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Abstract — Light-weight concrete (LWC) (or drywall construction) has been used for partition walls in public housing in Hong
Kong for about 10 years. A previous laboratory investigation showed that all types of LWC had considerably smaller Rn exhalation
rates than those from normal concrete (NC), and could thus theoretically reduce the indoor Rn concentrations and the correspond-
ing radiation dose from Rn. In the present investigation, a survey of Rn exhalation rates and indoor Rn concentrations at 39
dwelling sites built using LWC were carried out using charcoal canistersyaspbctroscopy. The mean Rn exhalation rate and

the mean Rn concentration were around 1.6 mBays? and 19 Bq.nm?, respectively, which were significantly smaller than the
corresponding values of 12 mBgtsn2 and 33 Bg.m?® for NC sites. The statistical t-test showed that both the mean Rn exhalation

rate and the mean Rn concentration for NC and LWC sites walls were different at the 100% confidence level. The Rn exhalation
rate from an LWC surface was, on average, only about 14% of that from an NC surface, while the Rn concentration in an LWC
site was, on average, about 58% of that in an NC site, which were significant. A person living at an LWC site receives an
average annual equivalent dose smaller than one living at an NC site by an amount as large as 1 mSv. Therefore, the use of
LWC for partition walls can be a simple and economical way to reduce the indoor Rn concentrations and the corresponding
radiation dose from Rn. Furthermore, the mean Rn concentration theoretically predicted from the mean Rn exhalation rate agreed
excellently with that from measurements.

INTRODUCTION concrete is obtained by introducing foam bubbles inside
the cement matrix or the sand cement grout. In Europe,
it is also called ‘gas concrete’. By varying the foam—

It is now established that the tracheobronchiadement—sand ratio, concrete densities ranging from 300
deposition of radon progeny in the human body can lead 1600 kg.m? can be obtained. No-fine concrete, as its
to lung cancers. Large-scale case—control studies @dme implies, is concrete without any fine aggregate.

indoor radon and lung cancer have been carrie#8ut By eliminating the fine particles of size less than 5 mm,

The two case—control radon studies in Chirfashowed voids are created within the cement matrix which reduce

significantly higher radon concentrations than those ithe concrete density and provide insulating properties

Hong Kond'?: the one for Sheyang in China recordedbut still retain considerable compressive strength. Light-

a median radon concentration of 85 Bgnand 20% weight aggregates employed in LWC have a wide range

above the concentration of 148 BgiP, the one for of sources which can be natural materials, processed

Gansu recorded a mean radon concentration @htural materials or synthetic substance from processed

198 Bq.m® and 64% above the concentration ofby-products or environmental wastes.

148 Bq.nm*® while the one for Hong Kong recorded a LWC finds a wide range of applications, from insu-

mean radon concentration of 27 Bqiand none above lation to structural applications. However, in Hong

the concentration of 148 Bq:1#%. Kong, it is limited to the non-structural use in non-load
Most of the buildings in Hong Kong are high rise,bearing partition walls. As LWC does not contain the

and people seldom work or live on the ground floor, serushed granite for NC, which has been found to be the

the main contribution to indoor concentrations®8Rn  main source of R#?, its Rn exhalation properties

(referred to as Rn in the rest of this paper) in Honghould be very different from that of the NC. Five types

Kong should come from the concrete used as the buildf LWC materials were used in Hong Kong, namely,

