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CONCLUSIONS 
 

The design of a testing wall has been presented and commented: it is a unique specimen, 
which is able to reproduce gas transfer and pressure, as they are imposed on actual 
confinement structures for French nuclear power plants. This wall is composed of three 
distinct zones. Each of them can welcome coating solutions, which could be used for the 
reinforcement - on a tightness point of view- of the external surface of these confinement 
structures.  

Two solutions have been tested, but they are not able to sustain the target gas pressure 
of 4 bars (increased by a safety margin). This is evidence that whatever the chosen coating 
technology, the most crucial issue will be the bonding strength at the interface between 
wall/coating. A possible alternative solution is currently under study: it originates from the 
observation of a decrease in relative gas permeability as water saturation increases.  

The main idea is for the concrete to recover a large part of its tightness to gas when re-
saturated with water. Initial water spraying experiments on concrete slabs are very promising 
but it has yet to be checked that re-saturation would not produce detrimental chemical 
reactions. 
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ABSTRACT  
 
In the present study the potential appearance of the alkali-silica reaction (ASR) in heavy aggregates was studied. 
ASTM C1260 Standard Test Method for Potential Alkali Reactivity of Aggregates (Mortar-Bar Method) was 
applied. In order to investigate the effect of the content of alkalies in cement on the expansions due to ASR, three 
levels of total and soluble alkali content of cement were studied. Three portland cements Type I with different 
alkali content were selected. Two ordinary portland cements, which are commonly available in the market and one 
special cement were tested. That cement was specially made for the purpose of the nuclear shielding concrete 
CEM I NA-SR-LH of low-alkali, increased sulphate resistance and low heat of hydration.  

For the tests according to ASTM C 1260 the high-density aggregates, known as absorbing gamma radiation 
were selected: barite, magnetite and hematite. The expansion test revealed that hematite was highly reactive, 
regardless of the type of cement. Already after four days of storage in 1 N NaOH and 80°C the mortar bar 
expansion exceeded the limit of 0.1%, and after next four days was more than 0.2%., which qualifies it extremely 
reactive aggregate. Other aggregates after 14 days of testing did not exceed 0.1% elongation limit, but the 
influence of the type of cement was noticed. There was a noticeable tendency for increasing the total expansion 
with increasing the alkali content of cement.  
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INTRODUCTION 
 
Recent observations of premature deterioration of nuclear shielding concrete structures in 
Seabrook Power Plant (US, NH), including electrical tunnel, containment enclosure building, 
control building and tank farm area have suggested the development of the alkali-silica reaction 
(ASR), [1]. The performed petrographic examinations confirmed that ASR was the main reason 
of concrete degradation, [2]. Expansion produced by alkali-silica reaction has been observed in 
the turbine generator foundation of the Unit 1, also, Ikata nuclear power station (NPP), in Japan, 
[3]. ASR has been confirmed at Gentilly Units 1 and 2 in Becancour in Canada, and in 
Saint-Laurent NPP in Saint-Laurent, France, [4]. The concrete degradation due to ASR on the 
external face of the containment building of Tihange 2 in Belgium has been observed as well, 
[5]. These examples demonstrate that the issue of ASR was not considered seriously during the 
material selection for NPP structures. Regardless of the location of concrete structures in NPP 
alkali aggregate reaction occurred - ground water (Seabrook) or rain (Tihange 2). The proper 
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characterization and selection of the aggregate, is crucial in order to prevent such deleterious 
reaction. There is no generally accepted technology to mitigate the effects of ASR in an existing 
concrete structure, so the issue of potentially reactive aggregate should be resolved before the 
construction of the nuclear plant buildings.  

Since ASR is a slow process, the harmful chemical and environmental effects of concrete 
may be seen after years or decades. Therefore, almost all ASR tests involve the acceleration of 
the reaction by aggravating one or more of the following influential factors, [6-8]: 

• Alkali concentration, 
• Temperature, 
• Humidity. 

The ASTM C1260 Standard test method for potential alkali reactivity of aggregates 
(Mortar-Bar Method) [9] has been intensively used all around the world, [7, 10]. This method 
was originally designed to assess aggregate reactivity and is recognized as a very severe 
diagnostic method because of the extreme test conditions, specifically the use of a highly 
alkaline solution (1N NaOH) and high temperature (+80°C), 6. It was assumed that the alkali 
content of the cement has neglible or minor effect on the expansion in this test because the 
specimens are stored in a 1N NaOH solution. ASTM C1260 requires the use of Portland cement 
that meets ASTM C150 standard specification for Portland cement. However, with regard to 
the alkali content, a wide variety of cement (Type I÷V) can be used, as they have max. alkali 
content equal to 0.6%.  

