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brittle characteristics are more apparent with the increas-
ing unloading rates. Thirdly, the soft rock undergoes five 
deformation and failure regimes of elasticity, pre-peak 
unloading damage–dilatancy, post-peak brittle drop, linear 
strain softening and residual perfect plasticity under quasi-
static smooth unloading of mechanized excavation which 
is mainly focused on in this study. Fourthly, the damage 
evolution law at the pre-peak damage–dilatancy stage fol-
lows an exponential function. Fifthly, during the post-peak 
stages, multistage microfractures are initiated, propagated 
and finally coalesced forming a shear-fragmentation band 
with a certain thickness, accompanied by significant volu-
metric dilatancy. In the triaxial unloading creep tests, mul-
tistep unloading of the confining pressure was applied, 
while the axial pressure was kept constant. The results 
show that when the deviatoric stress is larger and the expe-
rienced creep time is longer, the unloading effect and creep 
characteristics become more apparent accompanied with 
obvious lateral dilatancy, eventually leading to significant 
creep–dilatancy. The progressive failure with time is caused 
by the damage accumulating with time-dependent crack 
expansion, which can be called as ‘time-dependent damage 
and fracturing’. The reasons for the above evolution process 
are presented, then the deformation mechanism of soft rock 
is revealed. The soft rock deformation mainly consists of 
two parts. One part is the pre-peak damage–dilatancy and 
post-peak fracture–bulking produced at the excavation 
unloading instant. The other part is creep–dilatancy caused 
by time-dependent damage and fracturing in a period of 
time after excavation. The above-mentioned results of dam-
age, dilatancy and fractures evolution process are in good 
agreement with the in situ monitoring results and previous 
studies about the surrounding rock convergence, fracturing 
and EDZ (excavation damaged zone) development.

Abstract  To reveal the deformation mechanism during 
tunneling in deep soft ground, triaxial unloading confin-
ing pressure tests and triaxial unloading creep tests were 
carried out on sandy mudstone specimens to study the 
dilatancy and fracturing behavior of soft rock. In the tri-
axial unloading confining pressure tests, the stress path 
and different unloading rates were considered to reflect the 
unloading characteristics of the excavation methods. The 
unloading rate effects and the rock damage evolution law 
are studied. The following conclusions are obtained from 
the results. Firstly, when the unloading rate is smooth, the 
peak strengths and deviatoric stress–strain curves under 
the unloading condition are close to those under the con-
ventional loading condition. Secondly, the post-peak 
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1  Introduction

Currently, a growing number of tunnels and roadways are 
constructed in deep locations [1]. However, soft and weak 
grounds with high in  situ stress widely exist in deep long 
tunnels. The high geostress and weak structures of deep 
soft ground constitute the basic conditions of squeezing 
and large deformation [2, 3]. Severe squeezing and large 
deformation will result in the construction being unsafe 
or serious hazards, such as inadmissible convergence, sur-
rounding rock instability, overloading on lining, schedule 
delay and huge economic losses [4, 5]. For instance, dur-
ing tunnel boring machine (TBM) tunneling, the cutter 
head, shield and backup systems are vulnerable to trap-
ping or jamming when squeezing and large deformation 
are produced [6, 7]. Additionally, soft rock has significant 
time-dependent properties [3, 8, 9]. For example, during 
the Venezuela Yacambú-Quibor Tunnel construction and 
the Italian Nuovo Canale Val Viola Tunnel construction, 
the TBMs were jammed during the holidays [5, 10]. Thus, 
a clear understanding of the soft rock deformation mecha-
nism is significantly important for ensuring construction 
safety.

The deformation mechanism of soft rock in previous lit-
erature can be summarized as: complete shear failure [4], 
yield failure [11], shear-slip failure [11], time-dependent 
microfracturing [12] and stress relaxation of foliated rock 
[13]. For example, Aydan [11] examined the soft rock 
deformation as elastic, plastic and viscous behavior, and 
divided the failure patterns into pure shear failure, bend-
ing failure, tensile-shear fracturing and sliding failure. 
Whereafter more and more researchers [14–16] took the 
rock deformation and failure as the result of damage and 
cracking which result in volume expansion. A large num-
ber of previous studies [17–20] have shown that the stress-
induced instability, squeezing and large deformation of soft 
rock are mainly the results of the dilatancy and fracturing 
behavior, such as the pre-peak damage, microcrack initia-
tion, crack extension and fracture coalescence.

Many researchers have performed experimental studies 
[21, 22] to analyze the rock dilatancy and fracturing mech-
anism. However, most of the previous experimental studies 
[22] usually adopted a continuous loading approach, under 
which the damage–dilatancy and post-peak failure behavior 
of the rock were quite different from those during under-
ground excavation, where the surrounding rock is always 
under an unloading confining pressure state. A great num-
ber of studies have demonstrated that the rock mechanical 

behaviors and deformation characteristics are significantly 
associated with stress history, stress path and loading rates 
[23–27]. Kaiser [23] have showed that both of the direc-
tions and values of the principle stresses change during 
excavation and mining by in situ monitoring, and the stress 
path has evident impact on the excavation stability. Eber-
hardt [28] have found that the principal stress magnitude 
and orientation vary with the progressive advancement of 
the tunnel face by 3D numerical simulation. Martin [29] 
and Cai and Kaiser [30] have also pointed out that the stress 
change and the principal stress rotation during excavation 
are the major reasons of rock strength loss and failure. 
According to the elasto-plastic theory [31], because of the 
different internal variables’ evolution process between the 
loading and unloading stress paths, there are many differ-
ences in the strength and deformability and the rocks show 
quite different deformation and failure characteristics under 
the two stress paths. It is generally believed that the radial 
stress (corresponding to the confining pressure) of the sur-
rounding rock always decreases during excavation. Qiu 
[15], Huang [18] and Zhao [22] et al. carried out unloading 
tests to study the damage, failure properties and constitu-
tive models, which are meaningful to understand the rock 
response under unloading conditions. However, previous 
experimental tests and theoretical models corresponding 
to surrounding rock under confining pressure unloading 
state are few. Furthermore, previous unloading experimen-
tal studies rarely reflect the natural unloading characteris-
tics of the excavation methods. Thus, the deformation and 
dilatancy properties under excavation unloading conditions 
cannot be understood clearly. So, it is of vital importance 
to perform unloading tests, in which the stress path and 
unloading rates reflect the unloading features of the exca-
vation methods, the conclusions based on which are more 
accurate for capturing the rock damage, dilatancy and frac-
ture evolution process.

Generally, the rheological properties of the soft rock is 
much more remarkable than those of other rocks [8, 32]. 
Thus, special attention should be paid to the temporal prop-
erties of the soft surrounding grounds during the construc-
tion stoppage time, such as TBM standstills, holidays or 
tunnel service life. The studies about the creep character-
istics of the soft rock, especially the time-dependent dila-
tancy and fractures evolution, have significant importance 
in analyzing and predicting the relatively long-term sur-
rounding rock stability [33]. Laboratory rheological testing 
is a useful means to investigate the creep behavior under 
different stress conditions, based on which creep consti-
tutive models can be set up and the corresponding creep 
parameters can be obtained to capture the time-dependent 
behaviors of soft rock. For example, Zhao et  al. [34] per-
formed creep experiments under circular increment step 
load and unload on soft ore rock in Jinchuan Mine III, and 
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established a nonlinear viscoelastic–plastic creep model. 
Debernardi and Barla [35] put forward a new viscoplastic 
model (SHELVIP model) for design analysis of tunnels in 
squeezing conditions, and fitted the model with the triaxial 
creep tests. Wang et  al. [36] performed triaxial destruc-
tive creep–damage tests using quasi-static loading on rock 
salt specimens to study its creep–damage–rupture behav-
ior. However, many of the previous researches ignored the 
unloading effects on the creep process, and the damage, 
dilatancy and fracturing characteristics were not studied 
in deep. So, it is necessary to carry out unloading creep 
tests with high initial confining pressure to study the time-
dependent dilatancy and fracturing behavior of soft rock.

Therefore, triaxial unloading confining pressure tests 
and triaxial unloading of confining pressure creep tests are 
carried out with deep soft rock specimens in this study. The 
triaxial unloading tests reflect the unloading characteris-
tics of tunneling methods (this paper mainly focuses on the 
quasi-static mechanized tunneling), and the triaxial unload-
ing creep tests reflect the time-dependent characteristics. 
Based on the testing results, the dilatancy and fracturing 
behavior under different stress states are obtained. Further-
more, the deformation mechanism of soft rock is revealed. 
The research results will has meaningful guide for tunnel 
stability analyses and control.

2 � Laboratory Investigation on the Dilatancy 
and Fracturing Behavior after Excavation 
via Triaxial Unloading Confining Pressure Tests

2.1 � The Unloading Characteristics of Underground 
Tunneling

Currently, there are primarily two types of underground 
excavation methods: the drill-and-blast (D&B) method and 
the mechanized excavation method (e.g., TBM tunneling). 
Previous studies have shown that the surrounding ground 
disturbance is significantly influenced by the excavation 
methods and the stress release modes [37].