ing materials. autoclave aerated concrete (plus lime), autoclave aerated

Light-weight concrete (LWC) (or drywall cons- concrete (plus Pulverized Fuel Ash or PFA), concrete
truction) was introduced for use for partition walls inwith synthetic aggregate ‘Leca’, concrete with poly-
public housing in Hong Kong about ten years ago. LWGtyrene bean as aggregate, and concrete with wood fibre
has an air-dry density below 1850 kgifi” as com- as aggregate (plus PFA). In a previous laboratory inves-
pared to 2350 kg.n of normal concrete (NC). LWC tigation, Yu et al® showed that all these LWC had
can be classified broadly into three major groups by theonsiderably smaller Rn exhalation rates than those
method of production; they are aerated concrete, no-fifdm NC, and could thus reduce the indoor Rn concen-
concrete and light-weight aggregate concrete. Aeratechtions and the corresponding radiation dose from Rn.
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In the present investigation, the objective is to asse$ace, sealed, and stored for at least 3 h for the Rn decay
the reduction of Rn exhalation rates and indoor Rn come reach equilibrium. The Rn activities inside the canis-
centrations in realistic situations where LWC is used. Aers were again determined by counting the gamma ray
survey of Rn exhalation rates and indoor Rn concemphotons in the region containing the three characteristic
trations at 39 dwelling sites built using LWC werepeaks of the Rn progeny. For a measurement time of
carried out from August to November 1998, and thd0 min, the minimum detection limit (MDL)
results were compared with those for dwelling sites builtepresented by & of the background was around
using NC. 1 mBqg.st.m=.

METHODOLOGY RESULTS AND DISCUSSION

The standardised charcoal canisters with diameters ofThe measured Rn exhalation rates and the Rn concen-
10.16 cm and weights of 70 g, and the measurememations for the 39 dwelling sites are shown in Table 1,
system recommended by the US EPA (Environmentébgether with the building ages (A). It can be seen that
Protection Agency) and in the EERF (Eastern Envirorthere are values (bound values) of Rn exhalation rates
mental Radiation Facility) were employed for measureand Rn concentrations which are less than the respective
ment of the indoor Rn concentration. The methodologWDLs. There are no standard ways to treat these bound
was developed by Cohen and Cokéhand Georg€®. values when the mean value and the standard deviation
There are two reasons behind the use of the short-tiaee to be obtained. Here we calculated the means and
charcoal canister method instead of the long-term tradtandard deviations with two different treatments of
etching technique, namely, detailed data available fahese bound values, i.e. in method (A) taking the MDL
comparisons were also collected using the charcoahlues to be the bound values (which inevitably led to
canister method®'®), and the??°Rn concentrations re- an overestimation of the means), and in method (B)
corded for indoor environments in Hong Kong werdaking half the MDL values to be the bound values. The
high®® and 22°Rn could influence??Rn measurements mean Rn exhalation rate and the mean Rn concentration
with the track etching techniq®. The reproducibility (=1 SD) for the data for all the 39 dwelling sites
and accuracy of the detectors were checked periodicalyere 1.7+ 0.9 mBq.s*.m™2 and 20 = 11 Bqg.m?,
through comparisons of readings among the detectorespectively, using method (A), and were 146 1.0
calibrations in radon chambers and intercomparisanBqg.s*.m?2 and 18 + 13 Bq.nm?, respectively, using
programmes. method (B).

The exposed charcoal canisters were placed at leastyu et al®® measured the Rn exhalation rates from
1 m from the walls, ceiling and the floor and were awayNC walls at 32 sites in a similar period of the year
from windows and doors. The exposure time was 2 tOctober to December compared to August to Nov-
3 d. After sampling, the exposed charcoal canisters weeenber in the present study), with the building ages rang-
sealed and stored for at least 3 h for the Rn decay iog between 0.4 and 31 y. The distribution of Rn exha-
reach equilibrium, and were then measured by using thation rates with building ages is shown in Figure 1.
Nal(Tl) gamma spectrometer. The Rn concentration waghe Rn exhalation rates from surfaces of LWC walls
deduced from the total counts in the region containinmeasured in the present study are also plotted in Figure
the three characteristic peaks of the Rn progeny, and itis clear that these values are significantly lower
(295 keV and 352 ke rays from?2*Pb and 609 keV than those of NC walls. For a quantitative analysis, we
v rays from?1“Bi). The measurement time was 10 min.only concentrate on sites with ages less than 10y, since
The measurement system was calibrated using a st&tWC was introduced in public housing in Hong Kong
dard canister spiked with a known activity Ra and only about 10 y ago. From the 14 data within 10 y, the
sealed permanently. The background count in the regiomean Rn exhalation ratet(l SD) from surfaces of NC
containing the three characteristic peaks was around 3@@lls was 12+ 10 mBq.s®.m™2. The statistical t-test
cpm. For a measurement time of 10 min, the minimurthus showed that the mean Rn exhalation rate from sur-
detection limit (MDL) represented byo3of the back- faces of NC and LWC walls were different at the 100%
ground was around 11 Bgth confidence level regardless of the use of results from

