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Abstract 

When proposing norms for the radioactivity in dwellings the aim 
is to limit the absorbed dose in humans. For practical reasor-s, 
~owever, it is necessary to use limits for the concentration of 
the radionuclides in the building materials. At the discussions 
of standards for radioactivity in dwellings the formula 

CTh CRa CK 
m= 260 + 370 + 4.8x103 . 
haa been used. C is expressed in Bq/kga)Of thorium-232, radium-226 
and potassium-40. Krisiuk et ale have shown that if m in the formula 
haa the val.ue 1.0 the absorbed dose in the gor-ads would not exceed 
1.5 mGy/yb). . 

Experimentally determined values were used to investigate the ab
sorbed dose or concentration of radon and daughter products after 
normalizing the activity concentration in the building materials 
to m = 1. The exposure rates, the conc~ntrations of radon and daughter 
products and the ventilation rates have been determined in seven 
groups of houses builtin the e.arly 1970s in central Sweden. The 
activi ty concentrations in the bv.il.ding materials used at the time 
for building the houses were measured earlier. w 

The absorbed dose in the gonads normalized to m = 1 was, as expected, 
found to be lower than the theoretical value, 1.5 mGy/y, according 
to the model. For the multi-family houses the values were about 
1.0 mGy/y and for the single-family houses about ha.lf that value. 

The concentrations of radon in equilibrium with the daughter products 
ru>riiiaiiz-ed-- -to one- air-cha.ngep~~Jl~u.£~nd toihe -maximum cone en tra...:-~ 
tion.oiradlUm.-226 in-the -building material according to . the model 
'were found to be in accordance with the theoretical value, about 
100 Bq/m3 , for the multi-family houses. No significant difference 
from this value was found for the single-family houses despite the 
fact that the amounts of stony buildins materials were less than in 
the multi-family houses. 

a) 1 Bq/kg ~ 0.027 ;)Ci/g 
b) 1 mGy/y = 100 mrad/y 

1)Senior physicist. Environmental laboratories, National Insti~ute 
of Radiation Protection, Fack, S-104·01 Stockho~m, Sweden 
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Introduction 

When proposing norms for the radioactivity in dwellings the aim is 
to limit the absorbed dose in humans. For practical reasons, however, 
it is necessary to use limits for the concentration of the radio
nuclides in the building materials. The correlation between the ab
sorbed dose in humans and the concentration of the radionuclides in 
the building materials is very complicated. Some experimental cor
relations regarding levels of gamma radiation and radon are examined 
below. 

The evaluation of the external doses is treated under one heading 
and the concentrations of radon and radon daughters under a separate 
heading. 

Measurements 

In seven groups of houses in the town Gavle in central Sweden the 
concentrations of radon and daughter products have been determined. 
in conjunction with the determination of the air changes during .. 
winter and early spring (Ref 1). The exposure rates were also de- ) 
termined. The investigation comprised the conditions of 1975-1976a 
and for the multi-family houses also the conditions after adjusting 
the air intake to the norms of the Swedish Building Code of 1975. 

Three groups' of multi-family houses and f.our groups of single-family 
houses built of various kinds of building materials and with various 
ventilation systems were investigated in the winter and early spring 
of 1976. Table 1 shows the building materials of the houses, the 
ventilation systems and also summarizes the measurement results. All 
the groups of the multi-family houses and two of the groups of the 
single-family houses had mechanical exhaust ventilation. The other 
two groups had natural ventilation. The single-family houses without 
a cellar were built on a slab of ordinary concrete. 

The occupants were asked to keep the windows shut from the evening 
prior to the measurements, but of course the doors had to be opened 
and the frequency of the door opening differed from family to family. 

Air samples were taken with evacuated containers and measu:::-ed the 
same day in the ionizing chambers 'Vlhich have been used for the 
determination of the radon concentration in non-uranium mines in 

. Sweden for several years (Ref 3). Filter samples have been tween for 
determining the shortlived radon daughters, also with the same method 
as used for the mines. The total alpha activity of the filters was 
measured with a zinc sulphide detector. The activity was calculated 
using Kusnetz'a method (Ref 4). The minimum det~ctable radon con
centration (3 0background) was about 26 Bq/m3 b). For the radon 
daughters the figure was about 2 Bq/m3• '. 

