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Abstract Molecular dynamics simulation method of LJ potential PCFF force field was used to study the 

uniaxial tensile and triaxial tensile simulation of Yima raw coal at T = 300K, 5×1012 s-1 strain rate, and triaxial 

tensile stress-strain response curve of temperature effect at 300-1500K. Then, the stress peaks were fitted by 

Boltzmann function. The results show that tensile strain will break intermolecular bonds, and temperature 

increase can promote tensile and bond fracture. At 300K, the stress-strain curves of uniaxial tensile and triaxial 

tensile have the same trend, but the stress peaks of x-axis and y-axis differ greatly, and the analysis shows that 

the stress-strain curves roughly conform to the general stress-strain trend, and the peak difference may be the 

influence of spatial increase. The triaxial tensile stress-strain curve of 300-1500K is more in line with the stress-

strain trend of relevant experiments. With the increasing of temperature, the stress curve increases firstly and 

then begins to decrease after reaching the limit until it approaches 0. The RDF curve also indicates that 

temperature has an effect on tensile. With the increasing of tensile temperature, the stress peak lower and the 

strain decrease, indicating that the temperature promotes the simulation process. The fitting effect of stress peak 

is better (R2 > 0.9), and the fitting results verify the conclusion. The results can provide reference for tensile 

simulation of complex polymers and micromolecular study of stress-strain. 
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1. Introduction  

Coal is the largest energy source in China, and it is more common to analyze the change law of products by 

experimental means, but the study of coal atomic fracture behavior from the molecular structure [1] [2] has been 

paid more and more attention. Coal has complex polymer characteristics [3], and the fracture process of 

polymers is highly dependent on strain [4] [5]. The analysis of stress-strain curve changes by simulation can 

greatly promote the study of the micromolecular structure of coal. 

Molecular dynamics (MD) simulation is one of the experimental methods to characterize material characteristics 

or verify [6]. The tensile simulation using MD mainly includes metals [7]- [10] and non-metallic polymers 

[11][12]-[13]; When simulating model tensile, it is divided into uniaxial simulated tensile [10]-[12] and 

multiaxial spatial simulated tensile [7] [8]. The stress-strain curve generally contains multiple strain stages, and 

the stress-strain curve [14] and experimental results [15]- [17] are roughly the same under ideal conditions. 

At present, the tensile and stress-strain simulation studies are mostly foucused on metal crystals and relatively 

simple polymers, however, the research on complex high-molecular polymers is relatively lacking. Through 

tensile simulation of Yima raw coal (low-rank lignite), uniaxial tensile and triaxial spatial tensile were 
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performed at 5×1012 s-1 strain rate, and the stress-strain curve and stress peak fitting curve of the triaxial spatial 

tensile process were analyzed by temperature changes. By comparing the difference between the general stress-

strain curve and the stress-strain curve of Yima raw coal crystal, simulating the stress-strain state and the tensile 

influence on coal at each stage can provide reference for the tensile simulation of high-molecular polymers. 

 

2. Yima raw coal molecular model 

In order to study the stress-strain trend and strain transient phenomenon of Yima raw coal during the tensile 

process, the three-dimensional model of coal is firstly processed. Yima raw coal [18] belongs to lignite with low 

degree of metamorphism, and its molecular formula is C178H146O32N2S2. Firstly, the three-dimensional model is 

drawn by Materials Studios software. Then the structure is optimized by the Smart method [19] to reduce the 

energy of the model to reach the equilibrium state, as shown in Figure . The optimized three-dimensional 

balance model is shown in Figure. 

 
Figure 1: Model energy optimization 

 

The LAMMPS software [20] was used to construct a 30×30×10Å3 box, and a coal molecular balance model was 

inserted into the box and the energy minimization was carried out. The LJ potential [21] was selected to describe 

the interaction between atoms, the general PCFF force field [22] was selected, the periodic boundaries were 

applied in 3 directions, and the NPT ensemble was loaded before each step of the tensile simulation to perform 

sufficient relaxation (running 30,000 steps under a timestep of 0.01fs) ,which will ensure that the model reached 

the specified equilibrium temperature, as Figure. So that the initial structure is rationalized, and the optimized 

model is visualized with Ovito software [23], as shown in Fig. 

