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 The significance of rock failure can be found from the fact that microfracture genesis 
and coalescence in the rock mass results in macroscale fractures. Rock may fail due to 
an increase in the local stress, natural fractures, weathering inducing micro-crack 
genesis, coalescence, and propagation. Therefore, a comprehensive understanding of 
the micro-scale failure mechanism of various weathering grade sandstones based on 
micro-level observation and microstructure-based simulation is essential. The 
microscale failure response of various weathering grade sandstones is studied under 
the wet and dry cycles. Each sample is tested for the micro-structure and micro-
fracture characteristics using the image analysis. Furthermore, the micrographs 
obtained are also used to create the microstructure-based models, which are then 
simulated in the ANSYS software. The findings indicate that the moderately 
weathered sandstones indicate less weight reduction than the slightly weathered 
sandstone. The results obtained also demonstrate that the wet and dry cycles have little 
effect on the particle shape and size. However, variation in the particle shape and size 
implies that this is a result of the prevailing interaction of rock and water particle. The 
microscale simulation reveal that both UCS and BTS decrease from 37 MPa to 19 MPa 
and 9 MPa to 4 MPa as the density of the micro-structure increases. The results reveal 
that the primary fracture deviation from the loading axis increases with increasing 
density in the micro-structural micro-structures, although this effect reduces with 
further increasing density in the micro-structures. 
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1. Introduction 
Rock failures are addressed at the micro- and 

macro-scales, and failure initiation and propagation 
are complex phenomena highly influenced by the 
surrounding field [1, 2]. Rock failure at micro-scale 
is controlled by the variables such as the presence 
of grain boundaries cracks, intergranular cracks, 
intergranular cracks, multiple granular cracks, 
grains density and size, pore spaces, and 
orientation of micro-structures (microfractures and 
pore spaces) [3, 4]. Rock failure occurs due to the 
increased local stresses, and weathering induces 

microscale fracture genesis, coalescence, and 
propagation. At the microscale, natural, and stress-
induced flaws create stress concentrations around 
pore spaces, micro-cracks, particle boundaries, 
etc., whereas at the macro-scale, bedding plane, 
fractures, folds, etc. play a vital role in the failure 
process leading to the failure of the rock mass. The 
significance of rock mechanics is deemed from the 
fact that microfracture genesis and coalescence in 
the rock mass results in the macroscale fractures [1, 
5-7].  
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Rock is made up of various minerals, and many 
defects and pores are developed during diagenesis. 
Hence, rock is considered a a non-uniform material 
due to the presence of microfractures and the 
variability, randomness, and diversity of the pore 
spaces [8]. Excessive micro-fractures and 
heterogeneity of rock pores lead to damage that 
affects the macro-mechanical characteristics of 
rock, and hence, severely impairs overall 
geotechnical stability [9, 10]. The interaction of 
rock and water is responsible for the growth of 
microfractures and pore spaces, which leads to rock 
instability. Therefore, rock-water interaction is 
critical for rock material stability. Due to 
environmental changes, however, absorbed water 
evaporates from rock. The wet and dry cycle is 
characterized by continual rock water absorption 
and evaporation, resulting in rock softening. The 
wet and dry process changes existing rock micro-
defects that cause variation in rock 
micromechanical, damage, and geo-mechanical 
properties [11]. Chen et al. [12] have investigated 
the effect of wet-dry cycles on the strength and 
micro-structure of granite using mechanical 
equipment and scanning electron microscopy 
(SEM). The results showed that UCS, cohesion (c), 
elastic modulus (E), and angle of internal friction 
(φ) decreased as the number of wet-dry cycles 
increased. The SEM micrographs showed that the 
wet-dry cycle affects the micro-structures of 
granite, and the micro-structures are altered from 
smooth and integrated internal structures to 
microfracture initiation, development, and 
propagation. Yang et al. [13] have investigated the 
effect of wetting and drying cycles on the micro-
structures of chlorite-amphibolite rock. The results 
show that Water–rock interaction changed the 
micro-structures of the rock sample surface from 
compact and uniform to flocculent and chaotic. 
Furthermore, the porosity of rock increases as the 
number of wetting and drying cycles increases. 
Wang et al. [14] have analysed the impact of 
wetting and drying cycles on the pore spaces of 
sandstone. The findings reveal that sandstone 
porosity increases with wet and dry cycles as new 
small pore spaces develop and existing pore spaces 
overlap. 

The micro-scale behaviour of rock is essential to 
explain the diversity of macro-scale behaviour 
because the rock material characteristics are 
controlled by mineralogical composition, texture 
(grain shape and size), fabric (micro-flaws and 
mineral arrangement), weathering, and variation in 
tensile and compressive stresses [1, 15]. Among 
these factors, quasi-static loading and weathering 

of rock materials are major factors affecting the 
rock failure behaviour [16]. These two factors have 
been independently investigated by the researchers 
in mining and civil engineering [17-20]. 