The Jlleasurements of the air chanG{ s he. ."C been made with :l trc'"cer 
gas method. N20 is let out in the dwelling and an analyzer records 
the decrease of the concentration of the gas. 

a)Earlier, Swedish dwellings built before 1946 have been investigated 
with regard to the gamma radia.tion and the concentrations of 
radon-222 and radon-220 (Ref 2) • 

. b)1 Bq/m3~ 0.027 pCi/l: 
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The activity concentrations of the building materials of the kind 
used at the time of building the houses have been summarized in 
Table 2 (Ref 5, 6, 7). The activity concentration average for the 
concrete has been caloulated from measured concentrations in samples 
of ballast material and cement. The ballast material was taken from 
gravel-pits in the Gavle area, the cement samples were an average 
from all the manufacturers in Sweden. For the remaining materials, 
averages have been obtained using samples from factories situated 
in Sweden. 

The absorbed dose in humans from the external radiation related 
to the concentration of tae radionuclides in the building material 

Krisiuk et al. (Ref 8) after calculations ~ave concluded that nn 
absorbed dose in the gonads of 1.5 mGy/y 8) (150 mrad/y) from ex~ 
ternal gamma radiation corresponds to a concentration .of 260 Bq b) 
thorium-232 per kg or 370 Bq radium-226 per kg or 4.8 x 103 Bq 
potassium-40 per kg of the building material. 

These concentration values are roughly related to the inverse of 
the exposure rate constants for the nuclides. Usually the three 
nuclides are present at the same time in the building material and 
according to the above source, the absorbed dose in the gonads will not exceed 1.5 mGy/y if ---.-.... - .- .-----.. --- ...... --- .--------------

where C is expressed in Bq/kg of thorium-232, radium-226 and 
potassium-40. The model takes no consideration to windows or doors 
or to the fact that walls are-not infinitely thick. The absorbed 
dose from the external gamma radiation is therefore lower in reality • • 

An estimate of how much lower the radiation dose can be has been 
made in the following way. The expression to the left of the equality 
sign in equation 1 has been called m 

m is then approximately proportional to the gamma activity in the 
·building material. From the measured activity concentrations in 
various building materials m has been determined as an average for 
each group of houses with the exception of one group. The radiation 
doses measured in the dwellings have then been normalized to m = 1. 

a)1-mGy/year = 100 mrad/y 

b) 1 Bq/kg ~ 0.027 pCi/g . 
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In the groups of houses investigated, equation (1) is applicable 
for the multi-family houses. Almost all of the building materials 
used in these houses contain radionuclides which contribute signific
antly to the radiation dose. For the multi-family houses it is there
fore appropriate to weight the content of building materials for the 
various activity concentrations to get an estimate of m. The material 
of a house built mainly of concrete screens out most of the outdoor 
radiation. Therefore, the measured radiation dose comes from the 
building materials. After the calculation of the dose rate for m = 1 
and subtracting the average outdoor dose rate, the absorbed dose in 
the gonads was calculated to 0.95 + 0.24 mGy/y from the building 
materials of the multi-family houses (Table 3a). 

0.24 mGy/y is an estimate of the extreme limit in the absolute de
termination of the normalized value. It is composed by two different 
types of errors, the standard deviation for the dose rate and the 
error in m. The later error can be seen as systematic, is an extreme. 
limit and is dominating. The fact that it is large, depends on the" 
many approximations necessary partly because it has not been possible 
to investigate samples of building materials directly taken from the 
buildings, partly according to the difficulties associated with the 
weighting of the various building materials in the same house. The 
building materials are similar in the multi-family houses and there
fore the error in m is of most importance on the determination of 
the absolute normalized average. The range between the averages for 
the groups of multi-family houses is only 0.06 mGy/y which is in 
accordance with the error in the average about 0.01 mGy/y, when the 
error in m is not taken into consideration. 

For single-family houses the major part of the building material more 
seldom contains activities of importance to the radiation dose. The 
only rooms in this investigation where equation (1) is valid, are 
the cellars in group Nc. 5, the ground floors in group No.6 and 
no. 7. 

The walls in the singl~-family houses are of lighter material than 
the multi-family houses and therefore screen the outdoor radiation 
to about half (Ref 9)~ Thus when normalizing the measured dose rate 
to m = 1, half of the outdoor dose rate has been subtracted before 
and the other half after the normalizing. 

