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INNLEDNING. 

Flyveaske er et biprodukt fra kullfyrte kraftverk. Da denne 

asken er kjemisk nokså lik sement, vil den ved innblanding 

i sement inngå som en naturlig del av sementen. Flyveasken 

inneholder ofte mer naturlig radioaktivitet enn vanlig 

sement, og innblanding av flyveaske i sementen vil derfor 

kunne gi befolkningen en øket dosebelastning . 

I Norge har man ønsket å begynne med denne anvendelsen, og i 

den forbindelse ble Statens Instititt for Strålehygiene 

anmodet om å se på de radiologiske konsekvenser av en slik 

bruk. 

I det følgende er våre malinger og doseberegninger oppsummert, 

og i appendix er dette diskutert mer i detalj. 

MALINGER. 

Følgende malinger ble utført: 

1) Måling av rad.1 oaktivt innhold i flyveaske, f lyveaskesement 

og sement. 

2) Måling av radon emanasjonskoeffisient fra de samme 

materialer. 

3) Måling av radon ekshalasjon fra vanlig betong og flyveaske-

betong. 

Metoder for målingene og detaljerte resultater vises i 

appendix. 

Målingene viste at det var en forhøyet aktivitet av radium og 

thorium i flyveasken. Radon emanasjonskoeffisienten for 

flyveaske var imidlertid liten, og dersom betongen hadde hatt 

nøyaktig de samme egenskaper med og uten flyveaske, ville 

bidraget til radonekshalasjonen fra flyveasken være positivt, 

men meget lite. 
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Malinger av ekshalasjonsrate fra 10 x 10 x 10 cm terninger av 

betong med og uten flyveaske viste at ekshalasjonen fra betong 

med flyveaske faktisk var signifikant lavere enn vanlig betong. 

Dette kan sannsynligvis forklares ved at porositeten i flyve-

askebetongen er lavere enn i vanlig betong. Dette ble også 

antydet av sementprodusenten. 

DOSEBEREGNINGER. 

Ved hjelp av et dataprogram utviklet ved instituttet ble til

legget i gammadoser fra flyveasken beregnet for to modellrom: 

a) Blokkleilighet med betongvegger b) Trehus med betongsåle. 

Det årlige tillegget i effektiv doseekvivalent ble beregnet 

til: 

Betonghus: 0.09 mSv/år 

Trehus : 0.037 mSv/år. 

Reduksjonen i radonekshalasjon i betong p.g.a. flyveasken vil 

gi en reduksjon i den effektive doseekvivalent fra radondøtre. 

Beregninger viste at denne reduksjonen var følgende: 

Betonghus: 0.4 mSv/år 

Trehus : 0.10 mSv/år 

Dette viser at reduksjonen i radon ekshalasjonen faktisk vil 

kunne gi en netto reduksjon i den effektive doseekvivalent. 

KONKLUSJON. 

Ut fra målingene og doseberegningene som er vist i detalj i 

appendix kan følgende konklusjoner trekkes: 

1) Flyveaske har forhøyede innhold av radium og thorium. 

2) Bruk av flyveaske 1 sement vil gi et tillegg i doser 

p.g.a. gammastr*ling og en reduksjon av doser p.g.a. en 

redusert radonekshalasjon. Reduksjonen p.g.a. radon vil 
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for vanlig betong overskygge tillegget p.g.a. gamma-
stråling, slik at flyveasken vil kunne gi en netto 
reduksjon i stråledosene. 

Ut fra dette synes det som om det ikke er radiologiske 

ulemper ved bruk av flyveaske i sement. 



APPENDIX. 
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ASSESSMENT OF THE RADIOLOGICAL IMPACT 

OF USING FLY ASH IN CEMENT. 

Erling Stranden 

State Institute of Radiation Hygiene 

Østerndalen 25, N-1345 Osterås, Norway 

Abstract - The radiological consequences of using fly ash 

as a component of cement are discussed. Measurements of the 

activity concentrations of fly ash and cement are reported 

together with measurements of emanation coefficients and 

exhalation rates. The radon exhalation rate was found to 

be significantly lower in concrete containing fly ash than 

in ordinary concrete. Dose calculations suggest that the fly 

ash will contribute to a reduction in effective dose equivalent 

due to the reduced radon exhalation rate. 



