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the circumferential strain and residual strain of the 
LRC. Under the blast load, the right-side wall of the 
LRC shows the poorest stability, and the presence of 
the weak interlayer results in the energy loss in the 
propagation process of stress waves and an incre-
ment of peak strain in regions of the LRC around 
the interlayer. When the weak interlayer is separated 
from the LRC, as the thickness of the weak interlayer 
increases, the confinement of surrounding rocks at 
the interlayer on the LRC reduces and the circumfer-
ential strain increases. As the dip angle of the inter-
layer increases, the peak strain in the right upper side 
of the LRC grows significantly. As the distance from 
the weak interlayer to the LRC boundary increases, 
the circumferential strain in regions of the LRC near 
the interlayer decreases significantly. If the distance is 
less than 0.2r, the increment of the distance signifi-
cantly affects the peak strain.

Keywords Compressed air energy storage · Lined 
rock cavern · Weak interlayer · Blast load · Similarity 
theory · Numerical simulation

1 Introduction

Compressed air energy storage (CAES) is a large-
scale energy storage technique that has become more 
popular in recent years. It entails the use of superflu-
ous energy to drive compressors to compress air and 
store in underground storage and then pumping the 

Abstract To evaluate the stability of a lined rock 
cavern (LRC) for compressed air energy storage 
(CAES) containing a weak interlayer during blast-
ing in the adjacent cavern, a newly excavated tun-
nel-type LRC was taken as the research object. By 
combining similar model tests and numerical simu-
lation, the dynamic responses and deformation char-
acteristics of the LRC for CAES under joint action 
of factors including the gas storage pressure, weak 
interlayer, and blast load were studied. The influ-
ences of the thickness, dip angle, and location of 
the weak interlayer on deformation of the LRC were 
discussed. The results show that as the gas storage 
pressure increases, the rate of change in strains in 
regions of the LRC near the weak interlayer is accel-
erated, and the gas storage pressure more significantly 
influences the sealing layer and lining than the sur-
rounding rocks. The presence of the weak interlayer 
causes stress concentration in the LRC and increases 
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compressed air out of underground storage to turbines 
for power generation when needed (Mahlia et  al. 
2014; Geissbühler et al. 2018; Yu et al. 2022). CAES 
power plants are generally built in geological media 
including hard-rock caverns of high stability, under-
ground salt beds, depleted oil and gas reservoirs, 
and abandoned mines (Chen and Wang 2022; Han 
et al. 2021; Sopher et al. 2019; Carranza-Torres et al. 
2017). The tunnel-type lined rock caverns (LRCs) 
for CAES formed by excavation and support of hard 
rocks are composed of three parts, namely, the seal-
ing layer (for air-tightness), a concrete lining, and the 
surrounding rock (Zhou et al. 2018; Yang et al. 2021). 
The overall stability of LRCs is a key factor in ensur-
ing the safe and stable operation of CAES systems. 
Additionally, tunnel-type LRCs for CAES are gener-
ally built in deep abandoned roadways under complex 
geological conditions, where the weak interlayers 
such as joints and faults in the complex geological 
bodies exert critical influences on the stability of 
LRCs. Besides, they are easily affected by the strong 
dynamic disturbances induced by blasting excava-
tion in adjacent engineering operations (Wang et  al. 
2022a, b, c; Saedi et al. 2021; Zhao et al. 2018; Xie 
et al. 2022). Therefore, studying the stability of LRCs 
for CAES under the joint action of blast loads and 
weak interlayers is of important theoretical and prac-
tical significance.

LRCs for CAES reconstructed from abandoned 
spaces are generally shown as tunnels and the over-
all stability of the lining is a key factor that ensures 
safe and stable operation of the CAES system (Li 
et  al. 2023a, b; Rutqvist et  al. 2012; Xue et  al. 
2021). Considering internal factors including struc-
tural performance of lining and internal gas stor-
age state that affect stability of the LRC for CAES, 
Wang et  al. (2018a, b) found that, if the internal 
pressure drops too fast, the load on the top of the 
LRC cannot be timeously transferred and thus forms 
a zone of stress-concentration, causing local dam-
age to the top of the LRC. Zhang et  al. (2017a, b) 
found that too rapid a gas-storage rate and the loss 
of gas pressure both aggravate deformation of sur-
rounding rocks. Kim et al. (2013) believed that the 
possibility of tensile failure of LRCs can be reduced 
if the excavation-damaged zone is small and a flex-
ible concrete lining is used. Jiang et  al. (2023) 
believe that the fracture width in the lining can be 
controlled if using appropriate lining reinforcement 

methods and improving the quality of surrounding 
rocks. Kim et  al. (2012) showed that the tempera-
ture, stress, and deformation of structures includ-
ing the sealing layer, lining, and rocks surrounding 
underground LRCs for CAES all change corre-
spondingly in the substantial heating and pressuriz-
ing process and cooling and depressurizing process 
of compressed air. Generally speaking, the internal 
pressure, gas-storage rate, lining structure charac-
teristics and surrounding rock geological conditions 
are the influencing factors that cannot be ignored 
for the stability of the LRCs for CAES.

