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A B S T R A C T

The true triaxial stress are typical stress state in the deep underground. 3D surface flaws, one of 
the most common type of flaws, extensively existed in the rocks. Therefore, the study on evolution 
of the 3D surface flaw under true triaxial stress is crucial to determine the fracture behaviors of 
the rock in some deep underground spaces. Gypsum, as a rock-like material, has been extensively 
used in studies of crack initiation and propagation. In this study, we prefabricate a pair of 3D 
surface flaws at 45◦ in the cubic gypsum specimen and investigates the effect of the intermediate 
principal stress on initiation and peak stresses (characteristic stress thresholds) of flaws and crack 
propagation patterns of 3D surface flaws parallel to the intermediate principal stress. The true 
triaxial apparatus and acoustic emission (AE) technique were used to test and monitor the me-
chanical behaviors of the samples. The internal crack propagation pattern was observed by X-ray 
CT scan. The results demonstrate that the intermediate principal stress strongly affects crack 
patterns but has a limited influence on characteristic stress thresholds. Both the intermediate and 
minimum principal stresses affect the difference in the crack peak and initiation stress, which 
elucidates how the true triaxial stress affects the fracture behavior of the specimen. Additionally, 
the intermediate principal stress effect on characteristic stresses is closely related to the magni-
tude of minimum principal stress. When the magnitude of minimum principal stress is small, with 
the rising intermediate principal stress, the characteristic stresses increase slowly. When the 
magnitude of minimum principal stress is large, the intermediate principal stress almost has no 
effect on characteristic stresses. The surface wing cracks and anti-wing cracks initiate from the 
flaw when the magnitude of intermediate principal stress is relatively small. With the interme-
diate principal stress increasing, the surface crack propagation pattern is shift from tensile crack 
to shear crack. Through the CT image reconstruction technique, the propagation patterns of the 
inner tips of single 3D surface flaw were illustrated in this paper. It is observed that the large 
intermediate principal stress can restrict the crack wrapping and even make the internal flaw 
propagation patterns same with that on the specimen surface, providing insights into the validity 
of simplifying 3D flaws as 2D flaws for analyzing and computing crack propagation.
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1. Introduction

As tunnel construction advances into deeper underground environments, accurate prediction of fracture in surrounding rocks 
under extreme stress conditions is critical to assessment of deep tunnels risks. True triaxial stress, a dominant stress state in deep 
geomechanical context [1], fundamentally governs rock fracture failure processes. Experimental studies on crack evolution under true 
triaxial stress can provide mesoscopic insights to elucidate the fracture mechanisms of materials [2–4], which are beneficial to pre-
diction of fracture failure in deep tunnels.

To now, there are many investigations on the evolution of 2D flaws (a kind of flaw which penetrate the whole specimen) embedded 
in various materials, such as polymethyl methacrylate (PMMA) [2] and sandstone [3], marble [4], gypsum [4,5], under uniaxial 
compression test [5–8], tension test [9], or biaxial compression test [10–12]. These results demonstrate the effect of flaw angle, ge-
ometry and number on the initiation, coalescence and characteristic stress thresholds. Additionally, the observation of crack types can 
also elucidate the failure type of specimen under different stress state. For example, Wong et al. [3] identified seven types of cracks 
emanating from one single prefabricated flaw in uniaxial test based on the propagation patterns and mechanism. From now on, flaws 
denote the pre-fabricated cracks in the specimens. Yang et al. [13] observed eight types of crack coalescence in two parallel flaw 
propagation under uniaxial stress. The frictional force along the flaw surfaces can affect the crack evolution under uniaxial loading [5]. 
In triaxial experiments, the crack types and the mechanical behavior of the specimen are strongly influenced by the confining pressure 
[14–16]. Large confining pressure will induce obvious plastic deformation and decrease the number of new cracks [17,18]. 
Furthermore, previous studies on 2D through-cracks have revealed the mechanisms of the effect of the intermediate principal stress on 
crack propagation and stress thresholds [19,20].

