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Investigating micro-structural changes in red sandstone under 
varying temperature and cooling modes provides a scientific basis 
for optimizing construction engineering performance and 
preserving ancient red sandstone structures. In this study, we 
investigate red sandstone microstructure using XRD and SEM after 
treatment with various temperatures and cooling methods. The 
results demonstrate that elevated temperatures induce 
physicochemical reactions in feldspar minerals, increasing relative 
quartz content, while cooling methods show limited effects on 
mineral composition. Additionally, higher temperatures cause 
fissure expansion, with water cooling accelerating structural 
degradation. 
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Introduction 

[1], particularly the mechanical behavior of rocks under high temperatures. He et al.[2] 
and Wu et al.[3] investigated granite and sandstone mechanical properties post 
high-temperature treatment using uniaxial compression tests, establishing temperature-rock 
strength correlations. Meng et al.[4]studied the fracture and slip behavior of intact and 
fractured granites under high-temperature triaxial loading conditions. The results showed that 
intact granite expanded uniformly, while the thermal expansion of fractured granite was 
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anisotropic. Comparative studies by Jin et al.[5] and Yu et al.[6] on natural versus water 
cooling of thermally treated granite revealed accelerated mechanical property degradation in 
water-quenched specimens. 

Mineral rocks inherently contain structural defects such as primary pores and cracks 
that significantly affect their mechanical properties. These methodologies are well-established 
in petro-logical research. Keppert et al.[7] employed SEM to analyze thermally treated 
sandstone, establishing that thermally induced damage depends on mineral-diagenesis 
interplay. Zhang et al.[8] quantified micro-structural changes in dense sandstones under 
thermal loading, demonstrating peak fracture development between 400-1000°C. Sirdesaiet 
al.[9] identified substantial dehydration reactions above 500°C leading to pore structure 
degradation. Liu et al.[10] investigated abrasion mechanisms in hydrated mudstone during 
boring processes through tribological testing with microscopic analysis. 

Extensive research has elucidated thermal damage mechanisms in rocks, yielding 
substantial theoretical and experimental insights. However, microscopic investigations of red 
sandstone subjected to multi-temperature regimes and differential cooling methods remain 
scarce. Building on prior research, this study employs X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) to systematically characterize microstructural evolution in red 
sandstone under varying thermal treatments with both natural and water cooling protocols. 
The findings provide critical insights for optimizing construction material performance, 
developing thermal damage monitoring systems, and preserving historic red sandstone 
architecture. 
Sample preparation and experimental scheme 
Sample preparation and equipment 

Cylindrical red sandstone samples (50 mm diameter×100 mm height) were divided 
into two groups based on cooling method: "S" (water cooling) and "Z" (natural cooling). Each 
specimen received permanent identification markings for visual distinction. Initial 
measurements of basic physical parameters were recorded in Table. 1. 

Dry red sandstone specimens were heated to target temperatures of 150°C, 200°C, 
250°C, and 300°C in the CR-MJ5 high-temperature furnace. To avoid thermal shock-induced 
fracturing, a controlled heating rate of 0.5°C /min was maintained and the specimens were 
held for 2 hours to ensure thermal equilibrium. Paired specimens underwent distinct cooling 
methods: natural cooling (Group Z) or water cooling (Group S).The whole heating and 
cooling treatment steps are shown in Fig. 1.Post-treatment physical parameter measurements 
(Table. 1) revealed decreasing wave velocities with increasing temperature. This trend 
quantitatively demonstrates temperature-dependent thermal damage accumulation in the rock 
microstructure, confirming positive correlation between thermal exposure intensity and 
structural degradation.  
Experiment scheme 

The integrated application of XRD and SEM in the study of thermal damage 
mechanisms in red sandstone reveals complementary insights: XRD quantifies 
temperature-induced mineralogical changes through diffraction patterns, while SEM reveals 
microscale structural degradation via high-resolution imaging. In experimental protocols, 
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XRD specimens were prepared by grinding, sieving (200 mesh), with diffraction data 
collected using a copper target; SEM specimens underwent sectioning, polishing, 
gold-coating, and imaging under adjustable electron beam parameters to capture multiscale 
surface topography. Together, these techniques elucidate the coupled effects of temperature 
and cooling methods on thermal damage from dual perspectives—crystal structure evolution 
and microstructural deformation—providing critical experimental evidence for advancing 
thermal-microscopic research on red sandstone. 

 

Fig. 1 Heating and cooling program of red sandstone 

 

Table. 1 Basic physical parameters of red sandstone before and after treatment 

Sample 
name 

25 150-Z 150-S 200-Z 200-S 250-Z 250-S 300-Z 300-S 

m unheated

（g） 
492.8

1 
484.1

8 
495.8

6 
488.1

9 
491.5

9 
483.13 488.58 494.34 489.43 

m heated

（g） 
492.8

1 
477.8

9 
489.4

1 
477.4

5 
482.7

4 
475.82 476.65 473.08 471.32 

△m 0 1.30% 1.30% 2.20% 1.80% 3.20% 2.90% 4.30% 3.70% 
v unheated

 
3.571 3.333 3.333 3.333 3.378 3.378 3.378 3.378 3.378 

v heated

 
3.571 3.125 3.125 3.049 3.049 3.012 2.941 2.907 2.840 

△v 0 6.24% 6.24% 8.52% 9.74% 10.83
 

12.94
 

13.94
 

15.93
  

Results 
X-ray diffraction experiment results and analysis 

The fundamental principle of X-ray diffraction analysis establishes that each 
crystalline phase possesses a unique diffraction pattern determined by its crystallographic 
structure. These characteristic patterns remain identifiable in mixed-phase systems, with each 
component exhibiting its distinctive peak profile within the composite diffractogram. 