When excavated via the drill-and-blast (D&B) method, 
the crack surfaces of adjacent holes connect mutually 
in tens of milliseconds after the blasting, and the normal 
stresses on these crack surfaces are removed when the 
cracks are connected [38]. The disturbance of surrounding 
rock is strongly influenced by the blasting loads and high-
speed dynamic unloading effects [39], which is dramati-
cally different from quasi-static unloading.

The stress adjustment procedure and rock response 
under the mechanized method such as TBM tunneling 
are quite different from those under the drill-and-blast 
method. The TBM overcut cutters, which are at the cutter 
head outer periphery, roll and fragment the rock around 

the tunnel. There is an angle between the overcut cutters 
and the normal face of the cutter head. The following 
phenomena are observed: the initial geostress smoothly 
transforms into secondary stresses, the confining pres-
sure is unloaded gradually for a long time, and the stored 
energy is released gradually. The stress–strain curves and 
disturbance stress curves of the surrounding rock show 
good continuity and transition [40]. The stress–conver-
gence relationship of the surrounding rock under the 
TBM and D&B excavation methods are shown in Fig. 1. 
It can be concluded that the stress releases gently and the 
excavation disturbance is smaller under mechanized tun-
neling (e.g., TBM tunneling).

The unloading characteristics induced by the two exca-
vation methods are significantly different. Figure 2 shows 
the surrounding rock vibration curves under the mecha-
nized excavation (TBM) and drill-and-blast method at 
the diversion tunnels of the Jinping-II Hydropower Sta-
tion (China). It is observed that the stress waves during 
TBM tunneling are gentler than those under the drill-and-
blast method. Specifically, the vibration amplitudes dur-
ing TBM tunneling are very small, with a peak amplitude 
of 1 mm/s. Yan [41] assumed that the surrounding rock 
masses obey the linear elastic constitutive model and then 
obtained the analytical solutions for the stress adjustment 
procedure under the two excavation methods via Laplace 
transforms and the integral approach, as shown in Fig. 3. 
Under dynamic unloading, the following phenomena are 
observed: (1) the radial stress rebounds quickly; (2) the 
tangential dynamic stress concentrates; and (3) the radial 
and tangential stresses of the rock mass first increase, 
then decrease and finally converge to secondary stresses. 
Under smooth quasi-static unloading, the stresses near 
the excavation contour transform from the initial to 
the secondary stress state smoothly. In conclusion, the 

Fig. 1   Stress–convergence relationship of the surrounding rock 
under TBM and D&B excavation
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surrounding rock experiences dramatically different stress 
paths between the TBM (smooth quasi-static unloading) 
and drill-and-blast method (sudden dynamic unloading). 
Additionally, Cai [37] has calculated the influences of the 
sudden (drill-and-blast method) and quasi-static (corre-
sponds to TBM tunneling) stress adjustment on excava-
tion damage zone. The calculations showed that tunneling 
methods significantly affected the excavation response, 
and the disturbance was much smaller under quasi-static 
unloading.

The quasi-static unloading process is generally used in 
the study of the properties of the surrounding rock under 
unloading conditions. For instance, Liu and Li [42] ana-
lyzed the tunneling disturbance characteristics using quasi-
static unloading.

Therefore, it can be concluded that the mechanized exca-
vation (TBM) on the excavation contour is a smooth quasi-
static unloading process. For a deep buried tunnel, the 
unloading characteristics of mechanized excavation (TBM) 

is a smooth quasi-static unloading with high initial confin-
ing pressure.

The stress path has significant influences on the rock 
mechanical behavior, which has aroused wide attention [24, 
43]. However, the mechanical behavior of deep soft rock 
under smooth quasi-static excavation unloading with high 
initial geostress needs further study. Therefore, smooth 
quasi-static unloading condition (e.g., during TBM tun-
neling) is focused on in the study of the transient dilatancy 
and fracturing behavior of deep soft ground, while the 
response under dynamic unloading and blasting loads in 
not discussed here.

2.2 � Testing Methodology

In this section, the triaxial unloading confining pressure 
tests were performed to study the instantaneous deforma-
tion and failure behavior of soft rock after excavation.

Fig. 2   Vibration velocity of 
the surrounding rock under dif-
ferent tunneling methods at the 
diversion tunnels at Jinping-II 
Hydropower Station (China). a 
TBM tunnelling, b the drilling 
and blasting method
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where, the vertical coordinates σr/P0 and τrθ/P0 represents the ratios between radial and tangential dynamic stresses to the in-situ stress 
respectively; a0 is the excavation radius; Cp is the longitudinal wave velocity; td is the unloading time; the horizontal ordinate 
[t-(r-a0)Cp]/td represents the zeroization and dimensional normalization of stress propagation time.

Fig. 3   Quasi-static and dynamic unloading stress fields [41]. a Radial dynamic stress (r = 2a0), b tangential dynamic stress at (r = 2a0)
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2.2.1 � Testing Apparatus

Triaxial compression tests and triaxial unloading confin-
ing pressure tests were carried out using an MTS815.03 
electro-hydraulic servo-controlled rock mechanics testing 
machine (Fig.  4). This apparatus is composed of servo-
controlled automatic triaxial loading, measuring and con-
trol systems. The MTS testing system is equipped with an 
excellent program control function. Different testing meth-
ods and loading models can be performed by the manage-
ment software. Uniaxial and triaxial compression tests, 
pore water pressure tests and water permeability tests can 
be carried out in this testing system.

2.2.2 � Rock Specimens

The cylindrical rock samples used for the tests were 
sandy mudstone cored from a −848 m mechanized exca-
vation rail roadway in the Huainan Panyidong Coal Mine 
(China) with a buried depth of 1020 m. There is another 
coal mine named Huainan Zhangji, in the neighborhood 
of Panyidong coal mine, and both are located in the same 
Huainan mining area (China). The 1413 and 1415  A 
Methane Gas Extraction Roadways in the Zhangji coal 
mine were constructed using a gripper TBM that was 
developed by Northern Heavy Industries Group Co. Ltd. 
(China) [1]. The −848  m rail roadway in the Huainan 
Panyidong coal mine was mechanized and excavated by 
a cantilever-type road header. The two roadways have 
similar unloading characteristics (quasi-static smooth 
unloading). In addition, their surrounding grounds are 
both buried in the same strata, sandy mudstone forma-
tions, which have similar geological conditions and geo-
stress situations. Because the TBM advance rate is fast, 
the corresponding support installation is also rapid, and 
there is rarely a space that can be used for drilling rock 

samples. Even if there is space, drilling is also very dif-
ficult to perform especially in shielded TBM tunnels due 
to the restriction of segmental lining and other mechani-
cal equipment. We tried to drill rock samples from the 
TBM water diversion tunnels at the Jilin Songhua River 
(China) and Lanzhou Water Source Project (China), but 
the rock samples were difficult to drill. Thus, it is difficult 
to drill rock specimens in other TBM tunnels. The rock 
samples that cored from the Panyidong coal mine can 
represent the typical deep soft rock characteristics.

The stress–strain curves and the basic mechanical 
parameters of the uniaxial and conventional triaxial com-
pression tests of sandy mudstone are shown in Fig. 5 and 
Table 1. From these, it can be seen that sandy mudstone 
is a type of typical soft rock. The size of the specimens is 
Φ50 × H100 mm, the machining accuracy of which is in 
accordance with the approaches suggested by the Interna-
tional Society for Rock Mechanics (ISRM) [44].

Fig. 4   MTS 815.03 servo-con-
trolled rock mechanics testing 
machine. a Full view of the 
testing machine, b the loading 
system
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2.2.3 � Stress Path

The purpose of this paper is to carry out unloading tests to 
investigate the soft rock dilatancy and fracturing behavior. 
Thus, only the stress path and unloading rates in the tests 
reflect the unloading features of the excavation method and 
will be more meaningful.

The analytical studies [45, 46] on the stress redistribu-
tion of the surrounding rock show that the tangential stress 
of the surrounding rock is under a loading state, while the 
radial stress is under an unloading state during the under-
ground excavation. Additionally, Eberhardt [28] explored 
the progressive development and evolution of excavation-
induced stresses and stress paths during the advancement 
of the tunnel face from a three-dimensional finite-element 
study, as shown in Fig.  6. The excavation induced stress 
paths which does more apparent impact on the surround-
ing rock response is that the maximum principal stress 
(σ1) increases and meanwhile the minimal principal stress 
(σ3) decreases. Namely, the axial pressure stress increases, 
while the confining pressure decreases. Therefore, the 
stress path with reduction in the confining pressure and 
increase in the axial pressure stress is employed in the tests, 
as shown in Fig. 7.

2.2.4 � Control Methods in the Tests

Stress control and deformation control are the two main 
control methods for triaxial tests. Generally, if the tests 
adopt the stress control method, the specimens may dra-
matically collapse when the peak stress is reached. Thus, 
it is impossible to obtain the post-peak stress–strain curves 
[15, 22]. If a deformation control mode is adopted, which 
is a controllable method for increasing the axial pressure 
and unloading the confining pressure simultaneously, com-
plete stress–strain curves can be obtained beyond the peak 
strength during the excavation. Therefore, to ensure that 
the rock specimens can surpass the peak strength to obtain 
complete stress–strain curves and to reflect the actual stress 

states of underground excavation, the axial deformation 
control mode is employed. The confining pressure and axial 
pressure stresses are applied during the testing process, 
which can recover the in situ stress state to some extent at 
the elastic deformation regime.

