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Abstract 

The civil structures of nuclear plants need to meet the most strict criteria in terms of safety and reliability not 

only during their design and construction, but during the duration of their life cycle. Regarding the specifics of 

nuclear plant operation the inspections of the said structures need to be fully non-destructive and visual 

inspection is the method mostly used. In rare occasions it is possible to obtain a material sample in the form of 

drilled powder or small diameter core. In addition, during the life cycle of nuclear plant higher safety demands 

than the ones at the time of plant design may appear and the plant needs to prove meeting of such requirements. 

In this paper, an example of analysis of extracted material sample is given, showing the amount of information 

describing the structural material that can be obtained using state-of-the art analytical methods – X-ray 

diffraction (XRD), X-ray fluorescence (XRF) and thermic analysis (TG/DTA). The paper shows results for 

regular structural concrete and special concrete with enhanced capability of shielding ionizing radiation, taking 

into account not only mechanical properties of the concrete, but also its thermo-mechanical parameters required 

for formulation of containment vessel safety assessment. 

 

Keywords: Civil Structures of Nuclear Power Plants, XRD, XRF, TG/DTA, Thermo-mechanical properties of 
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1.  Introduction 
 

In the field of civil engineering, the structures of nuclear plants are unique in several aspects – 

for example by the safety and reliability requirements, operating conditions or structural 

arrangement. Reinforced concrete structures located inside containment pressure vessel are 

cladded with steel sheets, typically 4 to 8 mm thick to allow for decontamination in case of 

accident. Such cladding prevents access to concrete structure for inspection and maintenance 

during the life cycle of the structure, resulting in need of different methods than visual 

inspection to be employed for diagnostics of the structure. 

Civil structures of nuclear power plants (NPP) are beyond doubt among the structures 

meeting the most strict criteria in terms of reliability, serviceability and durability of all. The 

operating conditions and safety and reliability requirements in case of accident are also the 

most demanding, so great care and attention must be given to the structures during their 

design, construction and operation. After Fukushima accident, many NPP operators in the 

world, under the regulatory pressure by agencies like IAEA, started process of safety and 

reliability proofing of their installations, taking into account accidental conditions exceeding 

the design accident, so-called Beyond Design Accident (BDA) conditions. 

As the inside of containment pressure vessel is inaccessible during reactor operation, all 

maintenance and inspection works need to be completed in narrow time window during 

refuelling, or information of the condition of the structures themselves can be devised from 

continuous measuring systems of other quantities – like cumulative neutron flux exposure, 

time records of temperature distribution, settlement of foundations etc. A set of non-

destructive testing methods (NDT) is currently being developed for monitoring of internal 

concrete structures of the containment vessel in order to indicate changes in material of the 

structures prior to large scale degradation can take place and provide early warning before 

decrease in reliability and safety of the structure occurs. Non-destructive testing methods in 
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general are indirect methods, as the measured quantity (usually response to energetic impulse 

– mechanical, electrical, etc.) is different from the quantity of interest (usually mechanical 

parameter, like strength of modulus of elasticity). This relation needs to be calibrated with 

respect to actual material property of interest and measured NDT value, using material sample 

and direct measurement. 

One of quantities of interest is the capability of the containment vessel to transfer heat through 

the envelope of the structure during pressurization and failure of the backup generators. The 

amount of heat dissipated into the atmosphere during such event is usually the topic of 

thermo-mechanic analysis of the entire containment vessel and is dependent on the internal 

and external conditions and of course the structure itself.  

This paper presents an example of possibilities of investigating material and thermo-

mechanical properties of concrete in structure in the case when no drill cores are allowed to 

extract from structure due to extreme demands in terms of serviceability of the structure (for 

example hermetical containment vessel), but in special occasions it is possible to obtain a 

small amount of drilling residue in form of powder (for example when new technology is 

installed). The methods used are explained and several examples are given of the capabilities 

of modern analytical methods suitable for powdered specimens. The methods include X-ray 

diffraction (XRD), X-ray fluorescence (XRF) and thermic analysis (TG/DTA, 

thermogravimetry, differential thermic analysis) and their results are interpreted. 

