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This study examined the fracture morphology properties of rock cores and studied 
the mechanical characteristics of jointed rock at depths of 2400 m, with inclina-
tions of 15°, 30°, and 60°. The results showed that jointed rock is significantly 
controlled by joint weak areas, particularly when the joint inclination exceeds 30°. 
Additionally, rock damage increases with joint inclination during engineering dis-
turbance, however, its pre-peak plastic characteristics weaken with joint inclina-
tion. The damage stress level is higher with a larger joint inclination, decreasing 
the bearing capacity. Further, a strength criterion for jointed rock considering en-
gineering disturbance was established. It is found that strength exhibits a V-shaped 
distribution with joint inclination, and 30° to 75° jointed rock is significantly lower 
than before the disturbance.
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Introduction

With the diminishing availability of shallow resources and space, underground engi-
neering is gradually developing towards the deep [1]. However, deep environment increases 
stress levels of surrounding rock, leading to fully developed fracture networks and reduced 
bearing capacity after engineering disturbance, which brought significant challenges for deep 
engineering projects.

Natural rock masses typically have numerous fractures that affect their mechanical 
properties. Uniaxial compression experiments show significant anisotropy in the influence of 
joint spacing on strength and deformation [2-4], while triaxial compression experiments indi-
cate that joint geometry and confining pressure affect mechanical properties and failure modes 
[5]. Joint inclination angle controls the failure mode of jointed rock masses under low confining 
pressure, with joint arrangement having a greater impact on deformation and strength behavior 
than confining pressure [6, 7]. The stability of surrounding rock is determined by lithology, 
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structural plane, and in-situ stress, with most instability failure resulting from crack propagation 
in internal joints due to disturbance stress such as excavation and mining [8]. In deep high stress 
concentrations, disturbances may change the internal structure of rock masses, weakening bear-
ing capacity and inducing macroscopic failure.

Previous research has focused on jointed rock mass structure and mechanical proper-
ties, but ignored time-dependent changes under high stress conditions. Engineering disturbanc-
es affect stress distribution and concentration in fractured rock masses. Therefore, this study 
extracts effective fracture roughness from on-site rock core structural surfaces and conducts 
mechanical behavior tests with different joint inclination angles at 2400 m to reveal strength 
and deformation characteristics.

Experiment

Sampling and preparation

This experiment utilized fine-crystalline marble core samples from the Baishan For-
mation of the China Jinping Underground Laboratory located 2400 m beneath the surface of 
Jinping Mountain, Sichuan province, China. The core samples were constructed according to 
ISRM recommendations [9] and had a diameter of 50 mm and a height of 100 mm. The fracture 
morphology of the 13th on-site core segment was quantitatively evaluated using the box-count-
ing method [10] and showed an average fractal dimension of 1.027 for single fractures. The 
fracture scattered point co-ordinates were then reconstructed and rotated at angles of 15°, 30°, 
and 60° to obtain samples through program-controlled cutting methods, as shown in fig. 1.

Procedures

Excavation may cause deformation and stress redistribution in surrounding rock mass. 
Stress evolution around the chamber during cavern excavation can be divided into in-situ stress 
stage, excavation disturbance stage, and stress stability stage, as shown in fig. 2 [11], wherein, 
λ represents the lateral pressure coefficient, γ is the bulk density of overlying strata, and H 
represents occurrence depth. According to field measurement results [12], the loading path at 
2400 m follows the axial stress sequence of 76.3 MPa → 114.5 MPa → 229.0 MPa → 165.4 
MPa, and the confining pressure sequence is 63.6 MPa → 57.2 MPa → 25.4 MPa → 19.5 MPa, 
accomplished by the MTS 815 rock mechanics test system of Sichuan University. Confining 
pressure was to be loaded first, followed by axial pressure before Point ① and then both the 
axial and confining pressures were adjusted simultaneously. Once reaching Point ④, the con-
fining pressure would be maintained and axial compression would continuous.

Figure 1. Fracture scanning and  
sample preparation

Figure 2. Excavation disturbance influence 
on stress state of surrounding rock [11]
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Results and analysis

Stress evolution of marble during disturbance

Stress-strain curve characteristics

Figure 3 shows the stress-strain curves of marble during engineering disturbance. 
Both axial and circumferential strains of marble continue to increase during the middle stage 
of engineering disturbance, with dilatancy behavior occurring near Point ② stress state. Gen-
erally, the volumetric strain reaches its peak value before Point ③, transitioning from contrac-
tion expansion and continuing to expand thereafter. At maximum axial stress, Point ③, axial 
strain of 15° and 30° jointed rock is 1.10 and 1.18 times that of intact rock, and circumferential 
strain is 1.23 and 1.26 times. A greater angle between joint direction and principal axis results 
in greater deformation. The stress level at the peak point reduces with an increase in joint 
inclination. Meanwhile, for 60° jointed rock, the maximum volumetric strain is reached after 
Point ②, with rapid expansion leading to failure before Point ③. During the stress adjustment 
unloading stage, the axial strain of rock rebounds as axial stress unloads, while circumferential 
and volumetric strains continue to expand. At this point, the rock has accumulated some plas-
tic deformation, which increases with joint inclination, and non-linear characteristics become 
more prominent. Overall, it is evident that the mechanical characteristics of rock significantly 
impact its internal joint inclination, and deep engineering disturbance may cause damage that 
depends on the joint structure of rock mass.

