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  Abstract 
 

Selecting landfill sites is considered a complicated task because its whole process is 
based upon several factors and restrictions. This study shows the present status of solid waste 
management, sources, collection personnel, machinery and equipment that are involved in the waste 
collection process, financing and financial management for the major cities of the Babylon 
Governorate in Iraq (Al-Hillah, Al-Qasim, Al-Mahawil, Al-Hashimiyah and Al-Musayiab). The 
management of waste collection and disposal in the Babylon Governorate and its districts is through 
open waste dumps, so the quality of the collection and disposal process is poor, and these sites do not 
conform to the scientific and environmental criteria usually applied in the selection of landfill sites.  

In the first part of the current study, three methods were used to calculate the solid 
waste quantity for each specific year up to the year 2030 as well as the cumulative quantity of solid 
waste for the period (2020-2030) for Babylon Governorate. The results show the cumulative quantity 
of solid waste resulting from (method 3) receives a high value compared to other methods, and so it 
is used as a maximum value to estimate the required area for candidate sites for landfills in each 
district. The generation rate in 2030 will be (0.97, 0.69, 0.48, 0.62 and 0.91) (kg/capita/day) in (Al-
Hillah, Al-Qasim, Al-Mahawil, Al-Hashimiyah and Al-Musayiab), respectively, based on method 3, 
where the estimated annual incremental generation rate is 1 %.   

The second part of this study aims to find the best sites for landfills in the arid areas 
that are distinguished by a shallow depth of groundwater. The Babylon Governorate was selected as 
a case study because it is located in an arid area, and the depths beneath the ground surface to the 
groundwater level are shallow.    

For this purpose, 15 important criteria were adopted as follows: groundwater depth, 
rivers, soil types, agricultural land use, land use, elevation, slope, gas pipelines, oil pipelines, power 
lines, roads, railways, urban centers, villages and archaeological sites. These criteria were then 
entered into the geographic information system (GIS). The GIS software has a large capacity to 
manage and analyze various input data using special analysis tools. In addition, multi criteria decision 
making (MCDM) methods were used to derive the relative weightings for each criterion in different 
styles. These methods are (Analytical Hierarchy Process (AHP), Simple Additive Weighting (SAW), 
Ratio Scale Weighting (RSW) and Straight Rank Sum (SRS)).  

Raster maps of the selected criteria were prepared and analyzed within the GIS 
software. The final map for candidate landfill sites was obtained through combining the GIS software 
and (MCDM) methods. Subsequently, comparison methods (Change Detection, Combination, Kappa 
and Overall Assessment) for each pair of raster maps that result from using the two different methods 
of multi-criteria decision making were implemented to determine the pixel percentage of matching 
and non-matching as well as to determine and check the suitability of the selected sites for landfills 
on both resulting maps using two methods.    

Two suitable candidate sites for landfills were determined to fulfill the scientific and 
environmental requirements in each major city. These areas are (6.768 and 8.204) km2 in Al-Hillah, 
(2.766 and 2.055) km2 in Al-Qasim, (1.288 and 1.374) km2 in Al-Hashimiyah, (2.950 and 2.218) km2 
in Al-Mahawil, and (7.965 and 5.952) km2 in Al-Musayiab. The required area of the selected sites 
can accommodate solid waste from 2020 until 2030 based on the required areas according to the third 
method.  
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The third part of this study includes soil investigations for the selected landfill sites. 
The suggested design should ensure that there is no groundwater pollution by leachate from these 
sites because the groundwater depth is very shallow in the Babylon Governorate. To avoid this 
problem, soil investigation was conducted at these sites so that the most suitable landfill design could 
be established. Each site was subjected to field soil tests to find the composition of the soil strata at 
each site to a depth of 10 m, and these results were compared with the soil properties adopted for final 
site selection. The Iraqi Ministry of Housing & Construction, National Centre for Construction 
Laboratories and Research Babylon, Iraq, carried out the analytical work on the soil in 2016. The 
results of the soil investigation at these sites include the soil profile, groundwater depth, chemical 
properties, allowable bearing capacity, atterberg limits test results and material characteristics of the 
soil strata. According to the results of these tests, the best design is the one that puts the compacted 
waste at the surface. 

The fourth part of this study covers the selection of a suitable proposed design in the 
arid areas (Babylon Governorate, Iraq) for the selected landfill siting. In the current study, the design 
of this landfill includes the suggested soil layers for the liner system and final cover system.    

For the base liner system (from the bottom toward the top), the composite bottom barrier 
layer consists of highly compacted sandy clay. The thickness of the bottom barrier layer is 60 cm, 
and its saturated hydraulic conductivity is 1.0E-7cm/s. The 1.5 mm thick geomembrane liner (HDPE), 
with hydraulic conductivity of 2.0E-13 cm/s, is placed over the composite bottom barrier layer. The 
leachate collection system consists of drainage layer (gravel) with a thickness of 30 cm and a 
hydraulic conductivity of 3.0E-1 cm/s. The diameter of the main drainpipes is between 15 and 20 cm. 
The protection layer consists of sand material, and its hydraulic conductivity is 5.0E-3 cm/s. The 
thickness of the protection layer is 30 cm.  

The compacted solid waste is placed upon the surface to a height of 2 m because of the 
shallow groundwater depth and to avoid groundwater contamination by leachate from the landfill site. 
The density of the compacted waste is 700 kg/m3, and its saturated hydraulic conductivity is 1.0E-5 
cm/s. 

Three scenarios were used for the suggested designs for the final cover system of the 
landfills in arid areas. The first scenario was “evapotranspiration soil cover (ET) (capillary barriers 

type)”, the second scenario was a modified cover design of "RCRA Subtitle D", and the third scenario 

was the “Recommended design”. In this study, “Recommended design”, the third scenario for the 

final cover system, was adopted in the arid area (Babylon governorate, Iraq) based on combining 
certain layers from the first and second scenarios. For the three scenarios, the soil components in 
these designs used was based on available local materials in the study area. The layers of the base 
liner system were adopted in all scenarios.  

The third scenario for the final cover system, “Recommended design”, was 

implemented based on weather parameters in the arid areas. The water infiltrated from the surface of 
landfill is stored within upper layers that have fine particles. This allows the stored water to evaporate 
from the soil surface of the landfill or transpire through vegetation due to the high temperature during 
most months in the study area. The water that enters from the surface of the landfill should be 
contained above the geomembrane liner and top barrier layer without leakage into the waste body, 
thereby preventing leachate generation. 

For the layers of the final cover system (from the bottom to the top), the intermediate 
cover is used to cover the waste body, and this layer consists of moderate compacted silty clayey 
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loam (native soil). The thickness of the intermediate cover is 30 cm, and its saturated hydraulic 
conductivity is1.0E-6 cm/s. The foundation layer consists of coarse sand material with a thickness of 
30 cm and a saturated hydraulic conductivity of 1.0E-2 cm/s. This layer acts as a cushion for the 
layers of the final cover system. The gas collection system can be installed within the foundation 
layer.    

The top barrier layer is placed over the foundation layer. This layer consists of highly 
compacted sandy clay of (45 - 60 cm) thickness with compacted lifts (each lift is 15 cm). The saturated 
hydraulic conductivity of the barrier layer is 1.0E-7 cm/s. The geomembrane liner, (HDPE) of 0.5 cm 
thickness and a saturated hydraulic conductivity of 2.0E-13 cm/s, is put on top of the barrier layer. 
The upper layers of the final cover system are the support vegetation layer and the topsoil layer. The 
composition of the support vegetation layer is moderate compacted loam. This layer is placed directly 
on the geomembrane liner. The saturated hydraulic conductivity of the support layer is1.0E-5 cm/s, 
and its thickness is 45 cm. The topsoil layer consists of silty clayey loam, and it is placed over the 
support vegetation layer with a slope of 3%. The thickness of the topsoil layer is 15 cm, and its 
hydraulic conductivity is 4.0E-5 cm/s.    

The Hydrologic Evaluation of a Landfill Performance (HELP 3.95 D) model was 
applied to the selected landfill sites in the governorate to check if there could be any infiltration of 
the leachate that will result from the waste in the landfills in the selected sites in the future. The HELP 
model, which utilizes both weather and soil data, is the most commonly used model for landfill 
design, and it is employed to evaluate the quantity of water inflow through soil layers for the designed 
landfill. This suggested landfill is designed using the weather parameters (rainfall, temperature, solar, 
and the required date to calculate evapotranspiration) for the 12 consecutive years from 2005 to 2016, 
as well the required data for soil design.  

In the HELP model, the result for the suggested landfill design for both the 
recommended design (third scenario) and the second scenario was a modified cover design of "RCRA 
Subtitle D", which showed there was no leachate through the soil sub-layers, including the bottom 
barrier layer. The proposed design for the final cover system showed a reduction in the surface runoff 
and an increase in actual evapotranspiration. In the first scenario “evapotranspiration soil cover (ET) 

(capillary barriers type)”, there was no leachate percolation through the bottom barrier layer during 

the study years, apart from in 2013 and 2014. In these years, water percolation figures were 1.4E-5 
and 4.0E-6 mm, respectively. These values are considered small, and they resulted from the high rate 
of rainfall during these years. Although, these values were small, they should still be taken into 
consideration when adopting this design in the study area. 

In the HELP model, the average annual and peak daily results for all scenarios showed 
that there was no water percolation through the bottom barrier layer during the years from 2005 to 
2016. 
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Chapter One                                                                                                                       Introduction 

1 

 

Chapter One                                                                                                                      Introduction 

1. Introduction 
The solid waste term is a broad term that includes the unwanted or useless solid 

materials produced from residential, industrial and commercial activities in a specific area. Solid 
waste can be classified according to its origin (domestic, industrial, commercial, institutional and 
construction), its potential hazard (toxic, non-toxic, radioactive, flammable, infectious, etc.), and 
solid waste contents (organic material, glass, metal, plastic paper, etc.) (Femi and Oluwole, 2013).  

Increasing affluence, improving standards of living, rising rates of population growth, 
together with increasing levels of commercial and industrial activities in urban areas around the world 
are the main reasons for the significant increase in quantities of waste production. More effective 
disposal of solid waste is necessary, even in countries that burn or recycle a large share of their waste 
and therefore treatment of ashes resulted from burning solid waste remains an issue (Brockerhoff, 
2000; Proske et al., 2005).  Improper solid waste management causes air, soil and water pollution and 
it is often the result of the lack of financial resources. The problem of solid waste is very serious in 
third-world countries, where 80% of the world population lives and this often relates to the lack of 
financial resources (Al-Ansari, 2012). Waste-related diseases are the main cause for the loss of 10% 
of each person’s productive life. Management of MSW includes several processes: reducing 

quantities of waste, reusing, recycling, and recovering energy as well as the incineration and burial 
of waste in landfills (Moeinaddini et al., 2010). 

The process of a site selection of landfills is considered one of the most complex tasks 
related to solid waste management systems because there are factors that required to be taken into 
consideration. Examples of such factors include government regulation, social and environmental 
factors, government and municipal funding, increasing population densities, growing environmental 
awareness, public health concerns, reduced land availability for landfills and increasing political and 
social opposition to the establishment of landfill sites, geomorphologic features, and technical 
parameters. Waste disposal sites must preserve the biophysical environment and ecology in the 
surrounding area (Erkut and Moran, 1991; Lober, 1995; Siddiqui et al., 1996; Lin and Kao, 1999). 
Economic factors including the cost of acquiring land as well as development and operation costs 
must also be considered (Erkut and Moran, 1991; Yesilnacar and Cetin, 2008). Transport costs, owing 
to the distance from waste production centers and from main access roads, are also an important factor 
(Wang et al., 2009).  

Iraq, an Arab country with a population exceeding 32 million inhabitants, is 
experiencing rapid economic growth. This, together with growing population, increasing individual 
incomes and the instability generated by sectarian conflicts, has led to worsening solid Waste 
Management issues. Recurrent wars in Iraq have also created a lasting instability, and as a result the 
country has become isolated and failed to keep pace with the continuous scientific progress of more 
developed countries (Rashid, 2011).    

Waste Management is considered one of the most complex issues that Iraq currently 
faces and there are many problems affected the Iraqi waste management sector. Decades of war, 
sanctions, instability, and mismanagement have all contributed to waste being disposed of in irregular 
ways. Population growth has also led to more waste being generated, which placed a tremendous 
strain on the infrastructure for waste handling (Rashid, 2011).  
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In 2013, Iraq produced 31,000 (tonnes/day) of solid waste with generation of solid waste 
1.4 (kg/capita/day) (Alnajjar, 2016), and the Babylon Governorate produced an annual 483,221 
tonnes of solid waste (Iraqi Ministry of Municipalities and Public Works, 2013a and 2013b). There 
is an absence of modern, efficient waste handling and disposal infrastructure as well as a general lack 
of interest in the awareness of health and environmental issues. Unfortunately, the hallmarks of 
landfill sites in Iraq are groundwater contamination, surface water pollution, spontaneous fires, large-
scale greenhouse-gas emissions and increasing numbers of insects and rodents in/ around the area 
(Alnajjar, 2016).  

This study adopts the concepts of integrated geographical information systems (GIS), 
and spatial multi criteria decision making (MCDM) methods that used to solve the problem of landfill 
site selection. Decision makers often use MCDM methods to handle large quantities of complex 
information. The methods of MCDM are used to obtain the significant weights for criteria in different 
techniques. These methods are pair-wise comparison, rankings and ratios.  

GIS software and MCDM methods are powerful tools used to solve the problem of 
landfill site selection. GIS plays a significant role in a landfill siting. GIS software allows data to be 
displayed and managed efficiently from a variety of sources, and it reduces the time and cost of the 
siting process. The GIS may also be used for identifying routes for transporting waste to transfer 
stations and then to a landfill site and vice versa (Kontos et al., 2003; Delgado et al., 2008; 
Moeinaddini et al., 2010). The main methods of multi criteria decision making are: a pair-wise 
comparison method, ranking methods and ratio methods. 

In this study, the comparison methods are used to obtain the pixels' percentage of 
matching and non-matching in GIS for the two resultant maps by using two methods of multi criteria 
decision making. The most common methods for comparison are: a combination method, a change 
detection method and accuracy assessment methods. These methods are utilized to determine and 
check the suitability of the selected sites for landfill on both resulted maps using two methods. 

In selecting a landfill site, the main purpose of conducting soil investigation is usually 
to acquire the necessary data for studying the different strata of soil at the selected sites and to know 
the groundwater depth at the sites (Bagchi, 2004). In addition, the Atterberg limits of fine-grained 
soils, the thickness of each stratum, and the allowable compression strength of the soil are required 
to estimate the quantities of solid waste that can be put at each site. The chemical properties for the 
soil are also measured.  

In most countries, especially developing countries, a landfill is a common method for 
the disposal of municipal solid waste (MSW) (Scott et al., 2005; Hart, 2013; Asefi and Lim, 2017). 
Even if other techniques of waste management are used, a landfill site is considered very necessary 
to a solid waste management system to accommodate unused materials or the remaining burnt parts 
of waste because the landfill is simple to use and relatively inexpensive (Brockerhoff, 2000; Proske 
et al., 2005; Kim and Owens, 2010). 

The main considerations for the most suitable design for the selected landfill sites are: 
(a) preventing pollution of groundwater and surface water by the leachate that emanates from landfill 
sites; (b) minimizing or eliminating the fire effects that result from burning the waste; (c) managing 
the gas emissions from landfill; (d) protecting the major environmental elements (water, soil, and air); 
(e) reducing negative impacts such as insect and rodent infestation, diseases, odors and noise on the 
environment and on human population; (f) managing the waste disposal in a sound way by decreasing 
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the risks from landfills of municipal solid waste on human health and so on (Ireland EPA, 2000; Scott 
et al., 2005). 

Landfill design broadly includes two systems: the base liner system and the final cover 
system. A base liner system is used to control pollution that results from waste in modern landfills. 
The liner system is intended to protect environmental parameters (soil and ground water) from 
contamination arising from landfill. In modern landfills, the base liner system is constructed to form 
a barrier between the environment and the waste and to drain the leachate to treatment facilities 
through leachate collection systems (Hughes et al., 2007). 

In contrast, the final cover system is used to separate the waste from the environment 
through placing layers of final cover over the waste. The final cover layers act to prevent water from 
infiltrating into the mass of waste, thereby reducing leachate generation (U.S. Department of Energy, 
2000). In addition, the system minimizes surface erosion by boosting drainage into the final cover 
layers. In theory, the final cover system should operate well during its life span, with the lowest cost 
for maintenance whilst accommodating settlement due to any decomposition of organic materials in 
the waste mass (Abu-Rizaiza and Abdul Aziz, 2011). 

In the present study, the “Hydrologic Evaluation of Landfill Performance” (HELP 3.95 

D) model was applied to check the suggested design for the selected sites in the Babylon Governorate 
districts. This was because the main additional source for the leachate that resulted from waste is the 
amount of water that infiltrates from rainfall. This model enables users to compute the amount of 
leaching into the suggested layers and the water level on the surface of barrier layers at various 
periods. The required information that should be entered in the HELP model to calculate the leachate 
and to select the proper soil materials and layer thicknesses are weather parameters and the soil 
characteristics for each layer. The main goal of this model is to know whether any leachate is coming 
from the waste zone through the layers located under it and thus causing groundwater contamination 
(Schroeder et al., 1994; Berger and Schroeder, 2013; Berger, 2015). 
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1.1 Previous Studies 

1.1.1 Methods of Solid Waste Disposal  
As result of increasing population growth with subsequently increasing solid waste 

production, the need for solid waste disposal will remain a growing issue (Al-Meshan, 2005). The 
term waste disposal, in the solid waste management system, refers to the final function for any 
element, where there is no other option to deal with it, and no additional value exists (Guangyu, 2016). 
There are many methods for dealing with various types of waste, and they can be disposed of in the 
following ways: (i) open dumps; (ii) dumping into sea; (iii) recovery of phosphorus from sewage; (iv) 
incineration; (v) biological treatment (composting); (vi) waste to energy (recover energy); (vii) 
material recovery; (viii) waste minimization; (ix) the bottom line (biomedical waste); (x) sanitary 
landfills and (xi) others. Different methods for solid waste management are practiced in various 
countries (see Figure 1.1) (Chandak, 2010).  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Municipal solid waste management practices (Modified after Chandak, 2010). 

1.1.2 Quantities of Generated Solid Waste 
In literature, many researchers in different countries have documented quantities of 

waste and generation rates of solid waste and in general, countries with high income/capita are 
producing more waste than others (Table 1.1). 

Table 1.1: Comparison of solid waste generation rates in Jordan with other countries  
(Modified after Chopra et al., 2001). 

No. Location Per capita generation rates 
(kg/capita/day) 

1 Jordan 0.91 
2 Bangalore, India 0.40 
3 Manila, Philippines 0.40 
4 Asuncion, Paraguay 0.46 
5 Seoul, Korea 2.00 
6 Vienna, Austria 1.18 
7 Mexico City, Mexico 0.68 
8 Paris, France 0.143 
9 Australia 1.87 

10 Sunnyvale, California, USA 2.00 
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The Comprehensive Scope Evaluation Report (CSER) (2010) stated that the total 
generated waste in Multan/Pakistan was 611 tonnes/day, and the generation rate of all waste was 0.41 
(kg/capita/day) (World Bank, 2010). 

Hoornweg and Bhada-Tata (2012) showed that the waste generation projections for 
2025 in the regions of (East Asia, Organization for Economic Co-operation and Development 
Countries, Latin America and the Caribbean, South Asia, South Africa and Sub-Saharan Africa, 
Middle East and North and Africa and Eastern and Central Asia) were about 680, 636, 266, 207, 161, 
135 and 130 million tonnes/year respectively. The average projected solid waste generation rates in 
these regions in 2025 are: 1.5, 2.1, 1.6, 0.77, 0.85, 1.43 and 1.5 (kg/capita/day) respectively. The 
expected waste quantities in 2025 are: 75, 370, 243 and 602 million tonnes annually in low, lower-
middle, upper-middle and high-income countries respectively (Hoornweg and Bhada-Tata, 2012). 

The components of waste are almost similar in different countries, but the proportions 
are different (see Figure 1.2) (UDSU, 1999). 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 

 
 
 
 
 
 
 

Figure 1.2: Waste composition of low, Middle and High-Income Countries (Modified after UDSU, 1999). 

 

Current Waste Quantities and Composition. 
High Income Countries: Current. 
Total waste = 85,000,000 tonnes per year. 

2025 Waste Quantities and Composition. 
High Income Countries: Year 2025. 
Total waste = 86,000,000 tonnes per year. 

Middle Income Countries: Current. 
Total waste = 34,000,000 tonnes per year. 

Middle Income Countries: Year 2025. 
Total waste = 111,000,000 tonnes per year. 

Low Income Countries: Current. 
Total waste = 158,000,000 tonnes per year. 

Low Income Countries: Year 2025. 
Total waste = 480,000,000 tonnes per year. 
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Annepu (2012) studied the actuality of the solid waste in 366 of India's cities, which 
represented 70% of urban population in India. In this study, the quantity of generated solid waste was 
188,500 tonnes/day, and the generation rate of solid waste was 0.5 (kg/capita/day). The composition 
of municipal solid waste in India's cities included 51% organics, 17.5% recyclable as well as 31% of 
inert materials.  

In USA, the annual generation rates of municipal solid waste were 2.03 (kg/capita/day) 
in 2015 whilst the total generation quantity of municipal solid waste in the same year was 262.4 
million tonnes (Center for Sustainable Systems, 2017).  

In Sweden, the Swedish EPA (2005) found that the waste quantity (excluding mining 
waste) in 2005 sent to landfill could be reduced by 50% compared with it in 1994. According to this 
study, about 1 million tons of household waste sent to landfill was reduced using recycling and 
recovery processes between 1994 and 2004 while only 9% of household waste has been sent to landfill 
during 2004. The waste quantity of manufacturing industries delivered to landfills decreased from 4.4 
to 2.6 million tonnes between 1994 and 2004. Waste from the pulp and paper industry tossed off to 
landfills was reduced from 1.25 million tons in 1994 to 0.82 million tonnes in 2004. Presently, just 
1% of all household waste is sent to landfills (https://sweden.se/nature/the-swedish-recycling-
revolution/). Dahlén and Lagerkvist (2007) compared the quantity of household waste that was 
collected in 35 Swedish municipalities in 2005. They found a wide difference in the generation rate 
of household waste in these cities ranging from 140 to 320 (kg/capita/day).    

According to the Swedish EPA (2012), Europe as whole is generating about 3 billion 
tons of waste each year, and Sweden represents a high percentage of the production of this waste. 
The generation rates of household waste in 2008 were about 500, 800 and 300 (kg/capita/year) in 
Sweden, Ireland and the Czech Republic respectively. Sweden is the sixth largest generator of waste 
per capita per year. Sweden produced 100 million tons of waste in 2008. According to the waste plan 
of Sweden (2012–2017), the house waste in Sweden in 2008 was distributed into (in million tons) 1.6 
recycling, 208 incinerations, 59.6 landfill and 0.1 others (Swedish EPA, 2012). 

Abou-Elseoud (2008) studied, through the Report of the Arab Forum for Environment 
and Development, the annual generation rates of solid waste and the quantity of solid waste generated 
in different Arab countries in 2006. In (Total Arab countries, Egypt, Sudan, UAE, Saudi Arabia, 
Kuwait, Jordan, Syria, Tunisia, Morocco and Mauritania), average annual rates of generated solid 
waste were: 0.7, 0.63, 0.6, 1.2, 1.4, 1.4, 0.9, 0.5, 0.6, 0.33 and 0.9 (kg/capita/day) respectively, while 
the quantities of solid waste generated were 81.3, 16.4, 7.95, 1.85, 12.1, 1.56, 1.84, 3.41, 2.22, 3.8 
and about 1.0 tonnes/year (millions).   

In Iraq, Alsamawi et al. (2009) studied the estimation of municipal solid waste 
generated in Baghdad for the five years from the year 2006 to the year 2010. They found that the 
waste generation rates were 0.63 (kg/capita/day) in 2006 and 0.74 (kg/capita/day) in 2010. According 
to this study, Iraq was placed in the class of middle-income countries. Aziz et al. (2011) found that 
the solid waste generation rate of Erbil Governorate in northern Iraq was 0.654 in 2011. The 
percentages of weight of food, plastic, paper, metal, glass, and cloth were 79.34, 6.28, 5.9, 3.6, 3.42 
and 1.45%, respectively as they represent the components of domestic solid waste. Al-Rawi and Al-
Tayyar (2012) explored that the generation of solid waste in Mosul city was 0.647 (kg/capita/day) in 
2010, and it is going to reach 1.1(kg/capita/day) in 2028 with the rate of increment for waste generated 
rate of Mosul city. 
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1.1.3 Site Selection Criteria for Landfills 
In the last decades, many states and organizations issued regulations for site selection 

criteria for landfills under the name of environmental protection. Some of these regulations did not 
provide specific constraints (buffer zone) or distances around these criteria. Therefore, many 
researchers suggested new criteria suitable for each study area based on the criteria of previous studies 
and the opinions of experts.  

The World Health Organization (WHO) has a set of general criteria for selecting sites 
for landfills without determining buffer zones or distance from/around each criterion (Sloan, 1993). 
These criteria are soil profile and its characteristics, rechargeable areas, natural resources, structure 
type, historic areas, cultural resources, natural hazards, and built-up areas. The WHO recommended 
that these criteria are considered essential and should be applied to create satisfaction, participation 
and approval amongst the population. 

Department of Urban Affairs and Planning, New South Wales (1996) has set out 
restrictive criteria for landfill siting including the following: 
➢ 250 m as buffer zones from landfill sites to "national parks, historic and heritage areas, 

conservation areas, wilderness areas, wetlands, littoral rainforests, critical habitats, scenic areas, 
scientific areas and cultural areas".   

➢ 40 m as suitable buffer zones from landfill sites to "a permanent or intermittent water body or in 
an area overlying an aquifer that contains drinking water or/and quality groundwater vulnerable to 
pollution". 

➢ 250 m as proper buffer zones from landfill sites to “a residential or dwelling zone, schools or 
hospitals which are not associated with the facility". 

➢ 1000 m as buffer zones from landfill sites to residential zones, schools and hospitals. This figure 
will be adopted in the case of a landfill that will receive more than 50,000 tons.  

➢ Landfill sites should not be located within "a karst region or with a substratum that are prone to a 
land slip or subsidence". 

➢ Landfill sites should not be located within "especially reserved drinking water catchments". 
➢ Landfill sites should not be situated within a way of major flood event.  

Environmental Regulatory Practice (2013) in the Queensland Government, a state that 
comprises the northeastern part of Australia, inserted some buffer distances to landfill sites to protect 
the environment from these sites. These buffer distances are: 100 m from landfill sites to the 
floodplain, surface waters and unstable areas, 500 m from landfill sites to a sensitive place to avoid 
noise, dust and odors, 1,500 m from an aerodrome (piston-engine propeller-driven aircraft) to a 
landfill site and 3,000 m from an aerodrome (jet aircraft). 

In Sweden, sanitary landfills were built in 1970 to control the problem of odors, winds 
and open fires in the waste through the construction of cover systems for designated dumpsites. To 
control groundwater contamination, the liner system was developed in 1980 as one of the main 
components of landfill sites. Meeting all the requirements for the establishment of a new sanitary 
landfill took about three to five years because of strong local opposition. Several local councils in 
Sweden have decided to collaborate in the establishment of regional sanitary landfills in order to solve 
this problem. The site selection for sanitary landfills is a complex problem, where there are many 
difficulties facing decision makers and planners selecting sites for sanitary landfills in urban areas. 
The reduction of the waste quantities contributes in solving the difficulties of siting sanitary landfills 
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through using various methods such as: treatment, financial incentives, product control, separation at 
source, etc. (Hsiao, 2001).  

In 1990, about 400 sanitary landfills were operating and about 300 of these were 
subjected to a survey according to the Environment Protection Act. 270 of these sanitary landfills 
have undergone control programs for ground and surface water (Carra and Cossa, 1990). There are 
four categories of environmental impacts as follows: water contaminates impact, air emission impact, 
ecological impact and human health impact that should be taken into consideration when planning 
site selection for modern landfills in Sweden (Hsiao, 2001). Luthbom and Lagerkvist (2003) 
mentioned that there are no guiding principles in Sweden as for selecting sites for landfill or for 
weighting criteria; however, there are many systems to support multi-criteria evaluations. They 
suggested setting suitable criteria and weighting for each criterion to suit local conditions and 
regulations based on five categories of criteria for landfill siting according to the Swedish EPA 
regulations.  

European landfill selection regulations recommend that a landfill site must be situated 
on a site that does not pose a danger to the environment (e.g. Statutory Instruments, 2002; Scottish 
Statutory Instruments, 2003; Statutory Rules of Northern Ireland, 2003; Swedish EPA, 2004). These 
regulations can be summarized as follow: 
➢ The site boundary of a landfill should be located at suitable distances from residential and 

recreational areas, water bodies, waterways, other agricultural sites and urban sites.  
➢ Avoid selecting a landfill site in areas of groundwater, coastal water and nature protection zones.    
➢ Consider the geological and hydrogeological conditions of a landfill site area.  
➢ Avoid selecting a landfill site in areas that are located within the risk of flooding, subsidence, 

landslides and avalanches.  
➢ Avoid selecting a landfill site in areas that should be under protection (for natural or cultural 

heritage).  
In the USA, there are about 1,908 landfill sites for solid waste managed by the state. 

The Environmental Protection Agency (U.S. EPA, 2009) established seven major revised criteria of 
location restrictions for landfill sites in (Title 40 of the Code of Federal Regulations (CFR) part 258). 
These concerns are: airport safety, floodplains, wetlands, fault areas, seismic impact zones, unstable 
areas, and the closure of existing municipal solid waste landfill units. Landfill sites should be located 
at a minimum distance of 3,048 m away from any airport runway end used by turbojet aircraft or 
1,524 m away from any end of airport runway used by only piston-type aircraft. Landfill sites should 
not be located within the floodplains, wetlands, fault areas, seismic impact zones, and unstable areas 
(Electronic Code of Federal Regulations (e-CFR), 2010).  

1.1.4 Previous Studies for Landfill Siting Using GIS Software and MCDM Methods 
In the last two decades, several studies have been conducted on the selection of a 

suitable site for landfill in various study areas using geographic information systems (GIS) and multi 
criteria decision making methods. Many different methods were used by large number of researchers 
to determine the weighting of criteria for landfill siting. These methods are: ratio scale weighting 
(RSW), simple additive weighting (SAW), Straight Rank Sum (SRS), weighted linear combination 
(WLC), fuzzy analytic hierarchy process (FAHP), analytic network process (ANP) and Analytical 
Hierarchy Process (AHP).  
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In literatures, the multi-criteria decision makers’ methods were applied by decision 

makers for assessing the significant weights of criteria through arranging these criteria in a suitable 
order according to a relative importance from the most to the least significant not only in different 
procedures, but also in different styles.  In the current study, three methods of multi-criteria decision 
makers were used to determine the relative weights of criteria. 

Analytical Hierarchy Process (AHP) is considered one of the most reliable methods 
available for the process of decision making to determine the weighting of criteria, and it has a strong 
background. AHP was introduced by Saaty (1980). Several potential landfill sites have been identified 
amongst many candidate sites in different study areas using GIS and AHP. Siddiqui et al. (1996) 
introduced GIS and AHP methods, and they were the first researchers who implemented this process 
of analysis to select the most suitable sites for landfill in Cleveland County, Oklahoma, USA. Other 
researchers used the integration of GIS and AHP to solve the problem of selecting sites for landfill in 
different countries such as (Gemitzi et al., 2007; Ersoy and Bulut, 2009; Eskandari et al., 2012; Kara 
and Doratli, 2012; Alavi et al., 2013 and Uyan, 2014).      

The simple additive weighted (SAW) and straight rank sum (SRS) methods are the 
ranking methods within an approach of multi criteria decision making. These methods adopt the 
concept of giving the weights orders for the criteria from the highest to the lowest significant based 
on previous studies and the preference of decision makers (Şener, 2004; Kumar et al., 2015). 

For simple additive weighting (SAW), many researchers integrated the SAW method 
and GIS software to select sites for landfills (Şener, 2004; Qin et al., 2008; Eskandari et al., 2012). 

The combining of the straight rank sum (SRS) method and GIS software was applied by many 
researchers to select sites for landfill such as (Effat and Hegazy, 2012; Kumar et al., 2015). 

 The ratio scale weighting (RSW) method is a ratio method, and it is considered one of 
a multi criteria decision making method. This method uses ratio scale ranging from 0 -100 for the 
giving the scores based on the importance of each criterion to other criteria (Kumar et al., 2015). 
Several studies used the ratio scale weighting (RSW) method with GIS software in their researches 
to determine the weightings of criteria in the selection sites for landfills (Halvadakis, 1993; Sharifi 
and Retsios, 2004; Kumar et al., 2015). 

In Iraq, Al-Suhaili et al. (2009) used four criteria: streams, urban centers, transportation 
routes and land use to select a site for a sanitary landfill in Baghdad (the capital city of Iraq) using a 
multi criteria-GIS model.  

1.1.5 Previous Studies for Landfill Design 
  In literatures, several previous environmental guidelines and recommendations for 
landfills' design were issued the in various countries and in different regions, including the base liner 
system and the final cover system. Table 1.2 shows the summary of former required designs for the 
base liner system for the landfills in various countries and regions, while Table 1.3 displays the 
summary of designs' requirements and the characteristics for the final cover system of landfills.   
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Table 1.2: Summary of recommended previous designs for base liner system for the landfills. 
No. Items Thickness No. Items Thickness 

Victoria, Australia (EPA Victoria, 2015) New South Wales, Australia (NSW EPA, 2016) 
1 Sub-base 30 cm 1 Sub-base 20 cm 

2 
Compacted clay layer with 
hydraulic conductivity of ≤ 1.0E-9 
m/s. 

1 m 2 
Compacted clay layer with 
hydraulic conductivity of ≤ 1.0E-9 
m/s. 

≤ 1 m 

3 Geomembrane liner.  ≥ 1.5 mm 3 Geomembrane liner.  > 2 mm 
4 Protection non-woven geotextiles.   Protection non-woven geotextiles.  

5 

Drainage layer (gravel) with 
hydraulic conductivity of ≥ 1.0E-3 
m/s, and leachate collection pipes 
with diameter (15 - 20) cm. 

30 cm 4 

Drainage layer (gravel) with 
hydraulic conductivity of ≥ 1.0E-3 
m/s and leachate collection pipes 
with diameter of ≥ 15 cm. 

30 cm 

6 Non-woven geotextiles filter.  - 5 Non-woven geotextiles filter. - 

Kuwait (arid area) (Al-Yaqout et al., 2001) Makkah, Saudi Arabia (Hot desert climate) (Abu-
Rizaiza and Abdul Aziz, 2011) 

1 Subgrade (compacted native soil) 
with hydraulic conductivity of ≤ 

1.0E-7 cm/s. 
- 1 

The base layer consists of 
compacted original material to 
depth of 1 m above the water table. 

1 m 

2 

High compacted barrier layer with 
four lifts (each lift is 22.5 cm), and 
its hydraulic conductivity of barrier 
layer is 1.0E-6 cm/s. 

90 cm 2 The compacted cushion layer (clean 
sand). 30 cm 

3 
Drainage layer contains coarse 
material and leachate collection 
pipes. 

30 cm 3 A geomembrane liner (HDPE). 2.5 mm 

4 Non-wave geotextile filter layer.  
4 

Leachate collection system 
(gravel), and leachate collection 
pipes. 

30 cm 5 Protective layer. 60 cm 

Ireland (Cold region) (Ireland EPA, 2000) Devon, Gauteng, South Africa (Subtropical latitude) 
(SCIPEG, 2014) 

1 Subgrade  1 Subgrade - 
2 Compacted clay layer with four lifts 

(each lift is 25 cm), and its hydraulic 
conductivity is ≤ 1.0E-9 m/s. 

≥ 1m 2 
Compacted clay layer with four 
lifts, and its hydraulic conductivity 
is ≤ 1.0E-9 m/s. 

60 cm 

3 A geomembrane liner (HDPE). > 2 mm 3 A geomembrane liner (HDPE) ≥ 1.5 mm 

4 

Leachate collection layer (gravel) 
with hydraulic conductivity of 
≥1.0E-3 m/s, and leachate collection 
pipes with diameter of 20 cm. 

≥ 50 4 
Protection layer (silty sand) or non-
wave geotextile as a protection 
layer. 

10 cm 

5 Protection layer - 5 
Leachate collection layer with 
hydraulic conductivity of ≥1.0E-3 
m/s. 

≥ 15 cm 

6 Non-wave geotextile filter layer. - 
British Columbia, Canada (British Columbia, 2016) Tropical countries (Munawar and Fellner, 2013) 
1 Subgrade (native soil or bedrock). - 1 Subgrade. - 

2 
Compacted barrier layer (silty clay) 
and its hydraulic conductivity is ≤ 

1.0E-7 cm/s. 
75 cm 2 

Compacted clay layer with 
hydraulic conductivity of ≤ 1.0E-9 
m/s. 

40 – 80 
cm 

3 Geomembrane liner (HDPE). 1.5 mm 3 Geomembrane liner (HDPE). 0.4 – 0.5 
cm 

4 Non-wave geotextile protection 
layer. - 4 

Drainage layer (gravel) with 
hydraulic conductivity of > 1.0E-3 
m/s, and leachate collection pipes. 