In fact, among natural rock flaws, 3D flaws are ubiquitous in rocks and play a pivotal role in fracture propagation [21,22]. 
Therefore, understanding the evolution of 3D flaws under true triaxial stress is essential for prediction of the rock fracture behavior in 
deep underground spaces [20]. To observe the patterns of 3D flaws in the internal of specimens, the CT scan technique was employed 
to visualize internal crack patterns after the experiment was completed [23,24]. Additionally, the acoustic emission (AE) technique is 
an effective method to monitor the cracking process and obtain the crack initiation stress [25,26]. The accuracy of AE method has been 
verified [27]. These techniques are beneficial to observation and monitor of 3D internal fracture patterns.

Some experiments demonstrated the uniqueness of the propagation process of 3D cracks under uniaxial or biaxial compression test 
[28,29], which is different with that of 2D flaws [24,30]. For example, in uniaxial loading tests on 3D flaws, the wing wrapping crack 
can be observed in the tips of the 3D flaws [31]. And wrapping cracks constrain themselves to further propagate [29]. The resulting 
crack surfaces are non-planar and typically consist of a combination of shear and tensile cracks [32]. While under biaxial stress state, 
Wang et al. [33] investigates the restriction effect of lateral stress on the wrapping crack growth of the 3D internal flaw embedded in 
the resin samples. It is observed that the relative high lateral stress can restrict the generation of wrapping cracks.

In deep underground environments, the in-situ stress state are typically three unequal principal stresses (true triaxial stress) [1]. It 
is necessary to investigate the 3D flaw propagation under this stress state. Sun et al. [34] conducted a numerical study on the effect of 
true triaxial stress on 3D crack propagation and demonstrated that σ₂ significantly influence crack initiation stress. However, this study 
did not validate its numerical models which requires experiments on real 3D flaw. This is the necessity of our study. Some studies 
demonstrate that the anisotropic lateral stresses (σ₂ ∕= σ₃) fundamentally affect the fracture process [35–37]. However, they pre-
dominantly focused on the macroscopic effect of σ₂ on fractures, while its effect on 3D surface flaws evolution remains inadequately 
studied. This knowledge gap impedes a mechanistic understanding of how σ₂ affects crack initiation and propagation at mesoscopic 
scales. Therefore, experimental investigation on 3D surface flaws propagation under true triaxial stress loading can provide valuable 
insights into the mesoscale fracture mechanisms governing rock fracture failure processes [38] and advance predictive capabilities for 
rock damage in deep underground tunnels [17].

In Section 1, we review the up-to-date literatures on the flaw evolution. In Section 2, we detail the true triaxial experimental 
methods and fabrication process of 3D surface flaws in specimens. Sections 3 and 4 describe the results of the experiments from two 
aspects, one is characteristic stress thresholds, the other is cracks patterns affected by the minimum and intermediate principal stresses. 
Then we compare the results with other previous studies. Finally, we conclude the experiment observation in the Section 5 and 6.

Fig. 1. (a)The designed mold and (b)lateral slots at various inclinations.
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2. Experiment setup

2.1. Apparatus

To fabricate 3D surface flaws embedded in the specimens, we designed a stainless mold (see Fig. 1) featuring three pairs of slots at 
various angles on the lateral plates. which can prefabricate multiple types of flaws by inserting different materials. For example, 
inserting plastic thin films can make closed flaws, while inserting steel sheets of varying geometries can make opened flaws or 3D 
surface flaws. The mold is capable of fabricating three specimens with different inclination angles simultaneously. The dimension of 
specimens is of 100 × 100 × 100 mm.

The experimental apparatus used in this study is custom-designed and fabricated to apply true triaxial stress using six indepen-
dently controlled loading platens (see Fig. 2). The system consists of six loading actuators and a high-stiffness loading frame, with a 
maximum loading capacity of 600 MPa along the X and Y axes and 400 MPa along the Z axis. To minimize friction, a mixture of 
Vaseline and stearic acid was applied to all surfaces of the specimens and platens. Furthermore, the specimens were coated with copper 
foil, reducing the coefficient of friction to approximately 0.02 [35].

Additionally, the end friction effect caused by platen friction has been extensively studied by Feng et al. [35]. Their findings 
demonstrate that it can increase stress in orthogonal directions, particularly in the minimum principal stress direction.

