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NUMERICAL SIMULATION OF BENZENE SEEPAGE
THROUGH CRACKED COMPACTED MINERAL LINER
OF MUNICIPAL WASTE LANDFILL

MODELOWANIE MIGRACJI BENZENU
PRZEZ SPEKANA ZAGESZCZONA BARIERE ILASTA
SKEADOWISKA ODPADOW KOMUNALNYCH

Abstract: This paper contains the results of numerical simulation of benzene migration, pollutant typical for
landfill leachate, through the bottom compacted clay liner of municipal waste landfill. The FEFLOW, DHI
software was used in the numerical calculations for four tested clays of various plasticity, compacted
according to PN-B-04481:1988 and ASTM D698-12¢2 and subjected to three cycles of drying and rewetting.
The plasticity of the tested clay materials was determined by standard methods and classified according to the
Unified Soil Classification System, ASTM D2487-11. Saturated hydraulic conductivity of the tested
compacted clays was determined by the laboratory falling head permeameters for compacted soils, with
agreement to ASTM D5856-95. Saturated hydraulic conductivity of the tested substrates after three cycles of
shrinkage and swelling was measured by the falling and constant head laboratory permeameter. The sand box
and pressure chambers with ceramic plates were used to determine the water retention curve parameters in the
range of 0-15 bar. The obtained results showed the influence of cyclic shrinkage and swelling of clays on
leachate seepage, triggering benzene migration, through the cracked compacted bottom liner.
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Introduction

Numerous dangerous substances, including benzene [1, 2] available in leachate
percolating through the bottom of the landfill pose a serious threat to water and soil
[3-5]. The satisfactory sealing capabilities are usually allowed by compacted clay liners
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(CCLs), supported by plastic or geosynthetic membranes [1, 6-8], due to a very low
hydraulic conductivity of clays [1, 9]. However, the durability and sustainability of
compacted clay liners may be weakened [10, 11] because of the significant ex-
pansiveness of clays which are prone to swelling and shrinkage under variable water
saturation [12, 13]. As the result, their hydraulic and isolating characteristics may be
irreversibly changed due to cracking [14, 15]. Therefore, the increase in permeability of
compacted clay liners, over the usually required 1 - 10° m - s' [16-18], caused by
cyclic drying and rewetting may trigger significant reduction of the isolating properties
of earthen liners leading to the increased leachate percolation and pollutants transport
from the waste body to soil and water environment.

This paper presents an attempt of numerical determination of the influence of type of
material of the compacted liner on the possible benzene migration, one of the most
typical constituent of landfill leachate, through the partially cracked bottom of CCL of
municipal landfill.

Materials and methods

The presented studies covered the application of four types of clay specimens
characterized by different plasticity sampled in Lazek Ordynacki, Mejznerzyn, Mar-
kowicze and Gawlowka, close to Lublin, Poland. The material sampled in Lazek
Ordynacki was recognized as silty clay, Mejznerzyn as clay, Markowicze as clay loam
while the specimen from Gawlowka was classified as sandy clay loam. The determina-
tion of particle size distribution of the tested clays was based on PN-B-04481:1988 [19],
while the gravimetric water content was obtained according to ASTM C566-13 [20].
The plasticity of the tested clay specimens was determined according to [21] PKN-CEN
ISO/TS 17892-12. 2009 with the standard methods [21] and classified according to the
Unified Soil Classification System [22]. The obtained basic characteristics of the
sampled substrates are presented in Table 1.

