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ABSTRACT

The present research work simulates leachate quantity generated at a 2000 tons/day landfill fa
cility and assesses leachate migration away from the landfill in order to control associated envi
ronmental impacts, particularly on groundwater wells down gradient of the site. The site offers
unique characteristics in that it is a former quarry converted to a landfill and is planned to have
refuse depths in excess of one hundred meters, making it one of the deepest in the world. The
modeling estimated leachate quantity and potential percolation into the subsurface using the Hy
drologic Evaluation of landfill Performance (HELP) model. A three-dimensional, multi-phase,
variably saturated model (PORFlOW) was adopted to simulate subsurface flow and contaminant
transport in a fractured porous medium. While the models showed that significant potential ad
verse impacts were confined to the immediate vicinity of the landfill, simulation results confirmed
the importance of point-of-compliance specifications in landfill performance criteria.

Key Words: Solid waste landfilling, leachate generation, HELP, subsurface transport,
PORFlOW

INTRODUCTION

Despite the evolution of landfill technology from open,
uncontrolled dumps to highly engineered facilities to elimi
nate or minimize potential adverse impacts of the waste fill on
the surrounding environment, generation of contaminated
leachate remains an inevitable consequence of the practice of
land disposal of waste. Leachate is formed when the refuse

moisture content exceeds its field capacity, which is defined
as the maximum moisture that is retained in a porous medium
without producing downward percolation. Moisture retention
is attributed primarily to the holding forces of surface tension
and capillary pressure. Percolation occurs when the magni
tude of the gravitational forces exceeds the holding forces.
Leachate fonnation in landfills is influenced by many factors
(Table I) which can be divided into those that contribute di-
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TABLE I
Factors Affecting Leachate Formation in Landfills

Climatic and Hydro- • Rainfall Refuse Characteristics • Permeability
geologic

• Snowmelt • Age

• Groundwater Intrusion • Particle Size

• Temperature • Density

• Solar radiation • Initial moisture content

Site Operations and • Refuse pretreatment Internal Processes • Refuse settlement
Jfanagement

• Compaction • Waste decomposition

• Baling • Moisture content change

• Vegetation • Gas generation and transport

• Cover Design • Heat generation and transport

• Side Walls Material

• Liner Material

• Irrigation

• Leachate recirculation

• Liquid Waste Co-disposal

reedy to landfill moisture (rainfall, snowmelt, ground water
intrusion, initial moisture content, irrigation, recirculation,
liquid waste co-disposal, and refuse decomposition) and those
that affect leachate or moisture distribution within the landfill
(refuse age, pre-treatment, compaction, permeability, particle
size, density, settlement, vegetation, cover, sidewall and liner
material, and gas and heat generation and transport).

The subsequent migration of leachate through the sides
and/or bottom of the landfill into subsurface formations is a
serious environmental pollution concern and a threat to public
health and safety at both old and new facilities. In this con
text, groundwater pollution is by far the most significant con
cern arising from leachate migration. Incidents of groundwa
ter contamination by landfill leachate have been widely re
ported since the early 1970s (EI-Fadel et a/., 1997a). This
created the need to understand the mechanisms that control
leachate migration characteristics with associated spatial and
temporal variations during landfill operations and after clo
sure.

This paper presents simulation results of leachate genera
tion and migration at a former quarry site that was converted
to a municipal solid waste (MSW) landfill. The variation of
the hydrological components in the landfill and the conse
quent leachate generation and seepage into the subsurface
were simulated using the Hydrologic Evaluation of Landfill
Performance (HELP) model. The results of the application of
a three-dimensional (3-0) numerical model to simulate
leachate transport at the former quarry site are presented. For
this purpose, hydrogeologic site characteristics were defined
and the time-dependent distribution of chemical levelscin the
subsurface was simulated using the PORFLOW model for
flow and transport in porous media.
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PROJECT DESCRIPTION

The Landfill Site

The landfill, which is the site of an abandoned quarry that
was converted to a MSW disposal facility, is located 16 km
south of Beirut (Lebanon) and 4 kIn inland at an average al
titude of 250 m above mean sea level (Figure I).

