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Abstract. This study investigates the deformation and failure mechanisms of gently layered surrounding rock during 
underground excavation in a hydropower station in Shaanxi Province, China, through base friction physical simulation 
tests. Results indicate rock mass instability is governed by weak discontinuities (layer planes, joints, and faults). Four 
failure modes emerge: (1) tensile crack collapse at the tunnel arch induced by stress concentration, (2) shear slip at the 
sidewalls and shoulders due to exceeding shear strength, (3) bulging deformation of thin-layered rock under compressive 
stress, and (4) slight uplift at the invert of the main powerhouse due to upward pressure. The physical simulation tests 
replicate the deformation and failure evolution of the surrounding rock mass during excavation. Initially, the process is 
characterized by tunnel arch spall and slight slip, progressing to rock mass collapse due to structural plane coalescence. 
The study reveals the complex mechanical behaviour of failure in gently layered surrounding rock. The tunnel arch exhib-
its a “tension crack collapse – shear slip – bedding” failure mode, while the sidewall is primarily influenced by shear slip. 
Findings confirm discontinuities’ control on the stability of layered surrounding rock, offering guidance for deformation 
support and long-term maintenance. These results provide significant theoretical and practical implications for engineer-
ing applications.
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Introduction

The deformation and failure of surrounding rock 
in underground tunnels are controlled by lithological 
properties and discontinuities within the rock mass. 
For layered surrounding rock, the spatial arrangement 
of discontinuities governs stability, inducing failure 
modes including bulging, tensile crack collapse, and 
shear slip that threaten engineering safety. The un-
derground powerhouses in hydropower projects have 
relatively high requirements for controlling the de-
formation of the rock mass (Bewick 2021). There-
fore, it is imperative to investigate the mechanisms 
underlying deformation and failure during excavation 

in layered rock masses. Current research investigates 
excavation-induced deformation and failure of sur-
rounding rock through numerical simulation, physi-
cal simulation, and in-situ monitoring.

Duan et al. (2017) investigated the failure mecha-
nism of rock masses influenced by weak interlayers 
in large underground caverns, using extensive field 
monitoring data. Zhao et al. (2024) demonstrated 
the impact of weak interlayers on the stability of sur-
rounding rock through a combination of in-situ moni-
toring, laboratory testing, and numerical simulations. 
Physical and numerical simulations have become pre-
dominant due to in-situ monitoring’s time-consuming 
and high costs.
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Lu et al. (2023) revealed the failure mechanism 
of layered surrounding rock through numerical mod-
elling, establishing failure modes based on principal 
stress-bedding relationships. Wang et al. (2024) in-
vestigated the spalling failure mechanism of tunnels, 
using numerical simulation. Chen (2024) described 
fault impacts on rock stability through numerical 
analysis. Hao (2013) demonstrated interlayer shear 
stress-strength disparity as the key control of delami-
nation, using composite beam theory-based simula-
tions. Sha et al. (2023) investigated failure mecha-
nisms of a horizontal layered tunnel arch through 
equivalent plate-beam modelling. Ma et al. (2024) 
revealed the deformation and failure mechanism of 
tunnel surrounding rock through physical modelling. 
Liu et al. (2015) identified phased deformation evolu-
tion characteristics through coupled physical-numer-
ical methodologies. Sun et al. (2024) analyzed the 
deformation-failure mechanism of jointed tunnel sur-
rounding rock, using integrated physical and numeri-
cal simulations. These studies provide fundamental 
theoretical frameworks for layered surrounding rock 
deformation and failure mechanisms.

This study simulates the deformation and failure 
progression of an underground tunnel in a hydropow-
er project (Shaanxi Province, China). Through sys-
tematic investigation of the geological context and 
deformation-failure patterns of underground excava-
tion, the research reveals the deformation mechanism 
governing layered surrounding rock failure.

Geological characteristics of 
surrounding rock in underground 
powerhouses

The prototype hydropower station is situated on 
the northern bank of the Weihe River in Shaanxi 
Province, China, with a site elevation ranging from 
740 m to 1200 m, exhibiting a moderate-high moun-
tain terrain. The underground powerhouse comprises 
the main powerhouse (180 m × 28.5 m × 56 m, axis 
SW 212°), the main transformer chamber (153.5 m × 
19.5 m × 22.3 m, axis SW 212°), and a tailrace surge 
chamber (128 m × 10 m × 37.6 m, axis SW 212°). 

