
1 
 
 

Microscopic insights into thermal cycling effects in granular materials via X-ray microtomography   1 

 2 

Yize Pan1, Dawa Seo1, Mark Rivers2, Xiaohui Gong1, Giuseppe Buscarnera1, 3 

and Alessandro F. Rotta Loria1* 4 

 5 
1 Department of Civil and Environmental Engineering, Northwestern University, 2145 Sheridan Road, 6 

Evanston, Illinois 60208, USA 7 

2 Center for Advanced Radiation Sources, University of Chicago, 9700 South Cass Avenue, Argonne, IL 8 

60647 9 

*Corresponding author: af-rottaloria@northwestern.edu 10 

 11 

Abstract 12 

The mechanics of granular materials at the macroscopic scale inherently depends on the particle interactions 13 

occurring at the microscopic scale. In recent decades, growing investigations have explored the mechanics 14 

of granular materials subjected to thermal cycles, as they involve complex responses that bear significance 15 

for science, engineering, and technology. However, the fundamental understanding of the mechanics of 16 

granular materials subjected to thermal cycles remains hindered by the absence of empirical evidence into 17 

the microscopic particle interactions that govern the macroscopic response of such materials. For the first 18 

time, this study presents direct experimental evidence obtained via synchrotron X-ray microtomography to 19 

reveal the behavior of the particles that constitute granular materials during thermal cycling. This work 20 

experimentally confirms the existing theory by which thermally induced particle interactions drive a 21 

macroscopic volumetric expansion and contraction of granular materials upon heating and cooling, 22 

respectively, and the development of irreversible volumetric deformations upon the completion of thermal 23 

cycles. The results uncover the evolution of particle non-uniform translations, rotations, and contact 24 

variations during thermal cycling, which all inherently depend on particle shape. 25 
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1. Introduction 29 

Granular materials, such as sands and beads, are widely encountered in both natural and engineered systems. 30 

Despite being composed of particles with simple properties and behaviors, these materials exhibit a wide 31 

range of distinct properties and behaviors that are significantly more complex compared to those of their 32 

constituting particles [1–3]. The complexity of granular materials arises from intricate microscopic particle 33 

interactions [4], which vary depending on variables such as particle shape [3, 5, 6] and gradation [7].  34 

Over the past decades, the mechanics of granular materials subjected to temperature variations has 35 

garnered substantial interest across fundamental and applied science, owing to its complexity and potential 36 

impact on the performance of engineering and technological solutions [8–31]. Early experimental studies 37 

primarily focused on the mechanics of sands under monotonic temperature variations exceeding 100°C [8–38 

10]. These studies aimed to evaluate the potential changes in sand properties due to extreme temperatures, 39 

which could influence the extraction of deep geological resources [32]. Subsequent experimental and 40 

computational investigations delved deeper into the response of sands to monotonic temperature variations 41 

[19], exploring their response to a single cycle of heating and cooling [18, 26, 28, 29], as well as multiple 42 

cycles of heating and cooling [23, 31]. The primary objective of these studies has been to gather 43 

comprehensive insights into the mechanics of sands subjected to temperature variations. Multiple 44 

investigations have explored the residual effects of cyclic temperature variations on the mechanics of 45 

granular materials, particularly spherical beads [9, 11–17, 20–22, 24, 25, 27]. The focus on multiple thermal 46 

cycles is driven by their relevance to packed-bed thermal energy storage systems, where granular materials 47 

are subjected to repeated heating and cooling. These studies have shown that thermal cycling can result in 48 

irreversible volumetric deformations, which can affect the performance of these applications [34, 35]. 49 

Generally, the irreversible deformations of granular materials due to thermal cycling have been shown to 50 

be contractive [11–13, 16, 17, 20–22, 24, 27], but evidence has also presented expansive residual 51 

deformations [17], depending on the initial state of the granular packing. The deformations caused by 52 

thermal cycling have been noted to involve effects comparable to those of vibration [11, 13, 36], although 53 

their origin is clearly different. Whether these deformations can be formally attributed to a ratcheting 54 

behavior (i.e., the continued net accumulation of irreversible deformations with successive loading cycles 55 

[37]) or a plastic shakedown behavior (i.e., the gradual reduction of cumulative irreversible deformations 56 

due to cyclic loading, which stabilize as the number of applied cycles approaches infinity [38]) still 57 

represents an open question. The reason for this uncertainty is that deformations caused by thermal cycling 58 

do not always appear to stabilize over successive cycles [11–13, 16, 17, 20–22, 24, 27]. Computational 59 

studies free from experimental artifacts that potentially lead to continued accumulation of irreversible 60 
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deformations due to successive cyclic loading [39] still observe the ratcheting phenomenon [22]. This 61 

phenomenon is attributed to the creation of permanent convection cells, as observed in granular materials 62 

subjected to cyclic mechanical loading [40]. In contrast, other numerical studies observe a stabilization of 63 

the irreversible deformations caused by successive thermal cycles [27], indicating a thermal plastic 64 

shakedown also recently observed in experimental studies on sands [31]. Notably, the application of cyclic 65 

mechanical loads on sands has also been attributed to a plastic shakedown behavior, rather than a ratcheting 66 

behavior [41]. 67 

As most studies explored the residual effects of thermal cycling after the application, rather than 68 

focusing on the response of granular materials during monotonic heating or cooling, the knowledge of the 69 

response of granular materials to heating or cooling remains limited. The available studies have primarily 70 

focused on sands within the context of geothermal applications [8, 19, 26, 30, 32]. Although some 71 

experimental observations have indicated macroscopic volumetric contractions of sands upon heating [8, 72 

