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Abstract

Research into the mechanical behaviour of rock surrounding the deep-buried tunnel under multi-source dynamic disturbance is key to
the safety of underground engineering operations. Based on a dynamic true-triaxial testing apparatus, the present study examined the
mechanical behaviours and fracture mechanisms of deep granite under the coupled effects of intermediate-frequency dynamic distur-
bance (f'= 300 Hz) and low-frequency dynamic disturbance (f' = 5-20 Hz). Intermediate-frequency dynamic disturbance markedly ini-
tiates the genesis of tensile micro-cracks within rock, while low-frequency dynamic disturbance exacerbates the propagation and
interconnection of cracks, ultimately leading to the formation of a tensile-shear mixed failure mode. The severity of the influence of
intermediate-frequency disturbance on the peak strength of rock is the initial crack compaction g, (decreased by 8.1%), the damage
stress o.q (decreased by 6.4%), and the crack initiation stress o (decreased by 4.7%) under different disturbance timings. This changes
the characteristic stress of the rock and significantly decreases its brittleness index. Meanwhile, the low-frequency f of weak disturbance
significantly affects the failure mode and peak strength of the rock. The peak strength ¢, exhibits U-shaped variation, with the maximum
decrease reaching 15 MPa, which indicates the presence of a resonance effect between the external disturbance and the natural frequency
of the rock. The timing of intermediate-frequency disturbance alters the natural frequency of the rock. Analysis of the fracture surface
shows that cracks induced by intermediate-frequency disturbance primarily propagate along the o;-direction, while low-frequency dis-
turbance promotes propagation of shearing cracks along the o3-direction. Brittle failure occurs due to the through-going shearing cracks.
The results further reveal the synergistic mechanism of action of multi-source dynamic disturbance on rock failure, indicating that the
coupled effects of multi-source dynamic disturbances significantly increase the risk of brittle failure in the rock mass.
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1 Introduction and blasting (D&B) methods and sustained low-

frequency vibrations from tunnel boring machine (TBM)

Deep-buried tunnels undergo extremely complex in-situ
stress environments during excavation (Zhang et al., 2012).
Besides the instantaneous loading and unloading effects
caused by ultra-high excavation stresses (Li et al., 2014),
rock surrounding the tunnel is also affected by multi-
source dynamic disturbances (Xie et al., 2020), including
intermediate-frequency disturbance stresses from drilling
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operations (Liu et al., 2022), as well as complex stress wave
effects from geological events such as earthquakes and
rockbursts. These dynamic sources exhibit different fre-
quency (f) and amplitude (A) characteristics, and their
interactions and superimposed effects further complicate
the dynamic responses of rock surrounding the tunnel.
The intermediate-frequency disturbance waves induced by
D&B methods exhibit intense and short-duration impacts
on the hard rock (Scoble et al., 1996), while TBM
operations lead to cumulative damage through sustained
low-frequency vibrations. More critically, intermediate-
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frequency and high-amplitude stress waves from geological
disasters such as earthquakes and rockbursts can cause pre-
damage to rock surrounding the tunnel, forming tensile
cracks and significantly decreasing the loading capacity
of the rock (Waqar et al., 2023). These tensile cracks con-
tinue to develop, leading to brittle failure characterized
by an instantaneous shearing crack through-going under
subsequent high excavation stress and low-frequency
dynamic disturbances (Lamert et al., 2018), which induces
instability of the rock surrounding tunnels and violent
rockbursts. This type of rockburst is distinguished by
tensile-shear failure at the burst boundary (Feng et al.,
2023, 2012).

Research into the dynamic mechanical properties of
deep-buried hard rock relies on laboratory experiments,
while the high and low-frequency disturbances have been
investigated as relatively independent research directions
(Zhang et al., 2014). Studies on high-frequency disturbances
utilised the Split-Hopkinson Pressure Bar (SHPB) appara-
tus, which simulates the extremely high-frequency distur-
bance conditions common in deep engineering (Zhou
et al., 2010). Experimental results indicate that hard rock
subjected to high-frequency disturbances exhibits pro-
nounced brittle failure (Luo et al., 2025), with failure
strength closely related to loading rate (Mishra et al.,
2017) and strain rate (Mishra et al., 2018). However, these
results are often based on extremely high-frequency impact
waves, which may not fully represent the frequency and
amplitude ranges experienced by rocks in an actual deep
engineering environment (Xie et al., 2022). Deep engineer-
ing typically involves intermediate to lower-frequency
dynamic disturbances (Peng et al., 2019), making it chal-
lenging to apply SHPB results directly to real engineering
construction. In addition, the design of SHPB test empha-
sises the failure strength and fracture mode of rock, and
brittle failure often occurs under impact load during the test
(Majedi et al., 2020). This limits SHPB data to the study of
the dynamic response of rock in undamaged states, such as
those involving elasto-plastic deformation. In fact, rock
subjected to strong disturbance may not completely fail in
many engineering applications, especially in the case of
dynamic disturbance with low strain and loading rate.

In contrast, low-frequency disturbances are often inves-
tigated using dynamic true-triaxial tests (Su et al., 2017),
which can apply continuous and repeated low-frequency
loading to simulate the dynamic disturbance influence of
excavation, tunnelling, and other long-term operational
disturbances (Dai et al., 2023). The true triaxial dynamic
test can be used to investigate the peak strength (g,,), peak
strain (e,), failure characteristics, and mechanism under-
pinning the energy evolution of rock under low-frequency
dynamic disturbances (He et al., 2023). Low-frequency dis-
turbances significantly influence the plastic deformation
(Eberhardt et al., 1999), micro-crack propagation, and fail-
ure modes of rock, with cumulative damage from repeated
loads gradually decreasing the o, and energy storage
capacity of the rock (Jiang et al., 2021).

They are manifested in the isolated study of the mechan-
ical properties of hard rock under two stress conditions:
intermediate-frequency strong disturbance and low-
frequency repeated dynamic disturbance. This may neglect
the coupled effects of multi-source dynamic disturbances.
Intermediate and low-frequency disturbances often coexist
and interact during the excavation process, potentially
exacerbating the damage to the rock (Falls et al., 1998).
Intermediate-frequency disturbances may induce tensile
crack propagation or localised damage within the rock
before stress concentration, which will significantly change
its mechanical response to low-frequency disturbance. The
coupled effects of intermediate and low-frequency dynamic
disturbances on the mechanical properties of rock remain a
critical issue in rock mechanics. The influence of dynamic
disturbance at different frequencies on rock has obvious
spatial-temporal characteristics (disturbance timing and
direction). The true triaxial mechanical test of rock will
be carried out to investigate these coupled effects, which
is essential for accurate investigation of rock failure mech-
anisms and stability under complex dynamic conditions.
The results can provide theoretical guidance for the design
and safety evaluation of deep-buried tunnels.

