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Abstract: The increasing radiation applications in our daily life makes it essential to protect
ourselves from the harms of radiation by using alternative, cheap and natural materials. The
present study aimed to analyze the radiation shielding abilities of green and red clayey soils from
Oltu/Erzurum in Turkey, reinforced with waste tires and marble dust. For the purpose to
investigate the shielding features of the samples, radiation attenuation parameters were
determined by using EpiXS software, which can calculate partial or total cross-sections, partial
or total mass attenuation coefficients, electron densities, effective atomic numbers, and buildup
factors for energy absorption and exposure between 1keV and 1GeV. We compared the obtained
mass attenuation coefficients and total atomic cross-section values of the samples with those of
a widely used shielding material, ordinary concrete, to make a meaningful evaluation about the
shielding potentials of the samples. To validate obtained values by EpiXS, we also calculated the
mass attenuation coefficients of the samples by XCOM code, and compatible results were
obtained. Among all the studied clayey soil samples, green clay reinforced with marble dust and
waste tire has the highest shielding capability. It can also be mentioned that reinforcement with
marble dust and waste tire improves the shielding ability of the clayey soils.

Subject Classification (2020):

1. Introduction

Soil materials such as clayey soils are essential in geologic, construction, and environmental
applications. Soil performances for some purposes can be improved by reinforcing with natural
resources and types of waste based on their environment-friendly and cost-effectiveness aspects.
Marble dust (MD) and waste tire (WT) were commonly chosen for reinforcing the soil materials and
attracts the attention of researchers for different purposes [1-4]. Reusing waste materials is also
important and can make it possible to reduce environmental problems. However, these kinds of natural
and cheap materials are also significant for radiation shielding. Radiation is widely used in energy
production (nuclear reactors), space exploration, medical imaging and treatment, material
investigations, archaeology, military etc. [5]. Due to the increase of radiation applications in daily lives,

protection from the harms of radiation has become more important nowadays. It is also important to
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use alternative materials as building materials for shielding purposes. There are many studies about
these kinds of materials in the literature [6-11]. Clay is one of the eco-friendly and cost-effective
materials which can be used as a shielding material in construction and building purposes in many
nations [11]. Important knowledge about the shielding properties of the materials can be obtained by
determining radiation attenuation parameters. Radiation interaction coefficients of materials can be
calculated by widely used codes such as XCOM [12], GEANT4 [13], WinXCom [14,15], and XMuDat [16],
and recently Phy-X/PSD [17] and Py-MLBUF [18]. Among the lately reported codes, EpiXS makes it
possible to determine the radiation shielding parameters such as mass attenuation coefficient, effective
atomic number, electron density, atomic cross-section and buildup factors without knowing the density
[19]. This feature takes the program one step ahead in terms of usability. Several research is done by
using EpiXS recently [20-23].

The present study aimed to investigate the photon attenuation parameters; mass attenuation
coefficients (MAC), effective atomic number (Z.s), electron density (Nes), total atomic cross-section
(ACS) and buildup factors of green clayey (GC) and red clayey (RC) soils reinforced with WT and MD to
learn the radiation shielding potentials of the samples. In this regard, we used EpiXS code which can
perform in the energy range of 1keV-1GeV. The studied clay materials show the characteristics of the
Oltu/Erzurum region consisting of Oligocene lower upper sedimentary units, volcanic rocks and upper
sedimentary units. The lower sedimentary unit consists of silt-clay layers, conglomerate sandstone, and
gypsum-limestone band. The upper sedimentary unit has high clay content [1,24]. To the best of our
knowledge, there is no paper about the shielding potentials of the used materials in the literature. By
this investigation, the determination of radiation-matter interaction parameters of unreinforced and
reinforced (with MD and WT) clayey soils from Oltu/Erzurum region can contribute to the literature.