Micro-flaws typically influence the initiation and 
propagation of micro-cracks. According to the 
literature, the porosity of a rock is more sensitive to 
weathering [11, 13]. The factor responsible for 
rock failure is water due to the water-rock 
interaction frequency and abundance of water in 
nature [11]. Research regarding rock properties 
evaluation based on wet and dry cycles has been 
reported. However, the effect of wet and dry cycles 
on sandstone subjected to various weathering 
grades needs comprehensive evaluation in terms of 
the geo-technical structure stability. Furthermore, 
the literature also presents scarcely the effect of 
quasi-static loadings on the sandstone damage at 
micro-scale subjected to various weathering 
grades. Therefore, a comprehensive understanding 
of the micro-scale failure mechanism of various 
weathering grade sandstone based on micro-level 
observation and microstructure-based simulation is 
essential. Consequently, the micro-scale failure 
response of various weathering grade sandstones 
was studied under wet and dry cycles. Each sample 
was tested for the micro-structure characteristics 
using image analysis. Furthermore, the obtained 
micrographs were also used to create 
microstructure-based models, which were then 
simulated in the ANSYS software. 

2. Material and Methods 
These samples were taken from the Sor-Range 

coal mines near Quetta, Pakistan. By cutting 
sandstone, the underground mines and access road 
were developed. The samples were collected from 
both underground and surface outcrops based on 
their weathering grades. In the laboratory, the 
effects of dry-wet cycles on the micro-fractures and 
micro-structures of various weathering grade 
sandstones were investigated. The wet and dry 
cycles were carried out in the following states: 
initially, the samples of each weathering grade 
were immersed in water for 48 hours, and then 
dried naturally. After that, the samples were dried 
in an oven at 50 °C for an appropriate amount of 
time to evaporate the absorbed water. The 
sandstone samples were sorted into 5 groups based 
on their weathering grade, as shown in Figure 1, 
with 3 samples in each group, and were subjected 
to 0 cycles (describing the natural condition), 3 
cycles, 6 cycles, and 9 cycles, respectively [11].  
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Figure 1. Sandstone samples of various grades for wet and dry experiments (W1-W5). 

The first group (0 cycles) of samples was 
removed and prepared for image analysis to 
represent the natural state. At the end of each cycle, 
one group of samples was carefully removed, 
dried, weighted, and prepared for image analysis. 
The micrographs acquired from image analysis 
were used to understand the micro-fracture 
mechanism based on observation of surface 
morphology. These micrographs were also used to 
create microstructure-based models, which were 
then simulated in ANSYS under quasi-static 
loading. The flow chart of microstructure 
modelling and simulation is given in Figure 2. 

FEM was also used to study the effect of wet and 
dry cycles on various weathering grade sandstone 
micro-structures. Therefore, the pore’s structure is 
created in SpaceClaim from two-dimensional (2D) 
binary images acquired from ImageJ. For 
modelling pore’s structure in space claim, the 
obtained PNG files were uploaded, traced, and 
modelled. The finite element simulation of micro-
structures in sandstone was carried out using the 
ANSYS program. The sandstone various 
weathering grade models were simulated under 
quasi-static loading. The sandstone material data 
given in Table 1 was used to simulate the models. 
The density and Young's modulus were determined 
experimentally. The Poisson's ratio and Young’s 
modulus were calculated based on the information 
already available in [21-24]. The ANSYS 
engineering data source contains the input data 
required for simulation relating to various types of 
sandstone. In this study, the material properties of 

sandstone used in finite element simulation are 
obtained using the experimental results, previous 
literature, and ANSYS engineering data sources. 
The optimal meshing size was determined by 
calibrating the first model using the experimental 
findings and comparing the results. The mesh size 
of 9 μm was adopted for microscale UCS 
modelling and simulation. In the simulation of 
microstructure-based BTS models, a mesh size of 
4 mm was used. The model's top was loaded with 
10,000 N in both the BTS and UCS simulations. 

Despite the fact that the literature includes a 
variety of shape descriptors, this research work 
focuses on the roundness, circularity, and aspect 
ratio. This is because the images were analyzed 
using the ImageJ software, which also includes 
these three shape descriptors. These shape 
descriptors are acquired using qualitative 
dimensions such as area (μm2), Feret diameter 
(μm), perimeter (μm), and major and minor axis 
(μm). Equations 4.1, 4.2, and 4.3 are used to 
calculate the roundness, circularity, and aspect 
ratio. 