It was commonly accepted that expansion due to ASR reaction is unlikely to occur when 
the alkali content of the cement is below 0.6% Na2Oeq, [6, 10], but the great majority of cases of 
concrete structures reported as showing deterioration due to alkali-silica reaction were made 
using high-alkali cement, [11, 12].  

The Portland cement, beside parameters such as aggregates, chemical admixtures, 
de-icing salts, or supplementary cementing materials (SCM), is the main contributor of alkalies. 
The expansion resulting from the ASR increases with an increase alkali content in concrete, 
[12,13]. Berra et al. [10] tested natural sands with ASTM C1260, and concluded that the 
original alkali content of the portland cement is a significant factor in affecting mortar-bar 
expansion. Clinker alkali had no or little effect on moderately reactive aggregates; whereas it 
had considerable effect on highly reactive aggregate. Highly reactive aggregate tended to be 
more sensitive to cement alkalinity. It is possible that the alkali content of cement will change 
the classification for the aggregates near the boundary between reactive and nonreactive 
aggregates. 

The investigation of the possible ASTM C1260 expansion of different heavy aggregates 
due to ASR is reported in this paper. Tests were focused on heavy aggregates for nuclear 
shielding concrete (barite, magnetite, hematite) used against gamma radiation and on the 
influence of the alkali content of cement on the expansion due to ASR. 
 
 

MATERIALS  
 
The aggregates investigated in this study were acquired from four different quarries. Barite 
aggregate was imported from two mines localized in Europe that were marked as B1 and B2. 
Magnetite (M) was also collected from European mine, and hematite (H) was from Africa. 
Table 1 shows the main components of aggregates after XRF analysis. The aggregates were 
characterized with following densities: barites 4.2 g/cm3, magnetites 4.8 g/cm3 and hematites 
5.1 g/cm3. High density makes them useful for heavyweight concrete, allowing for a designed 
high density of concretes, as it is specified in shielding elements.  
 

Table 1. Main components of heavy aggregate after XRF method in %, supplier’s data 
 

Main mineral constituents Barite B1 Barite B2 Magnetite Hematite 
BaSO4 92 77.5 N/A N/A 
CaF2 3.0 N/A N/A N/A 
SiO2 3.0 2.0 3.0 11.5 
Fe2O3 N/A N/A 90.8 85.1 
FeCO3 N/A 12.0 N/A N/A 
Al2O3 N/A N/A 0.4 0.9 
CaO N/A N/A 2.5 0.05 
K2O N/A N/A 0.2 0.4 
Na2O N/A N/A 0.3 0.02 

 

Aggregates B1, B2, M, and H were characterized also using X-ray diffraction to identify their 
constitutive minerals. The detailed results are described in [8, 14]. The mineral composition of 
aggregate B1 was barite, quartz and fluorite, for aggregate B2 – barite, siderite and quartz, 
aggregate M – magnetite, cordierite and fluorapatite; and aggregate H – hematite and quartz. 
All XRD analysis confirmed the mineral composition of the tested aggregate obtained from the 
suppliers. Additionally the XRF analysis has been used to verify the suppliers’ data and the 
obtained results confirmed the chemical composition of the heavy aggregates, [15]. 

In order to investigate the effect of alkali content in cement on the expansions due to 
ASR, three levels of total and soluble alkali content in cement were investigated, Table. 2. 
Cements C1 and C2 are commonly used in concrete technology, CEM I according to European 
Standards and are available at the market. Portland cement C3 was manufactured at 
semi-technical scale in the Institute of Ceramics and Building Materials. Cement C3 was 
designed as low-alkali, low heat of hydration and sulphate resistant Portland cement.  
 

Table 2. The main chemical constituents in tested cements, in wt.% by XRF 
 

Main chemical 
constituents 

Cement 1 
C1 

Cement 2 
C2 

Cement 3 
C3 

SiO2 22.20 19.03 21.48 
Al2O3 5.30 4.84 4.80 
Fe2O3 3.00 3.22 2.62 
CaO 66.30 63.64 65.60 
MgO 1.30 1.15 0.87 
SO3 0.60 2.97 2.84 

Na2O 0.24 0.21 0.12 
K2O 0.82 0.53 0.47 

Total Alkalis, Na2Oeq 0.78 0.56 0.43 
Water-Soluble Alkalis 0.54 0.48 0.37 

LOI 3.5 3.34 1.12 
 
 

TESTING PROCEDURE 
 

Mortar-Bar Method 
ASTM C1260 Standard Test Method was used that allowed to detect the potential for 
deleterious alkali-silica reaction of aggregate in mortar bar exposed to NaOH solution in 80°C. 
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Mortar bar specimens of dimensions 25×25×285 mm were prepared, the aggregate was crushed 
and sieved according to standard requirements. Aggregate-to-cement ratio of 2.15 and 
water-to-cement ratio (by weight) of 0.47 were maintained. Three mortar bars were prepared 
for each aggregate and cement type. The mortars were mixed and molded within a total elapsed 
time of less than 2 minutes and 15 seconds. The mortar bars were kept in 23±2°C and RH ≥ 
95%, for 24 hours. After 24 hour in mould the mortar bars were stored for the next 24 hours in 
water in 80±1°C. After that their initial, zero readings were recorded by a digital extensometer 
before immersing in 1N NaOH at 80°C for 14 days. Subsequent expansion readings were taken 
at least three times during the test. The final assessment of the potential reactivity of the tested 
aggregates is carried out on the basis mortar bar expansion, Table 3. 
 

