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ABSTRACT 
     Manufacturing tests regarding the 1/30-low-activation concrete for a nuclear power plant were performed. Here, 
“1/30-low-activation” concrete denotes that the activity reduction rate to the ordinary concrete is designed to be 1/30. The 
detailed data regarding the concentrations of Co and Eu in limestone, white cement, silica fume, and limestone powder were obtained. 
The low-heat type of 1/30-low-activation concrete was developed by admixing with the low-activation limestone powder, and the 
low-heat type of 1/50-low-activation concrete was developed by admixing with the low-activation silica fume and/or the low-activation 
limestone powder. By admixing with the B4C of which concentration is from 1 to 2.5 w%, the total residual radioactivity reduction ratio 
of the above low-activation concrete to the ordinary concrete, in ΣDi/Ci unit, is estimated to be from 1/100 to 1/1,500. 
 
INTRODUCTION 
   Concrete－widely used in a nuclear plant as a neutron shield because of its excellent shielding properties and low cost－includes a 
large quantity of residual radionuclide induced by neutron irradiation, and this concrete still remains to an enormous degree as radioactive 
waste after decommissioning. Limestone, which is especially used for raw material of cement and sometimes used for aggregates of 
concrete, is known as the low-activation raw material. We have been developed the 1/30-low-activation concrete composed from 
limestone aggregates and white cement as very useful shielding material in a nuclear facility [1]. However, the heat of hydration of white 
cement is considerably high, and causes many mechanical defects such as cracking, shrinking, poor workability, etc. Moreover, the 
residual radioactive reduction rate, in ΣDi/Ci unit, of this concrete may not be sufficient to use for the low-activation concrete shield 
around a reactor. For the above reason, the improvement of 1/30-low-activation concrete has been demanded. This work is, therefore, to 
develop more practical types of 1/30-low-activation concrete by admixing with the low-activation silica fume, the low-activation 
limestone powder, and the B4C sand and powder.  

 

EXPERIMENTAL METHODOLOGY 

     More than 200 kinds of limestone, white cement, silica fume, limestone powder, and B4C sand and powder were collected, and 
then several raw materials were selected as low-activation material by a screening test of neutron irradiation in a thermal reactor. By 
admixing with the low-activation limestone powder and/or the low-activation silica fume, the manufactures of two types of 
low-activation concrete, i.e. a low-heat type of 1/30-low-activation concrete and a low-heat type of 1/50-low-activation concrete, have 
been developed and tested. The effectiveness of admixing with B4C has been also investigated. 

Limestone aggregate and white cement 
    About 140 kinds of limestone considering statistical characteristics and geological properties, and 18 kinds of white cement, 
considering with a manufacturing site and with a lapse of time, were collected and were irradiated in the thermal reactor JRR-4 of the 
Japan Atomic Energy Agency. The radionuclides induced by neutron irradiation in these samples were detected by a Ge detector and a 
liquid scintillation counter. To determine the Co and Eu contents in the specimen (hereafter designated “Specimen A”), the following 
formulas were applied by the evaluated geo-standard sample, JG-1: 
Co (ppm) (Specimen A) = {60Co(Specimen A)／60Co(JG-1)}･Co(ppm)(JG-1)                                         (1) 
and 
Eu (ppm) (Specimen A) = {152Eu (Specimen A)／152Eu (JG-1)}･Eu (ppm) (JG-1)                                      (2) 
where 
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    60Co (Specimen A) = Measured specific activity of 60Co (Bq/g) in Specimen A 
       152Eu(Specimen A) = Measured specific activity of 152Eu (Bq/g) in Specimen A 
      60Co (JG-1) = Measured specific activity of 60Co (Bq/g) in JG-1, 
       152Eu (JG-1) = Measured specific activity of 152Eu (Bq/g) in JG-1.  