2. Materials and Methods

2.1. Samples

In this study, the used samples were taken from literature reported by Aygun and Yarbasi [1]. GC and
RC samples were obtained from Oltu (Erzurum) in Turkey. WT fragments were obtained from the
Erzurum industry region. Obtained shredded waste tire pieces were shaken in the sieve machine. MD
was provided from the Afyon region (Turkey) by polishing, scraping, and carving the marbles. The clay
samples were also prepared by reinforcing with 5% MD and 5% MD with 0.5% WT.

2.2. Calculation Process

The MAC, a quantity that defines the interaction possibility between incident photons and the mass per
unit area, can be calculated by the Beer-Lambert formulated as:

[ =leH (2.1)
i = % = In(lo/D)/pt = In(lo/D)/tr (2.2)

where lyand /are incidents and attenuated photon intensities, p (g/cm3) is the density of a material,
Um(cm?2/g) and p(cm~—1) are mass, and linear attenuation coefficients, £, (g/cm?) and ¢(cm) are sample
mass thickness (the mass per unit area) and the thickness, respectively.

We can write the total MAC for any compound as follows [25];

u/p = Xiwi(u/p)i (2.3)
where w; and (u/p); are the weight fraction and the MAC of the ith constituent element, respectively.
ACS (o) is defined as the sum of partial cross-sections in Eq. 2.4,
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Or = Opg + Ocon + Oincon + Opp—n + Opp—Eg (2.4)

where Opg, Gcoh, Oincoh, Opp-N, and oOpp.g are cross sections for photoelectric, coherent, incoherent, pair
production in the nuclear field, and pair production in an electron field, respectively [19].

Zefrcan be calculated by Eq. 2.5 where o.is the electronic cross-section given by Eq. 2.6 [26]. Zescan also
be determined by an interpolation given in Eq. 2.7. In this equation, o7 and o-are the elemental cross-
sections of two successive elements Z;and 2

Zeff = 070, (2.5)
fi
e = X7 (0r)i (2.6)
Zeff _ Z1(logo,—logar)+Z,(logor—Llogao;) (2.7)

logo,—logo,

Neg (elctrs/g) parameter is directly proportional to its Z.sas given in Eq. 2.8 [27],

N

Energy absorption buildup factors (EABF) or exposure buildup factors (EBF) are calculated by the given
formulas below [28,29]. G-P fitting parameters for the material can be calculated by using fitting
parameters in the ANSI/ANS 6.4.3 [30] in Eq. 2.9 Buildup factors are calculated using Eq. 2.11 or 12 by
determining A( £ x) in Eq. 2.13. The distance from the source in mfp (cm) is given as x.

_ Zy(logR;—logR)+Z,(logR—1logR,)

Zeq - logR,—1logR, (2-9)
F= F1(109Zy—109Z¢q)+F,(10gZeq—109Z4) (2.10)
- logZ,-logZ, )
B(E,x) =1+ % for K # 1 2.11)
B(E,x)=1+ (b —-1x for K =1 (2.12)
tanh(Xi—z)—tanh (-2)
K(E,x) =cx*+d £ for x < 40 mfp (2.13)

1—-tanh (-2)
3. Results and discussion

The chemical compositions of the used samples are given in Table 1 [1]. To validate the calculated values
of unreinforced and reinforced clay materials by EpiXS, MAC values of the samples were also determined
by XCOM [12], a well-known code, and a good agreement is obtained between the results.

Table 1. Chemical compositions (wt%) of the studied samples.
Samples (0} Si Al Fe Ca Mg Na K C Ti Mn )

(CERIDEASNN 51.19 | 17.26 = 7.27 4.05 9.46 3.18 2.69 3.12 1.30 0.47
e JUDEQYMES 5251 22.73 8.89 5.14 0.94 3.74 1.48 2.67 1.30 0.61

53.63 1874 813 378 446 353 333 261 132 048

5269 2049 860 574 353 305 129 268 126 068
“ 53.63  0.07 - - 3449 059 - - 957 016 - 1.49
50.10 1459 7.64 885 686 176 121 165 420 059 255

