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Abstract: As multifunctional structures, deep rock underground structures are built all over the world. Their lifespan
is generally expected to exceed a hundred years. However, they are inexorable to rock creep which controls their
durable safety and stability. This article describes the strong factors affecting rock creep and the lasting stability of
deep rock engineering, based on pertinent research works. It shows that temperature, water content, hydraulic pressure,
stress level, and damage are major factors that significantly affect the creep behavior of host rocks of deep underground
structures. Overall, such factors govern the creep life of rocks hosting deep underground constructions. Specifically,
the increase in these factors causes an increase in the creep strain rate, a shortening of the steady creep phase, an
acceleration of the onset of tertiary creep, and thus a shortening of the time-to-failure of rocks. For instance, the higher
the temperature, the shorter the duration of the steady creep phase and the faster the triggering of the tertiary creep
phase. Likewise, the higher the stress level, the shorter the creep process, and the faster the time-to-failure of rocks.
The greater the damage extent, the weaker the surrounding rocks, and the shorter their time-to-failure. Similarly, the
higher the water content, the faster the appearance of the tertiary creep stage. The highest hydraulic pressures cause
the shortest rock creep process and the fastest outbreak of tertiary creep. This is due in particular to the fact that fluc-
tuations in these factors disintegrate the internal structure of the rocks and make them increasingly weakened. As a
result, the mechanical properties of the rocks are altered and the creep process proceeds at a higher rate than expected.
Hence, the creep life of the surrounding rocks is reduced, which significantly limits the prolonged stability of deep
underground structures. When these factors are taken into account, rock creep can be better captured and typical struc-
tural diseases like convergence deformation can be better controlled. Appropriate countermeasures, such as long-term
monitoring of the rocks housing such structures, are strongly recommended.
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1. Introduction

Deep underground structures are multifunctional structures that are
increasingly being built around the world. In fact, they can generally
perform various major functions like water conveyance, hydropower
stations, sanitary drainage, irrigation, transport, mining, energy storage
systems, and so forth. Ordinarily, they are expected to have a long lifespan
which may even exceed a hundred years. However, owing to the complex
behavior of deep rock engineering which generally face high in-situ stress,
abundant groundwater and high geotemperatures [1-5], engineering issues
are frequent, and most of these structures are put out of service after short
operation time and require enormous repair work. This is generally due by
several factors. On the one hand, depending on the rock type which
preponderates the regional environment of a given underground structure,
the convergence rate can be considerable as earlier than expected.
Typically, after rock excavation, the structure convergence rate can be
augmented for months or years and is also accompanied with gradual
deterioration of rocks [6]. In such a situation, the prolonged safety and
stability of the structures is threatened and can no longer be ensured, if
suitable remedial measures are not taken in right time. On the other hand,
development of cracks and fractures around the host rocks and in the
secondary lining of such structures may be notable. This can lead to clear
manifestations of the dangerousness of deep-buried structures constructed
in complex rocky environments. For instance, owing to the evolution of
many cracks in its lining after operating for only three years, the Xuecheng
Tunnel of China were decommissioned and then restored after two years
[7]. It should be pointed out that the high in-situ stress exerted particularly
in weak rocks provoke huge durable deformations [8]. In addition to the
fact that deep underground structures are qualified as high-risk structures
[9], the coupling of the aforementioned situations further jeopardizes the
lasting safety and stability of deep underground structures. On top of that,
instability and rock rupture are often occurred in deep underground
engineering due to the effects of rock creep and its major influencing
factors. Creep is an unavoidable deterioration process of rocks in which

nonlinear deformations are habitually occurred over time. It is strongly
influenced by major factors that cannot be neglected. Its accurate
prediction requires proper consideration of its main influencing factors.
Since rock creep has a significant impact on the durability of deep
underground structures, it is of great interest to consider it appropriately in
the study of sustainable stability of deep rock engineering.

Numerous researchers have studied the long-term safety and stability
of deep underground structures based on rock creep and found fruitful
results. For instance, by studying the major risks associated with
underground storage structures, Yang et al. [10] revealed that exorbitant
creep was the predominant cause of failure of a deep cavern constructed in
salt rocky media. They stress that it is necessary to carefully consider rock
creep to avoid premature failure of deep rock engineering. To clarify the
short and long-term stability of deep underground structures built in
bedded marble, Chen et al. [11] analyzed creep test results to propose a
time-dependent damage model for marble. Although their model is
suitable for predicting the prolonged stability of deep underground
structures located in marbled environments, it does not consider the effects
of the main rock creep factors. On their side, Liu et al. [12] conceived a
novel creep damage model for soft rocks using the classical Nishihara
model, the superposition principle and the method of nonlinear least
squares. Their novel model can be exploited to evaluate the stability of
deeply buried structures situated in soft rocks and in particular in mica-
quartz schist. Despite everything, their model could be applied more
accurately if it took into acount the impacts of the main rock creep factors.
Likewise, to forecast the long-term stability of deep energy storage
structures, Wu et al. [13] considered relevant salt rock samples to establish
an interesting constitutive model of rock creep, taking advantage of the
theory related to fractional derivative. Afterwards, to assert the reliability
of their model, they compare its parameters with those of a relevant hard
rock and a relevant soft rock. However, in their model, among the major
rock creep factors, only damage and stress level were considered. By
taking advantages of Atangana-Baleanu fractional derivative theory, Deng
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et al. [14] proposed a complex creep constitutive model considering the
factors such as hydraulic pressure, stress level and damage. To validate
their model, they used typical triaxial experimental data of deep red
sandstone. Despite its proven rationality, this complex model omitted the
effects of temperature fluctuations which are generally notable at great
depth. In order to guarantee proper safety of underground structures,
Kamdem et et al. [15] established a workable creep constitutive model
based on fractionel order derivative. Nonetheless, since such a model did
not take into account the main rock creep influencing factors, its realistic
application is difficult for a given underground structure. On their side,
Yan et al. [16] proposed an integrated support system for a chinese deep
roadway based on proper analysis of the creep and failure caracteristics of
the concerned host rocks. To capture the specific creep of host rocks of
ultra-deep storage structures in a saline rock environment, based on
standard particle swarm optimization, Liang et al. [17] designed a very
interesting constitutive creep model in which both temperature and
damage are emphasized. However, since at very great depths the effects of

