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A b s t r a c t  

This study presents a numerical simulation of unconfined compression tests (UCTs) on sandstone, utilizing the 

Discrete Element Method (DEM) in LS-DYNA. The primary objective of this research was to find an optimal 

mesh configuration to imitate the laboratory testing process by numerical modeling to enhance the reliability of 

data and reduce the time and cost required for complex experiments. Laboratory-derived rock properties were 

integrated into the DEM simulation as input parameters. Five numerical models were simulated with varying mesh 

densities to optimize mesh size. The results were validated by comparing failure mode, stress-strain curves, and 

uniaxial compressive strength (UCS) with experimental data. A model with a mesh size of 40/30 elements 

illustrated the closest correlation to the laboratory test, exhibiting a similar stress-strain curve pattern and a minimal 

UCS difference of 2.62%. Additionally, the failure modes observed in both simulations aligned closely. This 

similarity between the results of the laboratory experiment and the numerical model proves the efficiency of the 

numerical model in simulated laboratory tests and offers an opportunity to calibrate the micro-parameters of other 

constitutive models which can save both the time and money required to determine complex parameters, especially 

avoiding the risk of critical laboratory experiments.  

Keywords: unconfined compression test, discrete element method, LS-DYNA software, mesh convergence, 

sandstone rock 

1. INTRODUCTION 

Physical testing in a laboratory or field can be expensive and time-consuming for several reasons such 

as the costs of equipment, personnel, supplies, and overhead. In the laboratory, the time required for 

testing can vary depending on factors such as the type of test being performed, the equipment used, the 
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sample size, analysis of required data, and the need to calibrate and maintain equipment [1]. Due to the 

limitations of physical testing, numerical simulation has become a widespread practice to solve 

engineering problems. Numerical simulations help engineers optimize design, reduce development time, 

and minimize costs. The Discrete Element Method (DEM) is a powerful numerical simulation technique 

utilized to simulate the behavior of granular materials [2] and is widely used in engineering to model 

the rock.  

This study sought to imitate the laboratory testing process with an optimum mesh size. Mesh 

convergence is crucial to ensure that the accuracy of numerically simulated results will not be affected 

by the mesh size across different projects. By identifying the optimal mesh density, unnecessary 

calculations associated with finer meshes can be avoided, thereby reducing simulation time [3]. 

Moreover, numerical simulation of laboratory tests can help calibrate the micro-parameters associated 

with the complex behavior of natural heterogeneous anisotropic material without facing the difficulties 

of conducting challenging laboratory tests [4]. 

Numerical simulation of an engineering problem involves representing the real-world problem in 

an abstract form for analysis and interpretation [5]. Different numerical simulations can be applied to 

address the same problem, depending on the chosen modeling approach. Conversely, the same numerical 

simulation can be used to solve a variety of distinct physical problems. Numerical simulation is a 

versatile tool that offers numerous benefits, enabling efficient exploration of different scenarios and 

conditions to determine the optimal solution [6]. Though in some cases numerical simulation can be 

ineffective due to complex data requirements and high computing efficiency [7], however, it is more 

cost-effective than physical testing, reducing the cost of product development and research [8]. Early 

numerical simulations of the Unconfined Compression Strength test used the Finite Element Method 

(FEM) to model rock behavior under axial loading [9]. Later, the Discrete Element Method (DEM) was 

introduced to capture fracture initiation and propagation more accurately [2]. The Particle Flow Code 

(PFC) further improved UCS test simulations by incorporating particle-based interactions [10]. Coupled 

FEM-DEM models enhanced realism by integrating continuum and discontinuum mechanics [11]. 

Recent advances include machine learning-assisted simulations for better prediction and efficiency [12]. 

Novel predictive models such as Genetic Algorithm (GA) [13], Adaptive Neuro-Fuzzy Inference System 

(ANFIS) [14], Artificial Neural Networks (ANN) [15], and Multivariate Adaptive Regression Splines 

(MARS) [16] have been developed using soft computing techniques. The performance of these models 

is evaluated using a range of statistical measures to assess their effectiveness [17, 18]. By utilizing 

advanced algorithms and computational tools, numerical simulations can deliver highly accurate results, 

enhancing our comprehension of intricate systems and processes. The failure mode behavior of rocks 

depends on the rock type. In numerical simulation methods such as Finite Element Analysis (FEA) or 

Computational Fluid Dynamics (CFD), the output result is significantly influenced by the mesh size 

[19]. It is crucial to carefully consider the appropriate mesh size and quality based on the physics of the 

problem, computational resources, and desired level of accuracy. Choosing an incorrect mesh size can 

cause inaccurate results, convergence issues, increased computational time, and misinterpretation of 

failure mechanisms, ultimately compromising the reliability and efficiency of the simulation [20].  