2 Engineering background and experimental work
2.1 Testing apparatus

The testing apparatus is a dynamic true-triaxial experi-
mental system independently developed by Northeastern
University, China (Fig. 1(a)) (Feng et al., 2023). The sys-
tem can simultaneously apply three principal stress direc-
tions (X, Y, Z). Weak dynamic disturbance stress can be
applied in the Z-direction, with a maximum dynamic dis-
turbance frequency of 40 Hz. The intermediate-frequency
disturbance stress is applied by an independently equipped
intermediate-frequency slow-wave dynamic disturbance
bar (Fig. 1(b)). The intermediate-frequency dynamic dis-
turbance can be applied in the g;-direction on the speci-
mens, and the disturbance amplitude 4 = 0-30 MPa is
controlled by the bullet launch pressure. The disturbance
rod is equipped with six different bullet lengths (2.60,
2.88,3.25, 3.72, 4.33, and 13.33 m). Therefore, the dynamic
disturbance frequency can be realised at f = 500, 450, 400,
350, 300, and 100 Hz, respectively (Xia et al., 2015), to
cover the intermediate-frequency disturbance frequency
range subjected to deep-buried hard rock (Fig. 1(c)).

2.2 Engineering background and the stress path

During the TBM excavation of a deep-buried tunnel in
south-western China, a strong rockburst occurred at the
arched crown of the tunnel (Fig. 2). It is found that there
have been many earthquakes in this area, and seismic
waves will produce intermediate-frequency dynamic distur-
bance effects acting in the tangential direction of the tunnel.
Additionally, the D&B method was used to construct the
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Fig. 1. True triaxial hard rock intermediate and low-frequency dynamic disturbance coupled loading testing apparatus. (a) Low-frequency dynamic
disturbance testing apparatus, (b) intermediate-frequency and slow-wave disturbance rod, and (c) deep engineering frequency range. The apparatus can

apply intermediate-frequency (f'= 0-500 Hz) disturbance stress.
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Fig. 2. Strong rockburst occurred at the crown of an arch in a deep-buried tunnel.

transverse hole, which also produced dynamic disturbance tunnelling continues to trigger rockburst. Although
in the process of excavation in the tunnel. Finally, the low-  intermediate-frequency disturbances are characterized by
frequency dynamic disturbance generated during TBM  larger amplitude A4, the rock mass, being under a true-
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triaxial stress state with high strength, does not fracture
immediately. Instead, it gradually accumulates energy
through elastic—plastic deformation. Subsequently, contin-
uous and repeated exposure to low-frequency dynamic per-
turbations fosters an accumulation of stress within the rock
mass, progressively encouraging the convergence of inter-
nal fractures until they culminate in catastrophic brittle
failure.

A schematic diagram of adjacent tunnel excavation
under TBM construction was plotted in Fig. 3(a). The
intermediate-frequency dynamic disturbance stress gener-
ated during the excavation of working face II is transmitted
to the arched crown of the adjacent tunnel, while the low-
frequency disturbance caused by the TBM excavation at
working face I is transmitted in the form of continuous
and repeated dynamic disturbances along the tunnel axis

(@)

Working face II

(b) oy

Weak disturbance

to the rock surrounding behind the working face. In this
process, the intermediate-frequency disturbance transmit-
ted from the adjacent tunnel propagates along the tangen-
tial direction of the tunnel, corresponding to ¢,-direction.
In contrast, the low-frequency disturbance propagates
along the tunnel axis, clearly corresponding to o»-
direction. A schematic representation of the stress paths
is provided for expounding the mechanical behavior of
rock surrounding the tunnel under the coupled effects of
intermediate and low-frequency dynamic disturbances
under true-triaxial conditions (Fig. 3(b)). It is worth noting
that the intermediate-frequency dynamic disturbances are
applied at specific points during the true-triaxial loading
process of the specimen, namely the point of the initial
crack compaction stage (g..), the crack initiation stress
point (o) (Ingraffea et al., 1987), and the damage stress

Rockburst occurrence area

Disturbance stress

-

cC |---

>

Fig. 3. Schematic diagram of weak disturbance triggering rockburst. (a) Rockburst induced by the TBM tunnelling method, and (b) intermediate-
frequency disturbance and weak disturbance loading along true triaxial stress path.
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point (o.q) (Bahrani et al., 2017). The unexcavated rock
mass remains at the crack-closure phase in the rock sur-
rounding deep-buried tunnels, where the inflection point
of the initial crack compaction phase often corresponds
to the initial in-situ stress conditions (Strickland et al.,
1980).  Therefore, applying intermediate-frequency
dynamic disturbances to the unexcavated rock mass can
be considered at the 6. point. The rock surrounding
undergoes stress unloading in the radial direction (¢3) of
the tunnel after excavation, leading to stress concentration
and a sudden increase in the principal stress (o;-direction)
(Li et al., 2018). In this study, the timing of intermediate-
frequency dynamic disturbances under such conditions cor-
responds to the crack initiation stress point (o) and the
damage stress point (o.q). In summary, this represents the
spatial-temporal effects of the coupling between intermedi-
ate and low-frequency dynamic disturbances (Qian et al.,
2024).

2.3 Selection of intermediate and low-frequency dynamic
disturbance frequencies

The excavation method significantly affects the dynamic
disturbance sources in deep-buried tunnel engineering, pri-

marily reflected in two excavation methods: TBM method
and D&B method (Barton et al., 2012). These two excava-
tion methods exhibit different characteristics in the
dynamic disturbance frequency (f) and amplitude (A4).
The TBM excavation method advances continuously
through mechanical cutting, generating dynamic distur-
bances that typically manifest as long-term vibrations. As
shown in Fig. 4, the dynamic disturbance frequency-
amplitude characteristics of a TBM-excavated tunnel in
south-western China were measured. The low-frequency
disturbance frequency associated with TBM axial direction
vibrations ranged from 1 to 30 Hz, whereas higher frequen-
cies (f ~ 322.95 Hz) corresponded to radial and tangential
vibrations. Due to the relatively stable cutting process of
the TBM, the vibrations generated are continuous in the
time domain. This low-frequency dynamic disturbance
tends to induce the propagation of microcracks within
the rock, thereby affecting the stability of the rock sur-
rounding such tunnels.