water cannot be ignored, the precise application of such a model is difficult.

Although there is a lot of research on rock creep, extensive research studies
on the long-term stability of deep underground structures are still needed.

It should be emphasized that in deep underground emgineering, rock
alteration is amplified by the major influencing factors of rock creep.
Although fruitful progress has been attained by the research community, it
remains an heavy task to take all these factors into consideration in most
of the creep constitutive models. Thereby, it is still arduous to accurately
ensure the prolonged stability of deep engineering structures particularly
housed in complex rocky media. Studying rock creep with consideration
of its major influencing factors can provide more precise outcomes in
evaluating the long-term stability of deep rock engineering projects.
Conviced of that, to predict the long-term stability of a deep tunnel located
in complex soft rocky environments, Frenelus and Peng [18] conceived a
two-variant creep constitutive model where rock damage and hydraulic
pressure were taken into account. They demonstrated the importance of
the effects of rock damage and hydraulic pressures on the overall stability
of deep rock tunnels located in areas with complex geological and
hydrological conditions. Additionally, they claim that another variant
related to temperature variation can also be designed. In fact, it is
recognized that one of the main causes of failure of deep underground
structures is the degradation of the mechanical properties of the
surrounding rocks. The deformation of the host rocks of these structures
begins from the excavation period and evolves over time. The post-
excavation stability should be durably ensured in order to guarantee the
long-term safety and stability of deeply buried underground structures. To
do so, particular consideration should be given to long-term creep and
creep failure. Specifically, the effective characterization of rock creep
taking into account its major influencing factors is of paramount
importance. It should be noted that although many relevant research
studies have already been successfully conducted, creep problems in deep
rock engineering remain important and require continued in-depth
investigations [19]. It is observed that in many research studies related to
rock creep (e.g. existing creep constitutive models), the influences of the
main factors affecting rock creep are not considered. Markedly, in some of
them, not all the process of rock creep is accounted. For these reasons, it
appears unrealistic to accurately use them for long-term stability studies of
deep underground structures. The existence of variations in temperature,
water, hydraulic pressure, stress level and damage factors is common in
deep rock engineering. Hence, it of particular importance to thorougly
study their effects on the creep behavior of deep rock engineering. The
main purpose of this article is to elucidate the effects of major factors
affecting rock creep process and the long-term safety and stability of deep
underground structures such as tunnels. In fact, despite the great
importance of these factors, there has not yet been a research study that
profoundly emphasizes them. Effective consideration of these factors can
help increase the degree of certainty in forecasting the time-dependent
deformations in deep rock engineering. Consequently, the prolonged
safety and stability of deeply buried underground structures can be more
concise and accurate. In this way, creep-induced catastrophic failures can
be effectively prevented in deep underground constructions. This paper
can serve as a very good reference for any research aimed at predicting the
sustainable safety and stability of deep rock engineering.

2. Effects of Major Rock Creep factors

Various major rock creep factors have been identified as having
significant effects on the lasting safety and stability of deeply buried
underground structures. Among them, temperature, water content,

hydraulic pressure, stress level and damage are factors of immense
consideration. To better understand them, it is necessary to decribe how
they affect rock creep and the prolonged stability of the aforementioned
structures. A typical creep curve of rocks is presented in Figure 1.
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Fig. 1. A presentation of typical creep curve of rocks [19].

It is commonly known that the typical creep curves of rocks are
characterized by four traditional phases [20, 21, 22], as shown in Figure 1.
The first one is the instantaneous elastic phase which appears rapidly
following the application of a constant load. The second phase, primary
creep or attenuated creep, which is temporary, is characterized by a
decelerated strain velocity. Steady creep, generally referred to as
secondary creep, is the third creep phase in which the strain rate is
consistent. The final creep phase is the tertiary creep where the creep rate
is accelarated. It is important to point out that relevant experimental data
are used in this article. They come mostly from triaxial compression creep
tests carried out according to commonly established procedures. The rock
samples utilized in the experiments were made under standard conditions
and their dimensions are standard (diameter 50 mm and length 100 mm).
In order to guarantee their relevenace, the rock samples were collected at
great depth in typical deep underground openings.

2.1. Effect of Temperature

One of the main characteristics of deep underground engineering is
elevated temperature. Often, the temperature fluctuates considerably at
depth and the creep of rocks is greatly affected. In deep rocky
environments, as explained by Li et al. [23], it can be quickly augmented
and the rock mechanical properties can be impacted at large extents.
Specifically, the spreading of cracks in rocks is facilitated by the increase
in temperature [24]. Indeed, increase in temperature provokes the
weakening of rock system, the reduction of effective stress and at the same
time, there is increase of pore pressure [25], and there is generally
degradation of rock properties [26]. High temperatures are not only caused
change in the mechanical and physical properties of rocks [27], but also
generate modification in rock microstructure [28]. In addition, the creep
life is reduced at high temperature which accelerates tertiary creep and
rock failure [29]. In some situations, even at low temperature, as studied
by Mart hez-Ib&ez et al. [27], it is observed reduction in relevant
mechanical properties of rocks. Creep of all rock types is impacted by
temperature. In the case of soft rocks such as salt rocks, temperature
impacts on rock creep can even be greater [30]. Thereby, in the context of
long-term safety and stability of deep underground engineering, the need
to take into consideration the effects of temperature is increasingly urgent.

