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A b s t r a c t  

This study explores the thermal evolution of the microstructure and mechanical properties of Jurassic sandstone 

from the Kielce Upland, subjected to temperatures between 20°C and 1000°C. Combining microcomputed 

tomography (micro-CT) and nanoindentation techniques, it analyzes how geometric changes affect mechanical 

parameters. Key features like porosity, pore size distribution, and solid matrix thickness were assessed alongside 

indentation modulus (MIT) and hardness (HIT). The results reveal a strong correlation between microstructural 

changes and mechanical responses. At 200°C, microstructural compaction and thermal tightening lead to 

temporary strengthening. Above 600°C, increased porosity, microcrack formation, and rock matrix degradation 

cause significant reductions in mechanical properties. Reconstructed grayscale values are identified as reliable 

estimators for mechanical property changes, particularly for indentation modulus, when baseline parameters are 

available.  
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1. INTRODUCTION 

The behavior of rocks under high-temperature conditions is a critical factor in the design and 

optimization of energy storage systems, radioactive waste repositories, and tunneling projects [1],[2].. 

Moreover, understanding the changes occurring in rock materials during thermal exposure is essential 

for improving the efficiency of geothermal resource extraction and the recovery of fossil fuels [3]. Over 

the past decades, numerous studies have established a strong correlation between temperature and the 

physical, mechanical, and thermal properties of rocks. Research has consistently shown that high-

temperature exposure leads to a reduction in macroscopic mechanical parameters, as observed across a 
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range of rock types, including granite, sandstone, and shale [4]–[7]. These macroscopic property 

changes are widely attributed to microstructural transformations within the rock material (Fig. 1). 

Understanding the behavior of rocks under high-temperature conditions is essential for designing 

energy storage facilities, radioactive waste repositories, and tunnel systems  Additionally, studying the 

changes in rock materials subjected to high temperatures is critical for optimizing the extraction of 

geothermal resources and various fossil fuels. Over recent decades, research on the effects of 

temperature on rock properties has provided substantial evidence of a strong relationship between 

temperature and the physical, mechanical, and thermal properties of rocks. Numerous studies   have 

shown a clear correlation between the decrease in macroscopic mechanical parameters and high-

temperature exposure in various rock types, including granite, sandstone, and shale. It is widely 

recognized that changes in macroscopic rock properties, particularly mechanical properties, are a result 

of microstructural changes within the rock material.  

 

 

Fig. 1. Microstructural changes occurring in the structure of rock material. Initially, smaller pores may coalesce 

into larger ones due to thermal expansion and grain rearrangement. Additionally, the evolution of the pore 

structure directly influences permeability. At lower temperatures, grains may be loosely packed with significant 

pore space, but as temperature rises, grains can become more tightly bonded due to sintering effects. This 

densification typically enhances mechanical strength and stiffness up to a certain temperature threshold (around 

600°C) before leading to brittleness at higher temperatures. What is more, certain minerals may dehydrate or 

undergo phase transitions [8]–[12] 

Despite significant progress, the relationship between microstructural evolution and the 

mechanical behavior of sandstone under high-temperature conditions remains poorly understood. 

Existing studies typically focus on either strength parameter evolution or microstructural morphology, 

with few efforts to integrate these aspects [9],[13]–[15]. Microstructural observations are often 

interpreted in relation to macroscopic properties, such as compressive strength [10],[16], rather than 

directly linked to microscale mechanical parameters. 

To address this gap, the present study investigates the evolution of the microstructure and 

mechanical properties of siliceous sandstone subjected to temperatures ranging from 20°C to 1000°C. 

X-ray microcomputed tomography (micro-CT) was employed to analyze geometric changes in the 

microstructure [17]–[21], while the nanoindentation technique was used to evaluate mechanical 

properties at the microscale [22]–[26]. Both methods have demonstrated their effectiveness in 

characterizing various rock types [27]–[33]. The samples tested in this study represent the first in a series 

of investigations aimed at systematically characterizing microstructural changes in different types of 

sandstones under high-temperature exposure (Fig. 2a). 
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2. MATERIALS AND METHODS 

2.1. Materials used 

Sandstone from Kielce Upland was selected for this stage of research as it is almost a model example of 

siliceous sandstone. The Jurassic sandstones in the Kielce Upland (Fig. 2b) were primarily deposited in 

coastal shelf environments, which were periodically lagoonal, within an Early Jurassic brackish basin 

characterized by low-salinity marine conditions. This depositional setting facilitated the formation of 

quartz-rich sandstones [34]. They are predominantly fine-grained and exhibit siliceous or siliceous-

clayey cementation. These sandstones are typically light-colored, ranging from white to yellow hues. 