2.2. Specimen

Cement-based rock-like materials (e.g., gypsum and concrete) are widely adopted in fracture mechanics experiments as analogues 
for natural rocks due to their comparable mechanical properties [4]. Their controlled casting process enables precise prefabrication of 
3D surface flaws with tailored geometries – a critical advantage over natural heterogeneous rocks. Notably, gypsum has been 
extensively validated through prior studies investigating crack propagation patterns, providing established benchmarks for experi-
mental comparisons. Given its reproducibility, ease of flaw customization, and empirical verification, gypsum emerges as an ideal 
model material for fracture analysis. In this study, the specimens were prepared using ultra-high strength gypsum powder mixed with 
purified water at a mass ratio of 100:26. Water should be added to the blender first, followed by the gradual addition of gypsum 
powder, ensuring thorough mixing. Then the gypsum paste should be vibrated to expel internal air before casting.

To make pre-existing 3D flaws within the specimens, two 0.3 mm thick stainless steel sheets were used, with one end cut into a 
100 mm radius arc. The sheets were symmetrically inserted into the mold slots on both sides to a depth of 25 mm, and rubber strips 
were used to seal the slots to prevent paste leakage and restrict the movement of the steel sheet. Vaseline was applied to the steel sheets 
to facilitate removal of the sheets after paste solidification. As shown in Fig. 3, the finished specimens containing the flaws that are 
oriented at a 45-degree angle and parallel to the intermediate principal stress direction. The prefabricated 3D flaws feature both inner 
arc tips and outer tips, representing a combination of 3D and 2D flaw characteristics.

The gypsum specimens were maintained in a thermostat-controlled container to enhance their brittleness. It is important to note 
that the temperature of the container was carefully regulated to remain below 65◦C to prevent dehydration at the molecular level of the 
gypsum. Subsequently, the surfaces of the specimens were mechanically polished to ensure smoothness and minimize frictional effects.

Each step of the sample processing procedure was meticulously executed to ensure maximum consistency across all specimens. To 
validate the quality and uniformity of the processed samples, three randomly selected specimens were tested, and the standard de-
viation as well as the coefficient of variation of the data were analyzed. The results (Table 1) indicated that the properties of the three 
samples were highly consistent, confirming the high quality and uniformity of the specimens.

Fig. 2. Schematic of true triaxial loading structure.
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2.3. Experiment method

In this study, σ1, σ2, and σ3 represent the maximum, intermediate, and minimum principal stresses, respectively. Given the critical 
role of σ₂ in true triaxial tests, we primarily focus on the evolution of 3D surface flaws aligned with the direction of σ₂ to elucidate its 
underlying mechanisms.

The true triaxial stress path is illustrated in Fig. 4. Firstly, we rise the three principal stresses synchronously to σ3 value at the rate of 
0.1 MPa/s. Then one of three principal stresses is held constant while the other two principal stresses are both increased to σ2 values. 
The final step is regulating the strain rate at 0.001 mm/s until σ1 reaches the point of specimen failure. There is a 15 s interval between 
steps ensuring stress stable. The specimens are tested based on the scheme outlined in Table 2.

The crack initiation stress (σi) and peak stress (σp) are two significant stress thresholds to characterize the crack initiation and 
specimen failure, respectively. The linear acoustic emission (AE) hit line method is used to identify the crack initiation stress. The 
schematic of this method is illustrated in Fig. 5, the first sharp increase in AE counts denotes the onset of crack initiation. The loading 
curve, as shown in Fig. 5, is used to determine peak stress.

Fig. 3. Schematic of a specimen with a 45-degree 3D surface crack.

Table 1 
Physical properties of gypsum specimen.

Properties Average value Standard deviation Coefficient of variation

Porosity 9.67 % 0.01 0.12
Density, ρ 1.95 g/cm3 0.03 0.02
Young’s modulus, E 6.76 GPa 0.42 0.06
UCS, σc 33.2 MPa 1.90 0.06
UTS, σt 4.66 MPa 0.16 0.04
Poisson’s ratio, ν 0.16 0.01 0.07

Fig. 4. Schematic of typical true triaxial loading path.
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Table 2 
Stress paths and results of 3D flaw experiments.

