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Abstract

:

This study employs a 3D discrete element method (DEM) to simulate cone penetration tests (CPTs) in granular soils, taking into account the effect of temperature. A coupled thermal mechanical model is developed to allow for heat transfer and storage in the granular materials. The CPT simulations are conducted on granular samples prepared at various temperatures, with the specific heat and velocity of thermal conductivity being identified as two critical factors that influence sample heating time. Additionally, the thermal expansion coefficient is a crucial parameter that is closely related to the porosity of the sample. As the sample temperature increases, the particles expand, resulting in an increase in cone resistance.
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1. Introduction


The expansion and contraction of materials upon heating and cooling are ubiquitous phenomena that impact many aspects of our daily lives. Heating a material increases the range of motion of its molecules, causing it to expand, while cooling has the opposite effect by weakening the molecular kinetic energy. Such fundamental material properties have significant implications for civil engineering. For example, cracking during cold seasons and rutting during hot seasons can reduce the durability of asphalt pavements. In addition, the effects of temperature on the deformation of rocks and the mechanical behavior of granular soils are critical considerations for engineering safety. In regions where the ground temperature fluctuates considerably between day and night, soil properties such as density, pore pressure, and shear strength significantly vary [1,2]. Studies have found that, except for kaolinitic soil, most soils exhibit slightly increased plasticity and unconfined compressive strength as the temperature rises [3]. To address the unique challenges posed by temperature effects in civil engineering, some engineers have employed thermal reinforcement methods to reinforce special foundations. Therefore, extensive research is needed to fully understand the mechanical behavior of granular soils under temperature effects.



The cone penetration test (CPT) is widely used to estimate soil strength during site surveys [4,5]. This test involves inserting a cone-shaped penetrometer into the soil at a constant velocity to obtain a continuous vertical profile of cone tip resistance (  q c  ), sleeve friction (  f s  ), pore water pressure (  u 2  ), and other factors at every inch of the subsoil depth [6]. CPT technology has proven invaluable in solving numerous engineering challenges [7,8]. However, the influence of temperature on soil behavior can complicate the interpretation of CPT results. For instance, Kim et al. [9] reported that temperature effects can produce unreliable cone tip resistance measurements. Due to the extensive resources and time demands of experimental research on the impact of temperature on CPTU testing results, numerical simulation has emerged as an alternative approach.



Numerical simulations are commonly used to investigate the effects of temperature on soils. For instance, Staniec et al. [10] developed a finite-element model that utilizes a transient heat conduction differential equation to simulate the temperature distribution within a given domain. They also incorporated an energy balance at the soil surface to enhance the accuracy of their model. Gao et al. [11] investigated the temperature dependence of soil hydraulic properties and found that temperature variations affect soil particles, porosity, and the interactive surface between liquid and solid phases, especially in heavy loams with high clay content. Since soil particles are discrete, the discrete element method (DEM) has emerged as a powerful tool for studying the macro- and micro-behavior of granular soils. DEM, first proposed by Cundall and Stack in 1979 [12], calculates the motions of each particle in a granular system using Newton’s law. This method provides an insight into the relationship between the macroscopic behavior of a granular assembly and the microscopic motions of its particles. DEM has been used in several previous studies on cone penetration tests (CPT). For example, Jiang et al. [13,14,15] employed DEM simulations to investigate the mechanism of the inclined CPT in granular ground. They found that soils around the cone tip exhibit complex displacement paths at different positions along the inclined penetration, while friction only exerts significant effects on the soils adjacent to the penetrometer side and tip. Butlanska et al. [16,17,18,19] investigated the impact of radial walls on cone penetration testing (CPT) in a virtual calibration chamber (VCC) based on the discrete element method (DEM). Their results indicated that the asymptotic CPT values in the VCC agreed with those obtained from physical experiments. Ciantia et al. [20] investigated the effect of crushable grains on CPT tip resistance and found that crushing disrupted the buttressing effect of chamber walls on the cone. McDowell et al. [21] proposed a particle refinement method that reduced the particle size near the cone tip for a more accurate modeling of CPT in soils with decreasing particle numbers. Falagush et al. [22,23] compared DEM simulations of CPT with analytical solutions based on cavity expansion and found a close agreement between both methods. Zhong et al. [24] investigated the penetration characteristics of snake skin-inspired pile using DEM. Their research demonstrated that the snakeskin-inspired pile has a greater shaft resistance, and causes obvious soil disturbance with respect to soil displacement and particle rotation compared with the reference pile. Shi et al. [25] modelled the screw pile penetration in loose granular assemblies considering the effect of drilling velocity ratio by DEM. Liang et al. [26] developed a parallel-column model for studying heat transfer through granular materials, which accurately predicted the effective thermal conductivity without requiring particle-scale analysis. Nguyen et al. [27] investigated thermal transfer in silo discharge applications, while Sun et al. [28,29] studied the configurational and granular temperature in reciprocating grates. Although numerous studies have investigated CPT and thermal transfer in granular soils using DEM, no previous studies have combined these two subjects to study CPT under heat transfer conditions. This combination represents a major challenge for researchers, but the findings from the above references suggest that DEM simulations can provide insights for solving practical engineering problems in this area.



