Group No. Dry rock mass (g) The volume at different times (ml) Free swell rate δef (%)

2 h 4 h 6 h 8 h 10 h 12 h

I 1 9.48 20 20 20 20 20 20 20

2 9.52 20 20 20 20 20 20

II 1 9.53 10 10 10 10 10 10 11

2 9.49 12 12 12 12 12 12

III 1 9.75 34 34 34 34 34 34 25

2 9.72 21 21 21 21 21 21

IV 1 10.74 13 13 13 13 13 13 23

2 10.79 13 13 13 13 13 13

3.2.1 Uniaxial Compression Test

The results of the uniaxial compression tests are exhibited in
Fig. 13. The loading behaviors of the rocks in dry state and
saturated state are similar, and the two curves both have an
obvious compaction stage at the beginning of loading, and
then they enter an elastic deformation stage as the loading
continues. Before reaching the peak strength, there does not
appear to be compaction stage. Finally, the stress–strain curve
shows a sudden drop from the peak value.

3.2.2 Triaxial Compression Test

As shown in Fig. 14, the peak stress and the residual stress
increase with the confining pressure. After the peak stress,
the higher stress shows a slower and less decline, ultimately
tending to the ideal plastic deformation state. The above phe-
nomenon indicated that the chlorite schists are sensitive to
confining pressure, and have an obvious strain hardening
property.

Under dry and saturated conditions, the relationship
between peak strength and confining pressure is shown in
Fig. 15, which agrees well with the linear characteristics of
the Mohr–Coulomb strength criterion. The results showed
that the cohesive force c of chlorite schist is 13.74 MPa and
the friction angle ϕ is 21.43° under dry conditions, while

Fig. 11 A rock sample

the cohesive force c is 4.47 MPa and the friction angle ϕ is
25.26° under saturation condition.

The difference between peak strength and residual
strength is called as peak-residual strength. The relationship
between peak-residual strength and confining pressure for
soft rock is shown in Fig. 16. With the increase of confin-
ing pressure, the peak-residual gradually decreases; in other
words, the increase of residual strength is larger than the peak
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Fig. 12 The triaxial compression apparatus

strength under confining pressure, which means the resid-
ual strength of the soft rock is more sensitive than the peak
strength.

The relation between elastic modulus and confining pres-
sure for dry and saturated rock is shown in Fig. 17. Under
the dry state, the elastic modulus of chlorite schist shows a
direct proportion relationship with confining pressure, which
means the structure of rock samples is compacted and pre-
sented a more obvious hardening effect with the increase of
confining pressure. However, under the saturated state, the
elastic modulus has little change with confining pressure,
which indicates the softening effect is obvious or the harden-
ing effect is weakened when the chlorite schist contact water.

Failuremodes of chlorite schist in the triaxial compression
test are shown in Fig. 18. It can be seen from the test results

Fig. 14 The stress–strain relationship under different confining pres-
sures

Fig. 15 The relationship between the peak strength and confining pres-
sures

(a) (b)

Fig. 13 stress–strain relationship under uniaxial compression
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Fig. 16 The relationship between peak-residual strength and confining
pressure

Fig. 17 The relationship between elastic modulus and confining pres-
sure

that the failure modes of the samples under different confin-
ing pressures are shear failure. According to the observation
of the macroscopic fracture of the rock samples, the frac-
ture surface is rougher at lower confining pressure and many

Fig. 19 The peak strength under the condition of loading and unloading

small fragments appear near the fracture surface. With the
increase of confining pressure, the shear surfaces of the sam-
ple become more and more smooth, and there is some white
powder produced by strong friction on the fracture surface.

In the process of tunnel excavation, the confining pres-
sure actually experiences a stress path of radial unloading
and circumferential loading. Deng conducted a triaxial com-
pression test for chlorite schist, and obtained a relationship
of peak strength and confining pressure under the conditions
of loading and unloading, as shown in Fig. 19. It can be seen
from Fig. 19 that the peak strength of unloading is lower than
that of loading.

And the percentage reduction, which refers to the pro-
portion of the difference of two loading to the conventional
loading, has a relationship with the confining pressure in
Fig. 20.According to the descending curve, it can be seen that
the percentage decrease of peak strength reaches about 50%
at a low confining pressure, while the decrease is 19% when
confining pressure rises to 40 MPa. This means the strength
of surrounding rock declined significantly after excavation
due to the process of unloading and loading; that is to say,
the stress state of chlorite schist with low strength after exca-
vation is more unfavorable to bearing capacity.

Fig. 18 Failure modes of triaxial compression test
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Fig. 20 The percentage reduction in peak strength

Fig. 21 The relationship between softening coefficient for strength and
confining pressure

Softening coefficient is a representative parameter of
water resistance for rocks. In this paper, it is defined as the
ratio of compressive strength of rocks saturated with water
to that in dry state under the same confining pressure. The
relationship between softening coefficient for strength and
confining pressure is plotted in Fig. 21. It is noted that the
softening coefficient is just 0.38 without confining pressure;
that is, the peak strength of the saturated rock sample is about
38% of that of dry rock sample and decreases significantly.
Figure 21 also shows that there is a gradual increase in soften-
ing coefficient with the increase of confining pressure, which
illustrates that softening effect is serious at low confining
pressure. It can be inferred that due to low confining pressure,
the strength of surface layer of surrounding rock decrease
obviously. So, timing preliminary supports can provide reac-
tion force on surrounding rock, reducing the softening effect.