In contrast, the D&B tunnel advances periodically
through blasting, and dynamic disturbances are primarily
characterized by intermediate-frequency pulse vibrations
(Ayala, 2017). The energy released during blasting propa-
gates through adjacent rock masses in the form of
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Fig. 4. Monitoring of tunnel vibration by the TBM method.
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Fig. 5. Monitoring of tunnel vibration by D&B.

intermediate-frequency  disturbance  waves. Such
intermediate-frequency disturbances exhibit strong propa-
gation capability and an extremely short duration, poten-
tially causing deformation of the rock within a localised
spatial range. The vibration monitoring data from a tunnel
constructed using the D&B method indicate a tangential
direction dynamic disturbance frequency (f ~ 318.34 Hz)
(Fig. 5). The duration of each disturbance is extremely
brief, and the vibration velocity is relatively high.

2.4 Experimental and testing specimens

Dynamic true-triaxial compression tests were conducted
on homogeneous deep granite to investigate the physical
and mechanical properties of granite under the coupled
effects of multi-source dynamic disturbances. The testing
apparatus was equipped with a servo system, which can
independently apply static true triaxial stresses
(61 > 0, > 03) to the specimen under stress control, with
a loading rate of 0.5 MPa/s. Intermediate-frequency distur-
bances were applied to the o;-direction plane of the speci-
men via the disturbing rod. The deformation rate was set to
0.015 mm/min, and the rock specimen was further loaded
to 0.850, under deformation control, where low-
frequency dynamic disturbances were applied thereto.
Low-frequency dynamic disturbances were applied contin-
uously and over an extended duration to the a,-direction of
the specimen. Each loading stage maintained the dynamic
disturbance for 5 min. That in the o;-direction was
increased by 5 MPa if brittle failure did not occur during
a given stage, and the dynamic disturbance was reapplied.
The experimental scheme is shown in Table 1.

Figure 6 shows the waveform obtained using the
intermediate-frequency disturbance stress wave regulator
during the intermediate-frequency disturbance rod. When

Table 1
Experimental scheme of intermediate and low-frequency coupled dynamic
disturbance.

Low frequency Intermediate Weak disturbance Strong disturbance

timing frequency timing A (MPa) f(Hz) 4 (MPa) f(Hz)
0.850, Ocd 1 5 15 300
Oci 10
GCC 15
20
0.850, O 1 20
3
5
0.85q, Ocd 1 20 (03)
20 (o3)

the bullet pressures are 0.15, 0.25, and 0.40 MPa, the abso-
lute value of the corresponding strain gauge voltage grad-
ually increases, indicating an increase in the amplitude 4
of the intermediate-frequency disturbance. The voltage
across the strain gauge decreases first, then increases, rep-
resenting the incident wave and reflected wave of the
intermediate-frequency stress wave. The reflected wave is
significantly lower than the incident wave, indicating that
the lost energy is absorbed by the rock specimens and con-
verted into the tensile crack for energy release. Figure 6(d)
shows four groups of typical disturbance stress waves mea-
sured in experiments, and the similarity therein is
consistent.

This study selected the ultra-homogeneous deep granite
as the experimental rock material to reduce the random
influence of the rock homogeneity coefficient on the test
results. All the specimens were derived from the same intact
rock mass. Each rock specimen was marked with its upper,
lower, and side directions during mining to reduce the error
effect (Fig. 7). Three or five specimens were tested in each
group to make the results more convincing.

3 Results and analysis

To verify the homogeneity of the granite specimens and
determine the peak strength (o) of granite under stress
conditions of g, = 20 MPa and o3 = 5 MPa (Fig. §(a)),
the peak strengths of the granite specimens Al, A2, and
A3 were 287, 294, and 288 MPa, respectively. The average
op is 290 MPa, and the high overlap of the curves indicates
that the granite specimens exhibit good homogeneity, with
stable mechanical properties. Crack analysis method calcu-
lates the characteristic stress by crack volume & (Scavia,
1995), including the crack initiation stress (o.) and the
damage stress (6.q), as shown in Fig. §(b). The average val-
ues of o ; and g4 are 157 and 214 MPa, respectively, which
correspond to 54% and 74% of ¢,,. In addition, the elastic
modulus of granite under these stress conditions is 57.7
GPa. The failure mode is shearing failure (Haimson,
2006), as shown in Fig. 8(c).
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Fig. 7. Granite specimens.

3.1 Mechanical properties of rock under multi-source
dynamic disturbance

The stress—strain curve of granite under multi-source
dynamic disturbance conditions is shown in Fig. 9. The
intermediate-frequency disturbance timing applied is (a)
Oce, (b) 04, and (¢) g.q. The specimen is preloaded to
0.850, before applying low-frequency disturbances. At
the moment of intermediate-frequency disturbance, defor-

mation control is applied in the o;-direction. Due to the
intermediate-frequency disturbance, the specimen under-
goes instantaneous compressive deformation in the o-
direction. Once the deformation servo-motor control sys-
tem detects this information, the instantaneous stress is
adjusted to the stress level corresponding to the strain.
The reduced stress amplitude can then be considered as
the instantancous stress generated during this
intermediate-frequency disturbance. The mean value of
the disturbance stress is 4 = 15 MPa. The ¢, values of
granite under the influences of three different
intermediate-frequency disturbance timings are 271.5,
266.5, and 266.5 MPa, respectively. The average o, is
decreased by 7.5%, which is greater than the effect of a sin-
gle low-frequency disturbance source applied in the a,-
direction. The primary effect of multi-source dynamic dis-
turbance is manifested in the failure mode of the rock.
Due to the influence of intermediate-frequency distur-
bance, independent tensile cracks are initiated in the o-
direction, but no through-going fractures are formed. Sub-
sequently, the cracks gradually propagate and form
through-fractures under the influence of low-frequency dis-
turbance in the o,-direction, manifest by the connection
and expansion of tensile cracks within the rock. The inter-
nal stress field of the rock changes, leading to a shift in the
direction of crack propagation from the ¢;-direction to the
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a3-direction under the influence of low-frequency distur-
bance. This process is accompanied by the redistribution
of stress concentration areas within the rock and a transi-
tion in crack morphology. Ultimately, the rock exhibits a
complex failure mode with crack propagation influenced
by multi-source dynamic disturbance.