The cellars of ,group No. 5 were surrounded by stone material; heavy 
concrete in the floor and the ceiling and aerated concrete based on 
alum shale in both the outer and the inner walls. The absorbed dose 
rate, 0.62 + 0.12 mGy/y, for m = ~ doe::; not differ signi.-i'icl:1.r; i',ly 
from the values for the multi-fami~y houses. 

The ground floor in group No. 6 was also surrounded. by stone material, 
heavy concrete in the floor, aerated concrete based 011 sand in the 
ceiling and aereted oonorete based on alum shale in both thB outer 
and the inner walls. For m = 1 the absorbed dose rate of 0.53 + 
O~17 mGy/y was found. It differs siBnificantly from the multi-family 
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houses but not from the cellars in group No.5. The lower value 
compared to the multi-family houses is probabl~ due to the lower 
density of the aerated concrete (0.5· 103 kg/m ) compared to heavy 
concrete (2.3 • 103 kg/m3). 

The materials in the houses in group No. 7 were heavy concrete in 
the floor and the facade brick of clay together with a wood con
struction and insulating material in the outer walls. The ceiling 
was of wood and insulating stone wool, which does not give any con
tribution of importance to the radiation. For m = 1 the absorbed 
dose rate was found to be 0.42 + 0.10 mGy/y. It is possible that 
this value has been somewhat underestimated because the activity 
concentration in clay brick (Table 2) is not representative for 
Sweden and could be overestimated. The dose rate normalised to m = 
is significantly lower than the corresponding value for the multi
family houses. 

The concentration of radon and radon daughters related to the 
concentration of radium in the bUilding material 

If the only radionuclide contained in the building material is 
radium-226 t equation (1) means that 370 B~ 226Ra/ kg corresponds 
m = 1. Krisiuk et ale showed that 370 Bq 26 Ra/ kg material gives 
an increase of the concentration of radon not exceeding 110 Bq/m3 
air in equilibrj.um with the daughter products when the ventilation 
rate is about one air change per hour. 

The concentration of radium has been weighted for the weights of 
the various building materials in the dwelling. The concentration 
of radon and rad9n daughters calculated for one air change per hour 
has tp:)n been related to the weighted concentratio:.l of radium in 
the ~uilding material. 

If the concentration of radium-226 in the buildir~ material was 
normalized to 370 Bq/kg and the air oh~Dge to 1 change per hour, 
the ooncentrations of radon and daughter products in the air were 
found to be 270 + 90 Bq/m3 and 81 + 33 Bq/m3 respeotive1y for the 
multi-family houses. This is in aocordance with the calculations 
made by Krisiw{ et a1. 