The main powerhouse and the main transformer 
chamber employ gallery-type configurations, while 
the tailrace surge chamber features a cylindrical de-
sign. Borehole logging indicates the tunnel arch of the 
main powerhouse and the main transformer chamber 
intersect horizontal layered thin limestone (thickness: 
0.07–0.15  m), while the remaining sections exhibit 
horizontal layered medium-thick limestone (thick-
ness: 0.3–0.6 m).

The engineering area is mainly developed with 
bedding plane J1 (NE  50–75°/NW ∠ 0–5°, crack 
aperture 0.2–0.3 cm), joint J2 (NW 305°/NE ∠ 84°, 
aperture 0.1–0.2 cm), and joint J3 (NE 40–80°/SE 
∠ 86°, aperture 0.2–0.3 cm). The steeply dipping J2 
and J3 structural planes constitute a conjugate joint 
system. Field investigations revealed three faults in 
the underground powerhouse area: F1 (NE 60°/SE ∠ 

Fig. 1 Engineering geological cross-section
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81°), F2 (NE 25°/NW ∠ 83°), and F3 (NE 77°/SE ∠ 
77°). Notably, the F3 fault intersects and penetrates 
the tailgate surge chamber. The engineering geologi-
cal cross-section is presented in Fig. 1.

Deformation and failure modes of 
surrounding rock

Influencing factors of stability of surrounding rock

Physical and mechanical properties of rock
The physical and mechanical properties of rock 

masses play a critical role in the stability of surround-
ing rock. These properties influence rock mass in-
stability through various mechanisms, with strength 
parameters such as tensile strength and shear strength 
directly determining the load-bearing capacity of the 
rock masses. In situations where well-developed struc-
tural planes are present, rocks with lower strength are 
prone to deformation and failure (Wang et al. 2024).

Structural configuration and geological 
discontinuities in rock masses

The structural configuration and geological dis-
continuities of rock govern their deformation and 
failure, combined with their physical and mechanical 
properties. Faults and joints within rock masses in-
duce structural fragmentation. Additionally, layered 

rock masses exhibit distinct mechanical properties 
due to variations in layer thickness. Consequently, 
the deformation and failure tendencies of layered rock 
masses are more pronounced compared to those of 
homogeneous rock formations (Xue 2023; Tu 2018).

Geomechanical analysis of deformation and 
failure modes

Tensile-crack collapse
Upon excavation of an underground tunnel, the free 

surface is created. Due to self-weight and unloading 
effects, the tensile stress in the rock mass at the free 
surface gradually exceeds the tensile strength of the 
rock mass. Consequently, the rock mass undergoes 
cracking and eventual collapse, with the failure pre-
dominantly manifesting as new tensile crack surfac-
es. An example of this failure mechanism is spalling 
observed at the shoulder of the tunnel (Fig. 2a).

Shear slip
Shear slip failure occurs when shear stress along a 

structural plane exceeds its shear strength. This fail-
ure mode is frequently observed in underground pow-
erhouses due to the presence of faults and joints. Pri-
mary failure initiates with tunnel excavation, forming 
a free surface on the sidewall. Two joint sets intersect 
gentle layer J1 (crack 1: NE 55°/NW 70°, crack 2: 
NW 346°/SW 85°) (Fig. 2b).

Fig. 2 Typical deformation modes based on investigation in exploration adit: a) tensile-crack collapse, b) shear slip,  
c) wedge failure, d) bulging
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Wedge failure
Wedge failure is formed by the excavation of a 

tunnel and the intersection of three sets of secondary 
joints: crack 3 (NW282°/NE 60°), crack 4 (NW316°/
SW 80°), and crack 5 (NE5°/SE 70°) (Fig. 2c). Due 
to the presence of the free surface, the excavated rock 
mass collapses under gravity.

Bulging
At the crown of an underground tunnel, thinly 

layered rock masses experience deformation due to 
excavation-induced compressive stress concentra-
tion (Fig. 2d). A steeply dipping fault develops at 
the crown (SW202°/SE 85°), which further fractures 
the thinly layered horizontal rock masses, generating 
cracks with apertures of 3 to 5 cm.

Base friction model tests

Method and test device

Based on the principle of similarity, physical 
simulation tests should ensure that the physical test 
results of the model are similar to the prototype. The 
base friction test, as a prevalent gravity simulation 
technique, operates by replacing gravity with friction 
within the model. The schematic diagram and experi-
mental device are showed in Fig. 3.

According to Saint-Venant’s principle, when the 
model is sufficiently thin, the friction force resulting 
from its movement can be assumed to act uniformly 
across the entire thickness of the model, which effec-
tively replicates the gravity loading conditions under 
natural circumstances.