Circularity = 4π ×
[Area]

[Perimeter]  (1) 

Roundness = 4 ×
[Area]

π × [Major axis]
 (2) 

Roundness = 4 ×
[Area]

π × [Major axis]  (3) 
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Table 1. Sandstone material properties used in finite element modelling. 
Weathering grade Density (kg/m3) Poisson ratio Young’s Modulus (GPa) 

W1 2565 0.19 21.3 
W2 2391 0.25 17.1 
W3 2330 0.23 17.8 
W4 2273 0.30 12.5 
W5 2172 0.33 12.0 

 

 
Figure 2. Flow chart of micro-structure modelling 

and simulation.  

3. Results and Discussion 
3.1. Interaction with water: weight loss 

In order to understand the influence of wet and 
dry cycles on the weight loss of various weathering 
grade sandstone, the fluctuation in the weight is 
illustrated during different cycles (Figure 3). The 
fresh and moderately weathered sandstones 

indicate less weight reduction than slightly, very, 
and highly weathered sandstones. An increase in 
weathering grade will increase weight reduction 
because friability of the material increases with 
weathering grade [19, 25]. Slightly weathered 
sandstone presents more weight reduction than 
moderately weathered sandstone, as shown in 
Figure 3 (b) and (c).  Sandstone is mostly made up 
of feldspar and quartz, which are resistant to 
weathering [26]. However, some sandstone 
samples are chemically and physically unstable, 
making the sandstone unstable and erodible [27]. 
This instability and erodibility are caused by 
micro-defects that may be present due to 
progressive weathering and diagenesis [13, 28]. 
The very and highly weathered sandstone samples 
show a significant rise in weight reduction but 
randomly. It is attributed to the fact that the 
samples from the same grade of sandstone have a 
range of minerals, micro-fractures, and micro-
structures, even when taken from the same location 
[29]. Therefore, SEM was used to characterize the 
micro-fractures and micro-structures of various 
weathering grade sandstones, as shown in Figure 4. 

Figure 4 (a) shows the visible particles and a 
limited number of pore spaces, indicating that fresh 
sandstone is almost free from micro-fractures. As a 
result, fresh sandstone resists degradation, and the 
weight loss in the samples is attributed to loose 
material at the surface. The slightly weathered 
sandstone is characterized by noticeable fractures 
and a paucity of pore spaces. Figure 4 (c) 
demonstrates that moderately weathered sandstone 
has prominent pore spaces but the particles remain 
bonded together. The very weathered sandstone 
presents visible pore spaces, fractures, quartz, and 
clay material. Furthermore, the micrograph of 
highly weathered sandstone displayed a weak bond 
between particles as a result of extensive cracks. 
Figure 4 (e) illustrates that highly weathered 
sandstone contains visible fractures and quartz 
particle that resists degradation. In contrast, Figure 
4 (f) shows that highly weathered sandstone 
contains loose particles and a substantial number of 
pore spaces. Therefore, both samples of highly 
weathered sandstone will react differently to the 
action of water. 
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Figure 3. Effect of wet and dry cycles on weight reduction in different weathering grade sandstone; (a) fresh 

sandstone (b) slightly weathered sandstone (c) moderately weathered sandstone (d) very weathered sandstone (e) 
highly weathered sandstone. 
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Figure 4. Micrographs showing micro-fractures and micro-structures of various weathering grade sandstones. 

3.2. Wet and dry cycles induced particle shape 
and size 

Figure 5 presents the effect of wet and dry cycles 
on the particle size and shape of fresh and slightly 
weathered sandstone. The results indicate that fresh 
and slightly weathered sandstone particle shape 
and size deviate randomly during distinct wet and 
dry cycles. The trends followed by particle shape 
and size with relation to the number of wet and dry 
cycles provide obscure knowledge. However, the 
results indicate that the circularity and roundness of 
both fresh and slightly weathered sandstone first 

increase and then decrease with wet and dry cycles. 
The particle size of fresh sandstone decreases with 
an increase in the number of wet and dry cycles. In 
contrast, the particle size of slightly weathered 
sandstone deviates randomly. This randomness in 
particles is because the sandstone sample contains 
a significant proportion of feldspar and quartz, 
which resist degradation [26]. The results also 
revealed that the aspect ratio of fresh and slightly 
weathered sandstone first decreased and then 
increased as the number of wet and dry cycles 
increased.    
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Similar findings are observed for moderately, 
very, and highly weathered sandstone, as shown in 
Figure 6 and Figure 7. Circularity and roundness 
increase slightly and subsequently decrease with 
wet and dry cycles in moderately, very, and highly 
weathered sandstone. As the frequency of wet and 
dry cycles increases, both moderately and very 
weathered sandstone particle size decreases. In 
contrast, the particle size of highly weathered 
sandstone shows random results. These sandstone's 

aspect ratio drops and subsequently increases as the 
number of wet and dry cycles increases. The pre-
rock water interactions produce strong bonds 
between particles that naturally weaken as 
weathering grade increases [25]. Water interaction 
weakens the bonding between particles in fresh, 
slightly, and moderately weathered sandstone and 
alters particle shape from angular to round. As the 
frequency of wet/dry cycles rises, the particle shape 
changes from round to angular due to degradation.  