The landfill is planned for development over an area of27
hectares approximately, and receives 1,700 to 2,100 ton
nes/day of waste generated from the Beirut area and its sur
roundings. The landfill will have an active life of 10 years and
the final waste height is expected to exceed 100 meters (m),
making it one of the deepest in the world. Physical control
measures at the landfill include a liner system; leachate col
lection and management system; gas collection and manage
ment system; final cover system; and surface water drainage
system.

Operational Procedures

Following its collection, the waste is transported into a
sorting and processing facility where large items (Le. card
board's, PVC plastic containers), the recyclable waste frac
tion (Le. glass, metals), and a fraction of compostable organic
food waste are removed. After the sorting process, the waste
is compacted under a 290 bar pressure into bales (-1.1 x-I. I
x-I.5 m) prior to disposal into the landfill which consists of
three cells with different areas and capacities (Table 2).
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FIGURE 1
General Landfill Site Location

TABLE 2
Areas and Capacities of Landfill Cells (Golder Associates, 1999)

Cell Area (m}) Expected waste capacities (tonnes)

75,000 1,725,000

2 138,000 5,580,000

3 124,000 4,800,000

Total 262.000' 12.105.000

Total area is obtained by adding the areas ofcells 2 and 3 only. Cell I will be covered with a liner diverting all infiltration to cells 2 and 3. hence
lI'aste placed on top ofcell I. above this liner. is considered part ofcells 2 or 3.

Waste Characterization

The composition of solid waste varies substantially with
socio-economic conditions, location, season, waste collection
and disposal methods, sampling and sorting procedures, etc.
Table 3 compares average composition of unsorted municipal
solid waste from the Beirut area with typical waste from up
per income countries. Several distinct differences, which are
typical of waste generated in developed versus developing
countries, can be readily discerned. While food waste consti
tutes more than 60 percent of the waste stream in Lebanon, it
is more than three times lower « 20 percent) in developed

countries. As a result, the moisture content of the waste in
developing countries is 2 to 4 times more than the moisture
content of waste in developed countries. This translates di
rectly into a lower absorptive capacity and a significant in
crease in leachate generation potential (Blakey, 1982; Camp
bell, 1982). Another important difference is reflected in the
high percentage of paper waste in developed countries (32.5
to 42 percent), which is almost four times more than what is
observed in developing countries. Similarly, MSW in devel
oped countries has a higher proportion of garden waste,
whereas the waste in Lebanon contains little or no such waste.
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TABLE 3
Comparison Between Average Solid Waste Composition in Developing Vs. Developed Countries

(Typical % Wet Weight)

UK US China Canada Lebanon
(Qingdao) (Vancouver)

Waste Categor)'

Tchobanoglous et al., 1993 Henderson and Chang, 1997 World Bank, 1995 Baldwin et al.,
1999

Paper/cardboard 32.5 42 3 32.7 11.3 12.57

Food waste 19.3 17.9 59 8.4 62.4 64.5

Diapers/garmentslTextile 2.2 5.2 1.5 3.7 4.2 0.69

Plastics/Nylon 1.0 4.5 4.5 8.8 11.0 11.69

Glass/Brick 7.9 - 29 2.9 5.6 3.71

Metals 7.1 11.3 3 5.1 2.9 2.3

Wood - 4.5 - 2.9 - 0.3

Other (i.e. garden trimmings) 30 14.6 - 35.5 2.6 0.41

Average moisture content (%) 20-30 40 60-75

Meteorological Conditions

Long tenn monthly meteorological data were taken from
the Beirut International Airport (BIA) and the American Uni
versity of Beirut (AUB) weather monitoring stations located
within 15 and 20 km from the site. Total yearly precipitation
was 760 mmlyear with average temperature, wind, and hu
midity of21 °C,4 mis, and 63 percent, respectively.