The ground floor dwellings have been excluded in the above averages, 
because the concentrations of radon and daughter products were sign
ificantly higher than in the remaining dwellings in the investigated 
groups of houses. For group No. 1 the higher conoentrations could 
be explained by the presence of aerated concrete based bn alum shale 
in the ground floor dwelling. Fer grol~.p No.3? however 1 no 81/ch ex
planation was found and the higher radon levels could have been 
caused by several factors~ A higher radon exhalation from a basement 
slab than from a wall made of the same material is quite possible. 
A part of the radon from the underlying ground passes through the 
basement slab (Ref 10). Light weight aggregate used in an edge beam 
contains higher concentrations of radium-226 than the concrete from 
the town G1ivle and perhaps contribute to the radon level in air. The 
walls in the ground floor may be thicker than in the dwell:Lngs 
higher up in the house. 
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Tap water can be one source for the radon in the air of a building. 
All of the investigated groups of houses used the same source for 
the tap water. The radon concentration was found to be 12000 + 
2000 Bq/m3 water (1 g. The highest concentration of radon which 
could be expected in the air from this concentration of radon in 
the water is about 7 Bq/m3 air (Ref 11). 

~~~~~;~~~~=g~~g~g=~~~gou~=~~~~teg c~~=~~~~=gas~~=~~=~~~=~g~~~, 
§~g~g~=~os~_~_~~=1 

For all houses, where the material mainly responsible for the radon 
concentration in the house is the concrete, the same value for the 
weighted concentration of radium-226 has been used. However, the 
contents of concrete vary between the various groups of houses. The 

.dwellings in the multi-family houses are almost entirely surrounded 
by concrete, while the investigated single-family houses have concrete 
only in the basement slab or in the cellar. Despite that fact, the 
concentration of radon daughters, calculated for one air change per 
hour, in the houses of group No. 4 is insignificantly lower than in 
the multi-family houses. 

The houses in group No. 7 do not have any cellars. Beside the con
crete in the basement slab, the facade brick wall exhales radon. The 
wall of facade brick is small but the concentration of radium-226 
can be higher than in the concrete from Gavle. Therefore, the facade 
brick can be of importance as a radon source. The concentration of 
radon and radon daughters for one air change per hour and for 370 Bq 
226Ra per kg of the building material is insignificantly higher than 
for the multi-family houses. 
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That the concentrations of radon and daughter products normalized 
to m = 1 are of the same order of magnitude in the single-family 
houses as in the multi-family houses despite the lower amount of 
stone material is probably due to the fact that the single-family 
houses are in close con~act with the ground. The concentrations of 
radon and daughter products were about twice as high in a ground 
floor dwelling as in the remaining dwellings higher up in a group 
of multi-family houses (group No.3), where the building material 
was the same in all the dwellings. After normalizing of the weighted 
radium concentration to 370 Bq per kg material, and of the ventilation 
rate to 1 air change per hour, the concentrations of radon and 
daughter products should be close to 740 Bq/m3 and 220 Bq/m3 re
spectively in the ground floor dwelling in a multi-family home in 
the above group. These values are higher than the corresponding 
values for single-family houses, 190 - 440 Bq/m3 and 70 - 190 Bq/m3 
air respectively roughly in proportion to the amount of material • 

. Our measurements therefore support the view that the radon concen
tration in dwellings near the ground can not be assigned solely to 
the building materials. 

g~g8~~;~~~~~=~~~~~~=~~~~=~~~~~~~=g£gg~~~~=g~~~~=£n ~~~=~~~~~, 
~~~~g~=~~~~=~=~~~=g 

In two of the groups of single-family houses, aerated concrete based 
on alum shale was included in the building material. In group No. 5 
the walls of the cellars and in group No. 6 the outer and the inner 
walls of the dwellings were built of this material. 

In group No. 5 the doors between the cellars and the dwelling .parts 
of the houses we·re closed i!~ about half of the investigated h0ltses. 
After normalizing to 370 Bq radium per kg building material in the 
cellars and to 1 air change per hour, a radon concentration 0f 170 + 
11 Bq/m3 air and a radon daughter concentration of 82 :!: 11 Bq/m3 air 
were found. These values are of the same magnitude as the correspond
ing values for single-family houses without aerated concrete based 
on alum shale. When the doors between the cellar and the dwelling 
part were open the concentrations of radon and daughter products 
were about half of the above values in the closed cellars. 

Lower values for the concentrations of radon and radon daughters for 
one air change per hour and normalized to 370 Bq radium per kg 
building material was found for group liTo. 6. That this value is lower 
than for the cellars in group No. 5 is due to the fact that the con
centration of radon and radon daughters for one air change per hour 
refers to the averages of the whole house including the first floor 
level where the radon levels are lower since the ceilings do not 
contain any stone material. The radon leakage from the ground may 
alse ~~ leH8 for a ground floor dwelling than for a cellar which 
is pa . .:'ay surrounded by fillJ.ng materials and soiL 
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Discussion and Conclusionft 

The absorbed dose from the external radiation normalized to m = 1 
according to equation (1) is, as expected, found to be lower than 
the calculated value 1.5 mGy/y (150 mrad/year). For the multi-family 
houses the values were about 1.0 mGy/y and for the single-family 
houses about half that value. 

The concentration of radon and daughter products for the maximum 
concentration of radium-226 in the building material according to 
equation (1) and normalized to one air change per hour was in accord
ance with the calculations of Krisiuk et al., about 110 Bq/m3 for 
radon in equilibrium with the daughter products for the multi-family 
houses. For the single-family houses the concentration of radon in 
equilibrium with the daughter products does not differ significantly 
from the values in the multi-family houses despite the fact that the 
amounts of stony building materials were less than in the multi
family houses. For the non-cellar rooms in single-family houses built 
mainly with aerated concrete based on alum shale the values were 
lower. 

