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Abstract

The emission of hazardous gases from surrounding rocks is one of the major factors threatening the safety of deep underground engi-
neering construction. In particular, for non-coal-bearing strata, increasing attention has been paid to identifying the types of hazardous
gas reservoirs and predicting the gas release patterns from the surrounding rock. This study reveals the generation and occurrence mech-
anisms of hazardous gases within magmatic rock strata in the Qinghai–Tibet Plateau. Based on the characteristics of the gas reservoirs, a
model test was conducted to analyze the deformation of the surrounding rock and the gas migration behavior during tunnel excavation.
To represent the characteristics of low-porosity magmatic rock fracture reservoirs, a gas migration–release evolution model was devel-
oped based on the ideal gas law. The evolution of gas migration and release in the surrounding rock throughout the tunnel excavation
process was investigated. Furthermore, the influence of borehole layout on the tunnel face on the gas release efficiency was examined. The
results show that the long-term gas release process can be divided into three stages: stable release stage, gas replenishment stage, and
residual gas release stage. Before the tunnel intersects the reservoir, the gas escape is primarily driven by pore seepage. After the tunnel
enters the reservoir, the fracture gas velocity increases rapidly and then decreases gradually, with the escaping gas predominantly orig-
inating from the reservoir fractures. In addition, the installation of exhaust boreholes results in an ‘‘S-shaped” increase in the gas flow
volume at the tunnel face as the borehole area increases. The gas release efficiency is maximized when the ratio of the fracture trace length
to the exhaust borehole area (l/a) ranges between 0.064 and 0.096. These findings provide deeper insights into the gas migration and
release characteristics of tunnel surrounding rocks in magmatic rock strata.
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1 Introduction

With the advancement of deep underground engineer-
ing, high geostress and complex geological structures have
posed increasingly severe challenges to tunnel construction
safety. Particularly in deep strata, the enhanced airtight-

ness of rocks, coupled with high-pressure conditions, cre-
ates a more favorable environment for the formation and
accumulation of hazardous gases, leading to their wide-
spread presence (Ahmadi & Hekmat, 2021; Chen et al.,
2025; Tang et al., 2024). Consequently, high-pressure gas
outbursts from the surrounding rocks represent a major
hazard encountered during deep underground construc-
tion. Because of their significantly diverse formation mech-
anisms and random distribution patterns, non-coal-bearing
strata pose a greater threat to engineering safety (Czarny
et al., 2021; Lu et al., 2025; He et al., 2023). Therefore,
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an in-depth research on the formation mechanisms and
migration characteristics of hazardous gases in tunnel sur-
rounding rocks in non-coal-bearing strata is of critical sig-
nificance to ensure the safety of underground engineering
projects.

Tunnel excavation induces stress redistribution in the
surrounding rock, thereby altering its permeability and
leading to changes in the gas seepage paths within the
reservoirs. Gas seepage in the surrounding rock is influ-
enced by numerous factors, such as gas storage patterns,
stress conditions of the surrounding rock, spatial relation-
ship between the tunnel and reservoir, and geological fea-
tures of the surrounding rock (Kang et al., 2013; Sun
et al., 2025; Zhao et al., 2025). At present, research on
gas migration and release in surrounding rock primarily
focuses on the mechanisms of coal seam methane seepage.
Numerous scholars have investigated the mechanisms
underlying the outburst characteristics, adsorption–desorp-
tion characteristics, and fluid–solid coupling mechanisms.
Various theories have been proposed regarding methane
outbursts under different modes, seepage models have been
developed for porous media, and the patterns governing
safety thickness variations in coal seams have been eluci-
dated (Guo et al., 2018; Torno & Toraño, 2023;
Watanabe et al., 2023). These findings serve as crucial ref-
erences for understanding gas seepage characteristics
within typical representative formations such as coal
measures.

For non-coal measure strata, significant variations exist
in the lithological properties, gas types, and gas occurrence
modes. Systematic theories regarding gas migration mech-
anisms remain underdeveloped (Cui et al., 2022; Zhu et al.,
2007). Qiu et al. (2025) explored hazardous gas–geological
structure interactions in southwest China, identified three
gas generation pathways (hydrocarbon generation, ther-
mochemical reactions, and hydrothermal migration), and
proposed a risk prediction framework for tunnel gas haz-
ards. Feng et al. (2023) conducted fluid–solid coupling sim-
ulations to analyze the damage in parallel tunnels caused
by shallow gas-bearing strata near the Nakdong River
(Republic of Korea) to elucidate the failure mechanisms
linked to gas migration. Focusing on the Yuelongmen Tun-
nel (Chengdu–Lanzhou Railway), Luo et al. (2022) demon-
strated that porous media seepage remains largely
unaffected by blasting, whereas post blasting gas releases
through fractured media intensify at pressures of more
than 25 MPa. Current studies predominantly focus on
specific engineering cases without in-depth investigations
of the gas migration–release characteristics across different
reservoir properties (Chen et al., 2020; Liu et al., 2006;
Zhou et al., 2016). In particular, for magmatic rock strata,
where hazardous gases mainly occur in fractured media,
excavation-induced fracture aperture changes significantly,
which affects the seepage behavior. Unlike coalbed
methane, these gas reservoirs lack replenishment sources
during release, resulting in distinct pressure evolution

patterns. Existing research has yet to comprehensively
examine the gas migration–release characteristics through-
out the entire tunnel excavation process.

Moreover, methods such as ventilation, grouting, seal-
ing, and borehole drainage have been widely adopted in
engineering practice for the treatment of hazardous gases
in tunnels (Cheng et al., 2018; Fang et al., 2019; Gao
et al., 2023; Zhu & Cai, 2020). However, treatment mea-
sures for hazardous gases in non-coal measure strata need
to be optimized based on the reservoir characteristics and
surrounding rock properties. Field evidence has demon-
strated that borehole drainage significantly enhances gas
release in magmatic rock strata; however, the design prin-
ciples for borehole arrangements in such reservoirs remain
unclear. The current research fails to provide robust sup-
port for designing effective hazardous gas treatment strate-
gies for magmatic rock formations.

In this study, the mechanisms of the formation and stor-
age of hazardous gases in magmatic rocks were revealed by
analyzing the regional geological structures. On this basis,
a test platform was developed for the hazardous gas migra-
tion–release model in tunnel surrounding rock, and the
migration patterns of these gases in the surrounding rock
during the tunnel excavation process were analyzed. Fur-
thermore, considering the effects of time, a computational
model was established for the entire deformation–
damage–seepage process. The gas release mechanism under
the influence of tunnel excavation was clarified through
numerical simulations, and an optimization scheme for
the gas exhaust boreholes at the tunnel face was proposed.
The research results provide a significant reference for the
prediction and mitigation of hazardous gases in surround-
ing rocks of magmatic rock stratum tunnels.

2 Engineering background and equipment development

2.1 Geological engineering background

Figure 1 shows the geological information of the tunnel
and gas release situation. The tunnel is situated at the
southeastern edge of the Tibetan Plateau, where the regio-
nal tectonic activity is intense. The Xianshui River, Long-
men Mountain, and Anning River fault zones are densely
distributed around the tunnel site. Because of frequent tec-
tonic activities, numerous intrusive rocks from different
periods are distributed within the plate. The main rock type
in the strata of the tunnel area is Miocene intrusive rock,
which is a Cenozoic Tertiary magmatic rock.