 

2.  Material properties of concrete 
 

The quantities of interest to be investigated by NDT measurement are most likely related to 

the ability of the structure to fulfil requirements – for civil structures usually load bearing 

capacity, stability and durability, resulting in interest in material strength, modulus of 

elasticity and state of degradation, which can be identified by various parameters, e.g. change 

in pulse velocity, resistivity or electrochemical potential. For the containment vessel the usual 

requirements are complemented by airtightness and capability to withhold fission products 

and internal pressure in the event of accident and, in case of beyond design accident, the 

ability to conduct and dissipate excess heat. For this reason, thermo-mechanical parameters of 

the material need to be identified. 

 

2.1 Mechanical properties of concrete 

Mechanical properties are set of quantities describing material response to mechanical stimuli, 

most common are strength (compressive, tensile, flexural, shear), moduli of elasticity 

(Young’s modulus and shear modulus), Poisson’s ratio (coefficient of lateral contraction), 

fracture toughness and fracture energy, associated with ultimate strength are stress limits – 

elastic limit, plastic limit, yield point, etc. The mechanical properties of concrete are very 

often related to compressive strength, as for common structural concrete there are known 

relations between compressive strength and other mechanical parameters. As long as the study 

of mechanical properties of concrete is notorious in the civil engineering community, the 

main focus of this work will be kept on the next chapter. 

 

2.2 Thermo-mechanical properties of concrete 

In general, properties of material are variable depending on temperature. In the studied case of 

nuclear accident, the temperature range of interest was considered 0 – 400°C, with the actual 

temperature anticipated in the range 50 – 250°C. Among the thermo-mechanical properties of 

interest that are variable in said temperature range and being important inputs in the heat 

transfer calculation are thermal conductivity λ [W.m
-1

K
-1

], specific heat capacity c [J.kg
-1

K
-1

], 

material density ρ [kg.m
-3

] and coefficient of thermal expansion α [K
-1

]. These values are 
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known for concrete components (cement paste, aggregate, water – chemically bond and pore 

water, and other additives and admixtures), but for the case of composite need to be calculated 

for each state of the temperature field. This homogenization requires the ratio and 

composition of all the components which needs to be analysed using material samples of the 

actual concrete. 

In history, several studies were conducted in order to specify said parameters in concrete with 

different results. Most of these studies date into 60’s and 70’s of the 20th century and only 

room temperature properties were studied, while in some cases only high temperatures 

(simulating fire load case) were considered. Most these studies conclude that thermo-

mechanical parameters of concrete are strongly temperature dependent [1]. Also, today only 

handful of standardized methods of thermo-mechanical properties measurement methods exist 

and their results can be radically influenced by the measurement method used. Temperature of 

concrete also not only affects said thermo-mechanical properties, but also mechanical 

parameters (e.g. compressive strength fc, Young’s modulus Ec, etc.), while with increasing 

temperature a significant drop of strength is observed and the material damage increases. 

 

 
Fig. 1: Variation in thermal conductivity of normal-strength concrete as predicted by 

different models and as measured in different test programs [1] 

 

Thermal conductivity λ of concrete at room temperature is usually in the range between 1.4 – 

3.6 W.m
-1

K
-1

 and depends on the type of aggregate used and water content of the concrete. 

Summary of studies dealing with the phenomenon was published by Khaliq in his doctoral 

thesis [2] and by Naus in his study for the US Nuclear Regulatory Commission [3], in which 

they compare the results of experimental works [4-9] and empirical relations used in 

standards [10,11], see Fig. 1. The strong dependence of thermal conductivity on temperature 

can be clearly seen from the curves and also, the experimental data is better fitted by the 

higher Eurocode curve, while the lower Eurocode curve represents the lowest guaranteed 

value of thermal conductivity for normal structural concrete. In the EC standard, the value of 

thermal conductivity must be between these two margins, although comparison with 

experimental data proves the lower boundary to be too conservative. American ASCE model 

on the other hand distinguishes between two types of aggregate used – carbonate (e.g. 

limestone, dolomite) and siliceous (e.g. granite, sandstone). 
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Fig.2: Variation in heat capacity of normal strength concrete by different models and test 

data [1] 

 