Specimen No. σ3 

（MPa）
σ2 

（MPa）
σi 

（MPa）
σp 

（MPa）

2T− 45–36 10 10 42.2 53.3
2T− 45–37 20 42.6 55.2
2T− 45–38 30 45.1 55.8
2T− 45–39 40 47.5 56.5
2T− 45–40 50 47.9 54.5
2T− 45–41 20 20 58.2 68.8
2T− 45–42 30 64.3 72.2
2T− 45–43 40 63.1 74.7
2T− 45–44 50 64.4 75.6
2T− 45–45 60 65.2 76.1
2T− 45–46 30 30 68.7 83.5
2T− 45–47 40 69.2 84.3
2T− 45–48 50 68.9 85.3
2T− 45–49 60 69.5 86.5
2T− 45–50 70 70.4 85.9

Fig. 5. Schematic of the method to identify the crack initiation and peak stress based on the linear AE hit line method.

Fig. 6. Effect of σ2 on the initiation and peak stress of 3D flaws.
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The acoustic emission (AE) signal-based method proves more effective for identifying crack initiation compared to classical 
methods [39]. Zhao et al. [27] proposed and validated the linear AE hit line method to to determine initiation stress, demonstrating its 
reliability through experimental verification.

3. Effect of true triaxial stress on 3D flaw evolution

3.1. Effect of intermediate principal stress

As illustrated in Fig. 6, the initiation stress generally shows a slight increase with rising σ₂. This trend can be attributed to the 
location and geometry of the 3D surface flaws. In this study, the internal tips of the 3D flaws are positioned close to the specimen 
surface, resulting in a more uniform stress distribution compared to through-flaw embedded in specimens. Consequently, the influence 
of σ₂ becomes more pronounced under these conditions. However, when σ₂ exceeds a critical threshold, the initiation and peak stresses 
begin to decrease.

When σ₃ is low (10 MPa), the initiation stress shows a more pronounced increase with rising σ₂ compared to cases with higher σ₃ 
values. Although the increasing trend in peak stress gradually diminishes, it still reaches a maximum increase of approximately 5 %. 
The peak stress initially rises and then decreases as σ₂ increases. When σ₃ is increased to 20 MPa, both the initiation and peak stresses 
show an upward trend with rising σ₂. Further increasing σ₃ to 30 MPa results in higher crack initiation and peak stresses compared to 
the σ₃ = 20 MPa group. However, the influence of σ₂ on the characteristic stresses of the flaws becomes significantly weaker. The 
initiation stress shows minor fluctuations, while the peak stress initially increases and subsequently decreases as σ₂ rises.

In summary, the influence of σ₂ on cracking stress thresholds is closely related to σ₃. When σ₃ is relatively low, the effect of σ₂ is 
more pronounced. As σ₃ increases progressively, the influence of σ₂ on cracking stress thresholds diminishes. This phenomenon can be 
attributed to the end friction in the σ₂ direction, which affects crack propagation. When σ₃ is low, the strain in the σ₃ direction is larger, 
resulting in greater friction at the end of the σ₂ direction. This indirectly increases the "pseudo" σ₃, thereby restricting crack propagation 
and leading to significant increases in both initiation and peak stresses. As σ₃ rises, the confining effect of σ₃ on deformation in its own 
direction becomes more pronounced, causing the end friction in the σ₂ direction to weaken.

As illustrated in Fig. 7, the macroscopic deformation behavior of specimens containing 3D surface flaws can be characterized as a 
combination of behaviors observed in specimens containing opened cracks and closed cracks. Prior to reaching peak stress, the load- 
displacement curve remains relatively smooth, resembling that of specimens containing open cracks. It is attributed to the absence of 
frictional forces at the flaw surfaces, resulting in minimal stress fluctuations. However, as σ₁ continues to increase, a significant stress 
drop occurs at peak stress, followed by a subsequent stress recovery that even exceeds the last peak stress. In this case, the strain curves 
exhibit characteristics similar to those of specimens containing closed cracks. At the point of stress drop, crack surfaces begin to make 
contact, generating substantial frictional forces that resist further shear slip. This frictional resistance enhances the specimen strength.