The measurements of Rn exhalation from concret@ethod (A) or method (B). The Rn exhalation rate from
surfaces used the same standardised charcoal canisterd.WC surface was, on average, only about 14% of
and measuring system of a Nal(Tl) gamma spedhat from an NC surface.
trometer, the same region containing the three character-In a previous laboratory investigatig®, Yu etal
istic peaks, and the exposure and measurement duratishowed that all the five types of LWC used in Hong
Details of the method were described in Reference 1Bong had considerably smaller Rn exhalation rates than
For exposure, the charcoal canisters were sealed witiose from NC. The present results were largely consist-
silicone sealer against the surfaces of partition wallesnt with the previous findings. In the laboratory investi-
built with LWC to stop air leakage. After sampling, thegation, most of the measurements of Rn exhalation rates
exposed charcoal canisters were removed from the suvere below the MDL (around 1.3 mBgism™), and
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positive detections were obtained only from the LWGQhe present study are also plotted in Figure 2, and it is
with pulverised fuel ash (PFA) as a component of thalso clear that these values are significantly lower than
raw materials. Whether these PFA-LWC materialthose of NC sites. From the 17 data within 10 vy, the
dominate in Hong Kong remains a question for futurenean Rn concentration=1 SD) of NC sites was
studies. 33+ 12 Bqg.m=. The statistical t-test thus showed that
In a previous study®, Yu et al measured the indoor the mean Rn concentration of NC and LWC dwelling
Rn concentrations from 62 dwelling sites with NC wallssites were different at the 100% confidence level regard-
using similar charcoal canisters modified for activdess of the use of results from method (A) or method
measurements in a similar period of the year (July tB). The Rn concentration in an LWC site was, on
December compared to August to November in thaverage, about 58% of that in an NC site, which was
present study). The building ages ranged between 3 asignificant.
32 y. The distribution of Rn concentrations with build- The corresponding annual tracheobronchial (T-B)
ing ages is shown in Figure 2. The Rn concentratiorequivalent doses (mSv}) were calculated for different
from the dwelling sites with LWC walls measured incommon lung dose models, including the Jacobi—Eisfeld

Table 1. Rn exhalation rates and Rn concentrations for the 39 dwelling sites, with their average hours of natural ventilation
and building ages.