Fig. 22 The relationship between softening coefficient for elastic mod-
ulus and confining pressure

The relationship between softening coefficient of elastic
modulus and confining pressure is shown in Fig. 22. It can be
seen that the softening coefficient is 0.24 without confining
pressure; that is, the elastic modulus of saturated rock sam-
ple is about 24% of that of dry rock sample. Figure 22 also
shows that there is a gradual drop in softening coefficient.
This is because the softening coefficient of elastic modulus
of dry sample is sensitive to the confining pressure, which
leads to softening coefficient decreasing with the increase of
the confining pressure. Therefore, the influence of water on
the deformation property of chlorite schist is proved to be
significant once again.

4 Performance Under Tunnel Excavation

4.1 Convergence Displacement Characteristics

In consideration of the large cross section of headrace tun-
nels, five measuring points and six measuring lines were set
tomeasure convergence displacements,which can be verified
with each other based on triangle law.

According to the results of the convergence displace-
ment measured, it can be seen from Fig. 23 that the
surrounding rock shows a rapid short-term deformation
and a slow long-term deformation property, and its short-
term deformation even reaches 10~20 cm, indicating
that the existing support measures are not enough to
limit the deformation of surrounding rock and main-
tain the stability of the tunnel. The results are basi-
cally consistent with the actual convex position and
crack position on the cross section of the headrace tun-
nel.
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(a)

(b)

Fig. 23 Cumulative convergence displacement (mm)

The position of large deformation on the section is mainly
controlled by the stress state, which is ascribed to the plastic
flow on the stress concentration region after tunnel exca-
vation. Among all the measuring lines of the convergence
displacement, the convergence value of the horizontal mea-
suring lines is larger than that of other measuring lines, and
the convergence value of the bottom horizontal measuring
line (DE) is largest. This is because before the excavation
of the bench, the support structure, steel arch and shotcrete
layer, cannot be closed into a ring at the bottom of the side
wall, resulting in the lack of constraint on the positions.

4.2 Clearances Deformation Characteristics

After the convergence deformation is basically stable, adopt
clearance gauges to measure the clearances deformation of
tunnels. 67 cross sections of Tunnel #1 (K1 + 535~K1 +
759 m) and 13 cross sections of Tunnel #2 (K1 + 613~K1 +

643 m) are measured, and the results of the largest deforma-
tion of clearance are presented in Fig. 24.

From the above bar graphs, it can be seen that the phe-
nomenon of "shrinkage" is conspicuous in the section of
soft rock, and most deformations of surrounding rock exceed
the tunnel clearance by 20~60 cm. And the most prominent
deformation problem happened in Tunnel #1 (K1 + 624~K1
+ 759 m) and Tunnel #2 (K1 + 614~K1 + 643 m), in which
a few deformations are even more than 100 cm.

The statistics on largest deformation positions on the cross
section for tunnel #1 and tunnel #2 are shown in Fig. 25.
The polar diameter in the graph represents the percentage of
the number of the largest deformation sections in the total
number, and the angle represents the positions on cross sec-
tion of tunnel. For Tunnel #1, the largest deformation mainly
occurred in the left sidewall, vault and right arc foot, whereas
for Tunnel #2, the largest deformation mostly occurred in the
vault.
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(a)

(b)

Fig. 24 The largest deformation for tunnel clearance

4.3 Stress–Strain Characteristic

For soft rock tunnels, the deformation adjustment and stress
redistribution of the surrounding rockwill occur in a period of
time after excavation. This study used multi-point displace-
ment gauges to measure the displacement of surrounding
rock at different depths, and bolt stress gauges to measure
the radial stress.

The results of the multi-point displacement measurement
in tunnel #1(K1 + 540m) are shown in Fig. 26. The deforma-
tion of the internal surrounding rock generally occurs within
8m, and the obvious deformation is at a depth of 2m. In addi-
tion, the secondary excavation led to a disturbance effect on
the surrounding rock. Because of the late installation of the
displacement meters, the measured values are relatively low.

The results of the rock bolt stress in tunnel #1(K1+ 540m)
are shown in Fig. 27. The radial stress at the depth of 2 m on
the right shoulder is larger than other points, and the maxi-
mum is about 400 MPa. The stress at the depth of 5 m on left
shoulder is still about 40 MPa, indicating that the depth of
deformation zone is more than 4 m, which agreed with the
results of the multi-point displacement measurement.