4920 2095 871 494 502 377 292 291 110 047

53.59 2000 831 460 448 304 182 203 157 055

| EBSTSET |

[ EESTETT |
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Variations of the calculated total MAC values of the samples versus photon energies (1keV-1GeV) are
shown in Fig. 1. In the low-energy range of 1-100keV, the photoelectric process is predominant and total
MAC values are directly affected by this process. It was seen that MAC values decreased sharply with
increasing energy in this region. In the mid-energy range of 100keV-5MeV, the Compton scattering
(incoherent scattering) is dominant, and MAC values slightly changed in this region. At high energies,
above 5MeV, the Pair production process (nuclear field) starts, and an increase in MAC values was
observed with increasing energy. As seen in Fig. 1, it can be noticed that the MAC values of the samples
determined by both EpiXS and XCOM are in good agreement. This agreement is also seen obviously in
Table 2 in the range of 1-200keV (above 200 keV, the values are almost the same). To make a detailed
comparison about the shielding potentials of the samples, calculated MAC values of the clays were
compared with those of other reported shielding materials and the data are given in Table 3. It can be
said that the studied samples have more shielding abilities than the other given shielding materials. GC
has lower MAC values than RC. GC reinforced with MD (GCMD) has higher MAC values than those of RC
reinforced with MD (RCMD). After adding WT to the samples, it was observed that GC reinforced with
MD and WT (GCMDWT) has higher MAC values than RC reinforced with MD and WT (RCMDWT). Among
the reinforced samples, the best shielding capability is obtained for GCMDWT.

10*

—— GC-EpiXS
—+— GC-XCOM
——RC-EpIXS

- RC-XCOM

~— GCMD-EpiXS

+— GCMD-XCOM

+— RCMD-EpiXS
RCMD-XCOM
GCMDWT-EpiXS
GCMDWT-XCOM
RCMDWT-Epixs
RCMDWT-XCOM

~— OC-EpIXS

+ OC-XCOM

+— Bashter(1997)

MAC (cm’g™)

10° 10’ 10° 10° 10° 10° 10°
Photon energy (keV)

Figure 1. The changes of obtained MAC values of GC, RC, MD, WT, GCMD, RCMD, GCMDWT, RCMDWT
and OC as a function of incident photon energies by EpiXS and XCOM.

10°
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Figure 2. The changes of obtained ACS values of GC, RC, MD, WT, GCMD, RCMD, GCMDWT, RCMDWT
and OC as a function of incident photon energies
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The changes of total atomic cross-sections versus incident photon energies are given in Fig. 2. The
sample with higher ACS values can be defined as a better shielding material. RC has higher ACS values
than GC in low, mid and high energy regions. By the addition of MD, GC show higher ACS values than RC.
After being reinforced with WT, higher ACS values are still observed for the GC sample. Among the
reinforced materials, it can be noticed that GCMDWT has more shielding ability than the others. ACS
values of the samples were also compared with those of ordinary concrete (0C), a widely used shielding

material [31]; itis observed that all the studied samples have higher protection features than OC.

Table 2. Obtained MAC values of the unreinforced and reinforced samples and ordinary concrete
determined by EpiXS and XCOM in the energy range of 1-200keV
GCMDWT
EpiXS XCOM

SV 0.142

m 0.125

The energy dependence of Z.ris given in Figs

3630
1472
1319
445.5
222.6
146.1
87.85
49.00
26.18
8.271
3.667
1.228
0.619
0.397
0.297
0.212
0.177
0.142
0.125

RC

EpiXS XCOM

3749
1439
1356
459.9
230.1
146.4
88.09
54.31
29.16
9.285
4.124
1.372
0.682
0.430
0.316
0.220
0.181
0.143
0.126

3748
1440
1358
459.9
230.2
146.5
88.09
54.34
29.17
9.276
4.118
1.370
0.680
0.429
0.315
0.220
0.181
0.143
0.126

MD

EpiXS XCOM

4402
1527
697.8
242.0
106.8
242.0
149.1
68.31
36.75
11.69
5.165
1.684
0.813
0.498
0.355
0.237
0.191
0.147
0.128