Average number of hours Age of building Rn exhalation rate Rn concentration
of natural ventilation (y) (mBg3.m™3) (Bg.nm3)
0 4 49+ 1.1 <11
0 9 <11 11+7
0 9 <11 15+ 7
0 3 25+1.0 22+ 12
0 5 14+=1.1 267
0 8 <11 30+ 6
0 10 <11 33+ 7
0 5 1311 33x7
0 5 14+=1.1 37+ 8
0 5 1.6x1.0 41+ 12
0 1.25 1.8+1.0 41+ 12
0 7 <11 59+ 10
12 5 22+11 26+ 6
15 10 <11 15+ 10
16 3 25+1.0 22+ 11
16 3 25+ 11 22+ 13
17 3 21+1.0 <10
17 10 <12 15+ 12
17 4 22+1.0 26+ 12
19 3 2.6+ 1.0 15+ 9
20 6 14+ 1.1 <8.4
20 3 1.4+ 1.0 19+ 10
21 4.5 14+ 1.0 22+ 12
22 4 45+ 1.0 15+ 10
24 8 <11 <6.4
24 10 <11 74x6.1
24 2 1.6+ 1.0 <95
24 10 <11 <9.6
24 4.5 15+1.0 <10
24 1 15+1.1 <11
24 7 <11 <11
24 2 15+1.1 <11
24 2 1.7+ 1.0 11+7
24 2 1.7+ 1.0 11+8
24 3 13+ 11 <12
24 4 25+ 1.0 19+ 11
24 2 1.9+1.0 22+9
24 10 <11 22+ 8
24 5 1111 26+ 9
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(J-E) modef®, the James—Birchall (J-B) mod¥?, the Since only the partition walls are made of LWC, and
James mod€&® and the model of National Researchfactors other than Rn exhalation could affect the indoor
Council (NRC modelf?. For the J-B and J-E models, Rn concentration, the reduction in the Rn concentration
the formulae for the conversion factors were takewas not as drastic as that in the Rn exhalation.
from Reference 22, i.e. (5:062f) and (5.3+ 15f) For calculation purposes, Yat al®® employed the
mGy.WLM™, where {, is the unattached fraction of theroom model for dwellings in Hong Kong of Reference
PAEC. For the James model, the tracheobronchial do28 to estimate the reduction in the indoor Rn concen-
(T+.s) was given in Reference 20 as tration ACg,; (Bg.n3) by using LWC asACg,; =
_ _p 1.26Ae, where Ae (mBg.s*.m™2) was the difference

Tre =Dy + (1-)Da  (MGY.WLM™) (1) between the Rn exhalation rates from NC and LWC sur-
where D, and D, are the dose conversion factorsfaces. From the present results, is ~10 mBg.s*.m=2,
for unattached and attached Rn progeny, 150 arsb ACg,; is ~13 Bq.nT® and the Rn concentration at
7 mGy.WLM™? respectively. For the NRC model, LWC sites was predicted as about 20 Bgg¢mwhich
Equation 1 is still valid. The dose conversion factors fowas in excellent agreement with the present measured
Rn progeny for an adult male under light exercise havealues of 20+ 11 Bq.n® using method (A) and
been adopted for comparison. In particular, factors cof-8 + 13 Bqg.n® using method (B).
responding to the nasal deposition according to Cheng
et al®® and corresponding to an AMD of 0.36m for
attached progeny have been used. Under such c
ditions, D, and D, are 80.9 and 7.86 mGy.WLW,

respectively. (1) A . .
S ( survey of Rn exhalation rates and indoor Rn con-
The average equilibrium factor of 0.21 and unat centrations at 39 dwelling sites built using LWC

. @) .
tached fraction of 0.18% have been employed in all the were carried out from August to November 1998

calculations. With an indoor occupancy factor of 0.8 and . ;
the tissue weighting factor of 0.06 for the T-B region, using charcoal canisters and spectroscopy. The

the dose conversion factors for the models of J-E, J-B, mean Rn exhalation rate and the mean Rn concen-
James and NRC became 0.020, 0.037, 0.072 and 0.049 ration (1 SD) for all the 39 dweliing sites were
mSv.y* per Bq.m?, which transformed to reductions in 17=0.9 mBgs.m* and 20* 11 Bq.m?