2.2.5 � Unloading Rates

The unloading rate effects were not considered or often 
neglected in the previous unloading tests; however, a grow-
ing number of later studies have shown that the unloading 
rates have a significant impact on the rock response [47]. 
Some scholars have studied [47, 48] the influences of 
unloading rates on rock deformation and strength charac-
teristics. But most of these studies mainly focused on hard 
rock, such as marble or granite and the employed unloading 
rates were selected mainly based on subjective experiences, 
which did not reflect the excavation methods especially 
the mechanized smooth quasi-static unloading characteris-
tics. Therefore, further study is required on the mechanical 
properties of soft rock under smooth unloading rates.

The rock specimens often require time to deform and 
adjust. Therefore, the unloading and loading rates should 
not be too large. Otherwise, the obtained stress–strain 
curves are not accurate. Furthermore, more time is required 
for the tests when the unloading rates are smaller. Thus, 
the unloading rates cannot be too smooth. In addition, 
according to the excavation-induced principle stress evo-
lution (Fig. 6) presented by Eberhardt [28], the minimum 
principal stress at the tunnel wall (corresponding to the 
confining pressure) decreases from the initial 27  MPa to 
approximately 1  MPa after excavation of 2.5  m. Accord-
ing to the tunneling records at the LXB Water Diversion 
Tunnel (China), the net penetration rate during TBM exca-
vation was 2–3 m/h and the mean advance rate was about 
0.8–1.2 m/s. Accordingly, it can be elementally calculated 
that the unloading rate is about 0.0023MP/s–0.004 MPa/s. 
Sometimes, the advance rate is lower than the above-men-
tioned rates, or the initial geostress may higher than the 

Table 1   Triaxial compression test results of sandy mudstone

Confining pres-
sure σ3/MPa

Peak strength 
σ1m/MPa

Axial strain at peak 
strength ε1m/10−3

Lateral strain at peak 
strength ε3m/10−3

Volumetric strain at peak 
strength εvm/10−3

Elastic modu-
lus E/GPa

Poisson’s ratio μ

0 28.76 6.39 −3.48 −0.5744 5.480 0.395
10 68.75 12.47 −4.99 2.49 6.343 0.281
20 93.15 15.12 −5.27 4.576 5.477 0.294
30 120.39 17.69 −8.27 1.15 5.507 0.379
40 151.23 21.95 −10.91 0.13 6.757 0.358
50 184.17 17.77 −7.60 2.57 9.695 0.249
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Fig. 6   Stress path plots of the 
principal stress magnitudes and 
orientations at fixed points in 
the tunnel roof (upper) and wall 
(lower) for the initial stress state 
of hydrostatic loading (Eber-
hardt [28])
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above initial stress. Therefore, it can be estimated that the 
average unloading rate of mechanized excavation varies 
from 0.002 to 0.01 MP/s. So, according to the above calcu-
lated unloading rate, the testing experiences from previous 
studies [15, 47, 48] and the testing approaches suggested 
by the International Society for Rock Mechanics (ISRM) 
[44], the unloading rate in the unloading tests the confining 
pressure unloading rates were set as 0.005 and 0.01 MPa/s 
to reflect the features of smooth quasi-static unloading 
(mechanized tunneling). To understand the mechanical 
behavior under smooth unloading, a set of comparatively 
rapid unloading tests were also carried out, in which the 
confining pressure unloading rates were set to 0.05 and 
0.5 MPa/s. Meanwhile, the loading speed in the axial direc-
tion was set as the axial deformation rate of 0.001 mm/s.

The above axial loading and confining pressure unload-
ing testing procedures were controlled by a program 
designed in the MTS software. From the starting points of 
unloading, the axial stress σ1 was increased incrementally 
with the axial displacement rate of 0.001  mm/s by defor-
mation control pattern, and the confining pressure was 
reduced with the set unloading rates (0.005, 0.01, 0.05 and 
0.5 MPa/s) until the specimen failed utterly.

2.2.6 � Stresses at the Starting Points of Unloading

In other studies [49, 50], the measurement and investiga-
tion results of geostress in Huainan coal mining area have 
shown that the maximum horizontal principal stress is esti-
mated to be 22–30  MPa in the rock mass along the EW 
direction, and the minimum principal stress is in the hori-
zontal direction approximately 16–20  MPa. To reflect the 
influence of high geostress in deep ground, the initial con-
fining pressure �0

3
 of the unloading tests was set to 10, 20, 

30, 40 and 50 MPa, respectively.
The axial stress σ1′ at the starting point of unload-

ing should be set to be greater than the uniaxial compres-
sive strength and approximately 60–80% of the triaxial 

compression strength [15, 44]. Thus, according to the sandy 
mudstone triaxial compression test results (shown in Fig. 5; 
Table 1), the axial stresses σ1′ of the starting points in the 
unloading tests were set to 37, 52, 68, 82 and 102  MPa, 
which correspond to the confining pressures of 10, 20, 30, 
40 and 50 MPa, respectively.

2.2.7 � Testing Procedures

According to the deformation control method employed in 
the tests, the corresponding stress path and the unloading 
rates, the testing procedures are performed as follows:

Step 1: Apply σ1, σ2 and σ3 to the pre-set hydrostatic 
pressures (10, 20, 30, 40 and 50  MPa, respectively) with 
the loading rate of 0.5 MPa/s.

Step 2: Maintain the confining pressure σ3, and increase 
the axial stress incrementally via the stress control pattern 
to the unloading starting point σ1′ with a loading rate of 
0.5 MPa/s.

Step 3: Increase the axial stress σ1 continuously via the 
axial deformation control method with the axial displace-
ment rate of 0.001 mm/s, and unload the confining pressure 
σ3 simultaneously with the given unloading rate (0.005, 
0.01, 0.05 and 0.5  MPa/s). This procedure lasts until the 
sample fails completely.

2.3 � Dilatancy and Fracturing Properties Analyses 
of Soft Surrounding Rock Based on the Testing 
Results

The stress–strain curves from the above-mentioned unload-
ing tests under different initial confining pressures (10, 
20, 30, 40 and 50  MPa) are shown in Fig.  8. For each 
figure, different unloading rates (0, 0.005, 0.01, 0.05 and 
0.01 MPa/s) are considered.

By comparing the stress–strain curves in Fig.  8, it is 
observed that the stress paths have significant influences on 
the deformation and failure features of the rock under load-
ing and unloading states. Under the unloading condition, 
from the unloading starting point, the axial deformation 
curves become flattened and develop to the right. The lat-
eral deformation acceleratingly grows. Therefore, the volu-
metric deformation reverses from compression to expan-
sion. The dilatancy under unloading is more prominent 
than that under the loading condition when the deviatoric 
stresses are the same. The peak strength under unloading is 
obviously lower than that under loading compression. This 
shows that the rock under the unloading state is more prone 
to breaking.

A prominent phenomenon can be seen is that the shape 
of the stress–strain curves, the peak strength and the post-
peak failure characteristics are influenced by the unload-
ing rates greatly. In this study, this is called ‘unloading 

0 200 400 600 800 1000 1200 1400 1600 1800
0

10

20

30

40

50

60

Unloading

σ
)aP

M(

t (s)

σ1

σ1-σ3

σ3

Unloading
start point

Limited bearing
strength

where, the σ1 is the axial stress and σ3 is the confining pressure that is applied to cylindrical specimens. 

Fig. 7   Typical stress path of triaxial unloading confining pressure 
tests



929Int J Civ Eng (2017) 15:921–948	

1 3

rate effects’. These effects will be analyzed in detail. In 
addition, the confining pressure also has similar influ-
ences. However, it will not be discussed in detail here.

2.3.1 � Influence of Unloading Rate on Soft Rock 
Deformation Characteristics

It can be seen from Fig.  8 that under each unloading 
rate, the samples are under the axial loading state before 
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unloading, and the corresponding stress–strain curves are 
similar to that under the triaxial compression tests. This 
suggests that the discreteness of the samples is small.

From the beginning of unloading, the stress–strain 
curves become different with the unloading rate. The axial, 
lateral and volumetric deformations of all the specimens 
[under the initial confining pressure of 10  MPa (Fig.  8a), 
20 MPa (Fig. 8b), 30 MPa (Fig. 8c), 40 MPa (Fig. 8d) and 
50 MPa (Fig. 8e)] are significantly affected by the unload-
ing rates. The samples under the confining pressure of 
30 MPa are taken as examples (as shown in Fig. 9) to illus-
trate the effect of unloading rates on the deformation and 
failure features. When the confining pressure unloading rate 
is fast, e.g., 0.05 MPa/s (Line ④ in Fig. 9) and 0.5 MPa/s 
(Line ⑤ in Fig. 9), the stress–strain curves at the pre-peak 
yield state are much different from those obtained under the 
triaxial compression tests. There is a sudden brittle failure 
approximately along the plumb line at the post-peak stage 
(e.g., section D’’E’’ of Line ④ and D’’’E’’’ of Line ⑤ in 
the stress–strain curves). However, when the unloading rate 
is slow, e.g., 0.005 MPa/s (Line ② in Fig. 9) and 0.01 MPa/s 
(Line ③ in Fig.  9), the pre-peak stress–strain curves are 
close to those under triaxial compression conditions. One 
or two brittle drops occur while beyond peak strength (e.g., 
section DE of Line ② and section D’E’ of Line ③ in Fig. 9). 
Then, there is linear strain softening along an oblique line 
with a small slope (e.g., section EF of Line ② and section 
E’F’ of Line ③), in which multistage microfractures are 
produced. When the speed of unloading increases, the peak 
strength decreases (e.g., the peak strength decreases gradu-
ally from Line ② to ③) and the amplitude and intensity of 
the post-peak brittle failure increase.