Based on its observed composition and texture, the sandstone can be preliminarily classified as a fine-

grained feldspathic arenite according to Folk's classification [35]. However, detailed petrographic 

analysis is recommended to confirm its mineralogical composition and validate this classification. In 

addition, historically, the Jurassic sandstones of the Kielce Upland have been extensively quarried and 

utilized in architecture and engineering projects.  

 

Fig. 2. Sandstone samples with the series selected for the presented study (a), geological region where the 

studied sandstone was sourced (Kielce Upland)- orange color (b), samples of rock material trimmed down to 

their final size (c) 

2.2. Experimental Setup 

Samples were extracted from larger blocks of sandstone using diamond core drill bits and a precision 

circular saw (Pace Technologies MEGA-M250). For micro-CT imaging, the samples were prepared as 

prisms measuring approximately 2 × 2 × 10 mm, while for nanoindentation, the sample dimensions were 

approximately 20 × 20 × 5 mm (Fig. 2c). A total of five samples (EX1–EX5) were designated for 

microcomputed tomography (micro-CT) analysis, and six samples (E0–E5) were designated for 

nanoindentation testing. Prior to experimentation, all sandstone samples were dried in a desiccator for 

48 hours to remove residual moisture and standardize material properties. 

Reference Micro-CT Scanning: Micro-CT imaging was conducted on samples EX1–EX5 to 

establish baseline geometries prior to thermal exposure. Scans were performed using a GE Phoenix 

v|tome|x s system with a 180 kV NanoFocus tube. Imaging was carried out in the air-dried state with a 

resolution of 4 μm. The scanning parameters included a voltage of 60 kV, a current of 150 μA, and an 

exposure time of 500 ms, with six averaged frames per projection. A total of 1500 projections (Fig. 3a) 

were acquired per sample. The projections were reconstructed into 3D digital grayscale models (Fig. 

3b) using the Feldkamp algorithm in Phoenix Datosx 2 rec software. These models were analyzed to 

extract microstructural metrics, including grayscale distribution (Fig. 3c) and volume changes. The 
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grayscale values correspond to the reconstructed radiation absorption coefficient γrec, representing local 

density as determined by the Lambert-Beer Law of radiation attenuation [36]–[38]. 

 

Fig. 3. A single projection for sample EX1 (a)- the brightness at each point of the image depends on the total 

amount of radiation absorbed by the scanned sample; reconstructed 3D digital grayscale image of the sample 

built from stack of 2D slices (b); PDF distribution of the reconstructed radiation absorption coefficient 

(grayscale) for sample EX2 (c) 

To quantify the evolution of pore space and the solid matrix, binarized microstructure images 

were analyzed within defined volumes of interest (VOIs) (Fig. 4). The binarization threshold was 

determined using Otsu’s method [39], while the VOI was dynamically defined using the ROI-Shrink-

Wrap function [40], which iteratively adjusts the region of interest for each slice of the reconstructed 

geometry. 

 

Fig. 4. Thresholded section of sample EX4: grayscale image (a), binarized image within the ROI (b) 

Thermal Treatment: Thermal exposure was carried out in a Neoterm MidiSUN laboratory furnace, 

following a controlled heating program with specific temperature thresholds (Fig. 4). Six temperatures 

were investigated: 20°C (EX1–EX5 as reference scans, E0), 200°C (EX5, E5), 400°C (EX4, E4), 600°C 

(EX3, E3), 800°C (EX2, E2), and 1000°C (EX1, E1). This sequential heating protocol allowed for a 

systematic evaluation of thermal effects on the sandstone. 
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Fig. 5. Neotherm Midi SUN furnace chamber with samples placed inside (a), temperature increase, and furnace 

cooling function applied for the study (b) 

Post-Treatment Micro-CT Scanning: After temperature exposure, the EX1 to EX5 samples were 

once again scanned using micro-CT using the same resolution and lamp settings as for reference scans. 

This allowed for capturing the evolution of microstructural geometry and identification of 

morphological changes induced by thermal stress. 