MODELING LEACHATE GENERATION

The Hydrologic Evaluation of Landfil1 Perfonnance
(HELP) model was used to simulate leachate generation at the
landfil1 quarry. The HELP model simulates hydrologic proc
esses for a landfill, cover systems, and other solid waste con
tainment facilities by perfonning daily, sequential water
budget analysis using a quasi-two-dimensional detenninistic
approach (Shroeder et al., 1994). Its use has become compul
sory for existing site evaluation and pennitting of new facili
ties in the US. Simulations were conducted to analyze the
perfonnance of the proposed liner and cover system design
(Figure 2).

HELP Model Calibration

Ideal1y, the HELP model should be calibrated against field
data. Studies using HELP recommend the calibration of the
hydraulic conductivities of the cover material while staying
within the physical1y realistic ranges (Peyton and Schroeder,
1988). This has been found to yield relatively adequate repre
sentation of leachate volumes for a wide selection of landfil1s.
Calibration during the open phase is often possible and input
parameters related to waste characteristics can be varied to
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adequately reproduce field data. However, calibration for a
closed landfill is often not feasible when the HELP model is
used to investigate cover design alternatives and potential
leakage at the design stage or early in the operational phase.
Calibration data for the closed phase are necessary to verify
the inputs of cover characteristics. However, these data are
available only after closure of the landfill and installation of
the cover, or from landfills using similar designs, construction
practices, and materials. In this study, the calibration process
aimed at reproducing the temporal distribution of leachate
collected at the site during a 7-month period. The waste char
acteristics were adjusted and the final values that yielded best
reproduction of the field data are summarized in Table 4. The
corresponding calibration fit is depicted in Figure 3. Rela
tively large deviations between measured and simulated
leachate generation rates were exhibited at the beginning of
the calibration process, which became more acceptable be
yond the first month of the simulation.

HELP Simulation Results

The modeling indicated that subsurface percolation would
occur mainly from cel1 I due to the inferior basal lining of
this cell. Figure 4 depicts average monthly seepage into the
subsurface. The level of percolation from cell I is attributed
to the use of a goemembrane barrier underlain and overlain by
two high conductivity sand protection layers. This configura
tion is not very effective in hindering percolation. As a result,
percolation rates from cell I during the open phase can be
significant. In contrast, leakage from cells 2 and 3 is practi
cal1y insignificant. On the other hand, leachate generation
after capping of all cells was found to be mainly from cell 2
and 3, as illustrated in Figure 5.
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FIGURE 2
Final Configuration Profile Across Cells 1,2, and 3 (Not to scale)

TABLE 4
Waste Characteristics from the Calibration Process

Parameter

Porosity (vol/vol)

Field capacity (vol/vol)

Wilting point (vol/vol)

Initial moisture content (vol/vol)

Saturated hydraulic conductivity (cmls)

Surface slope (%)

MODELING LEACHATE MIGRATION

Leachate migration assessment typically involves two
steps. First, leachate infiltration through the landfill liner
should be quantified; subsequently, the migration of infil
trated contaminants is modeled or measured in the porous
subsurface until the point of compliance or the point where
pollution level is to be assessed. The theory and governing
equations of flow and transport in porous media have been the

Value

0.62

0.30

0.08

0.32

3x10-4

3

subject of extensive work, particularly in the past two dec
ades, in response to problems arising from subsurface con
tamination. Numerous analytical or numerical models have
been developed to simulate leachate flow and transport in the
subsurface (EI-Fadel et al., 1997b). The models differ widely
by their capabilities and solution schemes. In this study, the
subsurface flow and transport model PORFLOW (Runchal
and Sagar, 1998) was used to evaluate leachate migration
away from the landfill site. PORFLOW is a three-dimensional

JOURNAL OF SOLID WASTE TECHNOLOGY AND MANAGEMENT VOLUME 28, NO.2 MAY 2002



100

il
n -.. .c:
= Eo 0
U E
~E
-fl E
:1-
~

80

60

40

20

Q-_ .. Simulated data -0- Field data
Ol---------- ~

APR MAY JUN JUL AUG SEP OCT NOV DEC

FIGURE 3
HELP Model Calibration: Simulated Versus 1998 Field Data for Leachate Generation

