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This study conducted Brazilian splitting and shear tests on shale under various
loading and shear rates, and performed numerical simulations of supercritical
CO, shock stress evolution and impact damage. Results provide a theoretical foun-
dation for efficient reservoir stimulation in unconventional reservoirs.
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Introduction

Supercritical CO, (Sc-CO,) shock fracturing is a novel technique that integrates
Sc-CO, fracturing and explosive shock fracturing [1]. The process adds a pressure control
valve to the fracturing string, which remains closed as liquid CO, is pumped and heated
by the formation, transforming into compressible Sc-CO,. As a complex medium set with
strong heterogeneity, rock exhibit elasticity, plasticity, and brittleness under varying loading
conditions, influenced by loading state and history [2]. Studies, such as those by Zhang [3]
on sandstone stress-strain behavior under dynamic loads, and Zhang et al. [4] on loading
rate effects, confirm that dynamic conditions significantly impact rock strength. He et al. [5]
further investigated the effects of confining pressure on stress wave propagation and rock
strain using advanced dynamic testing and imaging techniques. Fan et al. [6] simulated stress
wave propagation in fractured elastic media using the numerical manifold method. This study
combined experiments and a strength calculation model to examine rock behavior under
shock fracturing. A finite element-based stress wave propagation model was developed to
investigate the evolution of tensile and shear stresses and rock damage characteristics under
varying shock pressures.
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Experimental of rock dynamic strength testing

Experiments used shale from the Longmaxi Formation outcrop in Sichuan as a rep-
resentative unconventional reservoir rock. Brazilian splitting and shear tests were conducted
at varying loading rates. Cylindrical shale specimens (25 mm x 50 mm for splitting, 50 mm X
50 mm for shear) underwent tensile and shear loading to induce failure, with dynamic strengths
calculated from load data. A TAW-1000 servo system measured dynamic tensile and shear
strengths while monitoring axial load variations. Tensile tests were conducted at loading rates
of 0.1, 0.5, 2.5, 12.5, and 62.5 mm/s, while shear tests used rates of 0.1, 0.5, 2.5, 5.0, and
12.5 mm/s.

Figure 1 compares axial load and loading time curves at various loading rates. At load-
ing rates of 0.1, 0.5, 2.5, 12.5, and 62.5 mm per minute, the maximum axial loads were 5.710
kN, 6.333 kN, 6.901 kN, 7.414 kN, and 7.883 kN, corresponding to tensile strengths of 10.00
MPa, 11.30 MPa, 12.09 MPa, 12.85 MPa, and 13.81 MPa, respectively. Shale tensile strength
increases with loading rate, but the growth rate decreases from 13%-7.47%, indicating a stable
dynamic tensile strength limit. Similarly, for shear rates of 0.1 mm, 0.5 mm, 2.5 mm, 5.0 mm, and
12.5 mm per minute, the maximum axial loads were 51.36 kN, 54.58 kN, 59.25 kN, 61.90 kN, and
63.87 kN, corresponding to shear strengths of 27.81 MPa, 29.56 MPa, 32.09 MPa, 33.53 MPa, and
34.59 MPa. Shale shear strength also increases with shear rate, with the growth rate decreasing from
6.29%-3.16%, suggesting a stable dynamic shear strength limit. Under high strain rates, both ten-
sile and shear strengths increase, enhancing load-bearing capacity and strain energy accumulation.
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Figure 1. Loading curve; (a) tensile test; (b) shear test, and (c) dynamic intensity statistics

At present, the theory of rock strength changing with loading rate can be divided into
J criterion and S criterion according to the strength curve of rock [7]. The J criterion requires
less parameters, lower corresponding variability requirements, and easy determination. There-
fore, this study investigates tensile and shear strengths under varying loading and shear rates
based on the J criterion. Under the condition of J criterion, the static and dynamic strength of
rock can be expressed:

% gk, 1n(‘9—d+1] (1)
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where o, is the dynamic tensile strength of rock at strain rate of &4, o — the tensile strength of
rock at strain rate of ¢, and a and k,, are the rock constants independent of the loading rate. In
addition, the calculation of shear strength is analogous.