The 1975 Swedish Building Code requires ventilation rate of at least 
0.5 air changes per hour. This investigation showed that the ventila
tion rate in Swedish dwellings built in the beginning of the 1970's 
averaged about 0.5 air changes per hour. 

If equation (1) should be used to define an exemption limit for new 
houses, the humans would be exposed to a maximum of 1.0 mGy/y from 
the building material in future houses. For the exemption limit the 
average concentration of radon would be about 200 Bq/m3 air in 
equilibrium with the daughter products with the current ventilation 
requirements in Sweden. 

The c'mcentration of radium-226 in the ballast material, used for 
the manu:facture of concrete in the town Gavle, is instgnificantly 
higher than the average for Sweden (Ref 6). If a great part of the 
future buildings in Sweden were to consist of mul ti-falll'Lly houses 
built of concrete containing natural ballast material and single
family houses built on a basement slab of concrete, the country-wide 
average with existing rrJquirements for the ventilation rates, could 
be expected to be about 40 Bq 222Rn/m3 air in equilibrium with the 
daughter products. 

1 Bq/m3 0.027 pCi/l 
1 mGy/year = 100 mrad/y 
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Table 1. The concentration of radon and daughter products. The averages comprise all of the investigated dwellings with 
the exception of closed bedrooms and one dwelling where the window had been open before the measurement. 

The type Group Building Ventila- Air Radon Radon d.ayghters External radiationa ) 
of buil- No. materials ticn exchanges J3q/m3 Eq/m3 absorbed dose in 
ding in the outer system per hour I II I II gonads, mGy/y 

walls 

Multi- 1 concrete F 0~3-0~6 lowest 59 48 22 11 0;53 
family average 140 140 70 52 Oc80 
houses highest 590 780 260 310 1.20 

2 concrete+ F 0.5-0.9 lowest 37 26 13 9 0~64 
aerated concrete average 89 85 31 23 0.78 
(based on sand) highest 150 140 48 41 0.91 

3 concrete+ F 0.4-0.8 lowest 74 93 22 11 0.58 
aerated concrete average 180 160 52 44 0.80 
(bases on sand highest 440 410 150 140 2.05 . 
and on alum 
shale) 

Single- 4 faced brick F 0.4-0.7 lowest n 8 0.33 
family (sandstone) average 56 22 0.56 
houses wood construction highest 140 38 OA80 

stone wool 

5 wood and F 0.4-0.8 \-lith lowest n 4 0.17 
stone wool cellars average 200 81 0.38 
the cellar of (8) highest 370 140 0.71 
aerated concrete 
based on alum Without lowest 100 33 0.35 
shale cellars average 100 37 0.38 

(1) highest 100 41 0.42 



Table 2 
The activity concentrations in the building materials of the kind used at the time of building the houses in the 
investigation. 
1 :l3cJ.Jk.:g~ 0.027 pCi/g 

Building Density Origin 232Th 226Ra 40X III a) 
materials . Bqjkg Bqjkg J3qjkg 

Ballast l~l gravelpits lowest 67 52 700 0 .. 56 
average 56 0.61 
highest 93 56 140 0.66 

Cement all manufacturers lowest 33 22 22 0.19 
in Sweden average 56 0 .. 38 

highest 110 190 370 1 ~O 

Concrete 2·3 see note b) lowest 59 44 590 0~48 
average 52 0,55 
highest 89 67 670 0,66 

Aerated ,concrete 0.5 all manufacturers lowest 15 14 260 0.16 
based on san.a. in Sweden average 74 0~56 

highest 115 120 480 0.75 

Aerated concrete 0.5 Hallabrottet d ) 70 1300 780 4.0 
based on alum average weighted 
shale c) for the pr)ductiO~ 1900 5~5 

Falkopingd 70 2200 960 61'5 

light-weight 0.3 all manufacturers lowest 150 110 890 1.06 
aggregate in Sweden average 140 1.21 

highest 190 190 1100 1.45 

:Blocks of light no adequate 
0.76 weight aggregate sampling average 96 89 700 

:Brick (clay) 1 .. 5 no. adequate 
sampling average 130 96 930 0.94 

a) m = CTh + CRa + Cx b) Estimated from measured values for ballast material and cement assuming 
260 370 4 .. 8x163 water:cement:ballast = 6:12:82 

c) No production since 1975 d) Names of factories 

-------. 