Our research aims to investigate the influence of temperature on the mechanical behavior of granular soils through 3D DEM simulations of CPT. To achieve this objective, a model of particle expansion was established under heat transfer conditions, incorporating three critical parameters associated with thermal transfer in granular soils: thermal conductivity velocity   v h  , specific heat capacity   C v  , and particle thermal expansion coefficient  α . Then, CPT simulations were conducted on the numerical samples at various temperatures and the particle velocity field and contact forces between particles were examined at the microscopic scale. Our study provides a better understanding of the underlying mechanisms behind the effects of temperature on the mechanical behavior of granular soils, which can inform the design and operation of geotechnical structures in varying thermal environments.




2. DEM Simulation


2.1. Contact Law


The DEM simulations were conducted using PFC 3D 5.0 [30] software, which employs the linear parallel bond contact model to simulate the interaction forces between particles [31,32,33]. Under this model, if two particles in contact are bonded, the strength linearly increases with elastic deformation until the strength limit is exceeded, and then the bond breaks.



The force-displacement relationship for the linear parallel bond model is calculated by adding the normal force and tangential force, as shown in Equation (1):


   F →  =   F →  n  +   F →  s   



(1)







The parallel-bond surface gap is defined in Equation (2) as the cumulative relative normal displacement of the particle surfaces:


   g s  = ∑  Δ  δ n    



(2)




where   δ n   is the relative normal-displacement increment of distance between two bonds.



The normal force    F →  n   is calculated by Equation (3):


    F →  n  =   F →  n  +  k n  A Δ   δ →  n   



(3)




where   k n   is the bond normal stiffness, A is the area of the bond cross section,   Δ   δ →  n    is the relative normal-displacement increment.



The tangential force    F →  s   is calculated by Equation (4):


    F →  s  =   F →  s  +  k s  A Δ   δ →  s   



(4)




where   k s   is the bond tangential stiffness, A is the area of the bond cross section,   Δ   δ →  s    is the relative tangential-displacement increment.



Figure 1a illustrates the relationship between the normal force    F n  →   and the normal displacement    δ n  →  . It can be observed that the normal force    F n  →   increases with an increase in the normal displacement    δ n  →  . Once the normal force    F n  →   reaches the tensile strength limit, the bond between the two particles breaks, causing the normal force    F n  →   to drop to zero. Similarly, Figure 1b depicts the behavior of the tangential force    F s  →   with respect to the displacement    δ s  →  . The absolute value of the tangential force, denoted as    | |   F s   | |   , is plotted against the absolute value of the summation of   Δ  δ s    on the x-axis, representing the tangential displacement. As the displacement    δ s  →   increases, the tangential force    F s  →   also increases. It is important to note that once the shear strength limit is reached, if the bond between the two particles breaks, the tangential force    F s  →   decreases to a constant value known as the residual shear strength. Moreover, the bonds will not automatically reestablish even if the two particles come into contact again.




2.2. Thermal Transfer Theory


For thermal transfer DEM simulations, the entire system is treated as a network of heat reservoirs [30], with each particle representing a heat reservoir. At each timestep, a virtual thermal pipe is created between the centroids of two contacted particles, allowing heat to transfer from one heat reservoir to the other [34]. The virtual thermal pipe can be used for heat transfer through the contacting surface.



