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An analysis model for surrounding rock was established, considering excavation-induced damage 
and failure zones. Meso-mechanical parameters for Particle Flow Code (PFC) were calibrated using 
sandstone test data from Brazilian splitting, uniaxial, and triaxial tests. The strength variation of multi-
scale surrounding rock was investigated: at a fixed width of 50 mm, the strength decreases linearly as 
height increases from 20 to 80 mm, then increases with height from 80 to 300 mm; at a fixed height 
of 100 mm, the strength increases linearly with width from 20 to 300 mm. The ratio of damage stress 
to strength(multi-scale surrounding rock with a width of 50 mm)/the second ratio of damage stress 
to strength(with a height of 100 mm) does not change with height/width, which is approximately 
0.91. The mechanical mechanism of only shallow failure or zonal disintegration characteristics of the 
surrounding rock were revealed by analyzing the failure characteristics of multi-scale surrounding 
rock: under shallow burial conditions, a narrow stress concentration zone leads to only shallow failure, 
whereas under deep burial, a wider stress concentration zone leads to both shallow failure and zonal 
disintegration. These findings provide a theoretical basis for stability assessment of underground 
roadway surrounding rock.
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The stability analysis of various rock mass engineering requires consideration of the strength and deformation 
parameters of the rock mass. The mechanical properties of the rock mass are also related to its scale characteristics. 
This has been a long-standing challenge in rock mechanics, unresolved for over 70 years since its proposal at the 
Geomechanics Symposium in 19501.

Rock mechanics researchers have conducted extensive studies on the strength and failure modes of rocks 
at different scales. Sun et al. conducted multi-scale analysis on roadway surrounding rock and concluded that 
macroscopic fracture of deep surrounding rock is mainly controlled by localized regional fragmentation. As 
the scale increases, the failure of the surrounding rock exhibits shear sliding and plate splitting2. Darlington 
et al. emphasized the close link between scale effect and rock type through statistical analysis of existing 
experimental data3. Zaytsev et al. found that the average tensile strength of granite decreases with increasing 
sample size4, while Asadi5 and Li et al.6 explored the combined impacts of loading rate and sample size on 
rock tensile strength, noting that the scale effect on tensile strength is minimized under a critical stress rate 
and establishing a scale effect equation. Lei et al. divided scale effect into volume effect and aspect ratio effect 
and analyzed their respective influences on compressive strength7. Kashfi et al.8 identified an aspect ratio of 
3 as the optimal proportion for the stress–strain uniformity index via multi-scale finite element analysis, and 
Chen et al.9 discovered a strength turning point when the aspect ratio reaches 2. Qian et al.10 and Wen et al.11 
studied the strength degradation of rock and the failure characteristics of rock under dynamic and static stress. 
For jointed rock masses, Azinfar et al.12 examined the scale effect on shear strength, Dong et al.13 found that 
strength decreases with increasing scale at the same joint dip angle, and Ma et al.14 indicated through numerical 
simulations that jointed rock mass strength stabilizes at a scale of 4 m × 4 m × 8 m. Additionally, Zhang et al.15, 
Wang et al.16, and Bewick et al.17 utilized particle flow code to study the size effect on intact/jointed rock mass 
strength and crack propagation, Liu et al.18 revealed that rock strength decreases with height and increases 
with width via discrete element analysis, and Li et al.19 explored the relationship between static and dynamic 
compressive strength using cubic and cylindrical concrete samples. Overall, these studies elucidate how scale, 
rock type and joint characteristics affect the strength and failure behavior of rocks or rock masses.
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In establishing strength criteria and predictive models to quantify rock or surrounding rock strength, 
Brook20 developed a strength method for equivalent circular cross-section samples through tests on non-
circular cross-section samples, and Rajmeny et al.21 constructed strength models for surrounding rock with 
different opening sizes. Pankov22 proposed a tensile and biaxial compressive strength criterion considering 
three principal stresses, Masoumi et al.23 put forward a multiaxial strength criterion incorporating a scale effect 
parameter, and Mehranpour et al.24 built a three-dimensional strength criterion to analyze the coupling effects 
of rock mass anisotropy and scale effect. Mahmoodzadeh et al.25 employed four machine learning techniques 
to develop a strength prediction model, which estimates internal friction angle and cohesion using uniaxial 
compressive strength, tensile strength, and confining pressure as input parameters. These works provide 
theoretical frameworks for predicting and evaluating the strength of rocks and surrounding rocks in engineering 
applications.