 
Figure 2: Three-dimensional equilibrium structure of Yima raw coal 
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After relaxation, the model was simulated of which x-axis, y-axis, and z-axis uniaxial tensile and xyz triaxial 

spatial tensile at 5×1012 s-1 strain rate and 300K temperature. Then the controlling the triaxial tensile temperature 

was carried out to 600K, 900K, 1200K and 1500K. The results are visualized and analyzed by Ovito software. 

By originating the stress-strain data of the tensile process, the stress-strain curve and the stress peak fitting curve 

are will analyzed. 

 
Figure 3:The model simulates temperature changes over time 

 

 
Figure 4: Relaxation balance diagram of Yima raw coal 

 

3. Coal molecular tretching simulation 

3.1 Uniaxial tensile 

For the relaxed model at 300K and 5×1012 s-1 strain rate, the x-axis, y-axis, and z-axis uniaxial tensile was 

performed with the timestep of 0.01fs and running 100,000 steps. Dealing with the results has obtained the 

stress-strain curves (see Figure) and the tensile instantaneous diagram (see Figure). 
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Figure 5: Uniaxial tensile stress-strain curve 

 

 
Figure 6: Instantaneous strain trend of uniaxial tensile 

 

From Figure, it can be seen that the x-axis tensile reaches the stress peak faster than the y-axis when the 

temperature and strain rate are constant, but the difference in peak size is not large. The z-axis stress-strain 

curve has a large fluctuation range, which is different from the idealized stress-strain curve. The possible reason 

is that the model is amorphous, which makes the coal molecules and the cell body misaligned at the moment of 

tensile, resulting in different levels of stress great change in the three axes at the beginning of strain. And z-axis, 

because the distance is the smallest, has the largest degree of giant change, resulting in large stress fluctuations 

when subsequent strains are imposed. 

As can be seen from Figure, the z-axis tensile trend is relatively small and inversely the y-axis tensile trend is 

the largest under the same strain. It is due to the distance between x-axes and y-axes being 30Å, which is larger 

than the z-axis, resulting in a smaller increase in z-axis tensile. The y-axis tensile trend is larger than the x-axis, 

which is consistent with the fact that the y-axis transient stress is smaller than the x-axis when the strain is 

initially imposed. The instantaneous stress at the zero point is too large, resulting in a large trend of the crtstal 

and box separation. When the overall model increase is constant, the crtstal increase is relatively small. 

3.2 Triaxial tensile 

To compare the similarities and differences of stress-strain trends between uniaxial tensile and triaxial tensile of 

the model, triaxial tensile simulations were performed at 5×1012 s-1 strain rate and 300K temperature with the 

timestep of 0.01fs and running 100,000 steps. Then the stress-strain curves (see Figure) and the different strain 

instantaneous (see Figure) were obtained. 
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Figure 7:Triaxial tensile stress-strain curve at 300K 

 

 
Figure 8: Instantaneous tensile of different strains during triaxial tensile 

 

In Figure, selecting three strain instantaneous states from the 10 strains, it is found that the coal molecules have 

been displacing and cracking. As the strain increases, the model space size becomes more and more larger and 

the coal molecules are stretched more and more seriously. It results in the intermolecular forces being broken by 

the tensile stress, thus breaking the intermolecular bonds of coal. So the stress-strain tensile promotes 

intermolecular bond fracture [4] [5]. 

As can be seen from Figure, the stress peak is reached in all three axes within 10 strains. The x-axis stress peak 

is the largest, the z-axis is the smallest, and the z-axis peak is the smallest in agreement with the uniaxial tensile 

result. X-axis stress peak is nearly twice as large as the y-axis, and the strain reaching the peak in the x-axis is 

expanded nearly two times compared to the uniaxial tensile, which is close to the strain value of the y-axis peak. 