3.2 Influences of different low-frequency disturbance
frequencies

The true triaxial stress—strain curves under intermediate-
frequency disturbance point o.. and low-frequency distur-
bance frequencies of 5, 10, 15, and 20 Hz are presented
in Fig. 10(a). The o, values of the rock are 261.5, 261.5,
271.5, and 271.5 MPa, with a maximum decrease of
9.8%, and an average g, of 266.5 MPa. The failure mode
exhibits multiple tensile-shear mixed zones, which result
from intermediate-frequency disturbance generating tensile
cracks at the ends due to local stress concentration after the
compressive dense segment ends. Low-frequency distur-
bance, on the other hand, promotes crack propagation
and through-crack formation, altering the distribution of
the internal stress field in the rock. Low-frequency distur-
bance enhances the connectivity of the cracks, causing
localised cracks to develop into through-cracks. The syner-
gistic effect of the two disturbance frequencies accelerates
the fracture process of the rock, revealing the non-linear
characteristics of multi-source dynamic disturbance on
the mechanism of rock failure, which is not a simple cou-
pling or superposition effect. It is noteworthy that obvious
shear cracks appear in the o3-plane of the specimen, and
the cracks even take on a through form at f= 5 Hz and
10 Hz. This is a typical feature generated by the
intermediate-frequency disturbance at the g, point. The
reason is that the intermediate-frequency disturbance
occurring at this point causes instantaneous oscillations
in the internal crystalline lattice of the rock; this is accom-
panied by the rapid expansion and aggregation of internal
microcracks as oy increases, leading to the formation of
through-cracks in the os-plane as well. This intermediate-
frequency disturbance timing induces initial damage (ten-
sile micro-cracks) in the intact rock specimen, hence the
reduction in its peak strength.

Similarly, the true triaxial stress—strain curves under
intermediate-frequency disturbance point o, and low-
frequency disturbance frequencies of 5, 10, 15, and 20 Hz
are shown in Fig. 11(a). The values of o, of the rock are
276.5, 281.5, 281.5, and 266.5 MPa, respectively. o,
decreases by a maximum of 8.1% when f = 20 Hz, but
the average strength reaches 276.5 MPa, which is higher
than that of the specimen with the disturbance point o..
The failure mode still exhibits complex tensile-shear mixed
failure. The difference lies in the significantly reduced
length and number of surface tensile cracks, but multiple
instances of rock fragment spalling occur at the ends of
the specimens. In addition, non-through tensile cracks
can be observed except for f = 15 Hz in the o3-plane of
the specimen. It can be observed that the higher the peak
strength of the rock specimen, the greater the degree of
fragmentation, which indicates that the low-frequency dis-
turbance frequency affects the connection and propagation
of tensile microcracks within the rock.

Finally, the triaxial stress—strain curves under
intermediate-frequency disturbance point o.q4 and low-
frequency disturbance frequencies of 5, 10, 15, and 20 Hz
are presented in Fig. 12(a). The o}, of the rock are 266.5,
276.5, 276.5, and 266.5 MPa, with a maximum decrease
of 8.1% at f= 5 Hz and 20 Hz. The average peak strength
is 271.5 MPa. As the dynamic disturbance frequency
increases, the tensile cracks on the rock failure surface
become more pronounced, and the tensile-shear mixed fail-
ure becomes more evident, leading to a decrease in .

In summary, the importance of the influences of differ-
ent intermediate-frequency disturbance timings can be
obtained as follows: g, > g.q > 0 (Fig. 13(a)). The influ-
ence of intermediate-frequency disturbance timing on rock
mechanics was investigated from the perspective of the
macroscopic fracture surface. It can be concluded that rock
subjected to intermediate-frequency disturbance at the o
point is accompanied by more primary fractures. As a
result, this intermediate-frequency disturbance timing leads
to the largest tensile region. The failure surface is not only
confined to the g,-direction but also exhibits almost com-
plete through-cracks on the g3-direction surface. These fac-
tors can explain the reasons for the greater damage caused
to the rock by intermediate-frequency disturbance at this
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point. The greater impact of intermediate-frequency distur-
bance at the g4 point compared to the g point is more
straightforward. That is, the rock has already reached the
inflection point of volumetric strain at the crack damage
phase, and damage has occurred within the specimen. In
contrast to the crack initiation stage, there are more
microfractures within the specimen. These microfractures

will continue to develop under the influence of
intermediate-frequency disturbance, leading to a significant
decrease in o, of the rock.

Regarding the aspect of the influence of low-frequency
dynamic disturbance, the variation in o, is U-shaped with
increasing disturbance frequency. This behaviour is related
to the natural frequency of the rock specimen. When the
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frequency of (b) 5 Hz, (c) 10 Hz, and (d) 15 Hz, and Fig. 9(a) 20 Hz. Longer tensile cracks are clearly visible and more cracks appear in the o3-direction,

which may be the reason for the decrease in a;.

external loading frequency coincides with the rock’s natural
frequency under the true triaxial stress condition, a signifi-
cant decrease in g, of the rocks occurs. The natural frequen-
cies of the specimens with intermediate-frequency
disturbance at o; and o4 are about 15-20 Hz, while the nat-
ural frequency of the specimen with intermediate-frequency
disturbance at .. may appear in the range of 5-10 Hz.

In terms of peak strain (Fig. 13(b)), granite specimens
under different intermediate and low-frequency disturbance
frequencies all show a decreasing trend ine; that affects fail-
ure, within their respective natural frequency ranges. This is
by no means a coincidental phenomenon that indicates the
significant influence of the natural frequency range on the
deformation of the rock in the gs-direction. This could be
the main reason why natural frequency affects the o, of the
rock.

Finally, statistical analysis shows that the fracture angle
of the rock is generally inversely proportional to its o, from
the perspective of rock fracture (Fig. 13(c)). The larger the
fracture angle, the more the macroscopic cracks tend to
exhibit tensile fracture. The specimens at o, under
intermediate-frequency disturbance exhibit the largest frac-
ture angle among them, indicating that this intermediate-
frequency disturbance generates the largest number of ten-
sile cracks, severely affecting the failure of the rock and its
peak strength.