Moreover, deep natural rocks are composed of 
intact rocks and discontinuity surfaces such as weak 
interlayers and joints. These discontinuity surfaces 
play a leading role in the mechanical behaviors of 
rocks and give rise to a non-uniform stress distribu-
tion in rocks and therefore heterogeneous deforma-
tion (Gong et  al. 2023; Ge et  al. 2022; Wang et  al. 
2021; Li et al. 2023a, b). Meanwhile, operations are 
generally synchronized with construction in practi-
cal engineering, the blasting seismic waves affect the 
stress and deformation of LRCs under operation due 
to the compact layout and complex stacking of mine 
roadways (Salmi et al. 2019; Wang et al. 2022a, b, c; 
Zhang et  al. 2019). Therefore, considering external 
factors such as weak interlayers, geostress, and blast 
load that affect LRCs for CAES, Zhang et al. (2021) 
assessed influences of uncoordinated deformation of 
surrounding rocks induced by the interlayers on sta-
bility of salt caverns for CAES. The results indicate 
that compared with hard interlayers, salt rocks and 
soft interlayers contribute more to the convergence of 
salt caverns. Zhang et  al. (2017a, b) discovered that 
the top and bottom of layered salt caverns for CAES 
are more prone to shear failure, which has also been 
verified by numerical simulation. Wang et al. (2018a, 
b) believe that mudstone-interbedded salt caverns 
for CAES have poor seismic resistance under earth-
quakes, and the equivalent stress of the surrounding 
rocks near the interlayer is large. With increasing 
seismic amplitude, the plastic zone in the interlayer 
constantly expands. The above studies have fully con-
sidered the deformation and failure characteristics of 
the LRCs for CAES during the operation period, but 
there is little research into the stress characteristics of 
LRCs for CAES constructed by excavation and sup-
port of surrounding hard rock. There is also lack of 
research on stability of LRCs for CAES under joint 
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action of internal pressure, geostress, and weak inter-
layers during blasting in the adjacent cavern.

The research took a newly excavated tunnel-type 
LRC as the research object. By combining physical 
model tests and numerical simulation, influences of 
spatial distribution of weak interlayers on the stability 
of LRCs were investigated under joint action of inter-
nal pressure and blast load. The results provide useful 
engineering guidance for stability of LRCs for CAES 
under joint action of blast load and weak interlayers.

2  Similar model tests

2.1  Similarity law and materials

The physical model must be similar to the prototype 
in terms of its geometry, mass, load, physical proper-
ties of media, and boundary conditions (Wang et al. 
2022a, b, c; Shi et  al. 2015). According to dimen-
sional analysis, the following conversion relations of 
various similarity constants can be obtained.

where Cσ, Cl, Cγ, CE, Cε, Cμ, Cδ, and Cφ are the simi-
larity ratios of stress, geometry, unit weight, elastic 
modulus, strain, Poisson’s ratio, deformation, and 
internal friction angle, respectively.

The similarity ratios Cl and Cγ of geometry and 
unit weight in the tests are separately 80 and 1.44; the 
similarity ratios of the stress, cohesion, and elastic 
modulus are all 115; the similarity ratios of the Pois-
son’s ratio, strain, and internal friction angle are all 
1. Taking the reconstruction of an abandoned haulag-
eway in a coal mine as a CRL for CAES as an exam-
ple, the gas storage pressure reaches about 10 MPa. 
The ground elevation in the region of the coal mine 
is 900–1100 m, the burial depth of the roadway top 
is about 200 m, and rocks in most tunnel section are 
compact and hard, being classified as Class III rocks. 
By conducting experiments on mix proportions, 
gypsum, quartz sand, barite powder, and water were 
mixed at a ratio of 1:4:6:2.6 to prepare the similar 
material for simulating surrounding rocks. Gypsum, 
barite powder, powdered talc, and water were mixed 
at a ratio of 1:14.4:9.6:7.5 to prepare the similar 
material for simulating the weak interlayer. In addi-
tion, gypsum, barite powder, powdered talc, and 

(1)
C� = C

l
C� , C� = C�CE

, C� = 1, C� = C
l
C�, C� = C�

water were mixed at a ratio of 1:7.5:2.5:3.9 to pre-
pare the similar material for simulating the lining. By 
comparing laboratory test results of polymer materi-
als including AB mixed epoxy resin (three types: soft, 
medium, and hard), silica gel, and heat-shrinking 
polyolefin tubes, heat-shrinking polyolefin tubes best 
conform to the elastic modulus of the similar mate-
rial needed for the sealing layer. Detailed mechani-
cal parameters of the similar materials are listed in 
Table 1.

2.2  Physical model and test methods

2.2.1  Preparation of the physical model

In engineering practice, the design sizes of the LRC 
diameter, lining thickness, thickness of the sealing 
layer, and thickness of the weak interlayer were sepa-
rately 8.0, 0.4, 0.03, and 0.8 m. According to the sim-
ilarity law, the LRC diameter, lining thickness, thick-
ness of the sealing layer, and thickness of the weak 
interlayer in the physical model were separately deter-
mined to be 100 mm, 5 mm, 0.38 mm, and 10 mm. 
Two conditions were considered in the laboratory 
tests: intersection of the weak interlayer with the LRC 
and separation of the weak interlayer from the LRC. 
Moreover, the condition without a weak interlayer 
was also set as the control group.

