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ABSTRACT 

 

In this study, mortar specimens were prepared with coarse aggregate and subjected to high-temperature 

heating, with maximum temperatures ranging from 500 °C to 1200 °C. Following air cooling, X-ray 

diffraction (XRD) with Rietveld analysis and X-ray computed tomography (CT) imaging were performed. 

The sandstone, a likely coarse aggregate used in Unit 1 of the TEPCO Fukushima Daiichi Nuclear Power 

Plant, was selected as a representative material. 

The heating experiments revealed that mortar melting commenced at 1150 °C and was complete at 

1200 °C. XRD/Rietveld analysis indicated a significant reduction in feldspar groups due to heating, 

primarily attributed to the dissolution and solid-solution formation of albite. Furthermore, at temperatures 

exceeding 1150 °C, air cooling after heating resulted in the recrystallization of aggregate phases into new 

crystalline forms. The re-precipitated mineral phases varied depending on the extent of mortar melting, 

which correlated with the maximum heating temperature. 

 

INTRODUCTION 

 

The March 11, 2011, Tohoku earthquake triggered the accident at the Tokyo Electric Power Company 

(TEPCO) Fukushima Daiichi Nuclear Power Plant, and its impacts persist to the present day. In Japan, 

1,000 MW class nuclear power plants typically require approximately 300,000 m³ of concrete. Concrete-

related issues span various stages, including construction, decommissioning, and post-accident challenges.    

Currently, significant efforts at the Fukushima Daiichi Nuclear Power Plant focus on removing molten 

debris, preventing contamination spread, and developing future management strategies. These efforts 

include a wide range of fundamental and applied research (TEPCO 2024).    

Internal investigations of the Unit 1 reactor containment vessel at the TEPCO Fukushima Daiichi Nuclear 

Power Plant revealed concrete loss in the lower pedestal structure. Specifically, loss occurred within 

approximately 1 meter of the inner skirt's bottom surface. The reinforcing steel remained relatively intact, 

and the missing concrete exhibited a flat surface, indicating abrupt rather than gradual degradation. 

Furthermore, no evidence of direct debris contact was found, and the area's thermal history remains unclear. 

Estimating the concrete degradation mechanism provides crucial insights into reactor conditions during an 

accident. Therefore, we conducted a fundamental study to investigate concrete behavior under thermal 

melting conditions, aiming to identify melting conditions related to specific material and temperature 

parameters. 

The Unit 1 concrete structure utilized aggregates from two river systems: fine aggregate (tuff, andesite, 

and rhyolite) from the Abukuma River system, and coarse aggregate (granite and sandstone) from the Niida 

River system (Igarashi G. 2021) (Geological Survey of Japan, AIST. 2024). 

This study investigates the melting of mortar with sandstone aggregates through high-temperature heating 

experiments conducted under specific conditions. Mineral composition changes in heated and then naturally 

cooled mortar specimens were analyzed using XRD/Rietveld analysis and CT imaging. 
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EXPERIMENT 
 

Preparation of Mortar  

 

The oxide composition of the sandstone was determined using X-ray fluorescence (XRF) analysis 

(wavelength dispersive, ZSX PrimusII, Rigaku). Major oxides were quantified using calibration curves 

based on geochemical and cement standard samples, excluding trace components. The results are presented 

in Table 1. 

Sandstone samples were crushed using a jaw crusher and a horizontal Brown mill (Yoshida Mfg. Co., 

Ltd.). Coarse aggregate was classified as a size range of 5.0 mm to 9.45 mm, and fine aggregate to 1.18 

mm or less. Mortar specimens were prepared with a water-to-cement ratio (W/C) of 0.50. 

The materials and mix proportions are detailed in Table 2, and the chemical composition and physical 

properties of the Ordinary Portland Cement (OPC) are shown in Table 3. 

The mixing procedure involved an initial mix at a W/C of 0.30 and a fine aggregate-to-cement ratio (S/C) 

of 1.5, blended for 90 seconds at 1000 rpm using a spinning/rotating mixer. The paste adhering to the 

container's inner wall was then scraped off, and the remaining water and fine aggregate were added to 

achieve a final W/C of 0.50 and an S/C of 2.0. This mixture was then blended for an additional 90 seconds 

at 1000 rpm. After the mixture settled and bleeding subsided, the mortar was cast into 2 × 2 × 4 cm plastic 

molds, with two pieces of coarse aggregate added to each mold. 