Figure 3. Stress-strain curve during disturbance; (a) intact rock, (b) 15° jointed rock,  
(c) 30° jointed rock, and (d) 60° jointed rock 

Deformation characteristics

During disturbance, rock undergoes a complex loading and unloading stress environ-
ment. Fractured rock masses can be considered an equivalent continuous medium at macroscop-
ic mechanical behavior level. The equivalent deformation modulus of rock can be expressed:
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where Δσ1 is the axial stress variation, Δσ3 – the lateral stress variation, Δε1 – the axial strain 
variation, and Δε3 – the lateral strain variation.

Table 1 displays the equivalent deformation of jointed marble, with intact rock having 
the highest deformation modulus, followed by 15° jointed rock and 30° jointed rock at each 
stress state point. This confirms that the rock’s deformation resistance weakens under identical 
disturbance stress as joint inclination increases. At 2400 m, due to high initial geo-stress, there 
is only a slight variation in deformation modulus during the initial stage of engineering distur-
bance. However, as excavation progresses, the deformation modulus of jointed rock increases 
while the initial deformation modulus of intact rock remains higher but declines slightly. When 
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axial stress reaches its peak, Point ③, the rock’s deformation resistance decreases, with 30° 
jointed rock demonstrating the most significant reduction (19.57%). For 60° jointed rock, natu-
ral geo-stress has already compacted internal pores, resulting in a relatively higher initial defor-
mation modulus. Under further pressure, the rock exhibits elastic-viscous body characteristics, 
similar to soft rock.

Table 1. Equivalent deformation modulus of jointed marble at 2400 m

θ [°]
Stress state [MPa]

Point ① Point ② Point ③ Point ④
None 84.14 82.46 75.41 102.02
15° 75.48 77.88 70.14 97.32
30° 69.17 73.46 59.08 97.13
60° 92.06 75.01

Stress evolution of marble after disturbance

Stress-strain curve characteristic

Figure 4 displays the stress-strain curve of marble at 2400 m, showing a reduction in 
deformation modulus and weakening of deformation resistance due to engineering disturbance. 
The failure process of intact marble and 15° jointed marble after engineering disturbance shows 
stable crack propagation, unstable crack propagation, stress peak platform stage, and post-peak 
stage. Deep rock mass has significant plastic deformation ability after undergoing complete 
engineering disturbance, as shown by the stress-strain curve not falling rapidly after the peak. 
However, this platform effect weakens with increased joint inclination, indicating less obvious 
plastic characteristics before the peak and more significant macroscopic fracture control by 
joint weak zones. Joint fissures significantly affect rock peak strength, with intact rock having 
a strength of 294 MPa after disturbance, while 15° and 30° jointed rocks decreased by approx-
imately 11% and 34%, respectively, compared to intact rock. However, 60° jointed rock was 
destroyed during the disturbance process.

Figure 4. Stress-strain curve of marble at 2400 m; (a) intact rock,  
(b) 15° jointed rock, and (c) 30° jointed rock 

Damage stress characteristics

The damage stress of rocks is conventionally regarded as their long-term strength 
indicator. During engineering disturbance, rocks may accumulate varying degrees of damage. 
At 2400 m, the maximum volumetric strain of marble occurs during the disturbance process. 
Consequently, the stress level corresponding to the rock’s maximum strain value after complet-
ing the disturbance stress process is deemed its damage stress, as shown in fig. 5.
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Table 2 displays the damage stress pa-
rameters of rocks at 2400 m during and after 
disturbance. The maximum volumetric strain of 
rocks appears in the stress climbing stage, Point 
② → Point ③, of engineering disturbance. 
Due to deep high stress conditions, the maxi-
mum volumetric strain of rock remains similar. 
Notably, the volumetric strain after disturbance 
always shows expansion for deep rock, indicat-
ing that the disturbance has caused significant 
damage. The higher the rock joint inclination, the larger the maximum volumetric strain after 
engineering disturbance, the higher the rock damage stress level, and the lower the bearing 
capacity.