The possible reason is that in uniaxial tensile, the direction of strain is unique and the model increase is in one 

plane, while in triaxial tensile, the strain is stretched in three planes simultaneously and the model increase is a 

spatial increment. That leads to the difference in the tensile results. Meanwhile, the instantaneous diagram of the 

initial strain increment reveals that at the instant of the beginning of triaxial tensile, the stress changes 

dramatically, resulting in a non-zero stress, which is consistent with the conclusion of the CT scan triaxial 

compression experiment [16]; subsequently, as the strain increases, the model gradual is stretched. And the 

stress-strain response trend gradually conforms to the experimental test results [15] [16]. 

 

4 Tensile analysis of temperature change 

4.1 Effect of temperature on tensile 

Temperature have some extent effect on the model tensile [7] [13], [24]. In order to analyze the effect of 

temperature on the stress-strain during the process of coal tensile, triaxial spatial tensile simulations at T = 600, 

900, 1200 and 1500K were performed for the above model on the basis of T = 300K. In order to make the 

tensile temperature constant, relaxation treatment was performed before tensile to bring the models to their 

 

                              



Xiangqian MEI et al                                   Journal of Scientific and Engineering Research, 2024, 11(4):85-94 

Journal of Scientific and Engineering Research 

90 

respective equilibrium temperatures. The stress-strain curves at different temperatures were obtained for the 

same timestep and running steps (see Figure). 

 
Figure 9: Triaxial tensile stress-strain curves at different temperatures 

 

It can be seen that the strain of x-axis, y-axis, and z-axis when they reach the stress peak decreases with the 

tensile temperature increases. And the stress peak also decreases gradually. That indicats the temperature 

promotes the fracture of coal molecules [25] [26]. It can be found that at the instant of the initial strain increase, 

all three axes of stress appear huge fluctuations, which can be considered as the occurring physical destruction 

of strain. With the increase of strain, the stress curve gradually increases firstly and then decreases until it tends 

to 0. During this process, the coal sample begins to produce irreversible plastic deformation, and when the stress 

reaches the strength limit, the coal sample undergoes destabilization damage [16]. Compared to the x-axis stress 

peak with the increase of temperature leading to strain decrease, the y-axis peak strain at 300-600K temperature 

is increasing, on the contrary, the peak strain at 600-1500K temperature is decreasing, probably because the y-

axis is subjected to the force degree higher than the x-axis. While the z-axis with the increase of temperature, the 

stress peak appears less obvious and more fluctuates, the same trend with uniaxial tensile. In addition to the 

smaller distance of the z-axis is one of the influencing factors, the deeper reasons need to be further explored. 

Analyzing the temperature effect on stress-strain at 300-1500K, it is found that the stress peak in x-axis reaches 

45.17GPa at 300K and 10.97GPa at 600K, shrinking by about 3/4, and the peaks in 900-1500K are all lower 

than 5Gpa. The y-axis go from 24.46GPa at 300K to 10.01GPa at 600K, shrinking by nearly 3/5, and then the 

stress peaks with temperature increases are also below 5GPa. Although the stress peaks in the x-axis and y-axis 

are different, the overall change trend is the same, and this trend is also found in the z-axis, which is consistent 

with the general trend of the relevant experimental findings [15]-[17] and simulation conclusions [11][12]-[13]. 

