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The activity level and possible radiological impacts of naturally occurring radionuclides on the health of workers and
members of the public, as a result of utilisation of blast furnace slag (BFS) samples as a substitute for aggregate in road con-
struction were investigated by using a gamma-ray spectrometer and potential exposure scenarios given in Radiation Protection
122. The mean activity concentrations of the 22°Ra, 23>Th and “’K in BFS samples were found to be 152.4, 54.9 and 183.1
Bq kg™, respectively. These values are compared with tgf ical values measured in BFS samples from the European Union
countries, which are 270, 70 and 240 Bq kg™ ' for 22°Ra, >>Th and *’K, respectively. The values of radium equivalent activity
index calculated for BFS samples were within the recommended safety limits. The highest total annual effective doses evaluated

as 0.9 and 0.4 mSv y™! for members of the public and workers, respectively, were lower than the annual limit of 1 mSv y~'.

INTRODUCTION

Turkey has been an important player in the inter-
national steel trade. Turkey produced ~32 million
tonnes (Mt) crude steel in 2011V, of which 23 Mt
was from electric arc furnaces and 9 Mt from blast
furnaces. The iron-steel industry uses raw material
such as iron ore, coal and limestone in steel produc-
tion. These raw materials contain low levels of nat-
urally occurring radioactive materials (NORMs).
However, blast furnace slag (BFS),which is a non-
metallic by-product involved in the iron and steel-
making process and forms when iron ore, coke
ash and limestone are added to the blast furnace,
includes enhanced concentrations of naturally occur-
ring radionuclides relative to the raw materials
used®. The US steel industry produces 13—15 Mt
of BFS annually, while in Europe 26.2 Mt of BFS
is produced every year®. Approximately, 300—350
kilograms of BFS is generated for each ton of steel
production®. Every year millions of tons of BFS is
normally stored in piles, dumped or deposited on
the open land around the steel factories or plants.
BFSs accumulated at iron-steel plants’ open areas
can lead to environmental and radiological problems
through its dispersal into atmosphere and its hand-
ling or disposal. Therefore, reuse or recycling of
BFS appears as a convenient alternative to dumping.
Historically, BFSs have been used as a substitute for
aggregate in road base, asphalt concrete, railroad
ballast filling in road construction in road bases, fill
and railroad ballast and cement additive. BFA piles

or ponds are considered an ionising radiation source
because BFS contains naturally occurring radionu-
clides emitting alpha particles, beta particles and
gamma rays. The radionuclide contents of these
materials may lead to the exposure of members of
the general public and workers to ionising radiation
via three pathways: firstly external exposure of
people and local workers to gamma radiation
emitted from the members of the **Ra and ***Th
series along with *°K which is in all potassium
required element for ‘life’; secondly, internal expos-
ure of the respiratory tract to alpha and beta parti-
cles due to inhalation of the radioactive inert radon
gas and its short-lived decay products; lastly, internal
exposure due to inhalation and/or ingestion of BFS
particles.

It is very important to study in detail the radio-
logical characteristics of BFSs for accurately asses-
sing the radiation exposure of the members of the
public and workers and developing standards and
guidelines for the use and management of these
materials. There have been many studies related to
the mechanical properties (strength, durability, etc.)
and radiation shielding of the building materials
containing BFS collected from some iron-steel
plants in the literature® ', However, the radio-
activity level of BFS and the radiological impacts of
the utilisation of BFSs as a substitute for aggregate
in road construction have not been reported in litera-
ture previously.

In this study, the radioactivity level of BFS was
investigated by using a gamma-ray spectrometer
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with a high-purity germanium (HPGe) detector.
Radium equivalent activity (Ra.q) index was calcu-
lated to assess the usability of BFS samples as a sub-
stitute for aggregate in road base, asphalt concrete
and railroad ballast filling in road construction from
a radiological point of view. Individual doses and
risks to members of the public and workers from po-
tential exposure scenarios (living in a house built
with building material containing BFS and near the
BFS pile/landfill for adults and outdoor storage,
transportation and road construction for workers)
given in Radiation Protection 122!3were assessed as
part of this study.