Specific heat capacity c of structural concrete is also temperature dependent, as is thermal 

conductivity and is a function of aggregate and cement used, water content, density and said 

temperature. The range of specific heat capacity is usually between 840 J.kg
-1

K
-1

 up to 1800 

J.kg
-1

K
-1

, depending on the type of aggregate used [12]. This thermal property is very 

sensitive to various physical and chemical processes taking place at elevated temperatures, 

like water dissociation, phase transition, etc. For NPP containment vessel, where the internal 

temperature during accident peaks at about 200 – 300°C the greatest effect has pore water 

evaporation at 100°C [7]. Because of this, specific heat capacity depends highly on water 

content of the concrete and increases even more with higher water/cement ratio. Detailed 

study concerning specific heat capacity of concrete is provided also by Khaliq in his doctoral 

thesis [2] and Naus in his report for NRC [3], summarizing works [4-9]. These works 

conclude that at elevated temperatures the specific heat capacity remains almost constant up 

to 400°C, then is rising significantly with peak at 700°C and then drops up to 800°C, followed 

by almost constant values at higher temperatures, see Fig. 2. With carbonate aggregate is the 

increase of specific heat capacity caused by dolomite decomposition, which is significantly 

endothermic. For temperature range 0 – 200°C the specific heat of concrete can be considered 

constant, with the exception of pore water evaporation at 100°C. The value 2.5 MJ.m
-3

K
-1

 in 

the Fig. 2 corresponds to 1100 J.kg
-1

K
-1

 for regular concrete with density of 2300 kg.m
-3

. The 

figure compares measured data with model curves used in ASCE and Eurocode standards 

[10,11]. While ASCE differentiates between the two types of aggregate and takes into 

account volumetric heat capacity (ρ.c), the Eurocode considers mass loss with increasing 

temperature. 

 

2.  Methods used 
 

This paper presents an example of possibilities of investigating mechanical and thermo-

mechanical properties of concrete in structure in the case when no cores are allowed to extract 

from structure due to extreme demands in terms of serviceability of the structure (for example 

hermetical containment vessel), but in special occasions it is possible to obtain a small 

amount of drilling residue in the form of powder (for example when new technology is 
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installed). The methods used are explained and several examples are given of the capabilities 

of modern analytical methods suitable for powdered specimens. The methods include X-ray 

diffraction (XRD), X-ray fluorescence (XRF) and thermic analysis (TG/DTA, 

thermogravimetry, differential thermic analysis) and their results are interpreted. The 

description of the methods is taken from [13]. 

X-ray methods are group of analytical methods based on response of the material to exposure 

to X-rays. X-ray powder diffraction (XRD) and X-ray fluorescence spectroscopy (XRF) are 

most suitable for analysis of phase structure and chemical element composition of powder 

sample. X-ray diffraction performs identification and quantification of crystal phases of solid 

material, measurement of particle dimensions and structure and obtain data for 

crystallographic parameters assessment. X-ray fluorescence spectroscopy is used for 

identification of chemical elements ranging from beryllium to uranium. The method is 

suitable for concentrations from 100% down to less than 10
-6

 (1 ppm). 

Diffraction data can identify crystallographic changes in material accompanying time 

dependent changes in material properties of the material, in this case reinforced concrete. 

Previous studies have shown that phase composition of cement paste matrix changes with 

time and these changes correlate with changes in mechanical properties of the concrete. 

Fluorescence spectroscopy data can identify changes in chemical composition of the material, 

e.g. loss of cement minerals by washing out or in contrary penetration of aggressive chemicals 

into the structure of concrete. Identification of specific crystals and chemicals is performed by 

comparing the measured intensity spectra with material databases, for example [14-16]. 

Thermic analysis is one of the branches of material science, where loss of mass of sample is 

recorded in dependence at increasing temperature and time, together with temperature and 

pressure of surrounding gas. The mass of the sample changes with temperature as respective 

solid components are evaporated or undergo chemical changes by reaction with surrounding 

gas [17]. 

A material sample weighting 1 to 100 mg is placed on scale and placed inside special oven. 

Oven temperature is dependent on time or on mass loss. The temperature gradient may be 

steep or smooth, depending on the type of analysis. 