The molds were sealed and cured, demolded after one day, sealed in aluminum bags filled with N2 gas, 

and further cured in a thermostatic container at 40 °C for five days. 

 

Table 1: Oxides composition of Sandstone 

 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO TiO2 Cr2O3 P2O5 lg.loss Total(%) 

61.2 14.81 4.95 5.03 3.27 3.11 1.67 0.08 0.43 0.23 0.13 3.83 99.04 

 

Table 2: Mixture proportion of mortar 

 

W/C S/C 
Unit weight(g/cm³) 

W C S F 

0.5 2 0.303976 0.607952 1.215905 0.000945 

 

Table 3: Chemical composition and physical property of OPC 

 

Blaine 

Specific 

Surface Area 

(cm2/g) 

Ignited 

Loss 

(mass%) 

Chemical Composition (mass%) 

CaO SiO2 Al2O3 Fe2O3 SO3 MgO Na2O K2O Cl- 

3270 2.28 64.19 19.86 5.55 2.83 2.72 1.41 0.28 0.41 0.015 
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High-Temperature Heating Experiment 

 

A high-temperature electric furnace (NH-3045F, Motoyama) was used for the high-temperature heating 

experiments. The temperature was ramped from room temperature to the target temperature over three hours, 

held at the target temperature for four hours, and then allowed to cool naturally within the furnace. To 

ensure accurate temperature control, a temperature range and fixed holding time were implemented to 

prevent undershooting or overheating. 

After cooling, the specimens were removed from the furnace once the internal temperature fell below 

50 °C and photographed. To determine the effective heating temperature for observing mortar melting, a 

heating test was conducted on the sandstone samples. The heating test results are presented in Figure 1. 

Based on Figure 1, heating temperatures of 500, 700, 800, 1100, 1150, 1160, 1170, and 1200 °C were 

selected to observe the pre- and post-melting processes. 

X-ray computed tomography (CT) images were acquired using an inspXio SMX-100CT (Shimadzu 

Corporation) with the following parameters: acceleration voltage of 100 kV, current of 120 μA, source-to-

rotation center distance (SRD) of 550 mm, source-to-detector distance (SDD) of 700 mm, and a voxel 

resolution of 0.048 mm. Subsequently, the samples were crushed using a Brown mill to a particle size of 

75 μm or less. 

Powder X-ray diffraction (XRD) measurements were conducted using a Malvern PANalytical 

EMPYREAN system to evaluate mineral composition changes before and after heating. The measurement 

conditions were: CuKα radiation at 45 kV and 40 mA, a 2θ scan range from 5 ° to 70 °, a step size of 0.026°, 

and a measurement time of 51 minutes. Rietveld analysis was performed using TOPAS 6.0 (Bruker). 

Crystalline phase and amorphous content quantification was achieved using the internal standard method, 

with 10 mass% corundum added as an internal standard. Crystalline phases derived from aggregates and 

cement hydration products in the mortar were identified and quantified before and after heating. During 

heating, dehydration and other processes in cement hydration products can lead to the formation of 

crystalline phases similar to cement clinker minerals. Consequently, anhydrous crystalline phases with 

calcium silicate compositions were considered. Additionally, where solid solutions were suspected within 

aggregate crystalline phases, multiple phases were included in the analysis. 

 

 

 

Figure 1. Pictures of Sandstones after heating. 

 

EXPERIMENTAL RESULT 

 

Appearance of Mortar After Heating 

 

The visual appearance and corresponding CT images of the mortar at each heating temperature are shown 

in Figure 2. Up to 1100 °C, fine voids were observed within the mortar, but no melting occurred. At 1150 °C, 

melting was evident in the upper portion of the mortar. At 1160 °C, 1170 °C, and 1200 °C, the mortar lost 

its original form. As shown in Figure 1, given that the melting temperature of the sandstone was determined 

1150 1100 1200 11 0 1170  nitial
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to be between 1150 °C and 1170 °C, it was confirmed that the mortar's melting temperature is directly 

related to the aggregate's melting temperature. 