 
Figure 5. Particle shape and size of fresh and slightly weathered sandstone at different wet and dry cycles. 

Following the analogous phenomenon of stress 
relief, the prolonged rock-water interaction causes 
the particle surface to degrade with time [11, 13]. 
Consequently, the particle roundness declines, and 
its angularity grows, eventually degrading the 
particle to mud. Additionally, this statement 
verifies the reduction in particle size as a result of 

wet and dry cycling. According to Yang, Wang et 
al. [13], rock micro-structures alter from tidy and 
compact to scattered and then muddy structures as 
the interaction between rock and water continues. 
Pore spaces have also changed their shape, size, 
and distribution. Additionally, the author noted that 
the particle shape evolved from flat to disordered.  
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Figure 6. Particle shape and size of moderately weathered and very weathered sandstone at different wet and 

dry cycles. 

 
Figure 7. Particle shape and size of highly weathered sandstone at different wet and dry cycles. 

3.3. SEM micrograph feature analysis 
The micrographs of SEM for various weathering 

grade sandstones were observed before and after 

wet and dry cycles. The obtained samples were 
used to determine the effect of water interaction on 
sandstone micro-fractures and micro-structures. 
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The micrographs were analysed at the same 
magnification. Figure 8 and Figure 9 show the 
SEM micrographs of various weathering grade 
sandstone obtained at 100-time magnification 
(x100). The micrographs show that water action 
causes significant changes in sandstone micro-
structure properties, which increases with 
weathering grade. The pore types of sandstone are 

mainly microcracks, microporosity, intergranular 
(primary), and dissolution (secondary) [30-32]. 
Figure 8 and Figure 9 demonstrate that the intensity 
of sandstone micro-structures and micro-fractures 
increases with water interaction. The visibility of 
pore spaces, fractures, and particles increases with 
wet and dry cycles in fresh, slightly weathered, and 
moderately weathered sandstone.  

 
Figure 8. Effects of wet and dry cycles on micro-fractures and micro-structures of various weathering grade 

sandstone. 

Whereas, in the case of very and highly 
weathered sandstone, the micro-structures altered 
from tidy to disordered and muddy as a result of 
progressive weathering. The pore shape, size, and 

distribution also altered considerably. Sandstone 
micro-structures had visible boundaries and no 
noticeable overlapping prior to rock water 
interaction. After interacting with water, the micro-
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structure boundaries of fresh sandstone become 
more visible. The overlapping of micro-structures 
increases as the weathering grade of sandstone 
increases. As the number of wet and dry cycles 
increases, the alteration of micro-structures and the 
emergence of new micro-structures occurs in the 
sample. 

As a result, the sandstone microfractures change 
significantly from the natural state. Small pores 
coalesce and penetrate, resulting in the formation 
of large pores. In general, the morphology of the 
particles changed from round to angular and finally 
to mud. Furthermore, the porosity increases 
continuously, and the intensity of porosity 
alteration increases with weathering grade. 

 
Figure 9. Effects of wet and dry cycles on micro-fractures and micro-structures of very and highly weathered 

sandstone. 

3.4. Micro-scale simulation 
A series of models were developed and simulated 

in order to examine the effect of pore spaces on the 
failure behaviour of sandstone under uniaxial 
compression. Figure 10 depicts the simulated 
sandstone models according to the weathering 
grades. As said earlier, the models are developed 
on the basis of micro-scale binary images of each 
sample. Furthermore, all of the samples are 
subjected to the same magnitude of loading (10,000 
N). Figure 10 shows that the density and size of 
pore spaces increase as the weathering grade of 

sandstone increases. The simulation results 
illustrate that the stress is primarily concentrated on 
the pore space edges. This implies that the 
specimen will probably certainly fail in the 
direction of the micro-flaws. According to the 
simulation results, the UCS values of models 
decreases from 37 MPa to 19 MPa as the density 
and pore spaces size increases. The models with 
pre-existing pore spaces are built and simulated 
under tensile stresses to examine the effect of 
micro-flaws on the failure behaviour of various 
weathering sandstones.  
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Figure 10. Uniaxial compression of samples under loading rate of 0.01 kN/s with pre-existing micro-flaws 

simulated in FEM. The red dotted circle denotes stress concentration on pore edges. 