4403
1528
698.2
242.4
107.4
242.7
149.1
68.24
36.71
11.67
5.155
1.680
0.811
0.496
0.355
0.237
0.190
0.147
0.128

WT
EpiXS XCOM

4184
1553
1242
418.8
202.6
148.7
89.88
69.78
3791
12.25
5.466
1.796
0.865
0.525
0.371
0.243
0.193
0.146
0.127

4182
1554
1243
418.9
202.8
149.0
89.91
69.86
37.92
12.24
5.457
1.792
0.863
0.524
0.370
0.243
0.193
0.146
0.127

GCMD

EpiXS XCOM

3608
1465
1384
470.0
236.6
156.7
94.47
55.09
29.53
9.370
4.153
1.378
0.684
0.431
0.316
0.220
0.181
0.143
0.126

3608
1466
1386
470.0
236.8
156.9
94.46
55.11
29.53
9.360
4.147
1.375
0.682
0.430
0.316
0.220
0.181
0.143
0.126

RCMD
EpiXS XCOM

3698
1434
1335
452.1
221.0
145.6
87.64
51.08
27.36
8.679
3.852
1.287
0.645
0.411
0.305
0.215
0.179
0.142
0.126

3698
1435
1337
452.1
2211
145.8
87.63
51.10
27.36
8.670
3.847
1.285
0.643
0.410
0.304
0.215
0.179
0.142
0.126

3765
1490
1271
429.3
219.4
171.2
103.7
57.18
30.66
9.734
4.311
1.425
0.704
0.441
0.322
0.223
0.183
0.143
0.126

3765
1491
1273
429.4
219.6
171.5
103.7
57.19
30.66
9.722
4.304
1.423
0.702
0.440
0.322
0.222
0.182
0.144
0.126

RCMDWT
EpiXS XCOM

3602
1417
1409
478.7
238.7
136.7
81.95
49.76
26.63
8.446
3.751
1.256
0.632
0.404
0.301
0.214
0.178
0.142
0.125

3602
1418
1411
478.8
238.8
136.9
81.94
49.79
26.64
8.439
3.745
1.254
0.630
0.404
0.300
0.213
0.178
0.142
0.125

oC
EpiXS XCOM [31]

3407
1175
1489
509.9
234.3
155.7
93.67
43.10
22.74
7.063
3.110
1.049
0.542
0.359
0.275
0.204
0.174
0.142
0.127

23.10
7.150
3.141
1.056
0.544
0.359
0.275
0.204
0.174
0.142
0.126

22.56
7.079
3.105
1.048
0.541
0.358
0.241
0.204
0.172
0.142
0.127

. 3-4. In the low energy region, due to the photoelectric

effect, maximum Z.values were obtained. By increasing energy, these values decreased sharply. Then
the values gradually increased and remained constant in high energies. As can be seen from the figures,
Zerrvalues of RC are higher than those of GC. By reinforced with MD, GC has higher Z.svalues than RC.
The addition of WT again kept GCMDWT showing its more shielding potential than the other reinforced
materials.

Table 3. Obtained MAC values of the unreinforced and reinforced samples and other shielding materials

Pumice
[20]

@e RCMD GCMDWT RCMDWT 1% ) 12) 10[22] OC [31]

Sand [6]

26.18 29.16 36.75 3791 29.53 27.36 30.66 26.63 19.88 26.09 25.01 2340 22.74
8279 9.285 11.69 12.25 9370 8.679 9.734 8.446 6,110 8215 7.846 7.439 7.063
“ 3.672 4124 5165 5466 4153  3.852 4.311 3.751 2,685 3.635 3468 3265 3.110
m 1.229 1372 1.684 1.796 1.378  1.287 1.425 1.256 0916 1.215 1.162 1.094 1.049
0.620 0.682 0.813 0.865 0.684  0.645 0.704 0.632 0484 0.614 0591 0.560 0.542
“ 0.398 0.430 0498 0.525 0431 0411 0.441 0.404 0328 0395 0.383 0367 0.359
m 0.297 0316 0355 0371 0316 0.305 0.322 0.301 0.257 0.295 0.288 0.279  0.275
m 0.212 0.220 0.237 0.243  0.220 0.215 0.223 0.214 0.195 0.211 0.208 0.204 0.204
0.177 0.181 0.191 0.193 0.181 0.179 0.183 0.178 0.169 0.177 0.175 0.182 0.174