During tunnel excavation at the working face of section
DK234+109.5, a significant high-pressure gas outburst was
encountered. The estimates indicate a gas reserve of
approximately 5 × 105 m3. Gas composition analysis
revealed CO2 (94%) as the primary component, with minor
concentrations of CO (1%), O2 (0.8%), and N2 (4.2%). The
main gas release zone was identified at the upper right sec-
tion of the tunnel. After discovering the hazardous gases
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escaping from the tunnel face, the engineers adopted dril-
ling to increase the gas release efficiency. A total of 20 vent
holes were drilled, with a diameter of 10 cm and a drilling
depth of 10 m. The tunnel in the CO2 emission zone has a
burial depth of about 900 m, a tunnel height of 6.5 m, and
a width of 6.8 m. The tunnel surrounding rock is predom-
inantly tonalite. The rocks behind the excavation direction
are relatively intact and are classified as Grade III sur-
rounding rocks. Advanced geological exploration revealed
that the rocks ahead of the excavation are mainly Grade
IV–V, with no water in the fractures.

2.2 Generation and storage mechanism of hazardous gases in

magmatic rocks

Current research on the source of hazardous gases in
magmatic rocks suggests that the gas is produced by degas-
sing during the condensation process of deep mantle
magma intrusion (Goff & Janik, 2002; Stefánsson, 2017).
The main types of hazardous gases are CO2, CO, H2S,
and SO2. The gas content increases with younger intrusion
age, as older rocks experience gradual gas dissipation
through pores and tectonic disturbances. Cenozoic mag-
matic rocks exhibit the highest gas reservoir potential
because of their limited gas escape and structural stability.
Meanwhile, the tunnel area is characterized by strong com-
pression between the tectonic plates of the Qinghai–Tibet
Plateau, resulting in a predominance of horizontal com-
pressive stresses within the strata. The combined effect of
the two aforementioned factors creates conditions for the
generation and storage of hazardous gases in magmatic
rocks. The specific process is as follows: magma

intrusion → magmatic condensation with volume contrac-
tion to generate fractures and release gases → gas accumu-
lation in the fracture-developed zones → formation of
magmatic gas pockets → reduction of fracture space due
to tectonic compression of the formation → increase in
gas occurrence pressure to form high-pressure reservoirs.
Figure 2 illustrates the formation process of high-
pressure air sacs in magmatic rocks.

2.3 Development of a model testing system for gas migration

and release in the surrounding rock

To analyze the characteristics of gas migration in the
surrounding rock during tunnel excavation under constant
reserve conditions, a tunnel model testing system was
developed for gas migration and release in the surrounding
rock. The model testing system primarily consists of a load-
ing system, model test chamber, gas reservoir model, defor-
mation monitoring platform, and data acquisition system,
as illustrated in Fig. 3.

The model loading system can apply a maximum verti-
cal stress of 1000 kN with a loading stroke of 0–20 cm.
The model test chamber has dimensions of 1.5 m× 1 m× 1 m
and can withstand a maximum loading pressure of 1 MPa.
To ensure the sealing of the model test chamber, a 5-cm sil-
icone pad was installed on the inner side of the upper cover
plate. When the cover plate is compressed, the silicone pad
undergoes lateral deformation, sealing the top of the model
test chamber. The gas reservoir model can store 2.4 m3 of
gas, and the device can withstand a maximum gas pressure
of 0.5 MPa. In addition, the deformation monitoring plat-
form is equipped with a set of high-precision guide rail

Fig. 1. Geological information of the tunnel and gas release situation.
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laser rangefinders. The model test chamber has 13 gas
pressure-monitoring sensors and 35 stress-monitoring sen-
sors, whereas the gas reservoir model features a flow-
monitoring sensor. This comprehensive setup enables an
in-depth analysis of the surrounding rock deformation
and gas migration characteristics during tunnel excavation.

2.4 Similarity theory of the model test

Based on similarity theory, the tunnel excavation model
test under fluid–solid coupling should satisfy the following
similarity relationships: (1) geometric similarity, (2) simi-
larity in the physical and mechanical parameters of the

Fig. 2. Formation process of hazardous gas reservoirs in magmatic rocks.

Fig. 3. Schematic and photographs of the model testing system.
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material, (3) similarity in stress state, and (4) similarity in
time. The relationships between the various parameters of
the model and on-site conditions are expressed as follows
(Sun et al., 2023):

CL

Lp

Lm

1

Cr Cc CRt CE 2

Cr CcCL 3

CK CL Cc 4

Ct CL 5

where Lp and Lm represent the lengths of the prototype and
the model, respectively; Cr, Cc, CRt, CE, Cc, CL, CK, and
Ct are the similarity ratios for stress, compressive strength,
tensile strength, elastic modulus, weight, geometry, perme-
ability, and time, respectively.

The in-situ tunnel surrounding rock consists of granite.
The fundamental physical and mechanical parameters of
the rock mass were obtained from uniaxial compression
tests, Brazilian splitting tests, and permeability tests, as
illustrated in Fig. 4. The tunnel has a height of 6.5 m and
a width of 6.8 m, with an advancing rate of 5 m/day. Based
on equipment parameters, on-site tunnel design, and
mechanical parameters of the surrounding rock, a similar-
ity ratio of 50 was chosen, resulting in CL = Cr =
Cc = CRt = CE = 50, Cc = 1, and CK = Ct = 7. In the model
test, the single excavation length was 10 cm, and the tunnel
height and width were 13 and 13.6 cm, respectively. The
determination of the similarity ratio for the model test was
primarily based on two aspects: the dimensions of the testing
equipment and the strength of the model materials. With
this similarity ratio, the distance between the tunnel and
the model boundary exceeded four times the tunnel diame-
ter, satisfying Saint–Venant’s principle. Furthermore, the
material strength under this scaling ratio fell within the con-
ventional strength range of common materials.

Through multiple tests, the material mass ratio of the
tunnel surrounding rock was determined as follows:

sand ∶barite powder∶iron powder∶gypsum∶cement∶
water = 35∶20∶5∶20∶5∶15. Here, sand, iron powder, and bar-
ite powder served as aggregates, gypsum and cement as
binders, and water as a mixing agent. The comparison
results of the physical and mechanical parameters between
the on-site surrounding rock and similar materials are
shown in Table 1. Although there was a significant differ-
ence between the permeability parameters of the similar
materials and the design parameters, the gas in the sur-
rounding rock mainly flowed through the fractures during
the model test. The seepage through the rock matrix can be
considered to have no significant impact on the experimen-
tal results (Zhang et al., 2025; Ishibashi et al., 2023). Over-
all, the relevant parameters obtained from the similar
materials satisfied the similarity design requirements. The
similarity ratio of the rock mass elastic modulus in the
table was slightly higher than that in the experimental
design. Extensive studies (Shahin et al., 2016; Xu et al.,
2019) have demonstrated that it is challenging for similar
materials to maintain satisfactory similarity across all
parameters. Therefore, the configuration of the experimen-
tal materials was primarily focused on testing the key sim-
ilarity parameters. Since the failure of the surrounding rock
is predominantly controlled by the rock mass strength, the
similarity of the rock mass strength was mainly considered
in the model test.

