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ABSTRACT

This study emphasizes using barite mine wastegggeegate material in blended mortar as an improgzanma-ray
shielding structure in nuclear applications. Mortanixtures made of white cement were prepared wétious
percentages of waste ranging from 0-30% as paréalacement of sand. Evaluation of density, flekarad compressive
strength, and gamma-ray shielding were conductée.ificrease in the percent of the barite wasteseggjes affects the
gamma-ray attenuation coefficients. The resultsfied that the mine waste is appropriate as pdrsiabstitute to enhance

gamma-ray shielding, ensures sustainability of rattesources and reduces the mortar and concrestsc
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INTRODUCTION

The increase in the use of natural resources asgaigs has contributed to increasing energy denmatidtion, toxicity
of water, intensify climate change and depletingsth materials causing critical shortages. The ahgrmate at which
materials are extracted has already a signifiaapact on the environment, human health and biosiiyerThus, finding
an alternative to compensate this irrational exiwmacof raw materials becomes an important subjeetycling sector,
which today accounts for one-tenth of the mininggaes weight of GDP (Gross Domestic Product) xiseeted to become
more competitive and expand, but will continue ¢éorbuch less massive than raw material extractieceRt studies have
shown the possibility of using various waste matsras alternatives of fine and coarse aggregate®itar and concrete

admixtures. This is to limit the increased use atunal aggregates and consequently save raw matand environment
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[1-8]. In North-east of Tunisia, the abandoned noh&Hammam Jedidi” (since 1992) located in Zaghodéstrict [9] has
generated a huge amounts of tailing materials, kvb@unts about 2.35 Mt [10]. As described in litara [11, 12], these
deposits correspond to a F-(Ba-Pb-Zn) mineraliraigsociated with Jurassic lime stone; some heawmgrals such
barite, Celestine, sphalerite, fluorite and galemight be found as residues in the wastes’ dumps 3D After ceasing
mining activity, the huge dump of wastes poses fdrimpacts on ecosystem by leaching heavy mindrdts soil and
groundwater. From there, it comes the idea of tremycling in order to contribute to ecosystem bedaon the one hand
and save raw materials on the other hand. Sinastodlarite mine wastes admit physical specificatsimilar to natural
sand (color, particle size, density, etc.), theghhibe used as partial replacement of fine andseocaggregates in mortar
and concrete admixtures specially knowing that thagt not been extensively mentioned as fine agtgsda previous
studies, in Tunisia at least. The use of baritshaslding material in the concrete goes back toetdudy 1950s [14, 15].
Furthermore, the presence of heavy minerals (l#ad, magnetite, etc.) in these materials can nthken effective in
shielding ionizing radiation when incorporated imtortar mixture [1, 16-25]. Previous conducted aeskes [19, 20, 26-
28] have mentioned that incorporation of heavy malseas heavy aggregates in mortar and concretlea@n seems
effective and useful in gamma radiation attenuatéwen with minimal amounts. Moreover, several sadhave
demonstrated that the use of barite as aggregadtsand substitute, with an optimum content, haabigtincreased the
linear attenuation coefficient [1, 16, 29-32]. Qtlseudies have shown that the inclusion of bariwid® in barium borate
glasses results in enhanced shielding propertigmstggamma-rays and fast neutrons [33], and tairicrease in barium
oxide increases the mass attenuation coefficieditraduces the half-value layer (HVL). Water to catmatio (w/c) and
compressive strength did not have any expressifextefon gamma-ray linear attenuation coefficiemilev material
density has a relevant influence [17, 22, 32, Bdfthermore, the study performed by Akkurt, efa6] showed that the
linear attenuation coefficienty) increases with the increasing materials’ densiyntrary to the mass attenuation
coefficients [1 /p), which is kept constant. The experimental restibplayed in most of the previous studies showed t
the change in barite rate affects concrete’s physind mechanical properties; some results sholhatdcbmpressive and
tensile strength decrease with the increase inebadntent [35, 36]. However, results found by aeskers reveal that

increasing barite rate improves and enhances tiehanécal properties of mortar [1, 34, 37].