Numerical simulation, particularly the Discrete Element Method (DEM), provides a cost-

effective and efficient alternative to physical testing in rock engineering by optimizing mesh 

convergence, reducing computational costs, and accurately replicating laboratory experiments. An 

optimal mesh size in numerical simulations can accurately replicate laboratory test results while 

reducing computational time and costs, making numerical modeling a viable alternative to physical 

testing in rock engineering. Therefore, it is necessary to conduct a detailed study of the mesh 

convergence of sandstone to ensure the accuracy and reliability of the numerical modeling. This study 
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aims to identify the optimal mesh density to ensure simulation accuracy while minimizing unnecessary 

calculations, thereby enhancing the reliability of numerical models for rock behavior analysis. 

2. METHODOLOGY 

2.1. Research procedure 

This research is comprised of three key parts, namely performing laboratory experiments, conducting 

numerical simulation, and validation of laboratory and numerical results. An Unconfined Compression 

Test (UCT) was conducted in the laboratory on a sandstone sample and numerical simulation was 

performed with variable mesh size. The stress-strain curve, maximum compressive strength and failure 

modes are crucial outputs from UCT used commonly to describe the mechanical behavior of the material 

[21]. Therefore, these parameters have been compared to identify the optimum mesh configuration as 

well as to validate the numerical model. Fig. 1 presents the flowchart of this work. 

 
Fig. 1. A view of the Flowchart of numerical simulations 

2.2. Laboratory experiment 

Rock samples were collected from the Mersing area of Johor, Malaysia, the prominent geological unit 

is the Mersing formation. Unconfined compression test (UCT) was performed at the laboratory on these 

samples, and geomechanical properties of rock such as uniaxial compressive strength, maximum 

longitudinal strain, etc. were measured. Three cylindrical specimens were prepared having a length of 

110 mm and a diameter of 50 mm, respectively. Fig. 2 shows the samples prepared for this test. 
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(a) Sample S1 (b) Sample S2 (c) Sample S3 

Fig. 2. Samples used for UCT 

From the test, the vertical displacement and horizontal dispacement were measured using a small 

dispalcement LVDT sensor (25 mm) and the encountered strain was plotted against the applied stress. 

From this graph, the above-mentioned geomechanical properties were obtained. Consequently, the 

failure mode of the sample was observed to judge the efficacy of the numerical analysis framework for 

simulating the fracture behavior of sandstone. The test set up is shown in Fig. 3. 

 

Fig. 3. Test setup for UCT 

2.3. Numerical analysis 

Five numerical models were simulated using a parametric approach with variable mesh density. 8-noded 

elements were used to prepare the models and the number of elements in the circumferential direction 

(NECD) and the number of elements along the length of the cylinder (NELC) were systematically 

adjusted as shown in Table 1 to produce variable mesh densities [3]. These models were categorized by 

their NECD/NELC ratio, ranging from 100/75 (super fine mesh) to 10/7.5 (super coarse mesh). The 

numerical model coarse mesh is shown in Fig. 4. 
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Table 1. Mesh sizes considered in numerical modeling to study the convergence effect 

Parameter 

Super 

Fine Mesh 

Fine 

Mesh 

Normal 

Mesh 

Coarse 

Mesh 

Super Coarse 

Mesh 

(a) (b) (c) (d) (e) 

Radius (mm) 25 25 25 25 25 

Length (mm) 110 110 110 110 110 

NECD1 100 60 40 20 10 

NELC2 75 45 30 15 7.5 
1NECD: Number of element circumferential direction  
2NELC: Number of elements along the length of the cylinder 

 

 

 

(a) Length of the specimen (b) Cross-section of the specimen (c) Numerical orientation for UCT 

Fig. 4. Numerical model of the sample for Coarse mesh size 

To mimic the test setup for UCT, a cylindrical rock sample was modeled between two steel plates. The 

steel plate on top and bottom of the sample was modeled as an elastic material. The rock mass was 

represented using the Bonded Particle Method (BPM) which was introduced by Potyondy and Cundall 

[10]. In this method, a densely packed model consists of non-uniform-sized circular (in two dimensions) 

or spheroidal-shaped (in three dimensions) particles bonded together by parallel bonds at the points of 

their contact. These bonds can experience tensile, bending, shear, and torsional force thus simulating 

the comprehensive mechanical behavior of solid mechanics, however independent of the DEM [22]. 