50 cm 
 

5 Leachate collection layer (gravel), 
and leachate collection pipes. 30 cm 5 Non-wave geotextile filter layer. - 

6 Non-wave geotextile filter layer. - 6 Protective layer with hydraulic 
conductivity of ≤ 1.0E-5. 

30 – 50 
cm 
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Table 1.3: Summary of recommended previous designs for final cover system for the landfill. 
No. Items Thickness No. Items Thickness 

Victoria, Australia (EPA Victoria, 2015) New South Wales, Australia (NSW EPA, 2016) 

1 Foundation and gas collection layer. 30 cm 1 Foundation and gas collection 
layer. 30 

2 
High compacted clay layer (barrier 
soil) with hydraulic conductivity of 
≤ 1.0E-9 m/s. 

< 60 cm 2 
High compacted clay (barrier soil) 
with hydraulic conductivity of ≤ 

1.0E-9 m/s. 
60 

3 Sub-soil layer. 1m 3 Sub-soil layer (Re-vegetation 
layer) ≤ 1 m 

4 Topsoil layer. 20 cm 4 Topsoil layer. 20 cm 

Kuwait (arid area) (Al-Yaqout et al., 2001) Makkah, Saudi Arabia (Hot desert climate) (Abu-
Rizaiza and Abdul Aziz, 2011) 

1 Base layer and gas collection layer 
(compacted natural soil).  30 cm 1 Foundation cover layer of sand. 30 cm 

2 
Compacted top barrier soil with 
three lifts, and its hydraulic 
conductivity is ≤ 1.0E-5 cm/s. 

60 cm 2 The cushion layer of moderately 
compacted sand. 30 cm 

3 Drainage layer. 30 cm 3 

The synthetic clay liner (GCL) 
consists of bentonite (six mm). 
The GCL layer is positioned 
between two strong and thin layers 
of the unwoven geotextile as a 
sandwich. 

- 

4 Topsoil layer (mixture of silt and 
natural gravel). 30 cm 4 Topsoil with surface slope 

between 3 - 5%. 20 cm 

Ireland (Cold region) (Ireland EPA, 2000) Devon, Gauteng, South Africa (Subtropical latitude) 
(SCIPEG, 2014) 

1 
Foundation and gas collection layer 
(optional) with hydraulic 
conductivity of ≥ 1.0E-3 m/s. 

≥ 30 cm 1 Foundation and gas collection 
layer. 15 cm 

2 
Compacted barrier layer with three 
lifts, and hydraulic conductivity is ≤ 

1.0E-9 m/s. 
60 cm  2 Non-wave geotextile filter layer. - 

3 
Drainage layer (gravel) with 
hydraulic conductivity of ≥ 1.0E-3 
m/s. 

50 cm 3 Compacted barrier layer with three 
lifts. 45 cm 

4 Sub-soil layer. ≥ 1 m 4 Topsoil layer. 20 cm 5 Topsoil layer of uniform soil. 15 - 30 cm 
British Columbia, Canada (British Columbia, 2016) Tropical countries (Munawar and Fellner, 2013) 

1 Compacted barrier with hydraulic 
conductivity of ≤ 1.0E-7 cm/s. 60 1 Intermediate cover layer (compost 

material or soil). 50 cm 

2 Geomembrane liner (HDPE). 1.5 mm 2 
Replacing the intermediate cover 
by sealing clay liner after 5 to 20 
years. 

50 cm 

3 Non-wave geotextile filter layer. - 
3 Topsoil layer with dense 

vegetation. 50 cm 4 Sub-soil (support vegetation) layer. 45 cm 
5 Topsoil layer. 15 cm 
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1.2 Study Area 

1.2.1 The Babylon Governorate (Province) Background 
Babylon Governorate houses one of the most famous cities of the ancient world. The 

city of Babylon was built 4,100 years ago; the city was the power center of an expansive and 
influential empire. The governorate is situated in the middle part of Iraq about 100 km to the south of 
the Iraqi capital, Baghdad (Al Khalidy et al., 2010), between latitudes 32˚ 5' 41'' N and 33˚ 7' 36'' N, 
and longitudes 44˚ 2' 43'' E and 45˚12' 11'' E (Figure 1.3). It occupies a strategic location connecting 
the north and south governorates of Iraq. This governorate is characterized by a relatively flat 
inclining land. The northern part of the governorate rises to approximately 60 m above sea level and 
falls to approximately 20 m over sea level in the southern part. This gradual decline is broken by a 
specific area of Al-Iskandariyah Nahiah, in the north of the governorate, which rises between 35 - 45 
m above sea level. Its land is fertile because the Shatt Al-Hillah River passes through most cities in 
the Babylon Governorate. The river branches off from the Euphrates River at the town of Sadah Al-
Hindiah in the north of the governorate and forms an important part of the beautiful scenery that is a 
main feature of Babylon Governorate (Iraqi Ministry of Municipalities and Public Works, 2009). 

Babylon Governorate covers an area of 5,337 km2, including cities of Babylon 
Governorate. In 2017, Babylon Governorate had a population of approximately 2,200,000 inhabitants 
distributed throughout sixteen cities (Iraqi Ministry of Planning, 2017). The governorate is divided 
administratively into five major cities, referred to as districts or (Qadhaa). The five districts are Al-
Hillah, Al-Qasim, Al-Musayyab, Al-Mahawil and Al-Hashimiyah. Sixteen smaller cities, called 
Nahiahs, belong to these major cities. These sixteen Nahiahs are Al-Hillah, Al-Kifil, Abi-Ghraq, Al-
Hashimiyah, Al-Shomaly, Al-Medhatyah, Al-Musayiab, Al-Iskandariyah, Al-Sadah, Jurf Al-Sakhar, 
Al-Mahawil, Al-Neel, Al-Imam, Al-Mashroa, Al-Qasim, and Al-Talyaah. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: The Babylon Governorate, Iraq.  
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1.2.1.1 Climate  
The climate of Iraq is divided mainly into three types. These are: continental, 

subtropical semi-arid and Mediterranean (Jaradat, 2002). According to FAO (2003), Iraq is divided 
into four zones of agro-ecological which are (Frenken, K., 2009):  
1) The arid and semi-arid zones with a Mediterranean climate which covered mainly the governorates 

in northern parts of Iraq. 
2) The desert zone is extended from north of Baghdad to the borders of Saudi Arabian and Jordan, 

where the climate in this zone is distinguished by extreme temperatures in summer and the annual 
rainfall is less than 200 mm.  

3) Steppes zone is located between the Mediterranean and desert zones, where that the annual rainfall 
in the cold winter is between 200–400 mm and the temperatures in summer are very hot. 

4) The irrigation area zone is located between the rivers of Tigris and Euphrates and extended from 
the north of Baghdad to the south in Basra.  

The rainfall takes place during winter in most parts of Iraq (from December to 
February), while in mountains from November to April. The annual quantities of rainfall from the 
south and southwest to the north ranges from less than 100 mm to more than 1000 mm. The mean 
daily temperature is 16°C and at night, the temperature drops to 2°C. During the Summer, the climate 
is hot to so hot and dry (without rainfall), where the daily temperature during the hottest months July 
and August reaches over 43°C in the shade and decreases to 26°C at night (Jaradat, 2002).   

Babylon Governorate locates in the arid hot region and in the irrigation areas which are 
covered the zone from the north of Baghdad to Basra Governorate in the south of Iraq (between the 
rivers of Tigris and Euphrates) (Frenken, K., 2009; Kadhim and Ali, 2011). The climate in the 
governorate changes dramatically with the seasons' changes and between a day and a night. The 
prevailing wind in the governorate comes from the northwest and blows throughout the year, with an 
annual average wind speed of 7.2 km/h. Temperatures during the summer season can reach to more 
than 50 ˚C, with an average of approximately 12 hours of sunlight/day and usually with no rainfall. 

The winter is cold and rainy, with approximately 6.8 hours/day of sunlight. Although temperatures 
normally remain above 0 ˚C, they can decrease below freezing during some nights. The average 
annual rainfall is 102 mm while the average annual relative humidity is 45.8% (Al Khalidy et al., 
2010; Iraqi Ministry of Municipalities and Public Works, 2009, CEB, 2012; Iraqi Ministry of 
transportation constitutions, 2017). Generally, the average annual rainfall in Iraq is decreasing due to 
climate change. In some years, the rainfall happens in a very short period time causing floods (Osman 
et al. 2017; Al-Ansari et al., 2014). 

1.2.2 Al-Hillah District 
 Al-Hillah district is considered to be the most important district in Babylon 

Governorate in terms of administrative function. This district includes Al-Hillah City, the political, 
financial and administrative capital of Babylon Governorate. The district also includes Al-Kifil and 
Abi-Ghraq Cities. The district is situated between latitude 32° 36' 1" N and 32° 8' 45" N, and longitude 
44° 14' 9" E and 44° 33' 39" E (Figure 1.4).  

Al-Hillah district occupies an area of 860 km2, which constitutes 16.1% of the total area 
of Babylon Governorate. In 2017, the official population of Al-Hillah district was approximately 
909,000 inhabitants (Iraqi Ministry of Planning, 2017). This district also has the highest population 
density in the governorate. 
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Figure 1.4: The study area across Al-Hillah district, Babylon Governorate, Iraq. 

1.2.3 Al-Qasim District 
Al-Qasim district is considered one of the major cities of the newly formed Babylon 

Governorate, Iraq. Until recently, the cities of this district, Al-Qasim and Al-Talyaah, were 
administratively controlled by Al-Hashimiyah district that locates in the southern part of Babylon 
Governorate (Figure 1.5). 

Al-Qasim district has an area of 587 km2, which constitutes 11 % of the total area of the 
Babylon Governorate. The official population of Al-Qasim district was about 208,000 inhabitants in 
2017 (Iraqi Ministry of Planning, 2017). 

 

 
 

 

 
 
 
 
 
 
 
 
 

Figure 1.5: The study area across Al-Qasim district, Babylon Governorate, Iraq.  

1.2.4 Al-Musayiab District 
 Al-Musayiab district is considered as one of major Babylon Governorate provinces. It 
locates in the northern part of this governorate (Figure 1.6). Al-Musayiab district consists of four 
cities which are: Al-Musayyab, Al-Sadah, Al-Iskandariyah and Jurf Al-Sakhar. The area of Al-
Musayiab district is 890 km2, which represent 16.7 % of the total area of the Babylon Governorate. 
Its population was about 421,500 inhabitants in 2017 (Iraqi Ministry of Planning, 2017).  
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Figure 1.6: The study area across Al-Musayiab district, Babylon Governorate, Iraq.  

1.2.5 Al-Mahawil District 
Al-Mahawil district consists of the four cities of Al-Mahawil, and it is considered the 

administrative center of Al-Mahawil district, Al-Neel, Al-Mashroa, and Al-Imam. Al-Mahawil 
district locates in the northern part of the Babylon Governorate, where this district connects the 
Babylon Governorate via many roads with the Iraqi capital, Baghdad (Figure 1.7).  

The area of Al-Mahawil district is 1904 km2, which constitutes 35.7% of the total area 
of the Babylon Governorate. The population of Al-Mahawil district was about 378,000 in 2017, 
according to the statistics of the Iraqi Ministry of Planning (2017). The proportion of rural population 
in Al-Mahawil district was 75.2 % in 2017, which constituted the highest percentage when compared 
with the other cities in Babylon Governorate. 
 
 
 
 
 

 
 
 
 
 

Figure 1.7: The study area across Al-Mahawil district, Babylon Governorate, Iraq. 

1.2.6 Al-Hashimiyah District 
Al-Hashimiyah district situates in the southern part of Babylon Governorate in Iraq 

(Figure 1.8). This district consists administratively of three cities which are: Al-Hashimiyah, Al-
Medhatyah and Al-Shomaly.    

Al-Hashimiyah district occupies an area of 1,096 km2, which represents 20.5% of the total 
area of the governorate. The population of Al-Hashimiyah district in 2017 was approximately 304,000 
inhabitants (Iraqi Ministry of Planning, 2017).  
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Figure 1.8: The study area across Al-Hashimiyah district, Babylon Governorate, Iraq. 
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1.3 Scope of Work 
  Presently, there are no landfill sites in Babylon Governorate and its districts (located in 
the semi-arid area) that follow the scientific and environmental criteria which are usually applied in 
the selection of landfill sites. There are irregular waste disposal sites or dumping sites distributed 
throughout the cities of the Governorate. These sites caused many environmental problems in these 
areas. In addition, groundwater depth in Babylon Governorate is shallow and the waste disposal sites 
contaminate groundwater through infiltration of leachate. 
  The main aim of this research is to select the best landfill sites in each district in 
Babylon Governorate which locates in the arid areas to conform to international and environmental 
criteria. To achieve this goal, important criteria that can affect the environment were considered. 
Then, GIS technique and multi criteria decision making methods were used to define the best suitable 
sites. After that, choosing the best design for the new selected landfill sites in Babylon Governorate 
and its districts. Then, selecting a suitable model to check if there is any leachate percolation will be 
generated through the bottom barrier layer within the base liner system for the suggested design of 
the landfills in the selected sites in Babylon Governorate. The aim of this model is checking the 
suggested design for the final cover system of landfills if there any water infiltration from the surface 
through the layers of final cover, then into the waste body. In addition, this model is used to calculate 
the amount of runoff on surface and the amount of actual evapotranspiration into the atmosphere 
through the upper layers of the final cover system. 

1.4 Research Objectives  
 The detailed objectives of this research include the following: 
1. A comprehensive assessment of the reality of solid waste management in Babylon Governorate 

and the current locations of waste disposal sites in Babylon Governorate and its districts.  
2. Estimation of future expectations of the solid waste quantities and the cumulative quantities of 

solid waste in each study area.  
3. Estimation of the required areas for landfill siting in these districts. 
4. Setting the most important criteria for landfill siting in the arid areas that have shallow groundwater 

depth (Babylon Governorate and its districts) that conform to the scientific and environmental 
criteria. These criteria will be used as a reference to enable planners and decision-makers to apply 
them in similar areas in Iraq when selecting a new landfill site.  

5. Identifying a suitable candidate site for landfills by using the GIS (geographic information system) 
and multi criteria decision making methods in Babylon Governorate and its districts based on the 
selected criteria.  

6. Using comparison methods between the raster final maps which will result from various models 
of multi criteria decision making to determine and check the suitability of the selected sites for 
landfill on both resulted maps using both methods.    

7. Conducting soil investigations on the selected landfill sites in Babylon Governorate to determine 
the best landfill design for these sites.   

8. Determining the best design for landfills (including the base liner system and the final cover 
system) that can be applied in the new selected landfill sites in Babylon Governorate and also in 
other arid areas specially in Iraq.    
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Chapter Two         Present Status of Solid Waste Management in the Babylon Governorate 
 
2.1 General Present Status of Solid Waste Management in the Babylon Governorate 

Solid waste is collected twice a day, once in the morning and once in the evening. It is 
gathered manually by municipal workers in all districts of all cities in this governorate. After 
collection, the waste is put into various types of waste management vehicles, such as waste 
compactors, large dumpers, tractors and small dumpers. Then, the solid waste is transferred to waste 
disposal sites or dumping sites that spread throughout cities in the Babylon Governorate according to 
available sites (Figure 2.1). The waste can be dealt with in various ways at different sites. Methods 
of handling the waste include burning and sometimes burying the rest of it. Usually, there are 
individuals looking for potentially profitable waste components, a sort of the waste.       

In general, it appears that the solid waste collection services in all cities of the Babylon 
Governorate fail to handle the volume generated by the population. The coverage of the waste 
collection services is estimated at 44% of the population. There are only two cities, Al-Hillah and Al-
Hashimiyah, where a high level of service is achieved (90% and 100%) respectively (Iraqi Ministry 
of Municipalities and Public Works, 2009). Making solid waste collection services more efficient 
will be an important goal for future policy makers. The municipal directorate of Al-Hillah is 
independent of the other municipal directorates. This is because the city of Al-Hillah has a high 
population density and is considered the political and economic center of the Babylon Governorate. 
All other municipal directorates are administratively connected with the municipal directorate of 
Babylon. Through the government of Babylon, all municipal directorates are linked with the Iraqi 
Ministry of Municipalities and Public Works. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2.1: View of burning waste and manual waste selection at some dumping sites.  
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2.2 Solid Waste Sources in the Babylon Governorate 
According to Iraqi Ministry of Municipalities and Public Works (2013a, b), solid waste 

in the Babylon Governorate can be categorized in the following way according to its source (Figure 
2.2): 

1. Household waste. 
2. Commercial waste generated from shops and markets dispersed throughout the governorate. 
3. Industrial waste generated from the industrial companies found in many cities of the 

governorate and focused on designated industrial areas. 
4. Waste resulted from the treatment plant located in the city of Al-Hillah. 
5. Agricultural waste resulted from the extensive agriculture in Babylon Governorate. 
6. Social waste generated from educational institutions such as schools, colleges, etc. 
7. Waste output from general services such as hotels, restaurants, coffee shops and casinos. 

 
 
 
 
 
 
 
 
 

Figure 2.2: Composition of municipal solid waste in the Babylon Governorate. 

2.3 Staff of Solid Waste Collection in the Districts of the Babylon Governorate 
Each city in the Babylon Governorate has its own municipal directorate. The main task 

of the municipal directorate is to provide public service to the citizens of the governorate. Each 
municipal directorate consists of several departments, and one of them is the environmental 
department. This department is administratively and directly linked with the manager of the 
directorate. The department of solid waste management, which oversees all processes related to solid 
waste collection in each city, falls under the environmental department of the municipal directorate. 
The staff of the solid waste management department consists of engineers, technicians, 
administrators, drivers, and waste collection workers (Iraqi Ministry of Municipalities and Public 
Works, 2013a and 2013b). The staff number in the districts of the Babylon Governorate can be seen 
in Figure 8 in published paper by Chabuk et al. (2015).  

2.4 Machinery and Equipment Used in Waste Collection Process 
The waste collection department in each municipality has access to various vehicles to 

assist the process of collecting and transferring wastes from the cities to waste disposal sites (Figure 
2.3). These vehicles include waste compactors, small dumpers, large dumpers, tractors, and trucks. 
In those cities that do not have a major waste disposal site, the waste vehicles contribute to the transfer 
of waste from a temporary dumping site to major waste disposal sites in another city. Heavy 
machinery is used to modify waste piles at collection sites and to construct or clear roads leading to 
sites. Some municipal directorates do not have sufficient vehicles/machinery and must rent the 
equipment needed. The municipal directorate is responsible for providing safety equipment to the 
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staff of the waste collection department twice a year. This equipment includes gloves, boots and work 
clothes. Staffs are also supplied with the equipment necessary to carry out their daily work. Besides, 
the municipal directorate provides various containers for waste collection. According to Iraqi 
Ministry of Municipalities and Public Works (2013a and b), the types and numbers of machineries 
used in collection and transportation of waste in the Babylon Governorates’ cities can be seen in 

Table 1 in published paper according to Chabuk et al. (2015).   

 

 

 

 

 

 
 
 
 
 

 

Figure 2.3: Types of machineries used in the process of collection and transportation of solid waste in the 
Babylon Governorate. 

2.5 Finance and Financial Management 
The budget spent on the waste collection process in the Babylon Governorate in 2013 

was 19,391,554,000 Iraqi dinars (ID), equivalent to 15,894,715 US dollars at an exchange rate of 
1220 Iraqi Dinar per US dollar. This budget includes salaries of the staff, the funds spent on 
machineries' maintenance including: fuel, oils, spare parts, and others and the safety equipment. The 
amount spent on Al-Hillah district through Al-Hillah municipality directorate was the highest 
amongst the other municipalities which was 6,822,322,000 ID that equals 5,592,067 US dollars (Iraqi 
Ministry of Municipalities and Public Works, 2013b). The reason behind this is that the district in 
question is considered the political, economic, and commercial center of the Babylon Governorate. 
Also, the other reason is that this district is a lively region with a high population density. For Al-
Qasim district, the budget for waste collection process in 2013 was 2,020,599,000 ID or 1,656,229 
US dollars while for Al-Mahawil district was 2,860,450,000 ID or 2,344,631 US dollars whereas the 
budgets for Al-Hashimiyah district and Al-Al-Musayiab district were 3,155,351,000 ID or 2,586,353 
US dollars and 4,532,832,000 ID or 3,715,436 US dollars respectively (Iraqi Ministry of 
Municipalities and Public Works, 2013a). The summary of the finance budgets for solid waste 
collection process in the districts of the Babylon Governorate in 2013 can be seen in Figure 10 in 
published paper by Chabuk et al. (2015).   
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2.6 Waste Disposal Sites in the Babylon Governorate 
There are approximately sixteen waste disposal sites or dumping sites in the Babylon 

Governorate (Iraqi Ministry of Municipalities and Public Works, 2013a and 2013b). They are 
distributed throughout the cities of the Governorate as shown in (Figure 2.4). Most cities in the 
governorate have their own waste disposal sites. For the cities that do not have waste disposal sites, 
their waste is transferred to sites in neighboring cities. Waste is dealt with at the waste-disposal sites 
by burning (on daily basis) and burying what remains. Most of these sites do not conform to the 
scientific and environmental criteria applied in the selection of landfill sites in most developed 
countries. Some of the sites do, however, meet certain criteria, for example, the existence of an 
unexploited area at least 3-4 km far away from population centers, the presence of the main and 
secondary roads that facilitate transporting waste to the site; a monitoring room to observe the process 
of depositing and modifying waste at the site. The site surrounded by a fence is another applied 
criterion.  

These sites were not all approved by the responsible authorities although some of them 
have received an environmental approval. The sites in the Babylon Governorate are under the 
management and supervision of the municipal directorate in each city as well as the Babylon 
environmental directorate. Waste disposal sites in the Babylon Governorate's districts are distributed 
as follows (Iraqi Ministry of Municipalities and Public Works, 2013a and 2013b): 

 Al-Hillah district contains four waste disposal sites. The first site is located outside the 
administrative borders of Al-Hillah city in Al-Neel Nahiah (Al-Mahawil district) about 17 km 
from Al-Hillah city. This site is dedicated to receiving the waste collected from Al-Hillah, Abi-
Ghraq Nahiah, and Al-Neel Nahiah cities. The second site is located in Al-Kifil Nahiah, which 
does belong administratively to Al-Hillah city. This site, is located approximately 35 km from Al-
Hillah city, has not been efficiently exploited by the Municipal Directorate. The third site is a 
temporary site that is used to collect waste from certain areas of Al-Hillah; this waste is transferred 
to the Al-Neel waste disposal site later. Al-Kifil Nahiah has one waste disposal site dedicated to 
collect waste from Nahiah. There is no waste-disposal site in Abi-Ghraq Nahiah, which is 
completely dependent on the Al-Neel waste disposal site to collect its waste. 

 In Al-Qasim district, the process of waste collection in Al-Qasim Nahiah is done through waste 
collection from the city areas, and then waste is put in a big temporary container that is located on 
the main street that connects Babylon Governorate with the southern provinces. After that, the 
waste in the temporary location is transferred to a waste disposal site in Al-Talyaah Nahiah. There 
is a new site located between Al-Qasim Nahiah and Al-Talyaah cities, but this site requires 
approval from the responsible local authorities before starting the work there. Al-Talyaah Nahiah 
consists of two waste disposal sites. The first one is considered a temporary site that utilized to 
gather the waste, with the fact that this site has not received approval from Babylon Environmental 
Directorate. The second site holds approval from Babylon Environmental Directorate, but this site 
is not conformed to all the scientific and environmental criteria applied in the selection of landfill 
sites in most developed countries.  

 In Al-Mahawil district, waste disposal sites in Al-Mahawil Nahiah, Al-Mashroa Nahiah, and Al-
Imam Nahiah have not got the official approvals from the governmental authorities because these 
sites intersect with many projects that follow to number of ministries in Iraq such as Ministry of 
Water Resources, Ministry of Agriculture and Ministry of Environment. The waste disposal sites 
in Al-Neel Nahiah receive waste from Al-Hillah, Abi-Ghraq Nahiah and Al-Neel Nahiah cities. 
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The waste is burned inside the site. This sometimes causes suffocation to the population in Al-
Neel Nahiah and to the population in the cities located around Al-Neel Nahiah; therefore, people 
constantly complain from the existence this site there. 

 In Al-Hashimiyah district, the distance from the site of waste disposal to the nearest 
agglomeration in Al-Hashimiyah Nahiah, Al-Medhatyah Nahiah, and Al-Shomaly Nahiah is 
approximately 5 km, 35 km, and 10 km respectively. 

 In Al-Musayiab district, the waste disposal sites that spread in the cities of this district are 
considered irregular. In other words, these waste disposal sites are not conformed to the scientific 
and environmental criteria applied in the selection of landfill sites. In Al-Musayiab Nahiah, the 
waste collection is done in irregular and unauthorized sites by Directorate Environment in the 
Babylon Governorate, thus the waste of this Nahiah is transported to the waste disposal site in Al-
Iskandariyah Nahiah. In Al-Sadah Nahiah, there are two locations for waste disposal, but they are 
irregular and environmentally unacceptable. The waste, in this Nahiah, is often transported to the 
waste disposal site in Al-Iskandariyah Nahiah or it is burned in situ. There are no regular waste 
disposal sites in Jurf Al-Sakhar Nahiah. Municipality directorate of Jurf Al-Sakhar depends on 
burying or burning the rest of its waste in situ or transporting the waste direct to the waste-disposal 
site in Al-Iskandariyah city. The site of waste disposal in Al-Iskandariyah Nahiah holds approval 
from the directorate environment in Babylon for some of the requirements, but this site is not 
conformed to all the scientific and environmental criteria applied in the selection of landfill sites 
in most developed countries. This site receives the waste from most cities of this district. 
 

 

 

 

 

 

 

 

 
 

 

Figure 2.4: Locations of waste disposal sites in the Babylon Governorate. 

   The areas and locations of waste disposal sites or dumping sites in the Babylon 
Governorate's districts according to Iraqi Ministry of Municipalities and Public Works (2013a and 
2013b) can be found in Table 2 within published paper that prepared by Chabuk et al. (2015).   
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The characteristics of all cities in the Babylon Governorates’ districts can be seen in 
Table 2.1. These characteristics include the area of cities within the Babylon Governorate, the area 
of each city in proportion to the total area of Babylon Governorate, population number of Babylon’s 

cities and the proportion of urban and rural population for Babylon’s cities, number of waste disposal 

sites or dumping sites, solid waste quantities (tonnes), and generation rate of solid waste 
(kg/capita/day). The waste generated rate in some cities in the Babylon Governorate was quite low; 
this is due to the relatively low population compared to the population of big cities, and the fact that 
the rural population in these cities constitutes a higher proportion relative to their urban population. 
Generally, rural populations are distributed across wide agricultural land or wide independent 
orchards, thus they depend on themselves in the disposal of their waste, as municipal services often 
do not cover these areas. For more details about the present status of solid waste management in the 
Babylon Governorate see Chabuk et al. (2015).    

Table 2.1: The characteristics of each city in the Babylon Governorate's districts 
(Iraqi Ministry of Municipalities and Public Works, 2013a and 2013b; Iraqi Ministry of Planning, 2017). 

 

District City 
(Nahiah) 

Area 
(Km2) 

% of 
Total 
area 

Population 
number 

2017 

% Urban 
population 

2017 

% Rural 
population 

2017 

Locations 
number 

Al-Hillah  

Al-Hillah 181 21.0 626,485 77.3 22.7 2 
Al-Kifil 484 56.3 157,923 15.5 84.5 1 

Abi-Ghraq 195 22.7 124,399 22.4 77.6 - 
Summation 860 16.1 908,807 59 41 3 

Al-Qasim  
Al-Qasim 306 52.0 164,643 51.7 48.3 1 

Al-Talyaah 281 48.0 43,051 20.4 79.6 2 
Summation 587 11 207,694 45.2 54.8 3 

Al-Mahawil 

Al-Mahawil 203 22.85 130,277 24.2 75.8 1 
Al-Mashroa 1,033 10.66 140,611 29.6 70.4 1 

Al-Imam 233 12.24 40,723 33.4 66.6 1 
Al-Neel 435 54.25 66,580 10.8 89.2 1 

Summation 1,904 35.7 378,191 24.8 75.2 4 

Al-Hashimiyah 

Al-Hashimiyah 46 4.2 51,052 74.9 25.1 1 
Al-Medhatyah 542 49.5 153,280 40.9 59.1 1 
Al-Shomaly 508 46.3 99,460 19 81 1 
Summation 1,096 20.5 303,792 35 65 3 

Al-Musayiab  

Al-Musayiab  280 31.5 58,818 100 0 1 
Al-Sadah 260 29.2 132,700 26.8 73.2 2 

Jurf Al-Sakhar 18 2.0 53,764 11.8 88.2 - 
Al-Iskandariyah 332 37.3 176,264 59.4 40.6 1 

Summation 890 16.7 421,546 48.7 51.3 4 
Babylon Governorate 5,337  2,220,030 47.3 52.7 16 
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Chapter Three                                                                                                 Methodology 

3.1 Expected Future Solid Waste Quantities  
Rates of solid waste production are subject to certain variables, such as population 

density, levels and types of economic activity, and the income level of the population (Al-Ansari, 
2012).  

The structural plan for the Babylon Governorate in 2009 established that the rate of 
solid waste generated in the Babylon Governorate in 2005 was 0.58 (kg/capita/day). This value is 
considered very low and unsatisfactory compared with the waste generation rates for both Iraq as 
whole and for Baghdad (the capital of Iraq), which were 1.01 and 1.47 (kg/capita/day) respectively. 
This rate is also low in comparison with the international standard value of 1.5 (kg/capita/day) (Iraqi 
Ministry of Municipalities and Public Works, 2009).  

The total population of the Babylon Governorate in 2013 was 1,974,490 (Iraqi Ministry 
of Planning, 2015) with population growth rate of 2.99%. The generation rate of solid waste in 2013 
was 0.67 (kg/capita/day) in the governorate (Iraqi Ministry of Municipalities and Public Works, 
2013a and 2013b). Based on the information cited in the records of the Ministry of Planning and Iraqi 
Ministry of Municipalities and Public Works, an attempt was made to calculate the future expected 
solid waste in Babylon and its districts for the year 2030. This is achieved using series of equations 
using three methods as follow: 

  Method 1 
 This method is built based on multiplying the expected population number for the 
specific year by the average generation rate of solid waste for the last five years (GRWA) from 2009 
to 2013 as a fixed value.  
 The average solid waste generated was calculated through dividing the average quantity 
of solid waste (Qs (av.)) for years 2009-2013 by the average population (P (av.)) for years (2009-2013) 
of each district using equation (3.1):       

GRWA= (Qs(av.) × 1000)/(P(av.) × 365)       (3.1) 

where, GRWA: Average generation rate of solid waste (kg/capita/day); Qs(av.): Average quantity of 
solid waste for years (2009-2013) (kg) (Iraqi Ministry of Municipalities and Public Works, 2013a and 
2013b); P(av.): Average Population of the Babylon Governorate for years (2009-2013) (Iraqi Ministry 
of Planning, 2015). 

Equation (3.2) was used to calculate the population for each year from 2013 until 2030 
(Jarabi, 2015). 

Pt= Po (1+r) n            (3.2) 

where, Pt: Future population at the end of period; Po: Present population for year 2013; r: The annual 
growth rate of (2.99 %); n: Number of years  
 Equation (3.3) is utilized to calculate the quantity of waste produced for each year until 
the end of the required period (2030) as follows:  

Qs (for specific year) = 
(𝑮𝑹𝑾𝑨 × 𝑷𝒕  × 𝟑𝟔𝟓)

(𝟏𝟎𝟎𝟎)
                                                                             (3.3) 
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where, Qs: Quantity of waste produced each year (ton); Pt: Expected population for each year until 
the end period of the year 2030. 

The cumulative quantity of solid waste generated by 2030 can be calculated as shown 
in equation (3.4):  

Qs(c) = Qs(ct) + Qs(ct-1)                                                                                                                      (3.4) 

where, Qs(c): Cumulative quantity of solid waste for the specific year (ton); Qs(ct): Quantity of solid 
waste for the specific year (ton); Qs(ct-1): Cumulative quantity of solid waste for the last year before 
specific year (tonne). 

For example, the cumulative quantity of solid waste in 2030 Qs(c) is equal to the quantity 
of solid waste produced in 2030 Qs(ct) using equation (3.3) plus the cumulative quantity of solid waste 
in 2029 Qs(nt-1) from the year 2013.  

Qs(c) (2030) = Qs(ct) (2030) + Qs(ct-1) (2029)                                                                                                                   (3.5) 

  Method 2 
 The second method is developed based on multiplying the expected population number 
for the specific year from 2013 to 2030 by the present generation rate of solid waste for the year 2013 
(GRW).  
 The generated solid waste for the years 2013 is calculated through dividing the quantity 
of solid waste (Qs (2013)) for year 2013 by the population (P (2013)) for year 2013 of each district using 
equation (3.6):    

GRW(2013)= (Qs (2013)× 1000)/(P(2013) × 365)       (3.6) 

where, GRW (2013): Present generation rate of solid waste (kg/capita/day); Qs (2013): Quantity of solid 
waste for year 2013 (kg) (Iraqi Ministry of Municipalities and Public Works, 2013a and 2013b); P 

(2013): Population of the Babylon Governorate for year 2013 (Iraqi Ministry of Planning, 2015). 
Equation (3.2) was used to calculate the population for each year from 2013 until 2030 

with the annual growth rate of 2.99 %. 
 To calculate the quantity of waste produced for the years 2020 - 2030, the equation 
(3.7) is used. This was done through multiplying the waste generation rate for the year 2013 by 
expected population for each year until the end of required period (2030) as follows:  

Qs (for specific year) = 
(𝑮𝑹𝑾𝟐𝟎𝟏𝟑 × 𝑷𝒕  × 𝟑𝟔𝟓)

(𝟏𝟎𝟎𝟎)
                                                                             (3.7) 

where, Qs: Quantity of waste produced each year (tonnes); Pt: Expected population for each year until 
the end period of the year 2030. 

The cumulative quantity of solid waste generated by 2030 can be calculated as shown 
in equation (3.4):  

  Method 3 
  Another attempt was made to calculate the expected future of solid waste in Babylon 
and its districts for the year 2030. This method is built through calculating the expected population 
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for each specific year as well as the rate of increment for waste generation rate in the Babylon 
Governorate and its districts. Generation rate of solid waste for each year was used in this method to 
fulfill many factors such as improving living standards in the study area and increasing levels of 
commercial and industrial activities in urban areas.  

In this method, the present generation rate of solid waste for each district was calculated 
through dividing the quantity of solid waste for the year 2013 by the population of each district for 
the year 2013 as follows: 

GRW(2013) = (Qs(2013))/(P(2013))                                                                                                                            (3.8) 

where, GRW: Present generation rate of solid waste for the year 2013 (kg/capita/day); Qs: Quantity 
of solid waste for the year 2013 (kg); P: Population for each district for the year 2013. 
 This attempt is based on fact that waste generation rates in 2005 and 2013 (Iraqi Ministry 
of Municipalities and Public Works, 2009, 2013a and 2013b) to calculate the annual increment for 
waste generation rate (RGI) as follows:  

RGI = (𝑮𝑹𝑾𝟐𝟎𝟏𝟑 − 𝑮𝑹𝑾𝟐𝟎𝟎𝟓)

(𝒏)
                                                                                                    (3.9) 

where, RGI: Rate of annual increment for waste generation rate 1%; GRW2013: Generation rate of 
solid waste was 0.67 (kg/capita/day) of year 2013 (Iraqi Ministry of Municipalities and Public Works, 
2013a and 2013b); GRW2005: Generation rate of solid waste was 0.58 (kg/capita/day) of year 2005 
(Iraqi Ministry of Municipalities and Public Works, 2009); n: Period (years).                     

Equation (3.10) is used to calculate the generation rate of solid waste for year 2030 or 
specific year (GRSW) based on present generation rate of solid waste for year 2013 from equation 
(3.8) and rate of increment for waste generation rate of each year from equation (3.9). This equation 
is similar to the equation that used by Al-Rawi and Al-Tayyar (2012). 

GRSW = GRW (2013) (1 + RGI)n                                                                                                  (3.10) 

where, GRSW: Generation rate of solid waste for each year (kg/capita/day); GRW: Present generation 
rate of solid waste for year 2013 from equation (3.6); RGI: Rate of annual increment in waste 
generation per year from equation (3.7); n: Number of years. 

GRSW(2030) = GRW(2013) (1 + 0.01) 17                                                                                                                                    (3.11) 

The general equation to calculate the quantity of waste (Qs) produced for each year until 
the year 2030 is as follows:  

Qs (for specific year) = ((P (2013) (1 + 0.0299) n) × (GRW (2013) (1 + 0.01) n) × (365/1000))   (3.12) 

The quantity of waste (Qs) produced for each year until the year 2030 was calculated 
through multiplying the expected population for each year from 2013 until 2030 (using equation 
(3.1)) by the generation rate of solid waste for year 2030 or specific year (GRSW) (using equation 
(3.10)). 

Then, the cumulative quantity of solid waste generated by 2030 can be calculated using 
equation (3.4). 
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3.2 Selecting Suitable Sites for Landfills in Arid Areas (Babylon Governorate) 
To evaluate the study area for selecting a suitable site for landfills, the GIS software 

together with methods of multi criteria decision making (MCDM); APH, SAW, SRS and RSW were 
used to prepare maps layered according to fifteen criteria. The main steps of landfill siting, depending 
on current criteria, can be seen in Figure 3.1. 
 

 

 

 

 

 

 

  

  

 

 

 

 

  

 

 

 

 

Figure 3.1: Flowchart of model for landfill sitting. 

3.2.1 Preparing Layers Maps of Criteria 
After selecting the important criteria related to the present study, the required maps were 

obtained in order to prepare the digital maps of criteria within ArcGIS. One sources for these maps 
was vector maps (as feature classes), with their information and locations stored in shapefiles. Other 
maps were converted into geometry feature classes from published maps and from available data 
about a study area to generate an interpolation between these data. Individual maps detailing 
topographies, slopes, rivers, roads, urban centers, villages, gas pipelines, oil pipelines, power lines 
and railways were prepared from shapefiles based on the internal reports of the Iraqi Ministry of 
Education (2015).    
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The layer detailing agricultural land use was obtained using the land capability map of 
Iraq (scale 1:1,000,000) from the Iraqi Ministry of Water Resource (1990) and was checked by 
analyzing satellite images of the Babylon Governorate. The water table readings from 185 
groundwater wells were entered into ArcGIS to generate an interpolation between them using the 
“Kriging” spatial interpolation method within spatial analysis tools in ArcGIS to produce the map of 

groundwater depth (Iraqi Ministry of Water Resources, 2015). The maps for exploratory soil of Iraq 
(scale 1:1,000,000) (Buringh, 1960), “archaeological sites” (scale 1:1,500,000) (World Digital 

Library, 2013) and for “industrial areas” (scale 1:400,000) (Iraqi Ministry of Municipalities and 

Public Works, 2009) were prepared within the GIS environment to produce vector maps as shapefiles 
using the relevant information in each published map. In this study, all vector maps were converted 
to raster maps to perform the analysis process in GIS for landfill siting. All information was projected 
onto the world geodetic system (WGS 1984) using a projected coordinate system (UTM).       