It is interesting that there are multistage smaller brittle 
drops (section FG in Fig.  9) during the post-peak linear 
strain softening period (phase EF in Fig. 9). The major rea-
son is that the stiffness of MTS testing apparatus is very 

high. The stresses of the sample soon recover to nearly 90% 
of the values prior to the brittle fall along the current brittle 
drop path, after which it deforms continuously in accord-
ance with the linear strain softening law. Especially, sec-
ondary microfractures (section FG in Fig. 9) are produced 
due to continuous unloading at the linear strain softening 
stage (section EF in Fig.  9). Similar phenomenon can be 
seen in other samples when the unloading rate is 0.005 
and 0.01 MPa/s (Fig. 8). Similar post-peak microfractures 
are exhibited in the stress–strain curves of marble triaxial 
stress relaxation tests in the studies performed by Wu [51]. 
However, this particular phenomenon and the correspond-
ing reasons have not been noted explicitly. The above-men-
tioned feature is unique for soft rock under smooth quasi-
static unloading, and it is analyzed definitely in this paper 
based on the testing results.

It can be seen from Fig.  8 that there are similar rules 
for different unloading rates under other confining pres-
sures. Under rapid unloading (0.05 or 0.5 MPa/s), the lat-
eral stress constraints reduce drastically, and the bearing 
capacity decreases sharply. When unloading is applied 
smoothly (0.005 or 0.01  MPa/s), the following phenom-
ena are observed: (a) damage–dilatancy appears at the pre-
peak unloading yield phase; (b) the volumetric strain curve 
develops toward the dilatation direction; (c) small brittle 
falls are produced once or twice along the penetrated frac-
ture surface when the peak strength is first reached; (d) and 
linear strain softening is generated along an approximately 
oblique line with a small slope as the confining pressure is 
continuously unloaded.

The above-mentioned dilatancy and fracturing behavior 
(as shown in Figs. 8, 9) is closely associated with the fol-
lowing intrinsic reasons. When under smooth unloading, 
the confining constraint of the rock samples is released 
gently. Thus, its pre-peak stress–strain curves are close 
to those in the conventional triaxial compression tests. 
Additionally, the damage and microfractures are gradu-
ally initiated because the rock yields. The microfractures 
will propagate and gradually coalesce into macrofractures, 
then a major brittle failure occurs along the macrofrac-
tures when the stress reaches the bearing strength. Thus, 
the post-peak stress–strain curve behaves once or twice 
as brittle drops. Then, as the confining pressure continues 
to be unloaded with a smooth rate, the residual confining 
pressure is still relatively high, and the axial load is con-
trolled by the deformation pattern. That is, the axial stress 
still maintains loading during the process of unloading the 
confining pressure. Meanwhile, the work done by the axial 
stress is absorbed and converted into strain energy and sur-
face energy during unloading. Therefore, the axial loading 
stress plays a certain role in the fracturing process. This 
may promote rock damage and fracture, as well as accel-
erates crack extension and propagation. Thus, multistage 

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
0

10

20

30

40

50

60

70

80

90

100

B
F'

E''' E''

E'

D'

F
E

C

D

Unloading
rate / (MPa/s)
①0
②0.005
③0.01
④0.05
⑤0.5

σ 1-σ
3

(M
Pa

)

ε1(mm/mm)

①

②

③④⑤

A

D'''

D''

Fig. 9   Stress–axial strain curves under different unloading rates of 
initial confining pressure �0

3
 =  30 MPa



931Int J Civ Eng (2017) 15:921–948	

1 3

microfractures are observed in this phase. The deformation 
of rock at this stage obeys the law of linear strain softening 
with the decrease of confining pressure in general. When 
under rapid unloading, the circumferential stress constraint 
of the cylindrical rock specimens is removed sharply. Con-
sequently, the bearing capacity is decreased heavily. The 
failure plane is formed at the firstly transient brittle failure, 
then the ruptured blocks slide and move along the failure-
plane. So, sharply brittle drops occur when the limited 
bearing capacity is reached.

2.3.2 � Influence of Unloading Rate on Rock Strength 
Characteristics

Because the experienced stress paths are different, the 
peak stress in the triaxial unloading confining pressure 
tests is different from that in uniaxial and triaxial loading 
tests. The confining pressure continues to decrease during 
the failure process, and the peak stress at the failure point 
reflects the limited bearing capacity of the rock during the 
unloading of confining pressure. To distinguish it from 
the concept of ‘peak strength’ in the loading test, Qiu [15] 
proposed a new concept of ‘limited bearing capacity’ to 
denote the peak axial stress level when the rock fails during 
the unloading confining pressure tests. Additionally, this 
concept is employed in this study to discuss the effect of 
unloading rates on the limited bearing capacity and limited 
strain state.

According to the test results, the changing laws of the 
limited bearing capacity versus the unloading rates are 
obtained, as shown in Fig. 10. It can be seen that: (a) the 
limited bearing capacity and maximum deviatoric stress 
are both lower than those under triaxial compression con-
ditions, which decrease with the unloading rate generally 
following an exponential rule: �1m = �1m0 + Ae−r∕t, and 
increase rapidly with the decreasing unloading rate when 
the unloading rate is small (e.g., 0.005, 0.01 MPa/s); (b) the 

confining pressure unloading amount up to the rock sample 
failure increases with the growing unloading rate, i.e., the 
greater the unloading rate, the more the lateral restriction 
released; (c) meanwhile, when the unloading rate increases 
to 0.05 and 0.5  MPa/s, the confining pressure unloading 
amount changes a little with the unloading rates; (d) when 
the unloading rate decreases, the limited bearing capacity 
increases, and the strength parameters under the loading 
condition are closer to those under the triaxial compression 
tests.

The reasons for the above listed phenomena are that 
the confining restraint is still relatively high due to smooth 
unloading; the stress adjusts gently and uniformly at pre-
peak stage; the induced microfractures interact with each 
other, and the frictional mechanisms of the samples are 
motivated; the axial pressure that needs to reach the fail-
ure point is high; and the unloaded confining pressure till 
the failure is small and close to the conventional triaxial 
compression tests. While under rapid unloading, the lateral 
stress constraints of the specimens are relieved dramati-
cally, and the shear localization process was accelerated, 
the strength of the samples decreases greatly and the cor-
responding limited bearing capacity declines apparently.

2.3.3 � Influence of Unloading Rate on Soft Rock Failure 
Characteristics

The stress paths during the unloading tests are presented 
in Fig. 11, and the Mohr stress circles for failure envelope 
analyses are plotted in Fig.  12. The stress paths and the 
Mohr failure circles indicate how the specimens reach the 
failure. They also imply that the strength of rock samples 
decreases with the growing unloading rate, and the samples 
undergo longer shearing and fracturing process at the post-
peak stage when the unloading rate is smooth (0.005 MP/s 
and 0.01 MPa/s).

Under the unloading state, the sample is prone to pro-
duce axial tensile cracks, and macro tensile–shear compos-
ite failure occurs. The failure differs from that under the 
uniaxial and triaxial compression conditions, in which a 
spalling failure or shear failure pattern is mainly generated.

When rapid unloading is performed (e.g., with an 
unloading rate of 0.05 or 0.5  MPa/s), the sample experi-
ences a sudden brittle drop when limited bearing capacity 
is reached, and the experienced friction is small. The sud-
den brittle drop forms a single shear fracture plane that is 
thin and smooth, as shown in Fig.  13a, b. This is mainly 
because the confining restraint is released quickly, while 
the axial direction is still loaded under a rapid unloading 
situation.

As shown in Fig.  13c, d, when unloading is slow 
(e.g., with an unloading rate of 0.005 or 0.01 MPa/s), the 
unloading failure is accompanied by many axial splitting 
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cracks. The formed failure cross-plane is a shear-frag-
mentation band with a certain thickness, that is, because 
fragmentation chips and asperities will be powdered and 
sheared off into rock powder. Meanwhile, tiny particles 
are generated with the combining effects of the axial 
compression and shear stress along the shear fracture 
plane.
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2.3.4 � Damage Evolution Equation at the Damage–
Dilatancy Stage

It can be assumed that there is only elastic deformation �e
1
 

in the axial strain direction, and the lateral strain ε3 is equal 
to elastic strain �e

3
 plus crack strain �c

3
:

where the crack strain �c
3
 behaves as irreversible defor-

mation and plastic deformation.
Assuming that the main direction of damage is along 

the unloading direction, and it is considered that there is no 
damage in the axial direction, the triaxial unloading dam-
age tensor can be expressed as:

where ω is the damage variable.
Because the damage and dilatancy are mainly caused by 

the crack strain in the unloading direction, the damage vari-
able can be represented as:

According to the generalized Hooke’s law:

For the triaxial test, σ2 = σ3, Eq. 4 can be simplified as:

Therefore, the lateral crack strain can be obtained:

(1)
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3
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3
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[
(1-�e)�3 − �e�1

]
.

where Ee is the elastic modulus in the loading period.
According to the testing results, the damage variables 

can be calculated using Eqs. 3 and 6. The measured and 
fitting curves of the damage variable that changes with 
lateral strain ε3 (the values in the diagrams represent the 
initial confining pressure) are shown in Fig. 14.