Table 1
Basic characteristics of four tested clay materials, modified after [11]
Characteristics Lazek Ordynacki| Mejznerzyn Gawlowka Markowicze

Sand [%] 4.5 13 66 25
Particle fraction | Silt [%)] 51 35 3 37

Clay [%)] 44.5 52 31 38
Solid particle density [Mg - m ] 2.68 2.79 2.86 2.76
Bulk density [Mg - m ] 1.70 1.37 1.95 1.79
Plasticity index [%] 35 38 12 24

The studied clay materials were compacted, according to PN-B-04481:1988 [19], to 95%
of maximum bulk density and at molding water content in range of w,,, < w;< 1.2 w,,,
which are commonly advised for compacted clay liner construction. The following
values of forming gravimetric water contents were applied: 0.25, 0.29, 0.15 and
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0.2 kg - kg’l, respectively for Lazek Ordynacki, Mejznerzyn, Gawlowka and Mar-
kowicze specimens. Saturated hydraulic conductivity (K;) of the compaction tested
substrates was determined in the falling water head H-4145 permeameters for
compacted soils by Humboldt Mfg. Co, USA, meeting the requirements of ASTM
D5856-95 [23]. The K| of the tested materials altered by three cycles of shrinkage and
swelling was measured by a laboratory falling head permeameter, IMUZ, Poland after
the third cycle of drying (20 C degree) and rewetting by the capillary rise.

Water retention characteristics of the studied compacted clays, required as input data
to numerical modeling, were determined in the range up to 1500 kPa (15 bar) in the
sand box (IMUZ, Lublin, Poland) and the pressure chambers with ceramic plates by
Soil Moisture, USA. The Statistica, Statsoft, USA and SWRC model [24] were used to
fit water retention curve measurements to the standard van Genuchten’s formula [25].

The numerical calculations of benzene transport, related to leachate seepage, through
cracked bottom liners of the municipal landfill cell for all tested clayey substrates were
based on standard forms of Richard’s and Darcy’s equations [26, 27] and performed by
FEFLOW, DHI, Germany. The developed model, presented in Fig. 1, covered 10 m
long section of bottom CCL of statutory 1 m thickness and 3.5 m of underlying
untransformed local sandy clay loam, described in [28]. The assumed cracks covered
1.0 m long section of the studied bottom liner. The prepared model consisted of 1619
nodes and 3078 elements. The assumed time duration of simulation covered full year,
364 days.

. BCHead =0.3[m] Cracked zone
X : ey %Y
ﬁﬁ Compacted clay liner 5

A

N/

Local soil

BC Head =-3.0 [m] (|)=1—2 !
Fig. 1. Developed numerical model of cracked compacted clay liner with applied reference points

Table 2 presents the required input data for water flow and benzene transport through
the cracked bottom liner of municipal solid waste landfill. The modeled soils were
treated as isotropic. The benzene transport characteristics of the studied clays were
assumed from literature [28-31].

The applied initial conditions for modeling of water flow included the degree of soil
saturation assumed as 0.99 and 0.95, respectively for CCL and local soil. The boundary
conditions for water flow, also shown in Fig. 1, assumed values of the first type
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Table 2
Input data assumed to numerical modeling
Compacted clay liner
Characteristics Lazek ) ) Local soil
Ordynacki Mejznerzyn | Gawlowka |Markowicze

K, after compaction [m - s '] 520-10" | 246-10" | 945-10" | 1.17-10" | 1.1-107
K, after cracking [m - s '] 658-107 | 1.44-107 | 1.8-10% | 2.99.10" —
Saturated water content 6, [m® - m ] 0.396 0.451 0.332 0.369 0.402
Residual water content 6, [m3 . m’3] 0 0 0 0 0.112
Water retention curve parameter 4 [m™] 1.405 0.173 0.207 0.151 0.82
Water retention curve parameter # [-] 1.082 1.149 1.107 1.090 1.275
Diffusion coefficient [m” - s '] 8.6-10"° 1.16-10°
Longitudinal dispersivity [m] 0.02 3.0
Traverse dispersivity [m] 0.002 0.3
First order degradation rate [s '] 440-107
Henry sorption coefficient [-] 0.22

Dirichlet condition for top and bottom border of modeled profile. The water head equal
to 0.3 m was selected as top boundary condition, as maximum typically observed
leachate head over the bottom liner for the normally operating municipal wastes landfill
[32]. The concentration of benzene in leachate, treated as the top boundary condition for
pollutant mass transport, was assigned after [2] as equal to 1.3 pg - dm . The initial
benzene concentration in CCL and local soil was set as 0.0 ug - dm.