3.2.2 Restriction of Locations and Buffer Zone 
To identify the most suitable site for landfill, a process of large-scale evaluation is 

required. Any chosen site should satisfy the governmental regulations' requirements as well reducing 
environmental, economic and social effects and costs (Siddiqui et al., 1996; Ersoy and Bulut, 2009).  

Restricted sites mean areas that do not allow for a landfill site to be situated within them 
due to the potential risk on the environment and human health or because of the excessive cost or 
archeological sites that have high valuable history. Buffer zones, or spatial constraints, are utilized 
around important sites or specific geographic features in each criterion in the GIS environment using 
the special analysis tool, buffer. The buffer zones were created at a distance from each feature of the 
selected criteria based on literatures.  

3.2.3 Sub-Criteria Weights  
In this study, based on experts` opinions, reviews of literature in this field, and various 

required and available data about the study area, each criterion was classified into classes (sub-
criteria), and each class was given a suitability grading value. This was carried out by decision makers 
who gave their opinions about the sub-criteria based on previous studies in this field. In order to 
prepare each criterion and sub-criteria, number of steps were performed in GIS (e.g., buffer, clip, 
extract, overlay, proximity, convert, reclassify and map algebra, etc.). 

  Groundwater Depth  
 The “Kriging” interpolation method, one of the spatial analysis tools, in GIS, was 

employed to prepare the groundwater depths layer for the Babylon Governorate and its districts. This 
procedure generated an interpolation from the available data for groundwater depths in 185 wells 
throughout the Babylon Governorate (Iraqi Ministry of Water Resources, 2015). These measurements 
were taken between 2005 and 2013. Finally, the layer for groundwater depths was produced for the 
Babylon Governorate. The groundwater depth layer maps for each district were prepared using the 
Extract by mask tool, using GIS to cut each layer of these districts from the raster map for the whole 
of the Babylon Governorate groundwater depth. Finally, each district layer was classified into four 
categories.  

Generally, in most of the areas, the groundwater in the Babylon Governorate varies in 
depth from 0.423 to 15.972 meters beneath the surface to the groundwater table (Figure 3.2a). 
Various depths have been suggested as sufficient. For example, Alves et al. (2009) suggested that a 
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depth of 1.5 m from a site’s surface to the groundwater table is a suitable depth, while Effat and 
Hegazy (2012) recommended 6 m. Delgado et al. (2008) suggested 10m, but Moeinaddini et al.  
(2010) proposed more than 15 m, and Sadek et al. (2006) mentioned 30 m. Figure (3.2b) shows the 
map classifying groundwater depth in the Babylon Governorate. The highest depth value was given 
the highest rating, while the lowest groundwater depth level was given the lowest rating. For each 
district, the classified map of groundwater depth is given in appended papers (1-4).  

 
 
 

 

 

 
 
 
 
 
 
 

 
 

Figure 3.2: Maps of groundwater depth in the Babylon Governorate (a): Standardized (b): Classified. 

  Urban Canters 
In this study, buffer zones of less than 5 km were given a grading of zero. Buffer zones 

between 5 and 10 km were given the highest score, 10. Buffer zones of 10–15 km or more were given 
a score of 7 and 4, respectively (Figure 3.3). 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.3: Classified map of urban centers for the Babylon Governorate.  

For the “urban centers” layer, many researchers suggested that the appropriate distance 

from the borders of urban areas to a landfill site should be between 5 - 10 km, considering economic 
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factors and the impacts on the public. The cost of this land, health and safety laws often prevent siting 
of a landfill within the boundaries of an urban area. Important factors to be considered are noise, 
decreases in property value (Zeiss and Lefsrud, 1995), odors, aesthetics (Tagaris et al., 2003), and 
ensuring that the urban area retains the potential to expand in the future (Effat and Hegazy, 2012). 
Several researchers recommend distance of 5 km as a suitable buffer zone from city borders to a 
landfill site (Şener, 2004; Effat and Hegazy, 2012; Isalou et al., 2013). Chang et al. (2007) suggested 

3 km as a sufficient buffer while Alavi et al. (2013) proposed 2 km.  

  Rivers 
The “river” criterion was adopted to protect water of Shatt Al-Hillah River that is 

passing through the study area from contamination by leachate (Şener, 2004; Yildirim, 2012).  
In this study, a buffer zone of more than 1 km from any river boundary was adopted to 

protect surface water from contamination. Distance less than 1000 m was thus given a grading value 
of zero and any distance greater than 1 km was given a score value of 10 (Figure 3.4).  

 A buffer zone of more than 1km is a suitable distance from a river boundary to a landfill 
site to protect it from contamination (Sharifi et al., 2009; Eskandari et al., 2012; Kara and Doratli, 
2012; Yildirim, 2012). Siddiqui et al. (1996) suggested that a distance of 0.8 km from a river boundary 
is sufficient. However, some researchers recommended that an even smaller buffer zone of 0.5 km 
from a river is adequate to reduce the potential for river contamination (Sadek et al., 2006; Demesouka 
et al., 2013).  

 
 
 

 

 

 

 

 
 
 

 
Figure 3.4: Classified map of rivers for the Babylon Governorate. 

  Villages 
The "villages" criterion is adopted because there are many villages distributed 

throughout the study area. The literature recommended that a minimum distance from a landfill site 
to villages should be at a suitable distance (Charnpratheep et al., 1997; Şener et al., 2006) to protect 
humans and the environment from insects and rodent infestation, odors, diseases, sometimes 
population suffocation because of burning the waste in these sites, as well to increase the social 
opposition to the establishment of landfill sites. 

For the layer map of "villages", the literature suggested a minimum distance of 0.4 - 1 
Km. Siddiqui et al. (1996) stated that the distance, from any built-up area consisting of ten houses or 
more to a landfill site, should be at least more than 0.4 km (0.25 mi) whilst some researchers 
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recommended a minimum distance from a landfill site to villages of 1 Km (Charnpratheep et al., 
1997; Şener, 2004; Şener et al., 2006).  

In the current study, buffer zones less than 1km were given a grading value of 0 whilst 
those with buffer zones greater than 1km were given a score of 10 (Figure 3.5). 

 
    

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.5: Classified map of villages for the Babylon Governorate.  

  Soil Types 
To prepare the “soil types” vector map, the published map of exploratory soil of Iraq 

(scale 1:1,000,000) was drawn in separate polygons for soil types within ArcGIS. There are eleven 
types of soil in the Babylon Governorate (Buringh, 1960). Subsequently, the vector map of soil types 
was converted to a raster map. Figure 3.6 shows the symbol and rating applied for each soil type.  

The soil of the Babylon Governorate consists of clastic materials known as alluvial 
deposits (Jassim and Goff, 2006). All parts of the governorate are covered by alluvial deposits to a 
depth of more than 50 m, and no rocks are exposed in this area. 
 
 
  
 
 
 
 
 
 
 
 
 

 

 

Figure 3.6: Classified map of soil types for the Babylon Governorate. 
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 A short description of the soil types in the study area, according to (Buringh, 1960), 
can be summarized as follows:    

a) Periodically Flooded Soils (7 A) 
These types of soils are arid, alluvial and solonchak, and the land surface form of this soil is level in 
depressions. For this soils type, the parent material is fluviatile, silty clay loam or clay. These soils 
are deep and waterlogged. They have strong salinity that make them external flooded solonchak and 
sabakh waste land, which have a white salt crust several centimeters of thickness on the surface. 

b) Haur Soils (8 B) 
Haur soils are hydromorphic and covered by water for the greatest part of the year. They are situated 
in the deepest parts of the depressions. These types of soils are lacustrine clay soils. Haur soils occupy 
about 25 - 30% of the flood plain region. The parent material for this soils type is fluviatile and 
lacustrine clay. These soils are often flooded and strongly saline. 

c) Basin Depression Soils (6 C)  
These soils are predominantly arid, alluvial, solonchak (occurs in shallow depressions on the 
Euphrates plain and has a crust of white salt several centimeters thick) and solonetz (is usually highly 
alkaline due to salts containing gypsum and prone to cracking; there may be few centimeters of friable 
surface soil, but these soils are underlain by dense and hard layers). It consists of fluviatile, silty clay 
loam to clay, often with irrigational sediment. This soil type is deep with a high groundwater table 
and sometimes floods. The leachate from these soils has a slightly grey color and leaches to lower 
levels. 

d) River Basin Soils, Poorly Drained Phase (5' D)  
These types of soils consist of arid, alluvial and solonchak soils and their land surface form is almost 
level with variations in elevations of a few meters that formed because of natural floods and irrigation 
practices over thousands of years. The parent material for this soil type is fluviatile, silty clay loam 
to clay, with silty irrigational sediment on top. These soils are deep and have a relatively high 
groundwater table. They also have moderate to strong salinity that makes them external solonchak 
and sabakh. 

e) River Basin Soils, Silted Phase (5 E)  
These types of soils have the same characteristics and properties of E (5'), but the (5) soils type is 
considered less suitable than the (5') soils type for landfill siting, according to Buringh (1960).  

f) Silted Haur and Marsh Soils (9 F)  
These soils have been formed in marsh areas. They consist primarily of composites of arid, alluvial 
and solonchak soils, and occur in level land reliefs. The parent material for this soil type is fluviatile, 
silt loam to clay, with a layer of silty irrigational sediment that is often meters thick. The salinity of 
these soils is moderate (solonchak and sabakh soils). 

g) River Levee Soils (4 G)  
These soils are level surfaces and consist of arid soil as well alluvial soil, with a small proportion of 
solonchak soil. The groundwater level is high. The parent materials of these soils are fluvial, fine 
sandy loam to silty clay loam. In this soil type, salinity appears in deeper sub-soils with rates ranging 
from free to moderate. 

h) Active Dune Land (11 H)  
These soils have no development in their profile, and consist of dry, loose, unconsolidated material 
and sediment. These soils are sandy and clayey dunes. This means that even moderate wind can 
remove the material from their surface. These soils are moderately to strongly saline. 
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i) Sand Dune Land (18 I) 
Sand Dune Land consists of regosols, a dry loose material of unconsolidated material, they are true 
active sandy dune land with low dunes of 1-3 meters high. This soil can be eroded by severe wind. 
The parent materials of these soils are sand, mainly Quartz. Sand dune land is free to slightly saline. 

j) Mixed Gypsiferous & Desert Land (17 J) 
The surface soil is non-uniform because of the effect of wind erosion. These soils are shallow and 
highly saline. The parent materials for this soil are gypsum, limestone and sandstone. It is 
characterized by soils with a grey or pale greyish calcareous surface soil that are very low in organic 
matter content. When the depth increases, an accumulation of calcareous soil with lime or gypsum is 
existed.  

k) Gypsiferous Gravel Soils (1 K) 
Gypsiferous Gravel Soils are Sierozem soils, grey soils with a grey or pale greyish calcareous surface 
soil which is very low in organic matter and less than 20 cm deep. In this type of soil, contains lime 
or gypsum accumulation. For these soils, the parent materials are fluviatile, gravel, pebbles and 
secondary gypsum. The land form of these soils is non-uniform because of medium wind erosion, 
and the depth of these soils is shallow. These soils can be eroded by wind. The salinity of these soils 
is free or slightly affected. 

 Roads 
This layer consists of main roads and highway in the Babylon Governorate. In this 

study, buffer zones from roads to landfill sites of less than 0.5 km were assigned a zero grade in the 
rating of this layer. Buffer zones of 0.5 - 1 km were assigned a grade of 7 whilst the buffer zones of 
1 - 2 km were assigned the highest score, 10. Buffer zones of 2 - 3 km and those greater than 3 km 
were given a grading of 5 and 3, respectively (Figure 3.7). 
 
 
 
 
 
 

 

 

 

 

 

 
 

Figure 3.7: Classified map of roads for the Babylon Governorate.  

Several researchers believe that a buffer zone should be higher than 0.5 km from main 
roads and highways to a landfill (Şener et al., 2006; Şener et al., 2011; Effat and Hegazy, 2012). Other 

researchers introduce 1 km as a suitable buffer zone from a road boundary to the landfill site (Kara 

Roads (km)
 0 - 0.5 (0)
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and Doratli 2012; Sharifi et al., 2009). Distances from roads to a landfill site should be sufficient to 
ensure that there are no negative aesthetic impacts (Moeinaddini et al., 2010), and to ensure that 
drivers are protected from accidents that may occur due to the material blown onto roads by strong 
winds (Baban and Flannagan, 1998; Demesouka et al., 2013). Moreover, economic factors must be 
taken into consideration, and a landfill site should be located within a reasonable distance from the 
existed roads in order to reduce the construction cost of roads leading to the site in future (Zeiss and 
Lefsrud, 1995; Lin and Kao, 1999; Nas et al., 2010). 

 Elevation 
The digital elevation model (DEM) was adopted in this work (Iraqi Ministry of 

Education, 2015). To reduce the potential of leachate leaking from the landfill and to avoid the risk 
of flooding (Demesouka et al., 2014), the criterion of topography, elevation, was selected. 

In this study, the highest elevations in the Babylon Governorate are 72 meters above 
mean sea level (a.m.s.l.) in the specific area which is located at the northern part of the governorate 
whilst the lowest elevations are 11 (a.m.s.l.) (Figure 3.8). 

 More details about elevations' classification for each district in the Babylon 
Governorate is explained in appended papers (1-4).   

  
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 3.8: Standardized map of elevations for the Babylon Governorate. 
 

 Slope  
Land slope is an important factor when selecting a landfill site. An area with a very 

steep slope will increase drainage of pollutants from the landfill site to surrounding areas (Lin and 
Kao, 1999), and will grow the risk of leachate flowing from high slopes to flat and low areas or bodies 
of water. This may lead to leachate pollution and contaminants moving long distances from their 
sources (Leao et al., 2004; Nas et al., 2010). Estimations of a suitable slope to avoid contaminant 
runoff ranges from 0-5° (Şener, 2004; Ersoy and Bulut, 2009; Effat and Hegazy, 2012). The "slope" 
layer was created based on the digital elevation model (DEM) of the study area.  

Figure 3.9 shows that most of the land in the study area has a slope of 0-5° and was 
assigned a rating value of 10. 
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Figure 3.9: Classified map of slope for the Babylon Governorate. 

  Land Use  
In the Babylon Governorate, eleven categories were used to prepare the "land use" layer; 

these are urban centers, villages, industrial areas, archaeological sites, universities, treatment plants, 
agricultural airports, rivers, agricultural lands, plantations and unoccupied lands (Iraqi Ministry of 
Education, 2015). All shapefiles were merged in a single layer called "land use". The categories of 
plantations and unoccupied lands were given ratings of 5 and 10, respectively whilst other categories 
were assigned a score of zero (Figure 3.10). 

 
 
 
 
 
 
 
 

 
 

 

 

Figure 3.10: Classified map of land use for the Babylon Governorate. 

 Agricultural Land Use  
 Each layer map of "agricultural land use" for the Babylon Governorate and its districts 
was divided into three categories: agricultural lands, orchards and unused lands. These categories are 
drawn in polygons forms in separate shapefiles based on satellite images of the Babylon Governorate 
and 1:1,000,000 scale of the land capability map of Iraq (Iraqi Ministry of Water Resources, 1990). 
Then, they were merged in a single layer (shapefile) called agricultural land use. Logically, landfill 
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sites should not be in areas of the agricultural land category (Figure 3.11). This category was; 
therefore, assigned a grade of zero. The orchards category was given a grade of 5, and the unused 
land category was assigned the highest possible score, 10. 
 

 

 

 

 

 

 

 

 
Figure 3.11: Classified map of agricultural land use for the Babylon Governorate. 

 Archaeological Sites 
The Babylon Governorate has a rich history and it is a home to several significant 

archaeological and religious sites. These areas are considered inappropriate absolutely to be within 
or near a landfill site because of their high historical value, their importance for tourism, and the 
development of tourism in this governorate.  

In literature, some researchers suggested that the distance of 1 km from archaeological 
and religious sites is not suitable and distances between 1-3 Km are more suitable (Gupta et al., 2003; 
Ersoy and Bulut, 2009) whilst the distance of more than 3 km is the most suitable and get the highest 
score. Several Researchers used 0.5 km as a buffer zone from archaeological and religious sites (Nas 
et al., 2010; Eskandari et al., 2012; Demesouka et al., 2013). However, others recommended 7.1 Km 
from temples and archaeological sites (Charnpratheep et al., 1997).    

In this study, for the "archaeological sites" layer, buffer zones of more than 3 km around 
these areas were scored 10. Buffer zones of 1-3 km were scored 5. Buffer zones of less than 1 km 
around these areas were excluded and scored zero as shown in Figure 3.12.  

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.12: Classified map of archaeological sites for Babylon Governorate. 
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 Power Lines 
 In relevant literature, Şener (2004) and Yildirim (2012) asserted that a suitable buffer 
zone from a landfill site should be more than 30 m on both sides from power lines to avoid risks 
associated with high voltage, with considering the need to provide electricity to the infrastructure of 
the landfill site. Sadek et al. (2006) and Demesouka et al. (2013) introduced distances: 40 m and 50 
m respectively in their study to be a suitable buffer zone on both sides from a landfill location.  
 In this study, buffer zones for power lines smaller than 30 m on both sides were given a 
score value of zero whilst those wider than 30 m were given a grading value of 10 (Figure 13).  

 
 
 

  
 
 
 
 
 
 
 
 
 

Figure 3.13: Classified map of power lines for the Babylon Governorate. 

 Gas Pipelines 
 In literature, Şener (2004) and Uyan (2014) assured that a suitable buffer zone on 
both sides of pipeline gas to a landfill site should be more than 250 m. 
 The buffer zone from gas pipelines to a landfill site was taken in this study as 300 m 
on both sides. Consequently, it was given a grading value of zero. However, distance of more than 
300 m was given a score value of 10 (Figure 3.14).  
 This determinant is adopted to avoid the serious impact of spontaneous fires resulted 
from combustion of solid waste on the gas pipelines depending on the determinants of the Iraqi 
Ministry of Oil/Oil Pipelines Company/Iraq No. 40145 in 1989 (Iraqi Ministry of Oil, 2015). 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.14: Classified map of gas pipelines for the Babylon Governorate 
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 Oil Pipelines 
There are many oil pipelines passing through the study area. Distance of more than 75 

m on both sides of oil pipelines to a landfill site is considered a safe distance according to the 
determinants of the Iraqi Ministry of Oil/Oil Pipelines Company/Iraq No. 40145 in 1989 (Iraqi 
Ministry of Oil, 2015).  

Figure 3.15 shows that the distance, which is less than 75 m, on both sides of oil 
pipelines, was given a grading value of zero, whereas a score of 10 was associated with the distance 
that is more than 75 m. 

  
 

 
 
 
 
 
 
 

 
 

 
 

Figure 3.15: Classified map of oil pipelines for the Babylon Governorate.  

 Railways  
For the layer map of "railway”, the most suitable buffer zone between a landfill site and 

a railway is at least 0.5 km (Wang et al., 2009; Nas et al., 2010; Demesouka et al., 2013); this is to 
prevent both potential land subsidence and visual intrusion (Baban and Flannagan, 1998).  

In this study, buffer distances of less than 500 m on both sides of a railway were graded 
zero. Buffer distances, greater than 500 m, were given a grade of 10 (Figure 3.16). 

  
 
 

 
 

 
 
 
 
 
 
 
 
 

Figure 3.16: Classified map of railways for the Babylon Governorate  
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3.2.4 Determining of Relative Importance Weights of Criteria  
For determining the relative importance weights of criteria, four methods were used to 

derive the weights of criteria in different styles among many methods of multi criteria decision 
making (MCDM). Therefore, these methods are considered the most common methods of MCDM. 
The multi criteria decision making methods include the following:  
➢ A pair-wise comparison method.  
➢ Ranking methods.  
➢ Ratio methods. 

To produce significance weights of criteria, these methods were applied. These methods 
are as follows: 

3.2.4.1 Analytical Hierarchy Process (AHP) Method 
In the AHP method, selection criteria can be identified and weighted, and the collected 

data can also be analyzed. This is to accelerate the process of decision making. The hierarchy is 
deconstructed into a pair comparison matrix. This pair-wise comparison is used to determine the 
relative importance of each alternative in terms of each criterion.  

The AHP was applied in all districts in the Babylon Governorate for landfill siting 
because it has theoretical foundations (see appended papers (1-4)). 

In typical analytic hierarchy studies, a nine-point scale was used, where each point 
equates to an expression of the relative importance of two factors (Table 3.1). This enables the 
decision maker to assess the contribution of each factor to reach the objective independently through 
the pair-wise comparison, thus to simplify the decision-making process (Rezaei-Moghaddam & 
Karami, 2008). 

Table 3.1: Numerical Scale of relative importance for pair wise comparison (Saaty, 1980). 
Importance 

Intensity  Definition 

1 Equal importance 
2 Equal to moderately importance 
3 Moderate importance 
4 Moderate to strong importance 
5 Strong importance 
6 Strong to very strong importance 
7 Very strong importance 
8 Very to extremely strong importance 
9 Extreme importance 

In the present study, the typical structure of the decision problem is formed and consists 
of numbers represented by the symbol “m” while alternatives are given numbers represented by the 

symbol “n”. Each alternative can be evaluated in terms of the decision criteria as well each criterion 

can be estimated by its weight (or its relative importance). 
The values of aij (i = 1, 2, 3…. m) and (j = 1, 2, 3…. n) are used to signify the 

performance values in terms of the i-th and j-th in a matrix (Hussain, 2004; Teknomo, 2006; Uyan, 
2014). The upper triangular of the matrix is filled with the values of comparison criteria above the 
diagonal of the matrix. In order to fill the lower triangular of the matrix, the reciprocal values of the 
upper diagonal are used. This is done by using the equation (3.13):   
(aji = 1/aij )                                                                                                                                                                                                            (3.13) 
where, aij is the element of row i and column j of the matrix.  



Chapter Three                                                      Methodology - Selecting Suitable Sites for Landfills  

41 

 

The typical comparison matrix for any problem and the relative importance of the 
criteria can be represented in a decision matrix as follows: 

a11 a12 a13 … a1n  W1 
a21 a22 a23 … a2n W2 
a31 a32 a33 … a3n W3 
…. … … … … … 
…. … … aij … … 
am1 am2 am3 … amn Wn 

 

 The eigenvectors for each row are calculated using geometric principles, multiplying the 
value for each criterion in each column in the same row of the original pair-wise comparison matrix and 
then applying this to each row, it is represented as follows: 

Egi= √(𝒂𝟏𝟏 ×  𝒂𝟏𝟐  ×  𝒂𝟏𝟑  × … . .× 𝒂𝟏𝒏)𝒏                                                                                  (3.14) 

where, Egi = eigenvalue for the row i; n = number of elements in row i. 
The priority vector is determined by normalizing the eigenvalue to 1(divided by their sum) 

as follows: 

Pri = Egi  / (∑ 𝑬𝒈𝒌
𝒏
𝒌=𝟏 )                                                                                                                       (3.15) 

The maximum lambda (λmax) is obtained from the summation of products between each 
element of priority vector and the sum of columns of the reciprocal matrix as shown in the following 
formula: 

λmax =∑ [𝑾𝒋 ∑ 𝒂𝒊𝒋
𝒎
𝒊=𝟏 ]𝒏

𝒋=𝟏                                                                                                             (3.16) 

where, aij = the sum of criteria in each column in the matrix; Wi = the value of weight for each criterion 
which is corresponding to the priority vector in the matrix of decision, where the values (i=1, 2...., m) and 
(j= 1, 2...., n). So, the lambda max (λmax) in this study is equal to 15.61. 

The CI (consistency index) was estimated using the following equation (3.17): 
CI = (λmax − n)/ (n − 1)                                                                                                                    (3.17) 
where, CI represents the equivalent to the mean deviation of each comparison element and the standard 
deviation of the evaluation error from the true ones (Sólnes, 2003) and n is size or order of the matrix. In 
this study, CI equals 0.043. 

The consistency ratio (CR) was obtained according to (Saaty, 1980) by dividing the value 
of consistency index (CI) by the random index value (RI = 1.59) for n=15 (Table 3.2), where this table 
displays mean random index value RI for matrices with different sizes according to (Saaty, 1980).  
CR = (CI / RI)                                                                                                                                 (3.18) 

If CR is less than 0.1, the ratio indicates a reasonable consistency level in the pairwise 
comparison. CR should, therefore, be less than 0.1. In this study, CR = 0.027 < 0.1 and RI15 = 1.59. For 
any matrix, the judgments are completely consistent if a CR is equal to zero (Coyle, 2004). The pairwise 
comparison matrices were prepared for fifteen criteria. 

Table 3.2: Random inconsistency indices for different values of (n=1,2,.....,15) (Saaty, 1980). 
n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59 
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In the process of selection, the importance and weight of each criterion were compared 
with each criterion in this study. It was done through the adoption of the opinions of experts who 
have worked in this field. Each criterion was given a value of weight that it deserves. Then, these 
weights were used for preparing the matrix of AHP to get the right weight for each criterion (Table 
3.3).  

Table 3.3: Random Pair-wise comparisons’ matrix for determining criteria weights for landfill siting. 

 
3.2.4.2 Simple Additive Weighting (SAW) Method  
  Simple additive weighting (SAW) is a ranking method, and it is defined as weighted 
linear combination or scoring method that considered a simple method, which uses multi-attribute 
decision technique (Afshari et al., 2010). It is based on experts’ opinion to derive the weight for each 

criterion and to select the importance and weight of each criterion relative to other criterion in this 
study. The score for each criterion can be assigned based on the decision makers, and then 
normalization the relative weight of importance for each criterion is done through dividing the weight 
of each criterion by their summation as follows (Şener, 2004; Afshari et al., 2010):  

W i = 
𝑨𝒊

∑  𝑨𝒋
𝒏
𝒋=𝟏

  j = 1, 2,….., n                                                                                                         (3.19) 

where, Wi is the normalized weight of each criterion which was divided by the weight of each criterion 
by their sum; Ri is the weight of each criterion of area i under criterion j; n is number of criteria.  

The SAW method was applied in Al-Musayiab district, given by Chabuk et al. (2017a), 
to determine the normalized weights of 15 criteria for the selection landfill sites (Table 3.4). 
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Groundwater D. 1 2 2 3 4 4 5 5 5 6 6 7 8 8 9 0.2004 
Urban Centers 0.50 1 1 2 3 3 4 4 4 5 5 6 7 7 8 0.1471 
Rivers  0.50 1 1 2 3 3 4 4 4 5 5 6 7 7 8 0.1471 
Villages 0.33 0.5 0.50 1 2 2 3 3 3 4 4 5 6 6 7 0.1038 
Elevation 0.25 0.33 0.33 0.50 1 1 2 2 2 3 3 4 5 5 6 0.0709 
Soils types 0.25 0.33 0.33 0.50 1 1 2 2 2 3 3 4 5 5 6 0.0709 
Slope 0.20 0.25 0.25 0.33 0.50 0.50 1 1 1 2 2 3 4 4 5 0.0463 
Roads 0.20 0.25 0.25 0.33 0.50 0.50 1 1 1 2 2 3 4 4 5 0.0463 
Agricul. Land Use 0.20 0.25 0.25 0.33 0.50 0.50 1 1 1 2 2 3 4 4 5 0.0463 
Land use 0.17 0.20 0.20 0.25 0.33 0.33 0.50 0.50 0.50 1 1 2 3 3 4 0.0302 
Archaeo. Sites 0.17 0.20 0.20 0.25 0.33 0.33 0.50 0.50 0.50 1 1 2 3 3 4 0.0302 
Power lines 0.14 0.17 0.17 0.20 0.25 0.25 0.33 0.33 0.33 0.50 0.50 1 2 2 3 0.0207 
Gas pipelines 0.13 0.14 0.14 0.17 0.20 0.20 0.25 0.25 0.25 0.33 0.33 0.50 1 1 2 0.0146 
Oil pipelines 0.13 0.14 0.14 0.17 0.20 0.20 0.25 0.25 0.25 0.33 0.33 0.50 1 1 2 0.0146 
Railways 0.11 0.13 0.13 0.14 0.17 0.17 0.20 0.20 0.20 0.25 0.25 0.33 0.50 0.5 1 0.0107 
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Table 3.4: The criteria weights defined for the SAW method and normalized weights. 
No. Criterion Criteria weights  Normalized weights 
1 Groundwater depth  10  0.111 
2 Urban centers  9  0.1 
3 Rivers  9  0.1 
4 Villages   8  0.088 
5 Elevation  7   0.078 
6 Soils types 7  0.078 
7 Roads   6  0.067 
8 Slope  6  0.067 
9 Agricultural land use 6  0.067 
10 Land use 5  0.056 
11 Archaeological sites  5  0.056 
12 Power lines  4  0.044 
13 Gas pipelines  3  0.033 
14 Oil pipelines  3  0.033 
15 Railways  2  0.022 

 Sum 90 1 
 

3.2.4.3 Straight Rank Sum (SRS) Method 
 The straight rank sum method (SRS) is considered a kind of ranking methods. It 
represents a simple method used to determine the weights of criteria through arranging the criteria 
according to relative importance in descending order from the most to the least significance 
depending on the literature review and preference of decision makers using the following formula (n 
– ri + 1). Then, the weights of criteria are normalized through dividing each weight of criterion by 
their sum ∑ (n – rg + 1) according to equation (3.20) (Effat and Hegazy, 2012; Kumar et al., 2015):  

Wi= (n – ri + 1)/ (∑(n – rg + 1)                                                                                                     (3.20) 

where, Wi is the relative importance of normalized weight for ith criterion; n is the number of criteria 
in this study under consideration (g = 1, 2, …, n) and ri is the position of rank for the criterion. 
 The SRS method was applied in Al-Qasim district, given by Chabuk et al. (2017b), to 
obtain the weights of criteria for landfill siting using 15 criteria (Table 3.5). 

Table 3.5: The criterion weightings defined for the SRS method and normalized weights. 

No. Criterion Criteria weights 
 (n – ri + 1) 

Normalized weights  
Wi = (n – ri + 1)/ ∑ (n – rg + 1) 

1 Groundwater depth  15 0.125 
2 Urban centers  14 0.117 
3 Rivers  13 0.108 
4 Villages  12 0.100 
5 Elevation  11 0.092 
6 Soils types 10 0.083 
7 Slope  9 0.075 
8 Roads  8 0.067 
9 Agricultural land use 7 0.058 

10 Land use 6 0.050 
11 Archaeological sites  5 0.042 
12 Power lines  4 0.033 
13 Gas pipelines  3 0.025 
14 Oil pipelines  2 0.017 
15 Railways  1 0.008 

 Sum 120 1 
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3.2.4.4 Ratio Scale Weighting (RSW) Method  
 The Ratio Scale Weighting (RSW) method is one of the ratio methods. The decision 
process in this method is based on allocating a suitable ratio score value for each criterion, where the 
value of 100 is given to the most important criterion to be the basis for the values of other criteria. 
Values, smaller than 100, are proportionally allocated to criteria that are lower in the order according 
to the importance of each criterion with respect to the others (Şener, 2004). To estimate the new 
weightings for criteria (NWi) using the ratio scale weighting (RSW) method, the value of proportional 
weight of each criterion is divided by the value of proportional weight of the lowest importance 
criterion (Demesouka et al., 2014; Kumar et al., 2015). Then, the normalized weights for criteria of 
the RSW method are estimated as follow (Demesouka et al., 2014; Kumar et al., 2015):   

W i = 
𝑵𝑾𝒊

∑  𝑵𝑾𝒋
𝒏
𝒋=𝟏

  j = 1, 2,….., n                                                                                                         (3.21) 

where, Wi is the normalized weight of each criterion divided by the new weight of each criterion by 
their sum; NWi is the new weight of each criterion of area i under criterion j; n is number of criteria.  

The RSW method was applied in Al-Mahawil district, given by Chabuk et al. (2017c). 
This done by assigning the weights of 15 criteria (Table 3.6). 

Table 3.6: The criterion weightings defined for the RSW method and normalized weights. 
No. Criteria Ratio scale value New weight (NWi) Normalized weights (Wi) 
1 Groundwater depth 100 20 0.2012 
2 Urban centers 74 14.8 0.1489 
3 Rivers 73 14.6 0.1469 
4 Villages 52 10.4 0.1046 
5 Elevation 35 7 0.0704 
6 Soils types 35 7 0.0704 
7 Slope 23 4.6 0.0463 
8 Roads 23 4.6 0.0463 
9 Agricultural land use 23 4.6 0.0463 
10 Land use 15 3 0.0302 
11 Archaeological sites 15 3 0.0302 
12 Power lines 10 2 0.0201 
13 Gas pipelines 7 1.4 0.0141 
14 Oil pipelines 7 1.4 0.0141 
15 Railways 5 1 0.0100 

 Sum  99.4 1 

3.2.5 Producing of the Final Map for Landfill Sites   
In order to find the suitability index value of the potential areas, a total of fifteen raster 

map layers was entered in the GIS environment. Then, the method of WLC, weighted linear 
combination, was used based on the following equation (3.22) (El-Alfy et al., 2010; Eskandari et al., 
2012):   

Ai = ∑ 𝑾𝒋  ×  𝑪𝒊𝒋
𝒏
𝒋=𝟏  (3.22) 

where, Ai is the suitability index for area i; Wj is the relative importance weight of criterion; Cij the 
grading value of area i under criterion j; n is the total number of criteria. 

Equation (3.22) was applied on all criteria using the extension tool, map algebra, in 
GIS software. The procedures for estimating the suitability index were done through the summation 
of the products of multiplying the grading values of the sub-criteria for each criterion by the 
corresponding relative weight of each criteria.  
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3.3 Soil Investigations  
This study aims at conducting soil investigations as a part of the selection process for the 

best sites for landfills in each district in the Babylon Governorate. GIS software and multi criteria 
decision making methods were used to determine suitable sites for landfills from the final output 
maps of suitability index for landfills which was implemented in the current study. Each site is 
subjected to field soil tests to find the composition of the soil layers at each site to a depth of 10 m. 
These results were compared with the soil properties adopted for final site selection. The analytical 
work on the soil for the proposed sites in Babylon was carried out at the labs of the Iraqi Ministry of 
Housing & Construction, National Centre for Construction Laboratories and Research, Babylon, Iraq 
in 2016. The main reasons for the soil investigations in the selected sites for landfills are: (i) to acquire 
the necessary data for the different layers of soils at the selected sites in the field; (ii) to check the 
groundwater depth at the selected sites; (iii) to check the compression strength of the soil to estimate 
the quantities of solid waste that can be placed on the surface of landfill; (iv) to know the types of 
soil materials and their properties in the study areas. Then, checking if these soil materials can be 
entered in the suggested layers for landfill design in the selected sites in the Babylon Governorate.      

3.3.1 Field Exploration in the Selected Sites  

3.3.1.1 Drilling and Sampling 
Drilling was done using flight augers. The diameter of the drilled boreholes was 15.0 

cm. The distributed samples (D) were collected from the auger cuttings at different depths. The 
undisturbed samples, marked (U), were obtained using Shelby tubes. Split spoon samples (S.S.) were 
obtained from a standard split spoon used in the Standard Penetration Test (S.P.T.), which was 
performed for every test boring at different intervals depending on the stratification of the soil. 

3.3.1.2 Number of Bore Holes and Sampling 
        Two borehole locations were assigned for each site by the local authority concerned, 
and the boreholes were drilled to 10 m deep below Ground Surface (N.G.S).  

3.3.1.3 Laboratory Testing 
Each of the soil samples received by the laboratories of the Directorate of Soil 

Investigation NCCLR / Babylon was given a laboratory number. The samples of each the borehole 
were visually examined for initial classification before laboratory testing. 
         The test program was decided by the soil engineer. The actual test proposed for a 
particular sample depends on the type of sample (S.S, U and D) and the nature of its material. 
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3.4 Landfill Design 
The main goal of landfill design in an arid area (e.g. the Babylon Governorate, Iraq) is 

to reduce the effects of the solid waste on human health and the surrounding environment. In this 
study, the suggested landfill design includes soil layers in the base liner and the final cover systems. 

3.4.1 Site Layout for the Suggested Landfills  
The selected landfill sites should be divided into many zones, where each zone is used 

to accommodate the quantity of waste over a one-year period. In this study, the lifespan of the selected 
landfill is 10 years. Therefore, the area of each selected site was divided into ten zones (one zone for 
each year). Each zone was subdivided into number of cells, so that the areas of cells are sufficient to 
accommodate the quantity of waste during the design lifespan of each zone (Figure 3.17). The 
quantity of waste (Qs) produced each year until year 2030 was calculated based on equation (3.12).  

The area of each zone (km) is derived by dividing the quantity of waste (kg) for a 
specific year by the sum of the products of multiplying the density of solid waste (700 kg/m3) by the 
height of the waste (2 m). The area of each zone was divided into number of cells. The quantity of 
waste (Qs) for each year from 2020 to 2030 and the required area for each zone in each candidate site 
can be seen in Table 3.7.  

 

 

 

 

 
 
 
 

Figure 3.17: The suggested plane sketch diagram for a landfill site. 

Table 3.7: The quantity of solid waste, and the suggested area of each zone, for selected landfills 
 in the Babylon Governorates’ districts to accommodate waste for the years (2020-2030). 

year 
Hillah Qasim Mahawil Hashimiyah Musayiab 

Waste 
(tonne) 

Z.A. 
(Ha.) 