As seen from Fig. 14, the damage variable ω increases 
with the growth of lateral strain ε3, changes smoothly at 
the pre-peak stage and increases dramatically when the 
rock fails at peak strength. Its increase rate begins to 
reduce when the samples enter into the linear strain sof-
tening stage. When the sample is broken completely, the 
damage variable ω is close to 1. By fitting them, the dam-
age evolution equations of the deformation parameters 

(6)�c
3
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3
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]
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of sandy mudstone are obtained under the condition of 
smooth unloading, which obeys the exponential function 
� = �0 + AeR0�3, as shown in Fig. 14.

In conclusion, when unloading rate decreases, the 
peak strengths and deviatoric stress–strain curves 
under unloading condition are close to those under 
the conventional loading condition. The deviatoric 
stress–strain curves experience the post-peak brittle drop 
and linear strain softening phases. When the unload-
ing rate increases, the post-peak brittle characteristics 
are more apparent. Under rapid unloading (e.g., 0.05 
or 0.5  MPa/s), severe post-peak brittle failure occurs. 
Although the residual strength regime in the stress–strain 
curves is not obtained in the unloading tests, the samples 
enter into the residual stage as long as the confining pres-
sure unloading is stopped at the end of the linear strain 
softening phase. Therefore, it can be concluded that the 
complete deviatoric stress–strain curve of the surround-
ing rock under smooth quasi-static unloading is com-
posed of an elastic deformation segment (OB in Fig. 15), 
a pre-peak unloading damage–dilatancy phase (BD in 
Fig.  15), a post-peak brittle drop stage (DE), a linear 
strain softening period that contains multistage microf-
ractures (EF) and the residual strength regime.

Additionally, the unloading rate has significant influ-
ences on the rock deformation parameters (deformation 
modulus E and Poisson’s ratio μ, compliance of strain 
over confining pressure Δ𝜀̇i) and strength parameters 
(limited bearing capacity σ1m, cohesion C and internal 
friction angle φ). The studies on these are not mentioned 
in detail here.

The previous study results with regard to the unloading 
rate effects are not much. This problem has attracted more 
and more attention recently. Qiu et al. [15] has studied the 
impacts of unloading rates on the marble deformation and 
failure properties, and indicates that the limited bearing 
capacity of marble grows with the increasing unloading 
rates. Zhang et  al. [52] investigated the controlling influ-
ences of unloading rates on the marble mechanical behav-
iors too; the results showed that the rock samples’ strength 
increased with the growth of the unloading rate. Huang 
et al. [48] has explored the unloading rate influences on the 
marble deformation, cracking and strength characteristics, 
and pointed out that the rock brittleness increased with the 
growing unloading rate. However, most of the results were 
based on the hard rock such as marble, and the stress paths 
were usually different from each other. The unloading rate 
effect on the soft rock under high confining pressure has 
been rarely studied. These previous research results are not 
appropriate for soft rock under smooth quasi-static unload-
ing conditions. The employed unloading rates and stress 
path during the unloading tests are able to reflect the natu-
ral unloading characteristic of the excavation methods well.

3 � Experimental Research on Time‑Dependent 
Behavior of Soft Rock via Triaxial Unloading 
Creep Tests

The time-dependent characteristics of soft surrounding 
rock deformation are significant during holidays or con-
struction standstills due to equipment maintenance or TBM 
stoppage, etc. [53, 54]. Therefore, laboratory creep testing 
is an important approach for studying the time-dependent 
behavior.

3.1 � Test Approach

3.1.1 � Testing System

Triaxial unloading creep tests were carried out using an 
‘RLW-500’ rock triaxial rheological testing apparatus 
(Fig. 16) that was developed by the Institute of Rock and 
Soil Mechanics, Chinese Academy of Sciences and Chang-
chun City Chaoyang Test Instrument co., LTD. The rock 
samples were installed as shown in Fig. 17.

The RLW system is composed of axial loading, confin-
ing pressure loading, servo controlling, data acquisition and 
automatic plotting systems. The load control and displace-
ment control models can be employed and can be trans-
formed into each other smoothly during the testing process. 
This experimental system is excellent for rheological test-
ing and is suitable for performing triaxial unloading creep 
tests in this study.

3.1.2 � Stress Path

To reflect the underground surrounding rock stress state, 
the creep tests adopt step-by-step unloading confining 
pressure approach. Meanwhile the axial loads were kept 

Fig. 16   RLW rock triaxial rheological testing machine
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constant. Unloading was performed in four steps under four 
deviatoric stress levels. Refer to the incremental step load-
ing method [44, 55]; step-by-step unloading confining pres-
sure mode was employed in the creep tests. The unloading 
was performed with 10 MPa per step and the axial stress at 

each stress level was constant until entering into the next 
creep level at a given creep time after the samples attained 
a stable creep state. The test terminates when unloading 
is completed or the sample breaks. The stress path for the 
step-by-step unloading creep test is shown in Fig. 18.

3.1.3 � Testing Procedures

According to the triaxial compressive strength and defor-
mation parameters of sandy mudstone shown in Fig. 5 and 
Table 1, the stress state under each confining pressure level 
of the creep test was determined, as shown in Fig. 18 and 
Table 2. In this study, two creep tests were carried out on 
two specimens (sample UC50 and UC70). The initial axial 
pressure was set to 50 and 70 MPa on the two specimens, 
respectively, and the confining pressure was unloaded from 
40 to 10 MPa with a 10 MPa/step. The next step of unload-
ing started after the previous creep reached a stable creep 
state. The sample UC50 maintained an axial pressure of 
50 MPa, and the specimen UC70 kept an axial pressure of 
70 MPa.

3.2 � Creep Damage, Dilatancy and Fracturing Rules

3.2.1 � Axial and Lateral Creep Rules

Through the step-by-step unloading confining pressure 
creep tests with constant axial loads, sandy mudstone creep 
laws are obtained, as shown in Fig. 19. Then, according to 
the experimental data processing approach for the incre-
mental step loading creep test [44, 55], the entire curves are 
translated into creep curves for each stress level, as shown 
in Figs. 20 and 21.

As can be seen from Fig. 19 ~21, significant creep defor-
mation of the sandy mudstone is produced under various 
stress levels, where the axial and lateral deformations con-
sisted of unloading transient deformation and creep defor-
mation. The creep curves include decay and steady creep 
characteristics. The creep deformation grows rapidly dur-
ing the early stage of the creep tests under each stress 
level, but the creep rate soon attenuates to a steady creep 
rate. When deviatoric stress increases, the slopes and last-
ing time for attenuation creep increase, and the creep rate 
after reaching a steady-state creep increases. The attenu-
ation creep often only lasts 3–15  h, but the deformation 
during this creep stage accounts for 60% of the total creep 
deformation. Thus, special attention should be given to the 
creep deformation in the short term after excavation. The 
surrounding rock during this phase is usually in the attenu-
ation creep stage. The creep strain, which is calculated 
according to viscoelastic models, is smaller than the testing 
measured value. Thus, the creep strain of the tests contains 
viscoplastic deformation.

Fig. 17   Rock sample and 
extensometer installation

Fig. 18   Stress path during step-by-step unloading creep tests

Table 2   Deviatoric stress loading scheme of the step-by-step unload-
ing creep test

Sample number UC50 UC70
Initial axial compres-
sure/MPa

50 70

Stress level σ3/MPa (σ1–σ3)/MPa (σ1–σ3)/MPa

The first level 40 10 30
The second level 30 20 40
The third level 20 30 50
The fourth level 10 40 60
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The lateral deformation is more obvious than the axial 
deformation in the unloading confining pressure rheologi-
cal tests. This phenomenon is similar to the lateral dila-
tancy in the triaxial unloading tests; however, it is not so 
apparent in triaxial compressive creep tests. When the con-
fining pressure decreases, the amplitude of the lateral creep 
strain increases and exceeds the axial strain. For instance, 
when the confining pressure of sample UC50 is unloaded 
from 40 to 30 MPa, its lateral creep deformation increases 
by 218%, and the axial creep deformation grows by 148%. 
Thus, the increased amplitude of the lateral rheology defor-
mation is much greater than the axial deformation. Under 
the failure confining pressure level, lateral expansion is 
more likely to occur. The lateral strain is lower than the 
axial deformation, but the ratio of lateral creep deforma-
tion to lateral instantaneous deformation is greater than 
the axial deformation under each confining pressure level. 
For example, when the confining pressure of sample UC50 
is unloaded from 40 to 10 MPa, the ratios of lateral creep 
strain to instantaneous strain are 29.710, 35.326, 35.894 
and 35.326%, respectively, which are larger than the ratios 
(23.764, 27.581, 31.023, 60.097% respectively) of axial 
creep strain to instantaneous strain under the same stress 
level. Sample C70 follows the same rule.