Based on a typical deeply buried tunnel situated in Guangxi province
of China, the Weilai tunnel, a study thorougly investigated the effects of
temperature on the creep behavior of the surrounding rocks subjected to
cyclic load-unload. Relevant creep test data were adopted and obtained
from Yang et al. [31], based on the criteria of similar rock type, similar
typical in situ conditions, under load-unload cycles. A range of 90 h to 96
h was considered for the duration of each creep step, and the unloading
process lasted between 20 h and 30 h. The surrounding rocks are
predominantly argillaceous sandstone. Different deviatoric stresses are
taken into account. This study also provides how the prolonged stability of
such tunnel is affected by temperature variation. An illustration of the
cyclic loading-unloading process is presented in Figure 2. It mainly
presents the characteristic curve of loading-unloading cycles. To show the
magnitude of the temperature effect, four types of temperatures
(110°C;30°C;40°C; 50°C ) are considered. The variation trend of
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mechanical properties of soft rocks subjected to temperature fluctuations
is taken into account [32]. The results are displayed in figures 3 to 6.

It is worth mentioning that deep rocks exhibit their creep behavior
during both loading and unloading conditions [33, 34, 35]. However, as
the mechanical properties of rocks are damaged during loading conditions
[36], the creep process of rocks under unloading conditions could be
dramatic. Figure 2 illustrates the rock loading and unloading situations
with appropriate explanations.
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Fig. 2. Representation of typical creep curve in loading and unloading
creep tests.

Figures 3 to 6 show that the impacts of temperature on the creep
behavior of rocks are notable. This can be observed both during the loading
phase and during the unloading phase. In the unloading stage, the situation
can be more serious. Typically, rock mechanical properties are more
affected by the unloading step than by the loading stage. In other terms,
the unloading stage deteriorate the rock mechanical properties more
quickly than the loading stage. Indeed, the mechanical properties of the
rocks being weakened during the loading stage, they are easily and further
altered during the unloading stage. Nevertheless, in both situations, creep
strain increases, while creep life is reduced, with increasing temperature.
At higher deviatoric stress, creep strain increases more rapidly and creep
life is reduced more rapidly. The impacts of temperature change are even
more pronounced at higher deviatoric stresses. In other words, high
temperatures associated with high deviatoric stresses have more
detrimental effects on the host rocks of deep underground engineering
works. Under such conditions, the surrounding rocks become weaker and
lose their ability to resist the applied loads and stresses.

It should be understood that, when it comes to the prolonged safety
and stability of deep underground structures, the steady creep phase is the
one that requires the greatest attention. In fact, in order to effectively
ensure the long-term safety and stability of deep underground structures,
the duration of the steady creep phase should be as long as possible. When
the life of the steady-state creep phase is shortened by temperature
variation, this seriously jeopardizes the prolonged safety and stability of
the rocks surrounding any underground structure. When the tertiary creep
phase is triggered, the long-term safety and stability are immediately
affected and can no longer be guaranteed [18]. Due to the tertiary creep
phase, the evolution is accelerated, causing instability until the rupture of
the rocks hosting the concerned underground structures.

2.2. Effect of water content

Water has strong adverse effects on rock creep. Typically, it
considerably diminishes the creep strength of rocks. As reported by
Kinoshita and Inada [37], dry rocks generally have higher strength than
wet rocks. Soluble rocks can be karstified when subjected to prolonged
water action, which is common at great depth. Indeed, at great depth,
groundwater flows are common and can attack the host rocks of a given
deep underground structure. It is of primary importance to strongly take
into account the presence of water when studying the creep behavior of
deep rock engineering. In fact, the failure of deep underground structures
under the effects of water is very frequent. In order to clarify the effect of
water in rocks, the creep of a typical deep red sandstone has been
investigated by Tang et al. [38]. The red sandstone samples were in dried
condition and then immersed in water at 2, 4, 6 and 8 days, at same stress
states. The results are displayed in Figure 7. It is shown that the longer the
rock is immersed in water, the shorter its rock creep life. More widely,

subfigures 7 (a) and 7 (b) illustrate the creep behavior of red sandstones in
dried state and in water soaked state at 2, 4, 6 and 8 days, at same stress
conditions. Samples in the dry state, where the creep strain rate progresses
slowly with time, exhibit a longer time-to-failure. Subfigures 7 (a-1) and
7 (b-1) show enlarged views of the creep strain and creep strain rate curves
of the rock samples. The samples are also immersed in water at 4 days, 6
days and 8 days. To provide more details on how water content affects the
creep behavior of rocks, relevant results are presented in Table 1 for
various rock types.
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Fig. 3. Effects of temperature on the creep strain of sandstone under a de-
viatoric stress of 11.99 MPa.
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Table 1. Relevant results of the effects of water content on the creep behavior of rocks

Specimen .
Rock type conditions Testing type Effect of water content on rock creep Study
Green Mudstone Immersed in water Uniaxial corppresswe Creep fallure_ occurs at lowest stress level and Li etal. [39]
strength test; Creep tests the shortest time-to-failure.
. L . Instantanesous strain, creep strain, and steady

Argillaceous . Triaxial compression . . T . . .