Results and discussion

The results of our numerical calculations showed that undamaged CCLs, constructed
of all four tested clayey materials, were able to permanently limit the leachate seepage
and the resultant benzene migration to a lower layer of soil. However, cracking, as
a result of cyclic drying and rewetting, may cause a decrease in the sealing capabilities
and allow increased seepage and pollutant transport. Fig. 2 shows an exemplary
distribution of benzene concentration in the modeled soil profiles after the final time
step of calculations, ¢ = 364 days.

Graphs included in Fig. 2 show that the compacted clay liners based on clays of
various plasticity, showing different response to cyclic swelling and shrinkage, allowed
different isolation capabilities after cracking. The cracked liner constructed of Mejz-
nerzyn clay and Lazek Ordynacki high-plasticity silty clay allows significantly higher
seepage and benzene propagation than the cracked earthen liner made of low-plasticity
clay loam and sandy clay loam sampled in Markowicze and Gawlowka. No comparable
calculated benzene concentrations were observed below the cracked liners (below the
reference point No 1) utilizing clays of higher (above 30%) and lower (12-24%)
plasticity. This phenomenon may be explained by different reaction to cyclic shrinkage
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Lazek Ordynacki

3¢ Legend

Fig. 2. Modeled distribution of benzene concentration [mg - dm ] in the four modeled profiles at time
t = 364 days
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and swelling, triggering increase in saturated hydraulic conductivity after cracking. The
differences in the measured K for cracked compacted clay specimens of higher and
lower plasticity reached one order of magnitude. In order to underline the above-
mentioned observations, the time-varying concentrations of benzene in all applied

reference points were compared in Fig. 3.
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Fig. 3. Modeled concentrations of benzene in applied reference points

Figure 3 shows that the modeled concentrations of benzene in soil observed in the
reference points, from 1 to 4 meters below the liner surface, were in the case of Lazek
Ordynacki at comparable level, between 0.8 and 0.5 pg - dm ™. The similar situation
was observed for the compacted clay liner using high plasticity clay from Mejznerzyn,
for which determined concentration of benzene varied in reference points between
levels of 1.25 - 107" pg - dm™ and approx. 4.50 - 10~ pg - dm™.

On the other hand, the calculated concentrations of benzene in the same reference
points for cracked liners utilizing Gawlowka and Markowicze clayey substrates were
significantly lower and varied between approx. 2.10 - 10~ pg - dm> - 9.84 107"
pg - dm> and 1.70 - 107 ng - dm®-273 .10 pg - dm?, respectively. Thus, it is
visible that the decrease in plasticity of clays, resulted in lower saturated hydraulic
conductivity after cyclic shrinkage and lower, by approximately four orders of
magnitude, resultant concentrations of migrated benzene.
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Finally, the comparison of accumulated mass of benzene migrated to soil through the
cracked liner of area equal to 1 m?, based on all the tested clayey material specimens is
presented in Fig. 4. The observed calculated differences in the modeled accumulated
mass of benzene transported by water to the natural soil were clearly related to the
ability of compacted clay to sustain its sealing capabilities after several cycles of drying
and rewetting.

The compacted sandy clay loam sampled in Gawlowka was able to partially sustain
its saturated hydraulic conductivity, at the level of 1.8 - 10® m - s”', which resulted in
significantly lower leachate percolation and calculated benzene migration — up to 0.11
pg. Similarly, the studied clay loam sampled in Markowicze, presenting saturated
hydraulic conductivity at the comparable level 2.99 - 10®% m - s allowed the similar
accumulated mass of tested pollutant i.e. approx. 0.78 ug.