Surface Preparation for Nanoindentation: Thermally treated samples (E0–E5) were embedded in 

low-viscosity epoxy resin using a cold-mounting process to stabilize them for mechanical testing. 

Embedding was conducted in a Struers CitoVac vacuum chamber. After embedding, samples were 

subjected to sequential grinding and polishing to achieve the surface quality required for reliable 

nanoindentation. Preparation steps included initial flattening with SiC polishing pads, fine grinding with 

MD-Piano diamond-coated discs (up to MD-Piano 2000), and final polishing with MD-Piano 4000 and 

MD-Chem using OP-S NonDry 0.004 μm colloidal silica suspension. After each step, samples were 

cleaned in an ultrasonic bath with 99% isopropanol for 30 seconds 

Micromechanical Testing: Nanoindentation tests were performed on samples E0–E5 using a CSM 

Instruments NHT2 nanoindenter equipped with a Berkovich diamond tip. A Grid Indentation Technique 

[41]–[43] was used, involving 3600 indentations spaced 30 μm apart. Each indentation was load-

controlled to a maximum depth of hmax=1μm, approximately 25% of the micro-CT resolution. The basic 

microstructural mechanical characteristics, namely indentation modulus MIT (2.1) and hardness HIT (2.2) 

[44],[45] were calculated using the following equations: 

𝑀IT =
1

2𝛽
𝑆

√𝜋

√𝐴
    [𝐺𝑃𝑎], (2.1) 

𝐻IT =
𝑃max

𝐴
    [𝐺𝑃𝑎], (2.2) 

where A is the projected contact area at the maximum load Pmax estimated from the equation 

A=F(h) [46], S is the contact stiffness (N/m), which is the slope of the unloading curve at maximum 

indentation depth hmax and β is the correction factor for the geometry of the indenter (for Berkovich tips, 

β≈1.034) [47].  

The indentation modulus (MIT) represents the elastic response of a material to localized stress 

under the indenter, derived from the contact stiffness, projected contact area, and indenter geometry. 

For isotropic, homogeneous materials, it is related to Young’s modulus (E) by the equation (2.3): 
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𝑀IT =
𝐸

1−𝑣2     [𝐺𝑃𝑎], (2.3) 

where E is the Young’s modulus and v is the Poisson’s ratio of the tested material. This 

relationship assumes the indenter’s material has a significantly higher modulus (e.g., diamond), than the 

modulus of the tested material. In heterogeneous materials like sandstone, MIT reflects the combined 

elastic behaviour of grains and the matrix, making it a key parameter for evaluating local stiffness. 

Hardness (HIT), measured as the ratio of maximum load (Pmax) to the projected contact area (A), 

is an indicator of a material's resistance to localized plastic deformation. For many materials, hardness 

can be used as a proxy for estimating uniaxial compressive strength (UCS) or other macroscopic strength 

parameters. The relationship between hardness and strength depends on the material type and is typically 

empirically established [48]–[51] 

Mapping of mechanical parameters covered approximately 2 mm² for each sample (Fig. 6). 

Statistical analyses of the nanoindentation results were conducted following established methodologies 

[52]–[54],[16]. 

 

Fig. 6. Exemplary Distribution of MIT (a) and HIT (b) over the sample surface alongside their respective 

histograms (c, d) 

3. RESULTS AND DISCUSSION 

This section presents the results of both microcomputed tomography (micro-CT) and nanoindentation 

analyses. Data processing and summary of the measured values were performed using dedicated image 

analysis software, including Bruker CTAn, Bruker CTvox, and Bruker DataViewer, as well as custom 

scripts developed in Wolfram Mathematica [55]. Additionally, selected datasets were processed using 

modified Python 3.10 scripts [56], available in open-source repositories [57],[58]. 

To ensure consistency and clarity in presenting the results, a unified color scheme was adopted for 

samples corresponding to each temperature threshold: █ for 20°C, █ for 200°C, █ for 400°C, █ for 

600°C, █ for 800°C and █ for 1000°C. This approach facilitates direct comparisons across temperature 

thresholds and provides a clear visual representation of the effects of thermal exposure on the 

sandstone’s microstructural and mechanical properties. 