Waste 
(tonne) 

Z.A. 
(Ha.) 

Waste 
(tonne) 

Z.A. 
(Ha.) 

Waste 
(tonne)  

Z.A. 
(Ha.) 

Waste 
(tonne) 

Z.A. 
(Ha.) 

2020 318,576 22.7 51,497 3.7 64,993 4.6 67,532 4.8 138,760 9.9 
2021 331,383 23.7 53,567 3.8 67,605 4.8 70,246 5.0 144,338 10.3 
2022 344,704 24.6 55,720 4.0 70,323 5.0 73,070 5.2 150,140 10.7 
2023 358,561 25.6 57,960 4.1 73,150 5.2 76,008 5.4 156,176 11.2 
2024 372,974 26.6 60,290 4.3 76,090 5.4 79,063 5.6 162,454 11.6 
2025 387,968 27.7 62,714 4.5 79,149 5.7 82,241 5.9 168,984 12.1 
2026 403,563 28.8 65,235 4.7 82,331 5.9 85,547 6.1 175,777 12.6 
2027 419,786 30 67,857 4.8 85,641 6.1 88,986 6.4 182,843 13.1 
2028 436,661 31.2 70,585 5.0 89,083 6.4 92,563 6.6 190,193 13.6 
2029 454,215 32.4 73,422 5.2 92,664 6.6 96,284 6.9 197,839 14.1 
2030 472,474 33.7 76,374 5.5 96,389 6.9 100,155 7.2 205,792 14.7 

Sum 307 Sum 49.6 Sum 62.6 Sum 65.1 Sum 133.9 
 
Note:  Z.A.: zone area; Ha.: heactar; 1 heactar = 0.01 km2   
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3.4.2 Base Level of Landfill  
The level of the solid waste bottom should be placed at more than 1.2 m (British 

Columbia, 2016) or 2 m (WVJPCE and TAWGA, 2014; EPA Victoria, 2015) above the groundwater 
table. The distance from the base of the landfill to the ground water table was higher than 2 m at all 
the selected sites for landfills in the Babylon Governorate.       

3.4.3 Base Liner System 
The main aim of construction of the base liner system is to prevent groundwater 

contamination by leachate (EPA Victoria, 2015). The suggested landfill design for the base liner 
system in these arid areas consists of a bottom barrier layer, a geomembrane liner, a leachate 
collection system and a protective layer. 

1. Sub-Base Layer (base liner system) 
The compacted sub-base (subgrade) layer is necessary to provide a stable and smooth 

surface for the bottom barrier layer to be constructed on top of it without affecting the stability of the 
base liner system by differential settlement. This layer should be compacted and placed directly over 
the natural soil layer. The thickness of the sub-base layer should be 20 cm (NSW EPA, 2016) or 30 
cm (Bagchi, 2004; SIGIR, 2006; Joyal, 2006). This layer is compacted with maximum modified 
proctor’s density 90-95% using two lifts, or 80-90% if using sandy materials (Bagchi, 2004). In the 
current design, the thickness of the sub-base layer ranges between 20 cm and 30 cm. 

2. Bottom Barrier Layer (base liner system) 
The aim of implementing a bottom barrier layer within the landfill is to avert or reduce 

the contamination of soil and surface water as well as groundwater by leachate or having polluted 
water generated from the landfill locations (Ireland EPA, 2000; Swedish EPA, 2004). The bottom 
barrier layer acts to filter the leachate materials within it, and to avoid lateral surface flow of leachate 
(Bagchi, 2004). The bottom barrier consists of composite soil materials and has a low permeability 
under high compaction. 

Barrier layers for a landfill can be found in the following common types. The first type 
is a geosynthetic clay barrier, which is a thin layer of bentonite that is sandwiched between layers of 
geotextiles. The second type is a layer of compacted clay barrier with a geomembrane (composite 
barrier liner) that is put over the compacted clay layer (Berger and Schroeder, 2013; Rowe and 
Sangam, 2002). In the third type, the barrier layer includes composite soil with low permeability, 
such as sandy clay and silty clay. In this type, the geomembrane liner is placed over the barrier layer 
(Figure 3.18).     

The slope of the surface bottom barrier should be at least 2 % (Munawar and Fellner, 
2013). For the bottom barrier layer, the final surface should be smooth to provide quick drainage for 
leachate over the liner as well as decreasing the loss of moisture from the surface of the liner by 
reducing the surface area of the liner (EPA Victoria, 2015). 

To avoid cracks forming in the clay layer when it is exposed to drying from below by 
heat that is released from the bottom of the landfill or from surrounding conditions (NSW EPA, 2016), 
a mixture of clay with granular materials (e.g. sand) is usually used to reduce the potential for swelling 
and shrinkage, and to improve the shear strength of cohesive clayey soils (Pusch, 2008). Mixing clay 
soil with granular materials is a common soil improvement method. The mixture of Green clay (70%) 
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or Red clay (80%), which are available in Iraq, with sand (in the bottom barrier) gives a hydraulic 
conductivity of 1.0E-9 cm/s (Al-Taie, 2014).   

In the current landfill design, the bottom barrier layer consists of sandy clay with high 
compaction. The thickness of the bottom barrier layer is 0.6 m, and its saturated hydraulic 
conductivity is 1.0E-7 cm/s. This layer is set in situ as four sub-layers (each being 15 cm thick) under 
high compaction. On the surface of each lift of this barrier, scratches should be made to increase 
cohesion and bonding between the two lifts.  

The value for primary settlement in the bottom barrier layer under the stress of a 
compacted solid waste height of 2 m was about 40 mm. This value was calculated by Ohio EPA as 
follows (DeHavilland, 2004): 

Sc = ( 𝑪𝒄

𝟏+ 𝒆𝒐
)  × 𝑯 × 𝒍𝒐𝒈 (

𝝈𝟎
` + ∆ 𝝈𝟎

`

𝝈𝟎
` ) (3.23) 

where, Sc: Primary settlement (mm); H: The layer thickness to be evaluated after excavation; Cc: 
Primary compression index; e0: Initial void ratio; o': Effective vertical stress in the middle of the 
layer after excavation and before loading; o': Change or increase in effective vertical stress because 
of the loading.  

The specifications for the bottom barrier layer are as follows: 
 A minimum compacted thickness for the bottom barrier layer is 600 mm (Joyal, 2006; SCIPEG, 
2014), 750 mm (British Columbia, 2016), between (400 – 800) mm (Munawar and Fellner, 2013), 
900 mm (Bagchi, 2004; Al-Yaqout et al., 2001) and 1000 mm (Ireland EPA, 2000; Swedish EPA, 
2004; NSW EPA, 2016). 

 The bottom barrier layer should have an effective saturated hydraulic conductivity (cm/s) of less 
than 1.0E-7 (Swedish EPA, 2004; Joseph et al., 2004; SIGIR, 2006; British Columbia, 2016; NSW 
EPA, 2016) to reduce the Darcy velocity under the landfill. 

 
 
 
 
 
 
 
 
 

Figure 3.18: Construction and compaction of composite barrier soil layer (Data source: Battle Creek 
Landfill, Page Co., VA in ISWA, 2015). 

3. Geomembrane Liner Layer (base liner system) 
In landfill, the geomembrane liner is put over the composite barrier layer to form the 

composite barrier liner, and the bottom barrier and geomembrane act together to prevent leachate 
percolation into the groundwater. (Rowe and Sangam, 2002). The service life for the primary 
geomembrane (HDPE) should be 100 years, based on anticipated operating temperatures and a 
thickness of ≤ 1.5 mm (Bagchi, 2004; British Columbia, 2016).  

The suggested geomembrane liner should take into consideration many factors. These 
factors include susceptibility to deterioration or chemical attack, deformation, its thermal stability, 
elasticity and tensile strength, shear resistance, puncture and tear resistance, local environmental 
conditions, and slope stability (EPA Victoria, 2015). 
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A geomembrane liner on a slope should be fixed by anchor trenches to prevent it from 
slipping down inside the side slopes during construction (Bagchi, 2004; EPA Victoria, 2015). The 
width of the anchor trench should be 0.5 m (Joyal, 2006) or 60-90 cm (Bagchi, 2004), and its depth 
is 60 cm (Bagchi, 2004).  

In this landfill design, a geomembrane liner of high-density polyethylene (HDPE) was 
selected for use. The thickness of the geomembrane is 0.15 cm (Bagchi, 2004; British Columbia, 
2016), and its hydraulic conductivity is 2.0E-13 cm/s. 

4. Leachate Collection System (base liner system) 
The system for leachate collection consists of a drainage layer (gravel) and leachate 

collection pipes. The function of this system is to collect the percolated leachate from the waste body 
and send it, via the collection pipes, to the treatment facility (Ireland EPA, 2000; British Columbia, 
2016).  

The efficient drainage of leachate reduces the water-saturated waste zones at the bottom 
of a landfill, and it also increases the mechanical stability of the landfill, thereby decreasing the danger 
of mechanical failure of the landfill during heavy rainfall events (Munawar and Fellner, 2013). Coarse 
material is used to avoid clogging and capillary action that retains water in the drainage layer, as well 
as providing space into the drainage layer for any leachate to drain freely (EPA Victoria, 2015). The 
minimum design requirements for a leachate collection and removal system are as follows: 

 The drainage blanket layer material is to include gravel material with a thickness of 30 cm 
(Swedish EPA, 2004; Abu-Rizaiza and Abdul Aziz, 2011; British Columbia, 2016). 

 The minimum hydraulic conductivity of the drainage layer is 1.0E-3 m/sec (Ireland EPA, 2000; 
Munawar and Fellner, 2013; British Columbia, 2016; NSW EPA, 2016).  

 To avoid chemical attack, the drainage layer should not contain limestone or other calcareous 
material.  

 For the main drainpipes, the slotted lateral spacing is ≤ 25 m (NSW EPA, 2016) or even 30 m 

(Haubrichs, 2006; Ramke, 2001). 
 The minimum diameter of the main drainpipes should be 15 cm (Swedish EPA, 2004; NSW EPA, 
2016) or 20 cm (Ireland EPA, 2000) or even 25 cm (Ramke, 2001). 

 The minimum longitudinal slope of the main drainpipes toward the main header-pipe should be 
1% (Ireland EPA, 2000) or 2% (NSW EPA, 2016). This slope decreases the risk that the leachate 
collection pipes clog because they are self-cleaning (Ireland EPA, 2000).  

 Two lateral pipes are to be joined to each main drainpipe. For each lateral pipe, the required space 
is 2 m (Bagchi, 2004).   

 The minimum slope of lateral pipes toward the main drainpipe (transverse direction) should be 2% 
(Ireland EPA, 2000) or 3% (NSW EPA, 2016). 

 The main drain pipes are joined with the main header pipe that is located around the site cells to 
send the leachate to the sump.  

 The inspection shafts (cleaning points) should be sited along the main header pipe (outside the 
waste body) (Ramke, 2001) and at the ends of the main drainpipes and lateral pipes, as well as in 
the cross section of the main drain pipes and lateral pipes.  

 The vertical pipes are installed vertically over the bottom pipes of leachate collection. The inclined 
pipes are joined with leachate collection pipes and dispersed along the berm slope. The vertical 
and inclined pipes are used as vents to release any gases into the atmosphere (JICA, 2004).  



Chapter Three                                                                                       Methodology - Landfill Design  

50 

 

 A leachate collection pit (sump) is distributed in the cells of a landfill at the lowest points of the 
bottom barrier surface, and gravitational force acts to transfer the leachate via the pipes toward the 
sumps, whether the pit is located outside or inside the landfill site (Ireland EPA, 2000; JICA, 
2004).  

 Operating pumps work to raise the collected leachate in the sumps to the required level (Ireland 
EPA, 2000) to send it to a treatment facility (Munawar and Fellner, 2013).  

 The collected leachate should be removed by pumping it to the leachate collection pond or to the 
leachate treatment facility directly (Munawar and Fellner, 2013). In addition, the leachate can be 
stored in a leachate storage tank and then sent to waste-water treatment plants (when the amount 
of leachate generated is low). 

 After treating the leachate in the treatment facilities, the treated leachate can be sent back into the 
landfill to promote waste decomposition (Rong, 2009). 

For the present design, the drainage blanket layer contains gravel material with a 
thickness of 30 cm and a saturated hydraulic conductivity of 3.0E-1 cm/s. The slope of the lateral 
drainage layer for the leachate collection system is 3%, and its length is 100 m. The diameter of the 
drainpipes ranges between 15 and 20 cm.  

Figure 3.19 shows the perforated leachate collection pipe in situ with a covering of a 
gravel layer to protect the leachate collection pipes. The sketch for the leachate collection system 
layout in the landfills can be seen in Figure 3.20. 

 
 

 
 

 
 
 

 
Figure 3.19: Installation of leachate collection pipes and gravel layer covering (Data source: Battle Creek 

Landfill, Page Co., VA in ISWA, 2015).  

 

  

 

 

 

 

Figure 3.20: Sketch of the leachate collection system layout in the landfills. 

5. Protection Layer (base liner system) 
  The protection layer is placed above the drainage layer to ensure the long-term operation 
of the drainage layer. This is because waste particles must not be allowed to move into the drainage 
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layer, and also because of the need to protect the drainage layer from disruption and the drainage 
pipes from breakage (Ireland EPA, 2000; Munawar and Fellner, 2013). In order to prevent the 
retention of leachate in the waste mass, the hydraulic conductivity of the protection layer should be 
more than 1.0E-5 cm/s (Munawar and Fellner, 2013). The suggested thickness of the protection layer 
is either 30 cm, 50 cm (Munawar and Fellner, 2013) or 30 cm (Bagchi, 2004). A non-wave geotextile 
filter layer can be used and placed above the drainage layer to perform the same function as a 
protective layer (Munawar and Fellner, 2013; British Columbia, 2016; EPA Victoria, 2015).  
  In this suggested design, the protection layer (30 cm thick) consists of sand, with a 
saturated hydraulic conductivity of 5.0E-3 cm/s. Figure 3.21 shows the suggested soil layers for the 
base liner system.  
 
 
 
 
 
 

 
 

Figure 3.21: Sketch of suggested soils layers for the base liner system. 

3.4.4 Compacted Waste 
For the current design, the waste was placed directly above the ground surface level 

because the groundwater depth is shallow in the Babylon Governorate at a total net height of 2 m 
after compacting in four lifts, where the height of each compacted lift is 0.5 m. The preferred typical 
height of waste after compacting is 2 m or 4 m (Oni, 2000; UNEP-IETC, 2006). British Columbia 
(2016) suggests the thickness of compacted waste of each lift should be ≤ 0.6 m and the compacting 
equipment passes (normally 3-5 times) over the waste to achieve the required compaction (British 
Columbia, 2016). The daily soil cover of around 15 cm in thickness should take into consideration 
the need to cover the waste in the active landfill sites to avoid negative impacts on human health and 
surrounding environment elements such as insect and rodent infestation, odors and disease (Abu-
Rizaiza and Abdul Aziz, 2011; Munawar and Fellner, 2013; British Columbia, 2016).  

In the current study, the density of compacted waste is 700 kg/m3 to correspond with 
the latest studies in this field (Vesilind et al., 2002; UNEP, 2005; UNEP-IETC, 2006). The 
characteristics of compacted waste with density of 700 kg/m3 for porosity, field capacity and 
hydraulic conductivity were 0.61, 0.161 (UNEP, 2005; Haque et al., 2013), and 1.0E-05 (Jain et al., 
2010; Townsend et al., 1995) respectively.  

3.4.5 Final Cover System  
The purposes of implementing the final cover system in landfills are as follows: (i) to 

prevent humans and surrounding environment  from exposure to municipal solid waste; (ii) reducing 
odors as well as methane gas release into the atmosphere; (iii) to decrease infiltration of rainfall into 
the waste body, thereby preventing leachate generation; (iv) controlling surface erosion by promoting 
drainage; (v) providing more stabilization of the surface for the completed part of the landfill; and 
(vi) ensuring maintenance of the cover to prevent and/or accommodate settling and subsidence 
(Munawar and Fellner, 2013; NSW EPA, 2016; Al-Yaqout et al., 2001).  

 layer Items 
1 Compacted waste 2 m  
2 Protective layer 30 cm 
3 Drainage gravel layer 30 cm 
4 Collection drain pipes, Dia. (15-20 cm)  
5 geomembrane liner (HDPE) 0.15 cm 
6 Bottom barrier layer 60 cm 
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According to the Iraqi Ministry of Housing & Construction (2016), the bearing capacity 
for the soils of the selected sites is 50 KN/m2. Consequently, according to Laue et al. (2017), this 
value should be taken into consideration when constructing the required infrastructure or other 
facilities above a site’s surface during, or at the end of, a landfill’s lifespan for a newly selected site 

in the future to avoid settlement in the underneath soil layers. 
To reduce the risk of sliding and erosion in the landfill, the side slope of the final cover 

of the landfill site is about 30% (3H:1V) (JICA, 2004; British Columbia, 2016) or 40% (2.5 H:1V) 
(Ireland EPA, 2000). To prevent erosion and/or pooling and to enhance water runoff on the surface 
of a landfill, the slope of the top surface (plateau) for the final cover of a landfill should be 3.3% 
(30H:1V) (Ireland EPA, 2000) or 3.3-5% (30-20H:1V) (Abu-Rizaiza and Abdul Aziz, 2011) or 10% 
(10H:1V) (British Columbia, 2016).   

In this study, three scenarios for the design of the final cover system in the arid areas 
(Babylon Governorate, Iraq) were adopted. These designs are the modified cover designs of "RCRA 
Subtitle D" and the “Evapotranspiration soil cover (ET) (capillary barriers type)” (U.S. Department 

of Energy, 2000; Madalinski et al., 2003). In addition, the third scenario “Recommended design” was 

built by combining the positive features of the first and second scenarios. The suggested designs for 
the final cover system in the arid area are given by Chabuk et al. (2018a). 

The first scenario, “Evapotranspiration soil cover (ET), (capillary barriers type)”, 
was applied using available local soil materials in the suggested layers of the final cover system. This 
type of cover system is the one most applied recently for landfills in arid areas in the USA and other 
developed countries. This design depending on preserve the vegetation cover permanently as possible 
as above the landfill surface to increase transpiration through vegetation. The second scenario of the 
modified cover design is “RCRA Subtitle D”, which is also applied in arid areas, and which is 
considered the cheapest system according to (U.S. Department of Energy, 2000).  

The suggested designs for the layers (from top to bottom) and their specifications for 
the final cover using the “evapotranspiration soil cover (ET), (capillary barriers type)” (U.S. 

Department of Energy, 2000; Madalinski et al., 2003) and the modified design “RCRA Subtitle D” 

(U.S. Department of Energy, 2000) can be seen in appended paper (7) (see Table 3.8). 

Table 3.8: Suggested layer data for the landfill design, using the first and second scenarios. 

Layer Material Thickness 
(cm) 

Hydraulic 
conductivity 

(cm/s) 
First scenario “Evapotranspiration soil cover (ET), (Capillary barriers type)” 

1 Topsoil layer (silty clayey loam) 15  4.0E-5 
2 Fine-particle soil layer (moderately compacted loam). 75  1.0E-5  
3 Coarse-particle soil layer (coarse sand). 30  1.0E-2  
4 Intermediate cover (moderately compacted silty clay loam) 30  1.0E-6  

Second scenario “RCRA Subtitle D” (modified design) 
1 Topsoil layer (silty clay loam) 15  4.0E-5 
2 Top barrier layer (highly compacted sandy clay) 45  1.0E-7  
3 Foundation layer (coarse sand) 30  1.0E-2 
4 Intermediate cover (moderately compacted silty clay loam) 30  1.0E-6 

In the third scenario, “Recommended design”, the suggested design for the final 
cover system was based on combining the positive features for certain layers from the modified cover 
design "RCRA Subtitle D" and the “Evapotranspiration soil cover (ET) (capillary barriers type)”. The 

“Recommended design” for the final cover consists of the supported vegetation layer, which consists 
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of moderate compacted loam (fine particles) to store water until it evaporates (Madalinski et al., 
2003). Beneath this layer, is the top barrier layer (the highly compacted sandy clay), which utilizes 
material readily available in the study area (Babylon Governorate, Iraq). The geomembrane liner 
layer was positioned over the top barrier layer. The top composite barrier liner which is included the 
top barrier layer and the geomembrane liner work together to prevent water percolation into the waste 
body and reduce leachate generation. The principle of the suggested design for the final cover system 
is based on storing the water that drains from the surface within the vegetation layer (fine particles) 
and the above top barrier until it evaporates from the surface due to the high temperature during most 
months in the arid area. 

For the third scenario “Recommended design” for the final cover system of landfills 

design in an arid area like the Babylon governorate, the layers (from bottom to top) are detailed below: 

1. Intermediate Soil Cover  
In this study, the intermediate cover consists of moderately compacted silty-clay loam 

(native soil) of 30 cm thickness with a hydraulic conductivity of 1.0E-6. This layer is used to cover 
the waste mass.  

The intermediate cover is used to cover the waste once the waste has reached the 
maximum allowable height in each cell in a landfill, or it can be used in the rainfall season or if the 
waste has not reached the required height after 30 days (Joyal, 2006; Munawar and Fellner, 2013; 
British Columbia, 2016). This cover should be subject to monitoring for a specific time until the 
settlement in this layer surface has completed before placing other layers of the final cover system 
over it (Joyal, 2006; Abu-Rizaiza and Abdul Aziz, 2011; Munawar and Fellner, 2013). The 
deformation and cracks that appear on the intermediate layer surface must be maintained when the 
organic material within the waste zone is decomposed. This is done by repairing the cracks and adding 
a similar amount of soil material was used to construct this cover (Munawar and Fellner, 2013; British 
Columbia, 2016).     

2. Foundation Layer (final cover system) 
The foundation layer (30 cm thick) consists of coarse sand. The saturated hydraulic 

conductivity of the foundation layer is 1.0E-2 cm/s. This layer acts as a cushion for the layers that 
will be placed above it (Abu-Rizaiza and Abdul Aziz, 2011) and it also act as a filter layer. The gas 
collection system is usually laid within it over the waste zone (Al-Yaqout et al., 2001; Abu-Rizaiza 
and Abdul Aziz, 2011).  

3. Top Barrier Layer (final cover system)  
The composite top barrier consists of highly compacted sandy clay, and it is placed over 

the foundation layer. The thickness of this layer is between 45 and 60 cm. The hydraulic conductivity 
should be less than 1.0E-7 cm/s.  

A clay layer (low-permeability) is usually used within the final cover system in a 
landfill, and this is considered difficult to implement in both the construction and maintenance phases. 
The clay layer is exposed to cracks due to decomposing organic materials (under the clay layer) which 
cause differential settlement at the waste’s surface. In addition, in arid areas, the clay layer is exposed 

to drying from the surface due to high temperatures and from below by heat that is released from the 
bottom of the landfill or from surrounding conditions. The concept of soil mixing is commonly 
applied to reduce the potential for swell and shrinkage, and also for the improvement of the shear 
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strength of cohesive clayey soils. Mixing these soils with granular materials (e.g. sand) is one of the 
soil improvement methods.  

The results show that the values of shrinkage in a composite soil (as compared with 
pure clay) decrease when the granular material content increases (Pusch, 2008; Al-Taie, 2014). 
Therefore, in the current design, the composite barrier was used within the final cover system to avoid 
any cracks in this layer. According to Al-Taie (2014), mixing sand with proportions of Green clay 
(30 - 50%) and Red clay (40-60%) gives a hydraulic conductivity of 1.0E-9 to 1.0E-10 m/s. Therefore, 
the top barrier layer of sandy clay is more suitable than the clayey soil for the final cover system of 
landfills in arid areas.  

In the Babylon Governorate, the waste contains a high percentage of organic material 
(more than 55%) (Iraqi Ministry of Municipalities and Public Works, 2013a and 2013b). The organic 
matter decomposes over time, and this causes damage to the surface layer damage and for it to be 
irregular (not horizontal).  

The same soil materials as those of the highly compacted soil layer are added to the top 
barrier layer after displacement stops after a specific period, or over the entire life of the landfill, to 
keep the surface smooth as possible. Therefore, the final thickness of the top barrier layer should have 
a fixed thickness (Munawar and Fellner, 2013). Any cracks and displacement that appear on the top 
barrier layer’s surface when organic material within the waste zone degrades should, if necessary, be 

repaired before placing the other layers over it (Munawar and Fellner, 2013). 

4. Geomembrane Liner Layer (final cover system)     
 In the current design, the geomembrane liner layer (type HDPE), with a thickness of 0.5 
cm (Oweis and Khera, 1998) is placed over the top barrier layer (composite soil). It has a saturated 
hydraulic conductivity of 2.0E-13.  
  The geomembrane liner layer is used to conserve the water saturation limit in the top 
barrier layer and protect it from cracks that result from high temperature in the arid areas (NSW EPA, 
2016). Together, the geomembrane and the top barrier layer work to prevent water infiltration into 
the waste from the surface and minimize leachate generation. 

5. The Top Soil Layers (final cover system) 
The top layers of the final cover system are used to grow vegetation and to reduce the 

potential for surface erosion. The top layers include two parts: the support vegetation layer and the 
topsoil layer.  

The support vegetation layer acts as a zone for vegetation root growth on the surface of 
the topsoil layer. The roots of the vegetation should not extend too deeply to avoid transferring 
pollutants to the surrounding environment. This process should avoid using woody plants because 
this will allow damage to the layers of the final cover system. The fine particles in this layer enable 
it to store water that infiltrates from the surface until evapotranspiration (Abu-Rizaiza and Abdul 
Aziz, 2011; Munawar and Fellner, 2013; NSW EPA, 2016).  

In the suggested design, the support vegetation layer consists of moderately compacted 
loam with a hydraulic conductivity of 1.0E-5 cm/s. The thickness of the support vegetation layer is 
45 - 60 cm. The topsoil layer contains silty clayey loam materials with a thickness of 15 cm. The 
hydraulic conductivity of the topsoil layer is 4.0E-5 cm/s. The side slope of the final cover of the 
landfill site should be 30.3% (3H: 1V), while the slope of the top surface for the final cover of the 
landfill is 3.3% (30H: 1V). Figure 3.22 shows a sketch of the suggested design (third scenario) for 
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the final cover system. For all scenarios, the sketches of the suggested design for the final cover 
system given in the appended paper (7) can be found in Figure 5. 

 
 
 

 

 

 

 

 
Figure 3.22: Sketch of the suggested soil layers for the final cover system (third scenario).  

3.4.6 Perimeter Berm 
The perimeter berm forms the upslope boundaries around the landfill site as a natural 

barrier for the site to prevent storm-water from entering the site and to reduce soil erosion. In addition, 
the embankment of the perimeter berm is used for the passage of vehicles to the site (Joyal, 2006; 
SCIPEG, 2014).  

According to Bagchi (2004), the height of the berm should be (3-4) m, and a berm with 
a slope of 3H: 1V is considered safe and stable against collapse. (Joyal, 2006) found the minimum 
height of the berm should be 2 m, but the typical height of berms ranges between 2.5 and 3.5 m. The 
required crest width for the berm is 2 m. The inside and outside slopes of the berm are 3H: 1V and 
2H: 1V, respectively. SCIPEG (2014) suggested the typical height of the berm is 2 m, and the wide 
crest of the berm is 1m with a slope of 3H: 1V.  

The height of the berm can be raised to an additional height level with a slope of (3H: 
1V) when the waste that is deposited in the cells of a landfill and behind the berm reach to more than 
the allowable maximum height of the berm (Joyal, 2006; SIGIR, 2006). According to SIGIR (2006), 
the berm’s layers profile has a similar composition to that of the base liner layers of the landfill 

(beneath the surface) with a slope of (3H: 1V), or it is constructed from sandy soil (Bagchi, 2004). 
On the berm, the anchor trench and the drainage ditch are constructed in a continuous 

line around the outside edge of the perimeter berm. In addition, the internal roads are constructed on 
the edge of the outside perimeter berm for the landfill (Barchi, 2004; SCIPEG, 2014; EPA Victoria, 
2015). Figure 3.23 shows constructed the perimeter berm and anchor trench around the landfill site. 

 
 
 
 
 
 
 

 
 

Figure 3.23: A: Construction of the perimeter berm (Data source: Battle Creek landfill, Page Co., VA in 
ISWA, 2015); B: Construction of the anchor trench around the landfill site (Bombo Radyo Bacolod, 2017). 

6 

 layer Items 
1 Topsoil layer 15 cm. 
2 The support vegetation layer 45-60 cm 
3 Geomembrane (HDPE) 0.5 cm 
4 Top barrier layer 45-60 cm.  
5 Foundation layer 30 cm. 
6 Intermediate cove 30 cm. 
7 Compacted waste 2 m. 
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3.4.7 Management of Stormwater 
Storm-water management at the landfill site contains run-on and run-off, and this should 

be taken into consideration to prevent contact of surface water with the waste mass to reduce leachate 
generation in the landfill (Joyal, 2006; NewFields, 2015).  

For the water run-on control system on a site, the drainage ditch should be constructed 
around the outside perimeter (at one edge) of the landfill to prevent rainfall water entering the site by 
means of collecting the storm-water from neighbouring areas of the landfill (Jaramillo, 2003; 
NewFields, 2015; Hull and Associates, INC., 2016). The berms and outside drainage ditch are 
necessary to prevent storm-water from entering the landfill site facility and to reduce the quantity of 
leachate in situ. The shape and dimension of the ditch are constructed based on the amount of rainfall 
in the study area. Then, the collected water is sent to a storm water management pond (Jaramillo, 
2003; NewFields, 2015).  

The run-off control system should have diversion ditches constructed on the surface and 
sides of the final cover for each cell in the landfill. The landfill surface and its sides should be given 
a suitable slope so that the top view of the landfill surface appears like ripples (Figure 3.24). The 
diversion ditches are used to divert the storm-water run-off to the lower drainage ditch. A lower 
drainage ditch is constructed around the landfill perimeter to collect water and gives an appropriate 
slope. The collected water (uncontaminated) should be sent to the storm-water management pond to 
allow sediment to settle by gravity before discharging it to the land surrounding the landfill or using 
it for other purposes (Joyal, 2006; Greedy et al., 2010).  

Diverting the storm-water runoff of leads to a reduction in the amount of water entering 
the landfill from the surface and prevents it from coming into contact with the waste mass. This 
process acts to decrease leachate generation in the landfill, thus preventing groundwater pollution by 
the leachate (Jaramillo, 2003; Greedy et al., 2010).  

Any storm-water that infiltrates from the surface of the final cover, as well as any 
leachate that has percolated through the landfill layers, can be removed using the leachate collection 
pipes. Then, the collected leachate is sent to a leachate storage pond or other treatment facilities 
(NewFields, 2015). 

 
 
 
 
 
 
 
 
 

Figure 3.24: Topography of top view surface of municipal solid waste landfill after closing over 
(Data source: Watershed Geo, Unearthing Solution, 2013). 

3.4.8 Dust  
On a landfill site, dust is generated from the different operations within the site, 

especially during the dry season (when there is no rainfall). The sources of dust are unpaved road 
surfaces, the stockpile of soils and the dust that is released by the movement of various machines on 
site (British Columbia, 2016, GFL Environmental Inc., 2018).   
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For controlling dust emissions at a landfill site, many suggested steps can be adopted 
(SCIPEG, 2014; British Columbia, 2016; GFL Environmental Inc., 2018). One recommendation is 
to cover the surface of internal roads at landfill sites with gravel material from the scales to the 
working area or pavement and add a thin layer of asphalt. On a landfill site, some waste materials can 
be used on the top surface of the waste mass to minimize the level of dust (e.g. construction concrete 
rubble, rubber, wood pieces and other materials that have a low content of fine particles). The 
maximum speed for the trucks inside the site should be determined, especially on unpaved roads, to 
reduce the quantity of dust raised. All roads inside the site (especially the unpaved roads) should be 
wetted by adding water in regular quantities to reduce the amount of dust released into the air during 
the dry periods. 

3.4.9 Leachate Storage Ponds  
The main technologies for leachate treatment in a landfill are physical, chemical and 

biological processes. The biological method is the most popular process for treating leachate in 
landfills in arid or semi-arid regions. The methods for the biological treatment of leachate include 
anaerobic and aerobic processes (Rong, 2009). A pond of leachate retention should have a suitable 
capacity to receive the collected leachate from the landfill (Abu-Rizaiza and Abdul Aziz, 2011).  

Evaporation is considered one of the simplest methods to treat leachate within lined 
ponds. The liner system in the ponds is like the liner system within the base liner system in landfills 
and includes a geomembrane liner and a bottom barrier layer to inhibit groundwater pollution by the 
leachate (Manitoba Sustainable Development, 2016). The leachate is collected from the waste and 
transferred through the leachate collection pipes to the leachate collection pond. Floating aerators are 
utilized in the leachate collection pond. These are used to prevent the anaerobic process in the ponds 
and minimize odors. The sludge must be removed from the bottom of the pond periodically and 
deposited either in the landfill cell(s) or transported to a site that must be approved by the responsible 
authorities (Manitoba Sustainable Development, 2016).  

In an arid climate, during the summer months, the leachate will be lost through 
evaporation from the leachate collection pond due to the increase in temperature (no rainfall). The 
leachate collection pond is distinguished by a large surface area and shallow depth. Therefore, during 
the summer months in an arid or semi-arid climate, a closed system to treat the leachate should be 
adopted (EPA Victoria, 2015). To avoid the impact of adverse odor that results from the anaerobic 
process during the winter months, surface aerators should be installed. These are used to oxygenate 
the leachate depending on the size of the leachate collection pond and the amount of leachate in the 
pond (EPA Victoria, 2015).  

3.4.10 Treatment Methods for Collected Leachates 
The common methods to treat the leachate in the leachate collection ponds are 

anaerobic, aerobic and semi-aerobic: 
 

1. Anaerobic Method 
The anaerobic method is used to remove the heavy metals in the leachate and transform 

them into carbonates (Rong, 2009). In the anaerobic process, excess sludge is produced, requiring 
little management, and the compounds of complex organics are transformed into CH4 and CO2 (Rong, 
2009). The products of anaerobic decomposition usually have a high concentration of BOD, as well 
as inflammable gases such as methane (CH4). In addition, malodorous gases like sulfurous oxides 
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(Sox), hydrogen sulphide (H2S) and nitrous oxides (NOx) are produced (Pacific Regional 
Environment Programme, 2005).         
 
2. Aerobic Method       

In the aerobic method, oxygen is required to transform organic nitrogen into ammonia 
(by oxidation). Then, the activity of nitrite-oxidizing bacteria converts ammonia into nitrate nitrogen 
(NO3-N) (stabilized state). Generally, solid waste decomposition using an aerobic process is faster 
than decomposition by an anaerobic process. The outputs of the aerobic decomposition process 
consist of simple materials (without odors) (e.g. water, CO2 and HNO3) (Pacific Regional 
Environment Programme, 2005).  
 

3. Semi-Aerobic Method  
The semi-aerobic method is used in landfill to increase the microbial activity level when 

oxygen is present to increase the rate of waste decomposition and stabilize waste settlement faster. 
The semi-aerobic process intends to improve the leachate quality and significantly minimize the 
emission of gases such as methane and hydrogen sulphide (Pacific Regional Environment 
Programme, 2005).   

In the early 1970s, the semi-aerobic process was developed by Fukuoka City and 
Fukuoka University in Japan (as a joint project). In 1975, the first test for the semi-aerobic method 
was conducted at Shin-Kamata landfill in Fukuoka, Japan, and it showed good results (Pacific 
Regional Environment Programme, 2005).      
 The collected leachate is removed to the leachate collection pond quickly using 
perforated pipes. The main drain pipes and the main header pipe for collecting the leachate are always 
open to the air from the outlet to the pond. Usually, one third of the section of these pipes is filled 
with leachate, and the rest of the section is left for airflow. In addition, the vertical gas ventilation 
pipes are installed at every intersection of the main collection pipe with the lateral pipes and also at 
the ends of the lateral pipes and the main collection pipes. This allows fresh air to enter the waste 
layer and provide aerobic conditions, increasing the microbial activity and helping to accelerate waste 
decomposition (Pacific Regional Environment Programme, 2005). The temperature inside the landfill 
(resulting from microbial activity due to the semi-aerobic method) is higher than the air temperature 
outside the landfill. The different temperature between inside and outside the landfill allows air to 
enter the waste mass through main drainpipes and the main header pipe (Pacific Regional 
Environment Programme, 2005).  

3.4.11 Gas Vent System 
The gas vent pipes are installed in a landfill over the main collection pipe at every 

intersection (manhole), with the lateral pipes also over the two lateral pipes in the manhole (at the 
sump). Each main collection pipe is connected by a series of lateral pipes on both sides (Abu-Rizaiza 
and Abdul Aziz, 2011; U.S. EPA, 2012).  

The gas vent pipes are perforated and preferably made from HDPE (high density 
polyethylene) with a diameter of 15 cm. The vent pipes are placed in a cylindrical cage with a 
diameter of 75 cm made from strong mesh wire and surrounded by gravel or boulders, which is packed 
into the cylinder (Abu-Rizaiza and Abdul Aziz, 2011). The gas vent system is used to reduce the 
negative effects of gases on human health and the surrounding environment. In addition, it contributes 
to stabilizing the waste mass through increasing the process of decomposition of organic materials 
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within it (Abu-Rizaiza and Abdul Aziz, 2011). Preventing the ingress of water into the gas pipes vents 
should be taken into consideration in the design of the gas vents system (Ireland EPA, 2000). The gas 
vents system that is installed on leachate collection pipes should be connected to the passive flare 
system when the quality of gas is very low or connected with the gas collection and control system if 
it contains high concentrations of gases (Cooper, 2017).             

3.4.12 Gas Management System 
Waste biodegradation produces gas within the landfill. In the landfill site, the collected 

gas should either be treated and utilized to produce energy or vented to a flare system if the quality 
of gas is insufficient to generate energy (European Commission, 2013). Designers usually 
recommend installing barriers with low-permeability in the liner base system and final cover for 
landfills to minimize the gas emissions from the landfill or within the landfill layers (NSW EPA, 
2016). Gas can be collected from a landfill by installing an extraction gas system within the waste 
zone or the gas collection layer. There are two types of gas extraction system: a passive gas drainage 
system (for small sites) and an active extraction system (for large sites) (NSW EPA, 2016). 