When the weak interlayer was intersected with 
the LRC, the interlayer passed through the center of 
the LRC; when the interlayer was separated from the 
LRC, the distance between the interlayer and the LRC 
boundary was 0.2 times of the LRC radius, with the 
dip angle of the interlayer being 45°. Details are illus-
trated in Fig.  1. A Donghua DH5960 hyperdynamic 
signal test and analysis system was used in the tests 
to collect strain data dynamically. It was adopted for 
real-time monitoring of circumferential strains of 
the sealing layer, lining, and surrounding rocks of 
the LRC for CAES. The strain gauges were arranged 
circumferentially along the LRC with an interval of 
45°. Strain gauges were arranged more densely at the 
weak interlayer, as shown in Fig. 1a.

2.2.2  Confining pressure loading device

Relevant statistical data of geostress (Zhang et  al. 
2015) show that the horizontal and vertical geo-
stresses at the LRC for CAES in the engineering 
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Table 1  Mechanical 
parameters of similar 
materials

Type Volumetric 
weight (kN/m3)

Elasticity 
modulus (GPa)

Compressive 
strength (MPa)

φ (°) C (MPa)

Surrounding rock
Parameter 26.5–28.3 35.3–31.3 36.2–60.4 22.0–30.6 7.9–9.5
Target value 18.4–19.6 0.3–0.27 0.265–0.516 22.0–30.6 0.680–0.820
Test value 18.2 0.306 0.75 34 0.062
Weak interlayer
Parameter 20.0–23.0 1.3–6.0 0.30–0.35 27.0–39.0 0.2–0.7
Target value 14.3–16.4 0.01–0.05 0.3–0.35 27.0–39.0 0.0017–0.006
Test value 15.71 0.04 0.05 32 0.009
Concrete lining
Parameter 26.0 30.0 0.18 55.0 3.2
Target value 18.0 0.26 0.18 55.0 0.028
Test value 17.96 0.256 0.38 45 0.035
Sealing layer
Parameter 14.0–21.0 4.8 0.30 – –
Target value 9.7–14.5 0.03 0.30 – –
Test value 11.25 0.028 – – –

Fig. 1  Cavity model of compressed gas storage lining under adjacent cavity blasting
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can be calculated using Eq. (2) to be 47 and 70 kPa, 
respectively. According to the similarity ratio, the ini-
tial geostresses in the model tests were obtained to be 
σv = 0.047 MPa and σh = 0.070 MPa, respectively.

where γ is the average unit weight of formations 
and is valued to be 27  kN/m3; λ denotes the lateral 
pressure coefficient and is generally in the range of 
0.8–1.5. Because the horizontal geostress is generally 
larger than the vertical geostress in shallow crusts, 
the lateral pressure coefficient is determined to be 
1.5 here; z represents the burial depth of the LRC; σv 
and σh separately denote the vertical and horizontal 
geostresses.

To reproduce the geostress conditions encoun-
tered in engineering practice in laboratory physical 
model tests, a confining pressure loading device in 
Fig.  2 was designed. An F-shaped fixture was used 
to apply the confining pressure to the model. Strain 
gauges were pasted in the middle of the F-shaped fix-
ture to measure the tensile force thereon, to control 
the clamping strength or confining pressure at bound-
aries of the model. Moreover, vibration-damping 
plates made of butyl rubber sheets were affixed to the 
inner side of surrounding rocks to absorb stress waves 
induced by blasting and therefore reduce influences of 
stress wave reflection on the boundaries. Outside the 
vibration damping plates is the force transfer struc-
ture formed by granite to ensure uniform diffusion 

(2)�
v
= � ⋅ z, �

h
= ��

v

of the concentrated load generated by the F-shaped 
fixture. Finally, a polyvinyl chloride (PVC) thin layer 
and a grease coating were laid between the bounda-
ries of the model and the vibration damping plates to 
decrease the friction force at boundaries. As a result, 
loads on boundaries were uniformly transferred to 
the model and the shear stress on the boundaries was 
removed.

2.2.3  Model pouring and test process

Taking the intersection model of the weak interlayer 
with the LRC in Fig.  3a as an example, PVC tubes 
with diameters of 100 and 30 mm were arranged in 
the pre-set LRC for CAES and the location of blast-
hole. In addition, two clamping plates at a spac-
ing of 10 mm were arranged at the weak interlayer. 
The model pouring process is shown in Fig. 3b and 
c. Initial setting was finished in 20 min after pouring 
and the clamping plates of the weak interlayer were 
removed after 4  h, followed by pouring the weak 
interlayer. Finally, three models, that is, a model with-
out the weak interlayer, a model in which the inter-
layer was intersected with the LRC, and a model in 
which the interlayer was separated from the LRC 
were established. Cylindrical gasbags were used in 
the tests to apply uniform pressure to the inner walls 
of the LRCs. The gasbags had the same size as the 
reserved LRCs in the models. In the tests, grease was 
smeared onto the gasbag surface to reduce friction 
between the gasbag and the LRC, thus decreasing the 

(a) Planform (b) Side view
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tests error. The gasbags were made of rubber, with the 
thickness and elastic modulus of 1 mm and 7.8 MPa, 
respectively.