On the other hand, the applied clay specimens of higher plasticity allowed greater
increase in the saturated hydraulic conductivity after cracking caused by cyclic drying
and rewetting, reaching values of 6.58 - 10%m-s'and 1.44 - 10° m - s for Lazek
Ordynacki and Mejznerzyn, respectively. Thus, the increased mass of migrated modeled
pollutant was observed. The calculated accumulated mass of benzene reached the values
of 1305 pg and 205 pg for 1 m? of cracked compacted liner.
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Fig. 4. Comparison of accumulated benzene mass transported through 1 m? of cracked liner

Moreover, a correlation between the calculated accumulated mass of benzene
migrating through cracked compacted clay liner and saturated hydraulic conductivity
after cracking was observed. On the other hand, the measured K after cyclic drying and
rewetting was clearly related to the plasticity index of the tested specimens. The
plasticity of clayey soils depends on, inter alia, their particle composition. Strong
positive correlations between plasticity and clay and silt contents and negative versus
the sand fraction content were observed. So, in our opinion to reduce the possible
migration of pollutants thorough the cracked compacted clay liner the increase in
saturated conductivity should be minimized by application of materials characterized by
a lower plasticity index, as well as lower silt and clay and higher sand fraction contents.
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Summary and conclusions

The undamaged modeled studied compacted clay liners, utilizing clayey materials of
different particle composition and plasticity, were successful in limiting the leachate
seepage and resultant benzene transport. However, the reduced sealing capabilities
caused by cracking triggered by cyclic swelling and shrinkage allowed an increased
leachate percolation and benzene migration. It was observed that the intensity of
pollutant transport was clearly related to the ability of compacted clay to sustain even
the partial isolating characteristics after cracking caused by cyclic dehydration. The
greater accumulated values of benzene mass and the higher calculated concentrations of
pollutant in all the applied reference points in the local soil below the cracked
compacted clay liners were observed for high-plasticity specimens, silty clay sampled in
Lazek Ordynacki and clay from Mejznerzyn. The high determined values of plasticity
index of the applied substrates resulted in the greater saturated hydraulic conductivity
allowing an increase in seepage triggering benzene transport were observed. The
calculated differences in the accumulated pollutant mass and concentrations of benzene
in the local soil for all tested low- and high-plasticity clayey materials of compacted
clay liners reached over four orders of magnitude. Thus, in our opinion, the
high-plasticity clays should be avoided in the construction of compacted clay liners to
ensure the long-term sustainability of landfill isolation and prevent increased benzene
(or other pollutants contained in the landfill leachate) migration to the natural soil and
water environment.

Acknowledgements

This research was supported by the statutory project of Lublin University of Technology No S-70/
WIS/2016.

References

[1] Bagchi A. Design of landfills and integrated solid waste management. Hoboken. New Jersey: John
Wiley and Sons Inc; 2004. ISBN 9780471254997.

[2] Kulikowska D, Klimiuk E. Bioresour Technol. 2008;99:5981-5985.
DOI: 10.1016/j.biortech.2007.10.015.

[3] Chofi A, Younsi A, Lhadi EK, Mania J, Mudry J, Veron A. J African Earth Sci. 2004; 39 (3-5): 509-516.
DOI: 10.1016/j.jafrearsci.2004.07.013.

[4] Mukherjee S, Mukhopadhyay S, Hashim MA, Sen Gupta B. Crit Rev Environ Sci Technol. 2014;45
(5):472-590. DOI: 10.1080/10643389.2013.876524.

[5] Brennan RB, Healy MG, Morrison L, Hynes S, Norton D, Clifford E. Waste Manage. 2015;55:355-363.
DOI: 10.1016/j.wasman.2015.10.010.

[6] Simon FG, Miiller WW. Environ Sci Policy. 2004;7:277-290. DOI: 10.1016/j.envsci.2004.04.002.