MATERIALS AND METHODS
Sample preparation

A total of 40 BFS samples were collected from slag
heaps in the Iskenderun Iron and Steel Plant
(Isdemir). Isdemir is an integrated plant with a pro-
duction capacity of 2.2 Mt/year and it is the second
largest integrated iron and steel works of Turkey. It
is located at ~17 km north of Iskenderun city. The
BFS samples were hard, dense and non-crystalline.
The BFS samples were ground into a fine powder
with a particle size of <1 mm. The BFS samples
were then dried in a temperature-controlled furnace
at 110°C for 8 h to remove moisture. After moisture
removal, these samples were cooled in a moisture-
free atmosphere. Each sample was then filled into cy-
lindrical plastic containers (¢$=5 cm, h=6 cm),
weighed and hermetically sealed. The geometrical
dimensions of the samples were kept identical to
those of the reference materials, which were used for
the efficiency calibration of the gamma spectrometry
system. The sealed samples and the reference materi-
als were stored for >30 d before counting to allow
226Ra and its short-lived decay products to reach
secular equilibrium'®.

Experimental set-up

The high-resolution gamma ray spectrometer was
used to determine the activity concentrations of
22Ra, 2*Th and “°K in the BFS samples. The spec-
trometer consisted of a coaxial p-type HPGe detect-
or (GX5020) with an relative efficiency of 50 %
relative to a 7.62 cm (diam.)x7.62 cm cylindrical
Nal(T1) detector, an energy resolution of 2.0 keV at
1332.5 keV and a peak-to-Compton ratio of 60:1.
For gamma-ray shielding, a front opening split-top
shield (Canberra Model 767) was used to reduce
the background. It features 100-mm-lead thickness,
which is jacketed by a 9.5-mm steel outer housing.
The graded liner comprises a 1-mm-thick tin layer
and a 1.5-mm-thick copper layer to prevent interfer-
ence by lead X-rays. To minimise scattered radiation

from the shield, the detector was centred in it. The
detector was interfaced to the digital spectrum ana-
lyzer (DSA-1000), which was a full-featured 16-K
channel multichannel analyzer on advanced digital
signal processing (DSP) techniques. DSA-1000 oper-
ates through the Genie-2000 gamma spectroscopy
software including tasks such as peak searching,
peak evaluation, energy/efficiency calculation and
nuclide identification.

Radioactivity analysis

The sample containers were placed on top of the
detector for counting (close geometry). The same
geometry was used to determine the peak area of
samples and references. The measurement time for
each was sufficiently long such that the uncertainty
in the counting rates was <10 % at the 95 % confi-
dence level. Prior to sample measurement, gamma-
ray background at the laboratory was determined
with an empty container under the same conditions
of sample measurements and subtracted in order to
get net counts for the sample.

The absolute efficiency calibration of the gamma
spectrometry systems was carried out using the
radionuclide-specific efficiency method in which the
efficiency values of gamma-ray lines belonging to
the specific radionuclide existing only in the refer-
ence material and sample were used. Thus, the un-
certainty in gamma-ray intensities, the influence of
coincidence summation and self-absorption effects
of the emitting gamma photons were avoided for
the close geometry conditions. The reference mate-
rials RGU-1, RGTh-1, RGK-1 and soil 375 were
employed for radionuclide-specific efficiency cali-
bration of the counting system. RGU-1 and RGTh-
1 reference materials were prepared on behalf of
the International Atomic Energy Agency (IAEA)
by the Canada Centre for Mineral and Energy
Technology by dilution of a uranium ore BL-5
(7.09 % U) and a thorium ore OKA-2 (2.89 % Th,
219 wg U per gram) with floated silica powder of
a similar grain size distribution, respectively!'”.
GK-1 is produced from high-purity (99.8 %) K,SO4
supplied by the Merck Company. The potassium
property value and its uncertainty were obtained
from reyeated measurements performed at the
IAEA"7,

The activity concentrations (4) (Bq kg™!) of the
aforementioned radionuclides were calculated from
the following equation:

N
A=E) LM M

where N is the net peak area, subtracted from back-
ground, of gamma-ray at energy E,, €(E,) is the
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absolute efficiency of gamma rays at a particular
energy, I, is the gamma-ray yield per decay, ¢ is the
counting live time mass in terms of seconds and M
is the dried sample mass in kilograms.