To further clarify the result analysis, the basic properties of the sandstone's microstructure and 

mechanical parameters before thermal exposure are summarized in Table 1. These include porosity and 

mean values of grayscale (µGS), pore size (µPStTh), solid matrix thickness (µSStTh), indentation modulus 

(µMIT), and hardness (µHIT). These baseline values serve as a reference for assessing changes induced 
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by thermal treatment and provide a foundation for correlating microstructural evolution with mechanical 

performance. 

Table 1. Microstructural properties of the tested sandstone before temperature exposure  

Property Value Unit Description 

Porosity (ϕ)  17.33 % Proportion of void space within the material. 

Mean grayscale (µGS) 76.9478 - 
Represents the reconstructed radiation 
absorption coefficient. 

Mean pore size (µPStTh) 29.23 µm 
Average diameter of pores within the 
microstructure. 

Mean solid matrix thickness (µSStTh) 81.52 µm 
Average thickness of solid components in the 
microstructure. 

Mean indentation modulus (µMIT) 56.65 GPa 
Measure of elastic response under localized 
stress. 

Mean hardness (µHIT) 7.70 GPa 
Material's resistance to localized plastic 
deformation. 

3.1. Geometric morphology evolution (Micro CT results) 

To evaluate the changes in morphology before and after thermal exposure, the spatial alignment of 

reconstructed micro-CT images was corrected using 3D registration. This process aligns the geometry 

of the heated samples with the reference samples within the same Cartesian coordinate system. The 

reconstructed microstructures for the tested samples, along with their grayscale distributions before and 

after thermal treatment, are presented below. Grayscale values were calculated within a defined volume 

of interest (VOI). 

Changes in the grayscale distribution reflect alterations in the microstructure of the sandstone, 

corresponding to variations in the local volumetric density or material packing within the analyzed 

volume. Specifically: 

 Peak Shift to the Left: Observed in the higher range of the grayscale distribution, this shift 

indicates the development of microcracks within the material. These microcracks may not 

manifest as detectable porosity at the resolution of the scan but influence the material's effective 

absorption of X-rays, leading to a reduction in local density. 

 Peak Shift to the Right: This suggests the closure or healing of microcracks, often occurring at 

grain-to-grain contacts or at the interfaces between grains and the cementing material. 

For grayscale values in the lower range, variations in the probability density function correspond 

to changes in the volume of "detectable" pore space, representing porosity resolvable at the given scan 

resolution. These observations are further illustrated in Fig. 7f. An initial increase in the mean grayscale 

value up to 200°C suggests densification or compaction within the sandstone, likely due to micropore 

reduction or improved grain-to-grain contact. However, beyond 200°C, a decline in the mean grayscale 

value indicates the increasing influence of microcrack formation and other structural disruptions, which 

reduce the material's ability to absorb X-rays effectively. 
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Fig. 7. Statistical analysis of the reconstructed sandstone images: digital reconstructions of the microstructure of 

heat-treated sandstone samples alongside their grayscale distributions - compared to the reference samples (a-e), 

a graph illustrating the change in mean grayscale value as a function of temperature for the tested samples (f) 

The 3D volume measurements were performed using the Marching Cubes Algorithm (MCA) [40] 

within the defined VOI. Relative volume changes were calculated with respect to the reference volume 

of each sample prior to heat treatment. For temperatures ranging from 200°C to 800°C, volume changes 

were negligible, varying between -0.16% and 0.38%. However, at 1000°C, a significant volume increase 

of 20.08% was observed, which is notably higher than the typical values for sandstone, usually closer 

to 4% after high-temperature exposure [59]. 

Porosity, defined as the ratio of the total pore volume (open and closed) to the total VOI volume, 

was also measured using MCA. Between 200°C and 800°C, a reduction in porosity of -1.45% to -0.8% 

was recorded. At 1000°C, however, porosity increased by 1.27% (Fig. 8). 
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Fig. 8. Change in volume and porosity of sandstone as a function of temperature 

In addition to total porosity, an advanced analysis of pore space structure was conducted, focusing 

on the size distribution of identified pores. A parallel analysis was performed for the solid matrix, 

capturing local variations in grain and cementing material volumes (Fig. 9). Both the solid matrix and 

pore space were characterized using the local structure thickness (St.Th.), defined as the largest radius 

r of a sphere fully contained within the considered phase Ω at a given point x within that phase. This 

relationship is expressed in Equation (3.1): 

 

𝜏(𝑝⃗) = 2 max({𝑟|𝑝⃗ ∈ 𝑠𝑝ℎ(𝑥⃗, 𝑟) ⊆ Ω, 𝑥⃗ ∈ Ω}), (3.1) 

 

Changes in pore space and solid matrix structure confirm a distinct mechanism of microstructural 

evolution in sandstone, involving an initial "swelling" of the skeleton. This swelling results in a slight 

reduction in pore sizes, particularly at lower St.Th. values. For example, at 200°C, the percentage of 

pores smaller than 24 μm increases from 45.68% to 46.33%. 