3.5. Micro-structure’s density  
The entire specimen is loaded in uniaxial 

compression, whereas a specific portion along the 
central loading line is loaded in Brazilian tensile 
strength testing. Therefore, rock conditions around 
the central loading line define the failure pattern 
and the overall tensile strength of the rock. The 
influence of micro-structures was examined in this 
work using the distributed micro-structures. The 
term "distributed micro-structures" refers to the 
micro-structures that are scattered throughout the 
specimen rather than being concentrated on the 
central loading line.  

Figure 10 depicts the uniaxial compression of the 
micro-structure models, demonstrating that the 
density of micro-structure increases as the 
sandstone's weathering grade increases. Micro-
scale modelling does not provide adequate 
information regarding sandstone failure. It is 
therefore imperative that the micro-structure 
features be analyzed under BTS testing to better 
understand the impact of micro-structures on 
sandstone. A series of BTS models were developed 

and simulated based on the weathering grade of 
sandstone (micro-structure density). 

3.5.1. Effect of micro-structure density  
In the Brazilian test, the tensile stresses acting 

normal to the loading direction causes an extension 
fracture along the loaded diameter. Besides the 
primary central fractures, fracture branches 
develop wedges near the loading platens [33]. 
Jaeger et al. [34] have found that the primary 
fracture start at the center of the disc during BTS 
testing and travell toward the platens to generate a 
primary fracture. Then the primary fracture 
produce a series of smaller fractures known as 
wedges.  

Figure 11 shows the stress concentration on the 
sandstone models as a function of micro-structural 
density. The results indicate that a possible fracture 
pattern in sandstone is significantly affected by the 
micro-structure density. All simulations reveal that 
stress concentration starts at the disc center, and 
extends towards the loading platens. The possible 
fracture patterns deviate from the loading axis as 
the density of assumed microstructures changes.  
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The results also indicate that the stress 
concentration trajectory is uniformly distributed in 
the model without micro-structures. The BTS tests 
showed that the stress concentration of sandstone 
was affected considerably by stress-induced micro-
structures. The numerical simulation results also 
demonstrate that when the density of micro-
structure increases, the BTS values decrease from 
9 MPa to 4 MPa. It is also worth noting that in 
addition to micro-structure density, other factors 
including micro-structure orientation, connection, 
and spacing have an impact on the failure pattern 
[35-37]. The effect of micro-structure density on 
the possible failure patterns is the sole subject of 
this research work.   

In Figure 11, the failure patterns produced from 
numerical simulations demonstrate that the 
chances of primary fracture deviation rise with 
increasing micro-structure density.  However, the 
results indicate that the stress concentrated along 
the loading axis in a model devoid of micro-
structures, whereas the model with a low density of 
micro-structure also endeavor to fail into central 
line fracture. As the micro-structure density 
increases, the stress concentration begins to deviate 
from the loading axis. However, after a specific 
increment in micro-structure density, the model 
strives to fail along the loading axis, the stress 
trajectory demonstrates the presence of possible 
fracture branches.  

 
Figure 11. Simulation of Brazilian tensile strength 
(BTS) under loading rate of 0.01 kN/s with varied 
micro-structure density. (a) Micro-structures are 

shown. (b) shows the stress trajectory without 
micro-structures; (c), (d), (e), and (f) show stress 

trajectory with increasing microfracture. 

The failure mechanism is generally attributed to 
pre-existing flaws such as cracks. This indicates 
that the pre-existing microcracks also play an 
important role in the fracture pattern of the 
specimen. Pre-existing cracks neighboring the 

opening propagate tensile fractures positioned sub-
parallel in the form of spalling damage [38]. Wing 
crack propagation at the tip of pre-existing cracks 
is extremely susceptible to confinement [39, 40].  
4. Conclusions  

Microstructure observation and modelling were 
used to assess the microscale failure response of 
distinct weathering grade sandstones subjected to 
wet and dry cycles. The experimental and 
simulation results enable us to attain the following 
conclusions: 

1. The sandstone deterioration increases with 
weathering grade; however, slightly weathered 
sandstone is more susceptible to weathering than 
moderately weathered. This is because an 
increase in weathering grade results in an 
increase in weight reduction, as the material's 
friability increases with weathering grade. 
Additionally, the research work found that wet 
and dry cycles had little effect on the shape and 
size of sandstone particles.  

2. The microscale simulation demonstrated that 
when the density of micro-structures (pore 
spaces) increased, the chances of fracture 
deviating from the loading axis increased. 
However, at some point, the effect of micro-
structure density is reduced on stress 
concentration because with an increase in the 
micro-structure density, the material specimens 
under loading do not fail instantly but degrade as 
a whole.  

Acknowledgements: (Kausar Sultan Shah) is 
extremely thankful to the Higher Education 
Commission (HEC) of Pakistan for the HRDI-
UESTPs scholarship. 
Conflicts of Interest: The authors declare no 
conflict of interest. 