3.2. Effect of minimum principal stress

The influence of σ₃ on crack propagation is clearly demonstrated in Fig. 8. An increase in σ₃ leads to a significant rise in both 
initiation and peak stresses, highlighting its restraining effect on crack propagation. Figs. 8 and 9 further illustrate the relationship 

Fig. 7. The stress strain curve of the specimen containing 3D surface flaws (σ3=10 MPa，σ2=50 MPa).
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Fig. 8. Effect of σ3 on crack initiation stress.

Fig. 9. Effect of σ3 on crack peak stress.

Fig. 10. Effect of σ3 on difference of characteristic stress.
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between σ₃ and characteristic stresses. Specifically, Fig. 8 depicts the effect of σ₃ on characteristic stress using histograms. As σ₃ in-
creases, the average initiation stress rises markedly by approximately 13 MPa (or 30 %). However, when σ₃ increases from 20 MPa to 
30 MPa, the rate of increase in crack initiation stress slows down.

Regarding the influence of σ₃ on peak stress, as shown in Fig. 9, the peak stress also increases with rising σ₃. For example, when σ₃ 
increases from 10 MPa to 20 MPa, the average peak stress rises from 55.6 MPa to 74.2 MPa, representing an increase of approximately 
33 %. Further increasing σ₃ to 30 MPa results in an average peak stress of 84.4 MPa, corresponding to an increase of about 14 %. 
Notably, the rate of increase progressively decrease as σ₃ rises. This phenomenon can be attributed to the intrinsic properties of the 
gypsum material. Under high confining pressure, the plastic deformation of gypsum becomes more pronounced, significantly influ-
encing the mechanical behavior of the specimens.

The characteristic stress difference, defined as the difference in peak stress and initiation stress, represents the strain-hardening 
phase between crack initiation and failure. A larger characteristic stress difference indicates a more extensive strain-hardening 
range. As illustrated in Fig. 10, the stress difference increases with rising σ₃, suggesting that a higher σ₃ extends the strain- 
hardening phase.

When σ₃ is 10 MPa, the characteristic stress difference decreases as σ₂ increases. However, when σ₃ increases to 20 MPa, the 
characteristic stress difference initially rises and then decreases with increasing σ₂. As σ₃ further increases to 30 MPa, the characteristic 
stress difference decreases with rising σ₂. These observations are consistent with rock failure patterns observed in true triaxial tests [40, 
41]. Specifically, when σ₃ remains constant, an increase in σ₂ either extends or shortens the elastic region of the stress-strain curve.

This phenomenon can be attributed to the differential stress (σ2-σ3). Smaller differential stress (σ2-σ3) does not induce the damage 
during the second step loading. While lager differential stress (σ2-σ3) can induce damage in advance, which potentially accelerate the 
failure of the specimen.

Thus, we deeply analyze of the effect of differential stress (σ2-σ3) on the characteristic stress difference, as illustrated in Fig. 11. The 
results indicate that an increase in the differential stress (σ2-σ3) enhances the influence of σ3 on the difference of characteristic stresses. 
Larger differential stress (σ2-σ3) can accelerate the transition from crack initiation to failure, indicating that both the differential stress 
(σ2-σ3) and σ3 affect the characteristic stress difference.

It can be inferred that as σ3 continues to increase, the differential stress (σ2-σ3) must further increase to a certain level to observe the 
decrease of the characteristic stress difference. The σ3 enhances the plastic deformation behavior. Additionally, in true triaxial rock 
tests, a sufficiently high σ3 can prevent the rocks strength from decreasing with increases of σ2. This result is consistent with the 
phenomenon in macroscopic true triaxial experiments in which the strength will not decrease when the σ3 is of high magnitude, no 
matter how σ2 changes.

Note that the plastic deformation characteristic of gypsum under high-stress levels may affect the results, indicating the necessity 
for comparative tests with other materials such as natural rocks for further analysis.

4. 3D flaw propagation patterns

In addition to the characteristic stresses, the complex propagation patterns of 3D flaws also need investigation. Because the evo-
lution of 3D cracks is significantly different from the 2D cracks. Understanding how and to what extent σ2 influences the evolution of 
3D surface flaws is crucial for elucidating the fracture mechanism of specimens under true triaxial stress. Since the position of the 3D 
surface flaw includes two parts, one is the outer tips on the surfaces of the specimen, the other is the inner tips localized in the internal 
specimens. This section explores the crack evolution from both surface and internal perspectives.