Furthermore, at 1150 °C, where melting initiated, large voids were clearly visible within the mortar. These 

voids are attributed to the entrapment of air as the original structure collapsed during melting, followed by 

solidification during natural cooling. At 1200 °C, large pores were not observed. This is attributed to the 

mortar solidifying after releasing air that had been entrapped internally during the transition to a molten 

state.  

 

 

 

Figure 2. Pictures and CT-Figure. 

 

XRD/Rietveld analysis 

 

Figure 3 presents the phase composition of the initial, unheated sample and the mass fraction of each 

mineral at various heating temperatures. Cement mass was converted to an anhydrous state to account for 

dehydration. 

Cement hydrates, such as Portlandite and monocarbonate, undergo reduction through dehydration and 

decomposition reactions when heated to 500 °C. As shown in Figure 3, quartz exhibits a transition near 

500 °C, likely becoming X-ray amorphous during the α→β phase transformation. Significant clinkering of 

the cement paste occurs above 800 °C. At 800 °C, the quantified value of β-C2S increases to 10 wt%, and 

at 1100 °C, the mass fractions of clinkering phases reach their peak, with Wollastonite and Gehlenite each 

increasing to 10 wt% and Akermanite increasing to 5 wt%. 

At higher heating temperatures, the mineral phases originating from the sandstone significantly decrease. 

Furthermore, at temperatures exceeding 1100 °C, new mineral phases, not detected in the initial sample, 

are observed. This process results in a reduction of the original sandstone-derived mineral phases and an 

increase in amorphous content. By 1200 °C, the mortar has nearly completely melted. 
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Figure 3. The phase composition changes in mortar. 

 

DISCUSSION 

 

Cement Clinkering 

 

1. Calcium Silicate Phase 

 

During the decomposition of C-S-H, the quantified value of β-C2S increased at 800 °C, while Wollastonite 

exhibited higher quantified values between 1100 °C and 1150 °C. As shown in Figure 3, the C-S-H phase 

in the unheated specimen was significantly reduced at temperatures between 800 °C and 1100 °C. It has 

been reported that SiO₂ and CaO from the C-S-H phase transform into Wollastonite due to high-temperature 

heating (Tajuelo R. E. 2017). Therefore, the increase in the quantified value of Wollastonite is attributed to 

aturethe reduction of the C-S-H phase. 

 

2. Melilite Group 

 

At temperatures between 800 °C and 1100 °C, the C-S-H phase underwent the most significant reduction, 

and Gehlenite and Akermanite, both classified within the Melilite Group, were detected. Gehlenite and 

Akermanite are known to form as by-products during cement clinker formation when the raw materials 

contain relatively high amounts of MgO and Al₂O₃ (Taylor H. F. W. 1997). Furthermore, the original 

minerals of the sandstone, such as dolomite, calcite, kaolinite, and chlorite, disappeared upon heating to 
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1100 °C. This is attributed to the fact that these minerals primarily consist of calcium carbonate or contain 

structural water within their crystals, leading to decarbonation and dehydration reactions during heating, 

which altered their crystalline structures. As these minerals decompose, they release oxides due to their Al 

and Mg content. Consequently, the amorphous phase is expected to contain a relatively high amount of 

MgO and Al₂O₃. 

In Figure 3, the quantified values of Gehlenite and Akermanite increased, suggesting that some of the C-

S-H phases were transformed into these minerals by incorporating Al and Mg. Notably, Gehlenite was 

detected only at 1100 °C, as shown in Figure 3. 

 

Feldspars 

 

Following the reduction of cement hydrates, such as Portlandite and Monocarbonate, through dehydration 

and decomposition reactions, the total quantified value of rock-forming minerals was 46 wt% at 800 °C, 

decreasing to 28 wt% at 1100 °C. This represents an 18 wt% reduction. The total quantified value of 

feldspars remained constant at 30 wt% up to 800 °C, but decreased by approximately 13 wt% at 1100 °C. 

These results suggest that the majority of the 18 wt% reduction in total mineral phases due to heating is 

attributed to the decrease in feldspars, excluding the dehydration and decomposition of cement hydration 

products. 