Fourier’s law for a continuum defines the relation between the heat flux vector and the temperature gradient, as shown in Equation (5).


   q i  = −  k  i j      ∂ T   ∂  x j      



(5)




where   k  i j    is the thermal-conductivity tensor w/(m  ° C).



The average heat flux in a volume, V, of material is defined by Equation (6)


  <  q i  > =   1 V    ∫ V   q i  d V  



(6)




where   q i   is the heat flux vector acting throughout the volume. By restricting heat to flow only in the thermal pipes, the integral can be replaced by a summation over all M pipes contained within V by Equation (7):


  <  q i  > =  ∑  p = 1  M   q i  ( p )    V  ( p )   =  ∑  p = 1  M   q i  ( p )    A  ( p )    l  ( p )    



(7)




where   A  ( p )    is the cross-sectional area of the pipe, and   l  ( p )    is the length of pipe contained within V.



The thermal resistance per unit length is calculated by Equation (8) as follows:


  η =  1  3 k      1 − n    ∑  N b    V  ( b )       ∑  N p    l  ( p )    



(8)




where n is the porosity of local particles in measurement, k is the macroscopic conductivity,   V ( b )   is the volume of particle,   l ( p )   is the length of thermal pipe,   N b   is the balls with centroids contained within the measurement particle   N p   is the active thermal pipes of these particles.



The heat-conduction equation for a single reservoir is calculated by Equation (9):


  −  ∑  p = 1  N  Q  ( p ) +   Q v  = m  C v     ∂ T   ∂ t     



(9)




where   Q v   is the heat source intensity, m is the thermal mass, and   C v   is the specific heat at constant volume.



The following procedure is used to evaluate the thermal conductivity tensor   k  i j    by Equation (10) over a region defined by a measurement sphere.


   k  i j   =   1 − n   ∑   N b    V ( b )     ∑  N p      l  ( p )    n i  ( p )    n j  ( p )     η  ( p )     



(10)




where V is the volume of ball, n is the porosity within the measurement sphere,   n i   and   n j   are the unit normal vectors directed along the pipe.  η  is the thermal resistance.



The power Q is calculated by Equation (11):


  Q = −    Δ T   η L     



(11)




where   Δ T   is the temperature difference between two reservoirs on each end of the pipe, and L is the pipe length.



The boundary conditions are charged by a constant heat power as the heat resource. The boundary conditions are fixed and undeformable during the thermal transfer stage. The heat from boundary conditions transfers from closer particles to distant particles.



When the temperature increases, the particle expands. The thermal expansion is applied by Equation (12), as follows.


  Δ R = α R Δ T  



(12)




where   Δ T   is the increment of the temperature, R and   Δ R   are the initial and variation in particle radius, respectively.



Thermal strains arise due to the thermal expansion of particles. When a mechanical contact is present alongside a thermal contact, thermal expansion of the bond material is taken into account. For linear parallel bonds, it is assumed that only the normal component of the force vector carried by the bond is affected by temperature variations. Assuming an isotropic expansion of the bond material from the bond length, the change in force vector   Δ   F →  n    due to temperature variation can be calculated by Equation (13):


  Δ   F →  n  = −  k n  A α  L →  Δ T  



(13)




where   k n   is the normal bond stiffness, A is the area of the bond cross-section,  α  is the expansion coefficient of the bond material,   L →   is the bond length between two heat reservoirs,   Δ T   is the variation in temperature.



It should be noted that the fluid flow is not considered in the present thermal transfer DEM simulations.




2.3. Simulation Procedure


2.3.1. Sample Generation


A sample consisting of 45,000 soil particles was created within a cubic boundary of dimensions 0.5 m × 0.5 m × 0.5 m. The particle radius varied from 1 cm to 2 cm. The granular sample was subjected to gravity (9.81 m/s   2  ). The initially generated particles and root particles can overlap, but they adjust their positions under the influence of interaction forces to fill the pores, resulting in a balanced final sample. Then, the upper platen of the cubic boundary was moved up and down 10 times with a velocity of 1 mm/s to compact the sample. Following a series of compactions, the sample’s initial porosity was found to be 0.3.