INTRODUCTION. 

Fly ash is a waste product from coal-fired power plants. In 
combination with cement the fly ash will act chemically as the 
cement and may therefore be used as a integrated part of the 
cement. The main advantages of using the fly ash are economical/ 
resource reasons and the advantages associated with using a 
waste product which may be regarded as a possible environmental 
pollution. 

The fly ash may contain enhanced levels of the natural radio
active nuclides in the uranium and thorium series (Pe80, UN77), 
and by using the fly ash in the cement, the radiation levels 
in houses may thus be technologically enhanced. 

In Norway we have yet no coal fired power plants, and until 
now, fly ash has not been used in the cement. For economical/ 
resource reasons, the main Norwegian cement producer 
whished to import fly ash (mostly from Denmark) for the use in 
cement. In this connection we were asked to assess the radio
logical impact of this future building material, and in this 
paper, the main measurements and dose assessments are summarized. 

MATERIAL AND METHODS. 

The following measurements were performed to form a basis for 
dose assessments: 

1) Activity concentrations of fly ash, ordinary cement and 
cement with fly ash. 

2) The radon emanation coefficient, 1 , for the sane materials. 
The emanation coefficient is defined as the fraction of 
radon activity produced that enters the - interstitial volume 
of the material. 

3) Radon exhalation rates from six 10 x 10 x 10 cm cubes of 
concrete, three of which contained fly ash cement and three 
containing ordinary cement. 



4. Radon exhalation rates per unit activity concentration of 
22fi T 

Ra for 10 x 10 x 10 cm cubes of concrete containing 

ordinary cement. 

The following experimental methods were used: 

Measurements of the activity concentrations. 
Measurements? of the activity concentrations of K, Ra and 
232 3 

Th were performed by a 90 cm Ge (Li) detector and a Canberra 
Model 8100 multi channel analyser. The samples were measured 
in 400 ml cylindrical plastic cans. The equipment was calibrated 

226 2 "32 
against standard samples with known concentrations of Ra, Th 40 and K. (United States Energy Commission, New Brunswick Labora-40 tory). The following y-transitions were used: K: 1461 keV} 
2 2 6 R a : 352 keV ( 2 1 4Bi), 609 keV ( 2 1 4Bi) and 1120 keV ( 2 1 4Bi) ; 
2 3 2 T h : 583 keV ( 2 0 8T1) and 911 keV ( 2 2 8Ac). 

Measurements of emanation coefficients and exhalation rates. 
Exhalation rates both for concrete cubes and for crushed samples 
were measured by enclosing the samples in closed containers. 
After a certain sampling time, the exhalation rate may be 
assessed by measuring the activity concentration of the air 
in the container. Under ideal conditions (no back diffusion 
or leakage from the container), the exhalation rate, E, may 
be calculated by: 

E ' Vd " CRn ' XKn / £ " e x P ^Rn't'J "> 

where: V d « dead space or air volume of the container. 

C_ - measured activity concentration of the air in 
the container. 

222 —1 
X. » decay constant of Rn (0.00756 h ). 
t » sampling ?ime 
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222 —l 
\ • decay constant of Rn (0.00756 h ). 
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The results of the emanation coefficient measurements are given 
in table 2. 

In table 3, we have listed the total exhalation rate per unit 
226 activity concentration of Ra for 7 ordinary concrete cubes, 

and in table 4 comparison measurements of concrete cubes with 
and without fly ash are shown. 

DOSE ASSESSMENTS. 

As seen from table 1, the fly ash samples all had enhanced 
activity concentrations. It is however surprising to note 
from table 4 that the concrete cubes containing fly ash had 
significantly lower exhalation rate;; than all the cubes with 
ordinary concrete. This could be explained by an assumption 
that the fly ash changes the properties of concrete in such 
a way that the diffusion length is reduced. This assumption 
have been supported by the cement producer who claims that 
the porosity of fly ash concrete is lower than for ordinary 
concrete. The reduction in the radon exhalation rate may thus 
give rise to a reduced indoor radon concentration which may 
in fact give a reduction in effective dose equivalent larger 
than the increase in the y-doses. In the following we will 
discuss this further. 

