
Introduction

Ankara is the second largest city in Turkey with a
population of about 3 million and a mean daily waste
generation of about 0.59 kg/person. To fulfill the land-
filling needs of Ankara, the Ankara Metropolitan Mu-
nicipal Authority developed a sanitary landfill project at
Sincan-Çadırtepe (Fig. 1) with an estimated total waste
capacity of 57,523,125 m3 and a life span of approxi-
mately 20 years (Met 1999; Met and Akgün 1998; Met
et al. 2005). However, as the new landfill site has a
limited capacity, the Ankara Metropolitan Municipal
Authority is planning to construct and operate new
alternative landfill sites in the near future which require

the design of landfill profiles composed of compacted
clay/HDPE geomembrane composite liners (Fig. 1).

Ankara may be considered to be a major source of
clay liners, as clay-bearing Upper Miocene–Pliocene
deposits are found commonly within the Ankara city
limits. These deposits, referred to as ‘‘Ankara clay’’ by
Birand (1963); Çokça (1991, 2000); Ordemir et al. (1965)
and Met et al. (2005) are rich in clay minerals, which
makes these deposits desirable materials for landfill lin-
ers. The objective of this study is to present an overview
of the geotechnical properties of the clayey soils at the
Karakusunlar and Gölbası sites of the Ankara region;
and to design a landfill profile composed of an HDPE
geomembrane/clay composite liner through the Hydro-
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Abstract This study presents an
overview of the geotechnical prop-
erties of the clayey soils, referred to
as ‘‘Ankara clay’’, at two sites of the
Ankara region in an attempt to de-
sign a landfill profile composed of a
high density polyethylene (HDPE)
geomembrane/clay composite liner
through the Hydrologic Evaluation
of Landfill Performance (HELP)
model and the Water Balance
Method. The geotechnical properties
of the landfill layers along with the
water balance factors (i.e., evapo-
transpiration, precipitation, temper-
ature, etc.) were assessed to
determine the height of the water-
saturated zone in the refuse above
the composite liner for landfill
design. The cumulative expected
leakage rates through the composite
liner constructed with compacted

Ankara clay were related quantita-
tively to the cumulative average
leachate head. The results of this
investigation show that the leakage
rates through the composite liner are
within tolerable limits.
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logic Evaluation of Landfill Performance (HELP) model
and the Water Balance Method.

Geology of the Ankara basin

Koçyiğit and Türkmenoğlu (1991) named the basin fill
of Ankara as Yalıncak formation, which has its type
locality in the ruins of Yalıncak village, and studied the
geological and mineralogical characteristics of the clay-
bearing soils, referred to ‘‘Ankara clay’’, at this type
locality (Fig. 2). The Yalıncak formation at this type
locality consists mainly of three different lithofacies:
from bottom to top, the debris flow conglomerate,
braided-plain conglomerate and sandstone and clay-
bearing finer clastics of flood-plain origin. The term
‘‘Ankara clay’’ refers only to the finer red clastics con-
tained on the upper half of the Yalıncak formation. The
clay mineral assemblage contained in these red mud-
stones and siltstones is dominated mainly by smectite,
illite, chlorite and kaolinite. The composition of the sand
and gravel sized particles reflect a similar composition to
that of the underlying graywacke and limestone bed-
rocks. According to these observations, it was concluded

that the graywackes and limestones are the sources of
the inherited clay and non-clay mineral assemblages of
these red clastics.

An overview of the geotechnical properties
of Ankara clay

Met (1999) and Met et al. (2005) report the results of the
geotechnical index, standard compaction and falling
head permeability tests of three disturbed clayey soil
specimens obtained from the Karakusunlar and Gölbası
sites of the Ankara region. The soil particle size distri-
bution, specific gravity of the solids and the Atterberg
limits were determined according to ASTM standards
(ASTM D422-63 (2002), D854-02 and D4318-00). The
results of the index tests showed that the clayey soils
varied in specific gravity (2.69 £ Gs £ 2.74), plasticity
(42.4 £ LL £ 53.6 and 25.5 £ PI £ 34.8), and
particle size distribution (63.8% £ fines £ 79.9% and
44.2% £ clay content £ 61.5%). The soil samples had
a mean specific gravity (Gs) ± one standard deviation of
2.72±0.03, mean liquid limit (LL) of 47.6±5.64, mean
plastic limit (PL) of 16.8±2.05 and mean plasticity in-

Fig. 1 Location map of the
study area (Met 1999)
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dex (PI) of 30.8±4.78. Three to thirteen index tests were
performed for each group of tests. Using the unified soil
classification system (USCS; ASTM D2487-00), the soil
sample from Karakusunlar was classified as CH (fat clay
with sand) and that from Gölbası as CL (sandy lean
clay).