3.3 Characteristic stress and brittleness index

Crack volume was calculated using crack analysis meth-
ods, and the crack strain and volumetric strain at a low-
frequency disturbance of /= 5 Hz were determined for dif-
ferent intermediate-frequency disturbance timings through
piecewise functions:

& =&+ & +é3, (1)
1—vp—v
& :8\,—#(01 + 0y + 03), (2)
E;
1-v, -
&7 zgv—M(al+az+a3), (3)
E,
£ =6+ @)

where &, is the volume strain of the specimen; ¢;, &, and &3
are the strains in the three principal stress directions,
respectively; &' and &2 are the microcrack strain before
and after the intermediate-frequency disturbance; v, and
v;3 denote the Poisson’s ratio v before intermediate-
frequency disturbance; v}, and v}, are the Poisson’s ratio
v after intermediate-frequency disturbance; E; and E, refer
to the elastic modulus before and after intermediate-
frequency disturbance; & is the total crack volume strain.

As shown in Fig. 14, g4 corresponds to the inflection
point of the volumetric strain curve, where the specimen
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mode with low-frequency of (b) 5 Hz, (¢) 10 Hz, and (d) 15 Hz, and Fig. 9(b) 20 Hz. There is no obvious independent tensile area in the specimen, but more

tensile-shear mixed failure modes have developed.

begins to expand; g.; marks the transition of the crack vol-
ume from a vertical direction to negative values. Figure 14
(b) and (c) shows that the intermediate-frequency distur-
bance at o.; and o.q will change the elastic modulus E of
the rock, and new values of ¢’; and ¢’.q will appear, sug-
gesting that the tensile cracks generated by the
intermediate-frequency disturbance damage the rock mass.

Changes in the physical properties and characteristic
stress under the influences of different coupled effects of
intermediate and low-frequency dynamic disturbances are
calculated in Table 2.

It can be observed that, for the specimens affected by
intermediate-frequency disturbance at g, the value is
increased by an average of 30%, which is approximately
equal to the original o.4. Similarly, 6.4 of the specimens
also shows an average increase of 12% due to the influence
of the intermediate-frequency disturbance. Similarly, the
crack volume continues to increase with the principal stress
in the o-direction for the specimen affected by
intermediate-frequency disturbance at o.4, remaining
unchanged. This results in a delay to crack initiation, indi-
cating that the intermediate-frequency disturbance at o.q
causes tensile cracks at the end of the specimen, and this
is affected by the confining pressure and is completely
closed at the end of the dynamic disturbance. At this time,

the crack volume can make the rock generate only elastic
strain under load, without generating new cracks. The
new o’ increases beyond the original value of ¢4 before
new cracks begin to form (crack initiation). The specimen
rapidly enters the damage stage once microcracks start to
develop; that is, the volumetric strain causes expansion.
This indicates that the intermediate-frequency disturbance
at o.q changes the crack propagation process in the rock.
The Poisson’s ratio v of the rock is significantly decreased,
indicating that the deformation of the rock specimen after
intermediate-frequency disturbance in the o, and o3-
direction undergoes a short pause after the end tensile
crack is generated, suggesting that the end tensile crack is
ready to develop. There is a certain time delay at o and
a.q With the specimens affected by intermediate-frequency
disturbance at g... The primary factor contributing to the
decrease in g, is the reduction in the elastic modulus E of
the rock mass, which causes the specimen to reach its o,
under minimal deformation.

In summary, it can be observed that the intermediate-
frequency disturbance increases the elastic modulus E of
the specimen, but the peak value decreases, contrary to
the previous findings (Rybacki et al., 2015). The reason
for this is shown in Fig. 15. The intermediate-frequency
disturbance causes the specimen to undergo significant
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with the increase of the weak disturbance frequency.

compressive deformation immediately, leading to the gen-
eration of an elastic modulus E, during subsequent loading
stages. This also indicates that the rock undergoes plastic
deformation instantaneously due to the intermediate-
frequency dynamic disturbance.

The brittleness of rock determines the tendency of crack
initiation and propagation under the external stress, and a;
is the critical stress for crack initiation and propagation.
Rocks with high brittleness usually have low ¢.;, making
them more prone to crack propagation. The stress and
strain statistics pertaining to rock at . and ¢’ are sum-
marized in Table 3, and the brittleness index B of rock is
calculated using Eq. (5):

B Op — O &p
Op &p — &

(5)

Among them, B and B, represent the brittleness index
of granite before and after intermediate- frequency distur-
bance respectively. The rock specimens induced by
intermediate-frequency disturbance exhibit a significant
decrease in brittleness due to the generation of new o’
The specimens with intermediate-frequency disturbance at
0.q show a notable decrease in brittleness among them.
As a result, the specimen affected by intermediate-
frequency disturbance at o, exhibits the highest brittleness
and a lower peak strength.

Figure 16 depicts the effect of weak disturbance fre-
quency on the rock brittleness index. The brittleness of

the specimens affected by intermediate-frequency distur-
bance at o is the largest, and o, is the lowest, exerting
the greatest influence on the mechanical properties. For
the specimens induced by intermediate-frequency distur-
bance at g and 6.4, the generation of new ¢’ leads to a
reduction in the brittleness of the rock during failure pro-
gress. However, the influence of the weak disturbance fre-
quency on the brittleness index differs, being random.
For the specimens subjected to intermediate-frequency dis-
turbance at the o.; point, the brittleness index is positively
correlated with ¢, of the rock. The brittleness of other
specimens, which are primarily within their natural fre-
quency ranges, significantly increases. This shows that,
when considering the influence of dynamic disturbance fre-
quency, it is necessary to consider the deleterious effect of
the excitation at, or close to, the resonant frequency on
the performance of the rock.