Based on the comprehensive analysis of the existing research results, it can be concluded that the strength 
and failure characteristics mainly focus on the scale effect under the uniaxial stress path of the rock, as well as 
the strength model that comprehensively considers the influence of the joint and confining pressure. However, 
both uniaxial and triaxial conditions do not match the actual stress conditions of the surrounding rock of 
roadway. Therefore, this research constructed a surrounding rock analysis model of roadway considering the 
characteristics of the damaged and fractured areas of the surrounding rock (Fig. 6), and studies the strength and 
failure characteristics of multi scale surrounding rock.

Sandstone test data and meso-parameters
PFC model selection
The PFC discrete element can directly simulate rock damage and macroscopic mechanical behavior by selecting 
appropriate particle contact model and assigning mesoscopic parameters (Fig.  1a,b), without the need to 
consider complex constitutive relationships26. Notably, Potyondy proposed a flat-joint model that effectively 
captures the high compressive-to-tensile strength ratio characteristic of rock, which has since become widely 
adopted for rock simulations27,28. Accordingly, this model is employed in the present study.

The flat-joint model is composed of piece and contact (Fig.  1c–d), and a piece is composed of circular 
particle and notional surfaces (Fig. 1d). A piece may have multiple ideal notional surfaces; hence, the flat-joint 
model constructs circular particles into polygons (Fig. 1c), which has a sufficient self-locking effect, inhibits 
the rotation of particles, and may be used in the analysis of rock materials. In PFC2D, the contact interface is a 
straight line segment and can be divided into multiple elements (Fig. 1c). Each element on the contact interface 
can be bonded or frictional. Therefore, the contacts in the flat-joint model may undergo deformation, failure, 
or localized damage (Fig. 1c). After a bond failure, it changes into a slip model (Fig. 2), as described by Eqs. (1) 
and (2).

	 τs = c + σ tan φ,� (1)

	 τs = µσ,� (2)

where τs is the bond or slip shear strength, c is the cohesion, φ is the internal friction angle, μ is the friction 
coefficient, σ is the compressive stress acting on the element, and σt is the bond tensile strength.

Fig. 1.  Flat-joint contact and material.
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Sandstone mechanical and meso-parameters
The meso-parameters, including the tensile strength (σ*), cohesion (c), friction coefficient (μ), friction angle 
(φ), effective modulus (E*) and normal-to-shear stiffness ratio (k*), were determined based on sandstone 
experimental data 29, as listed in Table 1.

The meso-parameters listed in Table 1 were employed to simulate sandstone behavior. A comparative analysis 
was conducted between the experimental results29 and numerical simulations in terms of stress–strain curves 
(Fig. 3), strength envelopes (Fig. 4), and failure patterns (Fig. 5).

In Fig. 3, although some discrepancies exist between the simulated and experimental curves, the numerical 
model demonstrates good agreement with the experimental data in terms of sandstone strength, peak strain, 
and overall deformation trends. Figure 4 illustrates that the strength envelope of sandstone is well fitted as a 
whole. The tensile strength is not shown in Fig. 4. The experimental and simulated tensile strength are 2.92 and 
2.98 MPa, respectively, which are very close. Figure 5 shows that the failure characteristics of the PFC samples 
under Brazilian splitting, uniaxial, and triaxial compression tests are very close to those of the sandstone samples.

According to the comprehensive analysis of the stress–strain curves, strength envelope, and failure 
characteristics, the PFC model and its meso-parameters selected in this section can well reflect the macro 
mechanical properties of sandstone and provide reliable parameters for the analysis of multi-scale surrounding 
rock in “Scale effect of strength and deformation of the roadway surrounding rock” Section.

Scale effect of strength and deformation of the roadway surrounding rock
Constructing the analysis model of roadway surrounding rock
The excavation of underground engineering disturbs the in situ stress balance, the stress is constantly adjusted, 
and the stress concentration occurs around the roadway. When the stress reaches or exceeds the strength of the 

Fig. 3.  Comparison of stress–strain curves between experimental and numerical simulation.