[7] Laner D, Fellner J, Brunner PH. Waste Manage. 2011;31:1522-1531.
DOIL: 10.1016/j.wasman.2011.02.022.

[8] Laner D, Crest M, Schraff H, Morris JWF, Barlaz MA. Waste Manage. 2012; 32:498-512.
DOI: 10.1016/j.wasman.2011.11.010.

[9] Daniel DE, Wu YK. J Geotechn Eng. 1993;119(2):223-237.
DOI: 10.1061/(ASCE)0733-9410(1993)119:2(223).

[10] Widomski MK. Sustainability of compacted clay liners and selected properties of clays. Monographs of
Committee of Environmental Engineering PAS. vol. 127. Lublin: Politechnika Lubelska; 2016.
http://www.bc.pollub.pl/dlibra/docmetadata?id=12810. ISBN 978-83-63714-26-0.



Numerical Simulation of Benzene Seepage Through Cracked Compacted Mineral Liner... 115

[11] Widomski MK, Stepniewski W, Horn R. Annual Set Environ Protect. 2016; 18(2):439-454.
http://ros.edu.pl/images/roczniki/2016/No2/33_ROS_N2 V18 R2016.pdf

[12] Basma AA, Al-Homoud AS, Malkawi AIH, Al-Bashabsheh MA. Appl Clay Sci. 1996;11(2-4):211-227.
DOIL: 10.1016/S0169-1317(96)00009-9.

[13] Kalkan E. Appl Clay Sci. 2011; 52:345-352. DOI: 10.1016/j.clay.2011.03.014.

[14] Holtz RD, Kovacs WD. An introduction to geotechnical engineering. Englewood Cliffs, NJ: Prentice
Hall; 1981. ISBN 0134843940.

[15] Widomski MK, Stepniewski W, Horn R, Bieganowski A, Gazda L, Franus M, Pawlowska M. Int
Agrophys. 2015;29: 365-375. DOI: 10.1515/intag-2015-0043.

[16] Council Directive 99/31/EC of 26 April 1999 on the landfill of waste.
http://eur-lex.europa.cu/legal-content/EN/TXT/?uri=CELEX:31999L0031.

[17] Rozporzadzenie Ministra Srodowiska z dnia 30 kwietnia 2013 r. w sprawie sktadowisk odpadéw. Dz.U.
2013 poz. 523. (Directive of the Ministry of Environment of 30 April 2013 on landfills).
http://isap.sejm.gov.pl/DetailsServlet?id=WDU20130000523.

[18] Verordnung iiber Deponien und Langzeitlager (Deponieverordnung — DepV). (German landfill ordi-
nance, Decree on landfills (ordinance to simplify the landfill law)) Germany, in the form of the
resolution of the Federal Cabinet dated April 27™ 2009. http://www.bmub.bund.de/fileadmin/bmu-
import/files/pdfs/allgemein/application/pdf/ordinance simplifiying landfill law.pdf.

[19] PN-B-04481:1988. Grunty budowlane. Badania probek gruntu (Building soils. Investigations of soil
samples). http://sklep.pkn.pl/pn-b-04481-1988p.html.

[20] ASTM C566-13. Standard Test Method for Total Evaporable Moisture Content of Aggregate by Drying.
https://www.astm.org/Standards/C566.htm.

[21] PKN-CEN ISO/TS 17892-12. 2009. Badania geotechniczne. Badania laboratoryjne gruntow. Czgs¢ 12:
Oznaczanie granic Atterberga (Geotechnical investigation and testing. Laboratory testing of soil. Part 12:
Determination of Atterberg limits). http://sklep.pkn.pl/pkn-cen-iso-ts-17892-12-2009p.html.

[22] ASTM D2487-11. Standard practice for classification of soils for engineering purposes (Unified Soil
Classification System). https://www.astm.org/Standards/D2487.htm.