To elucidate the functional relationship between shale’s dynamic tensile strength and
loading rate, the loading rate is transformed into a dimensionless logarithmic scale, with the
y-axis representing non-dimensional tensile strength. Similarly, dynamic shear strength was an-
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alyzed using the same method, as shown in fig. 2(a). An approximately linear relationship was
observed between the dimensionless strengths and loading rate. Least squares fitting, incorpo-
rating static loading rate data and corresponding strengths, was employed to develop tensile and
shear strength models for shale under arbitrary loading rates:

o, = 10>{1.0174+0.0569><1n(%j:| )

7, = 27.81>{0.9915+0.0522><ln(%ﬂ 3)

Zhao [8] investigated wellbore pressurization under varying shock pressures and
temperatures during Sc-CO, shock fracturing, correlating the pressurization rate with shale
stress loading. Figure 2(b) illustrates the dynamic strength curves at 45 °C, showing that
Sc-CO, shock fracturing increases shale tensile strength by 81.9%-90.52% and shear strength
by 48.22%-56.13% compared to quasi-static loading. Moreover, at equal strain rates, shale
shear strength exceeds tensile strength, indicating that tensile failure dominates under weaker
impacts while shear failure prevails under stronger impacts.
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Figure 2. (a) Dimensionless relationship fitting and (b) tensile and shear strength distribution

Numerical simulation of
shock wave propagation and damage

In Sc-CO, shock fracturing, fracture development can be divided into two-stages
[9, 10]:

— the stress wave failure stage, where the rock is initially damaged by a rapidly propagating
stress wave and

— the fluid invasion stage, during which microfractures expand, coalesce, and propagate fur-
ther as Sc-CO, invades the fractures.

This section focuses on the stress wave failure stage, analyzing the spatiotemporal
distribution of tensile and shear stresses in shale under different shock pressures. By integrating
established tensile and shear strength relationships, the study investigates stress wave-induced
damage patterns to elucidate the damage mechanisms in Sc-CO, shock fracturing. Figure 3
presents a 2-D finite element model [11] of stress wave propagation in a 200 mm x 200 mm

rock domain (with mechanical parameters based on experimental data) and a hole end size of
5 mm % 50 mm.
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The research is a 2-D plane problem.
: Each element has 6 DoF. The displacement u of
i My the element is expresse:
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where u is the displacement vector of node,
N — the shape function, a° — the displacement
component of each node, and xy, X2, X3, Y1, V2, 3
are the displacement in the x- and y-directions,

Figure 3. Model settings: (a) physical and respectively. The strain matrix of the element
boundary conditions and (b) mesh division can be further obtained [11]:
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where ¢ is the strain matrix, L — the differential operator matrix, converting displacement field
into strain field, and B — the product of L and N.
Based on the constitutive equation of rock, the internal stress, o, of rock is obtained:
o=D¢ (6)
where D is the material stiffness matrix. It can be obtained:
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where E is the elastic modulus of rock and v — the Poisson’s ratio of rock.
Based on the principle of virtual work, construct the stiffness matrix:

jégTadQ— j Su” fdQ— j Su"tdr =0 )
Q Q ar

where Q is the surface domain, I" — the surface boundary domain, de — the virtual strain of slight
deformation, J, — the virtual displacement, f— the volume force acting on the interior of rocks,
and 7 — the surface forces acting on rock boundaries.

By substituting the imaginary position into the aforementioned formula, we can get:

[(6a*) B DBa"d - [(5a*) N" a2~ [ (sa*) N'@Wr =0 )
Q Q or
Through simplification, we can get:
Ka®* =F° (10)
K= iBTDBdQ (11)
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where K¢ [Nm™'] is the element stiffness matrix obtained from discretization process and F* —
the equivalent external force acting on the node of the unit.