The present study sheds light on the effect of imo@ting Tunisian celestobarite wastes of Hammaudidi
abandoned mine (North-Eastern Tunisia) on the adon of gamma-rays and the mechanical strengthastar blended
with the same mine waste. A comparison betweerexperimental results for normal concrete and tlidtanite tailing
mortars was conducted. The relation between phatigmuation coefficients and materials bulk densiag elucidated to

evaluate the radiation shielding.
MATERIALS

Cement and Aggregate

The materials used in this study are:

e Ordinary Portland Cement CEM | 52.5 Nas classifigdstandard EN 197-1and NT 47.01-1, supplied from
SOTACIB cement plant for white cement, Feriana-l€ais®, Tunisia (Central west of Tunisia) [38, 38k
chemical composition is shown in Table 1. Tableh®dws the mineral content of Hammam Djedidi waste

samples.

Impact Factor (JCC): 5.1484 NAAS Rai2.07
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e Standard sand CEN, EN 196-1 provided from SNL (&écNouvelle du Littoral) packaged in plastic bdgsed
of 1350 +5g with a specific grain size in accordamadth EN 933-2 [40, 41].

*  Fresh water.

Table 1(a): Average Chemical Composition of Cemergnd Hammam Djedidi Waste
LOI Na,O MgO Al 203 S|02 P205 SO3 K,0

CEM1 A/L 3.18 - 0.2 3.59 22.47 - 2.18 0.5
Waste 7.13 1.09 0.08 0.40 16.36  0.22  24/82 007

Table 1(b): Average Chemical Composition of Cemerdand Hammam Djedidi Waste

CaO | TiO, | MnO | Fe03 | BaO | SrO | ZnO | Pb F Cl

CEM1 A/L | 67.71| 0.06 - 0.21 - - - 0.08
Waste 13.60 - 0.07 1.02 2176 9.4 1j76 (.85 1.0D00a

Table 2: Mineral Content of Hammam Djedidi Waste Sanples

Mineral Amount %
Calcite 18.3
Barite 34.0
Quartz 21.1
Celestine 13.2
Fluorite 5.40
Sphalerite 2.10
Siderite 3.70

Amorphous phase 1.30

Celestobarite Mine Waste

Celestobarite mine wastes were sourced from the ldugnp of Hammam Jedidi abandoned mine (Fig. 1(f, Bhe
sampling was carried out by grooving the surfacthefpack. Specimens were taken from the top, migkth and the base
of the dump (Fig. 1(C, D)). All samples were drigdixed, weighed and quartering in order to obtapresentative
samples. A full analysis of a mean sample takemmfrihree representative samples was carried outughroa
granulometric, mineralogical and chemical analy3ise grains distribution was performed using arlgsaticle sizer
Analysette 22/NanoTec made by FRITSCH GmbH (Germa@hemical composition was carried out by X-ray
fluorescence, the device used for X-ray spectrost®p PANanalytical, B.V.Netherlands, Axios 2.4 KW&ing SUPER Q
4.0M software. For mineralogical characterizatimeasurements were performed on an X-ray powdearadifflevice: D8
Advance (Bruker AXS, Karlsruhe, Germany, Cu K-ray source, measurements recorded between 3Gha) at room
temperature. Evaluation of the different minerahpositions was calculated based on data obtainetRy and Rietveld
refinement, using Diffract plus EVA software V.88d JCPDS PDF-2 database (JCPDS, 2003) for phésenifgation
and Topas 4.0 (Bruker AXS, Karlsruhe, Germany)jaantitative XRD (Rietveld refinement). The conteftnain oxides
of waste sample was determined by X-ray fluoreseemith automated sample feed. The device used foayX
spectroscopy is a PANanalytical, B.V.Netherlandgjo8 2.4 KW using SUPER Q 4.0M software. This deyiwith
automated sample feed, allows a non-destructivlysinaf chemical composition in seconds expressedxides in wt.%.
The beads were prepared by fusing mixtures of @.66powdered sample with 8.25 g of di- lithiunrédtorate (LiB4O-)
with 1:5 as sample to flux ratio. The main objegetoonsists in the re-use and the management o thaste materials by
incorporating them in mortar mixture as sand stitstiin order to evaluate their effect on the atgion of gamma-rays
and the mechanical strength.

www.iaset.us ed@iaset.us
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Figure 1. Hammam Djedidi Mine Waste Localization (ONM Modified) (A,B) and
Channel Sampling (C,D).