Table 4 presents the chemical formulas and corresponding groups of the crystalline phases detected in 

Figure 3. Among the feldspars, Albite and Anorthite are classified as plagioclase feldspars. As shown in 

Table 4, Albite contains more Na in its crystal structure, while Anorthite contains more Ca. Consequently, 

their crystal structures can readily transform through changes in the Na to Ca ratio. Anorthite, which was 

barely detected at maximum heating temperatures up to 700 °C, was detected at approximately 7.5 wt% at 

800 °C. Concurrently, the quantified value of Albite decreased, but the total quantified value of Albite and 

Anorthite remained constant at around 20 wt%. This can be attributed to the substitution of Na with Ca 

within the Albite crystal structure with increasing temperature, leading to a more stable structure (Smith J. 

V. 1988), thus explaining the conversion of Albite to Anorthite during heating at 800 °C. Additionally, even 

at 1100 °C, the quantified value of Anorthite remained stable at 7.7 wt% without any reduction. However, 

the quantified value of Albite decreased significantly, from 13.5 wt% at 800 °C to 3.8 wt% at 1100 °C. 

Anorthoclase and Orthoclase are classified as alkali feldspars. Orthoclase contains more K in its crystal 

structure, whereas Anorthoclase contains more Na. Consequently, their crystal structures can readily 

transform depending on the K to Na ratio. With increasing temperature, Orthoclase transitions to 

Anorthoclase, forming a more stable structure (Deer W. A. 2013). Since Orthoclase was not detected above 

1100 °C, it is assumed that all Orthoclase converted to Anorthoclase above this temperature. Furthermore, 

the total quantified value of Orthoclase and Anorthoclase remained between 4.0 and 6.0 wt% across all 

temperatures except 1200 °C. This suggests that Anorthoclase and Orthoclase did not significantly 

contribute to the amorphous phase formation. 

These findings indicate that most of the feldspar decrystallization at a maximum temperature of 1100 °C 

originated from Albite present before heating to 700 °C. 

 

Minerals Detected with Mortar Melting 

 

As shown in Figure 2, the mortar melts and loses its original shape at temperatures of 1150 °C and above. 

Furthermore, as depicted in Figure 3, new minerals are detected at temperatures of 1150 °C and above. The 

primary minerals identified are Enstatite, Clinoenstatite, Diopside, and Hedenbergite. In Figure 3, the total 

quantified value of aggregate-derived mineral phases at 1100 °C and 1150 °C remains relatively constant 

at approximately 30 wt%. This suggests that the original mineral phases became amorphous due to mortar 

melting and subsequently recrystallized into different mineral phases, such as Enstatite, Clinoenstatite, 
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Diopside, and Hedenbergite, during natural cooling. Between 1100 °C and 1150 °C, the mineral phases 

exhibiting the most significant decrease were Quartz and Anorthite. 

Specifically, Quartz decreased from 7.6 wt% to 3.6 wt%, and Anorthite decreased from 7.7 wt% to 1.9 

wt%. Additionally, as shown in Table 4, the newly detected minerals, Enstatite, Clinoenstatite, and 

Diopside, contain Mg within their crystal structures. This indicates that, in this study, mineral phases with 

a high tendency to incorporate Mg are likely to undergo amorphization during heating and recrystallize 

during natural cooling. 

Furthermore, at 1200 °C, where the degree of transition to a molten state is more advanced compared to 

1150 °C, the detection of Diopside and Hedenbergite is significantly diminished. This suggests that the 

extent of melting influences the types of mineral phases that precipitate during recrystallization. 