. Immersed in water - creep strain rate are increased; Time-to-failure is  Lin etal. [40]
siltstone rheological tests

shortened.

Granite, Marble, Saturated in water Uniaxial compression The elastic modulus, critical strain, and uniaxial Cai etal. [41]
and Sandstone tests and acoustic emission compressive strength are greatly reduced. '
Red Sandstone Immersed in water ~ Multistage creep tests Increased creep strain and creep strain rate; Yuetal. [42]

Saturated in
deionized water
Saturated and Triaxial compression creep
immersed in water  tests

Andesite Uniaxial compression tests

Limestone

Reduced time-to-failure and stress threshold.
Notable reduction of creep lifespan which can
be up to 180 times shorter.

Both strain and creep strain rate increase due to
increasing water content.

Hashiba et al. [43]

Liu etal. [44]

2.3. Effect of hydraulic pressure

Hydraulic pressure is another major factor that significantly affects the
creep behavior of rocks. Water, as previously explained, considerably
diminishes the creep life of rocks. Rock creep is further impacted by
pressurized water. As such, hydraulic pressure is a huge concern on the
host rocks of deep underground constructions. Its effects are usually
considerable, regardless of the rock types. Long-term actions of hydraulic
pressures cause inevitable deteriorations of the mechanical properties of
rock materials [45, 46]. It should be reminded that rocks are non-
homogeneous materials filled with pre-existing cracks and fractures [18].
Under the action of hydraulic pressures, these cracks and fractures
propagate and develop widely and generalize the damage to the rocks [44,
47, 48]. By weakening the strength of rocks, hydraulic pressure plays a
major role in the rock fracture process. As a relevant mechanical
characteristic of rocks, creep is profoundly influenced by hydraulic
pressures. In fact, as experimented by Liu et al. [44] and Liu et al. [49],
rocks exhibit reduced creep strain and increased peak acceleration creep
velocity under increased hydraulic pressures. Furthermore, increasing

hydraulic pressure results in decreased creep failure time. In fact, creep
strain rate can be augmented following the increase of hydraulic confining
pressure [44]. It can be understood that hydraulic pressures can shorten the
rock creep life. In order to further reveal how hydraulic pressure affects
the creep behavior of rocks, a typical rock has been studied by Lv [50]. To
do this, four levels (0 MPa, 0.5 MPa, 1.0 MPa, and 1.5 MPa) of hydraulic
pressure were considered, as presented in Figure 8.

Figure 8 confirms that creep stress increases as hydraulic pressures
increase. That is, higher hydraulic pressures provoke higher creep strains.
In other terms, the creep process progresses more rapidly under higher
hydraulic pressures. The higher the hydraulic pressures, the more the rocks
are weakened and the more rapidly tertiary creep and failure occur.

The effects of hydraulic pressures on rock creep are extensively
studied in Frenelus and Peng [18]. Indeed, based on loading-unloading
cycles and considering the host rocks of a deep tunnel in Guangxi province
of China, Frenelus and Peng [18] conceived a creep constitutive model in
which the second variant takes into consideration the effects of hydraulic
pressures as below:
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Fig. 7. Effect of water on creep features of red Sandstone [38].
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Fig. 8. Illustration of hydraulic pressure effect on the creep behavior of a typical rock [50].

Here &; (t,0,p) is the creep strain of the host rocks mainly affected
by stress, hydraulic pressure; S;; stands for deviatoric stress tensor; S
represents the long-term strength of rocks in three-dimensional form; G;
stands for shear modulus of rocks; G, denotes the instant rock shear
modulus; G, is the visco-elastic shear modulus; 7, is the coefficient of
shear viscosity; ns represents the coefficient for the initial viscosity of the
viscoplastic body; t iscreep time; k and n are constant related to rock
materials; B (o,p) represents a material constant which s
simultaneously affected by hydraulic pressure (p) and stress (o).
Considering the cyclic loading-unloading, Figures 9 and 10 show the
effects of hydraulic pressures on the creep behavior of rocks based on
Equation (1), under deviatoric stress of 11.99 MPa and 17.99 MPa.
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Fig. 9. Effects of hydraulic pressure on the creep strain of sandstone in
loading-unloading states under a deviatoric stress of 11.99 MPa [18].

Figures 9 and 10 illustrate the influence of hydraulic pressures on the
evolution of rock creep, both at loading and unloading conditions. It can
be seen that hydraulic pressures have great influence in the evolution of
rock creep. As hydraulic pressures increase, creep stress increases and rock
life decreases. Specifically, the higher the hydraulic pressures, the faster
the creep process evolves. The rapid evolution of the creep process is
very detrimental to the safety and stability of deep underground structures,

because it decreases the duration of steady creep and accelerates the onset
of tertiary creep. Consequently, hydraulic pressure destabilizes the
resistance of the rocks. It diminishes the duration of the loading stage and
that of the unloading stage. Thereby, the higher the hydraulic pressure, the
shorter the duration of the loading and unloading processes. Table 2
provides a summary of the pertinent effects of hydraulic pressures on the
creep behavior of different rock types.
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Fig. 10. Effects of hydraulic pressure on the creep strain of sandstone in
loading-unloading conditions under a deviatoric stress of 17.99 MPa [18].