The results of the rigid-wall permeameter tests
performed (ASTM D5856-95 (2002)) showed that the
soil samples compacted at about 2–4% wet of the opti-
mum moisture contents in accordance with ASTM
D698-00 possessed a mean hydraulic conductivity of
2.12·10)10 m/s, which satisfied the regulatory require-
ment for a compacted clay liner (i.e., 1·10)9 m/s in the
United States (USEPA 1993) and 1·10)8 m/s in Turkey
(Resmi Gazete 1991).

Landfill profile design through the HELP model
and the Water Balance Method

The HELP model, which is a quasi two-dimensional
hydrologic computer model for conducting water bal-
ance analysis of landfills, cover systems and other solid
waste containment system components was used to
estimate the magnitude of the water-balance compo-

nents and the height of the water-saturated refuse above
the compacted clay/HDPE geomembrane composite
liner (Schroeder et al. 1994). The HELP model computes
sequential daily runoff, evapotranspiration and perco-
lation from landfills to obtain daily, monthly and annual
water balances. The hydrologic considerations include
precipitation of any form, such as, surface evaporation,
runoff, snowmelt, infiltration, vegetation, rooting depth,
plant transpiration and soil evaporation. The program
handles each of these considerations, often in a simpli-
fied manner, to estimate runoff, evapotranspiration,
vertical drainage to liners and percolation through lin-
ers.

A landfill profile composed of a geomembrane/clay
composite lining system to contain the waste was ana-
lyzed (Fig. 3). The profile is made up of three subprofiles
containing a total of four layers in the following order.
From top to bottom, one layer (topsoil) in the top
subprofile, one layer (refuse) in the second profile, and
two layers (HDPE geomembrane liner and compacted
clay liner forming a composite lining system) in the
bottom profile. This profile was created to satisfy the
minimum requirements of the top and bottom subpro-
files as suggested by Resmi Gazete (1991). The hydraulic
conductivity of the compacted clay was taken to be
equal to 2.12·10)10 m/s which represents a mean
hydraulic conductivity value obtained from the soil
sampling points (Fig. 1). The landfill area was taken to

Fig. 3 Landfill profile composed of a HDPE geomembrane/
compacted clay composite lining system

Fig. 2 Simplified geologic map of the Ankara Region. 1 Quater-
nary alluvial sediments, 2 late Miocene–Pliocene continental basin
deposits and volcanics, 3 pre-late Miocene basement rocks, and 4
basin margin fault. Key to abbrevations: AB Ankara basin, AYB
Ayas basin, ÇB Çubuk basin, GB Gölbası basin, KB Karaali basin,
KTB Kazan-Temelli basin, ADH Abdülselamdağ highland, EDH
Elmadağ highland, HDH Hacılardağ highland, KDH Küredağ
highland, KYDH-Karyağdıdağ highland, MDH-Mesedağ high-
land, and TDH-Torludağ highland (Koçyiğit and Türkmenoğlu
1991)
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be equal to 1 ha (10,000 m2) and the thicknesses of the
topsoil, refuse, compacted clay liner and geomembrane
liner were selected as 1 m, 7.5 m, 0.6 m and 0.002 m,
respectively. Table 1 is a tabulation of the layer
parameters used in the HELP model.

The weather data required by the HELP model were
classified into three groups: evapotranspiration, precip-
itation, and temperature data. The evapotranspiration
data is composed of the evaporative zone depth, maxi-
mum leaf area index, dates starting and ending the
growing season, normal average annual wind speed and
normal average quarterly relative humidity. The evap-
orative zone depth is the maximum depth from which
water may be removed by evapotranspiration. This va-
lue was taken as 0.91 m, as suggested by Schroeder et al.
(1994) for clayey topsoils. The maximum leaf area index
(LAI) is defined as the dimensionless ratio of the leaf

area of actively transpiring vegetation to the nominal
surface area of the land on which the vegetation is
growing. In this study, LAI was taken as 2.0 assuming
the presence of a fair stand of grass on the topsoil. The
precipitation and temperature data of Ankara were
provided by General Directorate of State Meteorologi-
cal Works for the years 1979 through 1998 (Tables 2 and
3). In this analysis, it was assumed that the precipitation
and temperature distribution between 1979 and 1998 is
representative of the following 20 years.