Additionally, since the fracture aperture of the reservoir
within the in-situ tunnel surrounding rock cannot be
directly measured, a review of existing literature indicates
that reservoir fracture apertures typically range from
1 × 10−3 to 1 × 10−5 m (Fang et al., 2025; Zhang et al.,
2023). In this study, a fracture aperture of 1 × 10−4 m
was adopted, corresponding to a permeability of approxi-
mately 1 × 10−9 m2. Subsequent gas flow monitoring in
the model test revealed that when the reservoir was exca-
vated to a depth of 1 m, the measured flow rate was
0.7 L/min, and the fracture exposure length was approxi-
mately 0.6 m at the working face. Based on calculations,
the permeability of the rock fractures in the reservoir was
estimated to be 4 × 10−10 m2, yielding a similarity ratio

Fig. 4. Fundamental physical and mechanical parameter tests of the rock mass.
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of 2.5. Overall, the fracture permeability of the model effec-
tively represents the seepage behavior of the in-situ sur-
rounding rock. Moreover, the model’s fracture
permeability was significantly higher than that of the
rock-simulating material, which aligned with the gas
migration mechanism in magmatic reservoirs, where frac-
tures serve as the primary pathways.

Regarding the similarity of the rock joint, based on the
on-site construction results, the surrounding rock joint had
no significant impact on gas seepage before the tunnel
exposed the reservoir. The rock layers were closely com-
bined, and the crack openings were extremely small. The
model test could not fully reproduce the bedding character-
istics, so the layered filling method was adopted to repre-
sent the bedding.

2.5 Model test procedure

The model simulated the fracture effects on gas migra-
tion during tunnel excavation by incorporating two com-
ponents: (1) intact Grade III surrounding rock with
interlayer fractures simulated via layered filling and (2)
gas reservoir fractures constructed from prefabricated
blocks (dimensions: 20 mm × 100 mm × 1000 mm) assem-
bled with cementitious gap fillers. The reservoir fracture
occupied a 750 mm radius quarter-circle on the right side
of the model, with both bedding planes and fracture dip
angles of 45°.

Five monitoring sections (S1–S5) were established to
track the rock deformation and gas migration during tun-
nel excavation. S1–S4 each had 4 vertical earth pressure
sensors, 3 lateral earth pressure sensors, and 3 gas pressure
sensors, whereas for S5, the gas sensors were replaced with
1 gas sensor. The locations of the sensors for the model test
is shown in Fig. 5. The sensor layouts included (1) vertical
sensors placed 2 cm below the tunnel base and installed 2,
5, and 10 cm above the vault, (2) lateral sensors placed 2, 5,
and 10 cm from the haunch, and (3) gas sensors installed
along the fracture dip at 2, 6.5, 14 cm vertical intervals.

The on-site tunnel has a burial depth of around 900 m,
with a corresponding self-weight stress of approximately
25 MPa. Based on similarity relations, the applied test load
was 0.5 MPa. Current results indicate that the occurrence
pressures of CO2 reservoir gases predominantly fall within
the range of 0–3 MPa (Huo et al., 2021; Yuan et al., 2022).
Therefore, 3 MPa was selected as the representative gas
pressure in this study, with a corresponding loading

pressure of 0.06 MPa applied in the model test. The model
test was divided into two parts. The first part involved sim-
ulating the tunnel excavation process, with each excavation
advancing 10 cm at a time. Each excavation cycle in the
model test took 3.5 h, and there were a total of 12 excava-
tions. The second part involved simulating the gas release
process, where the gas was continuously released after the
tunnel excavation was complete until the gas pressure
inside the gas reservoir reached a value of 0. Figure 6 illus-
trates the model test procedure.

3 Analysis of model test results

3.1 Stress–deformation characteristics of the surrounding

rock during tunnel excavation

Because the deformation value of the tunnel vault
obtained by the laser rangefinder is the relative deforma-
tion calculated from two excavation monitoring sessions,
the relative displacement generated by the last excavation
section (12th excavation) cannot be obtained. Figure 7
shows the evolution curves of the tunnel vault settlement
during the excavation process. When the tunnel face
remains outside the reservoir fracture zone, the vault defor-
mation initially settles rapidly before stabilizing nearly con-
stantly as the excavation progresses, reaching near-
complete stability when the excavation distance exceeds
twice the tunnel diameter, with the vault settlement
accounting for over 90% of the total settlement. As the tun-
nel face approaches the reservoir, subsequent construction
activities increasingly influence the vault settlement. When
the excavation distance reaches 900 mm (contacting the
fractured reservoir), the excavation-induced deformation
contributes to approximately 73% of the total deformation.
Analysis of the vault deformation versus the excavation
distance reveals that the settlement intensifies as the tunnel
face nears the fractured reservoir, the settlement peaks at
the reservoir contact, and then slightly decreases thereafter.
This pattern primarily results from the high in-situ stress at
the interface between the fractured reservoir and intact sur-
rounding rock, where combined effects of elevated unload-
ing and fracture deformation induce greater deformation.

Figures 8 and 9 show the evolution curves of vertical
and horizontal stresses in the surrounding rock during tun-
nel excavation, respectively. Both vertical and horizontal
stresses exhibit a stepped variation with excavation. The

Table 1
Comparison of physical and mechanical parameters between on-site surrounding rock and tunnel surrounding rock in the model test.

Content Density
(kg/m3)

Uniaxial compressive
strength
(MPa)

Uniaxial tensile strength
(MPa)

Elastic modulus
(GPa)

Permeability
(m2)

Prototype 2.7 × 103 144 5.6 25.5 1.5 × 10−19

Model 2.3 × 103 2.98 0.13 0.27 3.46 × 10−16

Similarity ratio 1.17 48.32 43.08 94.4 4.3 × 10−3
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vertical stresses at the vault and tunnel bottom of the
surrounding rock decrease with excavation, and the stress
attenuation amplitude decreases with increasing radial dis-
tance from the measurement point. The stress release ratio
is mathematically expressed as the ratio of the stress varia-
tion amplitude during each phase to the initial stress, as
given by Eq. (6). Comparative analysis of monitoring sec-
tions reveals that the vertical stress release in surrounding
rocks diminishes as the tunnel face approaches the frac-
tured reservoir. Using vault monitoring point 1 of each sec-
tion as an example, the amounts of stress release after the
excavation of monitoring sections S1, S2, S3, S4, and S5
are 39%, 40%, 30%, 30%, and 12%, respectively, where
the lower rate for S5 is attributed to its unexcavated status
at measurement. Further stress evolution analysis shows

that within the intact surrounding rock, vertical stress
release primarily occurs within approximately 0.8 times
the tunnel diameter before and after excavation, account-
ing for 35%–80% of the total release, where this proportion
decreases as the tunnel face nears the fractured reservoir.
Upon entering the fractured reservoir, the unloading zone
expands due to the lower strength of the surrounding rock,
causing significant vertical stress reductions at S4 and S5
prior to the tunnel face arrival. The excavation-induced
stress release in these sections contributes about 12% of
the total release. Moreover, the process of gas release fur-
ther reduces the vertical stress in the surrounding rock,
and the stress release proportions at S1, S2, S3, S4, and
S5 are 1.5%, 1.4%, 5.2%, 4.6%, and 1.5%, respectively, dur-
ing the gas release stage.

Fig. 5. Locations of the sensors for the model test.

Fig. 6. Model test procedure.
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a
r0 re

r0
Excavation

re rr

r0
Gas-release

6

where a is the stress release ratio, r0 is the initial stress, re is
the stress after excavation, and rr is the stress after gas
release.