10, 18, 23, 28], such observations have been attributed to measurement inaccuracies [29, 30]. In alignment 73 

with this assessment, experiments benefiting from accurate and controlled measurement conditions have 74 

consistently indicated macroscopic volumetric expansions and contractions of sands upon heating and 75 

cooling, respectively [19, 26, 30]. These latter observations appear to reflect the macroscopic constitutive 76 

behavior of sands more rationally. However, more studies (e.g., experimental) are deemed essential to 77 

develop a comprehensive set of evidence regarding the influence of temperature variations on sands and 78 

other granular materials. 79 

The existing state-of-the-art highlights the need for additional studies to develop a comprehensive 80 

and consistent understanding on the mechanics of granular materials. Meanwhile, an analysis of the 81 

available studies enables the identification of a critical gap in the literature: the lack of experimental 82 

investigations providing microscopic insights into how fundamental particle interactions govern the 83 

mechanics of granular materials subjected to temperature variations, particularly their interconnected 84 

thermally induced deformations during and after the application of thermal cycles. In this context, the 85 

following questions emerge: How do granular particles translate and rotate in space when subjected to 86 

temperature variations? How uniform are these particle movements, and how do they influence the 87 

coordination number in granular materials? What is the influence of particle shape on all these microscopic 88 

phenomena? This paper addresses these questions by leveraging recent technological advancements in X-89 

ray computed tomography (CT) [42, 43], which have opened up new avenues for microstructural 90 

investigations about the mechanics of granular materials. 91 
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Specifically, this study presents the first temperature-controlled tomography experiments and 92 

image analyses aimed at visualizing and monitoring the microstructure of granular materials in response to 93 

thermal cycles, focusing on the influence of both monotonic and cyclic temperature variations. This 94 

endeavor is performed with a focus on sands, as they emerge for their particularly complex particle shapes. 95 

With these premises, this study presents tomography experiments on two types of dry silica sands with 96 

rounded and angular particle shapes. Using a custom-designed sample cell with temperature control, the 97 

study explores the behavior of such materials under laterally restrained and free head conditions in a 98 

cylindrical container. Each studied sample consists of over 1200 particles and is subjected to five thermal 99 

cycles with a temperature variation of ∆𝑇# = 100°C. Three-dimensional (3-D) CT images are captured at 100 

each temperature step after achieving thermal stabilization. Subsequently, image analyses are performed to 101 

quantify microstructural changes, including particle volumes changes, translations, rotations, and contacts. 102 

This study crucially discusses the obtained results and advances toward a more comprehensive and 103 

mechanistic understanding of the mechanics of granular materials under non-isothermal conditions. 104 

 105 

2. Materials and methods 106 

2.1 Experimental apparatus 107 

The experiments presented in this study were conducted at the synchrotron microtomography facility of 108 

Sector 13-BM-D GeoSoilEnviroCARS (GSECARS) located at the Advanced Photon Source, Argonne 109 

National Laboratory. The pink beam tomography technique [43] was utilized to acquire high-resolution X-110 

ray CT images with a spatial resolution of 3.13 μm per voxel. These images enable precise quantitative 111 

analyses of the microstructure at the level of individual particles. The temperature within the tomography 112 

room was maintained constant at 23.5 ± 1°C throughout the experiments. Further details of the beamline 113 

facility and experimental setup utilized in this study can be found elsewhere [44], and a brief summary is 114 

presented here. 115 

Each image set required the combination of three image sections collected at three different heights. 116 

At each height, the sample needed to be rotated 180° at acquisition speed to collect the projections required 117 

for 3-D reconstruction. In addition, the sample needed to be moved horizontally out of the view at each 118 

height to collect the flat field for image correction. Very slow speeds and long acceleration times [44] were 119 

used to minimize the disturbances during horizontal, vertical, and rotational movements. The parameters 120 

of scanning movements adopted for image collection are comprehensively reported elsewhere [44]. 121 
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Calibration tests where a rounded sand sample was scanned 13 times at room temperature showed minimal 122 

disturbances (maximum particle translation < 4 μm) from scanning movements.  123 

Temperature-controlled tomography experiments were performed under laterally restrained 124 

conditions and zero applied vertical stress at the head of samples located in a cylindrical container (Figure 125 