The activity concentrations were averaged from
gamma-ray peaks at several energies assuming
secular equilibrium in the *®U and ?**Th decay
series. Gamma-ray peaks of 351.9 keV from >'*Pb
and 609.3 keV from 2'"“Bi were used to determine
the activity concentration of 2*Ra. Gamma-ray
geaks of 911.2 keV from ?*®Ac and 583.2 keV from

8T1 were used to determine the activity concentra-
tion of 2*>Th. The activity concentration of “°K was
measured directly by its own gamma-ray peak at
1460.8 keV.

The minimum detectable activity concentrations
(MDCs) (Bqkg™') of the gamma ray measurements
were calculated as follows''®

Fc - o3

MDC = —— < _
¢ e(Ey) -Iy-1-M

(2)

where Fc is the statistical coverage factor equal to
1.64 (confidence level 95%), on,is the standard
deviation of the background in the region of inter-
est and equals the square root of the number
of counts for the background spectrum, &(E,) is the
absolute efficiency of the detector, 7, is the gamma-
ray yield per decay, ¢ is the counting live time in
seconds and M is the dried sample mass. The mean
values of MDC for 2*Ra, 2*>Th and *°K were esti-
mated to be 0.2, 0.2 and 2.1 Bq kg~ ' for BFS
samples.

The uncertainty of the activity concentration (A4)
is calculated by the following formula:

A_A:\/ANR AL Ae AM )
A Nr I, € M

where ANgr is the count rate uncertainty, A,
the emission probability uncertainty found in the
nuclear data tables, Ae the efficiency uncertainty and
AM the weighing uncertainty.

RESULTS AND DISCUSSION
Radioactivity level of the BFS samples

The activity concentrations of **Ra, 2**Th and “°K
measured in the BFS samples together with the stat-
istical uncertainty (lo) are given in Table 1. As can
be seen from Table 1, there is a wide range of the
measured concentrations of NORM in the various
samples of BFS. It appears that most of the NORM
came from the coke slag. The activity concentrations

of 2*°Ra, **Th and *°K in the BFS samples exam-
ined ranged from 8.0 to 310.1 Bq kg~ ! with a mean
of 152.4+10.8 Bq kg, 3.0-330.0 Bq kg~ ! with a
mean of 54.9+13.1 Bq kg™ ! and 18.1-385.6 Bq
kg~ ! with a mean of 183.1+12.2 Bq kg™, respect-
ively. The mean values are given with standard error.
The typical values measured in the BFS samples
from the European Union gEU) countries are 270,
70 and 240 Bq kg~ ' for *?°Ra, ***Th and *“’K, re-
spectively'™®. Tt can be seen that the mean activity
concentrations of **Ra, ***Th and *“°K in the BFS
samples are lower than the corresponding typical
values of EU.

Radium equivalent activity index

Radium equivalent (Raeq) activity index has been
used to compare the activity concentrations of mate-
rials contalnlng different amounts of *?°Ra, 2**Th
and “°K and assess the radiation hazards dssomated
with these radionuclides. This activity index is
defined on the bas1s of the fact that 10 Bq kg~ ! of
226Ra, 7 Bq kg~ ! of 2*2Th and 130 Bq kg™~ ! of “°K
produce the same gamma dose rate and calculated
from the following equation®

10 10
Raeq:ARa 7 ATh +— 130 AK (4)

where Ar,, ATh and Ay are the activity concentra-
tions (Bq kg™ ') of #?°Ra, 2*2Th and “°K, respectively.
The recommended limits of the Ra.q index for earth-
work applications are as follows: Ra., must be
<2220 Bq kg™! for highway, road, railway and
bridge constructions (roadbeds, road pavement,
road stabilization, etc.) and <3700 Bq kg~ for util-
isation in foundation of non-residential buildings
(structural fill, landfill, embankments, etc.)(zo). The
values of the calculated Ra.q activity index for the
BFS samples examined are shown in the last column
of Table 1. It can be easily seen from Table 1 that
the values of the Raq activity index are significantly
lower than the recommended limits of 2220 and
3700 for Bq kg ™!