3.4 Analysis of pre-peak energy

The improved energy calculation method was adopted in
this study to more accurately investigate the pre-peak
energy composition of rock under the coupled effects of
multiple dynamic disturbance sources (Fig. 17). Taking
the g;-direction as a reference, the total stored energy pre-
peak is partitioned into five components: the overall pre-
peak stored energy of the rock denoted by Ssoajr, the dis-
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comparison, and (c) fracture angle.

turbance energy generated by intermediate-frequency per-
turbations represented by Skgcep, and the disturbance
energy arising from weak disturbances denoted by Spajin.
Regarding the calculation of elastic and dissipative energies
mentioned herein, taking the loaded rock specimen as an
example, it is assumed that the rock specimen is in the linear
elastic deformation stage before the elastic limit point, and
the rock only stores elastic strain energy at this stage under
the external force (provided by the testing machine). Once
the elastic limit is exceeded, the existing crack will expand.
Driven by elastic energy, some of the stored elastic strain
energy will be converted into dissipated energy along with
crack propagation, while the remaining part exists in the
rock specimen in the form of elastic energy. At this point,
with the expansion of each existing crack or the generation
of new cracks, part of the elastic strain energy required will
also be dissipated, resulting in a gradual increase in total
dissipative energy. From this stage onward, a portion of
the stored elastic strain energy is converted into dissipative
energy as existing cracks extend or new cracks form, leading
to a gradual increase in energy dissipation. This shows that
the mechanism of energy conversion can be fully under-

stood from the perspective of the deformation and failure
process. Therefore, the total elastic energy of rock is Sgay +-
Soekr, Where the elastic energy before intermediate-
frequency disturbance is SoarF, and the elastic energy after
intermediate-frequency disturbance is Sk ;. The energy dis-
sipated is SFKJIH-

Rock energy can be calculated as follows:

Uiotal = Ue + Ud7 (6)

!

cfl &) 8‘3
Utotal Z/ o1de +/ 02d82+/ o3des, (7)
0 0 0

where U, and Uy represent the elastic energy and dissipa-
tive energy, respectively. ¢}, ¢, and ¢} represent the strains
in the three principal stress directions at time z.

The pre-peak energy composition of rock under the cou-
pled effect of multiple dynamic disturbance sources is
shown in Fig. 18. The elastic energy-1 represents the total
pre-peak elastic energy, and the elastic energy-2 represents
the elastic energy storage inside the rock after intermediate-
frequency disturbance. Energy composition can be divided
into the following two influencing factors:
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Table 2
Characteristic stress and physical properties of granite under intermediate-frequency disturbance.
Disturbance timing f(Hz) aei (MPa) a’ei (MPa) 0eq (MPa) 0’cqa (MPa) v v E, (GPa) E, (GPa) o, (MPa)
Intermediate-frequency 5 157 203 239 - 0.221 0.318 56.4 73.6 276.5
disturbance at g; 10 157 191 214 241 0.224 0.170 53.9 71.6 281.5
15 157 210 241 — 0.231 0.149 59.0 68.1 281.5
20 157 202 238 - 0.210 0.132 56.5 79.0 266.5
Intermediate-frequency 5 164 240 214 243 0.23 0.05 57.0 78.7 266.5
disturbance at o.q 10 111 219 214 235 0.30 0.05 49.5 67.0 276.5
15 170 234 214 245 0.21 0.05 58.0 69.4 276.5
20 148 229 210 236 0.34 0.37 55.7 63.9 266.5
Intermediate-frequency 5 159 - 217 — 0.23 - 60.8 - 261.5
disturbance at g 10 149 - 236 - 0.21 - 61.8 - 261.5
15 144 - 226 - 0.26 — 60.4 - 271.5
20 118 - 217 - 0.22 - 58.3 - 271.5

(1) Influence of intermediate-frequency disturbance

The energy generated by intermediate-frequency distur-
bance (pink line) is 6.4 > 0. > 0., and the energy generated
by intermediate-frequency disturbance at o is the most
stable. On the contrary, the energy randomness generated
by the intermediate-frequency disturbance at ¢4 is the lar-
gest. The elastic energy after intermediate-frequency per-
turbation also shows this phenomenon, which indicates
that o4 represents the most unstable crack development

stage in different intermediate-frequency perturbation tim-
ings, leading to a large dispersion of the energy distribu-
tion. The total energy (green line): o.q > 0¢ > Oce
combined with the peak comparison, indicates that the
intermediate-frequency disturbance at the o.4 point has
the highest degree of rock performance cracking, so that
it has higher pre-peak energy storage and lower peak
strength. These two points are the key factors indicating
the onset of a rockburst.
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(2) Influences of intermediate and

disturbance

low-frequency

The pre-peak elastic energy (red line) of rock subjected
to the coupled effects of intermediate and low-frequency
dynamic disturbances is o¢; > 6.q > 0. This indicated that
the more obvious the intermediate-frequency disturbance
effect, the more independent tensile cracks generated at
the end, and the weaker the pre-peak elastic energy storage
capacity of the rock. The pre-peak energy storage is still
strongly correlated with the natural frequency of the rock
due to the influence of the weak disturbance frequency.
An interesting phenomenon arises here: when the reso-
nance effect occurs, the storage capacity of the pre-peak
elastic energy of the rock will be significantly reduced. This
elastic energy will be converted into dissipated energy
(black line), and the increase in dissipated energy represents
the expansion of internal microcracks or the generation of
new cracks, which indicates the promotional effect of reso-
nance on rock failure.

3.5 Influences of weak disturbance amplitude and directions

Figure 19 demonstrates the stress—strain curves and fail-
ure modes of granite subjected to different weak distur-

disturbance at o;. By selecting a dynamic disturbance fre-
quency of 20 Hz and amplitudes of = 1, 3, and 5 MPa, the
op of the rock are 266.5, 261.5, and 261.5 MPa, respec-
tively. The results show that the peak strength of rock still
decreases with the increase of dynamic disturbance ampli-
tude A4, but the decrease is not obvious. Only the peak
strain at A = 5 MPa is significantly higher than that at
1 MPa, and the peak strength does not change to any sig-
nificant extent. This shows that the factors influencing the
dynamic disturbance amplitude A should include the ratio
of disturbance amplitude to the original static stress, that is
A/c. The influence of unloading stress on rock failure war-
rants attention when evaluating the effects of any such
dynamic disturbance. In the present study, 4/s, = 0.05,
0.15, and 0.25, and it is evident that the unloading effect
is negligible. In contrast, the differences in failure modes
induced by disturbance amplitudes 4 are more significant.
It can be observed that the macroscopic crack morphology
transitions from shear-dominated to tensile failure, with
through-shear cracks appearing in the g;-direction under
the influence of resonance. The increase of weak distur-
bance amplitude increases the range of influence of tensile
cracking at the end of the specimen.