All the layer, design and weather data were used to
evaluate the performance of the composite liner con-
sidered for a period of 20 years. Figure 4 gives a plot of
the cumulative average leachate head acting on the
composite liner as a function of time for the landfill
profile presented by Fig. 3. The average cumulative
leachate head acting on the composite liner increases
from 42.41·10)3 m at the end of the first year to
7.29·10)1 m at the end of the 20th year.

The expected leakage rate per hectare through flaws
in the geomembrane component of the composite liner
(qf) was calculated, on the assumption of good geo-
membrane–soil contact, by the following equation
(Bonaparte et al. 1989, as quoted by Oweis and Khera
1998):

qf ¼ 0:877 nf ks iav p R2 ð1Þ

R ¼ 0:26 a0:05o h0.45 k�0:13s ð1aÞ

iav ¼ 1þ h
2hs lnðR=roÞ

ð1bÞ

where nf is the number of flaws in the geomembrane per
hectare (10,000 m2), ks is the hydraulic conductivity of
the compacted soil component of the composite liner
(m/s), iav is the average hydraulic gradient on the wetted
area of the compacted soil layer (m/m), R is the radius of
the interfacial flow around a geomembrane flaw (m), ao

Table 1 Layer parameters used in the landfill profile presented by
Fig. 3

Layer type Thickness
(m)

Porosity
(vol/vol)

Hydraulic
conductivity (m/s)

Vertical percolation
layer (topsoil)a

1.0 0.475 1.7·10)7

Vertical percolation
layer (refuse)a

7.5 0.671 1.0·10)5

Geomembrane linera 0.002 0.000 4.0·10)15

Barrier soil layer
(compacted clay liner)b

0.6 0.462 2.12·10)10

aData from Schroeder et al. (1994)
bData from Met (1999) and Met et al. (2005)

Table 2 Precipitation data for Ankara for the years 1979 through
1998 (Met 1999)

Year Precipitation
(mm)

1979 512.5
1980 511.3
1981 482.1
1982 324.7
1983 606.7
1984 310.6
1985 478.1
1986 372.5
1987 494.6
1988 588.3
1989 467.0
1990 409.7
1991 412.8
1992 483.4
1993 400.4
1994 337.3
1995 425.7
1996 398.6
1997 480.1
1998 541.9

Table 3 The mean monthly temperature of Ankara between the
years 1979 and 1998 (Met 1999)

Month Mean monthly
temperature (�C)

January )0.1
February 0.5
March 4.4
April 10.4
May 14.5
June 17.6
July 20.5
August 20.4
September 16.9
October 11.5
November 5.2
December 1.8
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is the geomembrane flaw area (m2), h is the hydraulic
head acting on the geomembrane (m), hs is the thickness
of the compacted soil (m), and ro is the radius of the
geomembrane flaw (m).

Flaws in geomembrane can range in size from
pinholes that generally result from manufacturing er-
rors to larger defects resulting from seaming errors,
abrasion and punctures occurring during liner instal-
lation. Giroud and Bonaparte (1989a,1989b) define
pinhole flaws to be smaller than the thickness of the
geomembrane typically having a diameter of 1 mm
and defects with a typical diameter of 11.28 mm or a
cross-sectional area of 100 mm2. The frequency of
pinholes and defects may be considered as one and ten
per hectare, respectively, for a reasonably conservative
approach.

Figure 5 gives a plot of the cumulative expected
leakage rate per hectare through flaws in the geomem-

brane component of the composite liner as a function of
time for the landfill profile presented by Fig. 3. A good
geomembrane-compacted clay contact was assumed.
The cumulative expected leakage rates through the
pinhole and defects as well as both are plotted in Fig. 5
assuming geomembrane pinhole and defect densities of
one and ten per hectare, and pinhole and defect diam-
eters of 1 mm and 11.28 mm, respectively. The com-
posite liner cumulative expected leakage rate through
the pinhole, defects and both are equal to 5.9·10)3 m3/
ha, 9.6·10)2 m3/ha and 0.102 m3/ha, respectively, at the
end of the first year. These values increase up to
8.2·10)2 m3/ha, 1.37 m3/ha and 1.45 m3/ha at the end
of the 20th year, which are all within tolerable limits.