-: [capPingOfcelllatendof;~31

~--~
~""I,cap-p""i""ng-o-::f""ce~II""s72&3-::-:---'1

Iat end ofoperalionallife

V

1000
c
~0 100.~
0

"0 E
~ ~E 10
&~

8
..,
"0

~ c
'"::s N 0.1'"~ -:::s

'"... .!!!. 0.01e8... E 0.001>
-< .g

0.0001

0 10 20 30

----Celli

--Cells 2&3

40 50

10000 I

Years after start oflandfill opearation

FIGURE 4
Total Subsurface Infiltration

8000

6000

4000

2000

0.0001

I
I
rc-ap-p-:"in-g-o":'f..,

cell I at end
Iof year 3
,
r -.

o 10

capping of cells 2&3
at end of operational life

20 30

- - - -CellI

---Cells 2&3

40 50

Years after start of landfill opearation

FIGURE 5
Total Leachate Generation

numerical model for the analysis of flow, heat, and mass
transport in porous and fractured media. The model simulates
coupled transport processes under transient or steady state
problems using Cartesian or cylindrical coordinate systems. It
can simulate confined or unconfined, isotropic or anisotropic,
homogeneous or heterogeneous aquifers, fully or partially
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saturated media, single or multi-phase systems, and phase
change (liquid-gas or solid-liquid). PORFLOW can also
simulate discrete fractures in the porous medium or different
regions (with different properties) within the solution domain.
Figure 6 presents a schematic of processes modeled in
PORFLOW.
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PORFLOW

Fluid Flow Heat Transfer Mass Transport

Single I Multi Convection Convection
Phase

Porous Media I Conduction Diffucion
Discrete Fractures

Hydraulic Conduction Dispersion Dispersion

Buoyancy Heat Sources Mass Sources
or Sinks or Sinks

Fluid Sources Decay I Sorption
or Sinks

FIGURE 6
Processes Modeled In PORFLOW

The governing equations used in PORFLOW to describe
fluid flow and mass transport are depicted in Equations I and
2.

The selection of the contaminants to be modeled was
based on a screening process that relied on concentrations in
site-specific leachate samples, susceptibility to natural at
tenuation, and concentration limits in drinking water. The
screening indicated that iron, manganese, and Kjeldahl-N
would be the most critical pollutants for ground water re
sources downstream of the landfill. Iron was selected as an
indicator for the numerical simulations.

where V
K
P
cjl
t

OM

°en

Rn

An

Se
mv

Sn

j

2
K8l+mv (1)

2
- V 8j en + cjl [tOM+O] 8 jCn

+ sn - cjlRnAn en (2)

velocity (m/s)
hydraulic conductivity (m/s)
total hydraulic head (m)
porosity
tortuosity factor
molecular diffusivity (m%)

dispersion coefficient (m2/s)

concentration of chemical n (kgim2
)

retardation factor of chemical n

decay rate of chemical n (lis)
effective saturation

volumetric mass rate (mJ/mJ.s)

source of chemical n (kgimJ.s)
coordinate direction

Although perched groundwaters were located beneath the
site at depths as low as IS meters below ground level, the
main groundwater table lies at around 220 meters below
ground level, Le. around 20 to 30 meters above sea level
(Golder Associates, 1999). The water table has an approxi
mate gradient of 0.05 and locations that might be adversely
affected by the landfilling activity include water wells along
the flow path from the landfill to the seashore. The nearest
population center is located 2.5 kilometers west of the dis
posal site. Figure 7 represents the simulated subsurface model
domain.

The flow and attenuation in the unsaturated zone are com
plex in the region due to the heterogeneity of the topsoil and
unsaturated rock zone beneath the landfill. Hence, this region
was modeled as a control volume with a leachate break
through time T. Flow was taken as one-dimensional and
leachate concentration was assumed to decrease by a fraction
F from the levels in landfill leachate. While T does not affect
saturated zone simulations with PORFLOW, the attenuation
fraction F is important. T was found to vary from I to 80
years, depending on the hydraulic conductivity of the zone,
when an unfractured or slightly fractured medium is assumed.
However, if the rock beneath the site features a network of
connected fractures, the breakthrough time may be reduced to
just a few days. The upper aquifer in the region is believed to
be 120 m thick. The aquifer is underlain by an aquiclude that
forms no-flow boundary conditions for water and contami
nants.