the T-B dose of 0.51, 0.28, 1.0 and 0.68 mS¥.for respectl\é_eily, Ousmg nletrl?d (g‘) Oi agalyss,sand
the observed reduction in RC efl4 Bq.nT= by using \rléireeclt" ;I L. sr'];BqﬁwS e.tll:nno d ag 01f8;n;| SBSQ-HT '
LWC. Therefore, a person living at a site with LWC as Er ?n ﬂ:V dy,t; |In?? feren (1)6 for n r)r/nl I. ncret
partition walls receives an average annual equivaleﬁ%) N% 'tﬁ a b Ieelg Ceih 0 OR a (r:]olct_e N
dose smaller than one living at a site with NC only by Eate) \(’J\fl g%e)s frggwsurfg,cese ?fe?\lnc r\:vgl)l(savsaign
an amount as large as 1 mSv when using the James /5" 14"\ 154 st m2 The statistical t-test showed
model, which is a significant value. It is concluded that that_the megﬁ ﬁn éxhalation rate from surfaces of
using LWC for partition walls can be a simple and econ-

: 0 .
omical way to reduce the indoor Rn concentrations and 'd\le%?g?e\l;g\l/CThW:E nW:Xrﬁ a?;gﬁ:]e?;tgt frlgng / ; nc?_r\]/cc
the corresponding radiation dose from Rn. )
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Figure 1. The distribution of Rn exhalation rates with age oFigure 2. The distribution of Rn concentrations with age of
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surface was, on average, only about 14% of that annual equivalent dose 1 mSv lower than one living
from an NC surface. at a site with NC when using the James model,
(3) From the data in Reference 10 for dwelling sites which is a significant value. It is concluded that
with NC walls with ages below 10 y, the mean Rn  using LWC for partition walls can be a simple and
concentration £1 SD) was 33+ 12 Bg.nm®. The economical way to reduce the indoor Rn concen-
statistical t-test showed that the mean Rn concen- trations and the corresponding radiation dose from
tration of NC and LWC dwelling sites were differ- Rn.
ent at 100% confidence level. The Rn concentratiofp) The mean Rn concentration theoretically predicted
in an LWC site was, on average, about 58% of that fr(_)m the mean Rn exhalation rate agreed excellently
in an NC site, which is significant. with that from measurements.
(4) The annual tracheobronchial equivalent doses from
Rn were calculated with different common lungACKNOWLEDGEMENT
dose models. It was found that a person living at a This research was supported by a research grant
site with LWC as partition walls receives an averag&000599 from the City University of Hong Kong.

REFERENCES
1. Blot, W. J., Xu, Z. Y., Boice, J. D. Jr, Zhao, D. Z., Stone, B. J., Sun, J., Ling, L. B. and Fraumeni, JnBodr Radon
and Lung Cancer in Chinal. Natl Cancer Inst32, 1025-1030 (1990).

2. Schoenberg, J. B., Klotz, J. B., Wilcox, G.P., Gil-del-Real, M. T., Stemhagen, A. and MasonCase}control Study of
Residential Radon and Lung Cancer among New-Jersey WaGater Res50, 6520-6524 (1990).

3. Ruosteenoja, Hndoor Radon and Risk of Lung Cancer: an Epidemiological Study in FinlBegartment of Public Health,
University of Tampere, Dissertation. (Helsinki: Finnish Government Printing Centre) (1991).

4. Pershagen, G., Liang, Z. H., Hrubec, Z., Svensson, C. and Boice, J. Resldential Radon Exposure and Lung Cancer
in Swedish WomerHealth Phys63, 179-186 (1992).

5. Pershagen, G. and 10 otheResidential Radon and Lung Cancer in SwedenEngl. J. Med.330, 159-164 (1994).

6. L&ourneau, E. G., Krewski, D., Choi, N. W., Goddard, M. J., McGregor, R. G., Zielinski, J. M. and [Zas&-control
Study of Residential Radon and Lung Cancer in Winnipeg, Manitoba, CaradaJ. Epidemiol140, 310-322 (1994).

7. Alavanja, M. C. R., Brownson, R. C., Lubin, J. H., Brown, C., Berger, C., Berger, C. and Boice, J.R2siiential Radon
Exposure and Lung Cancer among Nonsmoking WorheNatl Cancer Inst36, 1829-1837 (1994).