References 
[1]. Ghamgosar, M. (2017). Micromechanical and 
microstructural aspects affecting rock damage, fracture 
and cutting mechanisms. 

[2]. Zuo, J., J. Wang, and Y. Jiang. (2019). Macro/meso 
failure behavior of surrounding rock in deep roadway 
and its control technology. International Journal of Coal 
Science & Technology. 6(3): p. 301-319. 

[3]. Shah, K.S., M.H.b.M. Hashim, M.Z. Emad, K.S.b. 
Ariffin, M. Junaid, and N.M. Khan. (2020). Effect of 
particle morphology on mechanical behavior of rock 
mass. Arabian Journal of Geosciences. 13(15): p. 1-17. 

[4]. Shah, K.S., M. Mohd Hashim, and K.S. Ariffin. 
(2021). Monte Carlo Simulation-Based Uncertainty 
Integration into Rock Particle Shape Descriptor 



Mohd Hashim et al. Journal of Mining & Environment, Vol. 13, No. 2, 2022 
 

353 

Distributions. Journal of Mining and Environment. 
12(2): p. 299-311. 

[5]. Ougier-Simonin, A., F. Renard, C. Boehm, and S. 
Vidal-Gilbert. (2016). Microfracturing and 
microporosity in shales. Earth-Science Reviews. 162: p. 
198-226. 

[6]. Shah, K.S., M. Mohd Hashim, H. Rehman, and K. 
Ariffin. (2021). Application of Stochastic Simulation in 
Assessing Effect of Particle Morphology on Fracture 
Characteristics of Sandstone. Journal of Mining and 
Environment. 12(4): p. 969-986. 

[7]. Shah, K.S., M.H.B. Mohd Hashim, and K.S.B. 
Ariffin. (2022). Photogrammetry and Monte Carlo 
Simulation based statistical characterization of rock 
mass discontinuity parameters. International Journal of 
Mining and Geo-Engineering. 

[8]. Zhu, Y. (2017). A micromechanics-based damage 
constitutive model of porous rocks. International Journal 
of Rock Mechanics and Mining Sciences. 91: p. 1-6. 

[9]. Stead, D. and A. Wolter. (2015). A critical review 
of rock slope failure mechanisms: the importance of 
structural geology. Journal of Structural Geology. 74: p. 
1-23. 

[10]. Shah, K., M. Mohd Hashim, K. Ariffin, and N. 
Nordin. (2020). A Preliminary Assessment of Rock 
Slope Stability in Tropical Climates: A Case Study at 
Lafarge Quarry, Perak, Malaysia. Journal of Mining and 
Environment. 11(3): p. 661-673. 

[11]. Yang, X., J. Wang, D. Hou, C. Zhu, and M. He. 
(2018). Effect of dry-wet cycling on the mechanical 
properties of rocks: a laboratory-scale experimental 
study. Processes. 6(10): p. 199. 

[12]. Chen, X., P. He, and Z. Qin. (2018). Damage to the 
microstructure and strength of altered granite under 
wet–dry cycles. Symmetry. 10(12): p. 716. 

[13]. Yang, X., J. Wang, C. Zhu, M. He, and Y. Gao. 
(2019). Effect of wetting and drying cycles on 
microstructure of rock based on SEM. Environmental 
Earth Sciences. 78(6): p. 1-10. 

[14]. Wang, C., W. Pei, M. Zhang, Y. Lai, and J. Dai. 
(2021). Multi-scale experimental investigations on the 
deterioration mechanism of sandstone under wetting–
drying cycles. Rock Mechanics and Rock Engineering. 
54(1): p. 429-441. 

[15]. Tavallali, A. and A. Vervoort. (2010). Failure of 
layered sandstone under Brazilian test conditions: effect 
of micro-scale parameters on macro-scale behaviour. 
Rock mechanics and rock engineering. 43(5): p. 641-
653. 

[16]. Song, Z., Y. Wang, H. Konietzky, and X. Cai. 
(2021). Mechanical behavior of marble exposed to 
freeze-thaw-fatigue loading. International Journal of 
Rock Mechanics and Mining Sciences. 138: p. 104648. 

[17]. Jaques, D.S., E.A.G. Marques, L.C. Marcellino, 
M.F. Leão, E.P.S. Ferreira, and C.C. dos Santos Lemos. 
(2020). Changes in the physical, mineralogical and 
geomechanical properties of a granitic rock from 
weathering zones in a tropical climate. Rock Mechanics 
and Rock Engineering. 53(12): p. 5345-5370. 