Leachate flow was assumed to decrease with capping of
landfill cells; initial levels represent around 10 percent of
current leachate production at the site. Initial contaminant
concentration in the leachate are taken from site-specific
leachate monitoring data. Subsequently, concentrations are
decreased to simulate attenuation and contaminant depletion
in the landfill. The source term characteristics are presented
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FIGURE 7
Cross-Sectional View of Simulated Domain

in Table 5.

PORFLOW Simulation Results

Figure 8 illustrates concentration contours 25, 50, and 75
years after leachate hits the ground water table. The contours
represent the average levels for the plane at K=13, Le. the top
1.31 m of the aquifer where maximum concentrations are
expected to occur. Note that the drinking water standard
contour (2.0E-04) is far from the receptor location. This indi
cates that, for the base scenario, the potential contamination is
confined within several hundred meters of the landfill
boundaries and contamination is expected at the nearest re
ceptor.

The vertical dispersion of the Fe plume is depicted in Fig
ure 9. Peak concentrations occur 0 to 2 meters below the aq
uifer surface. This is attributed to lower groundwater flow
velocities at the top of the aquifer due to the influence of the
overlying unsaturated zone.

While parameters used for the base scenario are rather
conservative, they assume a porous medium with no fractures.
Since the rock layers beneath the landfill may have consider-

able faults and fractures, a simulation was conducted to assess
the effect of fracturing. One major fracture was included in
the XZ plane i.e., parallel to the groundwater flow. The frac
ture was assumed to run directly under the landfill and extend
horizontally till the sea and vertically till the aquiclude. Fig
ure 10 presents the iron concentration plume 75 years after
leachate arrival at the groundwater table. Even when the as
sumed fracture was introduced, the concentration at the re-

.ceptor location was still below the local drinking water stan
dard because of increased dilution.

SUMMARY AND CONCLUSIONS

Leachate generation and migration at a former quarry
transformed into a MSW landfill was investigated. The HELP
model was used to assess leachate generation and percolation.
The modeling indicated that percolation to the subsurface will
mainly occur through an inferior basal lining of one cell while
leakage from the other cells is practically insignificant. The
percolation is attributed to the use of a geomembrane barrier

TABLE 5
Contaminant Concentration and Leachate Flow Into the Simulated Domain

Time FlolV Fe (mg/L)
(years) (m/year)

0-3 0.022 500

3-10 001 400

>10 0.005 200
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FIGURE 8
Concentration contours of Fe 25, 50, and 75 years after leachate reaches the water table

at plan K=t3 i.e. in the top 1.3 meters of the aquifer
(the 2.0E-04 contour represents the local drinking water standard)

underlain and overlain by two high conductivity sand protec
tion layers which form a configuration that is not very effec
tive in hindering leachate percolation. As a result, percolation
rates can be significant, particularly during the open phase.
Leachate migration was then evaluated using the PORFLOW
3-D multi-phase, variably saturated model. The unsaturated
zone was modeled as a control volume with travel time T and
attenuation factor F. Computations for expected ranges of T
indicated that the travel time to reach the water table varies
from I to 80 years if the unsaturated zone does not contain a
connected channel network. Iron was selected as a pollution
indicator using a screening process based on concentrations in
site-specific leachate samples, susceptibility to natural at
tenuation, and drinking water standards. While the baseline
results indicated potential exceedance of drinking water stan-

dards up to several hundred meters downstream from the site,
contribution to contamination at the closest receptor located
2,500 meters downgradient from the site was insignificant. In
this context, the location of the point of compliance greatly
influences the characterization of landfill environmental im
pacts. The scenario was modified to include a vertical fracture
in the XZ plane passing beneath the landfill and extending
across the simulated domain. While concentrations within the
fracture might differ from those in the surrounding porous
medium, the average concentration at the receptor did not
exceed water quality standards due to the introduction of
fracturing because of increased dilution.
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