The stress—strain curves and failure modes of granite
under different weak disturbance directions (¢,- and os3-
direction) after intermediate-frequency disturbance at a4
are presented in Fig. 20. The ¢, of the rock is 266.5 MPa
under o,-direction disturbance and 261.5 MPa under os-
direction disturbance at f = 20 Hz (within the natural fre-
quency range) and 4 = 1 MPa. The difference persists in
the failure modes. Dynamic disturbance applied in the
g3-direction promotes more tensile cracking, which induces
a greater volumetric strain when brittle failure occurs. To
conclude, the influence of the dynamic disturbance direc-
tion on the g, of the rock is essentially attributed to the
unloading stress effect during the dynamic disturbance pro-
cess as mentioned. For this study, when dynamic distur-
bance is applied in the o,-direction, 4/c, = 0.05; when
applied in the os-direction, 4/63 = 0.2. The unloading
effect is negligible in both cases, which is the reason for

bance  amplitudes  after  intermediate-frequency  the negligible difference in peak strength.

Table 3

Brittleness index of granite under different intermediate-frequency disturbance timings.

Timing of dynamic disturbance application f(Hz) &ci (%0) &' (%) &p (%) B, B,

Intermediate-frequency disturbance at a; 5 0.319 43 0.419 15 0.717 93 0.78 0.64
10 0.318 00 0.399 55 0.700 27 0.78 0.75
15 0.359 03 0.473 53 0.747 50 0.85 0.69
20 0.312 21 0.387 87 0.658 78 0.78 0.59

Intermediate-frequency disturbance at g4 5 0.341 57 0.500 56 0.780 71 0.68 0.28
10 0.283 10 0.508 24 0.803 02 0.92 0.57
15 0.351 53 0.490 66 0.780 71 0.70 0.41
20 0.310 86 0.464 81 0.625 95 0.88 0.55

Intermediate-frequency disturbance at g 5 0.378 76 - 0.627 11 0.98 -
10 0.383 68 - 0.701 88 0.95 -
15 0.360 02 - 0.615 16 0.88 -
20 0.280 96 - 0.680 20 0.96 -
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Fig. 17. Calculation of pre-peak energy of granite. It is worth noting that
the line JE is not a straight line, but represents the change of rock elastic
modulus E caused by the intermediate-frequency disturbance. The point K
represents the point of inflection of the elastic modulus E.

4 Discussion

4.1 Mechanism of rock failure under the coupled effects of
intermediate and low-frequency disturbances

Failure of the rock under the coupled effects of interme-
diate and low-frequency events exhibits distinct spatial—
temporal characteristics, thus forming a more complex
tension-shear mixed failure mode. The intermediate-
frequency disturbance is always applied before the low-
frequency disturbance in this study, and the mechanism
underpinning tensile-shear mixed failure of rock under
the coupled effects of intermediate and low-frequencies is
shown in Fig. 21. The intermediate-frequency disturbance
(f = 300 Hz) acts on the tangential direction of the tunnel
(corresponding to the o;-direction), resulting in tensile
microcracks, but the cracks only exist near the end and
do not form penetration. Then, the stress concentration
occurs in the g;-direction. The rock is affected by the weak
disturbance frequency under different working conditions
of f = 0-20 Hz in the axial direction of the tunnel
(corresponding to the o,-direction), which promotes the
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Fig. 21. Formation of the tensile-shear mixed fracture mode of specimens.

formation of shearing cracks. Affected by this, the ;-
direction is further concentrated, and the pre-damaged
rock (intermediate-frequency disturbance produces tensile
cracks) is under the influence of high static, cumulative,
multiple, as well as long-term dynamic disturbances.
Finally, brittle fracture occurs, forming multiple, indepen-
dent, and mixed-fracture areas.

Previous studies on the failure mode of rock under true
triaxial stress conditions showed that the failure surface
always appears on the intermediate principal stress (a5)
surface, extending to the minimum principal stress surface
(03), and finally forming a breakthrough after which brittle
failure occurs (Feng et al., 2019). This suggests that the
length of tensile cracks in the ¢3-direction surface is unre-
lated to the peak strength of the rock, but is affected by
the resonance effect and the timing of intermediate-
frequency disturbance. The earlier the initiation of end-
face tensile cracks during the rock loading phase, the
greater the probability of these cracks appearing on the
a3-direction surface, thereby increasing the probability of
forming through-cracks.

4.2 Resonance effects induced by weak disturbances

When the frequency of dynamic disturbances aligns with
the natural frequency of the rock under specific stress con-
ditions, resonance may develop. The energy amplification
effect occurs when the external dynamic disturbance fre-
quency approaches or equals the natural frequency of the
rock, leading to a significant increase in the vibration
amplitude of the rock. The natural frequency of the rock
is related to its density p, elastic modulus E, geometric
characteristics, etc. The resonance effect generated under
these conditions can lead to stress concentration within
the rock, promoting the development of microcracks,
decreasing peak strength, and facilitating brittle failure of
the rock (Johnson et al., 1996). This study used the time-
strain curve of the rock during first-stage loading under
the influences of different weak disturbance frequencies as
an example to verify this interesting phenomenon
(Fig. 22). For specimens subjected to intermediate-
frequency disturbance at .4 and o, significant vibrations
in the amplitude of rock strain occur at frequencies
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Fig. 22. Time-strain curves of rock under dynamic disturbance and the intermediate-frequency dynamic disturbance are applied at (a) o4, (b) g¢j, and (¢) o¢c.

between 15 and 20 Hz during the first-stage weak distur-
bance loading process. The curve shape indicates that the
rock specimen may have undergone a certain degree of res-
onance effect at this dynamic disturbance frequency. This is
particularly evident in the specimen subjected to
intermediate-frequency disturbance at o; with a frequency
of 20 Hz. For specimens subjected to intermediate-
frequency disturbance at o, a greater number of tensile
cracks are generated internally. The crack volume reaches
its maximum, resulting in lower stiffness compared to other
specimens as the principal stress increases. This reduction
in stiffness lowers the natural frequency of the rock, caus-
ing resonance effects to occur at frequencies between 5
and 10 Hz.

4.3 Analysis of macro and microscopic failure surface

Three rock specimens subjected to different
intermediate-frequency disturbance timings were selected
for failure surface scanning, and the scanned images are
shown in Fig. 23. The joint roughness coefficient (JRC)

in region a of the figure is significantly higher than that
in region b, indicating that region a represents rough tensile
cracks, while region b corresponds to smooth shearing
cracks (Barton et al., 2023). The overlapping area between
regions a and b represents the independent tensile-shear
mixed failure zones formed under the coupled effects of
low and intermediate-frequency dynamic disturbances. It
can be concluded that tensile cracks precede shearing
cracks during the crack initiation process in the rock by
examining the failure surface. The specific process can be
described as follows:

(1) From onset of loading to intermediate-frequency
disturbance

The specimens undergo pore compression and solid par-
ticle compression stages, the subsequent rocks undergo
intermediate-frequency disturbance in the crack initiation
stage or crack damage stage, and the tensile crack is gener-
ated at the end of the specimens. Currently, there is no
obvious shear crack within.
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Fig. 23. Scanning of granite fracture surface at different intermediate-frequency disturbance timings. (a) g¢., (b) 0., and (¢) g¢q.