METHODS

The procedure for mixing heavyweight concrete milsir to that for conventional concrete. Mortar tnbes made with
natural standard sand (EN 196-1) were replacecemstmbarite mine waste (CBMW) in different propans (5, 10, 15,
20, 25 and 30%) by weight of standard sand as shiowiable 3. Sample M3 was damaged and thus itgtseare

irrelevant, however, kept in the record as few galmay be considered.

Table 3: Mixture Proportion and Densities of Confetioned Mortars

_ Density| Substitution Mortar Ingredients Remarks
Mixes (g/cm3) i CementWater © Standard Sand Waste
() I % g % g
M, 2.32 (Blanwg)g)ference) 450 225 100 1350 0 0 Bare: No Substitutipn
M, 2.20 5% 450 225 95 1282p5 & 67.5
M3 2.67 10% 450 225 9( 1215 10 131 Sample Damaged
My 2,26 15% 450 225 85 11475 15 202
Ms 2.36 20% 450 225 8( 1080 2D 27(
Mg 2.37 25% 450 225 7% 10125 25 337/5
M- 2.38 30% 450 225 7( 945 3D 404

Mortar samples were prepared according to the Cetashmethod EN 196 1. Prismatic specimens 40x@@x1
mm in size were processed to measure compressemgtt at the curing ages of 2 and 28 days. Spesimmlding was
carried out with water to cement (w/c) ratio of lr@d kept constant for all specimens. After moldisigecimens were
stored in humid climate for 24 hours then storethersed under water after de-molding until stretgsting. The test was
carried out using a 2000 kN compression testinghinecand a loading rate of 0.6 MPa/s. A set of éhpeismatic
specimens confectioned in a three-gang mold reptiegethe curing time were used to set the compresand flexural
strength for each waste ratio. The measured deosityortars displayed in Table 3 was performed gisirpycnometer.
Gamma attenuation experiments were carried outtfira standard 5 uCi radiation sources; one Baf@356 MeV),
one Cs-137 (0.662 MeV), and three Co-60 (1.1731aB83 MeV), and they were piled to each other tanfan assembled

Impact Factor (JCC): 5.1484 NAAS Rai2.07
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multi-photon energy source. Three Co-60 sources wtacked to produce a clearer and more definectrape of the
1.173 and 1.333 MeV photon peaks. The experimesgtalp, as described in Gallalla, et al. [1], use2>@” sodium
iodide (Nal) detector with built-in photomultiplieube (PMT) with high voltage and electronics. Sagrwere placed 60
cm from the detector, and the total source heigigt &6 cm. The mortar sample was placed on a heddkr away from
the detector to eliminate buildup. Fig. 2 illusesthe source placement and the experimental &mtgamma attenuation
measurements [1]. The experimental set up hashalirs and the picture in the figure is with colliors removed to
show the interior details. The source was collimateside a lead cylinder. The detector was pladed distance that
avoids buildup. All measurements were taken witltkbeound corrected. Background is first measured ah
measurements have the backgrounds subtracted.rlandanass attenuation coefficients and half-vidyer (HVL) were
determined for the tested samples [1, 42]. MicreBfii version 9.05 package was used to calculate theles and

compare them to experimental data [43].

44 cm

] collimators
le+—

Co-60 (yellow)
B — S )
Figure 2: Experimental Setup for Gamma-Ray Attenuaton Measurement (Picture taken
with Collimation Removed.