4 

 

 

Fig. 2 X-ray diffraction results 

Fig. 2 presents the X-ray diffraction patterns of red sandstone specimens. Analysis 
reveals no significant spectral variations under different temperature treatments and cooling 
conditions. This may occur because experimental temperatures remain below the threshold for 
feldspar phase transitions, with cooling-induced thermal stresses primarily affecting 
interparticle bonding rather than intracrystalline structures. 

 

Fig. 3Content and variation of ingredients 

The specific mineral contents and variations of the red sandstone specimens are 
shown in Fig. 3, which identifies quartz and feldspars (dominantly albite [NaAlSi₃O₈] and 
anorthite [CaAl₂Si₂O₈]) as primary constituents, with other minor components omitted. 
According to Figure 5, the relative content of quartz in red sandstone demonstrates a gradual 
increasing trend with elevated heat treatment temperatures. The quartz proportion in the 
room-temperature rises from 8.8% in the room temperature group to 14% when heated to 
300°C. Correspondingly, the albite mineral content decreases from its initial 57.3% to 55.7%. 
This suggests that temperature elevation may induce physical-chemical reactions in feldspar 
minerals within red sandstone, leading to relative enrichment of chemically more stable 
quartz components. Notably, minimal differences in mineral composition were observed 
between specimens subjected to different cooling methods, indicating that mineralogical 
changes in red sandstone are predominantly governed by high-temperature thermal effects, 
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while cooling methods exhibit limited contribution to mineral phase transformation processes.  

 

Fig. 4 Relative diffraction intensity of ingredients  

Fig.4 illustrates the X-ray diffraction relative intensity distribution characteristics of 
anorthite, albite, and quartz in red sandstone samples. With increasing heat treatment 
temperature, the diffraction intensities of the minerals exhibit certain fluctuations. Specifically, 
the diffraction peak intensity of quartz gradually strengthens with rising temperatures, while 
the diffraction peaks of feldspar minerals show a systematic attenuation trend, highlighting 
the stability advantage of quartz components under thermal effects. These observations align 
with the conclusions drawn from mineral content analysis. Further comparison of cooling 
methods reveals that, under the same temperature conditions, although slight differences exist 
in relative intensities between water-cooled and naturally cooledspecimens, the variation 
magnitude is significantly smaller than those caused by temperature effects. This phenomenon 
indicates that differences in cooling rates have limited influence on alterations in the chemical 
composition or lattice parameters of mineral crystals themselves. 
Scanning electron microscope experiment results and analysis 

Fig.5 displays scanning electron microscopy images of red sandstone specimens 
treated with varying temperatures and cooling methods. 

As shown in Fig.5, the original red sandstone specimen exhibits typical primary 
structural characteristics of sedimentary rock, featuring a dense yet isolated microporous 
system and sporadically distributed short fissures in its microstructure. After heat treatment, 
the internal structure of the specimens undergoes progressive damage: At 150°C, early signs 
of thermal damage emerge, manifesting as slight extension of pre-existing fissures and 
initiation of new thermally induced cracks. When temperatures rise to 200-300°C, the 
connectivity of the crack network gradually increases, with both length and width of cracks 
progressively developing with temperature elevation. Concurrently, high-temperature 
dehydration may induce shrinkage deformation in hydrated components such as clay 
minerals. 
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Fig. 5 Scanning electron microscope experiment results 

Comparative cooling method analysis demonstrates water-cooled specimens 
develop significantly denser, more connected microcracks with greater dimensions than 
naturally cooled counterparts.This phenomenon likely arises from the substantial temperature 
gradient between the surface and interior during water-cooling, which generates high-gradient 
thermal stress. The abrupt cooling causes differential contraction among mineral particles, 
resulting in widespread intragranular and transgranular cracks throughout the specimen and 
further enlargement of pores. In contrast, naturally cooled specimens maintain better thermal 
expansion compatibility between mineral particles due to the gradual temperature gradient. 
Although limited crack propagation along original defects can still be observed, the overall 
pore structure remains relatively intact, indicating that damage evolution remains localized. 
Conclusions  

The red sandstone consists mainly of quartz and feldspar minerals, with the feldspar 
minerals consisting mainly of sodium feldspar and calcium feldspar, accounting for 87% of 
the total content. Elevated temperatures will cause feldspar minerals to undergo 
physicochemical reactions, thus increasing the relative content of the more chemically stable 
quartz fraction; whereas different cooling methods will have less effect on the mineral 
composition of the samples.The red sandstone itself has micro-porosity and a small amount of 
fissures, and the elevated temperature increases and enlarges the cracks, while the 
water-cooling treatment further deepens the structural deterioration. 
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