Isotropic consolidation was achieved using a servo-control mechanism, which involved adjusting the positions of all six boundary walls. The pressure exerted on each wall was calculated by dividing the contact force on the wall by its surface area. If the pressure was below the target confining pressure, the wall moved towards the sample to increase the pressure. Conversely, the wall moved away from the sample to release the pressure if the pressure was above the target value. The servo-control mechanism enabled us to gradually adjust the pressure exerted on each wall and eventually reach and maintain the target pressure of 100 kPa. Table 1 presents the DEM parameters of the particles utilized in the simulations [34,35,36].




2.3.2. Sample Heating Process


In this model, bond formation takes place following compaction but before heating. Compaction is utilized to establish the soil sample’s structure, implying that the compacted state represents the desired soil structure for the experiment. Thus, the potential bond breakage resulting from compaction is not taken into account. Meanwhile, bonding bonds play a critical role in promoting heat conduction. Consequently, it is imperative to generate bonding bonds among particles prior to initiating the heating process.



During the heating process, heat was supplied to the sample through the six walls. The heat transferred from the walls to the neighboring particles and then to distant particles. As the temperature of the particles increased, they expanded. The heating process was continued until all particles reached the target temperature.



Table 2 presents the thermal parameters of the particles utilized in the simulations. The specific heat is defined as the amount of heat energy required to raise the temperature of the material by one degree Celsius per unit mass. For this study, the specific heat was assigned a value of 800 J/(kg  ° C), which corresponds to the specific heat of dry soil [37,38]. The thermal conductivity plays a crucial role in the rate of heat transfer and was set to 1.0 w/(m  ° C) in the simulations. In order to investigate the impact of different parameters (refer to Section 3.2), the thermal expansion coefficient of the particle was varied.



The heating process in this study involves a combination of heat transfer and disk expansion mechanisms, occurring in alternating cycles. However, the extended heating time for the numerical samples renders it impractical to employ a mechanical time step of 1.5 × 10    − 5    s as the thermal transfer time step. To overcome this limitation, the time step for the thermal transfer mechanism was adjusted to 50 s, accommodating the total heating period of 8000 s. Following each heat transfer mechanism, the disk expansion mechanism is activated. For the disk expansion mechanism, a time step of 1.5 × 10    − 5    s is employed. However, unlike the thermal transfer process, the disk expansion mechanism does not require a full duration of 50 s before the subsequent heat transfer process. Once the system reaches equilibrium, the disk expansion mechanism pauses and awaits the initiation of the next heat transfer mechanism.





2.4. Simulation of CPT


The CPT model consisted of a cone and a cylindrical shaft. The tip of the cone had an angle of 60 °  and a diameter of 60 mm. The cylindrical shaft was composed of two sections of rigid cylindrical walls: a frictional cylindrical wall and a frictionless cylindrical wall. The height of the frictional cylindrical wall was 15 mm, while that of the frictionless cylindrical wall was 80 mm. To characterize the dynamic effects in granular systems, the inertial number I was used. The I was calculated using Equation (14).


  I =  γ ˙   d  m e a n     ρ / P    



(14)




where   γ ˙   is the shear strain rate,   d  m e a n    is the mean diameter of the particles,  ρ  is the density of the particles, and P is the confining pressure. For the quasi-static regime, the value I must be smaller than   10  − 3   . In our research, the CPT penetrated with a velocity of 3 mm/s, which was in the range of CPT penetration velocity proposed by [39].



The tip resistance (  q c  ) is obtained by summing the contact forces exerted on the tip parallel to the central axis of the penetrometer and dividing it by the penetrometer surface area. Therefore, the cone resistance (  q c  ) can be calculated using Equation (15):


   q c  =   F  c o n e    S  c o n e     



(15)




where   F  c o n e    is the total contact force exerted on the tip cone, and   S  c o n e    is the area of the cone base.