 

E* (GPa) k* σ* (MPa) c (MPa) φ(°) μ

15 4.8 9.0 49 8.0 0.35

Table 1.  Meso-parameters of the flat-joint model.

 

Fig. 2.  Failure and slip envelopes for a bonded or unbonded flat-joint element.
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rock mass, the rock mass fails, and the cracks extend to the deep rock mass until the stress balance is reached 
again. Figure 6a,b show the failure diagram of the surrounding rock and support of iron mine roadway. The 
surrounding rock is divided into three zones, namely, failure, damage, and intact zones, according to the failure 
characteristics of the surrounding rock of the roadway, and their 3D and plane models are shown in Fig. 6c. The 
discrete element analysis model of PFC was constructed by analyzing Fig. 6a,b in combination with Fig. 6c, and 
Fig. 6d. The numerical model is constructed according to the three zones of the surrounding rock, as shown in 
Fig. 6d. The loading is carried out in the failure zone to simulate the failure characteristics of the surrounding 
rock adjacent to the roadway. The damage zone simulates the microcrack development zone caused by the 
development of failure zone. The intact zone represents the internal rock mass that is basically not affected by 
excavation.

Figure 6d is the analysis model of the surrounding rock strength and failure characteristics. The right side 
of the model is the free surface formed by roadway excavation, and the left side is the same rock mass that can 
be cooperatively deformed. In the uniaxial compressive test of rock, both sides are free surfaces. In the triaxial 
compressive tests, both sides have fixed confining pressure. The analysis model constructed in this work is more 
in line with the actual stress case of the surrounding rock of underground engineering compared with uniaxial 
and triaxial tests, indicating that the model is more scientific and reasonable.

The strength and failure characteristics of the multi-scale surrounding rock were analyzed by using the 
surrounding rock analysis model in Fig. 6 and the meso-parameters obtained in Section "Sandstone test data and 
meso-parameters". Two research schemes were adopted. Scheme 1: the width of the failure zone of the sample is 
50 mm, and the heights are 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, and 300 
mm. Scheme 2: the height of the failure zone of the sample is 100 mm, and the widths are 20, 30, 40, 50, 60, 70, 
80, 90, 100, 120, 140, 160, 180, 200, 220, 240, 260, 280, and 300 mm.

Scale effect of strength of the surrounding rock
Figure 7 illustrates the location and zone of data acquisition for analyzing stain and damage stress. ①, ②, ③, ④, 
and ⑤ in Fig. 7 are deformation monitoring lines, and 13 data monitoring points are set at equal intervals along 
each line. The top, middle, and bottom zones are three zones for analyzing the volume strain in Section "Scale 
effect of the deformation characteristics".

The stress–strain curves of the failure process of the roadway surrounding rock in schemes 1 and 2 are plotted 
in Fig. 8.

Fig. 5.  Comparison of the sample failure characteristics between experimental and numerical simulation.

 

Fig. 4.  Comparison of strength envelope between experimental and numerical simulation.
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Figure 8a shows that the elastic modulus of the multi-scale surrounding rock with a failure zone width of 50 
mm increases, and the peak strain decreases as a whole when the height of sample increases from 20 to 300 mm. 
The yield characteristics are obvious when the height is 50–180 mm, that is, the yield characteristics are obvious 
when the height to width ratio is 1.0–3.6.

Figure 8b shows that the elastic modulus of the multi-scale surrounding rock with a failure zone height of 100 
mm basically does not change with the increase in width. The peak strain increases as a whole with the increase 
in width. When the width is greater than 70 mm, the yield characteristic is obvious, that is, when the width to 

Fig. 7.  Deformation data acquisition lines and zones for analyzing volume strain.

 

Fig. 6.  Construction of the analysis model of the surrounding rock.
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height ratio is greater than 0.7, the yield characteristics is obvious, and the yield stage significantly increases with 
the increase in width.

Based on the data obtained from ① to ⑤ deformation monitoring lines in Fig.  7, the average transverse 
strain at each monitoring line was calculated, and the damage stress was determined according to the variation 
characteristics of the transverse strain at different monitoring lines, as shown in Fig. 9. In Fig. 9, ① line transverse 
strain = increment of transverse distance between ① line and ⑤ line/initial transverse distance between ① line 

Fig. 9.  Determination of damage stress.