2.3  Analysis of test results

2.3.1  Stability of the LRC under gas storage pressure

The designed maximum gas storage pressure of the 
LRC for CAES was 10  MPa, so the maximum gas 
storage pressure in the model tests was calculated to 
be 86.5 kPa following the similarity law. To simplify 
the loading process, the maximum gas storage pres-
sure was set to be 90 kPa, and multi-level loading was 
applied in the gas storage and discharge processes. 
The load applied at each level was 10 kPa, the load-
ing lasted for 15 s, and the load was held for 15 s after 
loading, to ensure stable stress on surrounding rocks. 
Taking the model with a weak interlayer separating 
the cavity from the LRC as an example, the deforma-
tion characteristics of the sealing layer, lining, and 
surrounding rocks under different gas storage pres-
sures are illustrated in Fig. 4. In the gas storage stage, 
the circumferential strain at various monitoring points 
nearly linearly increases with increasing gas storage 
pressure. The strain at the monitoring point with an 

orientation of 315° nearest the interlayer grows most 
rapidly. As the distance from the interlayer increases, 
the rate of change of strain decreases at monitoring 
points with different orientations as the gas pressure 
increases. In the gas discharge stage, the circumferen-
tial strains at monitoring points at different positions 
decrease in a quasi-linear manner with decreasing gas 
storage pressure.

Under the maximum gas storage pressure, the 
maximum circumferential strain was recorded at the 
monitoring point (315°) near the weak interlayer. As 
the distance from the weak interlayer increases, the 
circumferential strain gradually decreases. The differ-
ences in circumferential strains of the sealing layer, 
lining, and surrounding rocks at monitoring points 
nearest (315°) and farthest (135°) to the interlayer are 
separately 112, 121, and 139 με. After discharging 
gas, the sealing layer, lining, and surrounding rocks 
all have residual strains, which are distributed in a 
shape protruding towards the weak interlayer. Vari-
ous structures are listed in a descending order as the 
sealing layer, lining, and surrounding rocks according 
to their maximum residual strains. This suggests that 
the presence of the weak interlayer increases the over-
all tensile strain in regions near the weak interlayer in 
the LRC and it induces greater residual deformation 

Fig. 3  Model pouring
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after gas discharge, thereby affecting the stability of 
regions near the interlayer in the LRC.

The above analysis indicates that the presence of 
the weak interlayer induces a significant stress con-
centration in local areas of the LRC, thus generating 
significant tensile strain. Furthermore, the gas storage 
pressure is maintained at 90 kPa to compare strains in 
the LRCs under different conditions pertaining to the 
weak interlayer (Fig. 5). When the weak interlayer is 
intersected with the LRC, the interlayer influences the 
tensile deformation of the LRC (albeit to within a lim-
ited extent in a small region near the interlayer). The 
circumferential strains at various positions beyond the 
testing region of the weak interlayer are consistent 
with those in the case without the interlayer. At the 
soft-hard interface, the rate of changes in circumfer-
ential strains of the sealing layer and lining is as high 
as 105% and 150% (compared with those without the 

interlayer), while the circumferential strain of sur-
rounding rocks does not increase to any significant 
extent. In the middle of the weak interlayer, the seal-
ing layer has small compressive strain while the rate 
of changes in tensile strains in the outer layer of lin-
ing and the surrounding rocks is separately as high as 
103% and 233%. After completely discharging gas, 
the residual circumferential strains of the sealing layer 
and lining grow by about 20 times at the intersection 
of the weak interlayer and surrounding rocks, while it 
does not increase in the surrounding rock. Under con-
dition that the weak interlayer is separated from the 
LRC, the interlayer influences large areas of deforma-
tion in the LRC (mainly in the side facing the weak 
interlayer), which is also greatly affected by changes 
in the distance between the interlayer and the LRC; 
because the monitoring point at 315° has the shortest 
clear distance with the weak interlayer, the maximum 

Fig. 4  Relationship between gas storage pressure and circumferential strain
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rate of changes in circumferential strains of the seal-
ing layer, lining, and surrounding rocks is separately 
15%, 46.5%, and 51.7% compared with the condition 
without the weak interlayer.

The sealing layer is elastic and therefore it is not 
damaged in the test process, so the sealing layer 

was stripped from the surface of lining after tests to 
observe failure modes of the LRC under different 
conditions, as shown in Fig.  6. When the interlayer 
intersects with the LRC, the high gas storage pressure 
causes large changes in strain at the soft-hard inter-
face, and the maximum strain reaches 800 με. This is 

Fig. 5  Effect of gas storage pressure and weak interlayer on lining

Fig. 6  Influence of weak 
interlayer on failure pattern 
of lining cavity
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because the elastic modulus of the surrounding rock 
is higher than that of the weak interlayer, and the dif-
ference of elastic modulus leads to large deformation 
in the interface area under external load. At the same 
time, the performance of the transition interface area 
connecting the two media is relatively weak, which 
can easily cause slippage between the surrounding 
rock and the weak interlayer, and eventually inducing 
local damage to the lining and decreasing the bear-
ing capacity of the LRC. If the interlayer is separated 
from the LRC, although the tensile strain in the lining 
near the interlayer is obviously greater than that of 
hard rocks, it still does not reach the cracking thresh-
old of the lining, or the developed cracks are so small 
that they are closed after gas discharge.