RESULTS AND DISCUSSIONS

Waste Characterization

The mineral characterization of celestobarite wastmple using Rietveld refinement shows that bgB#&9), quartz
(22%), calcite (18%) and celestine (13%) are thénmanstituents of Hammam Djedidi waste materidlable 3). The
XRD diffractogram in Fig. 3 shows that the higheinsities correspond to calcite; quartz and baritronsan sulfate

reflections and the low intensities correspondatega and fluorite reflections.

www.iaset.us ed@iaset.us
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Figure 3: XRD Pattern of Hammam Djedidi Mine Waste

These results armatching with the chemical composition given in [Ealh, showing a high concentration
barium and silicon oxide reaching 2 and 16%, respectively, with a strontium oxide camiion of about 1%; and the
composition given through the observation clished thin section by polarized optical microsc¢B®M) showing barite
fluorite, galena and quartz crystals (Fi)). The presence of heavy metals in relative high cotnagons such as F

(0.85%) and Zn (1.76%) make these waste materéaardous ar harmful to both human and environmi

Figure 4: Optical Images of Waste Sample Under PlanPolarized Light (a) and Cross Polarlze(
Light (b) (Ba: barite, F: fluorite, Gl: galena, Qz: quartz) [1].

Physical test data revealed a density of about g/cn?; thus, celestobarite mine waste could be clasksiis
heavy weight aggregates as mentioned by Akkur).dglL8]. Consequently, concrete using these wasdesggregates
called heavy or intermediate concrete. Concretembaspecific gravitiethigher than 2600 kg/® are called heavy-weight
concrete and aggregates with specific gravitieshidighan 3000 kg/® are called heawweight aggregates. Thus, the
concrete where barite used as an aggregate indherate is one of the most approximatheavy or intermediate
concrete. Granulometric analysis of waste samptqa in Fig. 5 shows that the majority of particheave a size betwe
800um and 1um. This indicates it is a fine material highly radkwith dominance of fine particle®€1mm) ieferring to
the most commonly used graphic measure, the medasgd on taking the diameter that has half thngi@y weight)
finer, and half coarsevhich is found by the intercept of the 50 percenfd® 50) with the cumulative curve [4.

Impact Factor (JCC): 5.1484 NAAS Rating 2.07
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Figure 5: Particle Size of Hammam Djedidi Waste Sampl

Density

The measured density of hardened mortars is shovable 3 alon with mixture proportions of each confectioned mo
specimen. As shown in the table, it is evident gcimens’ densities  approximately similar with a slight variatic
from a sample to another. This might be explaingthie fact that sand substitution was based ot iedss and not grai
size distribution since the used cement (CEMI 3®)5has a specific gravity about 3 g/cn® (Sotacib internal reports).
Only the sample CBMW_1(3$2.67) could be considered as he-weight mortar according to EN TSz-1 and UNE-EN
[45], which classifies concrete greater than 268r° as heavy-weight concrete.

Compressive Strength

Fig. 6 shows the compressive strength obtained for 28 dagsis displayed as a function of waste rate éntthrdene:
mortar. It is clear that the compressive strength $ignificantly increased with the increasing stelbarite ratio, reacng
59.8 MPa corrgmonding to 25% compared to 55.8 MPa for only 5%anrfid substitution and compared to the refer
sample. A slight decrease is noticed when the gubish exceeds 25%. The same behavior is obseat/@ddays test. Thi
might be related to the significaimcrease in the free water remaining than requinethe mix for cement hydration [4¢
The presence of free water with high waste ratithenmixes affects particles arrangement indudnegcreation of pore
in the hardened mortar, which automatiy leads to strength drop. Furthermore, compressikength decline can

justified by the powerless association of bariteerals, due to angular shape of the grains, cordparthe standard sai

m 28 Days M® 2 Days

70.0
60.0

50.0
40.0
300
200
10.0
0.0 M1 M2 M3 M4 MS M6 M7

Sample Mixture Identity
Figure 6: Compressive Strength of Hardened Mortarswith Increasing Waste Ratios

Compressive Strength (MPa)
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Flexural Strength

The bending flexural strength consists in carrymg flexural efforts in three or four points to geate the bending
flexural test within the specimen, as specifiedhi@ NF EN 12390-5 standard [47]. For that, a prismtast-tube of dd,

section and “L” range is used. The specimen tolheeg within the apparatus so that the flatter daare in contact with
the rollers. The loading speed must be constanbatwieens = 0.04 and 0.06 MPa/s. The flexural strength isioled as

following in the case of a 3-point bending:

3, FL
o==
2 'd,d?