 

Fig. 8.  Stress–strain curves of the multi-scale surrounding rock.
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and ⑤ line, and the calculation of ②–④ line transvers strain is similar. The stress determined by ε1 corresponding 
to the obvious nonlinear increase of the transverse strain is defined as damage stress, as shown in Fig.  9a. 
Taking the damage stress as the boundary, the rock failure process is divided into I zone and II zone. I zone 
corresponds to the elastic deformation and microcrack formation stage, and II zone corresponds to the rapid 
development of microcracks until the rock fails. In Fig. 9b, the stress corresponding to the rapid increase of 
① line transverse strain is defined as the first damage stress. Meanwhile, the stress corresponding to the rapid 
increase of ②–④ line transverse strains is defined as second damage stress. Taking the first and second damage 
stresses as the boundary, the rock failure process is divided into I1, I2, and II zones. I1 zone corresponds to the 
elastic deformation and microcrack formation stage of the shallow surrounding rock, I2 zone corresponds to the 
elastic deformation and microcrack formation stage of the deep surrounding rock and the rapid development of 
cracks of the shallow surrounding rock. II zone corresponds to the overall rapid development of the surrounding 
rock cracks until the surrounding rock fails.

Only one damage stress occurs in the surrounding rock with width of 50 mm and height change, which is 
called damage stress, during the failure process of multi-scale surrounding rock, as shown in Fig. 9(a). In the 
surrounding rock with a height of 100 mm and width change, there are two obvious damage stresses when the 
width is greater than 70 mm, which are called as first and second damage stresses, as shown in Fig. 9b. The first 
damage stress corresponds to the microcrack rapid development of the shallow surrounding rock. The second 
damage stress corresponds to the microcrack rapid development of the deep surrounding rock.

Figure 10a illustrates that when the width of the surrounding rock failure zone is 50 mm, the strength of the 
multi-scale surrounding rock first decreases and then increases with the increase of height. When the height is 
20 mm, the strength is the maximum. When the height is 80 mm, the strength is the minimum, and when the 
height increases from 80 to 300 mm. The strength begins to linearly increases again. The variation gradient of 
strength in the height range of 20–80 mm is greater than that in the height range of 80–300 mm. The linear law 
of the change of the multi-scale surrounding rock strength with the increase in height can be expressed by Eqs. 
(3)–(4). The change law of damage stress of the surrounding rock with a width of 50 mm in the failure zone is 
similar to that of the strength with the increase in height and presents a linear law of first decreasing and then 
increasing, as shown in Eqs. (5)–(6).

	 σ1 = 123.55 − 0.5728H (20 ≤ H ≤ 80)� (3)

	 σ1 = 69.42 + 0.1041H (80 < H ≤ 300)� (4)

	 σDS = 103.01 − 0.3739H (20 ≤ H ≤ 80)� (5)

	 σDS = 65.94 + 0.0898H (80 < H ≤ 300)� (6)

Figure 10b illustrates that when the height of the surrounding rock failure zone is 100 mm, the strength of the 
multi-scale surrounding rock linearly increases with the increase in width. The variation law is shown in Eq. (7). 
According to the definition in Fig. 9b, the first and second damage stresses obtained are plotted in Fig. 10(b). 
The variation laws of the first and second damage stresses with the increase in width are shown in Eqs. (8) and 
(9), respectively.

	 σ1 = 67.51 + 0.3754W (20 ≤ W ≤ 300)� (7)

	 σF DS = 72.07 + 0.0746W (20 ≤ W ≤ 300)� (8)

	 σSDS = 67.83 + 0.2837W (70 ≤ W ≤ 300)� (9)

Fig. 10.  Variation of strength of the multi-scale surrounding rock with width/height.
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Figure 11 illustrates that the width of the failure zone of the surrounding rock is 50 mm. The damage stress to 
strength ratio of the surrounding rock changes less with the increase in height, with an average value of 0.91. 
When the height of the failure zone of the surrounding rock is 100 mm, the first damage stress to strength ratio 
of the surrounding rock significantly decreases with the increase in width. The second damage stress to strength 
ratio changes less with the increase in width, and the average value is also 0.91.