2.3.2  Stability of the LRC during blasting 
in the adjacent cavern

Black powder was used in the laboratory tests to 
simulate the blast load. To select an appropriate 
explosive charge and therefore ensure generation of 
obvious dynamic responses in the LRC. The mass 
of the explosive charge was determined to be 6 g in 
the preliminary experiments. We found in prelimi-
nary experiments that when the explosive charge 
is 6 g, small cracks appeared around the blast hole 
(the extension length was within 2 cm), and the sur-
rounding rock was in a stable state as a whole. When 
the explosive charge is 2  g and 4  g, the vibration 
response of the surrounding rock is smaller. How-
ever, when the charge is 8  g, cross cracks appear 
around the blast hole, and the cracks extend longer. 
Because the model without the weak interlayer is 
symmetric, monitoring points within 0°–180° were 
selected to study characteristics of dynamic strain in 
the LRC under the blast load, as shown in Fig. 7a–c. 
Under the same blast load, time-history curves for 
the dynamic strains of the sealing layer, lining, and 
surrounding rocks evolve in the similar manner. 
The sealing layer, lining, and surrounding rocks 
are listed in descending order according to their 
strains. The deformation of the LRC firstly changes 
from circular to elliptic compressive deformation 
and then rebounds under the blast load. Therefore, 
the circumferential strain at various locations at 0° 
and 180° firstly increases, then decreases, while 
the strain at other monitoring points first decreases, 
then increases. As shown in Fig. 7d, at the sealing 

layer, the peak strains at monitoring points from 0° 
to 135° gradually reduce from 82 to 51 με and it 
increases to 93 με at the monitoring point at 180°. 
The distribution of peak strains of the lining and 
surrounding rocks is like that of the sealing layer 
on the whole. The peak strain decreases uniformly 
from monitoring points in the sealing layer to those 
in the surrounding rocks except for two testing 
regions at 0° and 180°. This indicates that the ten-
sile failure of left and right-side walls of the LRC 
should be controlled when a blast load is applied to 
the right-hand side of the LRC.

Furthermore, characteristics of peak dynamic 
strains under three conditions are compared: with-
out the weak interlayer, intersection of the weak 
interlayer with the LRC, and separation of the weak 
interlayer from the LRC, as shown in Fig.  8. In 
the case that the interlayer is intersected with the 
LRC, strains on the soft-hard interfaces in the seal-
ing layer and lining increase compared with those 
without the interlayer. In addition, strain in the lin-
ing increases by more than that in the sealing layer. 
When the blasting stress waves do not propagate 
through the interlayer, strain of the lining within the 
testing region in 0°–270° (anticlockwise) is slightly 
affected by the interlayer, while that of the lining 
that passes through the interlayer (90°–180°, anti-
clockwise) increases apparently. When the inter-
layer passes through the center of the LRC, regions 
near the interlayer are easily damaged under the 
blast load. The influence extents at the interlayer are 
listed in descending order in surrounding rocks, lin-
ing, and sealing layer.

If the interlayer is separated from the LRC, peak 
strains of the sealing layer, lining, and surrounding 
rocks in the vicinity of the interlayer are all greater 
than those under the condition without the inter-
layer. In regions far from the interlayer, peak strains 
are obviously smaller than those under the condi-
tion without the interlayer. In the testing region at 
315°, the closer to the interlayer, the more struc-
tures from the sealing layer to the surrounding rocks 
are affected by the interlayer. The weak interlayer 
exerts two influences on the LRC: on the one hand, 
the presence of the interlayer increases the circum-
ferential strain and stress in the stress process; on 
the other hand, the presence of the interlayer causes 
the energy loss in the propagation of a blasting 
stress wave.
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Fig. 7  Circumferential dynamic strain time history curve of lining without weak interlayers

Fig. 8  Effect of explosion load and weak interlayer on lining deformation
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3  Numerical simulation

3.1  Verification of laboratory tests by numerical 
simulation

To compare with the laboratory model test results, a 
two-dimensional (2-d) numerical model measuring 
1000  mm × 700  mm was established using COM-
SOL Multiphysics, taking the separation of the weak 
interlayer from the LRC as an example, as shown in 
Fig. 9. The size of the surrounding rocks inside was 
800  mm × 500  mm, and infinite elements with the 
thickness of 100 mm were set around the periphery of 
the model to reduce stress wave reflection in the sub-
sequent blasting process. The diameter of the lining in 
the LRC for CAES in the left side was 100 mm, and 
the thicknesses of the external sealing layer and lining 
were 0.38 mm and 5 cm. The pre-excavated adjacent 
cavern was set to leave a gap of 200 mm from the left 
LRC. The model contained 90,196 domain elements 
and 5673 boundary elements.