The horizontal stress at the tunnel haunch first increases
and then slightly decreases with excavation, indicating that

the haunch is subjected to a more pronounced lateral com-
pression after deep tunnel excavation. Taking monitoring
point 1 of each monitoring section as an example, when
the tunnel is within intact surrounding rock, the increase
in horizontal stress at the haunch mainly occurs within
approximately ±0.8 times the tunnel diameter from the
monitoring section, which is consistent with the vertical
stress pattern. Once the tunnel enters the fractured reser-
voir, the horizontal stress increases significantly during
excavation, and the increase becomes more pronounced
the closer the tunnel face is to the monitoring point. In
addition, the gas release from the fractured reservoir leads
to a certain reduction in the horizontal stress. Compared
with the initial state, the stress reduction caused by the
gas release ranges from approximately 2.4% to 8.3%, and
the closer the tunnel face is to the reservoir, the greater
the reduction.

3.2 Gas migration characteristics of the surrounding rock

during tunnel excavation

Figure 10 shows the gas pressure evolution curves of the
surrounding rock. Monitoring sections S1 and S2, outside
the fractured reservoir, maintained a zero gas pressure
throughout the test. S3, at the intact rock–reservoir inter-
face, contains measurement point SG3-1 in the intact rock

Fig. 7. Evolution curves of the tunnel vault settlement during the
excavation process.

Fig. 8. Vertical stress evolution curves of the surrounding rock. (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.
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Fig. 9. Horizontal stress evolution curves of the surrounding rock. (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.

(d) (e)

Fig. 10. Gas pressure evolution curves of the surrounding rock. (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5.
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and SG3-2/SG3-3 in the reservoir. S4 and S5 are fully
within the fractured reservoir.

During tunnel excavation (0–42 h), the gas pressure
within the reservoir remains stable until the tunnel face
intersects it, indicating that the high-strength, low-
permeability reservoir possesses good sealing capacity.
Before entering the fractured reservoir, the intact sur-
rounding rock between the tunnel face and reservoir limits
the changes in the excavation-induced gas pressure. Upon
entering the fractured reservoir, the gas pressure drops
sharply and continues to decrease nonlinearly in a stepwise
manner as the excavation progresses, although the rate of
pressure reduction diminishes with an increase in the exca-
vation distance. Further comparison of the gas pressure
evolution curves at monitoring sections S3 and S4 within
the reservoir reveals that, when the tunnel is located at
the reservoir boundary, the surrounding rock experiences
a greater gas pressure drop compared with that within
the far end of the reservoir (gas tank). This is attributed
to the poorer fracture connectivity at the boundary and
the greater distance from the gas supply source. For exam-
ple, when the excavation distance reaches 120 cm, the gas
pressures at SG3-3 and SG4-3 decrease by approximately
72.3% and 50.1%, respectively, whereas the pressure at
the far end of the reservoir (gas tank) decreases by approx-
imately 37.7%.

During the gas release stage (42–75 h), the gas pressures
at different locations within the reservoir exhibit a nonlin-
ear decreasing trend: the gas pressure initially decreases
rapidly, followed by a gradual decline over time. Moreover,
the slopes of the pressure evolution curves during the gas
release stage are generally lower than those during tunnel
excavation. This is mainly because the pressure variation
during excavation is positively correlated with the exposed
area of the reservoir, and the initial gas pressure in the
reservoir is relatively high, resulting in a larger pressure
drop.

To analyze the radial gas pressure variations in the sur-
rounding rock during tunnel excavation and gas release,
sections S3 and S4 were selected for analysis (Figs. 11
and 12). During tunnel excavation, the gas pressure release
rate decreases radially, with location-dependent variations.
At the reservoir edge (S3), the gas pressure drops by
approximately 90% within 0.5d (where d is the tunnel
height) when the excavation distance reaches 1 m (i.e.,
the tunnel face contacts the reservoir). Beyond a radial dis-
tance of approximately 1.1d, the gas pressure decreases by
about 42%, and only a mere 11% decrease occurs at the far
end of the reservoir, indicating that the primary release
zone is within 0.5d. Beyond this, the release rates decline,
but remain higher than at the far end of the reservoir. As
the tunnel excavation length L increases, the degree of
gas pressure release in S3 also increases, with more pro-
nounced variations observed at farther radial distances.
When the excavation distance reaches 1.2 m, the release
rate decreases linearly, and the changes in the surrounding
rock pressure exceed those at the far end of the reservoir.

When the monitoring section was within the reservoir
(S4), the gas pressure drops immediately once the tunnel
enters the reservoir, with variations primarily confined to
0.15d. As the radial distance increases, the pressure release
rate in the surrounding rock converges with that at the far
end of the reservoir. When the tunnel reaches the monitor-
ing section (L = 1.2 m), the release rate reaches its peak
and decreased linearly with the radial distance. These find-
ings indicate that the gas pressure release near the tunnel
face exceeds that in the distal reservoir during tunnel exca-
vation, suggesting that, under short release periods, the gas
expelled from the surrounding rock surpasses replenish-
ment from the far end of the reservoir, with pressure vari-
ations primarily governed by the initial gas content near
the tunnel.

Analysis of the radial gas pressure evolution curves in
the surrounding rock during the gas release stage shows
that the pressure release rate decreases approximately lin-
early with increasing radial distance. As the release time
extends, the curve variations gradually reduce, and the
release rate approaches that at the far end of the reservoir.
This indicates that, in the long-term release phase, the gas
pressure distribution in the surrounding rock is primarily
governed by gas replenishment from distant regions and
controlled by the fracture network of the reservoir.

Figure 13 shows the evolution curves of the gas flow
velocity and accumulated flow volume at the far end of
the reservoir during the entire tunnel excavation process.
The total amount of released gas exhibits an inverted ‘‘S-
shaped” variation with increasing time. The gas flow veloc-
ity shows different characteristics in the tunnel excavation
and gas release stages. In the tunnel excavation stage, the
gas velocity suddenly increases when the tunnel face con-
tacts the gas reservoir, and it increases linearly with the
excavation distance within the gas reservoir. This is primar-
ily due to the increasing seepage area of the surrounding
rock as the excavation progresses. During the release stage,
the gas velocity initially decreases slowly, then rapidly, and
finally slows down again.

The relationship between the slope of the flow rate curve
and time is plotted in Fig. 14 to analyze the evolution pat-
terns of the gas flow rates at different time intervals. During
the initial gas release stage, the slope of the curve exhibits
no significant variations with time. As time progresses,
the slope decreases substantially before stabilizing again.
Notably, as the gas release approaches completion, the
slope of the curve rebounds. Based on the evolution of
the slope of the flow rate curve, the gas release evolution
can be divided into three stages. (1) Stable release stage
of the reservoir, where there are no significant variations
in the slope. The overflow of gas in the tunnel is mainly
supplied by the reservoir gas near the surrounding rock,
and the pressure changes in the distal reservoir are rela-
tively lagging, resulting in minimal velocity changes during
this stage. (2) Gas replenishment stage of the reservoir,
where there is a sharp decrease, followed by stabilization
of the slope. This stage is characterized by a decrease in
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flow velocity due to reduced gas pressure during the gas
release process. Additionally, the significant reduction in
the gas pressure near the surrounding rock leads to a cer-
tain degree of closure in the fracture aperture, which also
contributes to a decrease in the gas velocity. (3) Residual
gas release stage of the reservoir, where the slope rebounds.
The fracture deformation stabilizes in this stage. As the gas
pressure further decreases, the reduction in flow velocity
increases the viscous resistance between the fractures, caus-
ing the magnitude of the velocity to decrease with increas-
ing time.