Table 2. Disturbance damage stress parameters of jointed marble

θ [°]
Max volumetric strain [%] Peak strength 

[MPa]
Damage 

stress level
Axial 

strain [%]
Circumferential 

strain [%]In disturbance After disturbance
None 0.050 –0.009 294.05 66.34% 0.230 –0.119
15° 0.053 –0.057 262.83 75.21% 0.230 –0.144
30° 0.052 –0.085 193.40 89.13% 0.272 –0.178
60° 0.041 179.10 –0.021 0.041

Deformation characteristics

Macroscopic elastic-plastic deformation 
and damage have occurred during engineering 
disturbance for deep rock masses. There is no 
elastic deformation of non-destructive materials 
in the loading process after disturbance. Thus, 
the transient secant modulus is used instead, 
which can be regarded as the equivalent defor-
mation modulus under the damage state, and 
the calculation formula refers to eq. (1). Figure 
6 shows the evolution of deformation modulus 
in marble after disturbance. The magnitude and 
rate of decrease in rock deformation modulus during the same deformation stage follow intact 
rock > 15° jointed rock > 30° jointed rock. Both the intact rock and 15° jointed rock display a 
downward convex shape, indicating a significant initial attenuation after disturbances. Howev-
er, the 30° jointed rock presents a downward concave shape, with a decrease rate that acceler-
ates with a higher axial strain ratio, leading to quicker loss and failure development.

Discussion

The deformation and strength properties of jointed rock depend on loading direction 
and structural characteristics. Therefore, micro-structure tensor coefficient, η, [13] and joint 
roughness coefficient, κ, were induced in the D-P criterion, which can be expressed:

1 2 0F I J kαηκ= + − = (2)

 

Figure 5. Determination of damage stress

Figure 6. Deformation modulus  
after disturbance
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where η0 is the influence of the mean principal value of micro-structure tensor on the hardness 
of rocks, l2 – the loading direction, the corrected value KR is related to the joint fractal dimen-
sion d, I1 – the first invariant of stress tensor, and J2 – the second invariant of stress partial 
tensor. The parameters α and k are calculated using the DP1 criterion, which best matches the 
intact rock results. The DP1 criterion, the best match with the experimental results through trial 
calculation of intact rock, is adopted.

Based on current research [14] and calculations (α = –0.285, k = 65.958 MPa,  
d = 1.027, KR = 0.5, Ω1 = –0.35, η0 = 0.55, κ = 1.014), the theoretical results of jointed marble 
strength are obtained, presented in fig. 7. The results show a V-shaped distribution pattern in 
rock strength as joint inclination increases, consistent with triaxial compression test results [15]. 
Nonetheless, deviation observed in jointed rock mass is due to engineering disturbance, resulting 
in the following definition of damage variable for rock caused by engineering disturbance:
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ε
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where E
~

εV1 and E
~

εV2 are the instantaneous deformation modulus corresponding to the maximum 
volumetric strain during and after disturbance, respectively. The results are shown in tab. 3.

Table 3. Damage variable parameters of marble
θ [°] E

~
εV1 [GPa] E

~
εV2 [GPa] D

None 85.66 83.09 0.0299
15 85.23 82.18 0.0358
30 62.81 74.23 0.1817

Under high confining pressure, 90° and 0° jointed rock masses present nearly the 
same macroscopic strength, second only to intact rock [15]. Therefore, their damage param-
eters were assumed to be approximately 0.03. Polynomial fitting on the damage variable and 
joint inclination was performed to obtain theoretical correction, and revised results are shown 
in fig. 8, indicating high consistency with experiments. Notably, 30°~75° jointed rock requires 
particular attention in engineering practice as its bearing capacity significantly decreases below 
its original strength after disturbance. The minimum strength occurs between 45°~60° jointed 
rock, which is lower than 150 MPa, indicating such rock masses may not tolerate a complete 
engineering disturbance.

      
Figure 7. Theoretical results of jointed  
marble at 2400 m

Figure 8. Theoretical results of jointed  
marble after disturbance at 2400 m
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Conclusion

To investigate mechanical behavior of jointed rocks under engineering disturbance, 
a series of mechanics experiments considered disturbance stress paths was conducted. During 
disturbance, jointed rock accumulates plastic damage that increases with joint inclination. After 
disturbance, the plastic characteristics of rock under high confinement become less apparent 
with increasing joint inclination. The higher the joint inclination, the greater the maximum vol-
umetric strain after engineering disturbance, the higher the damage stress level, and the lower 
the bearing capacity. Rock strength presents a V-shaped distribution pattern as joint inclination 
increments and 30°~75° joined rock is significantly affected by disturbance.

Acknowledgment

This work was supported by the National Natural Science Foundation of China 
(U1965203).

Nomenclature
D – damage variable, [–]
d  – fractal dimension, [–]
E~  – equivalent deformation modulus, [GPa]
Η – occurrence depth, [m]
l2  – loading direction, [–]

Greek symbols

αij – micro-structure tensor, [–]
γ – bulk density of overlying strata, [Nm–3]

θ  – joint inclination, [°]
εV  – volumetric strain, [–]
λ – lateral pressure coefficient, [–]
η  – micro-structure tensor coefficient, [–]
κ  – joint roughness coefficient, [–]
σ1  – axial stress, [MPa]
σ3  – confining pressure, [MPa]
Ωij – micro-structure tensor deviation, [–]
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