The fully automated base friction test machine de-
veloped by Chengdu University of Technology was 
employed to test (Cai et al. 2008). By adhering to 
similarity principles, the scaled model simulates the 
prototype geological mass, ensuring observed physi-
cal phenomena align with natural laws.

Materials preparation and proportions

The selection of similitude materials for the base 
friction test was guided by similarity criteria. In this 
study, limestone was selected as the prototype for the 
surrounding rock masses. The simulation material is 
made by an intimate mixture of barite powder (fine 
aggregate), quartz powder (coarse aggregate) and liq-
uid paraffin (binder) (Xu et al. 2021). The ratio of the 
compositions is 60.1% : 30.7% : 9.2% for barite pow-
der, quartz powder, and paraffin oil (Fig. 4, Table 1). 
The similitude coefficients of unit weight (γ) and in-
ternal friction angle (φ) between the scaled model and 
prototype geological mass approached 1.

Table 1 Ratio of the compositions for base friction model 
test

Ratio of the compositions (%)
Barium sulfate Quartz sand Liquid Paraffin

60.1 30.7 9.2

Table 2 Physical and mechanical properties of the proto-
type and physical models

Properties Unit weight 
γ

Cohe-
sion c

Internal fric-
tion angle φ

Limestone prototype 27.4 kN/m3 0.75 MPa 45°
Physical models 27.45 kN/m3 21.34 kPa 45°

This study investigates deformation-failure mech-
anisms in layered surrounding rock through physical 
modelling. The scaled model (CL = 200) incorporates 
a gently dipped layer (J1), two steep joint sets (J2 and 
J3), and three faults (F1–F3). Experimental param-
eters adhere to stress similarity ratio Cσ) of 200 and 
strain similarity ratio (Cε) of 1, based on field inves-
tigation data.

Due to a small spacing between joints, a conven-
tional base friction model for layered rock cannot be 
created by cutting the joints with a knife. Therefore, 
the spacing of joint sets is determined by considering 
the actual connectivity ratio. Specifically, the spacing 

Fig. 3 Schematic diagram and equipment of base friction model test: a) schematic diagram, b) test equipment
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chamber undergoes shear slip, tensile crack collapse, 
and bulging failure. The tailrace surge chamber only 
exhibits shear slip when subjected to the combined 
effects of the top arch horizontal layer and fault F3, 
resulting in the smallest scale of deformation failure 
(Fig. 6). Simulated evolution and results are deline-
ated as follows:

Bulging

According to the simulation results, the bulging 
failure of surrounding rock occurs at the top arch of 
the main powerhouse and the main transformer cham-
ber, as the rotation of the belt induces the formation 
of micro cracks in the thin layered surrounding rock 
at the top of the main powerhouse and the main trans-
former chamber (Fig. 7). Simultaneously, a sagging 
moment is produced. As the cracks widen, the sag-
ging moment progressively intensifies. Consequent-
ly, the top arch horizontal spall occurred, leading to 
crack widths ranging from 5 mm to 7 mm.

Tensile-crack collapse

At the top arch of the main powerhouse and the 
main transformer chamber, there is a noticeable in-
crease in tangential stress, while radial stress gradual-
ly diminishes and eventually approaching zero. Dur-
ing the ongoing base friction test, the tensile stress on 
the tunnel arch surpasses the tensile strength of the 
rock, resulting in the formation of tensile cracks in 
the horizontal layer, causing instability in rock mass 
until collapse ensues (Fig. 8).

Shear slip

Shear slip failure in the main powerhouse at the 
left sidewall of the tunnel is governed by J1 and J2. 
As the belt rotates, the crack resulting from the layer 
spall of J1 progressively widens until intersects J2, 
shear slip occurs in the rock, ultimately collapsing to-
wards the tunnel’s base, thereby creating a new free 
surface conditions for subsequent shear slip events. 
The shear slip deformation of the sidewall of the main 
transformer chamber is due to the widening crack of 
J1, until it intersects J3 (Fig. 9).

Slight uplift

Based on simulation results, slight uplift defor-
mation occurs at the invert of the main powerhouse. 
As showed in Fig. 10, belt rotation generates upward 
pressure at the tunnel invert, while the combination of 
discontinuities J2 and J3 induces slight uplift defor-
mation along these discontinuities.