3. Results and Discussions


3.1. Thermal Transfer


The thermal transfer process was investigated in the granular sample during heating to a target temperature of 30  ° C. At the start of the heat transfer phase, the temperatures of the six heating walls and sample particles were set to 30  ° C and 0  ° C, respectively. Figure 2a–d depict the evolution of temperature on the sample surface during the heat transfer process. Initially, heat transferred from the walls to the contacted particles and subsequently from hotter to colder particles. The temperature of the particles close to the twelve edges increased faster than other particles as these were efficiently heated by two approaching walls simultaneously. The temperature evolution inside the sample was also investigated by cross-sections corresponding to Figure 2a–d as shown in Figure 2e–h. The cutting plane passed through the sample center (0, 0, 0) in the direction of the unit vector (0, 1, 0). The cross-sections in Figure 2e reveal that the temperature of particles increased from the exterior towards the interior. The interior of the sample was heated much more slowly than the surface, and when the surface heating was complete, as shown in Figure 2c, the interior was only about 25  ° C, as depicted in Figure 2g The heating time of the interior sample, shown in Figure 2h, was longer than that of the surface shown in Figure 2c.



Influence of Specific Heat


Figure 3 depicts the impact of specific heat   C v   on the time required to heat granular soils to various temperatures of 10  ° C, 20  ° C, 30  ° C, 40  ° C, and 50  ° C. It was observed that an increase in specific heat   C v   led to longer heating times for samples to reach the same target temperature. For instance, for a target temperature of 10  ° C, samples with   C v   = 800 J/(kg  ° C) and   C v   = 1200 J/(kg  ° C) required 5531 s and 6007 s, for a target temperature of 50  ° C, samples with   C v   = 800 J/(kg  ° C) and   C v   = 1200 J/(kg  ° C) required 6479 s and 6707 s, respectively, for complete heating. Similar results were obtained for samples with other specific heat   C v  . In the case of constant volume, an increase in specific heat led to an increase in the total heat energy required for the same temperature increment. Consequently, with the same thermal conductivity, the total time needed to heat materials increases.





3.2. Influence of the Velocity of Thermal Conductivity


The thermal conductivity of granular media influences the velocity of heat transfer. Figure 4 depicts the effect of thermal conductivity on the time required to heat samples to different temperatures. An increase in the velocity of thermal conductivity leads to a higher heat transfer rate per unit time, reducing the total heating time required. For instance, heating samples to 50  ° C using thermal conductivities of v = 1 w/(m  ° C) and v = 3 w/(m  ° C) resulted in times of 6013 s and 2040 s, respectively. The significant difference of 3937 s indicates that increasing thermal conductivity from v = 1 w/(m  ° C) to v = 3 w/(m  ° C) greatly reduces the total heating time required. However, increasing thermal conductivity from v = 7 w/(m  ° C) to v = 9 w/(m  ° C) shortened the heating time to 50  ° C from 937 s to 760 s, indicating a small difference of 177 s. These observations demonstrate that increasing thermal conductivity can reduce the time required to heat samples to the same target temperature, but once thermal conductivity is already high, further increases may not significantly reduce the heating time.




3.3. Influence of Temperatures


The effects of temperature on CPT cone resistance are presented in Figure 5. Five samples were prepared at temperatures ranging from 10  ° C to 50  ° C, and cone resistance increased as temperature increased. Table 3 shows several results obtained from measuring the mean radius of particles, sample porosities, and cone resistance of the five samples at different temperatures. The mean radius of particles increased from 1.514 cm to 1.576 cm as the temperature increased from 10  ° C to 50  ° C, while the sample porosity decreased from 0.274 to 0.252. The tip resistance also displayed an increase from 67.2 kPa to 78.1 kPa. These observations indicate that the tip resistances of the CPT increased with increasing temperature due to the expansion of the particles with raised temperature.




3.4. Influence of the Thermal Expansion Coefficient


The influence of thermal expansion coefficient  α  on the cone resistance of CPT is shown in Figure 6. The thermal expansion coefficients of particles were set to different values for comparison: 1 × 10    − 3   , 2 × 10    − 3   , 3 × 10    − 3   , 4 × 10    − 3   , and 5 × 10    − 3   . These values were selected to ensure that the particles did not expand excessively per time step, leading to an improper increase in contact force. During the thermal transfer process, particles expand according to their respective thermal expansion coefficients, with greater expansion occurring for particles with higher thermal expansion coefficients. In areas where less free space exists in the granular mass, particles are more constrained when pushed by the cone, resulting in larger zones of highly stressed particles. Figure 6 shows that the cone resistance of CPT increased as the thermal expansion coefficient increased. Table 4 presents the results obtained from CPT simulations conducted with different particle thermal expansion coefficients. As the thermal expansion coefficient increased from 1 × 10    − 3    to 5 × 10    − 3   , the mean radius of particles increased from 1.514 cm to 1.592 cm, while the sample porosity decreased from 0.274 to 0.233. Cone resistance also increased from 66.9 kPa to 92.1 kPa.