In contrast, at higher temperatures, a consistent trend of pore enlargement is observed, especially 

for pores larger than 40.1 μm, as evidenced by an increase in histogram bar heights for heat-treated 

samples compared to untreated ones. Additionally, all samples exhibit a systematic increase in the size 

of individual grains within the solid skeleton, suggesting a linear relationship between temperature and 

the volume expansion of the rock skeleton. This grain enlargement is particularly pronounced at 1000°C, 

where a significant increase in the proportion of larger grains is observed in the microstructure. 

The analysis of local microstructural metrics aligns with bulk volume change observations, with 

the most pronounced changes occurring in the higher temperature range. These findings highlight the 

interplay between pore space evolution and solid matrix restructuring in driving the thermal response of 

sandstone. 
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Fig. 9. Distributions of Local Structure Thickness (StTh) for pore space (left side) and solid matrix (right side) 

for samples EX1 – EX5. Next to the calculated distributions exemplary images of Local Structure Thickness 

distribution within selected slices of each sample are presented 
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3.2. Evolution of mechanical properties (Nanoindentation results) 

An optical microscope image of the tested surface of sample E0, taken after conducting 3600 grid 

indentation tests (GIT), is presented in Fig. 10. The results from nanoindentation tests are displayed as 

distribution maps of mechanical parameters across the tested surface and histograms representing the 

indentation modulus (MIT) and hardness (HIT) metrics (Fig. 11–Fig. 16). Mean values (μ) and standard 

deviations (σ) for MIT and HIT are also reported. 

 

Fig. 10. Optical microscope image of the tested surface: magnification x20 (a), magnification x50 (b), 

magnification x200 (c) 

 

Fig. 11. Distribution maps of indentation modulus (MIT) and hardness (HIT) obtained from nanoindentation 

testing on the surface of the sandstone sample at 20°C, alongside their respective histograms 

 

Fig. 12. Distribution maps of indentation modulus (MIT) and hardness (HIT) obtained from nanoindentation 

testing on the surface of the sandstone sample heated up to 200°C, alongside their respective histograms 
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Fig. 13. Distribution maps of indentation modulus (MIT) and hardness (HIT) obtained from nanoindentation 

testing on the surface of the sandstone sample heated up to 400°C, alongside their respective histograms 

 

Fig. 14. Distribution maps of indentation modulus (MIT) and hardness (HIT) obtained from nanoindentation 

testing on the surface of the sandstone sample heated up to 600°C, alongside their respective histograms 

 

Fig. 15. Distribution maps of indentation modulus (MIT) and hardness (HIT) obtained from nanoindentation 

testing on the surface of the sandstone sample heated up to 800°C, alongside their respective histograms 
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Fig. 16. Distribution maps of indentation modulus (MIT) and hardness (HIT) obtained from nanoindentation 

testing on the surface of the sandstone sample heated up to 1000°C, alongside their respective histograms 

The temperature-dependent variation in the average values of indentation modulus and hardness 

is shown in (Fig. 17). Both parameters exhibit a general decline with increasing temperature, decreasing 

from 7.70 GPa to 6.07 GPa for hardness and from 56.65 GPa to 49.02 GPa for modulus. However, at 

200°C, an increase in both properties is observed, with hardness rising by 0.67 GPa and modulus 

increasing by 3.87 GPa, corresponding to an 8.8% and 6.8% increase, respectively. This behavior 

suggests a strengthening effect, likely due to microstructural consolidation or thermal tightening. At 

600°C (sample E3), a notable strengthening effect is observed for hardness, deviating from the trend 

seen in other samples. This strengthening is not as pronounced for modulus, which follows the 

established temperature-dependent trend. 