 
The concentrations of Co and Eu for the limestone are obtained by Equations (1) and (2), and plotted in Fig. 1 along with 

literature data. Those for the white cement are obtained in the same way, and plotted in Fig. 2. As shown in this figure, the number of 
samples is few because the number of white cement factories is few in the world. As a guideline for screening, two curved lines are 
plotted corresponding to the sum of the residual radioisotope’s ratio to the clearance level (ΣDi/Ci, Di: concentration of radionuclide 
i, Ci: clearance level of radionuclide i, cited from IAEA-RS-G-1.7 [2] as shown in Table 1). The boundary line for acquiring the 
clearance level isΣDi/Ci = 1.0, assuming the thermal neutron 2×105nth･cm-2s-1, 40 yr of operation, and 6 yr of cooling. In this 
case, the ΣDi/Ci stands for (60Co(Bq/g)/0.1(Bq/g) + 152Eu(Bq/g)/0.1(Bq/g) + 154Eu(Bq/g)/0.1(Bq/g) ). The area enclosed by the curve 
designated “ΣDi/Ci = 1.0” represents the domain in which the material could be disposed of as non-radioactive waste following 
decommissioning. The curve designated “ΣDi/Ci = 0.1” represents as a reference boundary line for the low-activation manufacturing 
design. 
 
 

0.01

0.1

1

10

100

0.001 0.01 0.1 1
Eu (ppm)

C
o 

(p
pm

)

ΣDi / Ci  = 1.0

White cement ΣDi /Ci  = 0.1

0.001

0.01

0.1

1

10

100

0.001 0.01 0.1 1
Eu (ppm)

C
o 

(p
pm

)

OOPE401
GSR-6
KH

JLs-1

ΣDi / Ci  = 1.0

CCH

L imestone ΣDi /Ci  = 0.1

○　This work
●  Kinno, M. et al[1]
▲　Geostandard sample

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.2 Concentrations of Eu and Co in white cement Fig.1 Concentrations of Eu and Co in limestone 
 
  
 
 
 
 
 

Table 1 Clearance level of dominant radionuclides (IAEA-RS-G-1.7 ) [2] 
Radionuclide 3H 14C 36Cl 41Ca(1) 55Fe 60Co 63Ni 94Nb 134Cs 133Ba(1) 152Eu 154Eu 

Clearance level Ci (Bq/g) 100 1 1 100 1,000 0.1 100 0.1 0.1 0.1 0.1 0.1 

(1) Cited from the regulation of Japan for determining the clearance level. 

     White cement is, generally, composed of agalmatolite as a substitute for iron ore or scraped iron which is essential for ordinary 
Portland cement. The quantity of long-lived radio activities, in ΣDi/Ci unit, of ordinary white cement is about 1/3 to that of the ordinary 
Portland cement [1]. White cement, however, has a week point of having high heat generated by cement hydration compared to the 
ordinary Portland cement. Although, one white cement was a low-heat type of cement hydration, but the mechanical strength was 
extremely low. To investigate the stability of white cements, the samples were collected considering various periods of shipment from 
certain factory. The dominant target elements (Sc, Fe, Co, Cs and Eu) in those obtained by an activation analysis are presented in Table 2, 
comparing with the calculated values of ΣDi/Ci. The element of Sc is typified as an index of rare earth element in this study. The 
elements of Fe and Cs are the target element of 54Fe(n,γ)55Fe and 133Cs(n,γ)134Cs reactions. The standard deviation of the ΣDi/Ci 
values for the white cement from this factory is below 10 %. 
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Table 2 Dominant target element and ∑Di/Ci values for the white cement 
Target element 

No. 
Date of 

shipment Sc (ppb) Fe (ppm) Co (ppb) Cs (ppb) Eu (ppb) 
∑Di /Ci

(1) 