1). The sample container was made of fused quartz due to its low X-ray attenuation and very low thermal 126 

expansion coefficient (linear thermal expansion coefficient of 5.5 × 10!"  1/°C). This ensured minimal 127 

variations in the lateral restraint provided to the sample under non-isothermal conditions. The container 128 

with one flat closed end had an inside diameter of 5 mm, an outside diameter of 7 mm, and an inside height 129 

of 10 mm. The open top prevented the build-up of excess air pressure due to thermal expansion that may 130 

cause particle movements. To hold the container at the base, one single set screw was used. A high-131 

temperature polymer cell was built by 3-D printing to provide thermal insulation. A stream of nitrogen gas 132 

was blown from the top ceramic tube, which contained an electric resistance heater to heat the gas stream. 133 

The power output to the heater was regulated by a PID temperature controller, adjusting the control voltage 134 

to achieve different heating rates and temperature setpoints. The feedback temperature was read from a 135 

thermocouple attached to the sample cylinder at the base. 136 

 137 

 138 

Figure 1: Experimental setup. The sample is scanned in a temperature-controlled cell. (a) Global view of 139 
the setup. (b) Detailed schematic with descriptions.  140 

 141 
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2.2 Test materials 142 

The materials used in this study were two types of dry silica sand: a rounded F-35 sand (Ottawa, IL) and 143 

an angular 1 Q-ROK sand (Berkeley Springs, WV), both composed of over 99% quartz. Their original 144 

particle size distributions are very similar and the particle shape characterizations are presented elsewhere 145 

[31]. The two types of sand were artificially sieved to their mean sizes, both between No. 30 (600 μm) and 146 

No. 40 (425 μm) sieves. Loose samples were prepared using the air-pluviation method [45] (i.e., by raining 147 

uniformly the material into the container). The container was filled below the top, at a height of around 9 148 

mm, to avoid potential overflow during thermal expansion. The experiments were performed using 1380 149 

rounded particles with an initial average porosity of 0.43, and 1250 angular particles with an initial average 150 

porosity of 0.54.  151 

 152 

2.3 Temperature calibration   153 

Temperature calibration test was performed to understand the correlation between the actual sample 154 

temperature and feedback temperature. In addition to a feedback thermocouple used for measuring feedback 155 

temperature in the setup shown in Figure 1, an additional thermocouple was inserted into the sand sample 156 

(reaching the bottom of the cylinder) to measure the sample temperature (Figure 2(a)) during the 157 

temperature calibration test. The results indicate that the sample temperature was highly responsive to the 158 

change in control voltage regulated by the PID controller, since the sample was in closer proximity to the 159 

heat source compared to the feedback thermocouple (Figure 2(b)). Despite the feedback temperature being 160 

nearly synchronized with the setpoint upon heating, the sample temperature was raised much higher than 161 

the feedback temperature. When the heating rate was set at 0.1°C/s, the sample temperature overshot 162 

significantly beyond the feedback temperature followed by cooling down towards thermal stabilization. 163 

Using a lower heating rate of 0.02°C/s allowed to significantly reduce the overshoot and was therefore 164 

preferred for temperature uniformity and stabilization. A nearly linear correlation between the sample 165 

temperature and feedback temperature at thermal stabilization was observed (see the inset in  Figure 2(b)). 166 

Cooling was achieved by turning off the heater and blowing gas at room temperature. The sample 167 

temperature initially dropped rapidly and became almost synchronized with the feedback temperature 168 

towards stabilization at room temperature. 169 

 170 
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 171 

Figure 2: Temperature calibration. (a) Cross-section schematic of the set-up for temperature calibration. 172 
The feedback thermocouple is attached to the cylinder base to measure the feedback temperature, which 173 
was used to provide feedback and control the PID controller regulating the control voltage to the heater. To 174 
calibrate the correlation between the actual sample temperature and the feedback temperature, an additional 175 
thermocouple was inserted into sand particles in the sample container to measure sample temperature. (b) 176 
Temperature and voltage readings during the temperature calibration test.  Different heating rates were 177 
applied to the setpoint. The value of the control voltage indicates the level of power output to the heater. 178 
The term “random movement” refers to the movement of the stage, typical for CT scanning to collect 3-D 179 
images, which results in fluctuations in the readings of the thermocouples due to varying contact with the 180 
hot gas. The correlation between sample temperature and feedback temperature at thermal stabilization is 181 
shown in the upper right corner, where the red dots represent measurements from the calibration, and the 182 
blue dots represent the temperatures applied in the actual test protocol.  183 

 184 

2.4 Test protocol 185 

Based on the results of the temperature calibration, a refined temperature protocol was developed for the 186 

actual tests (Figure 3). Five thermal cycles with an average sample temperature amplitude of 100°C were 187 

applied to both sand samples, showing consistent results. The chosen temperature amplitude of 100°C 188 

characterizes granular materials such as sands in engineered systems used for high-temperature thermal 189 

energy storage or in natural systems including deserts on the Moon and Mars. The first thermal cycle 190 

consisted of two steps for both heating and cooling, while the subsequent four thermal cycles involved only 191 

one step for both heating and cooling. Images were collected after reaching thermal stabilization at each 192 

temperature step. One image set, consisting of three image sections, was collected in approximately 10 193 

minutes. 194 
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To compensate for the correlation between the sample and feedback temperatures, a feedback 195 

temperature step of 40 or 80°C was applied to achieve a sample temperature step of 50 or 100°C. The 196 

feedback temperature was initially set at 25°C and increased to 105°C to reach a sample temperature of 197 