Furthermore, the analysis reveals that, when the accu-
mulated gas flow volume reaches approximately 1.35 m3,
the gas release characteristics enter stage 3. However, at
this stage, the outflowing gas accounts for approximately
60% of the total gas volume. This is primarily due to a por-

tion of the gas already flowing into the model from the gas
tank before tunnel excavation, which results in a decrease
at the monitoring position. Therefore, the flow meter mon-
itors a flow rate that is lower than the actual amount of
stored gas.

4 Computational model for the gas migration and release

evolution of magmatic rock reservoir

4.1 Fluid–solid coupling calculation model considering
damage effects

Based on Hooke’s law, by establishing the stress
equilibrium, geometric, and deformation compatibility
equations in Eq. (7), the fluid–solid coupling control
equation (Eq. (8)) can be derived (Li & Liu, 2021).

Fig. 11. Radial gas pressure evolution curves of the surrounding rock during the excavation stage. (a) S3, and (b) S4.

Fig. 12. Radial gas pressure evolution curves of the surrounding rock during the gas release stage. (a) S3, and (b) S4.
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where rij is the stress tensor component, rij’ is the effective
stress tensor component, Fi is the body stress in the ith
direction, eij is the strain tensor component, ui is the dis-
placement in the ith direction, dij is the Kronecker symbol,
p is the seepage pressure, and a is the Boit’s coefficient. G =
E/[2(1 + l)], k = El/[(1 + l)(1 − 2l)], and l is the Pois-
son’s ratio.

Gas seepage in the rock mass occurs through both pores
and fractures, and the seepage evolution equations are pre-
sented in Eqs. (9) and (10). The relationship between the

seepage velocity and gas pressure is given by Eq. (11)
(Liu et al., 2024).
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where q is the fluid density, Sp denotes the storage char-
acteristic of the rock medium, calculated as Sp = Uvf,
where U is the rock matrix porosity and vf is the fluid
compressibility. U indicates the flow velocity, en repre-
sents the fracture aperture, Qm is the source term, lg

is the dynamic viscosity, and k is the permeability of
the rock mass.

For the seepage process, the porous rock media is mod-
eled using Darcy’s law and the fractured media using the
cubic law. Research has demonstrated that the fracture
aperture correlates with the normal stress, as shown in
Eq. (12), and the fracture permeability can be derived, as
shown in Eq. (13) (Kong et al., 2018).
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where en0 represents the initial fracture aperture, kn is the
normal stiffness of the fracture surface, k is the coefficient
reflecting the gas state, where the smaller the value, the
higher the gas fluidity, Kf denotes the fracture permeability,
and ff is the roughness coefficient. The effect of roughness
on seepage was ignored in this study by setting ff = 1.

In deep strata, the excavation-induced unloading signif-
icantly increases the deviatoric stress, which results in dam-
age to the rock mass. The damage evaluation follows the
maximum tensile stress and Mohr–Coulomb criteria, with
the stress state judgment expressed in Eq. (14) (Lei et al.,
2021).

F 1 r3 f t0

F 2 r1 r3
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14

In this equation, ft0 represents the uniaxial tensile
strength, fc0 represents the uniaxial compressive strength,
u represents the internal friction angle, r1 represents the
major principal stress, and r3 represents the minor princi-
pal stress. F1 corresponds to the tensile stress criterion
and results in tensile damage when F1 ≥ 0, and F2 corre-
sponds to the shear stress criterion, where shear damage
occurs when F2 ≥ 0. Considering the brittle characteristics
of the igneous rock mass in the tunnel surroundings, the
tensile damage is prioritized when both criteria are satis-
fied. The damage is regarded as irreversible, and its compu-
tation is as follows:

Fig. 13. Evolution curves of the gas flow velocity and accumulated flow
volume at the far end of the reservoir during the entire tunnel excavation
process.

Fig. 14. Variation of the slope of the gas flow rate curve with time.

J. Zhang et al. /Underground Space 27 (2026) 362–385 373



D

0 F 1 0 F 2 0

1 et0
e3

n
F 1 0 dF 1 0

1 ec0
e1

n
F 2 0 dF 2 0

15

where D represents the damage amount, n is the damage
coefficient, and et0 and ec0 are the maximum uniaxial tensile
strain and maximum uniaxial compressive strain,
respectively.

The effects of damage on three key rock mass parame-
ters (elastic modulus, permeability, and porosity) were pri-
marily investigated in this study. The damage-induced
variations in these parameters are characterized as follows:
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where E0 is the initial elastic modulus, U0 is the initial
porosity, Ur is the porosity after failure, k0 is the initial per-
meability of the rock mass, and ak is the damage sensitivity
coefficient of permeability, which is taken as 5 × 10−8 Pa−1.

4.2 Computational model for reservoir gas pressure

distribution based on the ideal gas law

Previous studies have employed two fluid pressure
boundary conditions for rock mass flows (Chen et al.,
2021; Tu et al., 2024; Wang et al., 2024): (1) constant pres-
sure for infinite reservoirs (water or mud inrush analysis in
the surrounding rock) and (2) constant-rate mass source
for gas desorption (conventional gas reservoirs). However,
magmatic gas reservoirs exhibit distinct characteristics: the
finite gas volume leads to dynamic pressure boundaries and
the low-porosity rock confines gas storage primarily to
fractures, precluding continuous source modeling.

Based on the characteristics of magmatic rock gas reser-
voirs, a method was proposed in this study to compute the
gas pressure distribution using the ideal gas law. The fol-
lowing assumptions were made before applying this
method: (1) the gas density after flowing out from the sur-
rounding rock at the tunnel face was equal to the atmo-
spheric gas density, (2) the gas temperature remained
constant during seepage, and (3) the gas escaped only at
the tunnel face.

This method first calculates the gas volume and corre-
sponding amount of substance in the initial state of the
reservoir using Eqs. (19) and (20). Subsequently, by inte-
grating the gas outflow from the tunnel face using Eq.
(21), the total amount of gas escaping from the reservoir
is obtained (Eq. (22)). Finally, the remaining gas pressure
in the reservoir at a given time is calculated using the ideal
gas law (Eq. (23)), thereby enabling the real-time dynamic
evolution of the gas pressure in the reservoir, as illustrated
in Fig. 15.
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where Qg denotes the gas volume in the reservoir, Q0 refers
to the gas volume under atmospheric pressure, DQ is the
volume of gas outflow from the tunnel face, qg is the gas
density in the reservoir, q0 is the gas density under atmo-
spheric pressure, N0 represents the initial amount of gas
in the reservoir, and DN is the amount of gas released from
the tunnel face. Uf and Ur are the gas flow velocities in the
fractures and rock pores at the tunnel face, respectively. M
is the molar mass of the gas, X is the integral domain, t is
the time, R is the ideal gas constant (8.314 J/(mol K)), and
T is the temperature (taken as 298.15 K).

4.3 Fully coupled model for tunnel excavation and seepage
considering both time and rock damage effects

The entire tunnel excavation process affects the seepage
in the surrounding rock, which is not only related to stress
states and gas occurrence conditions, but also closely
linked to the seepage time due to the gas release at the tun-
nel face. Assuming no creep, the surrounding rock damage
is considered to be stress-dependent and time-independent,
and therefore, steady-state analysis is commonly used to
study the deformation and stability under fluid–solid cou-
pling. However, for gas desorption or seepage behavior
in rock masses, the seepage evolution depends on both
stress and time, making transient analysis more suitable.
Nevertheless, traditional studies have failed to effectively
integrate the coupled evolution processes of deformation,
damage, seepage, and time under deep tunnel excavation
conditions.