Scale effect of the deformation characteristics
To analyze the volume strain distribution characteristics of the multi-scale surrounding rock at peak stress, the 
volume strain was calculated according to εV = εx + εy, where, εV, εx, and εy represent the volume strain, transverse, 
and longitudinal strain, respectively. The distributions of volume strain are shown in Figs. 12 and 13. In Fig. 7, 
the failure zone of the surrounding rock is divided into top, middle, and bottom zones, and the volume strain 
variation law of the different zones is further analyzed, as shown in Fig. 14.

The number 5050 in Fig. 12a indicates that the width of the failure zone of the surrounding rock is 50 mm, 
and the height is 50 mm. The other numbers in Figs. 12 and 13 are similar. Figure 12 shows that the maximum 
volume strain at peak gradually shifts from the middle zone of the surrounding rock to the top and bottom 
zones with the increase in height for the multi-scale surrounding rock with a width of 50 mm in the failure zone. 
The volume increasing zone is wildly distributed in the surrounding rock with the increase in height. Figure 13 
shows that the maximum volume strain at peak of the multi-scale surrounding rock with a height of 100 mm in 
failure zone gradually develops from the shallow surrounding rock to deep surrounding rock with the increase 
in width. Moreover, the volume strain of the shallow surrounding rock significantly increases.

Figure  14 illustrates the variation of the volume strain of the total, top, middle, and bottom zones with 
width and height at peak. In Fig. 14, the average volumetric strain(average value) is the ratio of the sum of the 
volumetric strains of different samples within a given scale interval to the number of samples. Figure 14a shows 
that the volume strain of the surrounding rock with a width of 50 mm in the failure zone decreases with the 
increase in height. The volume strain at a height of 20–140 mm is significantly greater than that at a height of 
140–300 mm. The volume strain of the three zones is quite different when the height is 20–140 mm, and the 
volume strain in the middle zone is the largest. The volume strain of the three zones at a height of 140–300 mm 
is close, which is consistent with the cloud charts of the volume strain distribution in Fig. 12a–d. Figure 14b 
illustrates that the volume strain of the surrounding rock with a height of 100 mm in the failure zone stepped 
increases with the increase in width. The volume strain with a width of 20–70 mm is the smallest, and the average 
value of the total volume strain (total average value) is 0.0059; the volume strain with a width of 70–200 mm is 
in the middle, and the average value of total volume strain is 0.0141; the volume strain with a width of 200–300 
mm is the largest, and the average value of total volume strain is 0.0184. The volume strain in the middle zone is 
still the largest, which is consistent with the cloud charts of the volume strain distribution in Fig. 13a–d.

Scale effect of the failure characteristics
Figures 15 and 16 show the failure characteristics of the surrounding rock to analyze the failure mechanism of 
the multi-scale surrounding rock. Only part scale diagrams are presented.

Figure 15 shows that the failure mode of the surrounding rock with a width of 50 mm in the failure zone 
gradually changes from shear failure to tensile shear failure with the increase in height. When the height is small, 
shear cracks are first formed at the top and bottom on the free surface side and gradually develop to middle and 
deep to form a V-shaped failure surface, as shown in Fig. 15a,b. When the height is large, shear cracks at the top 
and bottom develop to the middle and form a longitudinal tensile crack, as shown in Fig. 15c–d. The analysis 
shows that the failure mode is mainly shear failure and forms a V-shaped failure surface when the height to width 
ratio is small. The failure mode is mainly tensile shear failure and forms a longitudinal tensile surface when the 
height to width ratio is large, as shown in Fig. 15d.

Fig. 11.  Variation of the ratio of damage stress to strength.
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Fig. 13.  Distribution characteristics of the volume strain at peak (height 100 mm).

 

Fig. 12.  Distribution characteristics of volume strain at peak (width 50 mm).
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Figure 16 illustrates that the failure mode of the surrounding rock with a height of 100 mm in the failure zone 
changes from shallow to deep failure with the increase in width. The failure modes are shear failure, as shown 
in Fig. 16a–d. Shear failure occurs only in the shallow surrounding rock when the width is small. Shear failure 
simultaneously occurs in the shallow and deep surrounding rock when the width is large, which was called as 
the zonal disintegration found by researchers in roadway drilling.