125°C. To minimize overshoot, each heating step consisted of two phases: a fast-heating phase and a slow-198 

stabilizing phase. The fast-heating phase, which accounts for 5/8 of the step, used a setpoint heating rate of 199 

0.1°C/s to accelerate the experiment within the limited beamtime. The slow-stabilizing phase, referring to 200 

the remaining 3/8 of the step, used a heating rate of 0.02°C/s to minimize temperature overshoot. Heating 201 

up by 100°C took approximately 40 minutes. Cooling was simpler and less concerned with overshoot, 202 

except for the first cycle which had two cooling steps. A 100°C drop in temperature took about 70 minutes.  203 

 204 

 205 

Figure 3: Test protocol for actual tests where five thermal cycles were applied on sand samples. As 206 
shown in the upper right corner of Figure 2(b), a feedback temperature step of 40 or 80°C was applied to 207 
achieve a sample temperature step of 50 or 100°C. The feedback temperature was initially set at 25°C and 208 
increased to 105°C during heating to reach a sample temperature of 125°C. (a) Temperature and voltage 209 
readings during the test on rounded particles. (b) Temperature and voltage readings during the test on 210 
angular particles 211 
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 212 

2.5 Image analyses  213 

Image analyses were conducted on the image sets acquired from the tomography experiments. These 214 

analyses are carried out in four phases: image reconstruction using IDL, image processing using Avizo, 215 

particle tracking, and microstructural analyses using Matlab. The first three phases are discussed in detail 216 

elsewhere [44], while the microstructural analyses focusing on particle volumes, translations, rotations, and 217 

contacts are described hereafter. 218 

 219 

2.5.1 Particle volume changes and temperatures 220 

Temperature variations generate volume changes in granular particles due to their thermal expansion and 221 

contraction. Specifically, thermally induced strains are inherently related to applied temperature variations. 222 

In the experiments, the volume change of each individual particle was quantified. Accordingly, it was 223 

possible to use the probed particle volume changes to approximately infer the temperature variations that 224 

characterize the individual particles. This analysis is indeed approximate and can only provide qualitative 225 

information about particle temperatures, mainly because individual particles undergoing temperature 226 

variations in a packing are not able to deform freely (i.e., they are at least partly constrained). As a result, 227 

the particle temperatures inferred in this manner are likely smaller than the actual particle temperatures that 228 

develop in reality. Additionally, the image resolution was not sufficient to quantify the volume change of 229 

each particle due to temperature variations at the order of 1°C (a resolution of nanometers is necessary). 230 

However, analyses relying on the statistics of over 1200 particles tested in the various experiments provided 231 

qualitative yet valuable information about the influence of a temperature variation of 100°C. 232 

 233 

2.5.2 Particle translations 234 

Particle translations were analyzed by referring to the X, Y, Z coordinates of the center of each particle 235 

(Figure 4). To ensure a consistent reference for the origin and axis directions, the coordinate system was 236 

set up and corrected for every calculation. This approach was necessary because the movement and tilt of 237 

the sample cylinder are inevitable due to thermal expansion of the system. The origin centering and tilt 238 

correction of the coordinate system were performed based on the positions and movements of the bottom 239 

layer particles, as described in detail elsewhere [44]. The approach of centering the coordinate origin at the 240 
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center of over 50 particles in the bottom layer has proven effective in providing a reliable reference and 241 

efficiently handling the computational demands of the analysis.  242 

Centering the coordinate origin at the center of over 50 particles in the bottom layer has proven 243 

effective in providing a reliable reference and efficiently handling the computational demands of the 244 

analysis. Once a consistent coordinate system was established, particle translations were calculated by 245 

subtracting their X, Y, Z coordinates between each two image sets. Upward particle translations and 246 

expansive strains are considered positive in this study. 247 

 248 

 249 

Figure 4: Particle translation calculation. (a) The origin of coordinate system is set at the center of the 250 
bottom layer particles and corrected for cylinder tilt. (b) Visualized illustration of traced translations of 251 
rounded sand particles induced by five thermal cycles. The detailed quantifications of particle vertical 252 
translations are presented in subsequent sections. 253 