Fig. 15. Schematic diagram of the computational model.
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Hence, a fully coupled tunnel excavation–seepage model
was proposed in this study based on steady-state–transient
iterative computations. This method was implemented
using COMSOL Multiphysics numerical simulation soft-
ware. This software typically addresses multiphysics prob-
lems by decomposing them into multiple subphysics fields
for distributed solving, ultimately achieving convergence
through iterative approaches. Based on this computational
characteristic, the physical field was divided into two parts:
damage and stress analysis under fluid–solid interactions
and transient evolution of seepage flow accounting for
damage effects. An iterative process was employed to
resolve the coupled evolution of all physical quantities
under their mutual influence. The steady-state simulations
primarily determined the stress and damage fields induced
by the tunnel excavation, whereas the transient simulations
captured the time-dependent evolution of the seepage and
stress fields. The iterative exchange of the physical field
variables between different computational steps ensured
full coupling throughout the process. The main computa-
tional steps are outlined as follows: (1) Initial stage: Input
the model’s physical parameters and apply the initial
boundary conditions (e.g., stress, displacement, and con-
straints). Perform transient calculations to obtain the ini-
tial geostress and seepage fields. (2) Steady excavation
stage: Import the initial stress and seepage fields as the
boundary conditions and define the tunnel excavation
increment. Perform steady-state calculations to determine
the excavation-induced stress and damage fields. (3) Tran-
sient excavation stage: Import the stress and damage fields
from the steady-state step as the boundary conditions. In
addition, use the seepage field from the previous transient
step as the initial boundary condition. Define the time
increment and initial gas outflow, and conduct transient
calculations to obtain the updated stress and seepage fields.
(4) Repeat steps (2) and (3) until the tunnel excavation is
completed. The detailed computational process is illus-
trated in Fig. 16.

5 Characteristics of gas release during tunnel excavation and

optimization measures for the exhaust borehole in the tunnel

face

5.1 Selection of computational parameters and verification of

the results

The numerical simulations were performed using COM-
SOL Multiphysics. Prior to the simulations, the following
assumptions were made: (1) the rock strength followed a
Weibull distribution, (2) the fractures were smooth and
flat, neglecting the roughness effects on seepage, and (3)
the tunnel was sealed with initial support and gas could
only escape from the tunnel face.

Figure 17 illustrates the model dimensions, which are
60 m × 60 m × 120 m. The stratification dip angle of the
rock layers is 45°, and the fractures within the reservoir
are randomly distributed on the right side of the model.

The tunnel (height × width: 6.5 m × 6.8 m) is excavated
at a rate of 10 m per step (2 days/step) with a gas exhaust
borehole 90 m along the excavation direction. The model
boundaries are as follows: fixed bottom, roller side sup-
ports, top geostress load, and tunnel burial depth of
approximately 900 m (corresponding to an overburden
stress of approximately 25 MPa). The reservoir fracture
boundary has an initial gas pressure of 3 MPa. A tetrahe-
dral mesh is used for the model, the fractures are repre-
sented by thin elastic layers, and the gas outflow is
monitored only at the tunnel face.

To investigate the gas migration characteristics in the
surrounding rock during the entire tunnel excavation pro-
cess in magmatic formations and to optimize the gas
exhaust measures, five working conditions were designed
with different exhaust borehole areas, as shown in Table 2
(where condition 1 corresponds to the physical model test).
Notably, in actual field construction, 20 exhaust boreholes
(diameter: 0.1 m, depth: 10 m) yield a total borehole area of
approximately 0.16 m2. However, due to the small field
borehole diameter relative to the numerical model dimen-
sions, it is difficult to simulate the gas exhaust using an
exact field configuration.

Drilling drainage primarily aims to enhance gas release
efficiency by increasing the exposed area. Thus, maintain-
ing drill hole area consistency between the numerical simu-
lations and prototype is of utmost priority. For this reason,
an equivalent area method was adopted in this study,
where three exhaust boreholes were set in the numerical
model (one on the upper part and the remaining two in
the middle part of the tunnel face), with equivalent exhaust
areas of 0, 0.08, 0.16, 0.24, and 0.32 m2. Furthermore, in
practical construction, the locations of the boreholes also
exert a certain effect on the effectiveness of gas drainage.
However, since this study was primarily focused on inves-
tigating the effect of the exhaust borehole area on the gas
release, all exhaust boreholes were maintained at identical
positions across different borehole areas, thereby excluding
the effects caused by variations in exhaust borehole
locations.

The fundamental physical and mechanical parameters of
the rock mass used in the numerical simulations were
obtained from laboratory tests. The uniaxial compressive
and tensile strengths were 144 and 5.6 MPa, respectively,
with an elastic modulus of 25.5 GPa and an internal fric-
tion angle of 55°. To determine the seepage parameters
of the fractured rock mass, gas flow tests were conducted
at a gas pressure of 3 MPa, and the results are shown in
Fig. 18. The gas state parameter k and the stiffness coeffi-
cient kn were obtained by fitting the equations in Fig. 18
(b), where the initial fracture aperture e0 was set as
2 × 10−6 m.

Previous studies have shown that the aperture of jointed
rock mass fractures in strata typically ranges from 10−5 to
10−7 m, while those in reservoir fractures usually exceed
10−4 m. Accordingly, the initial aperture of fractures in
the strata was set to 2 × 10−6 m, and that of reservoir
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fractures was set to 2 × 10−4 m in the numerical model. As
for the porous matrix, existing studies suggest that the
porosity of granite generally ranges from 0.1% to 2%,
and the permeability of intact granite is approximately
10−18 to 10−19 m2 (Cassiaux et al., 2006; Surma &
Geraud, 2003). Therefore, a porosity of 0.5% and an initial
permeability of 10−19 m2 were adopted in this study.
Details of the parameters used in the numerical simulations
are provided in Table 3.

To validate the accuracy of the numerical simulation
results, the results of condition (1) were compared with
those from the physical model tests. Given the differences

in scale between the physical model tests and numerical
simulations, normalization was applied for comparison.
The normalized results are shown in Fig. 19. As the flow
measurement point in the physical model test was located
inside the gas tank, it could not capture the total time
required for complete gas release. Therefore, the time cor-
responding to the transition into stage 3 of gas release was
used as a reference for normalization. The physical model
test entered stage 3 at 24.5 h, whereas the numerical model
predicted this transition at 70 days.

The gas flow volume curves for both cases showed a
transition from a rapid to a slow increase with time, and

Fig. 16. Flow chart of the computational process.
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Fig. 17. Size information of the model.

Table 2
Working conditions used in the numerical simulations.

No. Geostress
(MPa)

Gas pressure
(MPa)

Length of borehole
(m)

Diameter of borehole
(m)

Borehole area
(m2)

1 25 3 0 0 0
2 25 3 10 0.18 0.08
3 25 3 10 0.26 0.16
4 25 3 10 0.32 0.24
5 25 3 10 0.36 0.32

Fig. 18. Variations in the permeability of the fractured rock mass under a gas pressure of 3 MPa. (a) Variations of the permeability with the confining
pressure, and (b) variations of parameters kn and k.

Table 3
Parameters used in the numerical simulations.