The accuracy of the results obtained through the
HELP model was verified by using the Water Balance
Method, which is the most commonly used method for
estimating the volume of leachate generated by landfill

Fig. 5 Cumulative expected
leakage rate per hectare
through flaws in the geomem-
brane component of the com-
posite liner as a function of time

Fig. 4 Cumulative average
leachate head acting on the
composite liner as a function of
time
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wastes. The method assumes one-dimensional flow,
conservation of mass and transmission characteristics of
soil and refuse (Oweis and Khera 1998).

The basic equation in the Water Balance Method is
given by Eq 2:

I ¼ P � Ro ð2Þ

where I is the infiltration into the soil cover (mm), P is
the precipitation (mm) and Ro is the surface runoff
(mm). Figure 3 illustrates all these three parameters.

Precipitation (P) is estimated based on the average
monthly values at the closest meteorological monitoring
point(s). Surface runoff (Ro) on the other hand is esti-
mated from an empirical equation as suggested by Lu
et al. (1985):

Ro ¼ CP ð3Þ

where C is the empirical runoff coefficient that depends
on the type of surface, vegetation and slope as presented
by Table 4.

Evapotranspiration (PET) may be computed from
the Thornthwaite equation:

PET ¼ 16
10t
TE

� �a
for t > 0�C ð4aÞ

PET ¼ 0 for t60�C ð4bÞ

where PET (mm) is the unadjusted potential evapo-
transpiration for a standard 12-h day, t is the mean
monthly temperature (�C), TE is the temperature effi-
ciency index calculated by Eq 5 and ‘‘a’’ is a constant

calculated by Eq 7:

TE ¼
X12
i¼1

It ð5Þ

where It is a monthly value of the heat index computed
from Eqs 6a and b as follows:

It ¼
t
5

� �1:514
for t > 0�C ð6aÞ

It ¼ 0 for t60�C ð6bÞ

The constant ‘‘a’’ in Eq 4 is calculated by Eq 7:

a ¼ 6:75� 10�7ðTEÞ3 � 7:71� 10�5ðTEÞ2 þ 1:792

� 10�2ðTEÞ þ 0:49239 ð7Þ

As PET is standardized for 12 h of daylight per day, it
needs to be adjusted for unequal day and night dura-
tions. Adjusted evapotranspiration (AdjPET; mm) is
obtained by Eq 8:

AdjPET ¼ ðAdjFACÞðPETÞ ð8Þ

where AdjFAC is the adjustment factor for potential
evapotranspiration. Table 5 gives a tabulation of Adj-
FAC values for various latitudes according to Chow
(1964).

If the annual (I ) PET) is positive, the moisture
retention, St, available for evapotranspiration is char-
acterized by the following equation:

St ¼ ðFC�WPÞct ð9Þ

where FC is the field capacity, WP is the wilting point
and ct is the root penetration distance, which is limited
by the soil cover thickness. If (I ) AdjPET) is negative,
the soil moisture retention will be less.

The soil moisture retention (St) after potential
evapotranspiration has occurred may be estimated from
Table 6 (Thornthwaite and Mather 1957). The defi-
ciencies are summed up on a running basis. A sum of
zero is assigned to the last month having a positive value
of (I ) AdjPET) because at the end of the wet season the
soil moisture is at field capacity. For negative months,

Table 4 Runoff coefficients (C; Lu et al. 1985)

Area type Flat slope Rolling slope Hilly slope
<2% 2–10% >10%

Grassed 0.25 0.30 0.30
Earth 0.60 0.65 0.70

Cultivated
(Clay) 0.50 0.55 0.60
(Loam) 0.25 0.30 0.35

Table 5 Adjustment factors (AdjFAC) for potential evapotranspiration (PET) (Chow 1964)

Latitude Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

0 1.04 0.94 1.04 1.01 1.04 1.01 1.04 1.04 1.01 1.04 1.01 1.04
10 1.00 0.91 1.03 1.03 1.08 1.06 1.08 1.07 1.02 1.02 0.98 0.99
20 0.95 0.90 1.03 1.05 1.13 1.11 1.14 1.11 1.02 1.00 0.93 0.94
30 0.90 0.87 1.03 1.08 1.18 1.17 1.20 1.14 1.03 0.98 0.89 0.88
35 0.87 0.85 1.03 1.09 1.21 1.21 1.23 1.16 1.03 0.97 0.86 0.85
40 0.84 0.83 1.03 1.11 1.24 1.25 1.27 1.18 1.04 0.96 0.83 0.81
45 0.80 0.81 1.02 1.13 1.28 1.29 1.31 1.21 1.04 0.94 0.79 0.75
50 0.74 0.78 1.02 1.15 1.33 1.36 1.37 1.25 1.06 0.92 0.76 0.70
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Table 6 is used to estimate the moisture retention. After
the dry period when (I ) Adj PET) becomes positive, the
retention is equal to that for the previous month plus
(I ) AdjPET) for that month; however, the value can not
exceed St. Where a positive (I ) Adj PET) occurs
between two negative values, retention is calculated by
direct addition of (I ) AdjPET) to the previous reten-
tion.