Assessment of y-doses. 

For a uniform gammasource distribution in a medium the exposure 
rate at a point P outside the medium may be given by: 

* " T77~ E i E i mW v*ai} v B < E i ' 8 ) e x p ^ « i » - " d v ( 3 ) 
i T 

where: i - exposure rate 
)c » proportionality constant 
A - activity concentration per unit volume 



pa = density of air 
E. = photon energy no i 

N(E.) = number of photons with energy E. emitted 
1 per primary disintegration 

Vi (E.) = linear energy absorption coefficient in air 

B(E.,s) = build-up factor 

S = distance traveled through the medium by 
the gamma ray 

p = attenuation coefficient in the medium 
m 
V = volume of the medium 

1 = distance to the point, P. 

Trubey (Tr 66) published a survey of empirical functions used 
to fit gamma ray build up factors. In our calculations we 
used the linear form of build up facto*: : 

B(E,s) = 1 + a(E)y m (E) • s (4) 

We used a one-mean-free-path fit for a(E) for concrete. Values 
of the mean absorption coefficients were taken from the 
Radiological Health Handbook (Ra70). The gamma lines used in 
our calculations are shown in table 5. The basic radionuclide 
characteristics were adopted from N'JRP (Nc76) and to reduce the 
quantity of data, we summed groups of gamma lines and used 
mean values in these groups. The calculations were performed 
by standard numerical integration methods. This model is 
valid when there is equilibrium in the decay chains. When 
there is a large radon emanation ,thls may overestimate the 
gamma ray dose from the radium series by as much as 20 % (L0 78). 
A more detailed discussion of the calculation method is found 
in a previous paper (St79 ) . The program was tested against 
Monte Carlo calculations performed by Koblinger (Ko78) for 
Kobllnger's model room. The agreement between these two 
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results was very good (St79). We also calculated values of 
the gamma radiation inside a living room with concrete walls, 
ceiling and floor and compared this to experimental results. 
The measurements were performed by a Reuter Stokes Environmental 
Monitor and a value of 3,6 yR/h was subtracted for cosmic 
radiation. The calculated values were all found to be within 
+ 15 % of the experimental results. 

To assess the gamma air dose rate from a future use of fly ash 
in cement, the following model rooms were adopted: 

A) Dwelling in a concrete block of flats. 

Size: 9 x 5 x 2.5 m 
Floor and ceiling: 25 cm concrete 
3 walls : 20 cm concrete 

One short wall neglected to allow for windows. 

B) Wooden house. 
Size: 9 x 5 x 2.5 m 
Floor: 25 cm concrete 
Walls and ceiling made Df wood. 

The specific air dose rates were calculated for a concrete 
density of 2.35 g/cm . The spesific air dose rates for our 
model rooms are shown in table 6. Host wooden houses in Norway 
have basements, and the specific air dose rates for wooden 
dwellings given in table 6 will overestimate the ^-radiation in 
dwellings with basements. 

The extra contribution from the fly ash to the indoor exposure 
rate may now be calculated by: 

< W - » <*Ra < £ " * *Th < £ " + rf"» <« 



7 -

where: D_.._ = increment in indoor air dose rate due to the 
D 1 " fly ash 

a = fraction of cement in the concrete 

k R »k„,, and k„ = Specific air dose rate of the model 
rooms for 2 2 6 R a , 2 3 2 T h and 4 0 K res
pectively. 

C°g f f, c)j£ff and C ° l f f = the difference in activity 
concentration between fly ash 
cement and ordinary cement for 
226 R a 232 
pectively. 
2 2 6 R a , 2 3 2 T h and 4 0 K res-

In our calculations, we adopted the following values: 

C ^ « = 50 Bq/ kg, C ? « f = 40 Bq/kg C ° i f f = 0 

Measurements performed by Ulbak (D179) reported values of 
Danish fly ash somewhat smaller than those found in table 1. 
If we use the values listed above, the increment calculated 
will thus be on the safe side for Danish fly ash. The upper 
limit for the use of cement in Norwegian concrete was given 
by the producer as a * 0,2. Using these values for our dose 
calculations we find an increment of the y-air dose rate given 
below: 