[18]. Tuǧrul, A. (2004). The effect of weathering on 
pore geometry and compressive strength of selected 
rock types from Turkey. Engineering geology. 75(3-4): 
p. 215-227. 

[19]. Tating, F., R. Hack, and V. Jetten. (2015). 
Weathering effects on discontinuity properties in 
sandstone in a tropical environment: case study at Kota 
Kinabalu, Sabah Malaysia. Bulletin of Engineering 
Geology and the Environment. 74(2): p. 427-441. 

[20]. Shah, K.S., M.H.B. Mohd Hashim, H. Rehman, 
and K.S.B. Ariffin. (2022). Weathering induced 
Brazilian Tensile Strength and fracture characteristics of 
sandstone and their prevailing mutual association. 
International Journal of Mining and Geo-Engineering. 

[21]. Bobich, J.K., Experimental analysis of the 
extension to shear fracture transition in Berea 
Sandstone. 2005, Texas A&M University. 

[22]. Erarslan, N. and D.J. Williams. (2012). 
Experimental, numerical and analytical studies on 
tensile strength of rocks. International Journal of Rock 
Mechanics and Mining Sciences. 49: p. 21-30. 

[23]. Song, Z., M. Li, G. Yin, P.G. Ranjith, D. Zhang, 
and C. Liu. (2018). Effect of intermediate principal 
stress on the strength, deformation, and permeability of 
sandstone. Energies. 11(10): p. 2694. 

[24]. Mohamad, E.T., I. Komoo, K.A. Kassim, and N. 
Gofar. (2008). Influence of moisture content on the 
strength of weathered sandstone. Malaysian Journal of 
Civil Engineering. 20(1). 

[25]. Tating, F.F., H.R.G. Hack, and V.G. Jetten. (2019). 
Influence of weathering-induced iron precipitation on 
properties of sandstone in a tropical environment. 
Quarterly Journal of Engineering Geology and 
Hydrogeology. 52(1): p. 46-60. 

[26]. Ghobadi, M. and R. Babazadeh. (2015). 
Experimental studies on the effects of cyclic freezing–
thawing, salt crystallization, and thermal shock on the 
physical and mechanical characteristics of selected 
sandstones. Rock Mechanics and Rock Engineering. 
48(3): p. 1001-1016. 

[27]. Emeh, C. and O. Igwe. (2017). Variations in soils 
derived from an erodible sandstone formation and 
factors controlling their susceptibility to erosion and 
landslide. Journal of the Geological Society of India. 
90(3): p. 362-370. 

[28]. Yang, S.-Q., Y.-H. Huang, Y.-Y. Jiao, W. Zeng, 
and Q.-L. Yu. (2015). An experimental study on seepage 
behavior of sandstone material with different gas 
pressures. Acta Mechanica Sinica. 31(6): p. 837-844. 



Mohd Hashim et al. Journal of Mining & Environment, Vol. 13, No. 2, 2022 
 

354 

[29]. Cullers, R.L. (2000). The geochemistry of shales, 
siltstones and sandstones of Pennsylvanian–Permian 
age, Colorado, USA: implications for provenance and 
metamorphic studies. Lithos. 51(3): p. 181-203. 

[30]. Pittman, E.D. (1979). Porosity diagenesis and 
productive capability of sandstone reservoirs. 

[31]. Zhang, Z., Y. Shi, H. Li, and W. Jin. (2016). 
Experimental study on the pore structure characteristics 
of tight sandstone reservoirs in Upper Triassic Ordos 
Basin China. Energy Exploration & Exploitation. 34(3): 
p. 418-439. 

[32]. Liu, D., W. Sun, and D. Ren. (2019). Experimental 
investigation of pore structure and movable fluid traits 
in tight sandstone. Processes. 7(3): p. 149. 

[33]. Hamdi, P., D. Stead, and D. Elmo. (2015). 
Characterizing the influence of stress-induced 
microcracks on the laboratory strength and fracture 
development in brittle rocks using a finite-discrete 
element method-micro discrete fracture network 
FDEM-μDFN approach. Journal of Rock Mechanics 
and Geotechnical Engineering. 7(6): p. 609-625. 

[34]. Jaeger, J.C., N.G. Cook, and R. Zimmerman, 
Fundamentals of rock mechanics. 2009: John Wiley & 
Sons. 

[35]. Sima, L., C. Wang, L. Wang, F. Wu, L. Ma, and Z. 
Wang. (2017). Effect of pore structure on the seepage 

characteristics of tight sandstone reservoirs: A case 
study of Upper Jurassic Penglaizhen Fm reservoirs in 
the western Sichuan Basin. Natural Gas Industry B. 
4(1): p. 17-24. 

[36]. Griffiths, L., M.J. Heap, T. Xu, C.-f. Chen, and P. 
Baud. (2017). The influence of pore geometry and 
orientation on the strength and stiffness of porous rock. 
Journal of Structural Geology. 96: p. 149-160. 