) (1)

WhereF is the applied load in N arld d;andd, in mm ands in MPa. Results of the flexural test at 2 and agsd
are displayed in Fig. 7. As shown, the flexuraksgth values increase with increased substitutidio rand a slight
decrease is observed when the replacement rateedgc25%. These results are matching with thossowipressive

strength (same behavior) indicating a close ratatiip between the two parameters.

12

2 Drays W28 Days |

i

Sample mixture identity

Figure 7: Flexural Strength of Hardened Mortars with Increasing Waste Ratios.

Flexural strength (MPa)
B o (-]

L

Leaching Test

Leaching test was examined for potentially toxiahemetals: Hg, Cr, Zn, Cd, Pb and Cu using ICPcBpscopy. The
results are presented in Table 4 in which the nredsealues fall below the limits of the standarfisese heavy metals are
highly retained in the cement phases due to thaiatk pH, which inhibit leaching [3] and calcinatiand hydration [48].
As a result, the celestobarite mine waste can bd as secondary raw material reducing the expimitaif conventional

natural resources.

Table 4: Results of Leaching Test (mg/Kg)

Cd | Cr | Cu | Hg | Pb | Zn
Mortar -0.0770.678| 0.336] 0.017/ 0.106/| 0.128
Inert Waste
(2003/33/EC) 0.04| 4| 2| 005 05 4
Non-Hazardous Waste
(2003/33/EC) 1 50 | 50 | 0.2| 10| 50

Impact Factor (JCC): 5.1484 NAAS Rai2.07
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Attenuation Coefficients, HVL and MFP

The linear (1) and mass f)/attenuatiorcoefficients of the studied mortar specimamese measured at photon energie
0.356 (Ba-133), 0.662 (Ck37), 1.173 and 1.333 (-60) MeV using the setup previously illustrated iig.R2. Results
reveal that the linear and mass attenuation céeffisof SOTACIB’s mortar samples tend to decrease wittrdasing
photon energy. The attenuation decreases signifjcicom 0.356 MeV to 0.662 MeV photon energy tteows for highel
photon energies. This mighe attribute to the dominance of photoelectabsorption and Compton scattering for low .
intermediate energy gammas [32, 49, 50]. The reseltealed that samples remainin¢-30% contents of celestobarite
waste have approximately similar attenuation efficly, as drawn in Fig. 8. The attenua coefficients differ at different
photon energies; samples with waste ratios grehter 10% are of high attenuations. This is duehto dhange in th
specific density of the samples. It is also to ntioned that while the composition of the samlike sample M7, was as
close to the actual composition as possible, there some reformation in the samples after curind) this affects th
sample homogeneity. The composition was incorpdraéicroShiel®, however, there is a deviation at low enes but
the trend is reasonable. Samples M1 and M2 aregbih attenuations for 0.356 and 0.662 MeV enertlias all othe
mixtures. Of importance is that samples with hitferauations have also high compressive strength8 (4Pa and 59.

MPa, respedctely), which sheds light on the relation betweeit weight, compressive strength and radiatiomaigdion

0.25

0.20

0.15 A

0.356 MeV

0.662 MeV

0.10 - B
=1.173 MeV

1.333 MeV
0.05 —

Linear attenuation coefficient (emt)

8

M1 M2 M3 M4 M5 M6 M7
Mortar Mixture Sample Identity

Figure 8: Linear Attenuation Coefficients of WasteMortar Samples (M1: Reference Sample

0.12
0.1

0.08
m0.356 MeV

' = 0.662 MeV
: = 1.173 MeV
0.0 1.333 MeV
0
M1 M2 M3 M4 M5 M6 M7

Mortar Mixture Sample Identity

(em?/g)

Mass attenuation coefficient
N

Figure 9: Mass Attenuation Coefficients olWaste Mortar Samples (M1: Reference Sample
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Linear attenuation coefficients were also computsithg MicroShiel® v9.05 based on the composition of e.
sample. A comparison between calculated and expetahvalues for mortar specimen M7 (30% of ssubstitution) is
shown in Fig. 10. It is clear that computed valgeserally lie within the experimental values witte texception fo
0.356 Mevand 0.662 MeV photon energies. Computed lineamattion coefficients indicated higher values w
compare with the measured values. This difference is glye due to low homogeneity of samples or sli
compositional differences. Compared to others tyffenortar made with shielding materials, the stddinortar with 30%
of barite waste is an effective mateffiat using it in radiation shielding and has a linatenuation coefficient very clo
to mortar (50% barite and 50% boron waste) at igheton energies as illustrated in Fig.