Annual effective doses

The total annual effective doses (Hyo1) received by
members of the general public and workers were esti-
mated using methods recommended in Radiation
Protection 122>, In general, the total annual effect-
ive dose is determined by means of the following
equation:

Htotal = Hext + Hinh + Hing (5)

where Hoy, Hmh and Hj,, are the annual effective
doses (in wSv y ') due to external gamma radiation,
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Table 1. The values of the activity concentrations of ***Ra, *>Th and “°K measured in the Turkish BFS samples and the
radium equivalent activity (Ra.y) index.

Sample Activity concentration (Bq kg™ ') Ra.q (Bq kg™h
26R., 2327 a0

BFS1 198.4+5.4 13.9+3.1 145.1+6.4 229.4
BFS2 159.3+4.5 154+25 199.74+6.9 196.7
BFS3 143.4+4.2 12.1+2.4 171.4+£5.9 173.8
BFS4 124.4+4.4 102458 142.74+7.2 149.9
BFS5 107.5+3.8 3.8+1.7 109.0 +£5.1 121.4
BFS6 139.3+4.6 3.0+1.9 102.24+5.7 151.5
BFS7 151.2+4.9 6.9+4.7 206.4+7.9 177.0
BFS8 158.4+4.7 9.6+3.5 186.2+7.1 186.4
BFS9 1742452 9.1+4.6 189.1+8.3 201.8
BFS10 136.4+4.7 51419 104.6 + 6.6 151.7
BFSI11 80.8 +3.5 47420 43.6+3.9 90.9
BFSI12 150.0 +4.7 7.6+3.4 148.7+7.1 172.4
BFS13 172.4+4.9 9.0+24 173.0+6.9 198.5
BFS14 199.8+5.4 155+3.2 276.3+8.2 243.2
BFSI15 221.1+£5.8 83+32 201.9+7.4 248.5
BFS16 184.9+5.5 7.1+3.6 2159+9.6 211.7
BFS17 98.4+4.0 59+1.2 82.2+5.7 113.1
BFS18 1129+4.4 75+14 105.0+6.8 131.7
BFS19 2202+7.1 5.6+4.9 2447+ 11.2 247.0
BFS20 130.3+4.6 42412 141.9+7.2 147.1
BFS21 49.1+3.6 3.8+0.4 249 +3.1 56.4
BFS22 310.1+10.3 175.4+20.5 385.6+18.9 590.4
BFS23 270.0 £ 8.0 76.6 +£5.6 2744 +11.8 400.5
BFS24 179.3+7.3 330.0+ 154 251.5+13.8 670.1
BFS25 276.3+9.4 83.5+75 2809 +15.2 417.3
BFS26 187.3+7.5 227.1+12.1 290.1+15.2 534.1
BFS27 177.7+6.8 208.3+11.1 266.7+13.5 495.9
BFS28 183.5+5.9 193.3+8.9 217.7+9.4 476.3
BFS29 193.7+7.2 180.3+10.0 270.5+13.3 472.1
BFS30 1724459 235.8+10.6 252.7+10.7 528.7
BFS31 8.0+1.1 6.5+1.8 18.1+1.9 18.7
BFS32 181.6+5.0 53.8+4.5 188.7+7.3 273.0
BFS33 181.1+5.0 50.6 +4.2 216.3+7.7 270.0
BFS34 180.1 +4.2 52.6+3.4 208.2+5.0 271.3
BFS35 115.7+4.4 29.8+7.0 138.5+8.5 169.0
BFS36 155+1.9 12+34 153.34+6.7 439
BFS37 181.6+4.2 55+3.5 203.8 +4.9 275.4
BFS38 134.8+2.9 36+2.1 200.2+3.1 201.8
BFS39 20.0+2.1 11+£3.0 155.0+5.6 477
BFS40 137423 10+0.7 137.0+6.7 38.7
Mean + SE 152.4+10.8 54.9+13.1 183.1 +12.2 244.9+25.8

inhalation and ingestion exposure and calculated
using the following equations:

Hext =1l fd : (DextRa : ARa + DextTh . ATh

+ DextK : AK) (6)
Hinh =l ‘fd . Br . Cdust(DinhRa . ARa
+ Dinnth X Ath + Dinnk - Ax) (7)

Hing =l 'fd . Ring(DingRa . ARa + DingTh . ATh
+ DingK . AK) (8)

where Deleaa DextTh and DextK; DinhRay DinhTh and
Dinnk and Dingra, Dingtn and Dinex are the dose
coefficients (in wSv h™! per Bq kg !) for external
gamma radiation, inhalation and in§estion exposure
for 2*°Ra series, >’Th series and “°K, respectively;
ARra, Ath and Ay are the activity concentrations (in
Bq kg 1) of #°Ra, ***Th and *°K measured in BFS
samples, respectively; 7. is the exposure time (h y~');

fa is the dilution factor; B, is the breathing rate

(m* h™1); Cyuy is the dust concentrations (kg m ™)
and Ri,, is the ingestion rate (kg h").
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Table 2. Parameters (exposure time, dilution factor, breathing rate, dust concentration, ingestion rate and dose coefficient)
and exposure pathways in each scenario for members of the public (adults).

Parameters Scenario for members of the public
Residence in a house Staying in a garden Living in a house
(indoors, pile-25 m) (outdoor, pile-20 m) built with building
material containing BFS
Exposure pathways Exposure pathways Exposure pathways
External Inhalation Ingestion External Inhalation Ingestion External Inhalation Ingestion
te(hy™ 6000 6000 6000 1000 1000 1000 7000 — —
4 1 1 1 1 1 1 0.3 — —
B, (m>h™!) 0.93 0.93 — —
Caust (kg m™3) 2x1078 5%1078 — —
ng (kgh™h 5%107¢ 5%107¢ —
4.43%107% 9.53 0.28 5.37x107° 9.53 0.28 5.55x107* — —
(|.LSV h™! Bq k%
mh (HSV Bq
dnd
lﬂ Sv Bq )
for E #
Dexe (|.LSV hl/ 8.85x107° 84.6 1.06 8.19x107° 84.6 1.06 8.18x107% — —
Bq kg™,
lnh (H‘SV Bq )
and
e (WSV BqTh
for ZM
Doy 490x1077 0 0 495%107° 0 0 5.13x107° — —
(pLSV h™! Bq k% !
mh (P«SV Bq
and

Dy (SvBq ™)
%‘OK

Exposure of members of the public

The scenario given in Radiation Protection 122 was
considered a possible significant exposure route for
an adult person to assess the radiological impact of
the iron-steel plant on members of the public. This
scenario includes three exposure situations: (i) living
in a house built with building material containing
BFS; (ii) living in a house located at a distance of 25
m from the edge of the pile/landfill and (iii) staying
in the garden at a distance of 20 m from the edge of
the pile/landfill belonging to the house. The annual
effective doses of each exposure situation were esti-
mated using the exposure pathways and parameters
given in Table 2.

Exposure of workers

The annual effective doses received by workers
handling BFSs were estimated using the storage
scenario, the transport scenario and the road con-
struction scenario given in Radiation Protection

122" The storage scenario describes the storage
of the BFSs in large quantities outdoors. In the
transport scenario, a truck driver transports the
BFSs from the iron-steel plant to its destination,
which can be a landfill, a road construction site or a
mill where the material is processed for the prepar-
ation of concrete or other building material. The
road construction scenario contains the recycling of
BFSs as a substitute for aggregate in road base,
asphalt concrete and railroad ballast filling. The
annual effective doses in each scenario were calcu-
lated using exposure pathways and parameters given
in Table 3.