Table. 3. Assessment of Reactivity of Aggregate per ASTM C 1260, [9]  

Expansion, % Aggregate reactivity 
< 0.1 Innocuous 

0.1÷ 0.2 Inconclusive 
> 0.2 Potentially deleterious 

 
Thin section analysis 
The fluorescent epoxy impregnated thin sections were prepared. The aggregate grains were 
vacuum impregnated and then cut into slices. The aggregate was grinded and polished to 20 µm 
thickness. Thin section analyses were carried on using the optical polarizing microscope 
Olympus BX51 connected to a digital camera. Thin sections were examined in plane polarized 
light (PPL), crossed polarized light (XPL), also with lambda plate. The identification and 
analysis of minerals was performed in PPL and XPL. 
 

 
TEST RESULTS AND DISCUSSION 

 
Results of the expansion of the mortar bars as function of the time of their storage in 1N 
solution of NaOH and at 80°C are shown in Fig. 1-3.  
 

 
Fig. 1. Expansion of mortar bars (barite aggregate, B1 and B2) stored in 1N NaOH 

 and temperature 80°C during 14 days 

Figures 1-3 show the progression of mortar expansion during 14 days of testing. As can 
be seen, the expansion increased with increasing test duration, and the rate of expansion over 
the time varied depending on the aggregate and cement type. The expansion development was 
faster and more extensive for hematite aggregates than that of the other heavy aggregates.  

After 14 days of testing two kind of barite, B1 and B2, and magnetite aggregate showed 
rather slow and small increase of the mortar bar elongation. Barite aggregates B1 and B2 
differed in chemical composition but the final results of the elongation after 14 days of testing 
were similar. The greater difference can be seen in mortars with other type of cement. 
Regardless of the aggregates, B1 or B2, the degree of expansion increased with increasing 
alkali content of cement. 

 

 
Fig. 2. Expansion of mortar bars (magnetite aggregate, M) stored in 1N NaOH  

and temperature 80°C during 14 days 
 

 

 
Fig. 3. Expansion of mortar bars (hematite aggregate, H) stored in 1N NaOH  

and temperature 80°C during 14 days 
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In magnetite aggregate, the highest elongation achieved mortar bars with cement C1, the 
highest alkali content, but below the 0.1% limit value. The best results were obtained in mortar 
bars with both, cement C2 and C3, showing almost no expansion (<0.01%).  

The hematite mortar expansion was extremely fast and high, and after max. four days 
exceeded the 0.1% limit. The mortar bar elongation above 0.20% indicates very reactive 
aggregates, and all the hematite specimens after 14 days of standard storage showed an 
expansion of about 0.3-0.35%. In opposite to the barite and magnetite aggregates, in hematite 
mortars the content of the alkali in cement did not influence the final expansion. The highest 
elongation was observed in mortars with cement C2 – moderate content of alkalies, and the 
lowest with cement C1 – the highest content of alkalies.  

In the Fig. 4 the characteristic map of cracking due to alkali-silica reaction expansion at 
the lateral surface of a hematite mortar bar is shown.   
 

 
Fig. 4. ASR characteristic map of cracking at the surface of hematite aggregate after 14 days 

 in 1N NaOH and 80°C 
 
The maximum increase in expansion was observed between the first 6 days, and a moderate 
increase in expansion was noted between 8 and 14 days for hematite mortar bars. The potential 
for a high reactivity of hematite aggregates was indicated by microscopic test on thin sections. 
The thin section analysis revealed the presence of the microcrystalline quartz, Fig. 5. In 
hematite small size crystals of SiO2 have been found and their size of crystals was comprised 
between 15 and 60 µm, what makes them microcrystalline and are small enough to be visible in 
microscope. These kinds of SiO2 crystals are prone to ASR in concrete, 14.  

 

  
Fig. 5. Grains of hematite aggregate (H) with visible quartz crystals: a) fine-grained crystals,  

b) microcrystalline quartz; XPL with lambda plate, scale bar = 100 µm 

a) b) 

The examples of the evidence of alkali-silica gel in cement matrix, in hematite aggregate and in 
air-voids are presented in Fig. 6. The characteristic alkali-silica gel was present in small 
air-voids and partially fulfilled larger voids (> 500 µm).   