In the model, the Mohr–Coulomb strength cri-
terion was applied to the weak interlayer and lining 
(Mebrahtu et  al. 2022; Yang et  al. 2022; Nian et  al. 
2023), while elastic constitutive was used to the 

sealing layer. The material parameters were valued 
according to the experimental results of mix pro-
portions of materials, as listed in Table  2. Uniform 
loads applied to the upper and right boundaries of 
the numerical model were separately 47 and 70 kPa, 
while normal displacement was limited in the lower 
and left boundaries.

As illustrated in Fig.  10, because the weak inter-
layer has a low wave impedance, the propagation of 
stress waves slows when passing through the inter-
layer. In addition, the stress wave energy attenuates 
to some extent, so the stress waves change abruptly 
when propagating through the interlayer. When the 
peak compressive stress waves pass through the LRC, 
the stress in the surrounding rocks near the interlayer 
increases, while those in the lining on the right-side 
wall and arch bottom differ slightly from those with-
out the interlayer. Moreover, the stress in the vault 
reduces probably because the strain energy in the 
LRC is released at the interlayer; or the stress in the 
vault far from the interlayer decreases because the 
stress wave energy attenuates after passing through 
the interlayer. The stresses in the left side wall, right 
spandrel, and right arch foot all increase significantly 
when the tensile stress waves pass through the LRC.

Fig. 9  Numerical model of compressed air energy storage test

Table 2  Mechanical 
parameters of similar model 
materials

Type Parameter

Volumetric 
weight (kN/m3)

Elasticity 
modulus (GPa)

φ (°) C (MPa) Poisson’s ratio

Surrounding rock 18.2 305.8 34 0.062 0.26
Weak interlayer 15.7 40.6 32 0.009 0.3
Lining 18.0 255.8 45 0.035 0.18
Sealing layer 14.2 17.5 – – 0.3
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Fig. 10  Propagation path of explosion stress wave

Fig. 11  Comparison of laboratory test and numerical simulation results
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Furthermore, the laboratory model test results 
were compared with the numerical simulation results, 
as displayed in Fig.  11. Because the materials are 
somewhat idealized in numerical analysis, while there 
are some pores in test materials in which stress waves 
attenuate to a greater extent, the simulated results 
generally exceed those measured experimentally. 
Meanwhile, the blast load measured under the condi-
tion without the weak interlayer was used in numeri-
cal analysis. However in practical tests, the peak blast 
load under intersection of the interlayer with the LRC 
is slightly larger than that without the interlayer, and 
the measured blast load when the interlayer is sepa-
rated from the LRC is slightly lower than the load 
used in the simulation. As a result, the calculated 
results differ from the measured values, whereas, the 
peak strains at various monitoring points under differ-
ent conditions of the interlayer evolve quasi-consist-
ently in numerical simulation and tests, which means 
that influences of the interlayer on the LRC revealed 
by the tests can be deemed reliable.

3.2  Full-scale numerical model of the LRC for 
CAES

Characteristics of strain in the LRC under gas stor-
age pressure and influences of the weak interlayer 
were studied by conducting model tests. The possi-
ble failure locations and characteristics of the LRC 
were analyzed, which were also verified combin-
ing with numerical simulation. In practical engi-
neering, the weak interlayer is distributed in a very 
uncertain manner. Differences in the thickness, dip 
angle, and relative location of the weak interlayer 
with the LRC for CAES all change the strain dis-
tribution in surrounding rocks under excavation 

and gas storage pressure. This affects the stability 
of the LRC. Therefore, a full-scale numerical model 
was established to explore influences of different 
parameters of weak interlayers on strain in the LRC. 
The LRC diameter, lining thickness, and thickness 
of the sealing layer were 8  m, 0.4  m, and 30  mm, 
and the primary support of C25 plain concrete 
with a thickness of 80  mm was also considered in 
the calculation. According to the Saint–Venant’s 
principle, the distance from the model boundary 
to the LRC boundary was set to be five times the 
LRC diameter to reduce the boundary effect. In the 
meantime, considering presence of a pre-excavated 
adjacent cavern at the position that was twice the 
LRC diameter to the right of the LRC in the ini-
tial stage, the finally designed finite element model 
measured 120 m × 88 m. Uniform loads of 5.4 and 
8.1  MPa were separately applied to the upper and 
right boundaries of the model, while the normal dis-
placement was limited on the lower and left bound-
aries. Values of the material parameters are listed in 
Table 3. The blast load was applied as the equiva-
lent load to study the dynamic strain in the LRC. 
The semi-empirical and semi-theoretical formu-
lae are commonly used in engineering practice, in 
which the time-history curves of blast load obtained 
by the double exponential function are widely uti-
lized, while the coefficient needs to be determined 
according to actual measurement. According to 
previous research (Xu et  al. 2022; Ji et  al. 2021; 
Luo et  al. 2022), the blast load can be simplified 
as triangular load, which shows fluctuations of the 
dynamic load. Considering this, the triangular load 
was adopted as the blast load in the research, which 
could be found, by calculation, to be Pe ≈ 24.8 MPa 
using the calculation method for the equivalent load 
in (Yang et al. 2012).