Concrete block of flats: D _ . f f = 14.8 nGy/h 

Wooden house without basements : D
D i f f = 6.0 nGy/h 

The increment of total effective dose equivalent due to the 
fly ash was calculated by adopting the air dose to organ dose 
ratios suggested by UNSCEAR (UN77) and an indoor occupancy 
factor of 0,8. This yields the following results: 

Concrete block of flats : H^ - 0,09 mSv/yr 

Wooden houses without basements: H^ » 0,037 mSv/yr 



Assessment of doses from radon daughters. 

As seen from table 4, there was significantly lower exhalation 
rates from concrete cubes containing fly ash than from ordinary 
concrete cubes. The mean reduction was 0,030 - 0.01 Bq/h (95 % 
significance level). This corresponds to a reduction of about 
33 % of the mean value for the three ordinary concrete cubes. 
For a concrete wall, the exposure rate j-̂ i unit area may be 
expressed as: 

E = n .Cpjj . p . tgh (d/2 R) (6) 

where: TI = emanation coefficient 
C„ = activity concentration of radium per unit mass 

i> = density of the concrete 
R = diffusion length 
d = thickness of the wall 

If our assumption that this reduction effect is caused by changes 
in the diffusion length is correct, the contribution from the 
fly ash to the radon exhalation may be expressed as: 

E p A - f (8) • a • (b n F A • c £ + (1 - b) ̂  C ^ ) (7) 

wheres f (R) = p • R . tgh (d/2 R) 
a - reduction in f(R) due to the fly ash 
b » fraction of fly ash in the concrete 

PA C 
Cl£ and C R a » specific activity concentration of 

2 2 6 Ra in fly ash and concrete respectively 
n_. and n_ - emanation coefficient of fly ash and 

concrete respectively. 

The exhalation rate of fly ash concrete relative to ordinary 
concrete will thus be: 



E F A / E C = a ( b T , F A CRa / (" CRa » + X " b ) <8> 

The fly ash concrete used in our measurements contained 5 % fly 
ash- According to the cement producer, this will be the 
highest fly ash concentration that will be used. In our 
experiment, we found that E F A / E _ = 0,7. 
As an example we may assume that the reduction factor, a, 
decreases lineary in the range 0-̂  b -0.05. i n fig. 2, we 

FA 
have plotted E p A / E c v.s n p A C ^ / r, cC R a -

As seen from this figure, the fly ash will contribute with 
FA r» 

an increased radon exhalation for n p a
 CT>a/Ti, c

B a larger 
than about 8. 
In Norwegian concrete, the emanation coefficient, n , is 
between about 15 % and 35 % (from the results of table 3). 
Tfith et al (T08O) found emanation coefficients of Hungarian 
concrete in the range 15 % - 60 % with a mean value of 30 %. 
If we use a value of n c = 0.25, and n F A = 0.01, we find that 
the fly ash will give an increased exhalation rate for 
CRa/ CRa > 2 0 ° -

The mean value of the radium concentration of Norwegian 
concrete is about 28 Bq/kg (St79). This indicates that there 
is a positive contribution to exhalation rate for radium-
concentration larger than 5 - 6000Bq/kg, and such values have 
not been reported in any countries. 

The exhalation rate per unit area of a 20 cm thich concrete 
wall may be assessed by a simple model: The half of the wall 3 facing the room may be devided into 10 x 10 x 10 cm cubes. 
When the cubes are part of the wall they will only be able to 2 emanate radon through the area facing the room. In a m of 
the wall there will be 100 cubes, and according to this model, 

2 
the exhalation rate per m will be 100 times the total exhala
tion rate of a cube. 
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From table 3, we now find that the mean exhalation rate from 
ordinary concrete cubes with the mean radium concentration 
of 28 Bq/m will be about 0,1 Bq/h. From the simple model 

-2 -1 above, this corresponds to an exhalation rate of 10 Bq m h 
from a 20 cm thick concrete wall. 