Parameter Value Parameter Value

Uniaxial compressive strength, fc0 144 MPa Rock initial porosity, Ur0 0.005
Uniaxial tensile strength, ft0 5.6 MPa Rock residual porosity, Urr 0.8
Elastic modulus, E 25.5 GPa Rock initial permeability, Kr0 1 × 10−19 m2

Internal friction angle, u 55° CO2 dynamic viscosity, lc 1.46 × 10−5 Pa s
Damage coefficient, n 2 Fracture porosity, uf0 1
Initial amount of gas, Q0 5 × 106 m3 Rock joint initial aperture, ej0 2 × 10−6 m

Reservoir fracture initial aperture, ef0 2 × 10−4 m
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stage 3 began when about 50%–60% of the gas had been
released. However, the flow rate in the numerical simula-
tions after entering stage 3 was higher than that in the
physical model tests, which is likely because the physical
model test fails to detect the gas already stored in the rock
layers. Analysis of the normalized displacement curves
shows consistent trends in both methods, where the settle-
ment increases as the tunnel face approaches the reservoir,
with a sharp increase observed upon entering the fractured
reservoir. The numerical differences are caused by the test-
ing methods used in the experiments and the size effects
between the prototype and model. These differences do
not affect the experimental trends, but only result in numer-
ical discrepancies. In summary, the numerical simulations
closely match the physical model tests in terms of the defor-
mation trends and gas release characteristics, confirming its
reliability in describing gas migration and release during
tunnel excavation.

5.2 Evolution of gas migration and release during the tunnel

excavation process

Figure 20 shows the evolution of the tunnel deformation
and damage during excavation. Both the face damage and
vault deformation increase as the tunnel approaches the
reservoir. Once the tunnel enters the reservoir, both the
face damage and vault deformation reach their maximum
values. Damage distribution is fracture-dependent: when
intersecting the reservoir, the damage concentrates near
fractures, particularly in the upper-central face due to
stronger excavation-induced unloading effects.

Tunnel excavation-induced unloading not only causes
damage to the surrounding rock, thereby increasing its per-
meability, but also affects the aperture of fractures. To ana-
lyze the influence of excavation unloading on the fracture

aperture at the tunnel face, the evolution curves of the frac-
ture aperture and bar charts of the normal stress are shown
in Fig. 21. Analysis of the normal stress evolution indicates
that, before tunnel excavation, the fracture normal stress
outside the reservoir is generally higher than that inside.
After tunnel excavation, the normal stress on the fractures
outside the reservoir decreases by approximately 30%,
whereas that within the reservoir only decreases by about
9%–17%, indicating that a higher geostress leads to stron-
ger unloading effects.

Further analysis shows that the fracture aperture varia-
tion correlates positively with changes in the normal stress.
Before reservoir entry, excavation unloading increases the
fracture aperture by 17%–25%, whereas the post entry frac-
ture aperture increments are smaller (4%–7%). Despite the
lower relative growth, the reservoir fractures exhibited a
larger absolute increase due to their initially higher aper-
tures (e.g., 2.6 × 10−7 m at 10 m vs. 9.1 × 10−6 m at
80 m). Thus, the excavation unloading affects the aperture,
whereas the initial aperture dominates the seepage
behavior.

To investigate the gas release behavior at the tunnel face
during the entire excavation process, the evolution curves
of the gas flow volume over time are plotted in Fig. 22.
During tunnel excavation, the gas flow volume at the tun-
nel face exhibits a stepwise increasing trend as the tunnel
face approaches the reservoir. Within each excavation
increment, the gas flow volume initially increases rapidly
and then more gradually. Furthermore, analysis of the
gas flow volume curves reveals that the cumulative gas
release from the tunnel face before intersecting the reser-
voir fractures is only about 0.006 m3, indicating excellent
sealing capacity of the magmatic rock gas reservoir. Signif-
icant gas release occurs only when the tunnel face intersects
reservoir fractures or when excavation-induced damage
connects directly with the reservoir.

Fig. 19. Comparison between the numerical simulations and physical model tests. (a) Comparison of displacement, and (b) comparison of gas flow
volume during the release stage. (smax represents the maximum deformation value, Qmax represents the gas storage volume, dr represents the reservoir
location, and t3 represents the time when the gas release reaches stage 3).
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Gas release analysis reveals distinct sources before and
after the tunnel face intersects with the reservoir. Pre-
intersection, the gas releases at the tunnel face primarily
originate from the rock matrix pores (where the fractures
contribute only about 4% of the total) as most extra reser-
voir fractures lack connectivity and rapidly deplete upon

excavation. Post-intersection, the reservoir fractures domi-
nate (60%–94% of the total), where the emission rates were
positively correlated with the fracture density, but were
negatively affected by excavation-induced damage.

During the gas release stage, the gas flow volume
initially increases rapidly and then gradually. The propor-
tion of gas escaping through the fractures increases from
94% to 99% as the release time progresses, indicating that
in dual-permeability media comprising fractures and pores,
changes in the gas pressure have a greater effect on the pore
flow than on the fracture flow.

The gas seepage evolution at the tunnel face was
examined at three characteristic excavation positions: 20 m
(pre-reservoir), 60 m (reservoir contact), and 90 m
(reservoir entry). Figure 23 shows the corresponding gas
flow velocity and pressure variations. Distinct release
patterns emerged: at 20 m, both the pore and fracture flow
velocities decreased post excavation, where the rock matrix
exhibited a slower rate of decline than the fractures. The
initial gas pressure was 0.2 Pa before dropping abruptly
to zero upon excavation.

Fig. 20. Evolution curves of the deformation and damage of the tunnel during excavation.

Fig. 21. Evolution curves of the fracture aperture and bar charts of the normal stress.

Fig. 22. Evolution curves of the gas flow volume over time.
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At the reservoir intersection during tunnel excavation,
distinct gas flow velocity patterns emerge between the rock
matrix and fractures. In the rock matrix, the gas flow veloc-
ity initially drops rapidly before stabilizing, whereas the gas
flow velocity in the fractures first surges and then declines
gradually. This is because the gas stored in the rock is
under relatively high pressure. After tunnel excavation,
due to rock damage and pressure differences between the

tunnel face and surrounding rock, the limited gas within
the rock is rapidly released, leading to a rapid drop in
the gas flow velocity. Conversely, fractures contain greater
gas volumes that cannot escape immediately. Driven by
these pressure differences, the gas flow velocity in the frac-
tures rises quickly, and then gradually decreases as the gas
content diminishes. At this location, most of the gas near
the tunnel face is concentrated in the fractures. With

Fig. 23. Evolution curves of the gas flow velocity and gas pressure. (a) 20 m, (b) 60 m, and (c) 90 m.
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continued release, the pressure of the stored gas drops from
2.5 MPa to 0.8 MPa within 2 days after tunnel excavation.

Once the tunnel face enters the reservoir, the evolution
of the gas flow velocity at the tunnel face is consistent with
that observed when the tunnel reaches the reservoir. How-
ever, because of the higher fracture density at the tunnel
face, the attenuation of the fracture flow velocity is faster
than before. Additionally, during long-term release, it is
observed that rapid gas release from the face fractures
mainly occurs within 10 days after tunnel excavation, pri-
marily resulting from the release of gas stored in the sur-
rounding fractures. Subsequently, with the supplement of
the gas sources, the flow velocity enters a relatively stable
declining phase.