 254 

Given the considered setup of image resolution and sample size, three image sections were stitched together 255 

to generate a complete image of the entire sample. During this process, some voxels around the image 256 

stitches may have been missed or duplicated, particularly if the stage position control encountered minor 257 

deviations. When the temperature was significantly raised, the thermal expansion of the machinery below 258 

not only caused the lifting of the sample within the field of view, but also had the potential to exacerbate 259 

the stage positioning deviations. As a result, artifacts such as variations in particle volumes and centroid 260 
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locations of particles at the stitches may have been introduced, leading to possible shifts of the slopes of 261 

the particle vertical translations. Fortunately, these artifacts were only noticeable when considering images 262 

with a large temperature difference, whereas they were negligible when comparing images at a consistent 263 

temperature (e.g., 25°C). 264 

 265 

2.5.3 Thermoelastic displacements 266 

To facilitate the analyses of particle translations upon monotonic heating and cooling, thermoelastic 267 

displacements were derived from the measured particle volume statistics, as well as from the theoretical 268 

volumetric and linear thermal expansion coefficients of the solid particles. The following complementary 269 

methods were employed to compare with actual particle vertical translations. 270 

First, thermoelastic displacements were calculated from the statistics of measured particle volume 271 

changes in the CT images. These displacements were calculated assuming one-dimensional displacements 272 

with no reorganizations as follows: 273 

 ∆𝑍#$ = 𝐻∑ Δ𝑉%&'
$() /∑ 𝑉%,+&'

$()   (1) 274 

where ∑ Δ𝑉%&'
$()  and ∑ 𝑉%,+&'

$()  are the summations of volume changes and initial volumes of individual 275 

particles located below a given initial height 𝐻 (when comparing two image sets), respectively. 276 

Second, thermoelastic displacements were calculated from the theoretical volumetric thermal 277 

expansion of alpha quartz. The rate of volume change due to thermal expansion of sand particles can be 278 

expressed as 𝑑𝑉% = 𝛽(𝑇)𝑉%𝑑𝑇, where 𝛽(𝑇) is the theoretical volumetric thermal expansion coefficient. 279 

Exact integration provides the theoretical volume change with reference to the initial volume Δ𝑉%#$/𝑉%,+ =280 

exp <∫ 𝛽(𝑇)𝑑𝑇,!
,"

> − 1. Therefore, displacements were calculated from the volumetric thermal expansion 281 

of the particles as follows: 282 

 ∆𝑍-#$ = 𝐻 @exp <∫ 𝛽(𝑇)𝑑𝑇,!
,"

> − 1A (2) 283 

Finally, thermoelastic displacements were calculated from the theoretical linear thermal expansion 284 

of alpha quartz. A simplified average was considered in this study to account for the varying linear thermal 285 

expansion coefficients along different axes of the crystal structure of alpha quartz. Therefore, displacements 286 

associated with the linear thermal expansion of the particles were obtained as: 287 

 ∆𝑍.#$ = ∆𝑍-#$/3 (3) 288 
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Rather than assuming a constant value for the volumetric thermal expansion coefficient, which is 289 

used in the reference formulations of the displacements expressed in equations (2) and (3), the calculations 290 

accounted for a temperature-dependent thermal expansion coefficient to provide more accurate results [46]. 291 

Given the crystal structure of alpha quartz, the volumetric thermal expansion 𝛽(𝑇) was calculated as 𝛽 =292 

2𝛼%/ + 𝛼%0. Here, 𝛼%/ represents the linear thermal expansion coefficient along the a-axis and 𝛼%0 represents 293 

the one along the c-axis. Their values were determined by the 5th order polynomial expression provided by 294 

Kosinski et al. [47] within the temperature range of -50 °C to 150 °C.  The expression of 𝛽(𝑇) is given by: 295 

 𝛽(𝑇) = 𝑎) + 𝑎1𝑇 + 𝑎2𝑇2 + 𝑎3𝑇3 + 𝑎4𝑇4 + 𝑎5𝑇5 (4) 296 

with 𝑎) = 3.33 ⋅ 10!5  1/°C, 𝑎1 = 6.94 ⋅ 10!6  1/°C2, 𝑎2 = −1.667 ⋅ 10!1)  1/°C3, 𝑎3 = −6.094 ⋅ 10!13 297 

1/°C4, 𝑎4 = 6.473 ⋅ 10!15 1/°C5, 𝑎5 = −1.304 ⋅ 10!1" 1/°C6. 298 

During the heating process from an initial temperature 𝑇+ = 25 °C and a final temperature 𝑇7 =299 

125 °C, an equivalent 𝛽89 =
:;<=∫ ?(,)B,

#!
#"

C!1

,!!,"
= 3.74 × 10!5 1/°C is obtained. Therefore, an equivalent 300 

𝛼89 = 𝛽89/3 = 1.25 × 10!5 1/°C is obtained. These values are considered as reference for this study. 301 

 302 

2.5.4 Particle rotations 303 

To detect particle rotation, the orientation of each particle was analyzed based on four angles:  azimuthal 304 

angle, 𝜃, and polar angle, 𝜑, of both the particle length and width in a spherical coordinate system (Figure 305 

5). Particle length and width correspond to the longest and shortest Feret diameters, respectively. In Avizo, 306 

the definition of Feret diameter is extended to three dimensions (3D), representing the distance between 307 

two parallel planes restricting the particle perpendicular to that direction. Avizo allows measurements of 308 