In active systems, the gas is extracted by vacuum and pumped to a place where energy 
can be recovered, or it can be burned off as a flare. In active gas systems, the gas collection and 
control system units are the extraction wells (vertical and horizontal), wellheads, the lateral and 
header pipes, the condensate system, the blower system and flares system (U.S. EPA, 2012). In 
passive gas systems, the gas is transferred under different atmospheric pressure. The gas can be vented 
to the passive flare or by using the gas treatment system (U.S. EPA, 2012). When using the passive 
venting system, untreated gas should be prevented from entering the atmosphere (NSW EPA, 2016).  

3.4.13 General Landfill Facilities  
The landfill design should include the facilities which are necessary for solid waste 

management inside the sites of landfill and to provide comfortable conditions to staff in the sites. The 
facilities that should be considered in the landfill are (Ramke, 2001; Abu-Rizaiza and Abdul Aziz, 
2011; SCIPEG, 2014):  
➢ Main access road to the landfill and internal roads in site. 
➢ Perimeter fence (e.g. wire fence) with main gate to be used to prevent persons, which do not have 

authorization to come inside a site of landfill to pick waste and to prohibit entry of animals.  
➢ Scale bridge should be constructed to weigh trucks to provide the accurate electronically data for 

the quantity of waste that is received in the sites of the landfill.  
➢ Administration building is constructed for the operation personnel of the landfill.  
➢ Workshop to be used for service and maintenance.  
➢ Guard house for controlling the site.  
➢ Garages is built for accommodating machineries and equipment. 
➢ Others (e.g. vehicles cleaning, parking areas, weather station and so on). 
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3.4.14 The HELP 3.95 D Model 
The Hydrologic Evaluation of Landfill Performance (HELP 3.95 D) model is the most 

commonly applied model in the world for landfill design, having been in use for 30 years. Three 
versions of the model are currently existed (Berger, 2015). The model is used to compute the water 
balance of the systems of cover and bottom liners for polluted sites and landfills. The HELP model 
adapts many hydrologic processes that are one dimensional in two directions. Therefore, the HELP 
model is known as a "quasi-two dimensional" layer model.  In fact, this model does not calculate a 
two-dimensional flow, but it does calculate the vertical dimension flow (infiltration, 
evapotranspiration, saturated and unsaturated vertical flows) and lateral dimension flows (lateral 
drainage, surface runoff) as well as combining these processes. In the HELP model, the default daily 
weather data for a range from 1 to 100 calendar years should be entered to calculate the parameters 
of evapotranspiration and soil design data. This model can be used to design the bottom cover systems 
and the liner systems for open or closed landfills (Berger, 2015).  

The HELP model is developed to gauge the water balance of landfills, solid waste 
disposal facilities and cover systems. Therefore, this model has a high ability to calculate the amounts 
of potential and actual evapotranspiration, runoff, collected lateral drainage of leachate, the amount 
of water storage in the soil layers and leakage or percolation leachate through the barrier layers of 
landfill designs (Schroeder et al., 1994). The main aim of the model is to include the hydrologic 
characteristic of the site to assist the landfill designers. In addition, the model can be applied to 
completely closed, partially closed and open sites (Berger, 2015; Schroeder et al., 1994).    

The original version of the HELP model was presented in 1982 by Paul Schroeder 
through the U.S. Army Corps of Engineers at the Waterways Experiment Station, Vicksburg, 
Mississippi, and the US Environmental Protection Agency. Since then, the original model has been 
improved over many versions, culminating in the latest version, HELP 3.95 D developed at the 
Institute of Soil Science at the University of Hamburg, Germany by Berger and Schroeder (2012). 

 In literature, many previous studies have also applied the HELP model to calculate the 
leachate throughout the layers in landfill sites (e.g. Alslaibi et al., 2010; Xu et al., 2012; Alslaibi et 
al., 2013; Al-Taie, 2014; Berger, 2015; Frikha et al., 2017). 

3.4.15 Leachate 
  A water balance process is the most prevalent method for building the perfect model to 
calculate the rate of leachate in landfills. This process is based on estimating the amount of inflows 
and outflows of water in soil layers in a specific area (Bauerle, 2016).   
Leachate is defined as the amount of contaminant liquids resulted from different processes (e.g. 
chemical, physical, and microbial). The leachate at a landfill is filtered from the waste through the 
layers of soil, thereby this causes soil and groundwater pollution (Oni, 2000). The amount of leachate 
that is formed in a landfill is affected by many factors (Bagchi, 2004) (Figure 3.25). The first factor 
includes precipitation (P) that represents the water flows in soil layers. The factors of runoff (R) and 
evapotranspiration (ET) are defined as the water movement outside soil layers. The WC is water 
content of the deposited waste as well the factor of the change in water storage through the soil (ΔS) 
(Bauerle, 2016). The quantity of leachate generated can be estimated using the following equation 
(Fellner, 2011).   
L = P – ET – R + WC – S  (3.24) 
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where, L is the amount of leachate; P is precipitation; ET is evapotranspiration; R is water runoff; WC 
is water content of the deposited waste; S is water stored in the soil. 
 
 
 
 
  
 
 
 
 
 
 

Figure 3.25: The water cycle to generate the leachate in a landfill (Data source: Fellner, 2011). 

3.4.16 The Required Input Data  
The required input data into the HELP model can be divided into three main groups, 

with data being input either in metric units or in units customary in the U.S.A (Berger and Schroeder, 
2013). These groups are as follows:  
A. Daily weather data from 1 to 100 complete calendars of years (rainfall (daily depths), temperature 

(daily means) and solar radiation (daily sum)). 
B. The required data to compute evapotranspiration (vegetation parameters, relative humidity data, 

wind speed, and others). 
C. Soil and design data. 

3.4.17 Daily Weather Data 
   In the current study, the daily data of rainfall (depths), temperature (means) and the 
solar radiation (sum) for the successive 12-year period (2005 – 2016) in the Babylon Governorate 
(Iraqi Ministry of Transportation Constitutions, 2017) were entered into the HELP model, with the 
data being converted from spread sheet files to text files. The HELP model has ability to deal with 
data at specific periods in the selected study area.  

Table 3.9 shows the annual data for rainfall (depth sum), temperature (average) and 
solar radiation (sum) for the years (2005-2016) in the Babylon Governorate. The maximum reading 
of rainfall during the selected period was 182.9 mm in 2013. 

Table 3.9: Annual data of weather parameters for the years (2005-2016) in Babylon Governorate. 
Parameters 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 
Rainfall mm 
(depth sum) 73.2 170.3 41 51.8 52.4 87.3 41.7 128.8 182.9 125 133.4 135.4 

Temperature ˚C 
(average) 23.1 23.5 23.5 23.6 23.9 23.6 23.2 24.1 23.3 24.2 24.6 24.5 

Solar radiation MJ/m2 
(sum) 5630 5638 5636 5673 5643 5628 5628 5702 5647 5639 5736 5729 

3.4.18 Potential and Actual Evapotranspiration Date  
Evapotranspiration (ET) is the process of transferring water by evaporation from the 

soil profile, other surfaces, and plants by transpiration. Evaporation alone occurs from open water 
surfaces or from ground surfaces and vegetation while the process of transpiration is the extraction 

Precipitation Evapotranspira
tion 

Runoff 

Leachate 

Storage Water content of the 
deposited waste 
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of water from the soil by the roots of plants which then evaporates into the atmosphere from the 
plant’s leaves (Schroeder et al., 1994; Bauerle, 2016).  

Potential Evapotranspiration (PE) is the maximum amount of evaporation that occurs 
when the amount of unbounded water is extracted by the atmosphere from a land in a day (Schroeder 
et al., 1994; Bauerle, 2016). 

In the HELP model, the potential evapotranspiration is calculated based on a modified 
Penman equation (1963) using the following Equations (3.25 and 3.26) (Schroeder et al., 1994; 
Bauerle, 2016): 

PETi = 
𝑳𝑬𝒔𝒊

𝑳𝑽
 (3.25) 

and LV = 59.7 – 0.0564 TCi (3.26) 

where, PETi is the potential evapotranspiration on day i (mm); LEsi is the available energy for 
potential evapotranspiration on day i (MJ/mm2); LV is the vaporization latent heat (MJ/mm2/mm); 
Tci is the mean air temperature (°C). 

Actual evapotranspiration (AE) is the amount of evapotranspiration that occurs when 
there is a limit to the amount of available water. The actual evapotranspiration (AETi) for segment j 
on day i is the sum of the actual soil water evaporation (ESWi) and the actual plant transpiration (EPi) 
from segment j (Schroeder et al., 1994; Bauerle, 2016). 
AETi (j) = ESWi (j) + EPi (j) (3.27) 

The essential information to calculate the potential as well as actual evapotranspiration 
in the HELP model are as follows: 

 The Babylon Governorate is situated at geographic latitude of (32.5).  
 In the study area, the depth of the evaporative zone is 50 cm depending on the field tests. 
 the kind of vegetation in the selected sites is fair stands of grass and maximum leaf area index 
(LAI) is (1) (Berger and Schroeder, 2013).  

 The date for the start day of the growing season over the 12-year period in the Babylon 
Governorate is January 10th while the date of the end day of the growing season is December 15th, 
350 days later (Iraqi Ministry of Transportation Constitutions, 2017).  

 The required annual average wind speed in the Babylon Governorate at 2 m above the ground that 
input into the HELP model is 7.2 km/h (CEB, 2012).  

 Average quarterly relative humidity. Each quarter consists of the average value of three months, 
(Berger and Schroeder, 2013). Therefore, the average values of relative humidity in the Babylon 
Governorate are: 64.2 % (first quarter), 39.03 % (second quarter), 34.24 % (third quarter) and 
60.95% (fourth quarter) (CEB, 2012). 

After entering all the required evapotranspiration parameter data of the Babylon 
Governorate into the HELP model, the spread sheet file for evapotranspiration was converted to a 
text file, and the output file was saved in the HELP model. 

3.4.19 Estimating Daily Runoff and Runoff Curve Number  
    The relationship between runoff and rainfall is calculated in the HELP model based on 
the Soil Conservation Service (SCS) curve number method (USDA & SCS, 1985a) according to the 
following equation (Schroeder et al., 1994; Bauerle, 2016). 
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RF = 
(𝑷 − 𝟎.𝟐 𝑺𝟐)

(𝑷 + 𝟎.𝟖 𝑺)
 (3.29) 

where, RF is the actual runoff or excess of rainfall (mm); P is the actual rainfall depth (mm); S is the 
maximum potential retention after runoff starts (retention parameter) (mm).  
    The parameter of retention (S) is converted into a curve number (CN), where the 
relationship between CN and S is as follows: 

CN = 
𝟏𝟎𝟎𝟎

𝑺+𝟏𝟎
 (3.30) 

    In the HELP model, the antecedent moisture condition (AMC-II) runoff curve number 
for adjusted slope surface (CNII) is estimated (Schroeder et al., 1994; Bauerle, 2016) as follows: 

CNII = 100 – (100 – CNIIo) (𝑳∗𝟐

𝑺∗ )
𝑪𝑵𝑰𝑰𝒐−𝟎.𝟖𝟏

                                                           (3.31) 

where, CNII is the curve number adjusted for surface slope conditions; L* is standardized length of 
slope (L/500 ft) (dimensionless); S* is standardized slope (S/0.04) (dimensionless); CNIIo is the 
AMC-II curve number unadjusted for slope that is calculated based on constants for vegetation and 
soil type as follows: 

CNIIo = C0 + C1 × IR = C2 × IR2                                                       (3.32) 

where, CNIIo is the AMC-II curve number for unadjusted slope; C0-2 is the regression constants for 
given vegetation level; IR is the infiltration parameter for given soil type. 
    In the HELP model, the runoff curve number was estimated based on the soil database 
using soil texture of silty clay loam, the kind of vegetation (fair grass stands), a surface slope of 3%, 
and the slope length of 100 m.  

3.4.20 Soil and Design Data 
The required information for soil design data in the HELP model (Berger and 

Schroeder, 2013) are summarized in the following subsections: 

1. Soil Characteristics in the HELP Model 
In the HELP model, there are 44 types of soil material characteristics based on the two 

standard systems from the U.S. Department of Agriculture (USDA) and the Unified Soil 
Classification System (USCS). According to Berger and Schroeder (2013), the soil texture types in 
the HELP model were explained and described by Chabuk et al. (2018b). 

The properties of soil sites for the selected landfills were conducted by (Iraqi Ministry 
of Housing and Construction, 2016). In this study, the type and properties of the suggested soil layers 
are used as standard materials for the selected landfill sites. The type and properties of the suggested 
soil layers correspond with international requirements for landfill design based on the two standard 
systems (USDA) and (USCS), where these systems are adopted in Iraq. The properties of standard 
soil layers are selected to be like the soil properties available, particularly in the Babylon Governorate 
and generally in Iraq (Iraqi Ministry of Housing & Construction, 2016). Some of the remaining soil 
materials (excavated soil) can be used as a daily cover, an intermediate cover, or for other uses, 
according to the specialists in this field. 

 



Chapter Three                                                                                    Methodology - The HELP Model  

64 

 

2. Type of Layers for Landfill in the HELP Model  
In the HELP model, four layers types can be used and entered in the soil and design 

window. These types, according to (Schroeder et al., 1994; Bauerle, 2016) are:  
a) Vertical percolation layer (VPL).  
b) Lateral drainage layer (LDL).  
c) Barrier soil liners (BSL).  
d) Geomembrane liner (GL).  

More details about the functions of these layers and how calculated in the HELP model 
were explained and described in appended paper (6) by Chabuk et al. (2018b).  

3. Soil Layers Data in the HELP Model 
In the HELP model, the required data for the suggested soil layers are: thickness of 

layers (metric: cm), the soil texture (according to the USDA system) and the USCS system, porosity, 
field capacity, wilting point, saturated hydraulic conductivity, and the required design data for the 
lateral drainage layer, including the drainage length and the drain slope (Berger and Schroeder, 2013). 

3.4.21 Final Suggested Soil Layers Entered into the HELP Model  
In the HELP model, for the third scenario (“Recommended design”), the components 

for the base liner system, from bottom to top, are the bottom barrier layer, the geomembrane liner 
layer, the leachate collection system and the protection layer. For the final cover system, the 
components of suggested layers which are placed over the waste mass from bottom to top are the 
intermediate cover layer, the foundation layer, the top barrier layer, the geomembrane liner layer, the 
support vegetation layer and the top soil (vegetation) layer. In the suggested design, eleven layers for 
the selected sites in the Babylon Governorate were entered into the HELP 3.95 D model. In the current 
model, the height of the compacted waste is 2 m, and its density is 700 kg/m3.  
  Using the third scenario, “Recommended design”, for the final cover system, Figure 
3.26 shows a sketch of the suggested soil layers for the landfill design entered into the HELP model, 
while the characteristics of the suggested soil layers entered in the model are summarized in Table 
3.10. The layers data for the suggested landfill design, considering the first and second scenarios for 
the final cover system, can be seen in appended paper (7) (see Tables 2 & 3). 

 

 
 
 
 

 
 
 
 
 
 
 

 

Figure 3.26: Sketch of the suggested soil layer for landfill, using the third scenario “Recommended design”. 
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Layer Items 
1 Topsoil layer (silty clayey loam) 15 cm 
2 The support vegetation layer (moderately compacted loam) 45 cm 
3 Geomembrane liner (HDPE) 0.5 cm 
4 Top barrier layer (high compacted sandy clay) 45 cm  
5 Foundation layer (coarse sand) 30 cm. 
6 Intermediate cove (moderately compacted silty clayey loam) 30 cm. 
7 Compacted waste 2 m. 
8 Protective layer (sand) 30 cm 
9 Drainage blanket layer (gravel) 30 cm 

10 Collection drainpipes 
11 Geomembrane liner (HDPE) 0.15 cm 
12 Bottom barrier (high compacted sandy clay) 60 cm 

 

G.S. 
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Table 3.10: Suggested layers data entered into the HELP model for the landfill design using the third scenario. 

No. Type Material Thickness 
(cm) 

Porosity 
(vol./vol.) 

Field 
capacity 

(vol./vol.) 

Wilting 
point 

(vol./vol.) 

Initial 
water 

content 
(vol./vol.) 

Hydraulic 
conductivity 

(cm/s) 

1 VPL a Topsoil layer 
(silty clay loam) 15 0.471 0.342 0.210 0.214 4.0E-5 

2 VPL 

Support 
vegetation layer 

(moderate 
compacted 

loam) 

45 0.419 0.307 0.180 0.234 1.0E-5 

3 GM b 
(FML c) 

Geomembrane 
liner (HDPE d)  0.5 

Pinhole density = 0.40 Holes/Hectare; Installation 
defects = 4.0 Holes/Hectare; Placement quality = 
good; Drainage slope 3 %; Drainage length 100 m 

2.0E-13 

4 BSL e 
Top barrier 

(high compacted 
sandy clay) 

45 0.40 0.366 0.288 0.40 1.0E-7 

5 VPL 
Foundation 

layer (coarse 
sand) 

30 0.417 0.045 0.018 0.045 1.0E-2 

6 VPL 

Intermediate 
cover (moderate 
compacted silty 

clay loam)  

30 0.445 0.393 0.277 0.393 1.0E-6 

7 VPL 
Compacted 
waste (700 

kg/m3)  
200 0.610 0.161 0.077 0.161 1.0E-5 

8 VPL Protection layer 
(sand) 30 0.437 0.062 0.024 0.062 5.0E-3 

9 LDL f 
Drainage 

blanket layer 
(gravel) 

30 0.397 0.032 0.013 0.032 3.0E-1 

10 GM 
(FML) 

Geomembrane 
liner (HDPE) 0.15 

Pinhole density = 0.40 Holes/Hectare; Installation 
defects = 4.0 Holes/Hectare; Placement quality = 
good; Drainage slope 3 %; Drainage length 100 m 

2.0E-13 

11 BSL  
Bottom barrier 

(high compacted 
sandy clay) 

60 0.40 0.366 0.288 0.40 1.0E-7 

 

Note: a VPL: vertical percolation layer; b GM: geomembrane liner; c FML: flexible membrane liner; d HDPE: high density 
polyethylene; e BSL: barrier soil layer; f LDL: lateral drainage layer.  
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Chapter Four                                                                                       Result and Discussion 
 
4.1 Expected Future Solid Waste Quantities  
 The cumulative quantities of solid waste for the years 2020 - 2030 in Babylon 
Governorate's districts are calculated using three methods. The future population for the year (2030) 
is calculated using equation (3.2).  
 In the first method, the solid waste quantity in 2030 was calculated using equation (3.3), 
while the cumulative quantity of solid waste was estimated for the years 2020 to 2030 using equation 
(3.4) (Table 4.1). 

Table 4.1: Summary of the first method for calculating the quantity of solid waste in 2030, and the 
cumulative quantity of solid waste for the years (2020-2030) in Babylon Governorate. 

 In the second method, the quantity of waste produced for the year 2030 in Babylon 
Governorate and its districts was calculated using equation (3.7). The cumulative quantity of solid 
waste for the years (2020 – 2030) was computed using equation (3.4) (Table 4.2).  

Table 4.2: Summary of the second method for calculating the quantity of solid waste in 2030, and the 
cumulative quantity of solid waste for the years (2020-2030) in Babylon Governorate. 

 In the third method, equation (3.12) was utilized to calculate the quantity of waste 
produced for the year 2030 in Babylon Governorate and its districts through combining the equations 
(3.2 and 3.10). The cumulative quantity of solid waste for the years (2020 – 2030) was estimated 
using equation (3.4) (Table 4.3). The cumulative quantity of solid waste resulted from method 3 was 
used as a maximum value to estimate the required area for candidate sites for landfills in each district. 
 Figure 4.1 shows the expected solid waste quantity in 2030 and the cumulative quantity 
of solid waste for the years (2020-2030) for each district in Babylon Governorate. 
 
 
 

District 

Average 
population 

(P(av.)) 
(2009-2013) 

Average solid 
waste quantity 
(Qs(av.)) (2009-
2013) (tonnes) 

(GRWA) 
(kg/capita/ 
day) (2009-

2013) 

Solid waste   
quantity (Qs) 

(2030) 
(Tonnes) 

Solid waste cumulative 
quantity of (Qs(c)) 

(2020-2030) (Tonnes) 

Al-Hillah 760,071 225,846 0.81 394,081 3,757,387 
Al-Qasim 174,193 30,582 0.49 54,481 519,456 
Al-Mahawil 315,576 39,645 0.34 69,646 664,046 
Al-Hashimiyah 253,732 45,195 0.49 79,689 759,804 
Al-Musayiab 352,314 90,255 0.7 157,969 1,506,165 
Babylon Governorate 1,855,911 431,524 0.64 830,907 7,388,724 

District Population 
(Po) (2013) 

Population 
(Pt) (2030) 

Solid waste 
quantity 

(Qs) (2013) 
(tonnes)  

 

  (GRW) 
(kg/capita/ 
day) (2013) 

Solid waste 
quantity 

(Qs) (2030) 
(tonnes)  

 

Solid waste 
cumulative 

quantity (Qs(c))  
(2020-2030) 

(tonnes) 
Al-Hillah  807,777 1,332,930 238,244 0.82 398,946 3,803,774 
Al-Qasim  184,605 304,621 38,913 0.57 64,488 614,867 
Al-Mahawil 336,148 554,685 49,377 0.4 81,389 776,008 
Al-Hashimiyah 270,020 445,566 51491 0.52 84,568 806,322 
Al-Musayiab 374,684 618,274 105,196 0.77 173,766 1,656,782 
Babylon Governorate 1,973,234 3,556,966 483,221 0.67 869,856 7,735,070 



Chapter Four                                   Result and Discussion - Expected Future Solid Waste Quantities 

68 

 

Table 4.3: Summary of the third method for calculating the quantity of solid waste in 2030, and the 
cumulative quantity of solid waste for the years (2020-2030) in Babylon Governorate. 

 
  
 
 
 
 
 
 

 
Figure 4.1: Expected solid waste quantity in 2030 and expected cumulative solid waste quantity for the 

years (2020-2030) for each district in Babylon Governorate, using three methods. 

 According to Hoornweg and Bhada-Tata (2012), the projections of average solid waste 
generations in 2025 are: 0.6 - 1 (kg/capita/day) in low-income countries, 0.8 - 1.5 (kg/capita/day) in 
middle-income countries and 1.1 - 4.5 (kg/capita/day) in high-income countries.  
 In the present study, the expected solid waste generation in 2025 at Al-Hillah, Al-
Musayiab and Babylon Governorate is 0.92, 0.87 and 0.75 kg/capita/day respectively that leads to 
categorize it as middle-income cities while, in Al-Qasim, Al-Mahawil and Al-Hashimiyah districts, 
it is 0.69, 0.45 and 0.59   kg/capita/day respectively that classifies them as low-income cities.  
 Using the third method, the volume of waste for the year 2030 and the volume of 
cumulative waste from 2020 to 2030 in these districts are shown in Table 4.4. These values are 
calculated based on the following information: 
❖ The information mentioned and summarized in (Table 4.3).  
❖ These values of waste volume in 2030, using three methods, are resulted by dividing the quantity 

solid waste in 2030 and the cumulative quantity of solid waste for the years 2020-2030 by the 
compacted density of waste (700 kg m−3) in the candidate sites for landfill in Babylon Governorate.  

Table 4.4: Solid waste volume in 2030 and cumulative waste volume from 2020 to 2030 
 in the Babylon Governorate and its districts using the third method. 

 
 
 
 
 
 

District Population 
(Po) (2013) 

Population (Pt) 
(2030) 

(GRW) 
(kg/capita/ 
day) (2013) 

Solid waste 
quantity (Qs) 

(2030) (tonnes) 

Solid waste cumulative 
quantity (Qs(c)) 

(2020-2030) (tonnes) 
Al-Hillah  807,777 1,332,930 0.82 472,474 4,300,864 
Al-Qasim  184,605 304,621 0.57 76,374 695,219 
Al-Mahawil 336,148 554,685 0.4 96,389 877,419 
Al-Hashimiyah 270,020 445,566 0.52 100,155 911,695 
Al-Musayiab 374,684 618,274 0.77 205,792 1,873,295 
Babylon Governorate 1,973,234 3,556,966 0.67 1,030,174 8,752,506 

District Volume of waste 
in 2030 (m3) 

Cumulative waste volume from 
2020 to 2030 (m3) 

Al-Hillah  674,963 6,144,091 
Al-Qasim 109,106 993,170 
Al-Mahawil 137,699 1,253,456 
Al-Hashimiyah 143,079 1,302,421 
Al-Musayiab 293,989 2,676,136 
Babylon Governorate 1,471,677 12,503,580 
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4.2 Landfill Siting Analysis Process Methods 
After preparing all criteria within GIS, the methods of multi criteria decision making 

were employed to set up the weight for each criterion. The previous studies in this field, the opinion 
of experts and various required and available data related to the present study giving contribute to 
produce the weights for sub-criteria of each criterion. Fifteen raster maps were entered in the 
processing of an overlaying analysis of potential areas with GIS to solve the problem of landfill siting 
in the Babylon Governorate and its districts. Then, the method of Weighted Linear Combination 
(WLC) was applied on all criteria using the spatial analysis tool, Map Algebra, within the GIS 
environment to produce the final output map of the suitability landfill index in each district within 
the Babylon Governorate.  

The output maps for each district in the Babylon Governorate were divided into 
categories according to the suitability of the selected landfill sites based on the methods of multi 
criteria decision making employed in each district as follows: 

In Al-Hillah district, AHP method was used to derive the weights of criteria in this 
district. The final output map for this district was divided into five categories (Figure 4.2). These 
categories are: excluded areas, unsuitable, moderately suitable, suitable and most suitable. The 
category of excluded areas includes urban centers in Al-Hillah district, and it was given a value of 
zero (Chabuk et al., 2016).  
 In Al-Qasim districts, the methods, the methods, AHP and SRS, are utilized to 
determine the relative importance weights. The final output maps in each method are divided into 
four categories (Figure 4.3 (a) and (b)).  

 In Al-Mahawil district, the two methods AHP and RSW of multi criteria decision 
making were utilized to obtain the significant weights of criteria. The final output maps derived from 
these methods were divided into four categories (Figure 4.4 (a) and (b)).  

In Al-Musayiab district, AHP and SAW methods were employed to determine the 
relative weights. In each method, the final output maps were divided into four categories, including 
the category of excluded areas for landfill siting (Figure 4.5 (a) and (b)). The category of excluded 
areas is comprised of urban centers, villages, rivers, archaeological sites and industrial areas.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 4.2: Final map of suitability landfill in Al-Hillah district.  
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Figure 4.3: Final maps of suitability landfill in Al-Qasim district using methods of a): SRS; b): AHP. 

 

 
 
 
 
 
 
 
 
 

Figure 4.4: Final maps of suitability landfill in Al-Mahawil district using methods of (a): AHP; (b): RSW.  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5: Final maps of suitability landfill in Al-Musayiab district using methods of (a): SAW; (b): AHP. 

In Al-Hashimiyah district, the suitability index map was classified into four categories 
in GIS software using AHP method (Figure 4.6). Then, thirteen categories of important areas with 
some of their buffer zones were excluded from the process of selection of sites for a landfill (Figure 
4.7). These categories were omitted from the final map for landfill to simplify and identifying 
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candidate sites for landfills in the study area (Figure 4.8). All excluded areas were given a score of 
zero (see Chabuk et al. (2017d). 

 
 

 

 

 

 

 

 
Figure 4.6: Map of suitability landfill in Al-Hashimiyah district using AHP method. 

 

 
 
 
 
 
 
 

 
 
 
 

Figure 4.7: Excluded areas map of Al-Hashimiyah district. 

 
 
 

 

 

 

 
 

Figure 4.8: Final map after extracting excluded areas with buffers zones of Al-Hashimiyah district. 
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For Al-Hillah, Qasim, Al-Mahawil, Musayiab districts, the area for each category and 
its proportion of the total study areas is shown in Tables 4.5, 4.6, 4.7 and 4.8 respectively. Table 4.9 
shows the area of each category and its proportion in the final map (Figure 4.8) after extracting the 
excluded areas with buffers zones (Figure 7). 

Table 4.5: The areas and their proportion of categories of landfill map in Al-Hillah district  
using AHP method. 

 

 

 

 
Table 4.6: The areas and their proportion of categories of the landfill maps in Al-Qasim district, 

using AHP and SRS methods. 

No. Category AHP method SRS method 
Area (km2) Proportion% Area (km2) Proportion% 

1 Unsuitable areas 46.30 7.98 23.40 4.03 
2 Moderately suitable areas 239.18 41.2 185.66 31.98 
3 Suitable areas 220.92 38.06 292.70 50.43 
4 Most suitable areas 74.10 12.76 78.72 13.56 

Table 4.7: The areas and their proportion of categories of landfill maps in Al-Mahawil district, 
 using AHP and RSW methods. 

 

 

 

 
Table 4.8: The areas and their proportion of categories of landfill maps in Al-Musayiab district, 

 using AHP and SAW methods. 
 

 

 

 

Table 4.9: The areas and their proportion of categories of the landfill map after extracting 
excluded areas with buffers zones in Al-Hashimiyah district, using AHP method. 

 

 

 

 

No. Category Area (km2) Proportion% 
1 Excluded areas 62.22 7.41 
2 Unsuitable areas 51.41 6.04 
3 Moderately suitable areas 237.4 27.87 
4 Suitable areas 365.7 42.93 
5 Most suitable areas 135.1 15.86 

No. Category AHP method RSW method 
Area (km2) Proportion% Area (km2) Proportion% 

1 Unsuitable areas 27.923 1.48 29.854 1.58 
2 Moderately suitable areas 414.667 21.9 413.684 21.85 
3 Suitable areas 1070.55 56.56 1070.64 56.56 
4 Most suitable areas 379.749 20.06 378.715 20.1 

No. Category AHP method SAW method 
Area (km2) Proportion% Area (km2) Proportion% 

1 Excluded areas 60.9 6.87 60.9 6.88 
2 Unsuitable areas 35.7 4.03 24.1 2.72 
3 Moderately suitable areas 268.9 30.34 191.3 21.6 
4 Suitable areas 343.2 38.72 384.5 43.4 
5 Most suitable areas 177.6 20.04 225.2 25.4 

No. Category Area (km2) Proportion% 
1 Unsuitable areas 40.97 8.89 
2 Moderately suitable areas 79.86 17.33 
3 Suitable areas 153.20 33.24 
4 Most suitable areas 186.80 40.54 
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4.3 Comparison of the Maps Resultant from Using Two Methods of MCDM  
Three comparison methods were used for determining the pixels percentage of matching 

and non-matching for two maps obtained using MCDM methods. In addition, to determine and check 
the suitability of the selected sites for landfill on both resulted maps. For this purpose, the following 
methods were used:  

4.3.1 Comparison of the Two Final Maps Using Change Detection method 
The change detection method was introduced by the U.S. National Land Cover 

Database (NLCD) (Jin et al., 2013), and it is used to compare the pixels of two maps (images) in the 
same area. This method is utilized to calculate the matching pixels for all categories and the non-
matching pixels for each two similar categories for all categories. 

For comparing the resultant maps produced from using the two methods of multi criteria 
decision making. The raster maps were classified into four categories separately. The four categories 
are: (1) unsuitable areas, (2) moderately suitable areas, (3) suitable areas and (4) most suitable areas.  

In this study, this method was implemented in Al-Qasim district, Babylon governorate, 
according to Chabuk et al. (2017b) to compare the final raster maps for each category that entered in 
GIS using the spatial analysis tool, Map Algebra, by applying the formula “(AHP raster map) Diff 
(SRS raster map)”. Consequently, the comparison process is carried out to determine and check the 

suitability of the selected sites for landfills on both resulted maps from the two methods.  
The resultant compression map was classified into matching and non-matching areas as 

shown in Table 4.10. The proportion of matching pixels in comparison map was 75.35 % whilst the 
proportion of the non-matching pixels for all categories was 14.65 %.  

Table 4.10: The results of combining two maps of (AHP) and (SRS) methods. 
Value Count Categories (AHP) Categories (SRS) Corresponding pixels ratios  Classification 

1 752,593 All categories All categories 75.35 Matching 
2 25,770 (US) 1 (US) 1 4.0 Non-matching  
3 99,966 (MDS) 2 (MDS) 2 14.17 Non-matching  
4 25,139 (S) 3 (S) 3 4.12 Non-matching  
5 25,414 (MS) 4 (MS) 4 2.36 Non-matching  

 

Note: US: Unsuitable areas; MDS: Moderately suitable areas; S: Suitable areas; MS: Most suitable areas 

4.3.2 Comparison of the Two Final Maps Using the Combination method 
In order to compare the resultant maps obtained from the two methods of multi criteria 

decision making, each map was classified into four categories, where the excluded areas were 
omitted. The four categories with their figures are: unsuitable (1), moderately suitable (2), suitable 
(3) and most suitable (4). The combination method was used for purpose of comparison between the 
two multi criteria decision making methods (SAW and AHP), and this method was applied in Al-
Musayiab district according to Chabuk et al. (2017a). The final maps were entered again in GIS using 
the spatial analysis tool, Map Algebra, through applying the formula “Combine (First raster map, 
second raster map)”. This was employed to combine the two maps into one map called the final 

comparison map. This method is used to determine the matching pixels for similar categories and 
non-matching pixels for each two dissimilar categories for all categories.  
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4.3.3 Comparison of the Two Final Maps Using the Accuracy Assessment Methods  
In this study, the accuracy assessment methods (Kappa and Overall Assessment) were 

applied in Al-Mahawil district in according to Chabuk et al. (2017c).  
The kappa technique was introduced by Cohen (1960), and it is used to estimate the 

agreement between a raster map of a prediction model and a raster map which has real geographic 
features in special locations using the error, correlation, or covariance matrix (Congalton, 1991).  

The kappa technique was implemented to measure the relationship between the 
databases of similar categories (four categories) for two output raster maps produced using the AHP 
and RSW methods by utilizing a correlation matrix. After combining the two raster maps within GIS 
software, the special analysis tools ‘Data Management Tools’, ‘Table’ and ‘Pivot Table’ were used 

to create the correlation matrix of accuracy assessment methods (Kappa and Overall Assessment) 
between the two maps (Table 4.11). Then, the data of correlation matrix was imported into an excel 
file.  

Table 4.11: Correlation matrix resulted from combining the final maps of (AHP) and (RSW) methods. 
Category RSW-1 RSW-2 RSW-3 RSW-4 Sum 

AHP-1 44682 3016 65 0 47763 
AHP-2 0 659794 2051 60 661905 
AHP-3 0 679 1709979 2564 1713222 
AHP-4 0 0 998 604843 605841 

Sum 44682 663489 1713093 607467 3028731 

The kappa technique was employed to measure the association or agreement between 
the output images derived from the different analysis methods that produced the AHP raster map, 
which is considered an essential map for comparison, and the RSW raster map, through using the 
correlation matrix. Cohen’s Kappa is computed as follows (University of Alberta, 2004).    

Kp = 
𝑵 ∑ 𝑿𝒊𝒊 − ∑ (𝑿𝒊+ ×  𝑿+𝒊)𝒓

𝒊=𝟏
𝒓
𝒊=𝟏

𝑵𝟐− ∑ (𝑿𝒊+ ×  𝑿+𝒊)𝒓
𝒊=𝟏

 (4.1) 

where, Kp is the kappa value; N is sum of cells number in the correlation matrix; r is the number of 
rows in the matrix; Xii is sum of cells number along the major diagonal of matrix; X+i is the total for 
row i; Xi+ is the total for column i. 
 In order to calculate the accuracy of the overall assessment value (OA) between the two 
maps from the AHP and RSW methods, the summation values of cell numbers along the major 
diagonal of matrix (DV) was divided by the total value of cells in the correlation matrix (TV). The 
accuracy of overall assessment is estimated as follows: 
OA= 𝑫𝑽

𝑻𝑽
 × 𝟏𝟎𝟎                                                         (4.2) 

In this study, through using two methods, kappa and overall assessment, to assess the 
accuracy of correlation between two raster maps produced using the AHP and the RSW methods 
through utilizing a correlation matrix, the derived values of the accuracy assessment methods were 
very similar to each other.  

Generally, the overall assessment method for all cells of the correlation matrix resulted 
from a comparison between two image maps usually gives more accuracy value than the kappa 
method. 
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4.4 Selecting Candidate Sites for Landfill 
The required area of candidate sites for landfills was calculated by dividing the expected 

cumulative volume of solid waste generated from 2020 to 2030 in each district (using method 3) by 
the height of solid waste of 2 m placed on the top surface of the candidate sites. The initial reasons 
for selecting the height of the solid waste on these sites as 2 m are as follows: 

❖ The groundwater depth in the study areas is shallow.  
❖ To reduce the cost of constructing perimeter berm around the sites. 
❖ To reduce settlement and deformation of the soil layers surface under the load of cumulative 

waste that will be placed over the surface of the landfill. 
In each district, two candidate sites were selected for landfills from among many sites 

within the category of the “most suitable index” (Figure 4.9).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 4.9: The candidate sites for landfills in the Babylon Governorate. 

A summary of required areas and the areas of the candidate sites for landfill in each 
district, as well as the available area for design, are shown in Table 4.12.    

These sites were checked against the satellite images of the Babylon Governorate to 
make sure that they are suitable for landfill in the districts of the Babylon Governorate (Figure 4.10). 

 

 

 

 



Chapter Four                                       Result and Discussion - Selecting Candidate Sites for Landfill 

76 

 

Table 4.12: The required area, and the areas and location of candidate sites for landfills in  
the districts of the Babylon Governorate and the available area for design. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 4.10: Candidate sites for landfill using the satellite images of the Babylon Governorate. 