5.3 Effect of exhaust boreholes on the gas release of

reservoirs

The effect of the exhaust borehole area on the gas release
efficiency was examined at an excavation distance of 90 m
(Fig. 24). It can be observed that gas flow volume declined
over time across all borehole configurations. Without bore-
holes (0 m2), the gas escaped predominantly through the
fractures. As the exhaust borehole area increases, the pro-
portion of gas escaping from the fractures relative to the
total amount released decreases accordingly. When the
exhaust borehole area is 0.32 m2, the proportion of

fracture-released gas accounts for approximately 72% of
the total after 50 days of release.

Figure 25 illustrates the nonlinear relationship between
the exhaust borehole area and gas flow volume after
50 days. The gas flow volume exhibits an ‘‘S-shaped” trend
with increasing exhaust borehole area. This is primarily
because, for smaller borehole areas, the gas release
increases nonlinearly as the fracture outflow exceeds the
borehole discharge capacity. As the borehole area contin-
ues to increase and surpasses the internal fracture outflow,
the gas release volume becomes controlled by the internal
fractures. Consequently, the efficiency of gas extraction
decreases with a further increase in the exhaust borehole
area. When the exhaust borehole area reaches a value of
0.24 m2, the maximum gas release efficiency is achieved,
with an enhancement of approximately 21.7%. However,
when the exhaust borehole area increases to 0.32 m2, the
gas release rate only improves by 24.6%, showing a notice-
able decline in the gas release efficiency with a further
increase in the exhaust borehole area.

Additionally, an analysis of the gas release curves for
different exhaust borehole areas shows that the gas flow
volume through the exhaust boreholes increases with the
borehole area, whereas the gas flow volume in the fractures
decreases. This is primarily because the presence of exhaust
boreholes enhances the gas escape efficiency near the tunnel
face, thereby reducing the gas storage pressure and slowing

Fig. 24. Evolution curves of the gas flow volume over time. (a) Borehole area: 0 m2, (b) borehole area: 0.08 m2, (c) borehole area: 0.16 m2, (d) borehole
area: 0.24 m2, and (e) borehole area: 0.32 m2.
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down the gas migration within the fractures. When the
exhaust borehole area reaches a value of 0.32 m2, the frac-
ture gas flow volume decreases by approximately 10% com-
pared with that without exhaust boreholes.

Further analysis of the relationship between the exhaust
borehole area and gas release efficiency (the slope of the
total flow volume curve in Fig. 25) shows that the gas
release from exhaust boreholes is positively correlated with
the degree of fracture development in the surrounding
rock. Therefore, the ratio of the exhaust borehole area
(a) to the total fracture trace length (l) is used as an evalu-
ation metric to evaluate the exhaust efficiency. The results
shown in Fig. 26 indicate that the gas release efficiency ini-
tially increases and then decreases with increasing exhaust
borehole area. The highest gas release efficiency occurs
when the l/a ratio is between 0.064 and 0.096.

To analyze the evolution of reservoir gas pressure influ-
enced by gas release at the tunnel face, the case with an
exhaust borehole area of 0.32 m2 is selected. The evolution
of the gas pressure drop in the surrounding rock at differ-
ent release times is shown in Fig. 27. It can be seen that the
pressure drop is negligible during the early stages of gas
release. As the release time increases (e.g., 10 days), a
noticeable pressure reduction occurs within approximately
twice the tunnel diameter, primarily concentrated in the
fractures directly intersecting the tunnel. With further
extension of the release time (e.g., 50 days), the gas content
in the reservoir significantly decreases, leading to a general
drop in gas pressure throughout the reservoir, while the
most pronounced pressure drop still occurs in the fractures
intersecting the tunnel.

Figure 28 presents the evolution of the gas pressure drop
in the rock strata after 50 days of gas release for different
exhaust borehole areas. The pressure drop in the strata
increases with the enlargement of the exhaust borehole
area. When no exhaust hole is installed at the tunnel face,
the maximum gas pressure drop after 50 days of release is
approximately 2.2 MPa, indicating a significant residual
gas pressure in the surrounding rock. With the installation
of exhaust boreholes, the gas pressure drop around the tun-
nel is significantly enhanced. For example, when the
exhaust borehole area is only 0.08 m2, the pressure drop
reaches about 2.8 MPa. When the exhaust borehole area
increases to 0.32 m2, the gas pressure substantially
decreases in most surrounding rock regions, with a maxi-
mum drop of 3 MPa. These findings suggest that, for mag-
matic rock gas reservoirs, setting exhaust boreholes not
only shortens the gas release duration, but also significantly

Fig. 25. Evolution curves of the gas flow volume with the exhaust
borehole area.

Fig. 26. Relationship between the gas release efficiency and ratio of the
exhaust borehole area to the total fracture trace length a/l.

Fig. 27. Evolution of the gas pressure drop in the surrounding rock under different release times.
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reduces the gas pressure in the surrounding rock near the
tunnel face. The evident drainage effect of the exhaust bore-
holes near the tunnel face provides favorable conditions for
subsequent rock grouting and reinforcement operations.

6 Conclusions

(1) The formation of gas reservoirs in magmatic rock
formations undergoes the following processes: mag-
matic intrusion → magmatic condensation with vol-
ume contraction to generate fractures and release
gases → gas accumulation in the fracture-developed
zones → formation of magmatic gas
pockets → reduction of fracture space due to tectonic
compression of the formation → increase in gas
occurrence pressure to form high-pressure reservoirs.
These reservoirs are mainly distributed in the Ceno-
zoic magmatic rocks of the Qinghai–Tibet Plateau.

(2) A model testing system was developed to study the
gas migration in the surrounding rock. The results
showed that deformation increased sharply when
the tunnel face–reservoir distance was less than 3D,
with maximum crown deformation at the intact
rock–reservoir interface. As the tunnel was excavated
into the reservoir, gas escape led to a further stress
release in the surrounding rock (approximately 15%
of the total), affecting the vertical stress more than
the tangential stress. The gas flow exhibited three
stages: stable release stage, gas replenishment stage,
and residual gas release stage.

(3) A gas migration–release evolution model was estab-
lished for a magmatic rock gas reservoir. The pres-
sure distribution in the fractured reservoir was
calculated using the ideal gas law, whereas steady-
state–transient iterative computations were used to
simulate the deformation–seepage evolution during
the entire tunnel excavation process, considering the
effects of time and rock damage. The numerical
results obtained by this method showed good agree-
ment with the outcomes of the model tests.

(4) Before the tunnel entered the reservoir, the gas flow
velocity in both the rock matrix and fractures
decreased over time after excavation, with gas

primarily released from the rock pores. Once the tun-
nel face contacted the reservoir fractures, the gas flow
velocity in the rock matrix initially decreased rapidly
and then more gradually, whereas the gas flow veloc-
ity in the fractures first increased rapidly and then
decreased. The gas escaping from the tunnel face
mainly originated from the reservoir fractures,
accounting for 60%–94% of the total. In a dual-
porosity medium, the pore gas flow was more sensi-
tive to changes in pressure than the fracture flow.

(5) Installing gas exhaust boreholes effectively shortened
the gas release duration and significantly reduced the
in-situ gas pressure in the surrounding rock near the
tunnel. The tunnel face gas flow increased in an ‘‘S-
shaped” trend with the exhaust borehole area. The
optimal gas release efficiency occurred when the ratio
of the fracture trace length to the borehole area l/a
ranged between 0.064 and 0.096. Additionally, the
exhaust boreholes suppressed gas escape from the
fractures to a certain extent.
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