 

  
 

Fig. 6. ASR signs in mortar with hematite aggregate: a) gel in cracked matrix and aggregate, 
 b) gel in air void; PPL (scale bar = 200 µm) 

 
 

CONCLUSIONS 
 

From the experimental results, the following conclusions can be drawn: 
 The ASTM C 1260 test showed varied results of the expansion of heavy aggregates for 

nuclear shielding concrete, 
 Mortar bars with hematite aggregate showed a very fast and rapid expansion after 4 

days, and after next 4 days – the expansion significantly exceeded allowable limit of 
0.2%. 

 Mortar bars with barite and magnetite aggregate revealed acceptable expansion after 14 
days of testing, less than 0.05%. 

 As the alkali content in cement increased, the expansion obtained according to 
ASTMC1260  also increased, regardless the level of aggregate reactivity.  

 Content of alkalies in cement did not significantly affect the expansion of the mortar 
made with highly-reactive aggregate, but apparently had a significant effect on the 
expansion of the mortar made with the aggregate treated as non-reactive. 

 Alkali content in cement did not affect the decision on potential reactivity of the heavy 
aggregates, but it evidences that it might suggest the proper choice of the cement for the 
nuclear shield concrete production, depending of the environmental conditions. 
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 The ASTM C 1260 test showed varied results of the expansion of heavy aggregates for 

nuclear shielding concrete, 
 Mortar bars with hematite aggregate showed a very fast and rapid expansion after 4 

days, and after next 4 days – the expansion significantly exceeded allowable limit of 
0.2%. 

 Mortar bars with barite and magnetite aggregate revealed acceptable expansion after 14 
days of testing, less than 0.05%. 

 As the alkali content in cement increased, the expansion obtained according to 
ASTMC1260  also increased, regardless the level of aggregate reactivity.  

 Content of alkalies in cement did not significantly affect the expansion of the mortar 
made with highly-reactive aggregate, but apparently had a significant effect on the 
expansion of the mortar made with the aggregate treated as non-reactive. 

 Alkali content in cement did not affect the decision on potential reactivity of the heavy 
aggregates, but it evidences that it might suggest the proper choice of the cement for the 
nuclear shield concrete production, depending of the environmental conditions. 
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ABSTRACT 

Nowadays, material modification is the main way for changing properties of a material, especially of a 
composite such as concrete. The topic of the paper is an improvement of radiation shielding properties of 
modern concrete by introducing innovative modifiers into composition. An issue of radiation shielding concrete 
can be split upon radiation type onto gamma and neutron radiation problem. Stopping the gamma radiation is 
rather simple, if the denser the wall is the more radiation can be stopped. The problem is much more complicated 
when there is a source of gamma rays together with neutrons. Shielding of neutron radiation is more complex 
due to differences in interactions of neutrons with matter, depending on their kinetic energy and cross-sections 
for different reactions of atoms in concrete. That is why the goal of the NGS-Concrete project is to develop a 
concrete which stops both gamma and neutron radiation. The aim is to evaluate a potential of shielding 
properties of different additives to concrete mix. By this iteration process there were chosen several modifiers. 
The most promising was an addition of the polymers of high hydrogen content for fast neutron attenuation and 
rare earth element with big active cross-section area which is responsible for thermal neutron absorption. Basic 
concretes for shielding evaluation were an ordinary concrete and a heavy-weight magnetite concrete. Cylindrical 
shape samples with whole inside were produced. They were tested under a real radiation Pu-Be source. The 
linear attenuation coefficient, the half and tenth loss length were calculated. 

Keywords 
Shielding concrete, neutron radiation, Monte Carlo simulation 
 
 

INTRODUCTION 
 

Concrete is the most common used building material in the world. By modifying the 
composition of concrete there is possibility to obtain extraordinary properties. In case of 
project entitled NGS-Concrete New Generation concrete shielding against ionizing radiation, 
the heavy-weight concrete, treated as a good gamma shield, is modified to obtain better 
neutron shielding properties as well. 

Starting point for research was DIN 25413-1[1]describing the neutron shielding 
concretes. According to this document, it was the heavy-weight concrete chosen as a base for 
modification. Akkurt and El-Khayat [2] optimized the barite proportion for simultaneous 
protection against neutrons and gammas as 53.8%. Moreover, they have stated that the most 
effective shielding material for mixed neutrons and gamma-rays is obtained by mixed 
hydrogenous materials, heavy metal elements and other neutrons absorbers like gadolinium. 
The base for modification was another heavy-weight concrete taken – the magnetite concrete. 
As it was proved by Rezaei-Ochbelagh and Azimkhani [3] an increase of density by addition 
of lead is effective only against gamma. Moreover, physical properties of lead modified 
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