(2) From intermediate-frequency disturbance to weak
disturbance

Tensile cracks gradually develop as the principal stress
increases. The cracks exhibit a pulling pattern with notice-
able rotation under the condition of increasing principal
stress. Shear cracks may appear within a small localised
region.

(3) From weak disturbance to g,

Tensile cracks develop rapidly under the influence of
repeated dynamic disturbance loading in the o,-direction.
As the deviator stress (o1—03) increases, the small tensile
cracks in different rock layers coalesce, forming through-
cracks and leading to the appearance of smooth shearing
cracks, as shown in region b in Fig. 23. At this stage, the
microcracks in the specimen develop and propagate, form-
ing a macroscopic failure surface. The rock reaches its peak
strength, and the specimen becomes instantaneously unsta-
ble, resulting in brittle failure.

The failure surface described above was scanned using a
scanning electron microscope (Fig. 24). There is a small
range of tensile-shear cracks caused by low-frequency dis-
turbance (Fig. 24(a)). Distinct shear tearing ridges and ten-
sile twisting phenomena are clearly visible. The cracks
bypass the crystalline particles in the rock, forming inter-
granular fractures, which symbolise the initial development

of cracks. Figure 24(b) shows the smooth cracks and debris
generated by intermediate-frequency disturbance, primar-
ily located near the end of the specimen. The cross-
section appears as a layered stacking of fragments. Fig-
ure 24(c) shows distinct shear tearing ridges, corresponding
to region b (Fig. 23). The shear cracks in this area are rel-
atively independent, with a clear ridge-like displacement
structure. The crack propagation clearly intersects the solid
particles in the rock. This indicates that, upon crack forma-
tion, the solid particles in the rock have already lost their
load-bearing capacity in the crack region, and brittle fail-
ure occurs immediately upon crack propagation. In
Fig. 24(d), the crack corresponds to the intersection of
the regions a and b in Fig. 23. This area represents a dis-
tinct tensile-shear mixed fracture zone, where the crack tra-
verses the grain interior, exhibiting a complex morphology,
accompanied by a tearing area. The crack propagation
direction is irregularly induced by the coupled effects of
dynamic disturbance, the arrangement of grain particles,
and the internal structure of the material, reflecting the
characteristics of brittle failure.

5 Conclusions
(1) The coupled effects of intermediate and low-

frequency dynamic disturbances significantly affect
the o, and ¢, of rock. The o, of the rock decreases
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Fig. 24. Scanning electron microscope imaging. (a) Micro-shear and tensile cracks of rock under weak disturbance loading, (b) rock debris produced by
intermediate-frequency disturbance, (c) shearing crack region, and (d) complicated tension-shear region.

by 8.1% to 9.8% under the combined influence of
intermediate-frequency dynamic disturbance
(f = 300 Hz) and low-frequency dynamic disturbance
(f = 5-20 Hz) compared to the undisturbed rock.
Notably, the largest decrease in the peak strength
occurs when an intermediate-frequency disturbance
is applied during the o . stage. Furthermore, as the
low-frequency disturbance frequency increases from
5 to 20 Hz, the ¢, of the rock follows a U-shaped
trend, with a decreasing amplitude of 15 MPa.

(2) Intermediate and low-frequency dynamic distur-

bances significantly alter the characteristic stress
on the rock, including the crack initiation stress
(6) and the damage stress (o.q9). The
intermediate-frequency disturbance induces the
early initiation of cracks, leading to an increase
in ¢’y from 157 to 234 MPa (an increase of

49%) and in o',y from 214 to 245 MPa (an
increase of 14.5%). At the same time, the elastic
modulus E of the rock increases from 57.7 to
73.6 GPa (an increase of 27.6%). Intermediate-
frequency disturbance of ¢, and g.4 significantly
reduces the brittleness index of the rock and
enhances the resistance to crack initiation.

(3) An energy calculation method considering the effects

of intermediate and low-frequency dynamic distur-
bances was proposed to elucidate the pre-peak
energy. The energy differences induced by
intermediate-frequency disturbances at different char-
acteristic stress points are significant, with the total
pre-peak energy as follows: 6.4 > 0¢ > 0. The
energy induced by low-frequency disturbance is
greatly influenced by the matching of disturbance fre-
quency with the natural frequency of the rock. Reso-
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nance effects lead to an increase in the energy associ-
ated with the imposed disturbance and a significant
decrease in o, when the frequency approaches the
natural frequency of the rock. Additionally, the pre-
damage effect of intermediate-frequency disturbances
further affects the sensitivity of the rock to low-
frequency disturbances. The ability of the rock to
store elastic energy before mobilising its peak
strength is significantly reduced, with more energy
being dissipated. This intensifies crack propagation
and initiation, ultimately accelerating the brittle fail-
ure of the rock.

(4) The coupled effects of dynamic disturbances induce a
tensile-shear mixed failure mode in the rock.
Intermediate-frequency disturbances lead to the initi-
ation and propagation of cracks along the oy-
direction, while low-frequency disturbances further
promote the development of through-going cracks
in the o3-direction. Fracture surface analysis shows
that the distribution of internal cracks in the rock
exhibits higher connectivity and complexity. The ten-
sile cracks are connected by shear cracks, and brittle
failure occurs.

The experiment reveals the significant coupling between
the dynamic disturbance response of the rock and its natu-
ral frequency. Different intermediate-frequency distur-
bances can affect the morphology of the tensile cracks in
the rock, which in turn alters the stiffness of the rock spec-
imen and ultimately changes its natural frequency. When
the frequency of the low-frequency dynamic disturbance
is close to the natural frequency of the rock, the rock has
a significant resonance effect, and the o, of the rock follows
a U-shaped trend. In addition, the effect of natural fre-
quency accelerates crack propagation at specific frequen-
cies, which leads to earlier onset of failure and greater
volumetric strain. This phenomenon provides a theoretical
basis for the assessment of the mechanical behaviour of the
rock surrounding deep-buried tunnels under complex
dynamic disturbance conditions.
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