Calibrated micro-parameters were input into the DEM model [23] as tabulated in Table 2. 
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Table 2. Input micro-properties of UCT DEM model of sandstone (after Mardalizad, Scazzosi [23]) 

Properties Value  Properties Value 

Density, RO (t/mm3)1 2 × 10-9  Post peak dilatancy decay, Edrop 1 

Poisson’s ratio, PR1 0.34 
 Three times the maximum aggregate 

diameter, LOC-WIDTH 
1.35 

Output selector for effective 

plastic strain, NOUT 
2 

 Maximum shear failure surface 

parameter, Ao (MPa)1 
-19.04 

Unit conversion factor for length, 

RSIZE 
0.03937 

 Maximum shear failure surface 

parameter, A1 (MPa) 
0.6529 

Unit conversion factor for stress, 

UCF 
145 

 Maximum shear failure surface 

parameter, A2 
0.00097 

Compressive damage scaling 

parameter, B1 
1.1 

 Initial yield surface cohesion, A0y 

(MPa) 
21.621 

Tensile damage scaling exponent, 

B2 
1.35 

 Initial yield surface coefficientA1y 

(MPa) 
1.11569 

Damage scaling coefficient for 

triaxial tension, B3 
1.15 

 
Initial yield surface coefficient, A2y 0.00251 

Fractional dilatancy, ω 0.5 
 Residual failure surface coefficient, 

A1f (MPa) 
0.7563 

λ-stretch factor, Sλ 100 
 Residual failure surface coefficient, 

A2f 
0.00097 

1 Data collected from laboratory experiment  

 
From the numerical simulation of the UCT test for sandstone, the stress vs strain curve was generated 

for each model. From these curves, the maximum compressive strength was obtained. Additionally, the 

failure mode of the numerical model was observed. The findings from these numerical simulations were 

compared with laboratory test results to validate the numerical model. The mesh size of the best-

performing numerical model was identified as the optimum configuration. 

3. RESULTS AND DISCUSSION  

3.1. Findings from the experimental test 

The laboratory investigation found that the axial compressive strength of the sandstone varies from 8.21 

MPa to 24.72 MPa while encountering a compressive strain within the limit of 1.8% to 2.2%. The 

observed fluctuations in estimated parameters can be attributed to several factors like rock heterogeneity, 

fineness grade of sandstone, loading direction, sample position relative to geological features [24], and 

differences between in situ and lab conditions. However, these findings align with the typical range for 

sandstone as found in the literature [25]. The stress-strain curve obtained from UCT is illustrated in Fig. 

5.  
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Fig. 5. Stress vs Strain curve obtained from UCT 

The initial deformation includes grain rearrangement, pore collapse, and localized stress concentration 

at grain boundaries [26]. The intial strain was observed from the UCT conducted at the laboratory. 

Findings from the laboratory investigation have been summarized and tabulated in Table 3. Considering 

the shape of the graph and the value of parameters, Sample 2 was chosen as a representative sample and 

compared with numerical data. 

 
Table 3. Summary of estimated geomechanical properties of sandstone from UCT 

Sample 

ID 

Unconfined Compressive 

Strength (MPa) 

Axial Strain 

(mm/mm) 

S1 8.21 0.0209 

S2 19.04 0.0223 

S3 24.72 0.0175 

 
The observed failure mode from the laboratory experiment matches the typical mode of failure [27]. 

Sample 1 experienced a minor Y-shaped failure, double shear mode was observed for Sample -2 and 

Sample-3 demonstrated axial splitting where cracks were observed in the diagonal direction of the 

specimen. The following figure (Fig. 6) illustrates the comparison between the experimentally observed 

failure mode and the typical failure behavior of UCT. 
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Observed 

failure mode 

   

Typical 

failure mode 

Minor Y-shaped 

failure 
Double shear failure Axial Splitting 

 (a) Sample 1 (b) Sample 2 (c) Sample 3 

Fig. 6. Observed failure mode from laboratory experiment and typical failure behavior of UCT 

3.2. Findings from numerical simulation 

The stress vs strain curve was generated from the numerical models and presented in Fig. 7. The 

maximum compressive strength obtained from each numerical model is approximately 18.5 MPa, with 

values being consistent across all models except for the "Coarse Mesh" model. The mesh size 

significantly affected the stress distribution. Therefore different stress levels were concentrated on the 

nodes genereted by the varied mesh size mesh resulting in different failure modes. The "Coarse Mesh" 

model exhibited significantly higher strain, which is deemed unacceptable due to an anomaly in mesh 

convergence affecting the results. The minimum variation of strength was observed for the "Normal 

Mesh" model, exhibiting a difference of only 2.62% compared to experimental results. Antony, 

Olugbenga and Ozerkan [21] found a similar accuracy for maximum compressive strength from the 

numerical model with DEM. Therefore, the variation in the numerical model falls within the acceptable 

range. 