The actual loss due to evapotranspiration (AET; mm)
is given by Oweis and Khera (1998):

AET ¼ AdjPET ðfor wet monthsÞ ð10aÞ

AET ¼ I � dStj j ðfor dry monthsÞ ð10bÞ

where d St is the change in the moisture storage in the
cover.

The portion of the infiltration that will percolate into
the landfill is then calculated by:

PERC ¼ I � ðAETÞ � dSt for dSt>0 ð11aÞ

PERC ¼ 0 for dSt\0 ð11bÞ

where PERC is the percolation amount and AET is the
evapotranspiration, which depends on the adjusted po-
tential evapotranspiration (AdjPET) and the change in
moisture storage in the cover (d St).

Table 7 gives an example calculation of percolation
through a 1-m thick vertical percolation layer of the

Table 6 Soil moisture retention (St) after potential evapotranspi-
ration has occurreda

S NEG
(I ) PET)b

St (mm)c

25 50 75 100 125 150

0 25 50 75 100 125 150
10 16 41 65 90 115 140
20 10 33 57 81 106 131
30 7 27 50 74 98 122
40 4 21 43 66 90 114
50 3 17 38 60 83 107
60 2 14 33 54 76 100
70 1 11 28 49 70 93
80 1 9 25 44 65 87
90 1 7 22 40 60 82
100 6 19 36 55 76
150 2 10 22 37 54
200 1 5 13 24 39
250 2 8 16 28
300 1 5 11 20
350 1 3 7 14
400 2 5 10
450 1 3 7
500 1 2 5
600 1 3
700 1
800 1

aFrom Thornthwaite and Mather (1957)
bS NEG(I ) PET) is lack of infiltration water needed for vegetation
cSt is the soil moisture storage at field capacity
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soil (cap) cover system of the landfill profile given by
Fig. 3 through the Water Balance Method. The cap
cover of the landfill that is located at a latitude of 40�
constitutes of loamy soil with a field capacity of 0.108
(vol/vol) and a wilting point of 0.025 (vol/vol). The
annual percolation amount (PERC) is calculated to be
equal to 142.47 mm, which is about only 0.44% lower
than that of 143.10 mm calculated by the HELP
model. Peyton and Schroeder (1988) performed long-
term simulations ranging between periods of 1–8 years
at 17 landfill cells in six different sites in the United
States using the HELP model. They correlated the
field data from landfill sites with the results computed
by the HELP model. In their studies, the HELP model
overestimated the runoff by about 25% and underes-
timated evapotranspiration by approximately 10%.
Hence, a 0.44% difference obtained between the Water
Balance Method and the HELP model suggests that
computations made by the HELP model are within
tolerable limits and that the HELP model leads to
accurate results for the landfill profile considered
herein.

Summary and conclusions

The clayey levels of the Upper Pliocene deposits of the
Ankara basin, referred to as ‘‘Ankara clay’’, is consid-

ered as a source for compacted clay liners due to their
low coefficients of permeability and widespread distri-
butions throughout Ankara. This study presents an
overview of the geotechnical properties of the clayey
soils, referred to as ‘‘Ankara clay’’, at two sites of the
Ankara region in an attempt to design a landfill profile
composed of a HDPE geomembrane/clay composite
liner through the HELP model and the Water Balance
Method. The cumulative expected leakage rates through
the composite liner constructed with compacted Ankara
clay were determined as a function of the cumulative
average leachate head. The average cumulative leachate
head acting on the composite liner, as calculated by the
HELP model, increases from 42.41·10)3 m at the end of
the first year to 7.29·10)1 m at the end of the 20th year.
The cumulative expected leakage rate through flaws of
the composite liner is calculated to be equal to 0.102 m3/
ha at the end of the first year and 1.45 m3/ha at the end
of the 20th year, which is within tolerable limits.
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