3.2.2 � Volumetric Creep Rule

According to the sandy mudstone unloading creep test-
ing results (Fig.  19), the laws of volumetric strain curves 
changing with time for samples UC50 and UC70 under 
various load levels were obtained (as shown in Fig. 22).

Figure  22 shows that the changing laws of volumet-
ric strain are more complicated than the creep rules of 
axial and lateral strain. The first and second stress levels 
of UC50 are relatively low compared with the rock yield 
strength, and overall it is in a volumetric-compression state. 

When unloading to the third stress level (σ1–σ3 = 30 MPa), 
the variety of creep volumetric deformation is small at this 
creep stage and remains nearly stable. Once the stress state 
is at the fourth stress level (when the confining pressure is 
unloaded to 10 MPa), the microcracks propagate and con-
nect together and secondary cracks are initiated. The lateral 
strain of the specimens grows faster than the axial strain. 
Consequently, the volumetric strain deviates to the dila-
tancy direction obviously and dilates continuously with 
time during the creep process (an obvious creep–dilatancy). 
When the specimen enters into the accelerating creep stage, 
its volume acceleratingly increases until the specimen fails. 
It can be seen that the volumetric strain of the sample with 
an axial pressure of 50  MPa (UC50) experiences an evo-
lutionary process from volumetric compression to constant 
volume and finally reaches dilatancy during the creep. 
Because the deviatoric stress level of specimen UC70 is 
higher than the yield strength since the first level loads, its 
volumetric strain deviates to the dilatancy direction under 
the first stress level in the creep process. The volumetric 
strain deviates to the dilatancy direction with a rapid rate 
when its confining pressure is unloaded to the second stress 
level, and the volume of the sample begins to expand.

The above-mentioned volumetric strain evolution law 
during the unloading creep process shows that the bearing 
capacity of the sample degrades with decreasing confining 
pressure and increasing creep time. The volumetric expan-
sion during the creep process is mainly due to the internal 
microcrack propagation and secondary fracturing, which 
results in irreversible deformation or even final breakage.

3.2.3 � Deviatoric Stress–Strain Relationships During 
the Unloading Creep Procedure

The deviatoric stress–strain curves of sandy mudstone 
are obtained to further study the mechanical behavior in 
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the unloading creep process, as shown in Fig.  23. It can 
be seen that the instantaneous deformation at the unload-
ing instant changes obviously. The axial strain curve slope 
of specimen UC50 decreases from 5.303 GPa on the first 
creep stage to 3.819 GPa on the fourth stage, and the lat-
eral strain curve gradient decreases from 23.904 GPa on the 
first stage to 6.079 GPa on the fourth stage. The axial strain 
curve slope of specimen UC70 decreases from 6.078 GPa 
in the first stage to 3.042 GPa in the third stage, and the 
lateral strain curve gradient decreases from 20.140 GPa in 
the first stage to 5.441 GPa in the fourth stage. This indi-
cates that, with the decrease of the confining pressure and 
the growing creep time, the slopes of the axial and lateral 
deformation curves gradually decrease, and the slopes of 
the lateral deformation curves decrease more intensely with 
a greater amplitude. That is to say, the lateral expansion 
rate is greater than the axial compression rate.

The reasons for the above time-dependent dilatancy 
and fracture evolution process are mainly the relieving of 
the lateral restraint and damage accumulation during the 
creep process. When under a initial high confining pres-
sure and low deviatoric stress level, the sample is relatively 
integrated and its accumulated damage is small. Thus, the 
instantaneous deformation and creep deformation are both 
small, and the ratio of the creep to the instantaneous defor-
mation is also small. However under the first stress level, 
the stress does not reach the sample’s yield strength. Thus, 
the transient deformation is mainly elastic, and a certain 
amount of damage occurs during the creep process. When 
entering the subsequent stress levels, its instantaneous 
deformation includes both elastic and plastic deformation, 
which is affected by the creep damage produced at the pre-
vious steps. Further damage is generated at this creep stage, 

which aggravates this creep phase. With decreasing confin-
ing pressure, the deviatoric stress and plastic deformation 
increases, and vertical tensile cracks are initiated within the 
rock samples and expand gradually, resulting in obvious 
lateral expansion at the instant of unloading. The propa-
gation of microcracks is accelerated with the creep time. 
Additionally, the damage is accumulated with the creep 
time and the confining pressure unloading amount until 
eventually to failure. With continual unloading, during low 
confining pressure and high deviatoric stress, accelerated 
creep occurs and the damage is accumulated to the fail-
ure limit, and finally the macro main fractures are formed. 
This evolution process is accompanied by an obvious lat-
eral expansion during the creep (Fig. 22), which is similar 
to the lateral dilatancy in the triaxial unloading tests. It can 
be seen from the surface of the sample and internal cracks 
that some vertical extensional cracks are produced on the 
rock surface, and the cracks develop internally at the same 
time. In summary, the mechanism of time-dependent defor-
mation of soft rock (e.g., sandy mudstone) over a relatively 
long term after tunneling is as follows: creep damage, time-
dependent extension and development of microcracks, 
which is called ‘time-dependent damage and fracturing’ in 
this study.

4 � Deformation Mechanism of Soft Rock

Based on the above dilatancy and fracturing results, the 
deformation mechanism can be discussed at the excavation 
instant and considering the ‘time’ factor in a certain time 
after excavation, respectively.
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Fig. 23   Deviatoric stress–strain curve of sandy mudstone during the process of unloading rheology
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4.1 � Deformation Mechanism at the Excavation Instant

The inherent reasons for rock deformation and failure are 
the internal stress adjustment and the interior structure evo-
lution. In damage mechanics [56], it is believed that rock 
damage is closely related to microcracking activities, and 
the yield and failure of the rock are the macro results of 
microfracture development and cracking.

The intrinsic fact of soft rock squeezing and large defor-
mation is volumetric dilatancy. Therefore, to reveal the 
deformation mechanism of soft rock, the evolution rules of 
rock volumetric strain along with internal structure changes 
in the progressive failure process must be studied in detail.

This study uses plastic volumetric strain to represent the 
crack volumetric strain. According to the unloading test 
results in Sect. 3, the typical deviatoric stress–strain curve 
and the plastic volumetric strain of sandy mudstone in the 
unloading confining pressure process are shown in Fig. 24. 
The stress–strain curves and the progression of volumetric 
dilatancy and fracturing can be divided into the following 
four stages, and the intrinsic mechanisms are analyzed.

(1) Volume compression stage (Phase I in Fig. 24—seg-
ment OA).

Because of the closure of the initial pores, initial joints 
and microcracks within the rock, the axial compressive 
strain is greater than the lateral strain in this regime. There-
fore, volume compression appears.

(2) Elastic stage (Phase II in Fig. 24—segment AB).
In this phase, the volumetric strain decreases with the 

stress linearly. The stress–strain relationship and volumet-
ric strain generally obey a linear relationship. The starting 
point of this phase is called crack closure stress �cc.

(3) Pre-peak dilatancy stage, which can be subdivided 
into Stages III and IV.

① Phase III—segment BC in Fig. 24.
When the deviatoric stress continues to increase, the 

cracks begin to develop and extend. Consequently, the 
volumetric strain curve starts to deviate from the original 
straight line and turn to the expansion direction, which 
indicates that the volume changes from compression to 
dilatancy.

There are two important stress characteristic points at 
this stage: initial dilatancy stress �ci (Point B in Fig. 24) and 
damage–dilatancy stress �cd (Point C in Fig. 24). Previous 
studies have shown that when the stress exceeds the initial 
diatancy stress �ci, the native cracks develop and propagate 
mainly along the pores or boundaries among the mineral 
particles and then randomly form new cracks. However, the 
length of the cracks generated at this stage is not larger than 
the scale of the particle size. In addition, due to the micro-
crack extension and propagation, the stress concentration 
of the crack tips tends to be alleviated, and the energy 
released by the crack extension is absorbed by new fracture 
surfaces. Further propagation of cracks requires the stress 
to be increased continuously. Thus, it behaves as a steady 
crack extension during this stage.

When the cracks extend steadily to a certain degree, the 
rock enters into a critical state such that the newly formed 
crack surfaces cannot absorb the entire energy released by 
crack extension. Thus, the cracks acceleratingly extend 
from stable to unstable propagation. Then the rock enters 
into the fourth deformation stage (Stage IV). The corre-
sponding onset stress of this critical state is called dam-
age–dilatancy stress �cd.

② Phase IV—segment CD in Fig. 24.
Phase IV starts from the damage–dilatancy stress �cd.  

Then, the rock begins to enter into the yield stage. This 
stress point corresponds to the maximum volumetric com-
pression and is the inflection point of the volumetric–axial 
strain curve.

During this stage, the rock fractures propagate, inter-
sect and coalesce as the stress continues to increase, and 
potential failure surfaces tend to form gradually. When the 
stress reaches the peak strength, the cracks may connect 
and penetrate into macroscopic fractures. Generally, the 

Fig. 24   Typical deviatoric stress–strain curve of sandy mudstone 
under smooth unloading conditions
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cracks propagate unstably at this pre-peak damage–dila-
tancy stage.