4.4 DamageModes

According to the observation of characteristics of soft rock
during the excavation, the damage modes of tunnels can be
classified as shotcrete layer fracture, steel arch distortion,
collapse at the face, as shown in Fig. 28.
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(a) (b)

Fig. 25 The distribution of largest deformation position

Fig. 26 Deep displacement measurement

Figure 28a shows that separated shotcrete from the surface
of surrounding rock at K1 + 660 m of Tunnel #1 occurred in
left arch foot of tunnel, and the maximum separation width is
more than 20 cm. There are some cracks at the bottom of the
nearby left sidewall and these cracks have the characteristics
of shear failure. Figure 28b shows the deformed steel arch in
the corresponding location.

The tunnel face can be considered to be under uniaxial
compression state, and the chlorite schist has a low com-
pressive strength, which causes the face bulging inward.
Once the installation of support structures is not timely,
it is easy to result in the collapse at tunnel face. There
were four large-scale collapses during the excavation of
headrace tunnels. Figure 28c shows the collapse at K1 +
759 m of Tunnel #1, with a collapse volume of about
500~1000 m3. Additionally, this collapse was influenced by

chlorite schist stratification, which intensified the degree of
inward bulge.

5 Measures and Suggestions

(1) Reserved deformation
Once preliminary supports cannot provide enough resis-
tance forces (e.g., less than 2 MPa), the large deforma-
tion of soft rock will occur. Reserved deformation is
an effective measure to avoid the intrusion for the large
deformation of soft rock, and it can greatly release the
ground stress and reduce the load on the preliminary
support. Therefore, if the secondary lining is not con-
sidered, the best measure to ensure the designed cross
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Fig. 27 Rockbolt stress measurement

Fig. 28 Typical damage modes

section is the reasonable reserved deformation for soft
rock.

(2) Support structure
It is suggested that the lattice girder should be used in the
construction of T1 stratum of the headrace tunnel, and
the section I-shaped steel can be used to support the poor
surrounding rock, such as chlorite schist. In addition, a
long and short combined bolt is an effective support
method. The short bolt constrains the surface part and
does not loosen and fall off. The long bolt connects the
shallow reinforcement ring and the deep part together
to form a whole thick enough to meet the requirements
of the stability of soft rock surrounding rock.

(3) Support timing

Preliminary supports are not for controlling the formation
of plastic zone, but for controlling the formation of loose zone
and further development of plastic zone under the premise

of stability of surrounding rock. This principle is the key to
determining the timing of preliminary support.

For the soft surrounding rock, the plastic zone will con-
tinue to develop after the preliminary support, and begin to
appear loose zone. When the radius of the loose zone is close
to and will be equal to the reinforcement range composed
of anchor net and surrounding rock, it is considered that the
preliminary support has fully played its role. When the loose
zone exceeds the zone of bolt reinforcement, the surrounding
rock will be unstable, and at this time, it is the best time to
carry out special support.

If the convergence deformation of surrounding rock is sta-
ble after the preliminary support and reinforcement support,
it indicates that the preliminary support and reinforcement
support have played a full bearing role and ensured the stabil-
ity of the tunnel. The timing of the secondary lining support
can be determined by referring to the relevant specifications
and according to the on-site construction equipment and envi-
ronment.
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6 Conclusion

In order to resolve the large deformation problemof soft rock,
this study conducted a series of laboratory tests andfieldmon-
itoring tests, revealing the relationship between engineering
properties of soft rock and performance under excavation of
deep tunnel. The following conclusions are drawn:

(1) Based on the results of physical and chemical tests, the
main mineral composition of soft rock is chlorite schist,
and its structure is easy to be destroyed or weathered,
especially after contacting water. The free swell rate
of the rock samples is 10~25%, and the average swell
force is 11 kPa, which indicated that the soft rock has a
weak swell force. Therefore, effect of swell property is
not the main factor of large deformation.

(2) Based on the results of a series of mechanical tests, it
can be obtained that soft rocks are sensitive to confining
pressure, and have an obvious strain hardening property.
And the residual strength of the soft rock is more sensi-
tive than the peak strength. The softening effect of soft
rock is intensified at low confining pressure. After soft
rock contacted water, the softening effect is obvious,
whereas the hardening effect is weakened greatly. The
elastic modulus of the saturated sample is not sensitive
to the confining pressure, whereas the elastic modulus
of dry sample is sensitive. The strength of soft rock
declined dramatically due to the process of unloading
and loading.

(3) The monitoring data shows soft rock has a rapid short-
term deformation and a slow long-term deformation
property, and its short-term deformation even reaches
10~20 cm. In addition, the phenomenon of "shrink-
age" is prominent in the section of soft rock, and most
deformations of surrounding rock exceed the tunnel
clearance by 20~60 cm. For the mechanical state of
internal surrounding rock, the deformation and stress
generally occurs within 8 m, and the obvious location is
the depth of 2 m. In addition, the damage modes of soft
rock tunnels can be classified as shotcrete layer fracture,
steel arch distortion, collapse at the face.

(4) The best measure to ensure the designed cross section
is the reasonable reserved deformation for soft rock. In
addition, I-shaped steel can be used for poorer soft rock.
And the long and short combined bolts are an effective
support method.
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