150 0.142 0.143 0.147 0.146 0.143  0.142 0.143 0.142 0.140 0.142 0.141 0.143 0.142
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Figure 3. The changes of Z.+ values of GC (a) RC (b) MD (c) WT (d) as a function of incident photon
energies.

Variation of Nes values versus photon energies is shown in Figs. 5-6. N is one of the most critical
parameters that represents the effective conductivity of the compound depending on the excitatory
photon energy. As seen in the figures, the variation of N.svalues versus incident photon energies is
similar to that of Z.#values. The interactions between photons and material with the photoelectric effect,
Compton scattering, and pair production processes cause changes in the number of free electrons in the
material.

EABF and EBF of the samples were calculated in 1-40 mfp depth range in the photon energy range of
0.015-15MeV. The changes of EABF and EBF versus incident photon energies were given in Figs. 7-10.
As low-energy photons are absorbed by their all energies due to the photoelectric effect, buildup factor
values are small in low photon energies. Compton scattering is the dominant effect in the mid-energy
region, so the photons are not completely disappearing; only the energy decreases in this process. As a
result, a large number of scattered photons are observed, and this causes an increase in the
accumulation of photons. Thus, EABF and EBF values reach great values at medium energies. The
dominant effect in high energy region is pair production, and this causes a strong absorption of photons.
Therefore, the buildup factors again decrease in the high energy region [32]. As seen in Figs. 7-10, in the
1-40 mfp depth region of the samples, the buildup factors increase with increasing penetration depth.
The maximum values of the buildup factors were obtained at 40 mfp.

[t was observed that the buildup factors change significantly with the change of photon energies, depth
of penetration and different chemical compositions of the samples. According to the obtained values of
EABF and EBF, it can be mentioned that the photons cluster slightly more for GC than RC before
reinforcing. By the addition of MD, RCMD has higher EABF and EBF values than GCMD. After WT
addition, the RCMDWT sample gives higher EABF and EBF values. Among all samples, the highest
buildup factors are observed for the GC sample. Therefore, it can be said that the maximum Compton
scattering effect is observed for GC.
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Figure 4. The changes of Z.+values of GCMD (a) RCMD (b) GCMDWT (c) RCMDWT (d) as a function of
incident photon energies.
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Equivalent atomic number (Z) is the parameters that correspond to the interaction between radiation
and matter. Z, is evaluated for the determination of absorbed dose, buildup factor, and energy
absorption calculation. While Z. is calculated by adding all partial photon interaction processes,
Compton scattering is the main process in determining Z.,[33]. The obtained Z.;values of the samples
are listed in Table 4. As mentioned above, for Z.g Z.;0f RC is higher than GC, while GCMD has higher Z,
values than RCMD. Z,values of RCMDWT are still lower than those of GCMDWT after WT addition.
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Figure 6. The variations of Nes values of GCMD (a) RCMD (b) GCMDWT (c¢) RCMDWT (d) versus
incident photon energies.
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Figure 7. The changes of EABF of GC (a) RC (b) MD (c) WT (d) versus incident photon energies.
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Figure 8. The changes of EABF of GCMD (a) RCMD (b) GCMDWT (c) RCMDWT (d) versus incident
photon energies.
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Figure 9. The variations of EBF of GC (a) RC (b) MD (c) WT (d) as a function of incident photon
energies.
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Figure 10. The variations of EBF of GCMD (a) RCMD (b) GCMDWT (c) RCMDWT (d) as a function of
incident photon energies.