The local loading state and stress evolution of shale during stress wave propaga-
tion in Sc-CO, shock fracturing were analyzed. Under a 45 MPa shock pressure, as shown in
fig. 4(a), shale near the borehole sides initially experiences compressive stresses over 40 MPa
that attenuate outward, whereas at the borehole bottom, a lower shock (~23 MPa) induces
tensile stresses exceeding the shale’s tensile strength, triggering crack propagation. In contrast,
the y-direction stress peaks at about 10 MPa, as shown in fig. 4(b). These results reveal that the
borehole sides primarily undergo compression while the bottom experiences tension, explain-
ing why failure usually initiates at the bottom, however, excessive shock pressure may crush the
sides, compromising borehole stability, unlike conventional explosive fracturing, which typi-
cally damages the sides [12]. Tensile failure distribution was further examined using dynamic
strength data. As shock pressure increases from 20-60 MPa, the tensile failure area expands
downward from the borehole bottom, as shown in fig. 4(c). Above 40 MPa, tensile failure ap-
pears on the upper sides and laterally expands, with the tensile damage area ratio rising sharply
from below 1%-8.8% at 60 MPa, as shown in fig. 4(d).
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Figure 4. (a) The x-direction stress analysis, (b) y-direction stress analysis,
(c) cloud map of tensile damage, and (d) proportion of tensile damage area

5 ps 25ps 45 s 65 s 85 ps
- " - 20 MPa 25 MPa 30 MPa 35 MPa 40 MPa
05 s 185 ps
- - 45 MPa 50 MPa 55 MPa 60 MPa
285415 N
(b)

)
Figure 5. (a) Propagation of shear stress, (b) cloud map of shear damage, and
(c) proportion of shear damage area

=

S

N s o o O

Ratio of tensile damage area [%]

e

40

45 55 60
Shock pressure [MPa]

s
2455 265 s

(a)

a



Zhai, H.-L., et al.: Research on Dynamic Response of Shale Under ...
1580 THERMAL SCIENCE: Year 2025, Vol. 29, No. 2B, pp. 1575-1581

Shear stress propagation analysis under a 40 MPa shock pressure reveals a maximum
shear stress of 30 MPa at the borehole bottom sides, which diminishes as it propagates outward,
as shown in fig. 5(a). At stabilization, shear stress remains concentrated at these locations,
indicating a high propensity for shear failure and fracture initiation. Shear failure area and dis-
tribution were further analyzed under varying shock pressures, as shown in fig. 5(b). No shear
failure was observed below 40 MPa, while at 45 MPa, failure zones begin to form at the bore-
hole bottom sides. With increasing shock pressure, these zones expand and localized failures
emerge at the upper borehole, with the shear failure area rising from 0.9% at 45 MPa to 13.4%
at 60 MPa, as shown in fig. 5(c).

Conclusion

Compared to quasi-static loading, shale tensile and shear strengths increase under
high strain rates, with stable maxima. Under Sc-CO, shock fracturing, tensile strength increases
by 82%-91%, and shear strength by 48%-56%. Using the J criterion and least squares method,
tensile and shear strength models were developed for shale under arbitrary loading and shear
rates. During Sc-CO, shock, compressive stress dominates on both sides of the borehole, while
tensile-shear stress dominates at the borehole bottom, facilitating fracture initiation. Shale fail-
ure is predominantly tensile under weak shocks, with shear failure gradually developing under
strong shocks.

Nomenclature

a¢ — displacement component, [m] Greek symbols
D — material stiffness matrix, [Pa]

E — elastic modulus, [Pa]

u — displacement vector, [m]

X1, X2, X3, V1, V2, V3 — displacement, [m]

o —stress, [Pa]
7, — dynamic shear strength, [MPa]
v — Poisson’s ratio, [—]
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