Among the other models, the strain behavior varies widely. The "Super Fine Mesh" model 

demonstrated the ability to sustain larger strains (2.6%), whereas the "Fine Mesh" model exhibited 

limited deformation capacity (<1%). Both the "Normal Mesh" and "Super Coarse Mesh" models showed 

similar strain behavior (1.4%); however, the compressive strength was slightly higher (0.5%) for the 

"Normal Mesh" model, as illustrated in the stress-strain graph. The steep slopes of the stress-strain 

curves reflect the brittleness of the sandstone sample, indicating a sudden failure under stress without 

significant plastic deformation which is ideal for sandstone [28]. Since this numerical analysis 

framework cannot imitate the initial strain (as observed in laboratory test), the stress-strain curve from 

the numerical models do not match the experimental curve. 
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Fig. 7. Stress vs Strain curve generated from the numerical model with different mesh sizes 

From the observation of failure mode shown in Fig. 8, the axial splitting mode was dominantly 

pronounced in models with "Super Fine Mesh", "Normal Mesh", and "Coarse Mesh". On the other hand, 

models with "Fine Mesh" and "Super Coarse Mesh" exhibited shearing failure along single-plane modes 

of failure behavior. It is clearly seen that the granular matrix of DEM particles can effectively reproduce 

the typical failure modes for UCT as similarity was observed between the physical test and numerical 

simulations. 

Fractured model from numerical analysis Mode of failure 

   

Axial Splitting 
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Fig. 8. Numerically simulated failure mode behavior in UCT 
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3.3. Validation of numerical model 

To validate the numerical model, the estimated unconfined compressive strength, stress-strain 

relationship and failure mode were considered. Comparing the laboratory result and numerical 

simulation output, the strain obtained for the "Super Fine Mesh" model was closer to reality, but upon 

considering the longer time required to accomplish the numerical simulation, a normal size mesh was 

the optimum size to simulate the greatest level of strength.  

Fig. 9 shows the comparison of uniaxial compressive strength of all numerical models and 

laboratory tests. The uniaxial compressive strength was found to be 19.04 MPa from the laboratory 

experiment. It can be seen that the "Normal Mesh" model is the most similar value of UCS with the 

laboratory test, which is 18.58 MPa. The percentage difference between laboratory tests and numerical 

results is 2.62%, which is less than 10% and is considered a good result. Though "Normal Mesh" and 

the "Super Coarse Mesh" model exhibited similar strength and strain, a larger mesh should be avoided 

considering the anamoly observed in the "Coarse Mesh" model. 

 

Fig. 9. Comparison UCS of UCT DEM model with the different mesh size 

Furthermore, the failure mode observed from the physical test and numerical simulations aligns closely, 

which also validates the numerical model. Axial splitting was found to be the dominant failure mode for 

the sandstone sample which also aligns with the findings depicted in the literature [29]. Thereby, it can 

be stated that this analysis framework with the DEM model is suitable to simulate the behavior of 

sandstone. 

4. CONCLUSION 

This study employed the Discrete Element Method (DEM) to simulate an unconfined compression test 

(UCT) on sandstone rock, utilizing laboratory-derived rock properties as input parameters. By 

systematically varying mesh size, a 40/30 elements mesh configuration was identified as an optimal 

option to simulate the ultimate strength. The numerical simulation results demonstrated strong 

agreement with experimental data, exhibiting similar stress-strain curves, failure modes, and a minimal 

UCS difference of 2.62%. This mesh configuration is recommended for simulating sandstone behavior 

in engineering applications where strength is the primary concern, such as blast fragmentation. 

Conversely, for projects where strain is a critical parameter, such as stability and deformation monitoring 

in tunnel construction through sandstone, a "Super Fine Mesh" configuration of 10/7.5 elements is 

advised to ensure more reliable and detailed strain data. This study will enable engineers to choose 

optimum mesh sizes for numerical modeling of sandstone of Mersing formation. These findings 

establish the effectiveness of DEM as a valuable tool for replicating laboratory UCT, offering a more 

efficient and cost-effective approach for research in rock mechanics. 
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