2.4, Effect of stress level

Concerning the stress level, it can be regarded as the engine governing
the magnitude of the creep stages. This is explained by the fact that creep
behavior is ordinarily displayed when a specific stress is applied to rock
materials. For example, by increasing the shear stress for the same elapsed
time, there is also an increase in creep strain and steady-state creep strain
rate [55]. By increasing the deviatoric stress, it also leads to the increase
in creep strain rate [25]. It is recognized that rock creep parameters are
changed when the stress level is modified. Figure 11 illustrates the
influence of stress level on the creep behavior of rocks.
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Fig. 11. Illustration of creep curves of rocks under different stress levels.

Generally, as already shown in Figure 11, four phases of creep (instant
elastic creep, primary creep, secondary creep and tertiary creep) are
observed in rock materials when subjected to sustained loads. Figure 11
shows that the stress level gouverns the overall creep process. Indeed, the
appearance of major creep phases is dependent of the stress level. Under a
certain stress level, the secondary creep and tertiary creep could not be
triggered. Creep lifetime is reduced as the stress level increases, because
the total creep stage increases rapidly. There is a stress threshold from
which some creep stages can be occurred. This threshold corresponds to
the magnitude of the stresses which cause the first cracks in the rocks [18,
56]. However, It should be noted that the axial and laterial directions of
rocks can have their stress thresholds different. In general, when the stress
level overtakes the stress threshold, there is appareance of the secondary
creep, then the tertiary creep [57, 58]. When the applied stress is below the
stress threshold, the rocks exhibit only primary creep [59]. Specifically, as
pointed out by Gao and Yin [60], the stress level below the long-term
strength of the rocks can be considered as the one that triggers the
secondary creep stage.

7.50 MPa

Sr 8.75 MPa

10.00 MPa
11.25 MPa
12.50 MPa
15.00 MPa

i

Axial strain (%)

Time (10°h)

Fig. 12. Display of creep curves of a typical rock salt at different stress
levels [61]

To sum up, stress level remains a major rock creep factor that cannot
be neglected. Through it, the overall creep phases may or may not appear.
The stress level can potentially facilitate a longer or shorter duration of the
secondary creep stage. Proper control of stress level is of tremendous
importance for the long-term safety and stability of deep underground
structures. As illustrated in Figure 12, six stress levels are taken into
account to study the creep process of a typical rock salt. It is clearly
demonstrated that the creep process evolves as the stress level evolves. At
a stress level of 15 MPa, all stages of creep are represented. At such a stress
level, the steady-state creep phase is shortened and rapidly promotes the
onset of the tertiary creep phase where deformations develop in an
accelerated manner. On the contrary, at a low stress level such as 7.50 MPa,
the tertiary creep phase does not occur. As already explained, the longer
the duration of secondary creep or steady creep, the more safety and
stability of rock engineering is guaranteed, since tertiary creep will not
emerge quickly. Thus, in deep rock engineering, it is of primary
importance to pay attention to the stress level that will not promote the
rapid onset of the tertiary creep phase, but will keep the steady creep phase
as long as possible.

2.5. Effect of damage

Due to the pre-existing microcraks and microvoids in rock materials
[62], rock damage is inevitable. In fact, rock damage gradually evolves by
subcritical growth and sinergy of cracks [63]. During and after excavation

of the rocks surrounding deep underground structures, owing to the
redistribution of stresses around the openings, there is formation of the two
main impacted zones that called excavation damaged zones (EDZ) and
excavation disturbed zones (EdZ) (Figure 13). It is understandable that the
more natural rocks are initially damaged, the more their damage extends
into the aforementioned areas. Moreover, since the excavation methods
impose additional damage to rocks hosting the openings, the extent of
damage to the mentioned zones is more important with time. It should also
be noted that dynamics events also cause increased damage to rocks.

Disturbed zone or EdZ
(Rock not weakened)

03
Damaged zone or EDZ
(Rock weakened)

Failed zone
(Slabbing failure)

Fig. 13. Typical position of the EDZ and EdZ in a deep circular tunnel
subjected to common principal stresses o; and g5 [64].

In the EDZ which is the immediate zone formed throughout the
excavation limit [64, 65], the relevant rock properties are deeply affected
since there are permanently damaged [64, 66-68]. Markedly, the evolution
of damage is nonlinear [69], due to fact that microcracks are typically
distributed randomly in rooks. Ordinarily, after accumulation of damage
in the secondary creep [70], tertiary creep stage are prone to be started.
Specifically, tertiary creep is mainly occurred by serious damage [71], and
failure will inevitably happen by the fact that extreme damage has severely
weakened the mechanical properties of rocks [72]. Importantly, the
damage factor (D) fluctuates from 0 to 1. For intact rocks, D = 0; and for
rocks fully damaged, D = 1 [73, 74]. One pertinent expression of the
damage factor (D) is as follows:

1
t\1+s
D=1- (1 - —) @)
(4
Here t represents the initial time; t. denotes time of the total damage of
rocks; & is a constant related to the rock material.
The damage of rocks can also be written by considering the energy
dissipation concept, where U, is the critical strain energy associated to
initial damage; and U which is the strain and is given [74]:

Eij
U =J‘ crijdsij (3)
0
Here (ij = 1,2,3), g;; stands for stress tensor, &;; denotes strain tensor,

g1, 0,5, 03 traduce the principal stresses. In positive compression, g; =
a3 = ad,. Thereby, rock damage can be globally modelled as follows [74]:

D=0 (U < UO)
D= % U < U< (1+a)Up) Q)
0
lp=1 U =1+ a)y)