1 1992.11 2,100 ± 100 1,530 ± 80 990 ± 60 800 ± 60 240 ± 20 3.48 

2 1998.09 2,100 ± 100 1,380 ± 70 1,510 ± 80 300 ± 20 240 ± 10 3.62 

3 2000.12 2,000 ± 100 1,240 ± 60 1,530 ± 80 390 ± 20 240 ± 10 3.63 

4 2001.12 2,100 ± 100 1,450 ± 70 1,530 ± 80 570 ± 30 260 ± 10 3.92 

5 2003.01 2,100 ± 100 1,120 ± 60 1,520 ± 80 430 ± 30 300 ± 20 4.42 

6 2005.11 2,300 ± 100 1,320 ± 70 1,650 ± 80 300 ± 30 280 ± 10 4.19 

7 2006.08 2,100 ± 100 1,110 ± 60 1,500 ± 80 240 ± 50 230 ± 20 3.49 
(1)∑Di/Ci～Di: concentration of radionuclide i, Ci: clearance level of radionuclide i, cited from IAEA-RS-G-1.7, assuming the  
thermal neutron 2×105nth･cm-2s-1, 40 yr of operation, and 6 yr of cooling. 

Silica fume and limestone powder 
     About 20 kinds of silica fume and 32 kinds of limestone powder were collected, and were irradiated using the thermal reactor 
JRR-4. The concentrations of Co and Eu for the silica fume and limestone powder are plotted in Fig. 4 and Fig.5, respectively. Silica 
fume (Blaine specific surface area > 15 m2/g, usually about 20 m2/g) is, generally, used to obtain high compressive strength, high 
durability and improvement of execution of work, by substituting for cement. The quantities of 152Eu, 60Co and 154Eu activities, in Σ
Di/Ci unit, of the low-activation silica fume are approximately 1/10 of that for the white cement. Limestone powder (Blaine specific 
surface area > 2,500 cm2/g, usually 3,000 - 6,000 cm2/g) is, generally, used for reducing the heat of cement hydration, high fluidity, 
resistance for segregation and high durability, by substituting instead of cement. The quantities of 152Eu, 60Co and 154Eu activities, in Σ
Di/Ci unit, of the low-activation limestone powder used in this study are approximately 1/10 of the average. 
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 Fig.4 Concentrations of Eu and Co of silica fume Fig.5 Concentrations of Eu and Co of limestone powder
 
Manufacture of low-heat type of 1/30- and 1/50- low-activation concrete 
      Manufacture of the low-heat type of 1/30-low-activation concrete was executed by admixing with the low-activation limestone 
powder, substituting for white cement. The low-heat type of 1/50-low-activation concrete was manufactured by admixing with the 
low-activation silica fume and/or with the low-activation limestone powder, substituting for white cement. The mix proportion designs of 
those are presented in Table3, comparing with the basic type of 1/30-low-activation concrete. The unit weight of the white cement for the 
basic type of 1/30-, low-heat type of 1/30- , and low-heat type of 1/50- is 316 kg/m3, 200 kg/m3 , and 133 kg/m3, respectively.  
      The dominant target elements (Sc, Fe, Co, Cs and Eu) in those obtained by an activation analysis are presented in Table 4, 
comparing with the calculated values of ΣDi/Ci. The ΣDi/Ci ratio is normalized by the andesite concrete, which is considered to be 
“average concrete”. The ΣDi/Ci ratio of the basic type of 1/30-, low-heat type of 1/30- , and low-heat type of 1/50-low-activation 
concrete is 1/30, 1/32, and 1/63, respectively. 
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      The principle physical properties are shown in Table 5, where the density, slump, compressive strength, splitting tensile stress, 
adiabatic temperature rise and bleeding water rate are presented. The smaller values of the compressive and splitting-tensile stresses for 
the low-heat type of 1/30-low-activaion concrete arise from the small quantity of cement, i.e. 200 kg/m3. Although, the unit cement 
weight of the low-heat type of 1/50-low-activaion concrete is smaller, i.e. 133 kg/m3 than that of the basic type of 1/30-low-activation 
concrete, i.e. 316 kg/m3, the compressive stress of the former is larger than that of the latter, because the 1/50 type is admixed with the 
low-activation silica fume, i.e. 100 kg/m3, substituting for cement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3 Composition of low-activation concrete based on limestone aggregate and white cement 
Aggregate Cement 