3.5. Velocity Field of the Soil Particles


Figure 7 present the velocity field of soil particles during the cone penetration process at 10  ° C and 50  ° C, respectively. The velocity of particles increased as they moved closer to the cone and was observed to be higher in the downward and sideways directions. Near the penetrometer, particles were pushed outwards by the cone, resulting in an uneven distribution of displacement in granular soils. However, displacement was more uniformly distributed far from the cone. Figure 7 illustrates that particles close to the cone were pushed at velocities up to 0.5 m/s during the penetration process. After the cone was fully inserted into the soil, the velocity field of soil particles approximated a circle on the plane holding the cone. These observations are consistent with previous studies. For instance, Huang et al. [40] suggested that the plastic zone around the shaft and behind the cone of a penetrometer is similar to that predicted by cylindrical cavity expansion theory. Falagush et al. [23] demonstrated that the elastic–plastic boundary around the cone tip and face is elliptical or circular. In addition, the velocities of particles at 10  ° C were slightly higher than those at 50  ° C at t = 0.2 s, as shown by the color zones in Figure 7, which may be due to the higher density of the sample at 50  ° C compared to that at 10  ° C, limiting the particle movement.





4. Conclusions


In this study, several 3D DEM simulations of CPT in granular soils at different temperatures were conducted. The soil particle system was modeled as a network of heat reservoirs, where each particle represents a single heat reservoir connected by thermal pipes. By performing CPT on several numerical samples, some important conclusions can be drawn, as follows:




	
The specific heat   C v   and thermal conductivity   V h   are significantly affected by the heating time during the thermal transfer process. Generally, the total time required to heat a sample increases as specific heat   C v   increases, while it decreases as thermal conductivity   V h   increases.



	
The sample becomes denser as temperature increases, based on the assumption of particle expansion during the heating process. The cone resistance of the penetrometer also increases with temperature.



	
The thermal expansion coefficient of a soil particle is an important factor that affects the density of the sample. The larger the coefficient, the greater the cone resistance of the penetrometer. The velocity field and contact force chain are visualized during CPT, with maximum values occurring near the tip of the cone penetrometer.












Author Contributions


Methodology, investigation, original draft preparation, Y.H.; Software, W.S.; Validation, data curation, H.Y.; conception, writing—review and editing, supervision, K.W. All authors have read and agreed to the published version of the manuscript.




Funding


We gratefully acknowledge the financial supports provided by National Natural Science Foundation of China NO. 51608112, the Fundamental Research’Funds for the Central Universities NO. 2242023K40018.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	Symbol
	Description



	A
	area of the bond cross section



	   C o R   
	coefficient of restitution



	   C v   
	specific heat



	c
	damping coefficient



	   d  m e a n    
	mean diameter of the particles



	E
	particle density



	    F →  n   
	normal force



	    F →  s   
	tangential force



	I
	inertial number



	   K  n g b    
	normal stiffness of walls



	   K  n g g    
	normal stiffness of particles



	   K  s g b    
	tangent stiffness of walls



	   K  s g g    
	tangent stiffness of particles



	k
	macroscopic conductivity



	   k n   
	normal stiffness



	   k s   
	tangential stiffness



	   l ( p )   
	length of thermal pipe



	m
	mass of particle



	n
	porosity



	   n  i , j    
	unit normal vector



	   q c   
	cone resistance



	T
	temperature



	   V ( b )   
	volume of particle



	   v h   
	thermal conductivity velocity



	w
	angular velocities of particle



	  α  
	thermal expansion coefficient of particle



	   Δ t   
	timestep



	   γ ˙   
	shear strain rate



	   μ  g b    
	friction coefficient particle-boundary



	   μ  g g    
	friction coefficient inter-particles



	  ν  
	poisson’s ratio



	  ρ  
	density



	  η  
	thermal resistance
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Figure 1. Mechanical responses between two soil disks with parallel bond model: (a) Normal force, (b) Tangential force. 
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Figure 2. Thermal transfer process on the surface of the sample (a–d); Corresponding cross-section profiles of interior sample during the thermal transfer process (e–h). 
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Figure 3. Influence of specific heat on time for heating granular soils to different temperatures 10  ° C, 20  ° C, 30  ° C, 40  ° C, 50  ° C. 