 

Table 4: Chemical fomula of minarals 

 

Mineral name Chemical formula Group 
Orthoclase KAlSi₃O₈ Alkali feldspar 
Anorthoclase (Na,K)AlSi₃O₈ Alkali feldspar 
Albite NaAlSi₃O₈ Plagioclase feldspar 
Microcline KAlSi₃O₈ Alkali feldspar 
Anorthite CaAl₂Si₂O₈ Plagioclase feldspar 
Quartz SiO₂ Quartz 
C2AS Gehlenite Ca₂Al₂SiO₇ Melilite Group 
Akermanite Ca₂MgSi₂O₇ Melilite Group 
Diopside CaMgSi₂O₆ Orthopyroxene 
Hedenbergite CaFeSi₂O₆ Clinopyroxene 
Clinoenstatite MgSiO₃ Orthopyroxene 
Enstatite MgSiO₃ Clinopyroxene 

 

CONCLUSION 

 

Significant clinkering of the cement paste occurred above 800 °C. During the decomposition of calcium 

silicate phases, β-C₂S was predominant at 800 °C, while Wollastonite showed increased quantification 

between 1100 °C and 1160 °C. As shown in Figure 3, the C-S-H phase significantly decreased between 

800 °C and 1100 °C, and the increase in Wollastonite is attributed to the recrystallization of SiO₂ and CaO 

derived from the decomposition of the C-S-H phase. Gehlenite and Akermanite, classified within the 

Melilite Group, were detected in the temperature range of 800–1100 °C, where the C-S-H phase underwent 

the most significant reduction. These phases are known to form more readily in environments with high 

MgO and Al₂O₃ content. The decomposition of Dolomite, Calcite, Kaolinite, and Chlorite due to heating 

likely supplied Al and Mg, facilitating the formation of these phases. Notably, Gehlenite was detected only 

at 1100 °C. 

Furthermore, a reduction in mineral phases derived from sandstone was observed. Apart from the 

dehydration and decomposition of cement hydrates, the majority of the decrease in sandstone mineral 

phases was attributed to the amorphization of feldspars. The total quantification of feldspars remained stable 
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up to 800 °C but decreased significantly at 1100 °C. This reduction is primarily due to the amorphization 

of Albite. Above 1150 °C, as mortar melting progressed, new mineral phases, such as Enstatite, 

Clinoenstatite, Diopside, and Hedenbergite, recrystallized during natural cooling after amorphization. 

Additionally, at 1200 °C, when melting advanced further, the formation of Diopside and Hedenbergite was 

significantly diminished. This suggests that the degree of melting significantly influences the types of 

recrystallized minerals. 

These results are expected to contribute to the estimation of concrete melting conditions by examining the 

mineral phases of concrete with unknown thermal histories. 

 

REFERENCES 

 

Deer, W. A., HOWIE, R. A., ZUSSMAN, J. (2013). An Introduction to the Rock-Forming Minerals, 3rd 

ed., Mineralogical Society of Great Britain and Ireland, London, UK, pp. 263-283 

Geological Survey of Japan, AIST. Seamless Geological Map Viewer., (2024) 

            https://gbank.gsj.jp/seamless/v2/viewer/?center=37.6341%2C140.8610&z=13&target=cursor, 

           2025.3.29 visited. 
 garashi, G., Haga, K., Yamada, K., Aihara, H., Shibata, A., Komo, K., Maruyama,  . (2021). “General 

overview of the research project investigating the radionuclide solution behavior in mock mortar 

matrix modeled after conditions at the Fukushima Daiichi nuclear power station,” Journal of 

Advanced Concrete Technology, Vol. 19, No. 9, pp. 950–976. 

Smith, J. V., Brown, W. L. (1988). Feldspar Minerals: Volume 1. Crystal Structures, Physical, Chemical, 

and Microtextural Properties., Springer, Berlin, Germany, pp. 137-184. 

Tajuelo R. E., Garbev, K., Merz, D., Black, L., Richardson, I. G., (2017). “Thermal stability of C-S-H 

phases and applicability of  ichardson and Groves’ and  ichardson C-(A)-S-H(I) models to 

synthetic C-S-H.”, Cement and Concrete Research, Vol. 93, March 2017, pp. 45-56. 

Taylor, H. F. W. (1997). Cement Chemistry, 2nd ed., Thomas Telford Publishing, London, UK, pp. 23-523 

TEPCO., (2024).  

https://www.tepco.co.jp/decommission/information/newsrelease/reference/pdf/2024/1h/rf_202403

18_2.pdf, 2025.3.29 visited. 
 

https://gbank.gsj.jp/seamless/v2/viewer/?center=37.6341%2C140.8610&z=13&target=cursor