Here a is a parameter associated with the materials properties.The
damage factor controls the overall creep behavior of rocks. In particular,
tertiary creep duration is generally shortened and rock failure is triggered
faster when damage factor is critical. The evolution of damage has severe
effects on the overall process of rock creep. Even the effects of initial
damage on rock creep are not negligible, they are quite considerable [75].
To clearly show how damage affect rock creep, Frenelus and Peng [18]
established a creep constitutive model based on load-unload cycles
considering the surrounding rocks of a deep-buried tunnel in Guangxi
province of China. The main equations are as follows:
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Table 2. Pertinent results of the effects of hydraulic pressures on the creep behavior of rocks

Rock type Specimen conditions  Testing type Effect of hydraulic pressures on rock creep Study
Red Increasing hydraulic pressure results in a decrease in peak
Sandstone Saturated water Triaxial creep tests strength and modulus of elasticity. Creep strain rate Yang et al. [51]
augmets as hydraulic pressure augments.
Mudstone Saturated water Creep tests The creep characteflstlcs of mudstone deteriorate as Gao et al. [52]
hydraulic pressure increases.
Granite Soaked in water Hydro-mechanical tests Hydraulic pressure reduces the strength of granite and Cheng et al. [53]
causes shear fracture.
Limestone _Saturated gnd Compression creep tests Incr_easmg hydraullc_ pressure results in increasing creep Liu et al. [44]
immersed in water strain and creep strain rate.
Sandstone yacuumed_ and Creep tests Bot_h creep strain and _steady creep strain rate are increased Luo et al. [54]
immersed in water by increasing hydraulic pressure.
Shale Soaked in water Shear-creep-seepage test The smaller shear stresses at each creep stage are the result Li et al. [46]

of the larger hydraulic pressures.

The meaning of the parameters is the same as in Equation (1). In order
to clearly illustrate how the variable damage affects rock creep, 4 damage
indexes (&) are taken into consideration (0.2; 0.4; 0.6; 0.8). By the damage
index &, the effects of damage are shown in Figures 14 and 15.

L

0 20 40 60 80 100 120
Time (hours)

—
=]

Viscoplastic Strain X 0.010
[} ~ = a oo

——5=0.2 —e—56=04 -—-56=06 -e-56=038

Fig. 14. Representation of the viscoelastic strain of the model based on
different damage index [18].

As shown in Figures 14 and 15, the highest damage index values
correspond to the highest damage scope in the rocks. Via Figure 14, it is

shown that, the more the rock is damaged, the shorter the viscoelastic strain.

Figure 15 reveals that the highest damage index is associated with the
damage extent in the rocks. Hence, rock creep greatly affected by rock
damage which is unavoidable during and after tunneling. The more the
rocks hosting the underground structures are damaged, the shorter their
time-to-failure. In this sense, failure can occur at any time, when all the
rock’s resistance reserves are exhausted or when the damage reaches its
critical stage. Consequently, adequate measures are imposed in deep rock
engineering to appropriately mitigate the effect of damage on rock creep
in order to ensure the long-term safety and stability of deep underground
structures. Indeed, diverse means can be used to predict rock failure.
Among them, the scope of damage in rocks should be reliably monitored
[76]. Normally, to better guarantee the prolonged stability of deep
underground structures, the evolution of all the major rock creep factors
should be appropriately monitored.

—
=)

0 20 40 60 80 100 120
Time (hours)

Rock Damage Variable X 0.10
[—) [ = [} -]

——5=0.2 -e=5=04 -o5=0.6 -o—5=0.8

Fig. 15. Effect of damage on the surrounding rocks of a deep-buried tunnel
[18].

3. Creep and Convergence deformation in deep underground struc-
tures

Influenced by the evolution of time, the convergence deformation is
the progressive closure of the surrounding rocks of a given underground
structure after excavation (Figure 16). The convergence deformation is
constituted by the tunnel front advance deformation and the creep
deformation [21,77,78]. However, its evolution is predominantly governed
by rock creep. The total convergence of a given underground structure can
be estimated as follows [78; 79]:

Cxt) = Coy [1 - (HLX)Z] {1 +m [1 - (HLT)n]} 6)

Here C(x,t) traduces the total convergence in a section of an
underground structure at a distance x from the face, and after a time t;
Co, Stands for instant closure and can be estimated at remote distance
from the face; X denotes a reference distance controlling the effect of the
tunnel face; T is the time characteristic related to the time-dependent
response of the system; n is an exponent taking into account the time-
dependent contribution of the convergence; m represents a parameter
accounting the ratio between the instant convergence and ultimate total
convergence.

Host rocks Convergence direction

N4

Underground

Structure

Fig. 16. lllustration of the convergence tendency in a typical circular un-
derground structure.