According to the analysis of the multi-scale surrounding rock failure characteristics in Figs. 15 and 16, the 
rock mass is disturbed by excavation, which makes the stress readjust. When the stress concentration range 
formed in the surrounding rock of the roadway is narrow (in Fig. 17(a3), the width of the stress concentration is 
W1), the shear or tension shear failure occurs in the shallow surrounding rock, as shown in Figs. 15, 16a–b, and 
17a1–a2, and the corresponding mechanical model is Fig. 17(a3). When the stress concentration range formed 

Fig. 15.  Failure characteristics of the surrounding rocks at different heights (width 50 mm).

 

Fig. 14.  Volume strain characteristics in different zones.
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in the surrounding rock of the roadway is wide (in Fig. 17(b3), the width of the stress concentration is W2), 
the shallow and deep surrounding rocks are damaged, which is the zonal disintegration found by researchers 
through roadway drilling, as shown in Figs. 16c–d and 17b1–b2 (Fig. 17b2 cited in in reference [30]), and the 
corresponding mechanical model is Fig. 17(b3).

The analysis of the multi-scale surrounding rock failure characteristics in Figs. 15, 16, and.17 reveals 
the mechanical mechanism of shallow failure and zonal disintegration failure of the surrounding rock. The 

Fig. 17.  Analysis of the mechanical mechanism of the surrounding rock failure.

 

Fig. 16.  Failure characteristics of the surrounding rocks at different widths (height 100 mm).
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shallow failure of the surrounding rock occurs when the stress concentration range is narrow. Meanwhile, 
zonal disintegration failure of the surrounding rock occurs when the stress concentration range is wide. This 
mechanical mechanism perfectly explains the reason for the shallow and zonal disintegration failure of the 
surrounding rock. When the buried depth of the roadway is small, the in situ is small, the stress concentration 
range formed after excavation is narrow, and the failure mode of the surrounding rock is shallow failure under 
the action of the narrow stress concentration range (as shown in Fig. 17(a3)). In deep mining mines, the roadway 
has a large buried depth and high in situ stress. The stress concentration formed after mining excavation is 
obvious, and the stress concentration range is wide. The failure mode of the surrounding rock under the action 
of wide stress concentration range is zonal disintegration (as shown in Fig. 17(b3)).

Discussion
The surrounding rock analysis model is scientifically constructed by analyzing the failure characteristics of the 
roadway surrounding rock and compressively considering the damage and failure zones (Fig. 6). The free surface 
of the model simulates the free surface formed by roadway excavation. The failure zone simulates the failure 
by excavation, and the damage zone adjacent to the failure zone is the same type of rock that can be deformed 
together. Unlike the uniaxial test with free lateral surfaces or conventional triaxial test with confining pressure, 
this model more accurately reflects the actual stress state encountered in the underground engineering. From the 
failure characteristics of the multi-scale surrounding rock in Section "Scale effect of the failure characteristics", the 
failure forms of the surrounding rock at different scales are in good agreement with the failure characteristics of 
the surrounding rock observed in actual engineering, which once again proves the rationality of the construction 
of surrounding rock analysis model.

Conclusions
The strength, deformation, and failure mechanism of the multi-scale surrounding rock were studied through the 
surrounding rock analysis model. The following main conclusions were obtained.

	1)	 The strength of the multi-scale surrounding rock with a width of 50 mm in the failure zone linearly decreases 
when the height is between 20 and 80 mm and linearly increases when the height is between 80 and 300 mm. 
Furthermore, the strength of the multi-scale surrounding rock with a height of 100 mm in the failure zone 
linearly increases when the width is between 20 and 300 mm.

	2)	 The second damage stress appears in surrounding rock samples with a height of 100 mm and a width greater 
than 70 mm. The ratio of the second damage stress to the strength—as well as the ratio of the damage stress 
to the strength—approximately remains at 0.91.

	3)	 Within the studied scale range, the peak volume strain decreases stepped for the multi-scale surrounding 
rock with a width of 50 mm as the height increases, the peak volume strain increases stepped for the mul-
ti-scale surrounding rock with the height of 100 mm as the width increases.

	4)	 The mechanical mechanism of the shallow failure and zonal disintegration characteristics were revealed by 
analyzing the failure characteristics of multi-scale surrounding rock.

Data availability
All data generated or analysed during this study are included in this published article.
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