District Requited 
area (km2) 

Area of candidate sites Location Available area for 
landfill design (km2) Site Area (km2) 

Al-Hillah 3.4 
Hi-1 6.768 Latitude 32° 15' 46" N 

Longitude 44° 28' 55" E 2.5 × 1.5 = (3.75) 

Hi-2 8.204 Latitude 32° 13' 43" N 
Longitude 44° 29' 15" E 2.5 × 1.5 = (3.75) 

Al-Qasim 0.55 
Q-1 2.766 Latitude 32° 11' 43" N 

Longitude 44° 32' 26" E 0.8 × 0.8 = (0.64) 

Q-2 2.055 Latitude 32° 14' 38" N 
Longitude 44° 37' 10" E 0.8 × 0.8 = (0.64) 

Al-Hashimiyah 0.72 
Hs-1 1.288 Latitude 32° 15' 54" N 

Longitude 44° 53' 38" E 1 × 0.8 = (0.8) 

Hs-2 1.374 Latitude 32° 24' 51" N 
Longitude 44° 54' 41" E 1 × 0.8 = (0.8) 

Al-Mahawil 0.70 
Ma-1 2.950 Latitude 32° 29' 59" N 

Longitude 44° 41' 2" E 1 × 0.8 = (0.8) 

Ma-2 2.218 Latitude 32° 38' 12" N 
Longitude 44° 34' 9" E 1× 0.8 = (0.8) 

Al-Musayiab 1.4 
Mu-1 7.965 Latitude 32° 48' 39" N 

Longitude 44° 8' 59" E 2 × 1 = (2) 

Mu-2 5.952 Latitude 33° 0' 14" N 
Longitude 44° 6' 46" E 2 × 1= (2) 
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In this study, the selected sites for landfills in each district are suitable for 
accommodating the cumulative quantity of solid waste generated from 2020 to 2030. 
  Finally, the best landfill site in each district was selected according to the mean pixels 
value that was calculated in GIS based on the final map and after comparing each selected site with 
the required determinants in the fifteen criteria in this study, which are tabulated in Table 4.13.  

Table 4.13: Summary of selection of the best site for landfills in each district in the Babylon Governorate. 
 
 
 
 
 
 
 
 

According to the latest study carried out by Babylon plant for recycling and 
compressing waste (2016) that was implemented to construct a recycling waste plant in the Babylon 
Governorate, the waste quantity which can be sent to landfill is 22%, while the waste that can be 
recycled is 78%. Therefore, based on the percentage of unused waste (22%) that will be sent to the 
landfill, the cumulative quantity of solid waste for the years (2020-2030) and the required area for 
the suggested landfills in each district can be seen in Table 4.14. 

Table 4.14: Cumulative quantity of solid waste after recycling for the years (2020-2030) and the required 
area for landfills in each district. 

 
 
 
 
 
 
 
 
 

Note: 1 hectare = 0.01 km2  
 
 
 
 
 
 
 
 
 

District Location Site symbol 

Al-Hillah Latitude 32° 15' 46" N 
Longitude 44° 28' 55" E Hi-1 

Al-Qasim Latitude 32° 11' 43" N 
Longitude 44° 32' 26" E Q-1 

Al-Hashimiyah Latitude 32° 15' 54" N 
Longitude 44° 53' 38" E Hs-1 

Al-Mahawil Latitude 32° 29' 59" N 
Longitude 44° 41' 2" E Ma-1 

Al-Musayiab Latitude 32° 48' 39" N 
Longitude 44° 8' 59" E Mu-1 

District 
Cumulative quantity of 
solid waste for the years 

(2020-2030) (Tonnes) 

Area 
(Hectare) 

Al-Hillah 946,190 67.6 
Al-Qasim 152,948 11 
Al-Mahawil 193,032 13.8 
Al-Hashimiyah 200,573 14.3 
Al-Musayiab 412,125 29.4 
Babylon Governorate 1,925,551 138 
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4.5 Soil Investigations 
  The results of the soil investigations in the selected sites for the landfill in each district 

are as follows: 

4.5.1 Soil Layers Data for the Selected Sites of Landfill 
The soil layers data for the selected sites in each district in the Babylon Governorate is 

analyzed according to the soil texture types (Iraqi Ministry of Housing & Construction, 2016), which 
are classified according to two general methods of soil classification which are: the US Department 
of Agriculture (USDA) texture classification system and the Unified Soil Classification System 
(USCS) (ASTM 2487). The USDA system, used by soil scientists and agronomists, is based 
principally on texture (grain size distribution). The USCS system is generally used in assessing the 
engineering properties of soils and is based on grain size and plasticity characteristics (Atterberg 
limits).  

The soil layers data for the selected sites of landfill in the Babylon Governorate's 
districts were explained and described by Chabuk et al. (2017e). These sites are as follows: 

 Al-Hillah City, Al-Hillah district (site Hi-1),  
 Al-Kifil City, Al-Hillah district (site Hi-2),  
 Al-Talyaah City, Al-Qasim district (site Q-1), 
 Al-Qasim city, Al-Qasim district (site Q-2),  
 Al-Shomaly city, Al-Hashimiyah district (site Hs-1),  
 Al-Medhatyah city, Al-Hashimiyah district (site Hs-2),  
 Al-Mahawil district (site Ma-1),   
 Al-Imam city, Al-Mahawil district (site Ma-2),  
 JurfAl-Sakhar city, Al-Musayiab district.  

Details of the soil profile for the selected sites of landfills can be seen in the Figures (4 
– 11), found in appended paper (5) by Chabuk et al. (2017e). 

4.5.2 Chemical Properties 
The results of the chemical tests for the soil and water samples are shown in Table 2 in 

appended paper (5) by Chabuk et al. (2017e). These results show the percentage of sulphate, 
chloride, and gypsum content, the total soluble salts content (TSS) and the organic material content 
for the soil samples. For the water samples, only the sulphate content (mg/L) was measured.  

4.5.3 Allowable Bearing Capacity 
The allowable bearing capacity at different depths in meters below the G.S. profile in 

each district in the Babylon Governorate differs from one site to another based on the soil profile for 
each selected site as shown in Table 3, given in appended paper (5) by Chabuk et al. (2017e). 

4.5.4 Atterberg Limits Test Results 
Generally, the values of the liquid limit (L.L.), plasticity index (P.I.) and moisture 

content (M.C) at different depths indicate the natural moisture content of each soil profile based on 
the test results in each site. The results can be tabulated in Table 4, in appended paper (5) by Chabuk 
et al. (2017e).   

 



Chapter Four                                                                     Result and Discussion - Soil Investigations 

79 

 

4.5.5 Soil Classification and Material Characteristics 
For the selected sites of landfill in each district, the characteristics of materials in each 

layer of soil estimated in the laboratory are documented in Table 4.15. 

Table 4.15: Summary of the soil compositions of sites and their material characteristics.  

No. Layers Classification Thick 
(m) 

Groundwater 
depth (m) USDA USCS 

Al-Hillah City-Al-Hillah district (Hi-1) 
1 Fill material SiC CH 0.5 

2 
2 Silty clay + gypsum SiC CH 2 
3 Clayey sandy silt  CL CL 0.5 
4 Silty clay SiC CH 6 
5 Silty sand LS SM 1 
Al-Kifil City-Al-Hillah Qadhaa & Al-Talyaah city-Al-Qasim district (Hi-2 & Q-1) 

1 Sandy silty clay SiC CH 7.5 
4 2 Clayey silty sand SL SM 0.5 

3 Silty clayey sand LS SM 2.5 
Al-Qasim City-Al-Qasim district (Q-2) 

1 Fill material SiC CH 1 

2.5 2 Silty clay SiC CH 0.5 
3 Clayey silty sand SL SM 0.5 
4 Sandy silty clay & silty clay SiC CH 8 

Al-Imam city-Al-Mahawil district (Ma-1) 
1 Fill material L ML 0.5 

2.7 2 Clay C CH 9 
3 Sandy clayey silt SiCL SC 0.5 

Al-Neel city-Al-Mahawil district (Ma-2) 
1 Silty clay + Sandy silty clay SiC CH 10 2.1 

Al-Medhatyah City-Al-Hashimiyah district (Hs-2) 
1 Fill material SC  SC 1.2 

3.8 2 Sandy silty clay SiC CH 0.5 
3 Sandy clayey silt  SiCL  SC 6.3 
4 Sandy silty clay SiC CH 2 

Al-Shomaly City-Al-Hashimiyah district (Hs-1) 
1 Fill material SiL ML 0.7 

4 
2 Silty clay SiC CH 6 
3 Sandy clayey silt SiCL  SC 1 
4 Silty clayey sand LS SM 1.3 
5 Clay C CH 1 

JurfAl-Sakhar City-Al-Musayiab district (Mu-1 & Mu-2) 
1 Silty sand SL SM 2 

10 2 Sandy silty clay SiC CH 7 
3 Dense silty sand LS SM 1 
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4.6 Landfill Design 
In order to determine and check the suitability of the suggested soil layers for the landfill 

design in the arid areas (Babylon Governorate), the HELP model was used. 
 

4.6.1 The HELP 3.95 D Model 
The data for the hydrological parameters for the Babylon Governorate along with the 

soil layers for the suggested landfill design were entered in the HELP model. Then, the extension 
files for “weather data files” and “evapotranspiration and soil & design data files” were created. The 

extension files were run in this model to produce results for the proposed design, and the results were 
as follows:          

1. Evaporative Zone Data for Successive 12 Year Period (2005-2016) 
In the HELP model, the entered value for soil evaporative zone depth was 50 cm, based 

on the field test. The output result of the initial water in the evaporative zone was 9.55 cm for the first 
scenario, “Evapotranspiration soil cover (ET) (capillary barriers type)”, and for the third scenario, 

“Recommended design”. However, in the second scenario, “RCRA Subtitle D”, the value entered 

was 13.35 cm. The range values of evaporative storage were 9.45 – 21.73 cm for the first and third 
scenarios, and 13.23 – 21.06 cm for the second scenario.    

The values of the water content in all soil layers (at the beginning of 2005) were 939.94 
mm (first scenario), 891.68 mm (second scenario), and 1027.84 mm (third scenario). These values 
were obtained by the summation of the value of soil water storage in all layers in 2005 and the initial 
rainfall value in 2005 of 40 mm. There was no inflow in the total subsurface for the successive 12-
year period (2005 – 2016).  Further information for evaporative zone data and total initial soil water 
content for the three scenarios are given in Table 5 in paper (9). 

2. Annual Data Values for the Years (2005 – 2016) 
In the HELP 3.95D model, the annual data for the landfill design during the years (2005-

2016) was calculated using the third scenario for the final cover system, “Recommended design”. 

These annual values are as follows: 
 The groundwater depth in the study areas is shallow.  
 To reduce the cost of constructing perimeter berm around the sites. 
 To reduce settlement and deformation of the soil layers surface under the load of cumulative 

waste that will be placed over the surface of the landfill. 
In the third scenario for the final cover system of landfill, “Recommended design”, the 

values for the amount of water above the geomembrane surface (Layer 3) for the years from 2013 to 
2016 calculated in the HELP model were 99.2, 99.8, 99.6 and 99.3 mm, respectively. The water 
amount that percolated through the top barrier soil (Layer 4) gave similar values of 0.03 mm for the 
years from 2013 to 2016. These values arise from the high cumulative amount of rainfall that fell in 
the Babylon governorate starting from the years 2012 to 2016. 

According to Chabuk et al. (2018a), for the three scenarios of the final cover system, 
the results for the annual values in the second scenario, “RCRA Subtitle D”, and third scenario, 

“Recommended design”, showed that there was no water percolation into the bottom barrier layer for 

the years from 2005 to 2016. Moreover, in the first scenario, “Evapotranspiration soil cover (ET) 

(capillary barriers type)”, there was no leachate percolation through the bottom barrier layer during 

the study years apart from the years 2013 and 2014. In these years, water percolation figures were 
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1.4E-5 and 4.0E-6 mm, respectively. These values are considered small, and they resulted from the 
high rate of rainfall during these years. In such cases, the layer (Layer 2) of fine particle soil (within 
the final cover) reached a limit of saturation, meaning that water infiltrated quickly into the layer of 
coarse particle soil, and through it to the under layers. Although, these values were small, they should 
still be considered in case adopting this design in the study area. 

Generally, the results in the HELP model showed that the largest amount of water came 
from rainfall, and it was distributed over the surface into the runoff, actual evapotranspiration and 
change in soil water storage between the beginning and the end for each year from 2005 to 2016. 
Consequently, no water percolates into the suggested soil layers (under the ground surface) designed 
for the selected landfill sites. The maximum water level above the layers surface were computed 
according to McEnroe’s equations (McEnroe 1993). 

For the suggested landfill design using the final cover system, using third scenario 
“Recommended design”, the annual values for the weather parameters data for the years (2005–2016) 
were calculated within the HELP model. The rainfall was separated as runoff, potential 
evapotranspiration and change in water storage. According to the results in Chabuk et al. (2018a), 
annual runoff values in the second scenario “RCRA Subtitle D” were higher than the values in the 

first scenario “Evapotranspiration soil cover (ET) (capillary barriers type)”, and third scenario 

“Recommended design”, which were close to each other. Furthermore, the values of the actual 

evapotranspiration for the first and third scenarios were almost equal and more than the values in the 
second scenario (Table 4.16). For all three scenarios, most values of actual evapotranspiration during 
the chosen period (2005–2016) were higher than runoff values, except for some years in the second 
scenario where the runoff values were higher than those of the actual evapotranspiration due to a high 
amount of rainfall. 

Table 4.16: Annual values for weather parameters data (mm) computed in HELP 3.95D model throughout 
the period of (2005–2016), utilizing three scenarios. 

Items  2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 
Rainfall 73.2 170.3 41 51.8 52.4 87.3 41.7 128.8 182.9 125 133.4 135.4 

PET 1,695 1,712.5 1,715 1,729 1,724 1,713 1,713 1,742 1,702 1,742 1,766 1,761 
First scenario "evapotranspiration soil cover (ET), (capillary barriers type)" 

R.F.  1.59 1.82 0.0 0.0 0.0 0.0 0.0 41.6 66.43 1.59 3.89 12.17 
AET 71.54 127.41 79.27 47.93 42.83 87.89 57.0 24.31 129.26 128.34 120.62 133.38 

Second scenario "RCRA Subtitle D" 
R.F.  9.27 17.78 4.35 0.0 0.0 5.37 0.0 61.57 111.81 14.69 11.49 32.43 
AET 63.93 123.43 62.88 47.14 42.82 83.28 56.81 22.86 99.81 96.45 113.18 114.36 

Third scenario "Recommended design" 
R.F.  1.59 1.82 0.0 0.0 0.0 0.0 0.0 41.6 66.27 1.59 3.89 12.17 
AET 71.54 127.41 79.27 47.93 42.83 87.89 57.0 24.31 135.58 128.41 120.61 133.38 

 

Note: PET.: potential evapotranspiration; R.F.: runoff; AET: actual evapotranspiration. 
 

In the HELP model, for the suggested landfill design (using the three scenarios for the 
final cover system), the soil water storage at the end of year for each year was estimated based on the 
value of water storage change. For example, in the third scenario “Recommended design”, the soil 

water at end of the year 2005 was 1,027.91 mm. This value is the result of adding the value of water 
storage change in 2005 (0.07 mm) to the soil water at the start of year 2005 (1,027.84 mm).  

The results for the annual soil water storage at the start and the end of each year from 
2005 to 2016 and change in soil water storage for the three scenarios are summarized in Table 4.17.  
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Table 4.17: Annual values of soil water storage at the start and the end of the year, and change in soil water 
storage (mm) over the period of (2005–2016), utilizing three scenarios. 

Items 
Scenarios 

First scenario "evapotranspiration soil cover (ET), (capillary barriers type)" 
2005 2006 2007 2008 2009 2010 

Soil water content (at start of year). 939.94 940.00 981.10 942.81 947.22 956.78 
Soil water content (at end of year). 940.00 981.10 942.81 947.22 956.78 956.19 

Change in soil water storage. 0.07 41.07 − 38.27 4.41 9.57 − 0.59 
 2011 2012 2013 2014 2015 2016 

Soil water content (at start of year). 956.19 940.88 1003.78 990.98 986.05 994.95 
Soil water content (at end of year). 940.88 1003.78 990.98 986.05 994.95 984.79 

Change in soil water storage. − 15.3 62.89 − 12.79 − 4.93 8.89 − 10.15 

 Second scenario "RCRA Subtitle D" 
2005 2006 2007 2008 2009 2010 

Soil water content (at start of year). 891.68 891.67 920.77 894.55 899.20 908.79 
Soil water content (at end of year). 891.67 920.77 894.55 899.20 908.79 907.43 

Change in soil water storage. 0 29.09 − 26.23 4.66 9.58 − 1.35 
 2011 2012 2013 2014 2015 2016 

Soil water content (at start of year). 907.43 892.33 936.71 907.99 921.84 930.58 
Soil water content (at end of year). 892.33 936.71 907.99 921.84 930.58 919.18 

Change in soil water storage. − 15.11 44.37 − 28.72 13.86 8.73 − 11.39 

 Third scenario " Recommended design" 
2005 2006 2007 2008 2009 2010 

Soil water content (at start of year). 1027.84 1027.91 1068.98 1030.71 1035.12 1044.68 
Soil water content (at end of year). 1027.91 1068.98 1030.71 1035.12 1044.68 1044.09 

Change in soil water storage. 0.07 41.07 − 38.27 4.41 9.57 − 0.59 
 2011 2012 2013 2014 2015 2016 

Soil water content (at start of year). 1044.09 1028.78 1091.68 1072.72 1067.72 1076.62 
Soil water content (at end of year). 1028.78 1091.68 1072.72 1067.72 1076.62 1066.47 

Change in soil water storage. − 15.3 62.89 − 18.95 − 5.0 8.9 − 10.15 
 

For all layers, the value that resulted from subtracting the amount of final soil water 
storage from the initial soil water storage was 44.86 mm (first scenario), 27.5 mm (second scenario), 
and 38.63 mm (third scenario). For all scenarios, the value of interception water was 0.0 mm/year. 

For the three scenarios, the values of water content change in the soil layers yielded a 
negative hydrological water balance in the last year of the selected period (2016).  

3. Peak Daily Values for the Years (2005 – 2016) 
In the HELP model, the peak daily values were calculated for the water behavior in the 

suggested soil layers and for different parameters over all the years from 2005 to 2016.  
For the three scenarios of the final cover system in the model, the peak daily value of 

runoff calculated in the second scenario "RCRA Subtitle D" (94.33 mm) was higher than in the first 
“Evapotranspiration soil cover (ET) (capillary barriers type)” (65.62 mm) and third scenarios 

“Recommended design” (65.47 mm). For all scenarios, there was no leakage of leachate from any 

layers of the landfill situated beneath the ground’s surface. In the suggested design (third scenario), 

the average peak daily value of the water level above the geomembrane surface (Layer 3) was 156.65 
mm. The value of water percolation through the top barrier soil (Layer 4) was 1.4E-4 mm, but there 
was no water leakage through the layers beneath it. 
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4. Average Annual Data for the Years (2005 – 2016) 
For all scenarios, the average annual results obtained showed that there was no water 

percolation through the bottom barrier layer during the years from 2005 to 2016. In the third scenario, 
“Recommended design”, the average water level above the geomembrane surface (Layer 3) within 
the final cover system was about 33 mm, and the average amount of water leakage through the top 
barrier soil (Layer 4) was 0.01 mm. In the first scenario, the amount of water drainage that was 
removed from the leachate collection system was 3.0E-5 mm. In the second scenario, “RCRA Subtitle 

D”, and third scenarios, “Evapotranspiration soil cover (ET) (capillary barriers type)”, there was no 

leakage through the soil layers that were positioned under the ground surface.  
In the HELP model, for all scenarios, the average annual value of rainfall was 101.93 

mm. The value of average annual runoff (22.39 mm) in the second scenario, “RCRA Subtitle D”, was 

higher than in both the first scenario, “Evapotranspiration soil cover (ET), (capillary barriers type)”, 

(10.76 mm) and the third scenario, “Recommended design”, (10.74 mm). The values of actual 

evapotranspiration in the first scenario (87.44 mm) and third scenario (87.97 mm) were more than 
that in the second scenario (77.25 mm). The average annual values of change in water storage were 
3.74 mm (Scenario 1), 2.29 mm (Scenario 2), and 3.22 mm (Scenario 3) (Figure 4.11). 
 
 
 
 
 
 
 
 

 
Figure 4.11: Average annual values of runoff, actual evapotranspiration, and change  

in soil water storage of the three scenarios. 
 
5. Soil Water Storage for the Suggested Layers of Landfill (Initial and Final Values) 

The values for soil water storage for the suggested layers in the landfill (initial value in 
2005 and final value in 2016) were computed with the HELP model. The readings for initial soil 
water content in all layers in 2005 (at the end of the first year for the chosen period) for the first, 
second, and third scenarios were 939.94, 891.68, and 1027.84 mm, respectively. The readings for 
final water content in all soil layers at the end of 2016 were 984.80 (first scenario), 919.18 (second 
scenario), and 1066.47 mm (third scenario). 

In the first scenario, the additional value in the final water content in all soil layers in 
2016, compared to initial water content in all soil layers in 2005, resulted from the infiltration of 
surface water through the topsoil layer (Layer 1), the fine particle soil layer (Layer 2), the coarse 
particle soil layer (Layer 3), and the waste mass layer (Layer 5) of 15.43 mm. In the second scenario, 
the value of final water content in the soil layers of the landfill increased in 2016 due to the infiltration 
of a quantity of rainfall that came from the surface through the topsoil layer (Layer 1) and the top 
barrier soil layer (Layer 2). In the third scenario, the value of final water content in all the soil layers 
in 2016 was higher than the initial value of soil water content in 2005. This is because surface water 
infiltrated into the topsoil layer (Layer 1) and the support vegetation layer (Layer 2), so a small 



Chapter Four                                                                          Result and Discussion - Landfill Design 

84 

 

amount (0.13 mm) infiltrated into the waste mass itself (Layer 7). The interception water was zero, 
where the total subsurface inflow was zero mm/year (Table 4.18). 

Table 4.18: The initial water storage in the starting of 2005 and final water storage at the end of 2016 in all 
soil layers for the three scenarios. 

Layer 
Initial water 
storage (mm) 

Final water 
storage (mm) 

Initial water 
storage (mm) 

Final water 
storage (mm) 

Initial water 
storage (mm) 

Final water 
storage (mm) 

First scenario Second scenario Third scenario 
1 32.13 51.76 33.72 56.97 32.15 51.76 
2 186.21 193.97 136.36 140.61 94.09 112.98 
3 13.5 15.54 117.9 117.9 0.0 0.0 
4 117.9 117.9 13.5 13.5 180 180 
5 322 337.43 322 322 13.5 13.5 
6 18.6 18.6 18.6 18.6 117.9 117.9 
7 9.6 9.6 9.6 9.6 322 322.13 
8 0.0 0.0 0.0 0.0 18.6 18.6 
9 240 240 240 240 9.6 9.6 
10 - - - - 0.0 0.0 
11 - - - - 240 240 

Sum 939.94 984.8 891.68 919.18 1027.84 1066.47 
 

4.6.2 Suitability of Using the Three Suggested Designs for Landfill in Different Arid Areas.  
According to the results calculated in the HELP model mentioned above, and as 

explained and described by Chabuk et al. (2018a), one of the three suggested designs for landfill can 
be nominated for implementation in arid areas as suiting their different conditions as follows:      
1- In the first scenario, “Evapotranspiration soil cover (ET) (capillary barriers type)”, using local soil 

materials, there was small amount of water percolation through the bottom barrier layer when there 
was a high rate of rainfall during specific years. The values of actual evapotranspiration during the 
chosen period (2005–2016) were higher than the run-off values. The cost of the final cover of 
“Evapotranspiration (ET) (capillary barriers type)” is cheaper than the third scenario and more 

expensive than the second scenario. Therefore, the design is preferred for implementation in an 
arid area with a high depth of groundwater and where the rate of rainfall is lower than in the study 
area (Babylon Governorate). In addition, a vegetation cover should be provided always on the 
landfill surface, such as in the western or north governorates in Iraq (e.g., the Al-Anbar 
Governorate, Sulaymaniyah Governorate). 

2- In the second scenario, “RCRA Subtitle D”, after modifying, the cost of this cover design is 

cheaper than the design for the final cover in the first and third scenarios (U.S. Department of 
Energy, 2000). The actual evapotranspiration values were higher than the values in the first and 
third scenarios. The run-off values were higher than those of the actual evapotranspiration for some 
years in the second scenario due to high amount of rainfall, where the high amount of run-off will 
increase the surface erosion of landfill. This design, with similar soil components within the top 
layers, can be used in arid areas with a shallow groundwater depth and having a low rate of rainfall 
in comparison with the Babylon Governorate. This type of design is suitable for implementation 
in some southern governorates in Iraq, although special facilities should be considered to avoid 
surface erosion of the landfill.  

3- The third scenario, “Recommended design”, can be implemented in the Babylon Governorate and 

in the arid areas that have similar weather conditions and similar groundwater depth in their area, 
such as the Baghdad and Karbala Governorates. 
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Chapter Five                                                                          Conclusions and Future work 
 
5.1 Conclusions 

The management of solid waste and its disposal in the Babylon Governorate and its 
districts does not currently meet the required international standards. Waste disposal sites (sixteen 
sites) in this governorate do not conform to the scientific and environmental criteria applied in the 
selection of landfill sites. Management of the collection and disposal of waste in the Babylon 
Governorate and its districts is affected through open waste dumps and a poor collection process. The 
main problem in the Babylon Governorate is that the groundwater depth in all its areas is shallow.  

In view of the above, this study seeks to adopt the best method for landfill site selection 
within the study area, while taking into consideration natural, environmental and artificial factors. In 
addition, for the selected sites for landfill, a design should be suggested that is suitable for landfills 
in arid areas that have shallow groundwater depth to avoid any negative impacts that will result in 
terms of human health and the environment (soil, water and air).  

Using the results from previous work and the present work, the following conclusions 
can be stated: 
1. Open waste dumps lead to many environmental problems, including ground and surface water 

contamination, insect and rodent infestation, odors, disease, among others. Waste is disposed of 
on a daily basis in the Babylon Governorate by burning. This sometimes causes breathing 
difficulties for the population in the cities located around the burn sites.   

2. In Babylon Governorate, Al-Hillah, Al-Qasim, Al-Mahawil, Al-Hashimiyah and Al-Musayiab 
districts, the values for waste generation rate in 2013 were (0.67, 0.82, 0.58, 0.4, 0.52 and 0.77) 
(kg/capita/day), respectively. 

3. The values for the waste generation rate in 2030 will be (0.97, 0.69, 0.48, 0.62 and 0.91) 
(kg/capita/day) in the districts of Al-Hillah, Al-Qasim, Al-Mahawil, Al-Hashimiyah and Al-
Musayiab, respectively, based on an expected annual increment in the generation rate of (1%).  

4. Comparison of the generation rate of solid waste with other studies classifies the Babylon 
Governorate, Al-Hillah district and Al-Musayiab district as middle-income cities, while the Al-
Qasim, Al-Mahawil and Al-Hashimiyah districts are categorized as low-income cities. 

5. The expected cumulative quantities of solid waste generated from 2020 to 2030 in the Al-Hillah, 
Al-Qasim, Al-Mahawil, Al-Hashimiyah and Al-Musayiab districts will be (4300864, 695219, 
877419, 911695 and 1873295) tonnes, respectively. 

6. The values for waste quantity generated in 2030 and the cumulative quantity of solid waste for 
the period (2020-2030) were adopted from method 3 to calculate the required area for landfill 
siting, since method 3 gave values higher than the values resulting from methods 1 and 2. Based 
on these values, the required areas for candidate landfills in the Al-Hillah, Al-Qasim, Al-
Mahawil, Al-Hashimiyah and Al-Musayiab districts are to be (4.778, 0.772, 1.013, 0.975, 2.080) 
km2, respectively. 

7. In this study, the most important 15 variables or layers were entered into the analysis process 
within GIS to determine the best sites for landfill that fulfill the arid area conditions (the Babylon 
Governorate and its districts as a case study). These layers are groundwater depth, rivers, soil 
types, agricultural land use, land use, elevation, slope, gas pipelines, oil pipelines, power lines, 
roads, railways, urban centers, villages and archaeological sites.  
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8. The weights for all criteria were identified by using multi-criteria decision methods (analytical 
hierarchy process (AHP)), simple additive weighting (SAW), straight rank sum (SRS) and ratio 
Scale Weighting (RSW)). These methods are considered reliable for use when selecting suitable 
candidate sites for landfills, but the analytical hierarchy process (AHP) method is considered the 
most reliable because it relies on a more theoretical foundation compared to the other methods.  

9. The weights for the sub-criteria of each criterion were determined according to previously 
produced supporting literature and the opinions of experts.  

10. To produce the suitability index map for landfill siting, the WLC method was applied on all raster 
maps of criteria using the special analysis tool, map algebra, in GIS. After completing the 
analysis process, in the category of “most suitable” on the final map in each district, two 
candidate sites were identified as best suited for landfills amongst several sites.  

11. Comparison methods were employed to determine the pixels' percentage of matching and non-
matching, as well as to confirm the results of the suitability of the selected sites for landfills on 
both resulting maps using two different methods of multi criteria decision making, and on 
matching areas within comparison map.  

12. For the soil investigations, the study results showed that there was a high confirmation in the 
characteristics of soil and groundwater readings with the field test results.  

13. The properties of standard soil layers in the suggested design were selected to be like the soil 
properties that are available, particularly in the Babylon Governorate and generally in Iraq.  

14. The selected sites were confirmed as suitable for landfill of solid waste by checking these sites 
on the satellite images of the Babylon Governorate, coupled with field visits and soil 
investigations.  

15. Suitable designs for landfills in arid areas (the Babylon Governorate as a case study) were used 
for the selected sites to prevent groundwater pollution by leachate from these sites because the 
groundwater depth in the Babylon Governorate is shallow. In addition, to decrease the infiltration 
of rainfall into the waste and minimize the erosion by run-off, water is stored within the final 
cover layers until it evaporates based on the high temperature in the arid areas (Babylon 
governorate).  

16. For the suggested designs for the final cover system of landfills in arid areas, three scenarios 
were used. These scenarios are “Evapotranspiration soil cover (ET), (capillary barriers type)”, 

“RCRA Subtitle D” after modification, and the (Recommended design).  
17. Soil materials readily available in the study area were used in the layer design for all scenarios 

and entered into the HELP model.  
18. The suggested designs for landfills in arid areas (Babylon Governorate) consist of a base liner 

system and final cover system. 
19. For the current design, the waste was placed directly above the ground surface level at a total net 

height of 2 m after compaction in four lifts, where the height of each compacted lift is 0.5 m. The 
density of compacted waste is 700 kg/m3, and its saturated hydraulic conductivity is 1.0E-5 cm/s. 

20. In the current study, the Hydrologic Evaluation of Landfill Performance (HELP 3.95 D) model 
was applied to the suggested design for the selected landfill sites in the governorate to know 
whether any leachate is percolating from the waste zone through the layers located under it (and 
thus causing groundwater contamination), and to check whether any water is infiltrating from the 
surface of landfill into the final cover layers.   
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21. In the third scenario, “Recommended design”, and the cover design after modifying “RCRA 

Subtitle D” (second scenario), the results for annual values showed that there was no water 

percolation into the bottom barrier layer for the years from 2005 to 2016. Moreover, in the first 
scenario, “Evapotranspiration soil cover (ET), (capillary barriers type)”, there was no leachate 

percolation through the bottom barrier layer during the study years apart from in 2013 and 2014. 
In these years, water percolation figures were 1.4E-5 and 4.0E-6 mm, respectively. These values 
are considered small, and they resulted from the relatively high rate of rainfall during these years. 

22. For all scenarios, the average annual and peak daily results obtained showed that there was no 
water percolation through the bottom barrier layer during the years from 2005 to 2016. 

23. The suggested design for the final cover system of landfill in the third scenario, “Recommended 

design”, achieved its main objective in arid areas like the Babylon Governorate. This was done 

through the storage of rainfall water within a supported vegetation layer that consists of 
moderately compacted loam (fine particles) until it evaporates from the landfill surface based on 
the high temperature during most months in such arid areas. The results calculated in the HELP 
model showed the actual evapotranspiration values were higher than the run-off values for the 
years 2005-2016. This design can therefore be applied in other arid areas that have shallow 
groundwater depth and similar weather conditions. 

24. The suggested designs for the final cover systems of the landfill can be implemented in different 
locations in arid areas according to the results calculated in the HELP model for the first and 
second scenarios.     
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5.2 Future Work 

1. The conversion of the municipal solid waste quantity into a source of bioenergy based on its 

organic material content, which is more than 55% of the volume of waste produced in the 

Babylon Governorate. The technology of using the waste as an energy source includes recovering 

energy from municipal solid waste. This process is used to produce electricity and steam for 

heating, which is considered an important issue in Iraq. Waste incineration can also be used to 

produce energy.  
2. The conducting of tests on groundwater properties in the current waste disposal sites in the 

Babylon Governorate, and any effects on human health and the environment.   
3. The simulation of soil layer designs, which were entered into the HELP model, in experimental 

laboratory tests.  
4. A study of the soil properties and weather parameters in the arid areas in Iraq to apply the 

suggested landfill designs from this study in other arid areas. 
5. The application of other suggested designs for the final cover system of landfills in arid areas.  
6. A study of the effects of waste disposal sites on environment parameters (groundwater, soil, air, 

plant and so on). 
7. The development of an ideal plan to reduce the quantity of MSW materials that are sent to landfill 

using various other methods (e.g., recycling materials, recovery of manufacturing and 

construction materials, biological treatment, and waste incineration). 
8. A study of the different settlement processes that result from the stresses of compacted solid 

waste and soil layers on the barrier soil layer and natural soil (sub-grade).  
9. A study of the relationship between solid waste properties (e.g. water content, field capacity, 

porosity) and different densities of the compacted waste. 
10. Post- construction monitoring of methane emissions and leachate discharges at these new landfill 

sites. 
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Abstract Selecting a landfill site is a difficult task because

the process depends on many factors and restrictions.

Landfill is an optimal solution for the disposal of solid

waste in Al-Musayiab Qadhaa, which is located in the

northern part of Babylon Governorate. At the moment,

there is no landfill site in that area that follows the scientific

selection site criteria. For this reason, in this research, fif-

teen variables were considered (groundwater depth, rivers,

soil types; agriculture lands use, land use, elevation, slope,

gas pipelines, oil pipelines, power lines, roads, railways,

urban centers, villages and archeological sites) using geo-

graphic information system (GIS) to find out the best

suitable landfill site. In addition, two methods of multi-

criteria decision-making were used to derive weights for

criterion’s maps on GIS to obtain potential landfill sites.

The first method is analytical hierarchy process (AHP)

which was used to identify the weight for each criterion

from the matrix of pairwise comparisons. The second

method was the simple additive weighting (SAW) which is

a simple method to solve the problem of the selection

landfill sites. After comparison of the results obtained

based on combining two final maps resulted from methods

of AHP and SAW using GIS environment to determine the

pixels percentage of matching and non-matching for two

maps, two suitable candidate landfill sites were identified

that satisfy the requirements with an area of

7.965–5.952 km2. Area of these sites can accommodate the

solid waste generated from the Qadhaa up to 2030.

Keywords Landfill � Al-Musayiab Qadhaa � AHP � SAW �
Combine maps assessment

Introduction

In developing countries, choosing an appropriate sanitary

site for landfill to get rid of solid waste is the most cost-

effective system for most urban areas. Such a decision

needs extensive process for the evaluation of the lands in

order to determine the proper place for disposal of solid

waste optimally. This site must conform to environmental

and scientific requirements and governmental regulations

in any country. It should also reduce economic, environ-

mental, health and social effects and cost when selecting a

landfill (Siddiqui et al. 1999). Lately, solid waste man-

agement became an urgent need as a result of increasing

environmental problems in urban areas. Therefore, there is

a tendency to select or design a landfill site to increase the

protection of the environment in those areas and their

surrounding (Nas et al. 2010). There are many factors to be

taken into account in the process of identifying landfill

sites, where the combination of these factors in the selec-

tion process is a complex task. These factors include social,

& Nadhir Al-Ansari

nadhir.alansari@ltu.se

Ali Jalil Chabuk

ali.chabuk@ltu.se

Hussain Musa Hussain

humhudhy02@gmail.com

Sven Knutsson

Sven.Knutsson@ltu.se

Roland Pusch

drawrite.se@gmail.com

1 Department of Civil Environmental and Natural Resources

Engineering, Lulea University of Technology, 971 87 Lulea,

Sweden

2 Department of Geology, Faculty of Science, University of

Kufa, Kufa, Iraq

123

Environ Earth Sci  (2017) 76:209 

DOI 10.1007/s12665-017-6524-x



environmental, technical and economic considerations.

Economic factors comprise the costs associated by pur-

chasing lands, operation and development of the site. For

this reason, they have an important role in the landfill

selection process (Delgado et al. 2008; Yesilnacar and

Cetin 2008). Environmental factors must be considered

where landfill might have an adverse effect on the envi-

ronment of the surrounding area (Kontos et al. 2003; Sid-

diqui et al. 1999; Lober 1995). The biggest obstacle to

identify the most suitable locations for landfill is social and

political opposition for these locations, which cause

tremendous pressure on the decision makers in the process

of selecting suitable sites for landfills (Chang et al. 2007;

Kontos et al. 2003; Lin and Kao 1999). Cost of trans-

portation is also an important factor because far distance

from the main roads and waste production centers to

landfill causes additional cost on the beneficiary’s budget

(Wang et al. 2009). In the process of taking decision

regarding selecting landfill site, many factors should be

incorporated into ideal technological geographic approa-

ches that allow the integration of multialternatives in its

environment. Geographic information system (GIS) is one

of these approaches, which have high ability to manage

large volumes of spatial data and simulate necessary effect

factors from variety of sources (Şener et al. 2011; Delgado

et al. 2008; Kontos et al. 2003). In order to derive weights

for criteria maps and use them in the GIS to get on a

suitable site for landfill, many methods of multi-criteria

decision-making can be used. Analytical hierarchy process

(AHP) and simple additive weighting (SAW) are examples

of such methods. AHP was originally developed by Tho-

mas Saaty in 1980. It is one of the methods used for taking

a decision for multi-criteria variables, where it reduces

complex decisions to a series of pairwise comparisons and

consistency. The results are given in a matrix of pairwise

comparison. Simple additive weighting (SAW) is consid-

ered a real application that depends on personal decision

using the experts’ opinion of the decision-making model

(Afshari et al. 2010).