M7 Experimental
0.30 . . . .
M7 simulation by MicroShield ===
— =
< .
€ 025 hN
< Su
E = =
@ ~
‘S 020 1 Sso
b= R
8 1 S~
o T S .
c 015 ‘ ———
=3 1 -
.‘3 t By e T
2 1 L
S 010
P
=
o
©
T 005
£
=
0.00- )
0.1 0.3 05 0.7 0.9 11 13 15
Photon Energy (MeV)

Figure 10: Measured and Calculated Gamm-Ray Linear Attenuation Coefficient of a Mortar
Sample (Sample M7:30% of Waste Substitution) as auaction of Photon Energy

—eo—Studied material —+— Barite mortar
0.25 50% barite+ 50% boron waste  —— Quartz mortar

0.23

0.21
0.19

0.17

0.15 ‘\

0.11

0.09

Linear Attenuation Coefficlent (em™)

0.07

0.05
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Photon Energy (MeV}
Figure 11: Comparison of Linear Attenuation Coeffidgents of Studied Materials and
Ordinary, Barite, Serpentine and Boron Waste Mortars [1 51].

The halfvalue layer (HVL) is determined from the thickne$she material that reduces the radiation intgrisjt
half of the initial value as per the equatiHVL=In(2)/n [30, 52, 53]. Fig. 12 shows the variation of thdf-value
thickness of mortar samples, where the HVL increasigh increasing photon energy. Furthermore, exposates witt
and without buildup were calculated for the photmergy range between 0.0- 1.5 MeV showed that at the 0.015 M
photon energy, the exposure rateis -35 mR/hr with no buildup and 5.59%5 mR/hr with buildup. However, tt
exposure rates differ at higher photon energy ®MeV with 2.03F-2 without buildup to 2.36-2 with buildup.

Impact Factor (JCC): 5.1484 NAAS Rating 2.07
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Figure 12: Variation of the Half-Value Thickness of Mortar Samples

Figure 13 shows the variation of mean free path (MFP) ofter samples at photon energies of 0.35¢-133),
0.662 (Cs-137), 1.173 and 1.333 (6@) MeV. MFP is the average distance in which gamaghation travels in th
material before interacting. It is exggsed as the reciprocal of the attenuation coeffi¢1/. [54, 55]. As shown in Fig. 12,
MFP tends to increase with increasing photon endrgyhich sample M7 (2.38 g/¢) exhibits the highest MFP at :
photon energies while sample M1 (2.32 ¢®) exhibits the lowest MFP values at all energ

7
m0.356 MeV
H0.662 MeV
m1.173 MeV
1.333 MeV
0
M1 M2 M3 M4 M5 M6 M7

Mortar Mixture Sample Identity

(0]

Mean Free Path (cm)

[y

Figure 13: Variation of the Mean Free Path of Morta Samples
CONCLUSIONS

Protection against gamma radiation using celestigbavaste materials as heavy aggregates was ex@eaity
investigated anccompared to calculations of MicroShi®v9.05. For this purpose, heavy weight concrete $es
containing waste barite aggregates were producguhtiial replacement of standard sand. The padiitip percentages
heavy aggregates were selected as @0515, 20, 25 and 30%, respectively. The resaltsaled that samples remain
15-30% contents of celestobarite waste have approgignagimilar attenuation efficiency. Theoretical emitiatior
coefficient values seem to be slightly higher tHamexjerimental ones. Increasing heavy aggregates pagenip to 309
results in increasing the compressive strengthcled 59.8 MPa). Concrete with 25% barite waste igesv bette
compressive and flexural strength and proves tmdiee economical than otl concrete samples. Limiting the substitut
of natural aggregates by barite waste was benkfiwiboth compressive strength and shielding ahiliut in this case
barite mass ratio cannot exceed 20% (25% was the perfect substitution r:

www.iaset.us editor@iaset.us
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