The mean value alone does not provide sufficient insight into the mechanisms driving 

microstructural strengthening or weakening. To gain deeper insights, the cumulative histograms of 

mechanical parameter distributions were deconvoluted into the contributions of individual phases. This 

phase-specific decomposition was performed using a two-dimensional Gaussian Mixture Model (GMM) 

with j=5 components (A–E), selected based on the Bayesian Information Criterion [60] and Akaike 

Information Criterion [61]. For each component, the mean and standard deviation of MIT and HIT were 

calculated, along with their respective volume fractions (Φj) (Fig. 18-Fig. 23). This approach enables 

a detailed characterization of the mechanical properties of individual phases, providing a clearer 

understanding of the thermal effects on the sandstone’s microstructure. 

 

Fig. 17. Change of mean indentation modulus (MIT) and mean hardness (HIT) of sandstone as a function of 

exposure temperature 
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Fig. 18. Deconvoluted distributions of indentation modulus (MIT) and hardness (HIT) at 20°C, with Gaussian 

mixture components (A to E) identified 

 

Fig. 19. Deconvoluted distributions of indentation modulus (MIT) and hardness (HIT) at 200°C, with Gaussian 

mixture components (A to E) identified 

 

Fig. 20. Deconvoluted distributions of indentation modulus (MIT) and hardness (HIT) at 400°C, with Gaussian 

mixture components (A to E) identified 
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Fig. 21. Deconvoluted distributions of indentation modulus (MIT) and hardness (HIT) at 600°C, with Gaussian 

mixture components (A to E) identified 

 

Fig. 22. Deconvoluted distributions of indentation modulus (MIT) and hardness (HIT) at 800°C, with Gaussian 

mixture components (A to E) identified 

 

Fig. 23. Deconvoluted distributions of indentation modulus (MIT) and hardness (HIT) at 1000°C, with Gaussian 

mixture components (A to E) identified 
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Components D and E, representing quartz and feldspar grains, are the primary contributors to the 

mechanical properties of the sandstone, as they exhibit the highest mechanical parameters and volume 

fractions [62]. At low temperatures (up to 200°C), both MIT and HIT increase slightly for these 

components, indicating potential microstructural consolidation or thermal tightening. At 600°C, peaks 

in modulus and hardness are observed for components D and E, with the modulus peak being more 

prominent than that of the overall composite (Fig. 24). This suggests a strengthening effect attributed to 

thermal expansion and reduced porosity. However, above 800°C, a marked decline in MIT and HIT for 

these components reflects microstructural degradation, such as microcrack formation, grain boundary 

weakening, or quartz phase transformations. 

Component C, representing the cementing material, displays relatively stable modulus values 

(30–35 GPa) and low hardness values (2–4 GPa) across all temperatures. Its stability ensures the 

structural cohesion of the composite, even as components D and E undergo thermal variations. 

Components A and B, associated with epoxy resin filling the pore space and the interface between pores 

and the sandstone skeleton, exhibit low mechanical properties and are not major contributors to the 

overall response. 

 

Fig. 24. Variation of the mean indentation modulus (MIT) (a) and mean hardness (HIT) (b) for identified 

components C, D and E as a function of temperature  

The detailed phase-specific analysis enhances the understanding of how individual components 

contribute to the composite behaviour of the sandstone. The overall mechanical properties are dominated 

by components D and E due to their high modulus and hardness values. The observed drop in overall 

parameters at high temperatures is primarily attributed to the degradation of the skeleton (components 

D and E), rather than the cementing material (component C). Specifically, the decline in MIT and HIT at 

elevated temperatures is linked to microcrack formation, grain boundary weakening, and phase 

transformations in quartz, underscoring the critical role of the rock skeleton in determining the thermal 

response of the sandstone. 

3.3. Linking the evolution of mechanical parameters to geometric changes in sandstone 

microstructure 

Thermal treatment induces significant microstructural changes in sandstone, affecting both the pore 

space and the solid matrix. These geometric changes—such as variations in porosity, pore size 

distribution, and grain morphology—directly influence the mechanical properties of the material. By 

integrating micro-CT imaging with nanoindentation tests, this study provides a detailed analysis of the 

relationship between mechanical parameters, such as hardness (HIT) and indentation modulus (MIT), and 
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morphological transformations. This section examines the interplay between these factors by correlating 

mechanical responses at different temperature thresholds with geometric changes identified through 

micro-CT analysis. 