[37]. Bubeck, A., R. Walker, D. Healy, M. Dobbs, and 
D. Holwell. (2017). Pore geometry as a control on rock 
strength. Earth and Planetary Science Letters. 457: p. 
38-48. 

[38]. Germanovich, L. and A. Dyskin. (2000). Fracture 
mechanisms and instability of openings in compression. 
International Journal of Rock Mechanics and Mining 
Sciences. 37(1-2): p. 263-284. 

[39]. Dyskin, A. (1999). On the role of stress 
fluctuations in brittle fracture. International Journal of 
fracture. 100(1): p. 29-53. 

[40]. Diederichs, M.S. (2007). The 2003 Canadian 
Geotechnical Colloquium: Mechanistic interpretation 
and practical application of damage and spalling 
prediction criteria for deep tunnelling. Canadian 
Geotechnical Journal. 44(9): p. 1082-1116. 

 

 



  1401شماره دوم، سال  زدهم،ی، دوره سزیستپژوهشی معدن و محیط -نشریه علمی  و همکاران سلطان شاه
  

 

  

و  میکرو اسیمختلف بر اساس مشاهده در مق هوازدگی یی با درجههاپاسخ شکست ماسه سنگ یابیارز
 و خشک شرایط تردر  هاساختار زیر يسازمدل

  

  2نیکمرشاه بن عارف و 3، حافظ الرحمن*2بن محد هاشم زانی، مهد حز1کوثر سلطان شاه

  يپنانگ، مالز ،یمهندس سیپرد ،يمالز علومدانشگاه  ،یمواد و منابع معدن یدانشکده مهندس -1
  يمالز، USM ،یمنابع مواد و معدن یدانشکده مهندس -2

  پاکستان ته،یکو ت،یریو مد یاطالعات بلوچستان، علوم مهندس يمعدن، دانشگاه فناور یگروه مهندس -3

  08/06/2022، پذیرش 23/02/2022ارسال 

  mohd_hazizan@usm.my* نویسنده مسئول مکاتبات: 

  

  چکیده:

. سنگ ممکن شودیبزرگ م اسیدر مق یدر توده سنگ منجر به شکستگ یزشکستگیو ادغام ر شیدایکه پ افتیدر تیواقع نیاز ا توانیشکست سنگ را م تیاهم
 روکیم اسیمقشکست در  سمیدرك جامع مکان ن،یشکسته شود. بنابرا یاز هوازدگ یناش زتركیر جادیا ،یعیطب يهایشکستگ ،یتنش موضع شیافزا لیاست به دل

 کرویم اسیاست. شکست در مق يضرور کرویبر ساختار م یمبتن يسازهیو شب کرویمختلف بر اساس مشاهده سطح م یبا درجه هوازدگ ییهاماسه سنگ
 زینالبا استفاده از آ یزشکستگیساختار و ر زیشناخت ر يمرطوب و خشک مورد مطالعه قرار گرفت. هر نمونه برا طیمختلف در شرا یبا درجه هوازدگ ییهاسنگماسه
زار افاستفاده شدند که سپس در نرم زساختاریبر ر یمبتن يهامدل جادیا يبرا زیآمده ندستبه يهاکروگرافیم ن،یمورد مطالعه قرار گرفت. عالوه بر ا ریتصو

ANSYS اهش کمتر ک یها با درجه هوازدگسنگمتوسط نسبت به ماسه یبا  درجه هوازدگ ییهاسنگبدست آمده نشان داد، ماسه يهاافتهیبکار رفت.  يسازهیشب
 رییحال، تغ نیبر شکل و اندازه ذرات دارند. با ا یکم ریکه با تر و خشک کردن نمونه تأث دهدیآمده نشان مدستبه جینتا نی. همچندهندیمرا نشان  يوزن کمتر

 37از  BTSو  UCSکه هر دو  دهدینشان م کرویم اسیدر مق يسازهیبرهمکنش غالب سنگ و ذرات آب است. شب يدر شکل و اندازه ذرات نشان دهنده
با  ياز محور بارگذار هیاساس انحراف شکست اول نی. بر اابندییساختار کاهش م زیر یچگال شیمگاپاسکال با افزا 4مگاپاسکال به  9مگاپاسکال و  19مگاپاسکال به 

  .ابدییکاهش م زساختارهایتراکم در ر شتریب شیاثر با افزا نیاگرچه ا ابد،ییم شیافزا يزساختارهایدر ر یچگال شیافزا

  .زیر يهایخشک، شکستگتر و ماسه سنگ،  ،یدرجه هوازدگ کرو،یم اسیشکست در مق کلمات کلیدي:
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