(4) Post-peak fracturing stage, which is also subdivided 
into Stages V and VI.

① Phase V—segment DE in Fig. 24.
The post-peak stage starts from the peak stress �p. The 

cracks propagate into macroscopic fracture surfaces at the 
peak stress point. This indicates that brittle drop occurs 
immediately along a vertical line, which is accompanied 
by the steep reduction of bearing capacity reducing. That 
is to say, the ruptured blocks will slide and rotate along the 
firstly generated fracture surfaces. Furthermore, because 
the confining pressure is unloaded smoothly, the confin-
ing pressure unloading amount is small when brittle drop 
takes place. Therefore, the residual confining pressure is 
relatively high, which will prevent sliding and rotation to 
a certain extent after failure. This phase is called the brittle 
drop stage.

② Phase VI—segment EF in Fig. 24.
This phase is called linear strain softening stage. The 

starting point stress of this stage is called linear strain 
softening starting stress �ls. Because the confining pres-
sure is unloaded slowly, the residual confining pressure 

is relatively high, which can largely prevent sliding and 
rotation after failure. As the confining pressure continues 
to be unloaded, the rock bearing capacity further declines 
and results in multiple secondary fractures, which is char-
acterized by the secondary brittle drops appearing in the 
stress–strain curve and the rock continuing to deform fol-
lowing the linear softening rule. With the increase of dam-
age and fractures within the sample, the cracks’ extension 
and penetration are enhanced and intensified, and the scale 
of the secondary fractures increases greatly. Therefore, 
under the condition of smooth unloading, multistage sec-
ondary fractures are produced, forming a shear-fragmen-
tation band with a certain width. The volume at this stage 
acceleratingly increases.

In conclusion, according to the above analyses of the 
dilatancy and fracturing behavior under the smooth quasi-
static unloading condition, the soft rock deformation and 
failure process under smooth unloading confining pres-
sure with a high initial value can be summarized as a dam-
age–dilatancy and fracture–bulking process, as shown 
in Figs.  25 and 26. Pre-peak damage–dilatancy mainly 
denotes the initiation and propagation of microcracks until 
the stress reaches the peak strength. While beyond the peak 
strength, the microcracks coalesce and connect together, 
forming macrofracture surfaces. The ruptured blocks slide 
and dislocate along the firstly formed fracture surfaces. 
Then, with continuous unloading, multistage secondary 
cracks are initiated. With these cracks mutually penetrating, 
the fractured blocks further rotate, slide and flip, resulting 
in remarkable volumetric expansion. Thus, the post-peak 
fracture–bulking deformation accounts for the maximum 
part of squeezing and large deformation.

4.2 � Deformation Mechanism Considering 
Time‑Dependent Effect

Due to the smooth unloading rate and gentle stress adjust-
ment, the disturbed zone and convergence both are com-
paratively small at the excavation instant. Another signifi-
cant feature of soft rock is that its time-dependent effect is 
significant and its convergence speed is slow. An obvious 
time-dependent convergence may often arise during con-
struction of the standstill or supports’ installation.

The time-dependent deformation of surrounding rock is 
mainly caused by the following two parts:

1.	 The first is that the cracks and fractures produced at the 
excavation transient further develop, slip, rotate and 
flip with time.

2.	 Second, the initial damage of the surrounding rock 
near the tunnel perimeter is produced after stress redis-
tribution at the excavation unloading transient. The 
damage within the rock is accumulated with time, thus 

Fig. 25   Damage–dilatancy and fracture–bulking evolution processes 
under unloading conditions

Fig. 26   Excavation damage zone of the surrounding rock during 
TBM tunneling
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the bearing capacity degrades. New microcracks and 
fractures are initiated and propagate time-dependently 
and are accompanied by significant lateral expansion 
during the creep. This causes one part of the pre-peak 
unbroken blocks at the excavation unloading tran-
sient to reach the peak strength and then enter into the 
post-peak fracture–bulking state, while the other part 
remains within the pre-peak zone and deforms con-
tinuously. Meanwhile, the post-peak ruptured blocks in 
the fracture–bulking stage at the excavation instant are 
squeezed and produce further movement (dislocation, 
slippage, rotation), or even further fail due to the newly 
generated deformation and fractures of other origi-
nal pre-peak damage–dilatancy blocks, as shown in 
Fig. 27. The above-mentioned process is called ‘time-
dependent damage and fracture’ in this paper.

This indicates that in deep soft ground, the defor-
mation and failure will be more serious during the tun-
neling stoppage time, which will be more likely to induce 

hazards such as supports overloading or shield jamming 
in TBM tunneling.

In conclusion, the deformation of soft rock after excava-
tion unloading is mainly composed of two parts: (1) pre-
peak damage–dilatancy and post-peak fracture–bulking 
at the excavation unloading instant; (2) creep–dilatancy 
caused by the time-dependent damage and fracturing.

The above revealed damage, dilatancy and fracturing 
evolution processes are in agreement with the previous 
laboratory studies in literature and field monitoring results, 
which will be discussed in the following section.

5 � Discussions

5.1 � Laboratory Tests on the Deformation and Failure 
Properties of Soft Rock

The deformation mechanism of soft ground during tun-
neling has been revealed in the above analyses through the 
triaxial unloading confining pressure tests and unloading 
creep tests. The complete deformation and failure process 
from the excavation instant to the relatively long-term situ-
ation is essentially the damage and crack development and 
evolution, which behaves as pre-peak damage–dilatancy, 
post-peak fracture–bulking and its evolution with time 
macroscopically.

Particularly, the stress paths of the unloading tests reflect 
the stress state after excavation, and the unloading rates 
represent the unloading characteristics of the tunneling 
methods. This paper primarily focuses on the quasi-static 
mechanized tunneling method, and the time-dependent 
behavior of soft rock is emphasized and attracts significant 
attention, which is of great importance for understanding 
the actual deformation mechanism of soft rock.

However, the experimental investigation in this paper 
mainly focuses on the volumetric dilatation in terms of 
damage evolution and fracturing behavior during the exca-
vation unloading and creep process, but mostly on a mac-
roscopic scale. The soft surrounding ground experiences 
crack initiation and fracture network propagation, after 
which the ruptured blocks are generated and produce fur-
ther movements. The movements include dislocation and 

Fig. 27   Excavation damage zone at the stoppage time after TBM 
tunneling (t)

Fig. 28   The convergence and 
fracturing monitoring stations



942	 Int J Civ Eng (2017) 15:921–948

1 3

rotation among the ruptured blocks, which means that dis-
continuous deformation is generated. Thus, it should be 
noted that the crack initiation and fracture network propa-
gation need to be paid sufficient attention. The correspond-
ing laboratory tests and theoretical criteria to be carried out 
will contribute to understanding the squeezing and large 
deformation of soft rock.

Many researchers have performed the experimental 
studies on the damage, dilatancy and cracking evolution. 
For example, Qiu et  al. [15] carried out an incrementally 
cyclic loading–unloading pressure test to quantify stress-
induced damage and fracturing under the condition of 
triaxial unloading confining pressure. The results demon-
strated that the rock underwent the evolutionary process of 
pre-peak unloading damage and volumetric dilation as well 
as the fracturing behavior. Chen et al. [26] had performed 

triaxial unloading confining pressure tests to determine the 
dilatancy and creep characteristics under unloading con-
fining pressure. The results implied that the volume defor-
mation of rock salt under unloading was more than that 
under triaxial loading, and the corresponding dilatancy rate 
decreased as the confining compression increased under the 
same axial compression; the associated creep rate depends 
on the deviatoric stress and confining compression val-
ues at the end of the unloading process. Wang et  al. [36] 
performed experimental investigations for the creep–dam-
age–rupture behavior of rock salt. The testing results also 
indicated that the rock underwent instantaneous creep-dam-
age, dilatancy, cracking, rupture and finally long-term fail-
ure. The revealed damage, dilatancy and fracture evolution 
processes in this paper coincide with the previous labora-
tory studies in the literature. Furthermore, this study takes 
the unloading rates and unloading stress path into consid-
eration, which reflected the unloading characteristics of the 
excavation methods. In addition, the time-dependent dila-
tancy and fracturing behavior are considered in the study 
for soft rock response. So the investigation results, in which 
both the transient and temporal response are studied, are 
able to capture the actual damage, deformation and failure 
behavior of soft rock under the excavation unloading effect 
and more accurate stress redistribution.

5.2 � Constitutive Models and Numerical Modelling 
Methods for Soft Rock

Deformation calculation and prediction is most important 
for soft rock deformation analyses. Many previous studies 
[2, 11] have focused on employing some qualitative, semi-
quantitative and quantitative deformation or stress indexes 
to predict and evaluate the soft rock deformation potential. 
However, the current analytical solutions and numerical 

Fig. 29   The surrounding rocks are fractured and dilatant, finally pro-
ducing heavy squeezing deformation
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simulation methods are still not capable of capturing the 
soft rock dilatancy and fracturing behavior accurately.