Feret diameters at various angles in 3D to determine the length and width of particles, and extracts their 309 

orientations.  Analyzing the changes of the four angles enables the detection of particle rotation in all 310 

directions in 3D. 311 
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  312 

Figure 5: Illustration of spherical coordinates for rotation detection. For each particle, azimuthal angle 313 
𝜽 and polar angle 𝝋 for both particle length and width are extracted. Example is shown for particle length. 314 
The X, Y, Z axis directions refer to the original image axes since the influences of container tilt (< 𝟎. 𝟏°) 315 
is negligible on rotation detection. 316 

 317 

2.5.5 Particle contacts 318 

Particle contact searching was performed on a labeled voxel field output from Avizo (Figure 6). In the 319 

labeled voxel field, each voxel was labeled with a particle label index (i.e., 1, 2, 3, …) or a void label (i.e., 320 

0). The labeled voxel field was divided into small search windows. If the label indexes of two different 321 

particles appeared within the same search window, the two particles were considered to be in contact. To 322 

account for potential errors from the images and processing, two different window cubic sizes, 3 and 6 323 

voxels, were used for contact searching. Contacts detected with the 3-voxel window were classified as close 324 

contacts, whereas additional contacts found using the 6-voxel window were classified as loose contacts. 325 

The coordination number was calculated by averaging the number of contacts for each individual particle. 326 

 327 
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 328 

Figure 6: Contact detection by voxel window searching. The labeled voxel field is divided into small 329 
windows with a cubic size of 3 or 6 for searching particle contacts. (a) Labeled voxel field with particle 330 
indexes or void. (b) Example of detected close contact in a window with a cubic size of 3.  331 

 332 

2.6 Reproducibility  333 

The experiments were repeated three times, leading to very similar results (e.g., with mean deviation of 334 

volumetric strain upon each thermal cycle < 0.01% and more scattered dots compared to the results of 335 

angular particles). This reproducibility highlights the consistency and reliability of the results. 336 

 337 

3. Results and discussion 338 

3.1 Behavior upon the first cycle of heating and cooling  339 

Figure 7 presents qualitative representations of the particle temperatures and quantitative assessments of 340 

particle vertical translations upon the completion of the first heating ramp and cooling ramp (the data 341 

reported via semi-transparent dots are de-emphasized because they are considered artifacts associated with 342 

image stitching and stage position control). The qualitative representation of the temperature field derived 343 

from the volume statistics reveals non-uniform temperature variations in the tested samples upon heating 344 

and cooling, which are attributed to a non-uniform gas flow in the temperature-controlled polymer cell. The 345 

particle vertical translations further indicate that particles move upward upon heating and downward upon 346 

cooling, with particles located at shallower depths experiencing larger translations compared to particles 347 

located at deeper depths. Particle translations accumulate with distance from the origin of the coordinate 348 
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system, located at the bottom of the sample (e.g., upper particles are pushed further upwards by particles 349 

below during heating).  350 

Temperature variations induce non-uniform particle vertical translations within the sample 351 

(depicted as scattered dots at certain heights), indicating the occurrence of relative sliding between particles. 352 

Particles located at shallower depths exhibit more freedom in rearranging and show a larger range of vertical 353 

translations due to the lower restraint compared to that at deeper locations. While the non-uniformity of the 354 

particle temperatures may contribute to the observed non-uniformity particle translations, its impact is 355 

expected to be secondary.  356 

The shape of the particles strongly influences the magnitude of their translations. Firstly, this is 357 

evident from the overall slopes of the particle vertical translations in relation to the sample height, reflecting 358 

the magnitudes of the thermally induced volumetric strain. Secondly, the particle shape effect can be noted 359 

by looking at the scatter in the particle vertical translations at any given sample height, indicating relative 360 

sliding between the particles. Sands with rounded particles show larger magnitudes of particle translations 361 

and more significant particle sliding compared to angular sands, consistent with previous experimental 362 

evidence that showed larger macroscopic thermally induced strains in sands with rounded particles 363 

compared to angular particles [30]. This result is attributed to the reduced friction and rolling resistance 364 

characterizing rounded particles, which facilitate their mobility through less substantial restraints on particle 365 

movements. 366 

The dominant upward particle translations observed upon heating suggest that the sands expand 367 

macroscopically. In other words, the results indicate no thermal collapse (i.e., volumetric contraction upon 368 

heating), corroborating recent evidence [26, 30, 44] as opposed to some previous studies [18, 23, 32, 10, 8, 369 