Fig. 4 Base friction model test material formulation

Fig. 5 Physical model used for base-friction test

for the horizontal layer J1 is set to 1 cm and 1.5 cm 
for thin and medium-thick layers, respectively, with a 
connectivity ratio of 100%. The spacing for the steep, 
hard joint sets J2 and J3 is 5 cm each, with connectiv-
ity ratios of 60–70%. Figure 5 illustrates a simplified 
model of the rock mass with a layered structure ex-
hibiting base friction.

Results and analysis

The physical simulation test conducted in this 
study elucidates the deformation process of horizon-
tal layered surrounding rock. The findings indicate 
that the deformation and failure of caverns, induced 
by excavation and self-weight, primarily concentrate 
on the tunnel arch and sidewalls. Additionally, a 
slight uplift is observed in the floor of the main pow-
erhouse. These deformation and failure are predomi-
nantly governed by the horizontal layer (J1) and two 
sets of steeply dipped discontinuities (J2 and J3).

The main powerhouse experiences shear slip, slight 
uplift and bulging failure, while the main transformer 
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Fig. 6 Deformation evolution process of surrounding rock revealed by base-friction model tests: a) roof strata bulging 
inward, b) tension along steeply dipping discontinuities, c) shear slip and localized slight uplift, d) deformation charac-
teristics after experiment completion

Fig. 7 Deformation characteristics of bulging: a) main powerhouse, b) main transformer chamber

Fig. 8 Deformation characteristics of tensile-crack collapse: a) main powerhouse, b) main transformer chamber
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Fig. 9 Deformation characteristics of shear slip: a) main powerhouse, b) main transformer chamber

Fig. 10 Deformation characteristics of slight uplift occurring in the cave floor

Fig. 11 Deformation and failure mechanism diagrams a) bulging, b) tensile-crack collapse, c) shear slip and slight uplift

Discussing: Geomechanical 
model of gently dipped layered 
surrounding rock

The surrounding rock of underground tunnel at-
tains a stable triaxial stress state following geological 
processes and deformation over an extended period 
(Li et al. 2025). Human engineering activities, such 
as cavern excavation, induce stress alterations in these 
regions, leading to gradual deformation and failure of 
the surrounding rock. The subsequent analysis delves 
into the mechanisms of deformation and failure.

Following the excavation of the cavern, the horizon-
tal layers of rock surrounding the top arch will inward 
bulge due to unloading and self-weight (Fig. 11a). As 

tensile stress in the rock intensifies, fracture spacing 
widens and extends. Once the tensile stress surpasses 
the tensile strength of the rock mass, it loses integrity 
and undergoes tensile fracture collapse failure, detach-
ing from the parent rock (Fig. 11b).

When the roof arch collapses, the stress is trans-
ferred to the sidewall and shoulder of the cavern. 
The surrounding rock of the sidewall and shoulder 
is influenced by the layer and two joints, leading to 
the formation of rock blocks. Shear stress causes 
gradual shear slip deformation along the shear plane 
between the sidewall and the shoulder. Shear slip fail-
ure occurs when the shear stress surpasses the shear 
strength, causing the rock block to slide and result in 
collapse (Fig. 11c).
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As the free surface extends, a cantilever beam ef-
fect emerges due to weakened support conditions, 
causing a concentration of shear stress along joints, 
leading to secondary tensile collapse failure.

Simultaneously, slight uplift occurs in the invert 
of the main powerhouse due to the influence of two 
discontinuities (J1 and J2) and tangential pressure 
(Fig. 11c). Throughout the deformation process, de-
formation primarily occurs at joint-wall intersections 
(Zhang 2021; Zhang, Zhang 2021).

Ultimately, a composite failure mode of tension 
crack collapse – shear slip – bulging in the tunnel 
arch, while shear slip failure predominantly occurring 
in the sidewall.

Conclusion

The deformation and failure mechanism of the 
gently layered rock surrounding the underground 
powerhouse of a hydropower station in Shaanxi Prov-
ince were investigated through the base friction test. 
The main conclusion was obtained as follows:

(1) The geological analysis of deformation and 
failure modes in the layered surrounding rock reveals 
four types: bulging failure, tensile crack collapse fail-
ure, wedge failure, and shear slip failure.

(2) The deformation and failure of the layered sur-
rounding rock, as observed in physical simulations 
under self-weight, are influenced by various cracks. 
These planes manifest as collapse, shear slip failure, 
and bulging in the top arch rock, as well as slip failure 
in the sidewall and slight uplift failure at the invert of 
the main powerhouse. The failure mechanism can be 
described as follows: the tunnel arch exhibits a com-
posite failure mode involving tensile crack collapse, 
shear slip, and bulging, while the sidewall demon-
strates a shear slip failure mode.
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