This study focuses on selecting suitable candidate sites

for landfills through inserting multi-criteria in GIS for Al-

Musayiab Qadhaa in Babylon Governorate, Iraq, using

AHP and SAW. In addition, the results of the two methods

are compared to select the most suitable site.

Methodology

The study area

Al-Musayiab Qadhaa is considered as one of the major

Babylon Governorate provinces. It is located in the

northern part of this governorate (longitude 44� 20 4300 E

and 44� 290 3200 E, and latitude 32� 310 5000 N and 33� 70

3600 N) (Fig. 1). It consists of four districts which are Al-

Musayyab, Al-Sadah, Al-Iskandariyah and Jurf Al-Sakhar.

The area of Al-Musayiab Qadhaa is 1008 km2, which

represents 18.9% of the total area of the Babylon Gover-

norate (Iraqi Ministry of Municipalities and Public Works

2009). Its population is 397,425 inhabitants in 2015 (Iraqi

Ministry of Planning 2015) which represent 18.97% of the

total population in the governorate.

Creation the tree of the decision process for landfill

siting

Many researchers exerted hard effort in their researches in

the process of site selection by adopting many approaches

and depending on nature of factors and criteria available in

each country.

In this work previous research, opinions of many experts

in this field and data available about the study area (e.g.,

maps of the criteria, database for groundwater, quantity of

solid waste, environmental factors, social factors, cultural

factors, etc.) were used. Accordingly, the hierarchical

structure of the decision problem of site selection for landfill

in Al-Musayiab Qadhaa was constructed. It includes three

levels as shown in Fig. 2. The first level includes two broad

categories which are natural environmental and artificial

factors. The second level comprises six main groups of

factors. They are: hydrological, land, topographical, infras-

tructure, accessibility and social–cultural factors. The third

level consists of all criteria (15 criterions), which were used

in this study to get the suitable candidate sites for the landfill.

These criteria are groundwater depth, rivers, soil types;

agriculture lands use, land use, elevation, slope, gas pipeli-

nes, oil pipelines, power lines, roads, railways, urban centers,

villages and archeological sites.

Maps selected for the used criteria

Individual maps (topography, slope, river, road, urban

centers, villages, gas pipelines, oil pipelines, power lines

and railways) were obtained, and shape files were pre-

pared accordingly using the internal reports of the Iraqi

Ministry of Education. To create the shape file of

groundwater depths, data for 170 wells (Iraqi Ministry of

Water Resources 2015) were entered into GIS software

to generate interpolation between them using the spatial

extension tool known as Kriging. For preparing the

shape file of ‘‘Agricultural land use’’, land capability

map of Iraq (scale 1:1,000,000) was used (Iraqi Ministry

of Water Resources 1990). It was then checked through

analyzing the satellite images of Babylon Governorate

dated 2011 (Iraqi Ministry of Municipalities and Public

Works 2011). The relevant information was obtained
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using in archeological sites map (scale 1:1,500,000) (The

Archaeological Map of Iraq 2013), industrial areas map

(scale 1:400,000) (Iraqi Ministry of Municipalities and

Public Works 2011) and the exploratory soil map (scale

1:1,000,000) (Buringh 1960). The information was then

used within GIS using its spatial analyst tools (as a

separate shape file) in each map, and then they were

converted to the raster maps.

Fig. 1 Map of Al-Musayiab Qadhaa

Hydrological 
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Rivers

Groundwater Soils types

Land 
Criteria

Agricultural 
land use

Topographical
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Slope

Infrastructure
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Archaeological 
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Environment
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Fig. 2 Tree diagram of the decision process developed for selection of suitable landfill sites
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Input data

There were many steps that were performed in GIS in order

to get the final required layers in this study (e.g., Buffer,

Clip, Extract, Overlay, Proximity, Convert, Reclassify and

Map Algebra, etc.). In GIS, each criterion was classified

into classes, and each class was given a suitability score

value based on view of experts and previous literature in

this field, as shown in Table 1. In each criterion, it a buffer

zone was created from or around an important site or

geographic feature, and then the map of studied area was

divided into zones to suit every criterion map within the

GIS environment. The resulting buffer maps were con-

verted to raster maps. For ‘‘groundwater depth’’ layer,

potential sites were given a rating according to ground-

water depth readings. A depth between 0–2.5, 2.5–5, 5–7.5,

7.5–10 m and more than 10 to groundwater was given

grades values of 1, 2, 4, 6, and 10, respectively (Fig. 3a).

For rivers, the buffer zone was considered less than

1000 m, from river boundary. The grading was given a

value of zero in order to protect surface water from con-

tamination, as shown in Fig. 3b. For the topography

(Fig. 3c), elevations between 23 and 30 m above mean sea

level (a.m.s.l.) were deemed moderately suitable, between

30 and 37 m (a.m.s.l.) were suitable and elevations greater

than 37 m (a.m.s.l.) were the most suitable. These cate-

gories of elevation map layer were given values of 3, 7 and

10 respectively. For ‘‘Slope’’ layer, all the land in the study

area has a slope of 0�–5� and was given a rating value of 10
(Fig. 3d). For the layer of ‘‘Soil Types’’, there are six types

of soils in Al- Musayiab Qadhaa (Buringh 1960). They are:

Basin Depression Soils 6 (A), River basin soils, poorly

drained phase 50 (B), River Basin Soils, poorly drained

phase 5 (C), River Levee Soils 4 (D), Mixed Gypsiferous

Desert Land 17 (E), Sand Dune Land 18 (F) and Gypsif-

erous Gravel Soils 1 (G). After merging all these categories

in single layer, this layer was converted to a raster layer.

These types were given grades of 10, 9, 8, 7, 3, 2 and 1,

respectively (Fig. 3e). More details about these types are

given by (Chabuk et al. 2016). The layer ‘‘Land Use’’ of

the study area was classified into one of eight categories:

urban centers, villages, industrial areas, archeological sites,

rivers, agricultural land, orchards and unused land. The

categories’ orchards and unused lands were given ratings of

5 and 10, respectively, whereas other categories were

assigned a score of zero (Fig. 3f). For ‘‘Agricultural land

use’’ (Fig. 3g), the layer was divided into three categories:

agricultural land, orchards and unused land. Agricultural

land, orchards and unused land were given grades value of

zero, 5 and 10, respectively. The layer of ‘‘Roads’’ included

the main roads and highways. In this study, buffer zones

from roads to landfill sites were classified to 4 categories

(less than 500 m, 500–1000 m, 2000–3000 m and greater

than 3000 m). These were given scores of zero, 7, 5 and 3,

respectively. Buffer zones of 1000–2000 m were assigned

the highest score of 10 (Fig. 3h). In ‘‘Railway’’ layer,

buffer zones of less than 500 m on both sides were given a

score of zero (Fig. 3i). For ‘‘Urban Centers’’ layer, a buffer

zone less than 5 km around the borders of urban centers to

landfill was given a score of zero and buffer zones between

of 5 and 10 km were given the highest score (10). Buffer

zones between 10 to 15 km and more than 15 km were

given scores value of 7 and 4, respectively (Fig. 3j). For the

‘‘villages’’ layer, buffer zones less than 1000 m were given

a grading value of zero (Fig. 3k). In the ‘‘Archeological

Sites’’ layer, buffer zones more than 3 km around these

areas were scored 10. Buffer zones of 1–3 km were scored

5, while buffer zones of B1 km around these areas were

excluded (scored zero) (Fig. 3l). The buffer zones from

Gas pipelines, oil pipelines and power lines to a landfill site

were taken in this study as 300, 75 and 30 m on both sides.

Thereby, it was given a grading value of zero. Distances

more than these limits they were given a score value of 10

(Fig. 3m, n, o).

Methods of analysis process

After preparing all criteria within GIS, and then in order to

get suitable landfill candidate sites for in Al-Musayiab

Qadhaa, two methods were adopted to derive weights for

criteria. They were used in the application of spatial

extension tool ‘‘Map Algebra’’ in GIS to produce the final

output map for suitability index for landfill site after

implementing the comparison between these two methods.

This was achieved as follows:

Simple Additive Weighting (SAW) method

Simple additive weighting (SAW), also defined as weigh-

ted linear combination or scoring method, is considered as

a simple method that uses multi-attribute decision tech-

nique. It is based on experts’ opinion to derive the weight

for each criterion, as well as selecting the importance and

weight of each criterion relative to other criterion in this

study. There are two assumptions in the SAW method of

additivity and linearity. These assumptions are very diffi-

cult to apply to solve real problems. In linearity assump-

tion, any additional unit to an attribute remains constant at

any level of that attribute, while in additivity assumption

there is no interaction or no effect between the layers

(Şener et al. 2006; Şener 2004). In this study, serious

attempt was carried out to strongly complement between

criteria layers. The advantage of such method is that it is a

proportional linear transformation of the raw data. This

means that the relative order of magnitude of the stan-

dardized scores will be kept equal (Afshari et al. 2010).
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Table 1 Summary of the input layers used in the analysis

No. criterion Buffer zone Rating Normalized

weights

Weights and normalized

weights

Suggested buffers

AHP SAW

1 Groundwater depth

(m)

0–2.5 1 0.2004 (10) 0.111 6 m (Effat and Hegazy 2012);

10 m (Delgado et al. 2008);

30 m (Sadek et al. 2006)
2.5–5 2

5–7.5 4

7.5–10 6

[10 10

2 Rivers (m) 0–1000 0 0.1471 (9) 0.1 1 km (Kara and Doratli 2012;

Eskandari et al. 2012);

0.8 km (Siddiqui et al. 1999)
[1000 10

3 Elevation (a.m.s.l.) 23–30 3 0.0709 (7) 0.078

30–37 7

[37 10

4 Slope (degree) 0–5� 10 0.0463 (6) 0.067 0�–5� (Effat and Hegazy 2012;

Ersoy and Bulut 2009)

5 Soils types Soil 1 (G) 1 0.0709 (7) 0.078

Soil 18 (F) 2

Soil 17 (E) 3

Soil 4 (D) 7

Soil 5 (C) 8

Soil 50 (B) 9

Soil 6 (A) 10

6 Land use Industrial areas 0 0.0302 (5) 0.056

Urban centers 0

Villages 0

Rivers 0

Archeological

sites

0

Agricultural

lands

0

Orchards 5

Unused lands 10

7 Agricultural land use Agriculture lands 0 0.0462 (6) 0.067

Orchards 5

Unused lands 10

8 Roads (m) 0–500 0 0.0463 (6) 0.067 1 km (Kara and Doratli 2012;

Sharifi et al. 2009); 0.5 km

(Şener et al. 2006)
500–1000 7

1000–2000 10

2000–3000 5

[3000 3

9 Railways (m) 0–500 0 0.0107 (2) 0.022 500 m (Demesouka et al. 2013;

Wang et al. 2009)[500 10

10 Urban centers (m) 0–5000 0 0.1471 (9) 0.1 5 km (Isalou et al. 2013; Sener

2004); 3 km (Chang et al.

2007)
5000–10,000 10

10,000–15,000 7

[15,000 4

11 Villages (m) 0–1000 0 0.1038 (8) 0.089 1 km (Şener et al. 2006;

Charnpratheep et al. 1997).[1000 10
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This method is based on the weighted average. The score

can be calculated for each alternative by multiplying the

normalized weight of relative importance for each criterion

(which is assigned by the decision maker) by the stan-

dardized rating value of subcriterion scale drange for each

criterion. Finally, the products for all attribute are summed

up. In the beginning, set of evaluation criteria (map layers

and the set of feasible alternatives) were defined in the GIS

based on simple additive weighting method (Şener 2004).

In this study, fifteen map layers of necessary criteria were

taken into consideration in the process of landfill site

selection. The weights of the criteria were normalized to

generate the score for each criterion (Table 1). These

weights were then converted into map forms using the

spatial extensions tool of ‘‘Map Algebra’’ in GIS envi-

ronment. This helped to create the final output map of

landfill suitability using SAW method.

The mathematical formulation to evaluate each alter-

native (Si) using the simple additive weighting method was

as follows (Eskandari et al. 2012; Afshari et al. 2010):

Si ¼
Xn

j¼1

Wj � Nij

where:Si: suitability index for area i; Wj: relative impor-

tance of normalized weight of criterion (attribute); Nij: the

standardized rating value of area i under criterion j; and n:

number of criteria.

For the suitability of the selected landfill sites, the final

output map was divided into five categories, including the

category of restricted areas for landfill siting, where the

category was restricted only from the final output map, and it

covered areas of 60.9 km2 (6.87%) with a zero value. Other

categories were classified according to the area related to

each classification and its proportion of the total study area.

These classifications are ‘‘unsuitable’’, ‘‘moderately suit-

able’’, ‘‘suitable’’ and ‘‘most suitable’’; they covered areas of

24.1 km2 (2.71%), 191.3 km2 (21.6%), 384.5 km2 (43.42%)

and 225.2 km2 (25.4%), respectively (Fig. 4a).

Analytical Hierarchy Process (AHP)

The analytical hierarchy process (AHP) is one of the most

commonmethods in multi-criteria decision-making that was

proposed by Saaty 1980. It decomposes a complex decision

problem into simpler decision problems to form a hierarchy

of decision. AHP is a comprehensive and powerful

methodology and aims to facilitate making the right decision

through the use of each of subjective judgments of the

decision maker as well as empirical data. It combines

materialistic and non-materialistic aspects in order to derive

weights for the criteria (Rezaei-Moghaddam and Karami

2008). AHP method is based primarily on pairwise com-

parisons rather than assessing scores and weights directly for

the criteria, where this method allows some small inconsis-

tency in judgment because human is not always consistent in

his decisions (Teknomo 2006). In typical analytic hierarchy,

the numerical scale of 9-point is used. Each point equates to

an expression of the relative importance of two factors, e.g.,

‘‘A has the same importance of B’’ or ‘‘A is more important

than B’’, etc. These studies use a scale with values ranging

from 1 (equal importance or no difference) to 9 (absolute

importance or extreme preference) (Hussain 2004; Saaty

1980) (Table 2).

For calculating the weights of the criteria, this involves

calculating the eigenvectors (Egi) for each row based on

multiplying the value for each criterion in each column in the

same row in thematrix of the pairwise comparison and putting

the output value under the root for numbers of elements in this

Table 1 continued

No. criterion Buffer zone Rating Normalized

weights

Weights and normalized

weights

Suggested buffers

AHP SAW

12 Archeological sites

(m)

0–1000 0 0.0302 (5) 0.056 1 km (Ersoy and Bulut 2009;

Gupta et al. 2003); 0.5 km

(Eskandari et al. 2012)
1000–3000 5

[3000 10

13 Gas pipelines (m) B250 0 0.0146 (3) 0.033 250 m (Uyan 2014)

[250 10

14 Oil pipelines (m) B100 0 0.0146 (3) 0.033 250 m (Uyan, 2014)

[100 10

15 Power lines (m) B30 0 0.0207 (4) 0.044 30 m (Yildirim 2012; Şener

et al. 2006); 40 m (Sadek

et al. 2006)
[30 10

AHP analytical hierarchy process; a.m.s.l.: above mean sea level; SAW simple addictive weighing method

cFig. 3 Suitability index maps of a Ground water depth; b Rivers;

c Elevation; d Slope; e Soil types; f Land use; g Agricultural land use;
h Roads; i Railways; j Urban centers; k Villages; l Archeological
sites; m Gas pipelines; n Oil pipelines; o Power lines
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row and then applying this to each row (Fig. 5). Then eigen-

value is normalized to 1 through dividing eachweight by their

sum, and this is known as the priority vector or normalized

weights (Pri). In order to determine whether the comparisons

between criteria in a matrix of pairwise comparisons are

consistent, this is done through estimating the consistency

ratio which involve the following procedure:

After computing the eigenvalue and the priority vector,

the lambda max (kmax) is obtained from the summation of

products of multiplying the sum of each column of the

matrix by the corresponding value of the priority vector.

Then, the consistency index (CI = (kmax-n/n-1)) is esti-

mated which represents the equivalent to the mean devia-

tion of each comparison element and the standard deviation

of the evaluation error from the true ones (Solnes 2003). In

this study, the value of (kmax) and (CI) were 15.612 and

0.044, respectively. Calculation of the consistency ratio

(CR = CI/RI) which is obtained according to (Saaty 1980),

by dividing the value of consistency index (CI) by the

Random index value (RI), where RI is the mean deviation

of randomly for matrices with different size (Table 3).

If the value of consistency ratio is smaller or equal to

0.1, then the inconsistency is acceptable. In this study, CR

was 0.027\ 0.1 and RI15 was 1.59. For any matrix, the

judgments are completely consistent if CR is equal to zero

(Coyle 2004). More details about the application of all the

equations used in AHP were given by Chabuk et al. (2016),

Şener et al. (2011).

The final output map of landfill suitability that was created

inGISusingAHPmethodwas reclassified intofive categories.

These categories are ‘‘unsuitable’’, ‘‘moderately suitable’’,

‘‘suitable’’, ‘‘most suitable’’ and ‘‘excluded areas’’ (urban

centers, villages, rivers, archeological sites and industrial

areas). They cover areas of 35.7 km2 (4.03%), 268.9 km2

(30.34%), 343.2 km2 (38.72%) 177.6 km2 (20.04%) and

60.9 km2 (6.87%), respectively. It should be mentioned,

however, that the fifth category was restricted only from the

final output map and was given a value of zero (Fig. 4b).

Comparison of the results from the two methods

used

In order to compare the resultant maps obtained from the

two methods (SAW and AHP), each map was classified

into four categories, where the excluded areas were

Fig. 4 Final model maps of a suitability landfill of Al-Musayiab Qadhaa using a (SAW); b (AHP)

Table 2 Scale of relative importance for pairwise comparison (Saaty

1980)

Intensity of importance Definition

1 Equal importance

2 Equal to moderately importance

3 Moderate importance

4 Moderate to strong importance

5 Strong importance

6 Strong to very strong importance

7 Very strong importance

8 Very to extremely strong importance

9 Extreme importance
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omitted. The four categories with their figures were:

unsuitable (1), moderately suitable (2), suitable (3) and

most suitable (4). The suitability index and number of

pixels from the final maps of these methods are shown in

Fig. 6. For purpose of comparison between the two

methods, the final maps were entered again in GIS using

the spatial analysis tool ‘‘Map Algebra’’ through apply-

ing the formula ‘‘Combine (AHP raster map, SAW raster

map)’’. This was used in order to combine the two maps

into one map that is called the final comparison map.

The resulting map from this process included number of

pixels for each class and the combine number of raster

categories for SAW and AHP, as well as the corre-

sponding ratios for each class using for the matching

purpose (Table 4). The similar combine number of raster

categories for SAW and AHP [(1, 1), (2, 2), (3, 3) and

(4, 4)] was considered matching to their numbers of

pixels that resulted from both methods. The different

combine number of raster categories for SAW and AHP

[(1, 2), (1, 3), (2, 1), (2, 3), (2, 4), (3, 1), (3, 2), (3, 4),

(4, 2) and (4, 3)] was considered as no matching. The

percentage of raster values for the matching and non-

matching classes is shown in Fig. 7. The final compar-

ison map that resulted from the combination between

both maps using the two methods as mentioned above

was reclassified, and then the classes which have the

similar output number of raster classes, their pixels were

merged to produce the category of matching areas. Other

classes were merged in category of non-matching

(Fig. 8). The percentages of matching pixels in com-

parison map are 77.8% (in blue), while the percentage of

the non-matching pixels is 22.2% (yellow).

Result and discussion

After identifying the weights for all the criteria through two

methods (AHP and SAW), the Map Algebra tool in GIS

was used to sum a cell-by-cell for the raster layers of these

criteria which were place on top of each other. The result of

this process produced two of the final output maps of

suitability of candidate sites for landfill. Then, the com-

parison was performed between the two final output maps

(one using SAW and the other using AHP method).

Each final output map was divided into five categories

according to the suitability of the selected landfill sites.

These categories were: unsuitable, moderately suitable,

suitable, most suitable and the excluded areas (urban cen-

ters, villages, rivers, archeological sites and industrial

areas.

The expected population in Al-Musayiab Qadhaa in

2030 is 618,274 inhabitants calculated according to the

present population growth rate. The solid waste quantity

expected at that year is 193,865 tonne. The cumulative

quantity of solid waste expected from 2020 to 2030 was

calculated according to Chabuk et al. (2015) and it was

1764,729 tonne. The waste density in the waste disposal

Fig. 5 Pairwise comparisons matrix for selecting suitable landfill site, Eigenvector and Significance weights

Table 3 Random inconsistency indices for different values of

(n) (Saaty 1980; Chang et al. 2007)

(n) RI (n) RI (n) RI

1 0 6 1.24 11 1.51

2 0 7 1.32 12 1.48

3 0.58 8 1.41 13 1.56

4 0.9 9 1.45 14 1.57

5 1.12 10 1.49 15 1.59
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sites is 450 kg/m3 in Al-Musayiab Qadhaa according to

Iraqi Ministry of Municipalities and Public Works (2015).

Consequently, the volume of waste and cumulative waste

are 430,811 and 3921,620 m3 respectively. The ground-

water depth from a ground surface in Al-Musayiab Qadhaa

is shallow.

Therefore, the average depth to the groundwater in the

candidate sites that resulted from this study was adopted as

2 m. According to this condition, the area of the candidate

site required to accommodate the cumulative quantity of

solid waste generated from 2020 to 2030 was found to be

1.961 km2.

After the process of comparison, two candidate landfill

sites were selected that fulfill the requirements. These sites

are assigned in numbers (1 and 2). The area of site No. 1 is

7.965 km2 (32� 480 3900 N, and longitude 44� 80 5900 E),
whereas the area of site No. 2 is 5.952 km2 (latitude 33� 00
1400 N, and longitude 44� 60 4600 E) (Fig. 9).
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Table 4 The results of combining two maps resulted from (SAW) and (AHP) methods

Value Count Raster category (SAW) Raster category (AHP) Corresponding pixels ratios Classification

1 50,762 (US) 1 (US) 1 3.6034 Matching

2 3302 (US) 1 (MOS) 2 0.2344 Non-matching

3 7 (US) 1 (S) 3 0.0005 Non-matching

4 29,004 (MOS) 2 (US)1 2.0589 Non-matching

5 311,537 (MOS) 2 (MOS) 2 22.115 Matching

6 10,317 (MOS) 2 (S) 3 0.7323 Non-matching

7 24 (MOS) 2 (MS) 4 0.0017 Non-matching

8 214 (S) 3 (US) 1 0.0152 Non-matching

9 157,203 (S) 3 (MOS) 2 11.16 Non-matching

10 464,734 (S) 3 (S) 3 32.9898 Matching

11 20,495 (S) 3 (MS) 4 1.4548 Non-matching

12 573 (MS) 4 (MOS) 2 0.0401 Non-matching

13 91,779 (MS) 4 (S) 3 6.5151 Non-matching

14 268,767 (MS) 4 (MS) 4 19.0788 Matching

US unsuitable index; MOS moderately suitable index; S suitable index; MS most suitable index category
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Conclusions

In recent years, the increase of the quantity of generated

solid waste in Al-Musayiab Qadhaa and locating suit-

able landfill site according to scientific and environmental

criteria made the local authorities pay great attention to this

matter. To find the best suitable solid waste landfill site in

this study, 15 layers for different criteria (groundwater

depth, rivers, soil types; agriculture land use, land use,

elevation, slope, gas pipelines, oil pipelines, power lines,

roads, railways, urban centers, villages and archeological

sites) were used in the process of analysis in order to

determine the most suitable candidate solid waste landfill

site. These criteria were entered in GIS environment.

The simple additive weighting and the analytical hier-

archy process were used to select a suitable candidate

landfill site in the studied area through deriving the weight

to each criterion that was entered in GIS. After the com-

pletion of the analysis, two of the final output maps were

produced from the two methods used.

The percentages of matching pixels in the comparison

map, which resulted from combining the final maps of

AHP and SAW using the spatial analysis tool ‘‘Map

Algebra’’ within GIS, were 77.8%, while the non-matching

pixels were 22.2%.

Finally, two of candidates’ sites were identified for

landfill among several sites in the category of the most

suitable in the final map. These sites were checked on the

satellite images (2011) of Babylon Governorate to make

sure that these sites are suitable for landfill. Generally,

these sites satisfy the minimum requirements of the landfill

sites.

The area of a site No. 1 and 2 are 7.965 and 5.952 km2,

respectively. The expected solid waste for the period

2020–2030 is 1764,729 tonne based on present waste

generation and population growth rate. This quantity

requires an area of 1.961 km2, and the suggested candidate

sites can well accommodate such waste.

Fig. 8 The comparison map of matching and non-matching areas between AHP and SAW methods and its percentages

Fig. 9 The candidate sites for landfill in Al-Musayiab Qadhaa
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Abstract 
The selecting of a site for landfill is considered as a difficult process because 
many criteria should be involved. The main aim of establishing a landfill is to 
protect the human and environment. Al-Qasim district is considered as the 
study area in this work. It is one of the main districts in Babylon Governorate, 
Iraq. There is no systematic site as landfill that fulfil the environmental and 
scientific criteria in this area. Therefore, the most important fifteen criteria 
that suited the environmental requirements were selected in the current study. 
These criteria are: groundwater depth, urban centers, rivers, villages, soil types, 
elevation, roads agricultural land use, slope, land use, archaeological sites, 
power lines, gas pipelines, oil pipelines and railways. Two methods of multi 
criteria decision making AHP (analytical hierarchy process) and SRS (straight 
rank sum) were applied to obtain the weights of criteria in dissimilar styles. 
The raster maps of the selected criteria were prepared and analyzed within the 
GIS software. Then, the change detection method was implemented to com-
pare the two output raster maps resulted from AHP and SRS methods. Two 
appropriate candidate sites for landfill were selected to accommodate the cu-
mulative solid waste until the year 2030 in Qasim district. The areas of these 
sites were 2.766 km2 and 2.055 km2 respectively. 
 
Keywords 
Landfill Sites, Change Detection, AHP, SRS, GIS, Al-Qasim 

 

1. Introduction 

Solid Waste Management is considered a source of concern in developing coun-
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tries due to many factors, which effects on human health and environmental, 
where they arise from open dumping sites that are often commonly used in the 
disposal of waste randomly [1]. In developed countries, there are many processes 
to achieve a proper management for solid waste such as recycling, minimizing 
the waste, recovery of energy, reuse, and landfill [2]. Even if other techniques of 
waste management are used, a landfill site is considered very necessary to a solid 
waste management system to accommodate unused materials or the remains 
parts of waste that burn, because landfill is simple to use and relatively inexpen-
sive [3] [4] [5]. Therefore, many previous studies were interested with the most 
details of landfill management within the last two decades, especially selecting an 
appropriate site for landfill [6] [7]. The selection site for landfill is considered 
one of the difficult processes related to solid Waste Management systems and a 
major concern for decision-makers and official authorities. This process is sub-
jected to many factors and constraints such as government funding, government 
regulations, increasing population growth rate, growing environmental aware-
ness, public health, protecting the environment, reductive of available land for 
landfills, improving standards of living and increasing political and social oppo-
sition to the landfill sites’ establishment [8] [9].  

Geographic information system (GIS) and multi-criteria decision making 
methods are represented powerful and integrated tools used to solve the prob-
lem of selecting sites for landfill. GIS plays an important role for selecting a site 
for landfill. It reduces time and cost in the process of landfill siting, as well as 
having a high capability to manage large volumes of data from variety of sources. 
Multi criteria decision methods (MCDA) often help decision-makers to handle 
the large amount of complex information [2] [10] [11]. Analytical hierarchy 
process (AHP) and SRS (straight rank sum) are considered as examples of such 
methods. AHP was developed originally by Saaty [12] in 1980 to derive the 
weights of criteria using pair wise comparison matrix. SRS is considered one of 
the multi criteria making methods, where this method was adopted on giving the 
weights for criteria directly [13].  

In this study, the Change Detection method was used to compare two raster 
maps that were resulted from using the AHP and SRS methods, where this me-
thod was used to determine the pixels’ percentage of matching and non-match- 
ing for two maps.  

The main aim of this study is determined suitable candidate sites for landfill 
in Al-Qasim Qadhaa, Babylon Governorate, Iraq through using two methods of 
multi-criteria decision making (AHP and SRS) and GIS software. In addition, 
the resultant maps of two methods were compared using the Change Detection 
method to determine the proportion of areas for matching and non-matching.  

2. Methodology  
2.1. Study Area 

Al-Qasim Qadhaa was formed newly and considered one of the five major cities 
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of Babylon Governorate, Iraq. It is situated in the southern part of the Babylon 
Governorate. Al-Qasim Qadhaa includes two cities are Al-Qasim and Al-Ta- 
lyaah. This Qadhaa occupies an area of 637 km2 [14]. It is located between lon-
gitude 44˚27'41"E and 44˚49'24"E, and latitude 32˚25'53"N and 32˚5'53"N 
(Figure 1). The estimated population of Al-Qasim district was 201,664 inhabi-
tants in 2016 with the annual population growth rate of 2.99% [15].  

2.2. Sources of Required Maps 

For preparing the required maps for this study, many sources were used for this 
purpose. One of these sources was as digital maps (shape files). These maps are: 
topography, slope, river, road, urban centers, villages, archaeological sites, gas 
pipelines, oil pipelines, power lines and railways, where these maps were adopted 
according to the internal reports of the Iraqi Ministry of Education [16]. The 
second source for preparing the required maps was the available data which was 
entered in GIS, where the readings of 170 wells for the depths of groundwater 
were entered into GIS to generate an interpolation between them using the spa-
tial extension tool called Kriging in order to produce the digital map of ground-
water depth in Al-Qasim Qadhaa [17]. The third sources which were used to 
produce the required maps in this study were the published maps. These maps 
were prepared within GIS using spatial analysis tools as a separate shape file us-
ing the relevant information in each map, and then they were converted to the 
digital maps. The digital map of “agricultural land” was determined using the 
published map of land capability of Iraq (scale 1:1,000,000) [18], and it was 
checked by analyzing satellite images of the Babylon Governorate from 2011 [19]. 
The digital map of “soil types” was obtained using the map of exploratory soil of 
Iraq was used (scale 1:1,000,000) [20]. The map of industrial areas (scale 1: 
400,000) [14] shows industrial locations within this Qadhaa, while the map arc-  
 

 
Figure 1. The study area across Al-Qasim Qadhaa, Babylon Governorate, Iraq. 
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haeological sites of Iraq scale (1:1,500,000) [21] displays the important archaeo-
logical and religious sites in this Qadhaa.  

2.3. Preparing Rating Values for Sub-Criteria 

In this study, based on literature review and opinion of experts in this field, dif-
ferent requirements and regulations as well as available data about the study area, 
each criterion was classified into categories (sub-criteria), and each category was 
given a suitability rating value. In order to prepare each criterion and sub-crite- 
ria, there were a number of steps that were performed in GIS environment using 
special analysis tools (e.g., buffer, clip, extract, overlay, and map algebra, etc.) as 
shown in (Figure 2 & Figure 3) and (Table 1).  
 

 
Figure 2. Maps of suitability indexes of (a): Ground water depth; (b): Rivers; (c): Elevation; (d): Slope; (e): 
Soil types; (f): Land use; (g): Agricultural land use; (h): Roads; (i): Railways. 
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Figure 3. Maps of suitability indexes of (a): Urban centers; (b): Villages; (c): Archaeological sites; (d): Gas pipelines; (e): Oil pipe-
lines and (f): Power lines. 

2.4. Multi-Criteria Decision Making Methods 
2.4.1. Analytical Hierarchy Process (AHP) 
The Analytic Hierarchy Process (AHP) was developed by Thomas Saaty in 1980 
to solve a complicated decision problem into simpler decision problems. AHP is 
used a matrix of pair wise comparison to derive the relative weights for criteria, 
rather than scoring weights directly, which used in other methods of Multi Cri-
teria decision making. This method has high capability to assess the consistency 
of judgments, and mathematical foundation [22].  

In the Analytic Hierarchy Process, the numerical scales of 9-points are used, 
where each point equates to an expression of the relative importance between 
each two criteria [12]. After selecting the number of all criteria (n) for compari-
son purpose, AHP method was used the following steps to derive the weight for 
each criterion [23].  

The typical matrix of the pair wise comparison (A) for the criteria (n × m) was 
formed as follows: 
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Table 1. The summary of the input layers used in the analysis. 

No. Criteria Sub-criteria Values Sub-criteria Rating 

1 Groundwater depth (m) 

0 - 1.5 1 

1.5 - 3 4 

3 - 4.5 6 

>4.5 10 

2 Rivers (km) 
0 - 1 0 

>1 10 

3 Elevation (a.m.s.l.) 

15 - 22 3 

22 - 29 7 

>29 10 

4 Slope (degree) 0˚ - 5˚ 10 

5 Soils types 

Soil 6 (A) 10 

Soil 5' (B) 9 

Soil 9 (C) 7 

Soil 4 (D) 5 

6 Land use 

Industrial area 0 

Urban centers 0 

Villages 0 

University 0 

Rivers 0 

Archaeological sites 0 

Agricultural lands 0 

Orchards 5 

Unused lands 10 

7 Agricultural land use 

Agricultural land 0 

Orchards 5 

Unused land 10 

8 Roads (km) 

0 - 0.5 0 

0.5 - 1 7 

1 - 2 10 

2 - 3 5 

> 3 3 

9 Railways (km) 
0 - 0.5 0 

>0.5 10 

10 Urban centers (km) 

0 - 5 0 

5 - 10 10 

10 - 15 7 

>15 4 

11 Villages (km) 
0 - 1 0 

>1 10 
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Continued 

12 Archaeological sites (km) 

0 - 1 0 

1 - 3 5 

>3 10 

13 Gas pipelines (m) 
≤300 0 

>300 10 

14 Oil pipelines (m) 
≤75 0 

>75 10 

15 Power lines (m) 
≤30 0 

>30 10 

 

11 12 1

21 22 2

1 2

n

n

m m mn

a a a
a a a

a a a

 
 
 
 
 
 





   



 

The values of aij is the element of row ( 1,2, ,i m=  ) and column  
( 1, 2, ,j n=  ), which are used to indicate the performance values in a matrix in 
terms of the i-th and j-th. The values of comparison criteria above the diagonal 
of the matrix were used to fill the upper triangular of the matrix. Then, the reci-
procal values of the upper diagonal are used to fill the lower triangular of the 
matrix. This is performed by using the following formula: (aji = 1/aij).  

In order to normalize the matrix of pair wise comparison (Av), each value in 
column (j) was divided by the summation values in column (j) of the matrix, 
where the sum of each column should be equal to 1. The new normalized matrix 
was created as follows.  
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Then, the eigenvector was calculated as an average values in each row (Fi) of 
the matrix (Av) to produce the matrix (Af); where (Fi) is the value of relative im-
portance (weight) of the ith criterion. 
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In order to calculate the consistency vector of the weight values Wi, this done 
by multiplying the matrix (Av) by the matrix (Af) which is considered the best 
estimation for the eigenvector as follow.  

11 12 1 1 1

21 22 2 2 2

3 3

1 2

n

n
v f

m m mn n n

a a a F W
a a a F W

A A
F W

a a a F W

     
     
     × = × =
     
     
     





   



 

The eigenvalue of the pairwise comparison matrix (λmax) was obtained from 
the following formula: 

1max
1 n i

i
i

W
n F

λ
=

= ∑                          (1) 

The consistency index (CI) is obtained by the following formula:  

( ) ( )maxCI 1n nλ = − −  ; where n is the size of the matrix. In this study, n = 15 
and λmax = 15.58; therefore CI = 0.04. The consistency ratio (CR = [(CI/RI)]) was 
determined depending on [12], through dividing the consistency index value 
(CI) by the Random index value (RI = 15.9) because the number of criteria was 
15 [24] [25]. If the value of Consistency Ratio is smaller than 0.1, the ratio point 
to a reasonable consistency level in the pairwise comparison. In this study, the 
CR was equal to 0.026 lower than the critical limit of 0.1. Figure 4 shows the 
matrix of pairwise comparison and the weights of criteria. 

2.4.2. Straight Rank Sum Method (SRS) 
The straight rank sum method (SRS) is a ranking method, and considered a 
simple method that uses to determine the weights of criteria through arranging 
the criteria according to relative importance from the most to the least signific-
ance depending on the literature review and preference of decision makers using  
 

 
Figure 4. Pairwise comparisons matrix and the weights of criteria for selecting suitable landfill site using AHP method. 
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the following formula (n − ri + 1). Then the weights of criteria are normalized 
through dividing each weight of criterion by their sum ( )1gn r− +∑  (Table 2) 
according to Equation (2) [13] (Table 2): 

( ) ( )1 1i i gW n r n r= − + − +∑                    (2) 

where, Wi is the relative importance of normalized weight for ith criterion; n is 
the number of criteria in this study under consideration ( 1,2, ,g n=  ); ri is the 
position of rank for the factor. 

3. Results and Discussion 
3.1. Final Output Maps  

After determining the weights for each criterion using the AHP and SRS me-
thods, suitable ratings for the sub-criteria of each criterion were assigned based 
on the previous studies in this field and experts opinion. The weighted liner 
combination (WLC) method was applied on all criteria using special analysis 
tool “Map Algebra” to obtain the final output map of the suitability index for a 
landfill siting in Al-Qasim Qadhaa. The WLC method was applied depending on 
the following Equation (3): 

1   n
j ijjY W K

=
= ×∑                          (3) 

where, Yi is the suitability index for area i, Wj is the relative importance weight-
ing of the criterion, Kij is the grading value of area i under criterion j, and n is the  
 
Table 2. The criterion weightings defined for the Straight Rank Sum (SRS) method and 
Normalized weight. 