Fig. 11. Effect of differential stress (σ2-σ3) on difference in characteristic stresses.
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This section provides a detailed analysis of the complex propagation patterns of 3D flaws, as the evolution of 3D cracks differs 
significantly from that of 2D cracks. Understanding how and to what extent σ₂ influences the evolution of 3D surface flaws is crucial for 
elucidating the fracture mechanisms of specimens under true triaxial stress. The position of surface 3D flaws includes two parts: the 
outer tips on the specimen surfaces and the inner tips localized within the specimen. This section explores crack evolution from both 
surface and internal perspectives.

4.1. Crack propagation patterns on the surfaces

For a σ3 of 10 MPa, the crack pattern is shown in Fig. 12. As σ2 increases, the propagation patterns shift from tensile to shear cracks. 
Specifically, tensile wing cracks and anti-wing cracks initiate from the flaws when σ2= 10, 20, 30 MPa.

When σ2 further increases to 40 MPa, both wing cracks and shear cracks initiate from the flaw tips, but the anti-wing cracks do not 
appear. Finally, when σ2 reaches 50 MPa, only shear cracks are generated at both tips of the initial flaw, and the anti-wing cracks are 
only generated at the upper tip of the initial flaw. It reveals that σ2 can restrain the generation of the anti-wing cracks due to the end 
friction effect.

Anti-wing cracks commonly occur in the 2D through opened crack propagation experiments. The mechanism behind anti-wing 
cracks in 3D surface cracks is similar to that in through opened flaws. When the flaw surfaces begin to close and contact due to 
specimen failure, significant tensile stress occurs at the flaw surfaces and tips, leading to the anti-wing crack formation. However, the 
anti-wing cracks are less likely to generate from closed flaws, revealing the distinct differences between opened and closed cracks [20].

When σ3 increases to 20 MPa, as illustrated in Fig. 13, the crack propagation patterns are similar to that at 10 MPa. For inter-
mediate principal stresses of 20 MPa and 30 MPa, both wing and anti-wing cracks initiate from the flaws tips. As the intermediate 
principal stress further increases to 40 MPa and 50 MPa, anti-wing cracks only initiate from one tip of the flaws. When σ2 is 60 MPa, 
only shear cracks initiate from the flaws tips, and anti-wing cracks do not appear.

Both groups of figures reveal that as σ2 increases, crack propagation will transition from tensile wing cracks to shear cracks. The 
initiation angle of wing cracks decreased and gradually transitioned to shear cracks. Potentially it is related to “pseudo” σ3 induced by 
end friction in the direction of σ2. This trend indicates the non-negligible effect of σ2 on crack propagation pattern.

4.2. Crack propagation patterns in the specimens

Given that the propagation of 3D flaws typically involves a wrapping process under uniaxial compression, internal crack propa-
gation generally differs from surface observations. This section is based on CT scan results to analyze the internal crack propagation 
patterns and illustrate the effect of σ₂. As shown in Fig. 14, the flaw in each specimen was aligned parallel to the X-axis, and the CT 
scans intersected the samples along the YZ plane. The voxel resolution of the X-ray CT scans is 0.6 × 0.6 × 0.6 mm.

As shown in Fig. 15, when σ₂ = 20 MPa and σ₃ = 10 MPa, the internal crack paths gradually diverge from the outer surface crack 
paths, demonstrating that the propagation of 3D flaws transitions from the outer to the inner regions. This phenomenon is also known 
as wing crack wrapping. The internal cracks are shear cracks with an inclination of approximately 60 degrees, which differ signifi-
cantly from the cracks observed on the surfaces.

We also employed the CT 3D reconstruction technique to reconstruct the structure of the specimens. Light gray represents the 
matrix of the sample, while dark gray indicates the detected cracks. Cracks with an opening degree exceeding the resolution of the CT 
apparatus are detected and illustrated in Fig. 16. The results clearly demonstrate that the inner crack patterns consist of wrapping wing 
cracks mixed with shear cracks, which differ slightly from the outer crack patterns.

As shown in Figs. 17 and 18, when σ₂ increases to 30 MPa and σ₃ remains at 10 MPa, the internal cracks exhibit slight wrapping and 
gradually align more closely with the surface crack patterns. This indicates that σ₂ significantly influences internal crack propagation. 
The results confirm that, under high σ₂, internal cracks tend to resemble surface crack paths (see Fig. 18).