Table 3  Different 
structural mechanical 
parameters

Type Parameter

Volumetric 
weight (kN/m3)

Elasticity 
modulus (GPa)

φ (°) C (MPa) Poisson’s ratio

Surrounding rock 26.5 31.3 31 7.8 0.21
Weak interlayer 23.0 6.0 39 0.7 0.30
Preliminary bracing 26.0 29.5 54 2.7 0.20
Lining 26.0 30.0 55 3.2 0.18
Sealing layer 9.3 4.8 – – 0.30
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3.3  Influencing factors of stability of the LRC for 
CAES

3.3.1  Influences of the gas storage pressure

Figure  12 presents the von Mises stress incre-
ment nephogram when the blasting stress waves 
propagate to the LRC. As the gas storage pressure 
increases, the stress increment in the rock sur-
rounding the LRC decreases continuously. This 
is because when the gas storage pressure is 0, the 
circumferential stress of the surrounding rocks at 
the vault and arch bottom of the LRC is predomi-
nantly compressive. When the compressive stress 
waves produced by blasting propagate to the LRC, 
the action of the compressive stress is same as that 

of the initial compressive stress, so the total stress 
increases due to superposition of the two. How-
ever, the compressive stresses on surrounding rocks 
in the left and right-side walls of the LRC are low 
in the initial state and the propagation direction of 
blasting stress waves is vertical to the compressive 
stresses on the side walls, so certain tensile stress 
is generated to decrease the total stress. After the 
gas storage pressure rises to 2.5  MPa, the overall 
stress state of surrounding rocks is improved and 
the stress increment under the blasting stress waves 
is lower than the reduction of the pressure on the 
surrounding rocks under the gas storage pressure. 
Therefore, the blasting stress waves do not induce 
increments of the plastic strain of surrounding 
rocks any longer. Moreover, when the gas storage 

Fig. 12  Effect of gas storage pressure on lining stress increment
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pressure is 0, that is, the lining does not bear exter-
nal force in the initial state, the overall stress on the 
lining increases under blasting stress waves, while 
the resultant force thereon is low, with a certain ten-
sile stress found only in left and right-side walls. As 
the gas storage pressure increases to 2.5  MPa, the 
lining is circumferentially tensioned on the whole 
and it approaches (or has reached) yield. Under the 
blasting stress waves, the generated stress increment 
does not show obvious difference. If the gas storage 
pressure exceeds 2.5 MPa, the entire lining is in the 

yield state, and the stress increment does not differ 
significantly under the blasting stress waves.

As shown in Fig.  13, the overall circumferential 
strains of the sealing layer, lining, and surrounding 
rocks follow a similar trend with the gas storage pres-
sure under blasting stress waves. When the gas stor-
age pressure exceeds 2.5  MPa, the increment of the 
gas storage pressure exerts only slight influences on 
the circumferential strain of the lining. When the gas 
storage pressure is 0, the circumferential strain at the 
vault reduces because the lining at the vault and arch 
bottom does not have undergo plastic deformation 

Fig. 13  Effect of gas storage pressure on circumferential strain of lining
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under blast load and some energy is dissipated in the 
plastic deformation of the surrounding rock under 
compression. In both side walls, the peak strain varies 
a little under different gas storage pressures. There-
fore, it can be judged from changes in the circum-
ferential strain that the overall circumferential strain 
of the LRC is low under blasting stress waves when 
there is no gas storage pressure, and the increase in 
gas storage pressure not conducive to the stability of 
the LRC: because the presence of gas storage pres-
sure alters the stress state of lining of the LRC for 
CAES, the lining is under a low stress if the gas stor-
age pressure is low. Under blasting stress waves, the 
stress on the entire lining increases while the resultant 

force is low, and a certain tensile stress is generated 
only in the left and right-side walls. When the gas 
storage pressure is higher than 2.5 MPa, the lining is 
circumferentially tensioned and it approaches (or has 
reached) yield. In this case, the generated strain incre-
ment shows a slight difference under blasting stress 
waves.

3.3.2  Influences of the thickness of the weak 
interlayer

Under separation of the weak interlayer from the 
LRC, the distribution of the peak circumferential 
strains in the LRCs under conditions with different 

Fig. 14  Effect of thickness of weak interlayer on circumferential strain of lining
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thicknesses of the interlayer is shown in Fig. 14a–c. 
When the gas storage pressure is 5 MPa, the confine-
ment of surrounding rocks at the interlayer on the 
LRC decreases with increasing thickness of the inter-
layer under the blast load. In the half LRC near the 
interlayer (45°–225°, anticlockwise), the circumferen-
tial strain always increases; while in the half of the 
LRC far from the interlayer, because the stress wave 
energy attenuates more with the increasing thickness 
of the interlayer, the peak strain reduces. The maxi-
mum peak strain of the sealing layer is found in the 
right-side wall; those of the lining and surrounding 
rocks appear in the left side-wall. Figure  14d illus-
trates the relationship between the thickness of the 

weak interlayer and the maximum peak circumferen-
tial strain of the LRC. It can be seen from the figure 
that the maximum peak strains of the sealing layer, 
lining, and surrounding rocks under the condition do 
not significantly increase with the increasing thick-
ness of the interlayer.