No. Type of concrete 
Coarse Fine B4C sand Cement Silica fume 

Limestone 
powder 

Water 

1 
Basic type of 1/30 
-low-activation 
concrete 

High purity 
limestone 

1,018 kg/m3 

High purity 
limestone sand

855 kg/m 

With and 
without 

White 
cement 

316 kg/m3 
- - 

158 
kg/m3 

2 
Low-heat type of 
1/30- low-activation 
concrete 

High purity 
limestone 

1,004 kg/m 

High purity 
limestone sand

843 kg/m 

With and 
without 

White 
cement 

200 kg/m3 
- 

High purity 
limestone 
powder 

150 kg/m 

150 
kg/m3 

3 
Low-heat type of  
1/50-low-activation 
concrete 

High purity 
limestone 
961 kg/m 

High purity 
limestone sand

807 kg/m 

With and 
without 

White 
cement 

133 kg/m3 

Low-activation 
silica fume 
100 kg/m3 

High purity 
limestone 
powder 

140 kg/m 

160 
kg/m3 

 
 Table 4 Dominant target element and ∑Di/Ci ratio of low-activation concrete 

Target element 
No. Type of concrete 

Sc (ng/g) Fe (μ/g) Co (ng/g) Cs (ng/g) Eu (ng/g) 

∑Di /Ci
(1)

 

ratio (Andesite 
concrete ≡ 1)

1 
Basic type of 1/30- 
low-activation concrete 
without B4C 

320 ± 20 270 ± 10 260 ± 10 30 ± 10 49 ± 4 1/30 

2 
Low-heat type of 1/30- 
low-activation concrete 
without B4C 

230 ± 10 230 ± 10 200 ± 10 12 ± 9 39 ± 4 1/32 

3 
Low-heat type of 1/50- 
low-activation concrete  
without B4C 

149 ± 7 610 ± 30 160 ± 10 52 ± 9 18 ± 3 1/63 

(1)∑Di/Ci～Di: concentration of radionuclide i, Ci: clearance level of radionuclide i, cited from IAEA-RS-G-1.7, assuming the  
thermal neutron 2×105nth･cm-2s-1, 40 yr of operation, and 6 yr of cooling. 
 Table 5 Physical properties of low-activation concrete 

No. Type of concrete 
Density 
(g/cm3) 

Slump 
(cm) 

Compressive 
strength (28 d) 

(MPa) 

Splitting tensile 
strength (28 d) 

(MPa) 

Adiabatic 
temperature rise 

Q (t)(1) 

Bleeding water
(cm3/cm2) 

1 
Basic type of 1/30- 
low-activation concrete 
without B4C 

2.362 11.5 42.7 3.56 
Q max= 41.8 ℃ 
α = 1.55 
β = 1.0 

0.091 

2 
Low-heat type of 1/30- 
low-activation concrete 
without B4C 

2.324 18.0 25.4 2.72 
Q max = 41.5 ℃ 
α = 1.03 
β = 0.55 

0.015 

3 
Low-heat type of 1/50- 
low-activation concrete  
without B4C 

2.340 19.0 44.8 4.30 
Q max = 36.8 ℃ 
α = 0.65 
β = 0.57 

0.000 

(1) Q(t) = Q max[1-exp(-αtβ)] 
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The evaluation and improvement, regarding the adiabatic temperature rise and bleeding water rate, are discussed in another paper 

of Low-Activation Reinforced Concrete Design Methodology (11) [3], using by FEM analysis of thermal stress for massive concrete.  
 