As shown in Figs. 19 and 20, when σ₃ = 20 MPa and σ₂ = 20 MPa, the number of internal cracks significantly decreases, and they 
are tightly closed, making them difficult to detect by CT scanning due to the resolution limitations of the equipment. Even anti-wing 
cracks, which typically result from impact, cannot be observed under these conditions.

As shown in Figs. 21 and 22, when σ₃ = 20 MPa and σ₂ = 30 MPa, the number of internal cracks further decreases. However, σ₂ 
induces the formation of internal anti-wing cracks. The propagation of anti-wing cracks is more pronounced than that of wing cracks, 
further underscoring the influence of sudden impact forces on crack propagation. These results also highlight the differences between 
open flaws and closed flaws. In the case of closed flaws, the crack surfaces are in close contact with each other and may not slip until 
failure. As a result, impact forces cannot occur, making it difficult to observe anti-wing cracks initiating from closed flaws.

When σ₂ increases to 40 MPa, as illustrated in Figs. 23 and 24, the overall cracks close tightly, making it challenging to observe 
crack propagation both on the specimen surfaces and internally. An interesting finding from the CT scan results is the presence of small 
horizontal cracks near the surface that are not visible in surface photographs. This occurs because the anti-friction agent applied before 
loading has infiltrated these cracks, and its color closely matches that of the gypsum, rendering small surface cracks difficult to detect 
with the unaided eye. Given that tensile stress is commonly present on crack surfaces during closure, tensile failure-induced anti-wing 
cracks can occur at any point along the flaw surfaces.

In summary, this section describes the observation of internal cracks using X-ray CT scanning technology. Under low intermediate 
principal stress (σ₂), 3D surface cracks exhibit spatially complex propagation patterns, with internal crack angles significantly differing 
from those on the surface. However, as σ₂ increases, the wing wrapping cracks become increasingly constrained, causing internal crack 
propagation to align more closely with the surface crack pattern. Ultimately, this results in the formation of a macroscopic fracture 
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zone.

5. Discussion

The evolution of 3D surface cracks is crucial for elucidating the mechanisms of fracture failure. In this paper, we further investigate 
the evolution of 3D surface cracks under true triaxial stress. The results differ significantly from those observed in uniaxial tests. In 
uniaxial tests, wrapping wing cracks are commonly observed during loading, which tend to restrict crack propagation [28,29]. 
However, under true triaxial stress, the wrapping wing cracks gradually diminish as σ₂ increases. This finding is significant as it 

Fig. 12. 3D crack propagation pattern at σ3= 10 MPa.

Fig. 13. 3D crack propagation pattern at σ3= 20 MPa.
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validates the method of simplifying 3D crack propagation as 2D crack in numerical computations.
Under such complex stress states, crack propagation mechanisms may exhibit greater intricacy compared to biaxial or uniaxial 

loading scenarios. Fracture toughness (KIC), a material property typically measured experimentally under plane strain conditions, 
quantifies a material’s resistance to crack growth. However, in 3D stress fields, the determination of fracture toughness may necessitate 
accounting for additional factors, such as the contributions of stress intensity factor (SIF) components in all three principal directions 
and their synergistic interactions driving crack propagation.

A primary consideration is the definition of fracture toughness in 3D crack configurations. Fracture toughness is intrinsically linked 
to the critical SIF, where crack initiation occurs when the SIF reaches this threshold. For 3D cracks, SIFs encompass three modes: KI 
(Mode I, opening), KII (Mode II, in-plane sliding), and KIII (Mode III, out-of-plane tearing). While KIC is conventionally measured for 
Mode I-dominated failures (the most prevalent mode), the analysis of 3D cracks may require a coupled evaluation of all three modes. 
For instance, in the case of a 3D elliptical crack subjected to uniform far-field stresses, the SIF varies along the crack front. According to 
Irwin’s formulation, the Mode I, II and III SIF for such configurations can be expressed as: 

Fig. 14. CT images taken from the section along the YZ plane.