For concrete containing 5 % fly ash, there will be an exhalation 
rate about 30 % lower than that from concrete, this corresponds 

—2 -l to a reduction in the exhalation rate of about 3 3q m h . 

The reduction in the indoor radon concentration will be given 
by: 

AC = -M-^Z ( 9 ) 

K- v 

where: AC = reduction in radon concentration 
AE = reduction in radon exhalation 
F = area of the exhaling walls 
V = volume of the room 

X = air exchange rate (h~ ). 

In our model rooms we find that the ratio F/V will be 1.3 m 
for the concrete room and 0.4 m for the wooden room. For 
modern Norwegian dvellings, the air exchange rate may be in the 

ov 
-1 

range 0.3 h - 0.5 h" , and for our calculations we have 
adopted the value of X » 0.4 h 

From these assumptions we find that the fly ash will give 
the reductions in the radon concentrations given below: 

Wooden dwelling: AC « 3 Bq/m 3 Concrete dwelling:AC - 10 Bq/m 

The equilibrium factor was found to be about 0.5 in Norwegian 
dwellings (St79a). The reduction In radon daughter concen
tration (or more correctly: equilibrium equivalent radon 
concentration) will thus be half of the radon values given 
above. 
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The dose factors for inhaled radon daughters are influenced 
by the following parameters: The activity median aerodynamic 
diameter (AMAD) of the carrier aerosol for attached radon 
daughters, the equilibrium factor of the daughter mixture and 
the unattached fraction of the potential a-energy of the 
daughter mixture in air. In addition to these physical para
meters, physiological factors are of importance, especially the 
breathing rate. 

Jacobi (Ja81), have used tne Jacob! - Eisfeld (Ja80) and the 
James-Birchall (Jam80) dosimetric models to calculate the 
effective dose equivalent per J inhaled potential a-energy for 
reference atmospheres. In table 7, results of these calculations 
are shown. 

For our calculations we have adopted a dose factor of 2.5 Sv/J. 
The effective dose equivalent reduction may now be calculated 
by: 

4H E (Sv/yr) = d • AC D • T • v (10) 

where: d = dose factor (Sv/J) 
AC D = equilibrium equivalent radon concentration (J/m ) 

lBq/in3=3.5-104 MeV/m 3 - 5.6 • 1 0 - 9 J/m3 

T - Time spent indoors per year. Kii.n av occupancy 
factor of 0.8, T = 7000 h 

3 v - mean breathing rate (m /h). 

A mean indoor breathing rate of about 0,75 m /h have been 
suggested (Ja81). 

If we now use the dose factor of 2.5 -Sv/J, and adopt a mean 
breathing rate of 0,75 m /h, we find a reductions of the 
effective dose equivalent given below: 

Wooden dwelling: AHg : 0.10 mSv/yr 
Concrete dwelling: AH- " 0.4 mSv/yr 
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DISCUSSION. 

A future use of Danish fly ash in Norwegian cement (5 % fly ash 
in the concrete) could reduce the total effective dose equivalent 
to people living in wooden dwellings by about 0.06 mSv/yr and 
about 0.3 mSv/yr to people living in concrete buildings. These 
calculations were performed assuming that the fly ash have the 
activity concentrations given for Danish fly ash in table i. 

Fly ash from some countries may have a radium concentration of 
about 500-600 Bq/kg (UN77). If the thorium concentration is lower 
than 500 Bq/kg, the fly ash will still give a net reduction in the 
effective dose equivalent for the Norwegian concrete qualities. 

Norwegian concrete have a large emanation coefficient, 
and the radon exhalation per unit radium concentration is 
relatively high. In such concrete the fly ash will give a 
significant reduction in the radon exhalation. In other 
countries the concrete may have other properties, and it is 
not evident that the introduction of fly ash in such concrete 
will have the same*effect. In such concrete, it is however 
unlikely that the fly ash will cause a significant increase in 
the radon exhalation, and the maximum increase in effective dose 
equivalent will be the contribution from the increased 
Y-radiation. For concrete buildings this contribution may 
be about 0,1 mSv/yr. 
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SUMMAR? AND CONCLUSIONS. 