4. Conclusions

The present paper determined the radiation-matter interaction parameters of unreinforced and
reinforced GC and RC obtained from Oltu/Erzurum in Turkey. For this purpose, we used EpiXS software
to calculate the photon attenuation parameters, MAC, ACS, Z. Neg buildup factors and Z.,. MAC values
of the studied samples were also calculated by XCOM software to validate the determined EpiXS results.
A good agreement was obtained between the values. According to the obtained results, we can conclude
that RC has more shielding features than GC. However, GCMDWT show more shielding ability than
RCMDWT among reinforced samples. This result indicates that adding MD and WT increase the
shielding feature of the GC. It is clear that the increase of Ca content in reinforced GC improves the
shielding potential of the sample. Therefore, it can be said that chemical composition is one of the factors
which affect the shielding property of the materials. Among all the studied clayey soil samples,
GCMDWT has the highest shielding capability. It can be said that the maximum Compton scattering effect
is observed for GC due to the obtained highest buildup factors. As a result of comparing MAC and ACS
values of the samples with ordinary concrete, we can conclude that all the studied samples have more
shielding potential than a widely preferred shielding material, ordinary concrete. Therefore, the studied
clayey (both unreinforced and reinforced) materials can be used as building materials for shielding
purposes in many places related to radiation.
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Table 4. Z., values of the unreinforced and reinforced samples determined by EpiXS.

Energy

(keV) GC RC M w GCM RCM GCMW RCMW
12.89694  13.37959  14.31205  14.60366  13.42975  13.08630  13.58021  12.98012
n 13.05550  13.56008  14.50558  14.83670  13.59793  13.26079  13.74937  13.15151
n 13.23567 13.75602 14.69286 15.08732 13.77945 13.44850 13.92991 13.33993
1335366  13.88703  14.81830  15.25659  13.90104  13.57192  14.05380  13.46337
13.43449  13.98435  14.91022 1537267  13.99203  13.65885  14.14408  13.54863
n 1349492  14.05589  14.98193 1546018  14.05823  13.72450  14.20851  13.61318
n 13.58402  14.15710  15.07118  15.58434  14.15203  13.82381  14.29917  13.71033

13.64202 1422010 1512996  15.66524  14.21049  13.88902  14.35745  13.77365
13.73860 1432201 1520895  15.79824  14.30425  13.99865  14.44930  13.88156
13.79929 1438330 1525712 1587674  14.36087  14.05458  14.50563  13.94790
m 13.87079 1445799 1531306 1597470  14.42956  14.12087  14.57360  14.02296
m 13.91459 1449992 1534185  16.02170  14.46838  14.16017  14.61134  14.06281
m 13.93404  14.52353 1536084  16.04983  14.48993  14.17899  14.63327  14.08116
m 13.94705  14.53786 1536967  16.06470  14.50298  14.19129  14.64596  14.09362
13.95293  14.54443 1537210  16.07471  14.50861  14.19672  14.65102  14.09938
- 13.96343  14.55146  15.37628  16.07892  14.51544 1420494  14.65731  14.10801
- 11.94591 1238245  13.10451  13.49454  12.48925  12.10903  12.59738  12.04416
m 11.44070  11.78642 1240171  12.61042  11.93270 1156173  12.02207 1151112
- 1131237  11.63247 1219695  12.37299  11.78646  11.42222  11.86702  11.37830
- 11.27695  11.59001  12.14171 1230958  11.74566 1138376  11.82390  11.34142
m 1126036  11.57239 1211927  12.28483  11.72984  11.36658  11.80725  11.32484
- 11.25366 ~ 11.56218  12.10295 1226577  11.71913 1135857  11.79549  11.31743
- 11.24021  11.54825  12.08636  12.24656  11.70645  11.34481 1178233  11.30388
- 11.23472  11.54181  12.07684 1223664  11.70026 1133895  11.77559  11.29831
- 11.22824  11.53492  12.06371  12.22419  11.69371  11.33228  11.76818  11.29210
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