Admixing with B4C sand and powder 
     Reduction of neutron flux in concrete causes the similar effect of “low-activation”. Boron is, generally, utilized as “a thermal 
neutron absorber or cut-off admixture”. The boron containing concrete, denoted as neutron-absorbing concrete, was already introduced 
by our former report [4]. The neutron-absorbing concrete was composed of columanite aggregate, columanite sand, white cement, water 
and chemical admixtures. The density in air dry was 2.14 g/cm3, and the concentration of boron was 9.3 w%. The report suggested that 
the reduction rates of fast, epi-thermal and thermal neutron flux, were roughly 1/1, 1/30, and 1/5,000-1/10,000, respectively, compared to 
the ordinary concrete, under the assumption of 50 cm concrete bulk in thick. The reduction rate of neutron dose equivalent through 50 
cm concrete compared to the ordinary concrete was, however, less than 1/10, because the dose equivalent depends on mainly fast 
neutron flux. The reduction rate of thermal neutron flux in thick concrete was, roughly, 1/10,000, 1/1,000, 1/100 and 1/10, corresponding 
to the boron contents of approximately 10 w%, 5w%, 2 w%, and 0.8 w% [5]. 
     The dominant residual radionuclides of the low-activation concrete are 152Eu, 60Co and 154Eu, and occupy exceeded 99 %, in Σ
Di/Ci unit, for all the radionuclides [1]. The reactions of 151Eu(n,γ)152Eu and 6L(n,α)3H are generated almost by thermal neutrons, and 
the reactions of 59Co(n,γ)60Co and 153Eu(n,γ)154Eu, are generated mainly by thermal neutrons. The reactions of 133Cs(n,γ)134Cs and 
132Ba(n,γ)133Ba are generated by epi-thermal neutrons and partially by thermal neutrons. The reactions of 54Fe(n,p)54Mn, 23Na(n,2n)22Na 
and 39K(n,p)39Ar are generated by fast neutrons. The reduction ratio of radioactivity, in ΣDi/Ci unit, is roughly estimated to be from 1/3 
to 1/30, by admixing with 0.8－2 w% of boron, taking into consideration of epi-thermal and fast neutrons. The tests of admixing with 
B4C of concentration from 1 to 2.5 w% are now in progress in this project. The total reduction rate for the above low-activation concrete 
is estimated to be approximately from 1/100 to 1/1,500, as presented in Table 6. The details discuss in another paper of Low-Activation 
Reinforced Concrete Design Methodology (10) [5].  
 

Table 6 Total ∑Di/Ci ratio by admixing with B4C sand and powder 

No. Type of concrete 
Total ∑Di /Ci  ratio 

(Andesite concrete ≡ 1) 

1 Basic types of 1/30-low-activation concrete with B4C sand and powder (1－2.5 w%) 1/100 ～ 1/1,000 

2 Low-heat type of 1/30-low-activation concrete with B4C sand and powder (1－2.5 w%) 1/100 ～ 1/1,000 

3 Low-heat type of 1/50-low-activation concrete with B4C sand and powder (1－2.5 w%) 1/150 ～ 1/1,500 

 
 
 
 
 
 
 
 
Chemical composition of basic type of 1/30 low-activation concrete 
     The chemical compositions of the basic type of 1/30-low-activation concrete without B4C are presented in Table 7. The element 
contents were obtained by activation analysis, ICP-AES, ICP-MS, and other chemical analyses. 

 
Table 7 Chemical compositions of basic type of 1/30-low-activation concrete without B4C 

( density in air dry ρ = 2.270 g/cm3 ) 
H  Si Ca Al Fe Mg Na K 

0.61 1.03 38.52 0.31 0.029 0.34 0.025 0.02 

Ti Mn C S P B O 

Major 
element 

( w% ) 
0.0 0.0 10.09 0.10 0.0 0.0 48.93 

 

Eu Co Li Cs Ba N Ni Cl 

0.049 0.26 0.73 0.08 470 15 0.4 21 

Sc Cr Zn Cu Nb Sm Th U 

Minor 
element 

( ppm ) 
0.32 8.8 2.5 0.27 1.0 0.13 0.48 1.75 
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CONCLUSIONS 

(1) The detailed data for the concentrations of Co and Eu in limestone, white cement, silica fume, and limestone powder were obtained 
in order to develop more practical types of 1/30-low-activation concrete. 
(2) By admixing with the low-activation limestone powder, the low-heat type of 1/30-low-activation concrete was developed. 
(3) By admixing with the low-activation silica fume and/or with the low-activation limestone powder, the low-heat type of 
1/50-low-activation concrete was developed. 
(4) By admixing with the B4C of which concentration is from 1 to 2.5 w%, the total residual radioactivity reduction ratio of the above 
low-activation concrete to the ordinary concrete, in ΣDi/Ci unit, is estimated to be from 1/100 to 1/1,500. 
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