Surrounding gas might be air, inert gas, oxidizing/reductive gas, corrosive gas, liquid vapours 

or vacuum. The pressure range may be from high vacuum, atmospheric pressure up to high 

pressure. 

Usual effects detected in thermal analysis are thermal stability and decomposition, 

dehydration, oxidation, unstable fraction evaluation, loss of binder, high temperature gas 

induced corrosion etc. 

 

3.  Materials used 
 

Three examples of materials typically used in structures of nuclear plants were chosen to 

demonstrate the capabilities of the above mentioned analytical methods. The first example is 

regular structural concrete, grey coloured, used in reinforced concrete structures of the 

internal structures of containment pressure vessel, extracted from the containment of NPP 

Temelín in Czech Republic (type VVER-1000/320), in further text referred to as “grey 

concrete TE” (TE for Temelín). The second example is special concrete with enhanced 

capability of ionizing radiation shielding, used in such parts of the structure, where radiation 

attenuation is necessary and due to technological or other requirements it is not possible to 

reach such capability by simply adding thickness of regular concrete. This type of concrete 

contains magnetite aggregate with very high iron content and has very high bulk density 

(greater than 2350 kg.m
-3

) and is of very dark grey or black colour (in further text this 

concrete will be referred to as “black concrete TE”). Third example is structural concrete from 
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reinforced concrete structure of the containment vessel of NPP Bohunice in Slovakia (type 

VVER-440/213), in further text referred to as “grey concrete BO” (BO for Bohunice). 

 

4.  Analyses performed and results discussion 
 

The specimens were subjected to the following set of analytical investigations in the 

following order: 

1. X-ray powder diffraction (XRD) – crystallographic and phase analysis 

2. X-ray fluorescence (XRF) – chemical element analysis, calculated into oxide 

content 

3. Thermogravimetry and Differential thermal analysis (TG/DTA) – analysis of 

material phases, together with spectroscopy of released gases 

4. X-ray diffraction (XRD) of the residue after TG/DTA heating 

 

4.1 Results of X-ray diffraction  

Analysis of the crystalline phase composition of specimen:  

Grey concrete TE: In the case of structural concrete from NPP Temelín, the following 

material phases were discovered: quartz, feldspar, mica, calcium carbonate in μ-crystalline 

form (vaterite), calcium hydroxide – portlandite, and traces of unreacted clinker minerals alite 

(C3S, Ca3SiO5, hatrurite) and belite (C2S, Ca2SiO4, larnite). Said minerals are expected to be 

found in sound concrete, their presence is desirable. About 70% of the mass is composed of 

silicate aggregates (quartz, feldspar, mica), around 10% calcium carbonate (even in the form 

of aggregate or carbonation product) and remaining 20% is represented by amorphous 

content, containing hydrated cement minerals and other compounds. The amorphous content 

can’t be analysed by crystallography and will be further discussed in further sections of the 

paper. 

Black concrete TE: The major component was found to be magnetite and oxidized form of 

free iron oxide hematite, smaller amounts of quartz, andradite, diopside and muscovite 

(silicate minerals, aggregate) and portlandite together with tobermorite – crystalline binder 

components. Again, presence of these minerals is expected and desirable. The presence of 

iron oxides used as aggregate is the result of requirement for great attenuation capacity of 

ionizing radiation, namely gamma rays, as heavy elements work best with the task. 

Grey concrete BO: In the case of structural concrete from NPP Bohunice, the following 

material phases were discovered: quartz, feldspar, mica, and traces of unreacted clinker 

minerals belite (C2S, Ca2SiO4, larnite), hydrotalcite and in one sample traces of brucite. 

Besides aggregate minerals, the crystalline phases of cement hydrates were discovered: 

calcium and calcium-magnesium carbonates, dolomite (calcium-magnesium carbonate) and 

vaterite (calcium carbonate in μ-crystalline form). The feldspar content was more precisely 

identified as potassium feldspar microcline and sodium-calcium (Na0.8Ca0.2) feldspar albite. 