Fig. 15. CT scan of 3D crack (σ3=10 MPa, σ2=20 MPa).
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KIC = σcrit
̅̅̅̅̅̅
πa

√
·YI (1) 

KIIC = τcrit
̅̅̅̅̅̅
πa

√
·YII (2) 

Fig. 16. CT 3D reconstruction image of crack pattern (σ3=10 MPa, σ2=20 MPa).

Fig. 17. CT scan of 3D crack (σ3=10 MPa, σ2=30 MPa).

Fig. 18. CT 3D reconstruction image of crack pattern (σ3=10 MPa, σ2=30 MPa).
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KIIIC = τIII
crit

̅̅̅̅̅̅
πa

√
·YIII (3) 

In which, σcrit,τcritandτIII
crit are critical far-field tensile stress, critical in-plane shear stress, critical out-of-plane shear stress, 

respectively. And a is crack length (half-length for embedded cracks). YI (Mode I), YII (Mode II), and YIII (Mode III) are geometry- 
dependent factors for different Mode. The equivalent stress intensity factor can be expressed as: 

Keq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

K2
I + K2

II + K2
III

√

≥ KIC (4) 

The Eq. (4) is obviously difficult for engineering application since it is hard to derive the equivalent stress intensity factor. In fact, 
based on the results in this study, when the magnitude of σ₂ is relatively large, planar crack propagation dominates, allowing cal-
culations to focus on the σ₁-σ₃ plane (Mode I fracture) while neglecting the influence of σ₂. Take the σ1-σ3 plane as an example. In the 
Eq. (5), σx is the stress parallel to the crack plane. σy is the stress normal to this plane. This simplification significantly reduces 
computational complexity. 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

σx = σ1sin2θ + σ3cos2θ

σy = σ1cos2θ + σ3sin2θ

τxy =
1
2
(σ1 − σ3)sin 2θ

(5) 

Fig. 19. CT scan of 3D crack (σ3=20 MPa, σ2=20 MPa).

Fig. 20. CT 3D reconstruction image of crack pattern (σ3=20 MPa, σ2=20 MPa).
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This paper investigates and elucidates the mechanisms of 3D flaw propagation under true triaxial stress states. The results provide 
insights into the validity of simplifying 3D flaws as 2D flaws for analyzing and computing crack propagation when the magnitude of 
intermediate principal stress is significant, which helps predict failure modes and validate numerical models. The findings can also 
contribute to analysis of broader urban maintenance and fracture in building materials.

6. Conclusions

This study investigates the evolution of 3D surface flaws in terms of initiation stress, peak stress, and propagation patterns. The key 
conclusions are as follows:

Both σ₂ and σ₃ significantly affect the initiation and peak stresses (characteristic stresses) of 3D flaws. As σ₃ increases, the char-
acteristic stresses also increase. However, characteristic stresses initially rise and then decrease with increasing σ₂. An increase in σ₃ 
increases the difference in peak and initiation stresses, indicating an extended phase from yielding to failure. In contrast, an increase in 
σ₂ initially increases the difference before decreasing it.

The increase in σ₂ notably influences the propagation patterns of 3D surface flaws. As σ₂ increases, crack propagation transitions 
from wing cracks to shear cracks, while anti-wing crack propagation gradually diminishes. CT scanning of the specimen interiors 
reveals that 3D surface flaws exhibit spatially complex cracks (wrapping cracks) under low σ₂ conditions. However, as σ₂ increases, the 
internal crack patterns align more closely with the surface cracks.

In summary, the results demonstrate the effect of true triaxial stress on the 3D surface flaws evolution, which elucidate the 
mechanism of 3D surface flaw propagation under true triaxial stress state. Since the fracture failure of rocks is common in deep 

Fig. 21. CT scan of 3D crack (σ3=20 MPa, σ2=30 MPa).

Fig. 22. CT 3D reconstruction image of crack pattern (σ3=20 MPa, σ2=30 MPa).
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underground tunnel engineering. The results effectively advance predictive capabilities for rock damage in deep underground 
tunnels—a critical step toward ensuring engineering safety in high-stress geomechanical environments. Besides, the finding of crack 
patterns in this experimental study provide benchmark datasets for numerical simulations of 3D flaws—a long-standing challenge in 
computational geomechanics.
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