8. Wang, Z. Y. and 10 otherRadon Measurements in Underground Dwellings from Two Prefectures in CHewldth Phys.
70, 192-198 (1996).

9. Darby, S., Whitley, E., Silcocks, P., Thakrar, B., Green, M., Lomas, P., Miles, J., Reeves, G., Fearn, T. and Risk, R.
of Lung Cancer Associated with Residential Radon Exposure in South-West England: a Case-contrdiStiid@ancer
78, 394-405 (1998).

10. Yu, K. N., Cheung, T., Guan, Z. J., Young, E. C. M., Mui, W. N. and Wong, Y.23Rn, ?2°Rn and their Progeny
Concentrations in Residences in Hong KodgEnviron. Radioac#45, 291-308 (1999).

11. Federation Internationale de la PrecontraiRte. Manual of Light Weight Aggregate Concregnd Edition (London: Surrey
University Press) (1983).

12. Yu, K. N., Guan, Z. J., Stokes, M. J. and Young, E. C. Me Assessment of the Natural Radiation Dose to the Hong
Kong Population J. Environ. Radioactl7, 31-48 (1992).

13. Yu, K. N., Young, E. C. M., Stokes, M. J. and Lo, T. Yhe Reduction of Indoor Radon Dose by using Light-weight
Concrete in High-rise BuildingsRadiat. Prot. Dosim67, 139-141 (1996).

14. Cohen, B. L. and Cohen, E. Bheory and Practice of Radon Monitoring with Charcoal Adsorptidealth Phys45, 501—
508 (1983).

15. George, A. CPassive, Integrated Measurement of Indoor Radon using Activated Carsaith Phys46, 867—872 (1984).

16. Yu, K. N., Chan, T. F. and Young, E. C. Mhe Variation of Radon Exhalation Rates from Building Surfaces of Different
Ages Health Phys68, 716—718 (1995).

17. Nikezic, D. and Yu, K. N.The Influence of Thoron and its Progeny on Radon Measurements with CR39 Detectors in
Diffusion ChambersNucl. Instrum. Methods Phys. Res429, 175-180 (1998).

18. Jacobi, W. and Eisfeld, KDose to Tissue and Effective Dose Equivalent by Inhalation of Radon-222, Radon-220 and their
Short-lived DaughtersGSF Report S-626 (1980).

19. James, A. C., Greenhalgh, J. R. and Birchall AADosimetric Model for Tissues of the Human Respiratory Tract at Risk
from Inhaled Radon and Thoron Daughtets: Radiation Protection, A Systematic Approach to Saféty1045-1048
(Oxford: Pergamon) (1980).

20. James, A. CLung DosimetryIn: Radon and its Decay Products in Indoor Air. Eds W. W. Nazaroff and A. V. Nero (New
York: Wiley) pp. 259-309 (1988).

151



21.

22.

23.

24.

25.

K. N. YU, T. CHEUNG and S. Y. KOO

National Research Counci.omparative Dosimetry of Radon in Mines and Horfd&shington, DC: National Academic

Press) (1991).

Nuclear Energy AgencyDosimetry Aspects of Exposure to Radon and Thoron Dauglienss: OECD) (1983).

Cheng, A. Y. S., Swift, D. L., Su, Y. F. and Yeh, H. Beposition of Radon Progeny in Human Head Airwalys Proc.

DOE Technical Exchange Meeting on Assessing Indoor Radon Health Risk, 18-19 September 1989, Grand Junction, CO.
Department of Energy CONF 8909190 (Springfield, VA: NTIS) (1989).

Yu, K. N., Young, E. C. M. and Li, K. CA Survey of Radon Properties for Dwellings for Hong KoRgdiat. Prot. Dosim.

63, 55-62 (1996).

Yu, K. N. The Effects of Typical Covering Materials on the Radon Exhalation Rate from Concrete SuRadést. Prot.
Dosim. 48, 367-370 (1993).

152