Very small amount, just above the detection limit of caldecahydrite and ettringite was 

discovered as well. These samples are typical in the means of high carbonate content and 

more specifically, high content of dolomite. Mass fractions of respective minerals were about 

20% of the mass of silicate aggregates (quartz, feldspar, mica), around 25% calcium 

carbonate (even in the form of aggregate or carbonation product), about 35% of dolomite and 

remaining 20% is represented by amorphous content, containing hydrated cement minerals 

and other compounds. Again, the amorphous content will be further discussed in further 

sections of the paper. 

 

4.2 Results of X-ray fluorescence  

Analysis of chemical element composition:  
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Grey concrete TE: There is dominant content of silicon, calcium and aluminium oxides, 

which are typical for concrete. Also smaller amount of sodium, potassium and iron oxides are 

present, as typical mineral forming compounds. Special attention should be paid to very low 

sulphur content (under 1%), which can be explained by very low sulphate content in the 

cement used and results in low susceptibility to sulphate induced corrosion, which usually 

plays great role in industrial concrete structures. 

Black concrete TE: The results are very similar to Grey concrete TE, only with the expected 

difference that major fraction of the specimen is formed by iron oxides. 

Grey concrete BO: As in the case of grey concrete TE, there is dominant content of silicon, 

calcium and aluminium oxides, and similar small amount of sodium, potassium and iron 

oxides are present, as typical mineral forming compounds. The ratio of silicon, calcium and 

magnesium corresponds to the phase composition discovered by XRD analysis. Also, the 

amount of sulphur is very low, under 1%. 

 

4.3 Results of thermic analysis  

Grey concrete TE: The thermic analysis discovered the presence of chemically bound water, 

portlandite, vaterite and quartz, i.e. components, whose presence is expected and desirable. 

The results are supported by the findings of the XRD analysis.  

Black concrete TE: A significant transition of magnetite to hematite was observed and 

because of low quartz content its thermal phase change was not as significant as in “Grey 

concrete TE”. Also mica decomposition and other expected transitions were observed. 

Grey concrete BO: The composition obtained by XRD analysis was further verified during the 

heating. In the first phases, between 100 and 200°C water content is released. Not only 

physically bonded water is released, but also dehydration of calcium silicates takes place, 

together with a small amount of ettringite, aluminates and calcium aluminosilicates. In the 

range of 400 – 500°C, the calcium carbonate phase change takes place when vaterite 

transforms into calcite. Typical phase change of quartz at 572°C is also clearly observed. In 

the range of 700 – 800°C carbonates decompose and carbon dioxide is released. This effect is 

clearly visible due to very high carbonate content (about 50% of mass), also two separate 

decompositions are visible, as calcite and dolomite decompose at slightly different 

temperatures. 

The results of thermic analysis for all samples were verified by repeating XRD analysis on the 

residue after heating up to 1000°C – after performed thermal analysis, there was no 

portlandite, vaterite, hydrotalcite and almost none muscovite present as these minerals 

decomposed during the heating. 

 

5. Conclusion 
 

This paper presented the capabilities of modern analytical methods and extent of information 

on material properties, that can be obtained from powder specimen of concrete, extracted with 

only very low damage to the investigated structure. The methods presented were X-ray 

powder diffraction (XRD), X-ray fluorescence (XRF) and thermic analysis (TG/DTA – 

thermogravimetry and differential thermal analysis).  

The result of the analyses performed is qualitative and quantitative composition analysis of 

material crystalline and amorphous phases of the concrete components investigated – 

aggregate, cement paste and differences between regular structural concrete from two sites 

and special concrete with enhanced capability of shielding ionizing radiation are discussed. 

The main difference between structural concrete from NPP Temelín in Czech Republic and 

NPP Bohunice in Slovakia is the ratio between siliceous and carbonate aggregate. As the 

aggregate used in the construction is mostly local, siliceous aggregates are mostly used in 
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Czech Republic and large fraction of carbonates can be found in the structural concrete in 

Slovakia. This difference makes up for different thermo-mechanical properties of said 

structural concretes.  

The data on material composition can be transformed into mechanical and thermo-mechanical 

properties of the material, but such interpretation is not the aim of this paper. Possible use for 

the measured data is calibration of non-destructive measurement that will be performed on the 

investigated structures inside containment vessel of nuclear plant and these structures will be 

monitored for material degradation throughout their life cycle. 
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