Thus, another important issue is to establish accurate 
constitutive models and put forward suitable numeri-
cal methods to model the soft rock dilatancy and fracture 
behavior. However, the constitutive models and numerical 
methods need to be set up based on the deformation mecha-
nism rigorously. The above revealed mechanism shows 
that the soft rock deformation consists of pre-peak dam-
age–dilatancy, post-peak fracture–bulking and creep–dila-
tancy. That is to say, the soft rock deformation, especially 
squeezing and large deformation, is composed of both 
continuous and discontinuous deformation. Therefore, the 
continuous–discontinuous models need to be established to 

describe the dilatancy and fracturing procedure. Addition-
ally, the significant viscosity should be taken into account. 
For example, the time-dependent behavior and its cor-
responding creep models (CVISC and VIPLA model) for 
soft rock deformation have been studied by Bonini [57]; 
Sterpi and Gioda [58] proposed an elasto-viscoplastic 
rheological model; Debernardi and Barla [35, 53] put for-
ward a new stress hardening elasto-viscoplastic constitu-
tive model (SHELVIP model) to describe the soft rock 
squeezing behavior. Besides, numerical simulation is an 
effective approach for studying the rock deformation and 
failure procedure (Hasanpour et  al. [59]; Zhao [60, 61]). 
The experimental results presented in this study provide a 
basis for further research regarding the constitutive model 
establishment of soft rock during excavation. However, 
most of the current numerical methods cannot reflect the 
above-mentioned continuous–discontinuous deformation 
and failure procedure of soft rock essentially. The numeri-
cal modeling method based on the continuous–discontinu-
ous coupling analyses methods such as FDEM (combined 
finite-discrete element method) [62] and NMM (numerical 
manifold method) [63] may be feasible and suitable ways 
for modelling the squeezing and large deformation of soft 
rock, which is currently our main research focus.

5.3 � In Situ Monitoring of Soft Rock Deformation 
Processes and Validation of the Revealed 
Mechanism

Another effective means for investigating soft rock defor-
mation mechanism is in  situ monitoring. Additionally, 
the field measured data can further predict surrounding 
rock convergence and validate its corresponding mecha-
nism. Currently, in situ monitoring methodologies include 

Fig. 31   Microfractures evolved into macrocracks or even big fissures 
on the roadway floor

Fig. 32   Schematic drawing of 
new crack location based on 
digital images analysis of the 
test borehole SZ1-1 [65]
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convergence gauge, multipoints multipoint extensometers, 
acoustic wave testing, digital borehole camera, acoustic 
emission (AE) monitoring, etc.

We have carried out field measurements for the conver-
gence and inner displacement of the rail roadway surround-
ing rock in Huainan Panyidong coal mine (China). This is 

Fig. 33   Borehole images of fracture initiation and evolution in EDZ 
at the borehole depth of 31.8–32.2  m during different excavation 
stages monitored in head race tunnel No. 3 at Jinping II hydropower 
station (China) [64, 65]. a Pre-existing crack in 7 days before excava-

tion (TF01, December 5, 2009),b no new crack in 2 days before exca-
vation (TF02, December 10, 2009),c new cracks were observed in 3 
days after excavation (TF03,December 15, 2009)

Fig. 34   Relationship between 
evolutionary characteristics of 
EDZ cracks and TBM driving: 
a position of TBM face on the 
measurement date: (1) TF01, 
S = −46.85 m, 7 days before 
excavation (December 5, 2009); 
(2) TF02, S = 24.93 m, 2 days 
before excavation (Decem-
ber 10, 2009); (3) TF03, 
S = 47.33 m, 3 days after exca-
vation (December 15, 2009); 
and (4) some cracks gradually 
closed at TF04, S = 208.42 m, 
15 days after excavation and 
tunnel supported (December 27, 
2009), where S is the distance 
between the borehole section 
and the TBM excavation face. 
(b) Sketch map of crack evolu-
tion expressed by flattened pat-
terns of the borehole SZ1-1 [65]
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a mechanized excavated roadway with the buried depth of 
1020 m. Its main surrounding rock is sandy mudstone and 
that is where the rock samples were cored. Three monitor-
ing stations were set up for the surrounding rock conver-
gence and fracturing monitoring, as shown in Fig. 28. The 
in situ observation and monitoring results showed that the 
fractures were initiated, propagated and coalesced pro-
gressively, and finally a lot of macrocracks were gener-
ated near the roadway periphery, as shown in Fig. 29; the 
ruptured blocks slipped, rotated and shear dislocated with 
each other, which resulted in heavy convergence. The 
convergence and cracks also evolved with time. Conse-
quently, the displacement at the roadway sidewall gradually 
increased to approximately 200 mm in 110 days (Fig. 30a), 
the floor heave grew to 300–500 mm in 75 days (Fig. 30b), 
and finally these convergences reached stead state; the 

microfractures on the floor were initiated usually within 10 
days after excavation and extended gradually, eventually 
growing into macrocracks and even big fissures (5–10 cm 
in width), as show in Fig. 31. These results demonstrated 
that the surrounding rock went through evident damage, 
significant dilatancy, and fracture initiation, propagation 
and coalescence processes under excavation unloading; 
also the temporal effects were evident.

Li et al. [64, 65] performed the in situ measurements of 
fractures evolution within the excavation damaged zone 
(EDZ) in the TBM excavated No. 3 head race tunnel at Jin-
ping II hydropower station (China) using a digital pano-
ramic borehole camera, as shown in Fig.  32. The testing 
location is in the buried depth of 1900 m, and it was exca-
vated in marble T5

2y
 (Yantang Group). The excavation diam-

eter is 12.4  m. The changing relationships between the 

Fig. 35   Damage evolution and 
the mechanism of surrounding 
rock along the radial direc-
tion of the tunnel during TBM 
excavation [66]. a Relationship 
between the acoustic emission 
hits and the surrounding rock 
damage-fracturing evolution, 
b the acoustic emission hits 
and the damage-fracture spatial 
distribution (unit: m)
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fracturing process with the positions of the TBM face and 
testing time are presented, as shown in Figs. 33 and 34. The 
mechanism of fracture occurrence, formation and propaga-
tion with the TBM tunnelling process was researched in 
detail. The results showed that a large number of new small 
cracks were produced in the EDZ rock mass with a width 
of 2.0–8.0 mm during the TBM tunnelling process; some 
pre-existing joints and newly generated fractures experi-
enced an evolutionary process of initiation, propagation, 
extension and closure during tunnel excavation and sup-
porting. The excavation unloading condition and the stress 
redistribution were considered to be the main factors result-
ing in the surrounding rock fractures.

In addition, we carried out an in situ acoustic emission 
test on damage and fracture evolution of surrounding rock 
in LXB Water Diversion Tunnel (China) during TBM exca-
vation. Chen et al. [66] also performed field acoustic emis-
sion monitoring for the disturbance and fracturing process 
in the TBM water diversion tunnels at Jinping II hydro-
power station (China). Both of the results showed that the 
surrounding rock underwent damage, dilatancy and fractur-
ing processes, as shown in Fig. 35.

The revealed dilatancy and fracture evolution process 
in this study is in accordance with the above field observa-
tions and in situ monitoring data.

6 � Conclusions

Triaxial unloading confining pressure tests and triaxial 
unloading creep tests, which reflect the intrinsic charac-
teristics of excavation methods, were carried out on sandy 
mudstone. Based on the test results, the dilatancy and frac-
turing behavior of soft rock is studied, and the correspond-
ing deformation mechanism is revealed. The main conclu-
sions are as follows.

According to the laboratory triaxial unloading confin-
ing pressure experimental results, the unloading rate effects 
are studied and the damage evolution laws presented. It is 
found that during the smooth quasi-static unloading process 
with mechanized tunneling, the rock experiences pre-peak 
damage–dilatancy, and the volumetric strain develops in the 
dilatancy direction. When the peak strength is reached, the 
rock breaks and slides along the existing penetrated fracture 
surfaces, producing small brittle falls once or twice. With 
continuous unloading the confining pressure, linear strain 
softening occurs along an approximately oblique line with 
a small gradient, and multistage secondary microcracks are 
produced during this process. The deviatoric stress–strain 
curve consists of an elastic regime, a pre-peak unloading 
damage–dilatancy phase, a post-peak brittle drop section, 
a linear strain softening stage accompanied by multistage 
microcracks and a residual strength regime.

The soft rock has obvious time-dependent properties. 
The essence of progressive failure with time is the dam-
age accumulation and is accompanied by time-dependent 
crack expansion, which is called ‘time-dependent damage 
and fracturing’ in this study. When the deviatoric stress is 
larger and the experienced creep time longer, the unloading 
effect and creep characteristics are more apparent and are 
accompanied by obvious lateral dilatancy, eventually lead-
ing to significant creep–dilatancy. This demonstrates that 
the damage and plastic deformation produced by unload-
ing and creep have significant influences on the subsequent 
mechanical behavior.

Deep soft surrounding ground deformation is mainly 
composed of two parts: (a) pre-peak damage–dilatancy and 
volumetric expansion due to post-peak fracture–bulking 
at the instant of excavation unloading; (b) creep–dilatancy 
caused by time-dependent damage and fracturing.

The in situ measurements and the previous studies about 
the surrounding rock convergence, fracturing and EDZ 
development have verified the above results of damage, 
dilatancy and fractures evolution processes.
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