[23] ASTM D5856-95. 2007. Standard Test Method for Measurement of Hydraulic Conductivity of Porous
Material Using a Rigid-Wall Compaction-Mold Permeameter.
https://www.astm.org/DATABASE.CART/HISTORICAL/D5856-95R07.htm

[24] Seki K. Hydrol Earth Syst Sci Discuss. 2007;4:40-437. DOI: 10.5194/hessd-4-407-2007.

[25] Van Genuchten MTh. Soil Sci Soc Am J. 1980;44:892-898.

DOI: 10.2136/ss52j1980.03615995004400050002x.

[26] Diersch HIG, Kolditz O. Adv Water Resour. 2002;25:899-944. DOI: 10.1016/S0309-1708(02)00063-5.

[27] Mazzia A, Putti M. J Comp Appl Math. 2006;185:347-359. DOI: 10.1016/j.cam.2005.03.015.

[28] Chen Z, Zhang RR, Han SS. Environ Eng Manage J. 2016;16(2):317-328.
http://eemj.eu/index.php/EEMJ/article/view/3181.

[29] Kim JY, Edil TB, Park KJ. J Geotech Geoenviron Eng. 2001;127(2):126-134.

DOI: 10.1061/(ASCE)1090-0241(2001)127:2(126).

[30] Paumier S, Touze-Foltz N, Mazeas L, Guenne A. J Geotech Geoenviron Eng. 2011;137(11):1039-1046.
DOI: 10.1061/(ASCE)GT.1943-5606.0000525.

[31] Pu H, Fox PJ, Shackelford D. J Geotech Geoenviron Eng. 2016:142(3).

DOI: 10.1061/(ASCE)GT.1943-5606.0001426.

[32] Koerner RM, Soong TY. Geotext Geomembranes. 2000:18:293-309.

DOI: 10.1016/S0266-1144(99)00034-5.

MODELOWANIE MIGRACJI BENZENU PRZEZ SPEKANA ZAGESZCZONA
BARIERE ILASTA SKEADOWISKA ODPADOW KOMUNALNYCH

' Wydzial Inzynierii Srodowiska, Politechnika Lubelska, Lublin
? Instytut Zywienia Roslin i Gleboznawstwa, Christian-Albrechts-Universitit, Kilonia, Niemcy

Abstrakt: W pracy przedstawiono wyniki obliczen numerycznych migracji benzenu, zanieczyszczenia czgsto
wchodzacego w sklad odciekow sktadowiskowych, przez dolng bariere geologiczng sktadowiska odpadéw
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komunalnych. Obliczenia przeprowadzono za pomoca programu FEFLOW, DHI dla dwoch wybranych
gruntéw ilastych o roznej plastycznosei, zaggszczonych wedtug PN-B-04481:1988 i ASTM D698-12¢2 oraz
poddanych kilku cyklom osuszania i nawilzania. Plastyczno$¢ badanych gruntéw ilastych okreslono
metodami standardowymi i sklasyfikowano wg Unified Soil Classification System, ASTM D2487-11.
Wspotezynniki filtracji wykorzystanych gruntéw po zaggszczeniu wyznaczono za pomocg zgodnych z wy-
maganiami ASTM D5856-95 przepuszczalnosciomierzy do gruntéw zaggszczonych. Pomiary wspotczynnika
filtracji zastosowanych gruntéow ilastych po trzech cyklach osuszania i nawilzania wykonano za pomoca
przepuszczalnosciomierza laboratoryjnego. Wihasciwosci retencyjne gruntow w zakresie 0—15 bar wyznaczono
za pomoca bloku pylowego oraz komor cisnieniowych z ptytami ceramicznymi. Uzyskane wyniki obliczen
numerycznych wykazaty wptyw cyklicznego osuszania i nawilzania gruntéw ilastych na przesigk odciekow
oraz migracj¢ benzenu przez spgkana dolna zagegszczona przestong mineralng sktadowiska.

Stowa kluczowe: transport zanieczyszczen, zageszczone przestony mineralne, odcieki sktadowiskowe
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