Table 3oAbsorbed dose rate in the gonads from the exterPAI gamma radiation from 
ern eRa Ck 

the building materia.l related to m OIl 2bO + 376 + 4. 8x103 The activity concentrations 
giving m are weighted for the weights' . of the various building roa terials of the, 
dwelling. 

3 a MULTI-FAMILY HOUSES: 

Group No 

1 

2 

3 
Average 

Absorbed dose ) 
in the go:ne.dsa 

mGy/y 

0 .. 76± 0 .. 13 

0.76 :!: 0~05 
0.85 :!: op06 

m 

0.6 :!: 0.1 

0,6 :!: 0.1 

0,7 :!: O~1 

Absorbed dose in 
in the dwelling 

mGy/y 

1f27 :!: 0.30 

'I 0 27 :!: 0 t 23 

1.21 :!: 0.19 

1,25 :!: 0.24 

the gonads for m ~ 1 
the outdoor dose
subtractedb) 

roGy/y 

0.97 ± 0.30 

0.97 ± 0.23 
0.91 :!: 0.19 

0.95 :!: 0.24 

a) The average of measurements in a bed t an easy chair and at a dining table, excl o 

the contribution from the cosmic radiation, 0.3 mGy/y. 
b) An average outdoor dose rate of 0.3 mGy/y has been subtracted. The error in the 
subtracted outdoor dose is not included in the standard deviation, since the value 
used is a roughly estimated average outdoor dose rate in Sweden. 

1 m.Gy/y .. 100 mrad/y~ 

3 b SINGLE-FAMILY HOUSES: 

a·roup No 

5 
cellru:.'s 

6 
ground 
floor 

7 
ground 
floor 

Absorbed dose a) 
in the gonads 

mGy/y 

individually 
calculated because 
of various materials 
in the individual 
houses. 

m 

0.6 :!: 0,1 

Abserbed dose b) 
in the gonads for m = 1 

mGy/y 

0,62 ± 0.12 

a) The avercge of measurements in a bed, an easy chair and at a dining '!,':;!,ble excL 
the contribution from the cosmic ractiation. 0.3 mGy/y. 

b) The error in the subtracted outdoor dose is not included in the standard 
deviation. since the value used is a roughly estimated average outdoor dose rate 
in Sweden .. 

I r 

I 
I 

I , 
. 



Table 4. The concentration of radon and radon daughters calculated for 1 air 
exchange per hour and related to ~a~ CRa. The concentration of radium is 
weighted for th:9 weights of the variOU~UiJ.:ding materials in the. dwelli.ng. 

4 a. MULTI-FAMILY HOUSES: 

..... --
For mRa '" 1 

Group Rado~ Radondaughters 
No Bq/m Ilq/m3 

Radon Radondaughters 
Bq/m3 Bq/m3 

1 41 :!: 15 15 ! 6 0.2 + 0.05 - . 200 :!: 41 14 :!: 33 
2 56 .:t 15 11 ! 6 00 2 ! 0.05 280 + 100 89 ! 37 

:5 96 :!: 22 24 :!: 6 0,3 :!: 0,05 320:t 110 81 + 26 -_ .. 
Average 270 :!: 90a ) 81 :!: 33a ) 

4 b. SINGLE-FAMILY HOUSES: 

For ~ = 1 
Group Radon Radonda~hter8 Radon Radondaughters 

No. J3q/m3 BQ}m Bq/m3 Bq./m3 

4 26 + 11 11 :t 5 0~2 :t 0,05 130 :!: 66 56 :!: 29 -
The c e"lla.l's 
in No 5b) 220 :t 130 107 :t 67 0.9 .. 2,1 170 :!: 11 82 + 11 -

6 89 :!: 37 37 :!: 15 1.6 :!: 0,3 59 :!: 30 22 + 11 -
7 78 :!: 15 33 .:t 11 04 2 :!: 0,05 410 :!: 150 110 :!: 70 

a) One standard deviation without the error of the calibration constant. 

b) The doors between the cellars and the ground floor rooms were closedc 
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