28]. Upon cooling, the dominant downward particle translations suggest macroscopic contraction, whose 370 

magnitude is smaller than the expansion induced by heating. 371 

The actual particle translations are generally bounded by the thermoelastic displacements derived 372 

from the volume statistics as well as the linear and volumetric thermal expansion of the solid particles. On 373 

the one hand, the magnitudes of particle vertical translations are smaller than the pink and gray dots, 374 

representing the thermoelastic displacements inferred from the measured volumes and volumetric thermal 375 

expansion coefficient of the particles, respectively. This result is attributed to constraints on particle 376 

translations resulting from friction and rolling resistance. On the other hand, the magnitudes of particle 377 

vertical translations generally surpass the blue dots, representing the thermoelastic displacements inferred 378 

from the linear thermal expansion coefficient of alpha quartz. This response is attributed to a boundary 379 
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effect provided by the lateral restraint of the sample container. As the thermal expansion of the sample is 380 

partly restrained by the boundaries along the horizontal direction, a portion of the volume changes caused 381 

by the applied temperature variations is released in the vertical direction. This phenomenon leads to 382 

increased particle vertical translations in response to temperature variations and thermally induced vertical 383 

strains that are larger than those associated with the theoretical linear thermal expansion. 384 

The thermoelastic displacements calculated through volume statistics by equation (1) show a 385 

consistent pink slope across the height, as well as comparable pink slopes upon heating and cooling. The 386 

trend of these thermoelastic displacements from equation (1) aligns closely with those derived from the 387 

volumetric thermal expansion coefficient of the particles (equation (2)). These comparisons validate the 388 

results obtained through particle volume statistics and the effectiveness of temperature control. However, 389 

some discrepancies between these results are noticed, which is likely due to limitations in the stitching of 390 

the images, as well as the spatial and temporal non-uniformity of the imposed temperature variations. For 391 

example, in the upper section of the samples, the thermoelastic displacements deriving from the volume 392 

statistics (pink) exhibit a slightly larger slope along the sample height compared to the lower sections. This 393 

is likely because temperature variations in the upper particles exceed 100 °C. The calibrated sample 394 

temperature primarily reflects the temperature of lower particles, whereas the temperature of upper particles 395 

in closer proximity to the heater is expected to be slightly higher. 396 

 397 
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 398 

Figure 7: Particle vertical translations against the initial height and temperature variation field upon 399 
first cycle of heating and cooling. Qualitative temperature variation fields based on measured thermal 400 
expansion/contraction of individual particles (i.e., volume variation percentage ∆𝑽𝒔𝒎/𝑽𝒔,𝒊𝒎  where 𝑽𝒔𝒎 401 
represents solid volume in CT images) are visualized by rendering with colormap. The colors of particles 402 
around image stitches are corrected by averaging and rescaling colors of neighbor particles. Each black or 403 
red dot represents the vertical translation ∆𝒁 of one particle at its height 𝑯. Pink dots are related to the 404 
displacement distribution inferred from the measured thermal expansion/contraction of the sum of particle 405 
volumes below a given height. Gray lines represent the displacement distribution of the theoretical 406 
volumetric thermal expansion/contraction (∆𝑻 = ±𝟏𝟎𝟎 °C) of alpha quartz across the sample height 𝑯, 407 
considering zero lateral strains. Blue lines represent the displacement distribution of the theoretical linear 408 
thermal expansion/contraction (∆𝑻 = ±𝟏𝟎𝟎 °C) of alpha quartz across the sample height 𝑯. The shifts de-409 
emphasized by semi-transparent dots at 𝑯 ≈ 3 and 6 mm are associated with image stitching artifacts. (a) 410 
Rounded sand upon heating. (b) Rounded sand upon cooling. (c) Angular sand upon heating. (d) Angular 411 
sand upon cooling.      412 

 413 

3.2 Behavior upon multiple cycles of heating and cooling 414 

Figure 8 shows the particle translations upon the completion of each thermal cycle (no image stitching 415 

artifacts are present because the images were consistently taken at the same temperature). In general, the 416 

samples experience a net irreversible settlement of their particles upon the completion of each thermal cycle, 417 

which corresponds to a bulk macroscopic volumetric contraction of the material. The observed non-418 
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uniformity in particle vertical translations, suggesting an irreversible sliding between the particles, seems 419 

to contribute to a generally negative translation slope across the sample height after each thermal cycle. 420 

This negative translation slope corresponds to a volumetric contractive strain in the material. 421 

This evidence is consistent with recent experimental observations reported for sands subjected to 422 

thermal cycles in an oedometer apparatus [31], which report irreversible volumetric contractions due to 423 

thermal cycling. However, in contrast to these observations, the results obtained in the present work 424 

highlight an irreversible volumetric expansion of the samples after the first cycle. Notably, a similar 425 

transitional behavior was also reported in previous numerical simulations [24], with granular materials 426 

subjected to thermal cycling that initially exhibited residual macroscopic expansions followed by residual 427 

volumetric contractions in subsequent cycles. The net residual heave of granular particles upon the 428 

completion of the first thermal cycle in Figure 8 directly results from smaller downward particle translations 429 

upon cooling compared to the upward translations observed upon heating during the first cycle (see Figure 430 