The values of the annual effective doses of the
total (Hioa1), external gamma radiation (H.y), in-
halation (Hj,,) and ingestion (Hi,g) estimated for
members of the public and workers using the para-
meters shown in Tables 2 and 3 and Equations
(5)—(8) are given in Tables 4 and 5, respectively.
From Tables 4 and 5, the highest total annual effect-
ive dose (892 pSv y ') estimated for the members of
the public is about two times higher than the highest

Page 5 of 7

2102 ‘sz Alnc uo 138nb Aq /Bio'sfeulnolpioixo-pdiy//:dny wouy papeojumoq


http://rpd.oxfordjournals.org/

E A. UGUR ET AL.

Table 3. Parameters (exposure time, dilution factor, breathing rate, dust concentration, ingestion rate and dose coefficient)
and exposure pathways in each scenario for workers.

Parameters Scenarios for workers
Outdoor storage (large Transport (long distances) Road construction
quantities) exposure pathways exposure pathways (earthwork application)

exposure pathways

External Inhalation Ingestion External Inhalation Ingestion External Inhalation Ingestion

te(hy™ 1800 1800 1800 850 100 100 1800 1800 1800
y 1 1 1 1 1 1 1
B, (m*h™h) 1.2 1.2 1.2
cdusl (kg m 3 2x1077 1x10°° 1x10°°
mg (kgh™ 1x107° 1x107° 1x107°
Doyt 3.14x107° 2.23 0.28 7.61x107° 2.23 0.28 3.01x107% 2.23 0.28
(MSV h™! Bq k%f‘)
mh (P«SV Bq
dnd
ing (1SV Bq ™)
for% gL
Doyt 4.77x107° 48.2 1.06 1.18x 107 48.2 1.06 459%x107* 48.2 1.06
(pLSV h™ Bq k%
mh (HSV Bq
and Dlng (nSv Bq b}
for >**Th
Dey 2.86x107¢ 0 0 7.61x107¢ 0 0 2.89x107° 0 0
(}.LSV h™' Bq kg
mh (MSV Bq
and

Ding 15V Ba ™)
for

Table 4. The values of the annual effective dose of the total (H;y)), external gamma radiation (H,), inhalation (H,,) and
ingestion (H;,,) estimated for members of public (adults).

For members of the public

Residence in a house built Residence in a house Staying in a garden Hoa
with building material (Indoor, pile-25 m) (Outdoor, pile-20 m)
containing BFS
chl Hinh Hing cht Hinh Hing cht Hinh Hing
Min 22.4 — — 0.6 0.1 0.3 1.0 0.3 0.05 24.8
Max 801.1 — — 23.0 3.3 12.0 36.7 13.8 2.0 891.9
Mean 290.0 — — 7.5 0.7 3.0 12.7 2.8 0.5 317.2

Table 5. The values of the annual effective dose of the total (H;o)), external gamma radiation (H.), inhalation (Hj,,) and
ingestion (H;,,) estimated for workers.

For workers

Outdoor storage (large quantities) Transport (long distances) Road construction

chl Hinh Hing Htolal cht Hinh Hing Htolal cht I-Iinh Hing Htolal

Min 1.1 0.1 0.2 1.4 1.3 0.03 0.01 1.3 10.7 0.1 0.03 11.6
Max 39.8 7.0 7.2 54.4 46.3 2.0 0.4 48.7 382.9 25.6 5.4 387.1
Mean 14.3 1.3 1.8 17.4 16.5 0.4 0.1 17.0 137.4 3.0 0.8 141.2
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total annual effective dose (387 wSv y~ ') estimated
for the workers.

CONCLUSION

The handling and disposal of BFSs may give rise to
human health and environmental hazards because
BFSs contain radiotoxic and heavy metals. For this
reason, the reuse or recycling of BFS in building
construction and road construction can bring eco-
nomic and environmental advantages such as in-
creasing the life of concrete roads and structures by
improving the durability of concrete, the exploitation
of non-expensive by-products in civil engineering
and the reduction in the amount of BFS. The results
of this study indicate that the utilisation of the
examined BFS samples in the construction of roads,
streets, roadbeds and road pavements and also land-
fill, landscaping and embankments is unlikely to
pose any significant adverse health impacts, accord-
ing to the cited national and international legislation
and guidance used for comparison.
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