 

Fig. 25. Variation of mean indentation modulus (MIT) and mean hardness (HIT) as a function of temperature, 

compared to changes in microstructural parameters: (a, e) mean grayscale value (μGS), (b, f) porosity, (c, g) 

mean structure thickness of the matrix μStTh(Matrix), and (d, h) mean structure thickness of the pores 

μStTh(Pores) 
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Microstructural changes were quantified as the difference between a given measure's value before 

and after thermal treatment at a specific temperature. A negative change indicates an increase in the 

corresponding microstructural feature (e.g., porosity or other geometric parameters) relative to the 

reference sample. Among the analyzed geometric measures, all show a strong correlation with the 

mechanical properties and microstructural evolution of the sandstone. In the higher temperature range 

(above a specific threshold), a decrease in the relative values of key geometric measures aligns with 

a reduction in the material's mechanical properties. 

The results confirm that mechanical parameters are significantly influenced by changes in the 

pore space. An increase in porosity and pore sizes, particularly at higher temperatures, leads to 

reductions in both MIT and HIT. This is attributed to the increased presence of microcracks and a decline 

in microstructural cohesion. Pore space plays a critical role in weakening the structure by altering local 

stress concentrations and affecting the material’s effective absorption of radiation, as reflected in 

changes to the absorption coefficient (grayscale values). 

The distribution of the reconstructed absorption coefficient shows a strong alignment with trends 

in mechanical parameter variations. While a similar correlation exists for hardness, the agreement 

between grayscale values and mechanical parameters is stronger for MIT. This suggests that changes in 

grayscale values can reliably estimate mechanical parameter variations, provided baseline mechanical 

parameters are known for at least one temperature threshold. 

The evolution of mechanical parameters results from a complex combination of geometric 

changes in the microstructure (e.g., increased porosity and altered structure thickness in both the 

skeleton and pore space) and changes in the mechanical properties of individual sandstone components. 

Notably, components D and E (quartz and feldspar grains) exhibit significant evolution in their 

mechanical properties with increasing temperature, directly impacting the mean mechanical parameters 

of the material. In contrast, component C (cementing material) remains relatively stable across the 

temperature range. However, its lower mechanical contribution limits its ability to compensate for the 

degradation of components D and E, which dominate the mechanical response of the sandstone. 

4. CONCLUSSIONS 

This study investigated the thermal evolution of siliceous sandstone microstructure and mechanical 

properties using a combination of microcomputed tomography (micro-CT) and nanoindentation 

techniques. The material, quarried in the Kielce Upland, was subjected to temperatures ranging from 

20°C to 1000°C. The findings provide key insights into the relationship between geometric changes and 

mechanical parameter variations across this temperature range, focusing on fine-grained siliceous 

sandstones. The most striking conclusions are as follows: 

i. Geometric changes in the microstructure, including porosity, pore size distribution, and 

structural thickness of the solid matrix, strongly correlate with variations in mechanical 

parameters. At higher temperatures, increased porosity and reduced structural thickness 

correspond to a significant decline in indentation modulus (MIT) and hardness (HIT), indicating 

microstructural degradation. 

ii. At moderate temperatures (20–200°C), temporary strengthening of the sandstone is observed, 

with increases in MIT and HIT, attributed to microstructural compaction and reduced pore space. 

iii. At higher temperatures (>600°C), declines in both mechanical and geometric parameters are 

primarily due to microcrack formation, increased porosity, and degradation of the sandstone 

matrix. 

iv. Components D and E (quartz and feldspar grains) dominate the mechanical response of the 

sandstone due to their higher modulus and hardness. Component C (cementing material) 
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remains stable but contributes less to overall strength due to its lower mechanical parameters, 

providing cohesion particularly at lower temperatures. 

v. Changes in grayscale values (reconstructed attenuation coefficients) are strongly correlated with 

MIT and can reliably predict variations in mechanical properties if baseline parameters are 

known. Additional geometric measures, such as porosity and structural thickness, further 

explain the mechanisms driving sandstone behaviour under thermal stress. 

Presented results should be validated against macroscopic-scale mechanical tests to better 

understand how microstructural changes translate to engineering-scale performance. Additionally, 

detailed petrographic analyses are recommended to precisely determine the mineral composition of the 

sandstone and assess potential changes in mineralogy during thermal treatment. At the same time 

ongoing studies on other sandstone types from the Kielce Upland aim to explore correlations between 

microstructural measures and thermal responses. Comparative analyses will help establish broader 

patterns and refine the understanding of sandstone behavior under thermal treatment. 
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