7). This evidence is unlikely due to an incomplete cooling of the tested granular materials, because the 431 

comparable pink slopes upon heating and cooling in Figure 7 indicate comparable thermal expansion and 432 

contraction of the measured particle volumes, as well as a coherent temperature profile before and after the 433 

first thermal cycle. 434 

Overall, sands with rounded particles exhibit larger volumetric deformations compared to sands 435 

with angular particles upon the successive application of thermal cycles, confirming that particle shape 436 

strongly influence the constraints that characterize any granular packing. This response is in agreement with 437 

recent experimental findings on sands subjected to thermal cycles in an oedometer apparatus, which also 438 

noted that irreversible deformations caused by thermal cycling decrease with an higher applied stress level 439 

and the initial relative density [31]. However, this behavior contrasts with the response of sands under 440 

compressive stresses, where sands with more angular particles are known to be more porous and hence 441 

deformable (at a given relative density) compared to sands with more rounded particles [48]. The different 442 

role of particle shape in the deformation of granular materials subjected to temperature variations and 443 

external stresses is attributed to the distinct mechanisms involved, resulting from imposed deformations 444 

and forces, respectively. 445 

 446 

 447 
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 448 

Figure 8: Particle vertical translations upon each thermal cycle. Each black or red dot represents the 449 
vertical translation ∆𝒁 of one particle at its height 𝑯. Volumetric strains 𝜺𝒗 are calculated by dividing the 450 
average vertical displacement of top layer particles by their average initial height. 451 

 452 

Figure 9 illustrates the effects of thermal cycling on particle rotations and contact variations in granular 453 

materials. Overall, particle rotations and contact variations are more pronounced in granular materials with 454 

rounded particles compared to angular particles. The percentage of rounded particles that rotate upon each 455 

thermal cycle ranges from 11% to 13% (Figure 9(a)), whereas the percentage of angular particles that rotate 456 

upon each thermal cycle ranges from 6% to 10% (∆𝜃 > 0.5°, ∆𝜑 > 0.1°). When considering the variations 457 

in coordination numbers along with the number of applied thermal cycles (Figure 9(b)), the results indicate 458 

that, on average, each rounded particle is initially in contact with approximately 7.3 neighbor particles, 459 

while each angular particle is in contact with approximately 6.6 neighbor particles. This finding is consistent 460 

with the lower porosity and more regular surfaces of rounded particles. The results suggest that the total 461 

particle contacts increase cycle after cycle in sand with rounded particles, whereas the contacts among 462 

angular particles remain relatively constant over the considered number of cycles. The first thermal cycle 463 

appears to yield a loss of some close contacts for both sands (as seen in the initial irreversible expansion in 464 

Figure 8), followed by a gradual increase of close contacts in subsequent cycles.  465 

 466 
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 467 

Figure 9: Particle rotations and contact variations induced by thermal cycling. (a) Percentages of 468 
rotating particles 𝑷 detected during each thermal cycle. The rotation of each particle is detected by checking 469 
4 angles in total including the polar angle 𝜽 and azimuthal angle 𝝋 of both particle length and width. Each 470 
data represents the change during each cycle. (b) Coordination number 𝒛 along with the number of applied 471 
thermal cycles determined by voxel window searching. Close contacts are searched by a voxel window 472 
with a cubic size of 3. Loose contacts are searched by a voxel window with a cubic size of 6. Each data 473 
represents the current state in each image scan. 474 

 475 

4. Closure 476 

This paper provided unprecedented experimental evidence about the microscopic phenomena that govern 477 

the macroscopic deformations of granular materials subjected to cyclic temperature variations. This study 478 

specifically analyzed dry silica sands with different particle shapes, leveraging tomography experiments 479 

with ultra-bright, high-energy X-ray beams, and image analyses. 480 

The results substantiate that the macroscopic deformations of granular materials subjected to 481 

temperature variations are driven by microscopic particle rearrangements, which originate from thermally 482 

induced particle deformations. These particle rearrangements encompass non-uniform particle translations 483 

(indicating relative sliding), rotations, and contact variations. They involve a volumetric expansion of 484 

granular materials upon heating and a volumetric contraction upon cooling, leading to irreversible 485 

macroscopic deformations upon successive thermal cycles. 486 

The findings indicate that particle shape fundamentally influences the microscopic particle 487 

interactions in granular materials upon thermal cycling. Granular materials with angular particles undergo 488 
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less significant particle translations, rotations, and contact variations for any applied temperature variations 489 

compared to materials with rounded particles. Additionally, the particle vertical translations observed in 490 

granular materials with angular particles tend to be more uniform compared to those in materials with 491 

rounded particles. This is primarily due to the larger interlocking and inherent constraint characteristic of 492 

angular particle materials compared to rounded particle materials. Specifically, this evidence arises from 493 

the lesser friction and rolling resistance of rounded particles, which possess smoother surfaces, higher 494 

sphericity, and greater roundness compared to angular particles. 495 

Taken together, the results of this study offer previously unavailable experimental evidence 496 

regarding the microscopic origins of thermally induced deformations in granular materials. Consequently, 497 

this study represents an advancement in understanding the mechanics of granular materials under non-498 

isothermal conditions – a topic of central importance in the context of various problems in science, 499 

engineering, and technology. 500 
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