Rock creep being a form of rock engineering deterioration,
convergence deformation is a type of structural disease occurring in deep
underground openings. The best way to control the convergence rate of
deep underground structures is to properly control the evolution of rock
creep. That is, the creep strain rate should be slow enough to allow a long-
lasting steady creep phase. In fact, a longer steady creep phase will tend to
further stabilize the convergence rate of deep rock engineering. In this
sense, it is essential to take into account any factor that may increase creep
expansion and convergence rate in the surrounding rocks of deeply buried
underground structures. It should be noted that, as underground structures
remain large-scale structures, their proper durability is required [80]. To
achieve the durability goal of deep underground structures, mastering the
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major influencing factors of rock creep is of particular consideration.
Above all, since geological unknowns exist in the underground spaces and
must not be overlooked [81], it is very necessary to pay any attention
aiming at guaranteeing the prolonged stability of rock engineering civil
works. In fact, it is worth emphasizing that not only extreme convergence
deformations in terms of extreme rock creep will lead to the final closure
of underground openings, but it will also end their service life, and this
could happen prematurely if appropriate countermeasures are not taken in
right time. It should be noted that over time, other structural diseases will
inevitably emerge in deep underground structures whose long-term
stability will be seriously threatened [82, 83]. In view of this situation, the
creep of the host rocks of deep underground constructions must be
appropriately supported and monitored. At least, given its utmost
importance in maintaining the prolonged safety and stability of rock
engineering, the steady creep phase requires adequate monitoring. the
entire creep process should be monitored and this should be done
continuously [84]. In fact, referring to Imani et al. [85], monitoring creep
phases can help to further characterize rock creep. To effectively do so, the
major factors influencing rock creep must be carefully monitored. Suitable
remote sensing systems can be promising for adequate long-term
monitoring in deep underground structures [86-88]. Remote sensors such
as 3D laser and Fiber Bragg Grating (FBG) sensors can monitor the
convergence deformation of underground constructions [89, 90]. Likewise,
in deep underground structures, tempretaure fluctuation can also be
monitored by adaquate remote sensors such as raman sensors [91, 92].
Variation in water content, stress level and damage can be monitored by
FBG sensors [93, 94]. Hydraulic pressure can be monitored by seepage
pressure gauges [95, 96]. For more fruitful monitoring results, remote
sensors can also be combined with other suitable monitoring techniques.

4. Discussions

Deep rocky environments are of particular focus since their conditions
become more and more complex as the burial depth of underground
structures increases. In fact, rock creep usually receives a lot of attention
because it is widely applied to the study of the long-term safety and
stability of deep rock engineering. The creep features of rocks are utilized
as suitable means for making proper decisions regarding the technical
feasibility of deep underground projects such as tunnel construction,
mining, and so on. Adequate support systems of deep rock engineering are
generally designed by employing adequate constitutive models of rock
creep. It is in this perpective that Yang et al. [97] proposed a robust support
system to deal with strong instability caused by creep problems in a deep
siltstone roadway. The extraordinary deformation of a deep soft rock
roadway which is housed in the Pingdingshan mining area of Henan
Province, China, has been restrained by a robust mixed support system
based on the creep constitutive model of a deep sandy mudstone [98]. It
should be noted that the operational lifespan of underground structures is
most often expected to last many years (a hundred years or more). It is
therefore more than necessary that their long-term safety and stability are
properly ensured. Knowing that such kind of stability is strongly linked to
rock creep [21, 99], it is of great interest to take into consideration the
major factors that affect it. Indeed, creep problems in deep rock
engineering are significant and required to be addressed thoroughly. In
many existing creep constitutive models, the strong influencing factors of
rock creep are always not taken into account. Markedly, in some of them,
not all the process of creep is accounted. For these reasons, it seems
unrealistic to accurately use them for long-term stability study of deep
underground structures.

Modelling adequate creep constitutive models to analyze the long-
term stability of deep rock underground structures is a required task.
However, trends aimed at optimizing constitutive models of rock
mechanics should be prioritized [100]. Specifically, pertinent constitutive
models may be accompanied by relevant variants that could take into
account the effects of the main factors of rock creep. In fact, it is very
important to point out that, in spite of many relevant recent
advancements, as related by Sainoki et al. [101], it is still difficult to ensure
long-term safety and stability of deep rock engineering. This is due by the
fact that, deep rock engineering is increasingly complex, as the burial
depth of underground structures increases. It should be reminded, as
previously detailled, the major rock creep factors greatly vary with
increasing burial depth of deep rock engineering projects. This
undoubtedly poses a serious threat to the expected service life of deep
underground structures. Furthermore, the tunnelling conditions generally
vary with the regional geological, hydrological, and other relevant
conditions of the deep rock engineering. Thereby, it is significant to

conduct special research studies for a given underground structure in order
to better ensure safety and stability.

All the major factors (temperature, water content, stress level,
hydraulic pressure, damage) described above significantly affect rock
creep. Specifically, they all diminish the duration of the steady creep phase
and hasten the triggering of the tertiary creep phase, and consequently
reduce the rock time-to-failure and rock creep lifespan. In other words,
they govern the rock creep life and limit the prolonged safety and stability
of deep underground structures as illustrated in Figure 17.

Fig. 17. Main rock creep factors and their effects on rock creep.

Limiting the
prolonged safety
and stability of
deep underground
structures

Major Factors
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the creep
life of rocks

Rock Creep

The combination of these factors could be more harmful to rock creep
life. In fact, their coupled effects can be encountered in deep rock
engineering. This can be occurred since deep rock engineering is
simultaneously characterized by elevated stress, elevated temperatures and
high hydraulic pressures. In addition, in many situations, the main factors
of rock creep can be fluctuated during the exploitation life of deep
underground structures. Inevitably, over time, deep rock engineering
structures are susceptible to be damaged at varying scales. Construction
breaches are among the typical causes of damage in deep underground
structures [102]. It is important to note that variation in some rock creep
factors promotes variation in other rock creep factors. Proper assurance of
structural integrity relies on effective capture of the time-dependent
behavior of deep rock engineering [103]. Adequate countermeasures are
therefore imposed to minimize the effects of rock creep major influencing
factors in deep underground structures. It is important to note that, in deep
underground engineering, some uncertainties should not be ignored [104-
107]. In this sense, a tremendous precaution is that rock creep must be
adequately monitored during the operational life of deep underground
structures. The selection of the best method for monitoring creep in the
rocks surrounding such structures is of particular interest and should be
given priority [108]. Indeed, it should be noted that adequate monitoring
of rock creep will also result in monitoring the evolution of its major
influencing factors in deep underground engineering. In other words, the
following rock creep factors should be carefully monitored in the host
rocks of deep underground structures: temperature variations, water
content variation, hydraulic pressure rise, stress level fluctuation and
damage evolution. Besides, all the structural components of such
structures need proper monitoring system to effectively guarantee their
prolonged safey and stability and thus prevent their premature failure.
Hence, suitable measures can be taken into consideration as early as
possible to effectively ensure the lasting safety and stability of deep rock
engineering.