Figure 3. Influence of specific heat on time for heating granular soils to different temperatures 10  ° C, 20  ° C, 30  ° C, 40  ° C, 50  ° C.



[image: Geotechnics 03 00034 g003]







[image: Geotechnics 03 00034 g004 550] 





Figure 4. Influence of thermal conductivity on time for heating granular samples to different temperatures 10  ° C, 20  ° C, 30  ° C, 40  ° C, 50  ° C. 
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Figure 5. Curves of cone resistances obtained from granular soils at different temperatures. 
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Figure 6. Curves of tip resistance from different coefficients of thermal expansion: 1 × 10    − 3   , 2 × 10    − 3   , 3 × 10    − 3   , 4 × 10    − 3   , 5 × 10    − 3   . 
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Figure 7. Cross-sections of velocity field in granular soils under 10  ° C and 50  ° C during the simulation of CPT. 
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Table 1. Parameters of soil particles and wall properties by DEM simulations.
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	Parameter
	Value
	Unity





	Number of particles, N
	45,000
	-



	Particle radius, r
	1∼2
	cm



	Particle density,  ρ 
	2600
	kg/m   3  



	Local damping coefficient, c
	0.7
	-



	Gap,   g s  
	0.1
	cm



	Confining pressure, P
	100
	kPa



	Friction coefficient inter-particles,   μ  g g   
	0.3
	-



	Friction coefficient particle-boundary,   μ  g p   
	0.1
	-



	Normal stiffness of particles,   K  n g g   
	8.0 × 10   7  
	N/m



	Tangent stiffness of particles,   K  s g g   
	8.0 × 10   7  
	N/m



	Tensile strength of bonds,   p  b  t e n    
	500.0
	kPa



	Cohesion,   p  b  c o h    
	500.0
	kPa



	Normal stiffness of walls,   K  n g b   
	1.5 × 10   10  
	N/m



	Tangent stiffness of walls,   K  s g b   
	10   10  
	N/m



	Timestep for mechanical study,   Δ t  
	1.5 × 10    − 5   
	s/step
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Table 2. Thermal parameters for preparation of samples at different temperatures.
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	Thermal Parameter
	Value
	Unity





	Initial temperature of soil,   T s  
	0
	 ° C



	Temperature of heating walls,   T w  
	10, 20, 30, 40, 50
	 ° C



	Specific heat,   C v  
	800
	J/(kg  ° C)



	Thermal conductivity, k
	1, 3, 5, 7, 9
	w/(m  ° C)



	Thermal expansion coefficient of particles,  α 
	1, 2, 3, 4, 5 × 10    − 3   
	-



	Timestep for thermal transfer process,   Δ  t T   
	1
	s/step
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Table 3. CPT Results obtained from samples at different temperatures.
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	Simulation
	T
	   d 50    (cm)
	Porosity n
	   q c    (kPa)





	1
	10
	1.514
	0.274
	67.2



	2
	20
	1.529
	0.267
	69.5



	3
	30
	1.544
	0.262
	73.3



	4
	40
	1.560
	0.258
	76.8



	5
	50
	1.576
	0.252
	78.1
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Table 4. CPT Results obtained from parametric simulations with particle thermal expansion coefficient.
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	Simulation
	   α   
	   d 50    (cm)
	Porosity n
	   q c    (kPa)





	1
	1 × 10    − 3   
	1.514
	0.274
	66.9



	2
	2 × 10    − 3   
	1.546
	0.261
	72.1



	3
	3 × 10    − 3   
	1.574
	0.252
	79.3



	4
	4 × 10    − 3   
	1.586
	0.243
	88.3



	5
	5 × 10    − 3   
	1.592
	0.233
	92.1
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