4.2 Radial distribution function analysis 

The Radius distribution function (RDF) is an effective method to study the distribution probability of particles 

in space with the variation of distance, commonly used to study the ordering within matter [7] and to identify 

different atomic structures [27]. To fit the truncation radius less than half of the minimum side length of the box, 

the RDF of r = 5Å is taken. Then the image of the RDF of the overall model at 300-1500K temperature is 

plotted (see Figure). 
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Figure 10: Variation of radius distribution function at 300-1500K temperature 

 

It shows that the images of the RDF at 300-1500K temperature have roughly the same trend, and the first peak 

appears at r = 0.95Å, which is a short-range peak, because the model is amorphous and does not have a long-

range peak. At the same time, the RDF also occurs change of different degrees with the increase of temperature, 

taking the second peak (the highest peak) as an example: at 300K, the highest peak appears at r = 1.10Å, and the 

peak reaches 25Å, but the peak is relatively narrow. When the temperature increases, the radius of the highest 

peak appearance are the same, but the peak height gradually decreases and the peak gradually becomes wider. 

Meanwhile, the peak appears with high frequency and fluctuation phenomenon before r = 2.85Å. However, the 

peak wave tends to smooth gradually after r = 2.85Å. Therefore, the RDF also indicates that the temperature has 

an effect on tensile. 

 

4.3 Stress peak fitting analysis 

In order to better observe the effect of temperature on the stress peak, the triaxial tensile stress peak was fitted to 

the temperature effect at 300-1500K. 

The choice of the fitting function is crucial when fitting the stress peaks, and the peak data were pre-analyzed 

and found not to follow a linear trend. The Boltzmann function [28] of equation (1) is a nonlinear fitting 

function, and the fitted curve has a high correlation coefficient and can be better fitted in the case of large 

numerical dispersion. Therefore, the Boltzmann function was used to fit the stress peak and the results were 

optimized (see Figur and Figure). 
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+ −
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Figur shows R2 = 0.998554 > 0.9, indicating a good fit effect that the stress peak decreases as the strain reduces, 

and Figure also has the same effect. As the temperature increases, the stress peak decreases and the strain also 

reduces, but the A2 value of the x-axis fitted curve is much larger than that of the y-axis and z-axis. Because the 

peak value of the x-axis is 45.17GPa at 300K, which is much higher than that of the y-axis and z-axis, resulting 

in its y-axis intercept being the largest. 

At the same time, since the R2 of the three-axis fit is greater than 0.9, it can be seen that the fit effect is ideal. 

While both the y-axis and z-axis have a deviation point (the red points in Figure) that are ignored during the 

fitting, resulting in the fitted R2 (R
2 

y  = 0.95452，R
2 

z  = 0.92158) being smaller than the x-axis (R
2 

x  = 0.99854). It 

also shows that the peak occurs with strain magnitude: y>x>z; and stress magnitude: x>y>z. 
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Figure 11: X-axis stress peak fitting at 300-1500K 

 

 
Figure 12: Peak fitting of stress in y-axis and z-axis at 300-1500K 

 

5. Conclusion 

By simulating uniaxial and triaxial tensile of complex molecule polymer Yima raw coal and adding temperature 

variables, analyzing the stress-strain response curve of the tensile process and the structural tensile instantaneous 

strain, and fitting Boltzmann function to the stress peak at 300-1500K temperature, the results show that: 

1) The tensile process will occur intermolecular bond rupture phenomenon, when the strain increases the 

tensile will be more obvious, and the temperature increase promotes tensile and bond rupture. While 

the strain increases transiently from 0 will lead to the relative displacement of coal molecules and 

boxes, prompting sudden changes of stress. 

2) At 300K temperature and 5×1012 s-1 strain rate, the stress-strain curves of uniaxial tensile and triaxial 

tensile have the same trend overall, but the stress peak of x-axis tensile has large difference. While the 

x-axis and y-axis stress peaks are similar in uniaxial tensile, the peak difference is nearly 2 times in 

triaxial tensile, which may be the effect of spatial tensile increase. 

3) The triaxial tensile trend of stress-strain curve at 300-1500K temperature effect is roughly in line with 

the general stress-strain trend, and the RDF indicates that temperature has an effect on tensile. With the 

increase of temperature, the stress peak decreases and the strain reduces, and the stress peak fitting 

results verify the conclusion. 

 

Data Availability 

The data used to support the conclusion of this study are available from the corresponding author upon request. 
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