5. Conclusions and future research directions
5.1. Conlusions

In this article, the main contribution is to highlight the major factors
affecting rock creep and show how they control the prolonged safety and
stability of rock engineering. The pertinent conclusions drawn are as below:
1) Rock creep is affected by diverse major factors such as temperature,

stress level, water content, hydraulic pressure, and damage. Overall,
their impacts on rock creep process in deep rock engineering are
significant. Under the increase of these factors, the steady creep phase
lifetime and the time-to-failure of rocks are decreased, and the tertiary
creep phase is triggered very quickly. These major rock creep factors
pose severe risks to the prolonged safety and stability of deep
underground structures.

2) Under the action of these major factors, creep strain rate evolves
rapidly to the point of reducing the overall creep life of the rocks
surrounding the underground structures. As a result, this accelerates
the onset of the tertiary creep, and creates immediate instability of the
host rocks. Whatever the factor that triggered it, the tertiary creep
phase is considered a major warning signifying the emergence of
instability of deep underground structures. Whether during loading or
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3)

4)

5)

5.2.

unloading phase, the higher the temperature, the shorter the duration
of the steady creep phase and the faster the onset of the tertiary creep
phase. Likewise, the higher the stress level, the shorter the creep
process, and the faster the time-to-failure of rocks. The greater the
extent of the damage, the weaker the host rocks, and the shorter their
time-to-failure. Similarly, the higher the water content, the faster the
appareance of the tertiary creep stage. The highest hydraulic pressures
cause the shortest creep process and the fastest onset of tertiary creep.
The effect of one factor may facilitate the occurrence of another factor
and the coupled effects are more serious for the safety and stability of
structures. Temperature fluctuations, for example, can generate
additional damage to rocks and thus facilitate the circulation or
accumulation of water and hydraulic pressures in the surrounding
rocks of deep underground structures. There is an urgent need to
address the effects of major rock creep factors in order to effectively
ensure adequate structural integrity and prolonged safety and stability
of deep underground constructions.

A serious form of structural disease in rock engineering is
convergence deformation of deep underground structures. Its extent is
majoritarily composed of creep deformations. One of the best ways to
control the convergence deformation of deep underground structures
is to precisely control the creep deformation of the surrounding rocks.
Therefore, when predicting or evaluating rock creep in underground
engineering, the necessity to consider the major factors mentioned
above is of great interest. Appropriate predictions of creep in host
rocks will enable accurate estimation of the convergence tendency of
underground constructions. Subsequently, adequate supports systems
are required to control the convergence deformations in terms of creep
deformations in deep rock engineering.

The major rock creep factors significantly affects the prolonged safety
and stability of deep underground structures. Weathering of rocks and
structural failure are caused by prolonged creep deformation. To
preserve the integrity of deep underground structures by limiting their
creep deformation, it is required that the steady creep stage be
maintained for as long as possible. Hence, suitable measures are
imposed for these structures. Such measures may include designing
adaptive and accurate creep constitutive models, and conceiving the
most appropriate support systems for deep underground structures.
Besides, rock creep evolution should be controlled and adequately

monitored during the lifetime of the concerned underground structures.

Future research directions
Regarding the prolonged safety and stability of deep underground

structures, rock creep remains an open and hot research topic and becomes
a substantial focus of interest in rock mechanics and engineering. Future
research directions should attempt to address the following main points.

1)

2)

3)

4)

5)

For a given deep underground structure located in complex or
relatively complex rocky environments, it is of great consideration to
effectively study its prolonged stability by modelling novel suitable
creep constitutive models considering the coupled effects of
temperature, water content, hydraulic pressure, stress level and
damage. Different relevant variants of creep constitutive models can
be appropriately established.

It is of utmost importance to determine the duration of the steady creep
phase for the surrounding rocks of deep underground structures which
are simultaneously affected by temperature fluctuations, varying stress
levels, varying water contents and hydraulic pressures and varying
degrees of damage.

Since the safety and stability of deep underground structures depends
primarily on the stability of their regional rocky environments, it is
essential to estimate the actual time-to-failure of the surrounding rocks
affected simultaneously by temperature fluctuations, varied stress
levels, varied water contents, damage extents and hydraulic pressures.
All the major rock creep factors cause alteration of rock mechanical
properties. It is extremely important to estimate the resistance reserve
of rocks surrounding deeply buried structures after being affected by
the aforesaid factors.

Effectively monitoring the evolution of rock creep should become a
priority in deep rock engineering. Different reliable monitoring
methods can be considered in order to achieve successful monitoring
results. Nowadays, remote sensing tools are promising in underground
engineering. They can be associated with other techniques to provide
robust and reliable monitoring outcomes. Appropriate decisions can
be made in the shortest possible time, and excessive expenditure on
possible repair work can be avoided. Thereby, the safety and stability
of deep underground structures can be ensured at all times.
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