From the measurements and discussions of this paper, the 
following conclusions may be drawn: 

226 
1) Fly ash have enhanced concentrations of Ra and 

and 2 3 2 T h . 
2) The increment in gammaradiation from the fly ash 

is about 0,1 mSv/yr and 0.04 mSv/yr for concrete and 
wooden dwellings respectively. 

3) Concrete containing fly ash has a lower radon 
exhalation rate than ordinary Norwegian concrete. 
This reduction in the radon exhalation rate will 
result in a reduction of the effective dose equivalent. 
This reduction will for most cases result in a net 
reduction in the total effective dose equivalent of 
about 0,3 mSv/yr for concrete houses and 0.06 mSv/yr 
for wooden houses. 

4) This reduction may be lower for concrete with different 
properties than ordinary Norwegian concrete, it is 
however unlikely that the fly ash in concrete will 
give an Increase larger than 0,1 mSv/yr for any 
concrete quality. 
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TABLE CAPTIONS 

Table 1. Activity concentrations of natural radionuclides 
in samples of fly ash and cement 
(1 Bq/kg = 0.027 pCi/g). 

Table 2. Measurements of the emanation coefficient, n, of 
fly ash and cement. 

Table 3. Exhalation rate per unit radium activity concentration 
of 10 x 10 x 10 cm concrete cubes. 
(1 Bq h"1 per Bq kg - 1 = 1000 pCi h _ 1 per pCi g - 1 ) . 

Table 4. Exhalation rate from 10 x 10 x 10 cm cubes of ordinary 
concrete and of concrete containing fly ash (rA). 

Table 5. Energy distribution of emitted gamma rays used in our 
calculations. 

Table 6. Specific air dose rates for our model rooms 
(1 nGy h" 1 per Bq kg - 1 - 4,25 vRh"1 per pCi g" 1). 

Table 7. Effective dose equivalent per J of potential a-energy 
inhaled. (Ja 81) (J-E - Jacob! - Eisfeld (Ja 80), 
J-B » James-Birchall). 



Material No of 
samples 

Activity 
2 2 6 R a 

concentration 
2 3 2 T h 

(Bq/kg) 
4 0 K 

Ordinary cement 5 30-33 18-22 260-278 
FA-cement 1 85 59 296 
English FA 1 126 93 790 
German FA i-i 189 118 654 
Danish FA 2 189-222 181-215 422 

a) FA-cement containing 25 % fly ash (FA). 



Material No of Emanation coefficient,n 
samples % 

Fly ash 4 0.5-1.5 

Cement 5 2 - 5 

FA-cement 1 2.0 



No of samples Exhalation rate per unit activity 
concentration (Bq h per Bq/kg) 

Min Mean Max 

7 0.0026 0.0039 0.00!;? 



P a i r E x h a l a t i o n r a t e (Bq/h) D i f f e r e n c e 
With FA Without FA 95 % 

s i g n i f i c a n c e 

1 0.050 0.084 0.034 ± 0.01 

2 0.061 0.086 0.025 - 0.01 

3 0.071 0.102 0.031 - 0.01 



Energy Number of photons emitted 
per primary disintegration 

Thorium series 2.61 
1.57 
0.93 
0.76 
0.56 
0.34 
0.23 

0.359 
0.113 
0.596 
0.141 
0.430 
0.194 
0.636 

Radium series 2.24 
1.74 
1.23 
0.65 
0.31 

0.078 
0.241 
0.333 
0.537 
0.640 

40. 1.46 0.11 



Model Specific air dose rate (nGy h per Bq/kg) 

Concrete 0.764 0.893 0.0658 
Wooden 0.313 0.374 0.0268 



Air exchange Effective dose equivalent 
rate per unit inhaled pot. a-

energy (Sv/J) 

\ < 0.3 h"1 

v 

J - E 1.8 
J - B 1.6 

0.3 h^X < Ih" 1 J " E 2- 5 

J - B 2.5 

J - E 3.3 
Xv * X h" J - B 4.2 



Figure captions 

Fig. 1. The effect of backdiffusion and leakage on radon 
exhalation measurements. 

Fig 2. Exhalation rate of fly ash concrete relative to 
ordinary concrete (b = fraction of fly ash in the 
concrete). 
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