3.3.3  Influences of the dip angle of the weak 
interlayer

If the weak interlayer is separated from the LRC, 
distribution of the peak circumferential strains in 
the LRCs under different dip angles of the inter-
layer is illustrated in Fig. 15a–c. With the increase 

Fig. 15  Effect of Angle of weak sandwich on circumferential strain of lining
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in dip angle, the peak strains in the right-hand parts 
(90°–315°, clockwise) of the sealing layer, lining, 
and rock surrounding the LRC are shown to all 
increase significantly and their ranges of influence 
also widen. Meanwhile, as the dip angle increases, 
the peak strains in some areas reduce relatively in 
the left parts (135°–270°, clockwise) of the seal-
ing layer, lining, and surrounding rocks of the LRC 
that are further from the interlayer. The relation-
ship between the dip angle of the interlayer and 
the peak circumferential strain of the LRC is dis-
played in Fig.  15d: as the dip angle increases, the 
maximum peak circumferential strain of the LRC 
increases slightly.

3.3.4  Influences of the location of the weak interlayer

Under separation of the weak interlayer from the 
LRC, distribution of the peak circumferential strains 
of the LRCs under different distances between the 
interface and the LRC boundary is illustrated in 
Fig.  16a–c. Variation of the distance between the 
interlayer and the LRC boundary affects the right 
arch foot of the LRC that is nearest to the interlayer 
to the greatest extent. As this distance increases, the 
peak strain at the right arch foot reduces significantly. 
Moreover, the peak strains at the right-side wall and 
the right spandrel also decrease. When the distance 
exceeds 0.1r, the locations of peak circumferential 

Fig. 16  Effect of sandwich position on circumferential strain of lining
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strains of the sealing layer and lining shift from the 
right arch foot to the right-side wall. When the dis-
tance exceeds 0.2r, the location of peak circumferen-
tial strain of surrounding rocks shifts from the right 
arch foot to the right-side wall. Figure  16d display 
distribution of the peak circumferential strain in the 
LRC when the interlayer shows different distances 
to the LRC boundary; if the distance between the 
interlayer and the LRC boundary is less than 0.2r, 
the maximum peak strain in the LRC decreases sig-
nificantly with increasing distance; when the distance 
exceeds 0.2r, the increment in the maximum plastic 
strain varies slightly as the distance increases.

4  Conclusion

Similar model tests for influences of blasting in the 
adjacent cavern on the LRC for CAES contain-
ing a weak interlayer were designed. The dynamic 
responses and deformation characteristics of the LRC 
for CAES under joint action of factors including the 
gas storage pressure, weak interlayer, and blast load 
were analyzed. Influences of the thickness, dip angle, 
and location of the weak interlayer on the deforma-
tion of the LRC were discussed. The following con-
clusions can be drawn:

1. In the gas storage stage of the LRC for CAES, 
the presence of the weak interlayer obviously 
accelerates the rate of change of strain in regions 
near the weak interlayer of the LRC with the ris-
ing gas storage pressure. The gas storage pressure 
exerts a greater influence on the sealing layer and 
lining than the surrounding rocks. The high inter-
nal pressure may cause irrecoverable deformation 
of the lining. The presence of the weak interlayer 
concentrates stresses in some parts of the LRC, 
increasing the circumferential and residual strains 
in the LRC;

2. Under the blast load, the time-history curves for 
dynamic strains of the sealing layer, lining, and 
surrounding rocks under the condition without 
the interlayer evolve in a similar manner, and 
large dynamic strains are found in both the left 
and right-side walls. The right-side wall of the 
LRC is least stable. The presence of the weak 
interlayer increases the circumferential stress on, 

and strain in, the LRC. As the gas storage pres-
sure increases, the stress increment in surround-
ing rocks around the LRC constantly decreases. 
When the gas storage pressure increases to 
2.5  MPa, the increment in gas storage pressure 
only slightly affects the circumferential strain in 
the lining. As the blasting stress waves propagate, 
the presence of the weak interlayer causes the 
energy loss in the propagation process of stress 
waves and increases the peak strain in regions 
near the interlayer of the LRC;

3. Under the blast load, if the weak interlayer is sep-
arated from the LRC, as the thickness of the inter-
layer increases, the surrounding rocks exert lower 
confinement on the LRC and the peak circumfer-
ential strain increases in the side of the LRC near 
the interlayer; in the side far from the interlayer, 
the increased thickness of the interlayer intensi-
fies attenuation of stress waves and reduces the 
peak circumferential strain. As the dip angle of 
the interlayer grows, the further the interlayer 
from the left part of the LRC is, the lower the 
corresponding peak strain, while the peak strain 
in the upper right side of the LRC increases 
significantly. With the increase in the distance 
from the weak interlayer to the LRC boundary, 
the peak circumferential strain decreases at the 
right-hand arch foot of the LRC that is near the 
interlayer. When the distance is less than 0.2r, the 
increase in the distance significantly affects the 
peak strain.
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