No. Criterion 
Criteria weight 

(n – ri + 1) 

Normalized weights 

( ) ( )1 1i i gW n r n r= − + − +∑  

1 Groundwater depth 10 0.111 

2 Urban centers 9 0.1 

3 Rivers 9 0.1 

4 Villages 8 0.089 

5 Elevation 7 0.078 

6 Soils types 7 0.078 

7 Slope 6 0.067 

8 Roads 6 0.067 

9 Agricultural land use 6 0.067 

10 Land use 5 0.056 

11 Archaeological sites 5 0.056 

12 Power lines 4 0.044 

13 Gas pipelines 3 0.033 

14 Oil pipelines 3 0.033 

15 Railways 2 0.022 

 Sum 90 1 
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total number of criteria [26] [7]. 
The summary of criteria weights which were computed using the methods of 

AHP and SRS can be seen in Table 3. 
Each final map was divided into four categories are: unsuitable areas, mod-

erately suitable areas, suitable areas and most suitable areas (Figure 5(a) and 
Figure 5(b)). Table 4 shows the area for each category and its proportion of the 
total study area that resulted from the two methods. 

3.2. Comparison of the Two Final Raster Maps Using the Change  
Detection Method Some Common Mistakes 

For comparing the resultant maps which were produced from using the two 
methods (AHP and SRS) in Al-Qasim Qadhaa, these raster maps were classified 
into four categories separately. The fourth categories are: 1) unsuitable areas, 2)  
 
Table 3. The summary of criteria weights that resulted from using AHP and SRS me-
thods. 

No. Criterion AHP SRS 

1 Groundwater depth 0.2017 0.111 

2 Urban centers 0.1444 0.1 

3 Rivers 0.1444 0.1 

4 Villages 0.1021 0.089 

5 Elevation 0.0705 0.078 

6 Soils types 0.0705 0.078 

7 Slope 0.0469 0.067 

8 Roads 0.0469 0.067 

9 Agricultural land use 0.0468 0.067 

10 Land use 0.0312 0.056 

11 Archaeological sites 0.0312 0.056 

12 Power lines 0.0217 0.044 

13 Gas pipelines 0.0152 0.033 

14 Oil pipelines 0.0152 0.033 

15 Railways 0.0113 0.022 

 Sum 1 1 

 
Table 4. The area of each category and its proportion for the final maps using the two 
methods. 

Category 
AHP method SRS method 

Area (km2) Proportion % Area (km2) Proportion % 

1 46.30 7.98 23.40 4.03 

2 239.18 41.2 185.66 31.98 

3 220.92 38.06 292.70 50.43 

4 74.10 12.76 78.72 13.56 
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Figure 5. Map of suitability index for landfill sites using (a) AHP model (b) SRS model. 

 
moderately suitable areas, 3) suitable areas and 4) most suitable areas. 

The Change Detection method was introduced by the U.S. National Land 
Cover Database (NLCD) [27], and it was used to compare the pixels of two maps 
(images) in the same area. The Change Detection method is usually used in 
many remote-sensing applications  
(http://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1720&context=usgs
staffpub).  

In this study, this method was used to compare the final raster maps for each 
category, which were entered in GIS using the spatial analysis tool “Map Alge-
bra” by applying the formula “(AHP raster map) Diff (SRS raster map)”. Con-
sequently, the comparison process was used to determine and check the suitabil-
ity of the selected sites for landfill on both resulted maps from the two methods.  

The resultant compression map was classified into matching areas and non- 
matching areas, as shown in Table 5. The proportion of matching pixels in 
comparison map was 75.35% (in blue), whilst the proportion of the non-matching 
pixels for all categories was 24.65% (Red) (Figure 6).  

3.3. Obtaining of Candidate Sites 

The solid waste quantity expected in 2030 in Al-Qasim Qadhaa is 76,374 tonnes. 
The cumulative quantity of solid waste expected from 2020 to 2030 is 695,219 
tonnes based on an expected population in 2030 in this Qadhaa of 304,621 inha-
bitants, according to calculations made by [28]. The density of waste in waste  
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Table 5. The results of comparison two maps resulted from (AHP) and (SRS) methods. 

Value Count categories (AHP) categories (SRS) 
Corresponding 

pixels ratios 
Classification 

1 699,926 All categories All categories 75.35 Matching 

2 37,187 (US) 1 (US) 1 4 Non-matching 

3 131,624 (MOS) 2 (MOS) 2 14.17 Non-matching 

4 38,297 (S) 3 (S) 3 4.12 Non-matching 

5 21,848 (MS) 4 (MS) 4 2.36 Non-matching 

 

 
Figure 6. The comparison map between AHP and SRS methods using Change Detection 
method. 
 

disposal sites is 450 kg/m3 in Al-Qasim Qadhaa [29]. By dividing the solid waste 
quantity over the density of waste, the expected volume of waste and the pre-
dictable volume of cumulative waste in 2030 are 169,720 m3 and 1,544,931 m3, 
respectively. Two meters height was assumed for the compacted waste in the 
candidate sites for landfill in Al-Qasim Qadhaa. Therefore, the required area of a 
candidate site to accommodate the cumulative quantity of solid waste generated 
from 2020 to 2030 is 0.772 km2.  

Two candidate sites were selected for landfill among the many sites located 
within the category of the “most suitable” index. These sites were each assigned a 
number (1 and 2). The area of Site No. 1 is 2.766 km2, while the area of Site No. 
2 is 2.055 km2. These candidate sites are suitable for landfill in Al-Qasim Qadhaa. 
Site No.1 is situated at latitude 32˚11'43"N, and longitude 44˚32'26"E, while the 
site. No. 2 is situated at latitude 32˚14'38"N, and longitude 44˚37'10"E. These 
sites were checked on the satellite images (2011) of the Babylon Governorate to 
make sure that these sites were suitable for landfill (Figure 7). 
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Figure 7. Landfill sites map for Al-Qasim Qadhaa. 

4. Conclusions  

This study aimed to select suitable sites for landfill in Al-Qasim Qadhaa using 
the best methodology and also by taking into account the scientific and envi-
ronmental criteria which are followed in advanced countries. In order to de-
termine the most suitable site for solid waste landfill in Al-Qasim Qadhaa, 15 
layers were incorporated in the process of analysis using GIS software, where 
the GIS is considered a powerful tool for assisting in the selection of a site for 
landfill due to its ability to deal with a large volume of data from different 
sources. These layers were: groundwater depth, urban centers, rivers, villages, 
soil types, elevation, roads agricultural land use, slope, land use, archaeologi-
cal sites, power lines, gas pipelines, oil pipelines and railways. 

Two methods (AHP and SRS) were applied to derive the weights of criteria 
using different styles. The AHP is a pair-wise comparisons, while the SRS is 
considered a ranking method, where these methods represented the types of 
multi-criteria decision making methods. Then, WLC method was used to 
produce a suitability index for the final output map for the study area. This 
map was divided into four categories (unsuitable areas, moderately suitable 
areas, suitable areas and most suitable areas). 

The method of Change Detection was used to compare the whole pixels for 
the four categories of the two maps that resulted from the two methods (AHP 
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and SRS). In the resultant comparison map, the proportion value of matching 
pixels was 75.35%, while the non-matching pixels were 24.65%  

Finally, in the category of “most suitable” on the final map, two candidate 
sites were identified for landfill among several sites. The area of Sites No. 1 
and No. 2 are 2.766 and 2.055 km2, respectively. The required area in the 
present study that can well accommodate such waste was 0.772 km2.  
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Abstract 
Selecting a landfill site is an optimal solution for the disposal of solid waste in 
Al-Mahawil Qadhaa, both to fulfill the environmental and scientific require-
ments, and to comply with regulations and restrictions in this Qadhaa. Present-
ly, there is no landfill site in the area that meets the scientific site selection cri-
teria. Therefore, in this study, two methods of multi-criteria decision-making 
and Geographic Information System (GIS) were used to produce a map of 
candidate sites for landfill. Fifteen criteria were entered within GIS: ground-
water depth, rivers, soil types; agriculture lands use, land use, elevation, slope, 
gas pipelines, oil pipelines, power lines, roads, railways, urban centers, villages 
and archaeological sites. The Analytical Hierarchy Process (AHP) is the first 
method that was applied to derive criteria weightings using the matrix of pair- 
wise comparisons. The second method was the Ratio Scale Weighting (RSW), 
which is based on experts’ opinion, in order to identify the criteria weightings 
by giving a ratio score value for each criterion relative to the other criteria. 
Accuracy assessment (Kappa and Overall Assessment) methods were used to 
compare the two raster maps which resulted from the two models, and to de-
termine the percentage value of matching pixels for the two maps. Two suita-
ble candidate sites for landfill were identified that satisfy the requirements 
with an area of 2.218 km2 - 2.950 km2 in order to accommodate the solid 
waste generated from the Qadhaa in the period 2020 to 2030. 
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1. Introduction 

The term “Municipal solid waste” (MSW) is used for waste that is produced in 
urban areas, and which is not uniform in characteristics or content. The proper-
ties and quantity of generated waste in a region are based on the lifestyle of in-
habitants in the region, the standard of living, increasing levels of commercial 
and industrial activities, as well as the type and quantity of the natural resources 
in a region. The major components of urban waste are often divided into two 
types: organic and inorganic [1]. Solid Waste Management includes many processes 
such as the incineration and burial of waste in landfills, recycling, reducing 
quantities of waste, and re-using [2]. Landfill sites are considered necessary to 
manage waste, even if other techniques of waste management are adopted. In 
countries that burn their waste, a suitable landfill site to dispose of the resulting 
ashes from burning is still required [3] [4]. The process of landfill siting is sub-
ject to several factors, including public health concerns, growing environmental 
awareness, government regulation, government and municipal funding, increasing 
political and social opposition to the establishment of landfill sites, and reduced 
land availability for landfills. Therefore, this process is considered to be one of 
the most complex tasks for planners and authorities [5]. 

Presently, there is no landfill site in Mahawil Qadhaa that meets the relevant 
scientific and environmental criteria used in developed countries. There are only 
four waste disposal sites distributed throughout the cities of the Qadhaa [6]. 
Therefore, the integration of GIS and multi-criteria decision making methods 
were used to solve the problem of landfill siting in Mahawil Qadhaa, Babylon, 
Iraq. GIS has a high ability to manage large volumes of spatial data from a varie-
ty of sources. Consequently, GIS plays a significance role in contributing to the 
selection of a landfill site [7] [8] [9]. 

In this study, two types of methods of multi-criteria decision making were used: 
The Analytic Hierarchy Process (AHP) method, and the Ratio Scale Weighting 
method. The AHP is one of the most common decision making methods, with a 
high ability to solve complex problems in different fields [10] [11]. AHP was de-
veloped by [10], and it is used to determine the consistency of weightings for 
criteria through constructing a matrix of pair-wise comparisons. In the litera-
ture, many candidate sites have been identified among several potential landfill 
sites using GIS and AHP (e.g. [12]-[18]). In the Ratio Scale Weighting method, 
the weightings of criteria were given in the direct way based on the opinion of 
experts, a literature review and the relative importance of each criterion to oth-
ers. [19] [20] [21] implemented the Ratio Scale Weighting method with GIS in 
their research to produce the criteria weightings in the solving the problem of 
sites selection for landfill. 

The accuracy assessment method is used in this study to make a comparison 
between two raster maps that were produced using the AHP and RSW methods. 
Accuracy assessment methods (Kappa and Overall Assessment) were used to 
evaluate the output images and measure the correlation between the two input 
image classifications from the two models. The Kappa technique was developed 
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by [22]. 
This study seeks to select suitable sites for landfill that fulfill the scientific and 

environmental criteria in Al-Mahawil Qadhaa, Iraq, by using the Analytic Hie-
rarchy Process (AHP and RSW) methods within a GIS environment. Appling 
the accuracy assessment (Kappa and Overall Assessment) method was done in 
order to compare the output raster maps that resulted from multi-criteria deci-
sion making models. 

2. Study Area 

Al-Mahawil Qadhaa consists of the four cities of Al-Mahawil, which is consi-
dered to be the administrative center of Al-Mahawil Qadhaa, Al-Neel, Al-Ma- 
shroa, and Al-Imam. Al-Mahawil Qadhaa is located in the northern part of the 
Babylon Governorate, where this Qadhaa connects the Babylon Governorate via 
many roads with the Iraqi capital, Baghdad. It is situated between longitude 
44˚18'15"E and 45˚2'7"E, and latitude 32˚50'8"N and 32˚25'52"N (Figure 1). 

The area of Al-Mahawil Qadhaa is 1716 km2, which constitutes 32.3% of the 
total area of the Babylon Governorate [23]. The population of Al-Mahawil Qad-
haa was 356,550 in 2015, according to the statistics of the [24]. This figure 
represents 17.02% of the total population in the governorate. The proportion of 
rural population in Al-Mahawil Qadhaa was 77.4% in 2015, which constituted 
the highest percentage when compared with the other cities in the Babylon Go-
vernorate. 

3. Determination of Sailable Criteria 

In each study area, there are many criteria and factors should be taken into con-
sideration when selecting suitable sites for landfill to meet the established scientific  
 

 
Figure 1. Study area of the Al-Mahawil Qadhaa. 
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and environmental criteria based on previous studies in this field, expert’s opi-
nions and available data about the study area. Fifteen of criteria were selected 
from different sources. These criteria used are groundwater depth, rivers, soil 
types, agriculture lands use, land use, elevation, slope, gas pipelines, oil pipelines, 
power lines, roads, railways, urban centers, villages and archaeological sites. 

4. Preparing the Required Maps 

Many steps were implemented within the GIS in order to produce the final re-
quired layers as raster maps in this study using special analysis tools (e.g. Buffer, 
Clip, Extract, Overlay, Proximity, Convert, Reclassify and Map Algebra, etc.). 
Many sources were used to prepare the raster maps within GIS, one this source 
was individual shape files (river, road, urban centers, villages, topography, slope, 
archaeological sites, gas pipelines, oil pipelines, power lines and railways) which 
were obtained accordingly using the internal reports of the Iraqi [25]. The second 
source was available data which was prepared and produced in GIS software (e.g. 
data for 170 wells of groundwater depths in Babylon Governorate and its sur-
rounding areas were entered into GIS to generate interpolation between these 
data using the spatial analysis tool called as Kriging [26], and then the spatial 
analysis tool “Extract by mask” used to produce the raster map of groundwater 
depth in Babylon Governorate and Al-Mahawil Qadhaa respectively. The third 
source was produced raster maps drown from published maps. The raster map 
of “Agricultural land use” was prepared based on the map of land capability of 
Iraq (scale 1:1000000) [27]. Then it checked on the satellite images of Babylon 
Governorate dated 2011 [28]. The create the digital map of “soil types” in Al- 
Mahawil Qadhaa, the map of exploratory soil of Iraq (scale 1:1,000,000) was used 
for this purpose [29]. To obtained the locations of industrial areas within this 
Qadhaa as a digital map, the published map of industrial areas (scale 1:400,000) 
[23] was used. The digital map of archaeological sites in this Qadhaa was generated 
based on the relevant information on the archaeological map of Iraq (scale 
1:1,500,000) [30]. 

4.1. Input Data 

To prepare the rating values of the sub-criteria for each criterion, the raster map 
of each criterion was divided into categories, and each category was given a 
suitable rating value based on the opinion of experts, previous studies in this 
field and various required and available data related to the present study [31] 
[32] (Table 1). For the “groundwater depths” layer, according to groundwater 
depth readings, depths of more than 6, between 4 - 6 m, 2 - 4 m and 0 - 2 m were 
given ratings values of 10, 6, 4, and 1 respectively (Figure 2(a)). In the “river” 
layer, in order to reduce the potential for river contamination from landfill, a 
distance of less than 1000 m from the boundaries of a river was adopted, and it 
was assigned zero. A distance of more than 1000 m was scored as 10 (Figure 
2(b)). The layer of “elevation” was divided into four categories according to the 
digital elevation model (DEM) of the study area. Elevation areas between 16 - 22 m 
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Table 1. Description of the sub-criteria buffer zones, the ratings of sub-criteria. 

No. Criterion Buffer Zone Sub-criteria Ratings 

1 Groundwater depth (m) 

0 - 2 1 
2 - 4 4 
4 - 6 6 
>6 10 

2 Rivers (km) 
0 - 1 0 
>1 10 

3 Elevation (a.m.s.l.) 
16 - 22 3 
22 - 28 5 
28 - 34 7 

  >34 10 
4 Slope (degree) 0 - 5˚ 10 

5 Soils types 

Soil 7 (A) 10 
Soil 6 (B) 9 
Soil 5' (C) 8 
Soil 5 (D) 7 
Soil 4 (E) 6 
Soil 11 (F) 3 

6 Land use 

Industrial Area 0 
Urban Centers 0 

Villages 0 
Rivers 0 

Archaeological 0 
Agricultural lands 0 

Orchards 5 
Unused lands 10 

7 Agricultural land use 
Agricultural land 0 

Orchards 5 
Unused land 10 

8 Roads (m) 

0 - 500 0 
500 - 1000 7 
1000 - 2000 10 
2000 - 3000 5 

>3000 3 

9 Railways (m) 
0 - 500 0 
>500 10 

10 Urban centers (km) 

0 - 5 0 
5 - 10 10 
10 - 15 7 

>15 4 

11 Villages (m) 
0 - 1 0 
>1 10 

12 Archaeological sites (km) 
0 - 1 0 
1 - 3 5 
>3 10 

13 Gas pipelines (m) 
≤300 0 
˃300 10 

14 Oil pipelines (m) 
≤75 0 
˃75 10 

15 Power lines (m) 
≤30 0 
˃30 10 
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Figure 2. Maps of suitability indexes of (a) Ground water depth, (b) Rivers, (c) Elevation, (d) 
Slope, (e) Soil types, (f) Land use, (g) Agricultural land use, (h) Roads, (i) Railways, and (j) Urban 
centers. 



A. J. Chabuk et al. 
 

129 

above mean sea level (a.m.s.l.), between 22 - 28 m (a.m.s.l.), between 28 - 34 m 
(a.m.s.l.) and greater than 34 m (a.m.s.l.) were given grading values of 3, 5, 7 and 
10 respectively (Figure 2(c)). In Al-Mahawil Qadhaa, all lands have a slope of 
less than 5˚, and they were given a score of 10 (Figure 4(d)). The layer map of 
“soil types” in this Qadhaa includes six types of soils according to Buringh 
(1960) (Figure 2(e)). These soil types are: periodically flooded soils 7 (A), basin 
depression soils 6 (B), river basin soils, poorly drained phase 5 (C), river basin 
soils, poorly drained phase 5 (D), river levee soils 4 (E) and active dune land F 
(11). After merging all these soil types into a single layer within GIS, they were 
giving scores of 10, 9, 8, 7, 6 and 3 respectively. The “land use” layer consists of 
ten categories. These categories are urban centers, villages, industrial areas, arc-
haeological sites, rivers, agricultural land, orchards and unused land. The cate-
gories of “orchards” and “unused lands” were assigned scores of 5 and 10 re-
spectively, whereas other categories were given a score of zero (Figure 2(f)). The 
map layer of “agricultural land use” was divided into three categories. The cate-
gories of “agricultural land”, “unused land” and “orchards” were given scores of 
zero, 5, and 10 respectively (Figure 2(g)). The layer of “roads” comprises main 
roads and highways. The layer was divided into five categories: buffer zones of 
greater than 3 km, buffer zones of 2 - 3 km, buffer zones of 1 - 2 km, buffer 
zones of 0.5 - 1 km and less than 0.5 km were given grades of 3, 5, 10, 7 and zero 
respectively (Figure 2(h)). For the layer of “railway”, buffer zones of less than 
500 m on both sides of the railway were given a score of zero. Buffer zones 
greater than 500 m were assigned of score of 10 (Figure 2(i)). The map of “ur-
ban centers” layer was divided into four categories. Buffer zones of 5 - 10 km, 
buffer zones of 10 - 15 km, buffer zones of more than 15 km and buffer zones of 
less than 5 km were given scores of 10, 7, 4 and zero respectively (Figure 2(j)). 
For the layer of “villages”, buffer zones of less than 1 km were graded zero, while 
buffer zones greater than 1 km were scored 10 (Figure 3(a)). For the “archaeo-
logical sites” layer, a buffer zone of less than 1 km, buffer zones of 1 - 3 km 
around these areas, and buffer zones of more than 3 km were given grading val-
ues of zero, 5 and 10 respectively (Figure 3(b)). Buffer zones of more than 300 
m in the “gas pipelines” layer; buffer zones of more than 75 m in the “oil pipe-
lines” and buffer zones of more than 30 m in the layer of “power lines” were 
given scores of 10. Buffer zones which were less than these values were given a 
grading value of zero (Figure 4(c), Figure 4(d) and Figure 4(e)). 

4.2. Multi-Criteria Decision Methods 

To produce the criteria weightings for this study, two methods were used: Ana-
lytical Hierarchy Process (AHP) and Ratio Scale Weighting. In each method, two 
different procedures were used to estimate the weightings for criteria, and then 
these weightings were implemented on their maps’ layers within GIS to produce 
the suitability index map for landfill siting in Al-Mahawil Qadhaa. These me-
thods are given below. 
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Figure 3. Maps of suitability indexes of (a) Villages, (b) Archaeological sites, (c) Gas pipelines, (d) Oil pipelines and (e) Power 
lines. 

4.3. Analytical Hierarchy Process (AHP) Method 

The Analytic Hierarchy Process was developed by [10], and it was used to calcu-
late the relative importance of criteria (significant weightings) for the present 
study through using a pair-wise comparisons matrix. The decision-makers con-
tributed their experience and judgment in the evaluation of the relative impor-
tance of each criterion compared to the others, and then in building a pair-wise 
comparisons matrix using a numerical scale consisting of 9 points. Each point 
equates to an expression of the relative importance of the two factors. 

The eigenvectors (Egi) were estimated based on multiplying the value for each 
criterion in each column in the same row in a matrix under the root for numbers  
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Figure 4. Pair-wise comparison matrix for landfill siting using AHP, eigenvector and significance weightings. 

 
of elements in this row. This process was applied to each row (Figure 4). The 
relative weighting for each criterion (priority vector (Pri)) was calculated through 
a normalized eigenvalue for each criterion to 1 by dividing each weight by its 
sum. The consistency between the relative weightings of criteria obtained from 
the matrix of pair-wise comparisons was checked by estimating the Consistency 
Ratio (CR = CI/RI), where ((CI = (λmax − n/n − 1)), and the Consistency Index 
(λmax) is obtained from the sum of the products of multiplying the sum of each 
column of the matrix by the corresponding value of the priority vector, where n 
is number of criteria. RI is the mean deviation of randomness for matrices with 
different sizes [10] [33]. 

In this study, the values of CI = 15.61, and RI15 = 1.59. If the Consistency Ra-
tio value is smaller than 0.1, then the consistency is acceptable. Thus, the CR 
value was 2.7 < 0.1. 

4.4. The Ratio Scale Weighting (RSW) Method 

The decision process in the Ratio Scale Weighting (RSW) method is based on 
allocating a suitable ratio score value for each criterion, where the value of 100 is 
given to the most important criterion to be the basis for the values of other crite-
ria. Values smaller than 100, are proportionally allocated to criteria that are low-
er in the order according to the importance of each criterion with respect to the 
others [34]. To estimate the original weightings for criteria (Ri) using the Ratio 
Scale Weighting (RSW) method, the value of proportional weight of each crite-
rion was divided by the value of proportional weight of the lowest importance 
criterion. Then, the normalized weights for criteria of the RSW method were es-
timated using Equation (1) (Table 2). 
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Table 2. The criterion weightings defined for the Ratio Scale Weighting (RSW) method. 

No. Criteria Ratio scale value Original weight (Ri) Normalized weight (Wi) 

1 Groundwater depth 100 20 0.2012 

2 Urban centers 74 14.8 0.1489 

3 Rivers 73 14.6 0.1469 

4 Villages 52 10.4 0.1046 

5 Elevation 35 7 0.0704 

6 Soils types 35 7 0.0704 

7 Slope 23 4.6 0.0463 

8 Roads 23 4.6 0.0463 

9 Agricultural land use 23 4.6 0.0463 

10 Land use 15 3 0.0302 

11 Archaeological sites 15 3 0.0302 

12 Power lines 10 2 0.0201 

13 Gas pipelines 7 1.4 0.0141 

14 Oil pipelines 7 1.4 0.0141 

15 Railways 5 1 0.0100 

 Sum 
 

99.4 1 

 
where: 

Wi: is the normalized weight of each criterion which was divided by the Orig-
inal weight of each criterion by their sum; Ri: the Original weight of each crite-
rion of area i under criterion j; n: number of criteria. 

4.5. Analysis Process Methods 

To obtain the final maps of suitability index for landfill siting, overlaying analy-
sis was performed on the layers maps of criteria, which were entered within GIS. 
The method of Weighted Linear Combination (WLC) was applied on all criteria 
using the spatial analysis tool “Map Algebra”. This method was used based on 
the following Equation (2): 

1
n

i j ijjA W C
=

= ×∑                       (2) 

where: 
Ai is the suitability index for area i, Wj is the relative importance weighting of 

the criterion, Cij is the grading value of area i under criterion j, and n is the total 
number of criteria [35] [36]. 

In summary, the suitability index was calculated for each final map of the 
AHP and the RSW methods through the sum of the products of multiplying the 
rating values of the sub-criteria for each criterion (based on the opinion of ex-
perts in this field) (Table 1) by the weight of each criterion which was calculated 
using the AHP and RSW methods (Table 3). 
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Table 3. The values of criteria’s weightings which were estimated from the AHP and 
RSW methods. 

No. Criterion Criterion’s weight (AHP) Criterion’s weight (RSW) 

1 Groundwater depth (m) 0.2004 0.2012 

2 Rivers (km) 0.1471 0.1469 

3 Elevation (a.m.s.l.) 0.0709 0.0704 

4 Slope (degree) 0.0463 0.0463 

5 Soils types 0.0709 0.0704 

6 Land use 0.0302 0.0302 

7 Agricultural land use 0.0462 0.0463 

8 Roads (m) 0.0463 0.0463 

9 Railways (m) 0.0107 0.01 

10 Urban centers (km) 0.1471 0.1489 

11 Villages (m) 0.1038 0.1046 

12 Archaeological sites (km) 0.0302 0.0302 

13 Gas pipelines (m) 0.0146 0.0141 

14 Oil pipelines (m) 0.0146 0.0141 

15 Power lines (m) 0.0207 0.0201 

 
The suitability index maps for landfill siting in Al-Mahawil Qadhaa were pro-

duced using the AHP, RSW and WLC methods. Each map was divided into four 
categories. The four categories with their areas and also their proportion in the 
AHP method are as follows: “unsuitable”, 27.923 (1.48%) km2; “moderately suita-
ble”, 414.667 (21.9%) km2; “suitable”, 1070.55 (56.56%) km2; and “most suitable” 
379.749 (20.06%) km2 (Figure 5(a)). 

In the Ratio Scale Weighting (RSW) method, the area of each category with 
their proportions is as follows: “unsuitable”, 29.854 (1.58%) km2; “moderately 
suitable”, 413.684 (21.85%) km2; “suitable”, 1070.64 (56.56%) km2; and “most 
suitable”, 378.715 (20.01%) km2 (Figure 5(b)). 

4.5.1. Combination of Maps 
In order to combine the maps that resulted from the two methods (AHP and 
RSW), each map was classified into four categories and the same range was used 
for each map and each category. The four categories were: unsuitable, mod-
erately suitable, suitable and most suitable (Figure 6). Each category within 
maps has a number of pixels and, consequently, this help in the combination 
process. In order to combine two maps, the raster maps were entered into GIS, 
and the special analysis tool ‘Local’ and then ‘Combine’ were used. The resultant 
databases were exported to an Excel file. To create the matrix of data which will 
be used in estimating the error matrix of accuracy assessment methods (Kappa 
and Overall Assessment) between the two maps, the special analysis tools “Data 
Management Tools”, “Table” and “Pivot Table” were used, and then the file was 
saved as a dBase type file. 
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Figure 5. Final maps of suitability index for landfill sitting using (a) AHP method and (b) the RSW method. 

 

 
Figure 6. Categories of suitability index and number of pixels resulting from the two maps. 

4.5.2. Accuracy Assessment Methods (Kappa Overall Assessment) 
The Kappa technique was introduced by [22], and it is used to estimate the 
agreement between a raster map of a prediction model and a raster map which 
has real geographic features in special locations using the error or correlation or 
covariance matrix [37]. In this study, The Kappa technique was used to measure 
the relationship between the databases of similar categories (four categories) for 
two output images maps which were produced using the AHP and RSW me-
thods using a correlation matrix. After combining the four categories of the two 
raster maps within GIS, and then importing the data into an Excel file. The cor-
relation matrix was created and imported its data into excel file (Table 4). 

The Kappa technique was used to measure the association or agreement be-
tween the output images resulting from the different analysis methods that pro-
duced the AHP raster map, which is considered an essential map for compari-
son, and the RSW raster map, using the correlation matrix. Cohen’s Kappa is 
computed as follows [38]. 

( )
( )

1 1
2

1

r r
ii i ii i

r
i ii

N X X X
K

N X X
+ += =

+ +=

− ×
=

− ×
∑ ∑

∑
                 (3) 



A. J. Chabuk et al. 
 

135 

Table 4. The correlation matrix resulting from combining the final maps from the AHP 
and RSW methods. 

Category RSW-1 RSW-2 RSW-3 RSW-4 Sum 

AHP-1 44,682 3016 65 0 47,763 

AHP-2 0 659,794 2051 60 661,905 

AHP-3 0 679 1,709,979 2564 1,713,222 

AHP-4 0 0 998 604,843 605,841 

 
44,682 663,489 1,713,093 607,467 3,028,731 

 
where: 

N: total number of cells in the error matrix, r: number of rows in the matrix, 
Xii: total number in row i and in column i, X+i: the total for row i, Xi+: the total 
for column i. 

The value of Kappa for the correlation matrix was estimated based on (Table 
2) using Equation (3), as follows: 

N = 3,028,731, N2 = 9.17321E + 12, Xii = (44,682 + 65,9794 + 1,709,979 + 
604,843) = 3,019,298, (X+i × Xi+) = ((47,763 × 44,682) + (661,905 × 663,489) + 
(1,713,222 × 1,713,093) + (605,841 × 607,467) = 3.74424E + 12 

( ) ( )
( )

3,028,731 3,019,298 3.74424E 12
99.474

9.17321E 12 3.74424E 12
K

× − +
= =

+ − +
 

The Cohen’s Kappa value between the categories of the two maps obtained 
from the AHP and the RSW methods was equal to 99.474%, and it was consi-
dered a high level of agreement according to [39]. The error value of the correla-
tion matrix was 0.526%. 

In order to calculate the accuracy of the overall assessment value (OA) be-
tween the two maps from the AHP and RSW methods, the summation values of 
cell numbers along the major diagonal (DV) was divided by the total value of 
cells in the correlation matrix (TV). The accuracy of Overall Assessment is esti-
mated as follows. 

DVOA 100
TV

= ×                          (4) 

where: 
OA: The overall assessment value that was resulted from comparison between 

the two maps using the AHP and RSW methods, DV: the summation values of 
cell numbers along the major diagonal for the matrix, TV: the total value that 
resulted from summation the values of cells in the correlation matrix. 

The overall assessment value for the matrix of correlation was computed using 
Equation (4) based on (Table 2), as follows: 

( )44,682 659,794 1,709,979 604,843
OA 100% 99.689%

3,028,731
+ + +

= × =  

In this study, through using two methods (Kappa and Overall Assessment) to 
assess the accuracy of correlation between two raster maps produced using the 
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AHP and the RSW methods using a correlation matrix, the resulting values of 
the accuracy assessment methods were very similar to each other. The overall 
Assessment value for all cells which was resulted from comparison between two 
image maps was approximately 99.689%, indicating a strong statistical corres-
pondence to the kappa percentage 99.474%.Thus, the Kappa technique is consi-
dered a very quick and significant method for a comparison between two maps 
resulting from using two prediction models. 

Figure 7 shows the percentage of raster values for the matching and non- 
matching classes. The percentages of matching pixels in the combination map 
are 99.479% (in blue), while the percentage of the non-matching pixels is 0.521% 
(yellow) using the Kappa technique. 

5. Results and Discussion 

After determining the weighting for each criterion using two methods (AHP and 
RSW) and the rating weightings for the sub-criteria of each criterion, the me-
thod of Weighted Linear Combination (WLC) was applied to all criteria using 
the spatial analysis tool “Map Algebra” within GIS to produce the final output 
maps for the suitability index for landfill siting. The result of this process pro-
duced two final output maps of the suitability index of candidate sites for land-
fill. Then, the two final raster maps which resulted from using AHP and Ratio 
Scale Weighting methods were combined. 

In Al-Mahawil Qadhaa, the cumulative quantity of solid waste expected in 
2030 and from 2020 to 2030 is 96,389 tonnes and 877,419 tonnes respectively, as 
calculated by [6]. The expected population in this Qadhaa in 2030 is 618,274 
 

 
Figure 7. The combination map of matching and non-matching areas between (AHP and 
RSW) methods and its percentages. 
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inhabitants calculated according to the present population growth rate. The waste 
density in the waste disposal sites is 450 kg/m3 in Al-Mahawil Qadhaa according 
to the [40]. Thus, the volume of waste and cumulative waste are 214,198 m3 and 
1,949,820 m3 respectively. The average suggested depth to the groundwater in 
the candidate sites that resulted from this study was adopted as 2 m because the 
groundwater depth from the ground surface in Al-Mahawil Qadhaa is shallow. 
According to these requirements, the area of the candidate site required to ac-
commodate the cumulative quantity of solid waste generated from 2020 to 2030 
was found to be 0.975 km2. 

Two candidate sites were selected for landfill among the many sites which re-
sulted from this study (Figure 8). The areas of site No. 1 and 2 are 2218 km2 and 
2950 km2 respectively. The two sites were checked on the satellite images (2011) 
from the Babylon Governorate to make sure that these sites are suitable for land-
fill, with site No. 1 situated at latitude 32˚38'12"N, and longitude 44˚34'9"E, and 
site. No. 2 situated at latitude 32˚29'59"N, and longitude 44˚41'2"E. 

6. Conclusions 

This study used the integration of GIS and methods of multi-criteria decision 
making (AHP and RSW) and through adopting the scientific and environmental 
criteria that are followed in developed countries in order to select suitable sites 
for landfill in Al-Mahawil Qadhaa. The process of an overlaying analysis of fif-
teen layers of raster maps was implemented within the GIS environment in or-
der to solve the problem of landfill siting in this Qadhaa. The layers maps were 
groundwater depth, rivers, elevation, slope, soil types, land use, agricultural land 
use, roads, railways, urban centers, villages, archaeological sites, gas pipelines, oil  
 

 
Figure 8. The candidate sites in Al-Mahawil Qadhaa. 
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pipelines and power lines. The two methods of multi-criteria decision making 
were used to identify the weightings for criteria in different styles. The first me-
thod was the AHP, which used a matrix of sequences of pair-wise comparisons 
between criteria to derive the weighting for each criterion. The Ratio Scale 
Weighting (RSW) method was the second method, based on the opinion of ex-
perts through allocating proper ratio values for the criteria in terms of relative 
importance. 

The weighted linear combination (WLC) method was used to produce the fi-
nal suitability index map for landfill in the study area using the spatial analysis 
tool “Map Algebra”. This procedure was done through summation of the prod-
ucts of multiplying the criteria weightings with the weighting of each sub-criteria 
of each criterion. After combining the two final maps which resulted from the 
AHP and RSW methods within GIS, accuracy assessment methods were used 
to measure an agreement between the output maps for these methods through 
creating a correlation matrix. The overall Assessment method was used to com-
pare between all pixels for all categories of the two maps produced using the 
AHP and RSW methods, whilst the Kappa technique was a strong, accuracy and 
statistical significance method using to measure the agreement between the pix-
els of two maps using the AHP and RSW methods. Thus, the percentages of ac-
curacy between found by using the Kappa and Overall Assessment (OA) me-
thods were 99.474%, and 99.689% respectively. 

For selecting suitable locations for landfill in Al-Mahawil Qadhaa, two candi-
date sites were considered. The satellite image of the Babylon Governorate in 
2011 was used to ensure that these sites were adequate for landfill. 
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Abstract: Landfill siting is a complex process. It is one of the major problems in waste management,
where many factors should be taken into consideration when selecting a suitable site for landfill
in any given area. At the present time, there are many random waste disposal sites distributed
throughout Al-Hashimiyah Qadhaa in Iraq. In this study, the Geographic Information System (GIS)
and the Analytical Hierarchy Process (AHP) were used to select the best sites for landfill. The process
of selecting sites for landfill in Al-Hashimiyah Qadhaa comprised two steps. First, fifteen different
criteria were mapped and incorporated into overlay analyses within GIS software to produce the
final suitability index map for the site. The second step comprises the exclusion of unsuitable areas
from the final map to simplify identification of the candidate sites for landfill in the study area.
The weightings of criteria were identified using AHP, and the weightings of the sub-criteria of each
criterion were determined based on multiple factors. In order to accommodate solid waste from 2020
until 2030, two suitable candidate landfill sites were determined which fulfill the required area of
1.013 km2 with areas of 1.374 km2 and 1.288 km2 respectively.

Keywords: AHP method; GIS software; landfill site; solid waste

1. Introduction

Solid waste management is considered a major issue for the municipality directorates in the cities
of developing countries. The increase in the quantity of waste generated arises from the effects of
many factors, such as population growth, rapid economic growth, improvements in living standards,
etc. [1,2]. For solid waste management, many effective techniques of disposal of municipal solid
waste have been used, such as landfills, recycling, thermal treatment and biological treatment [3,4].
For example, sanitary landfills have been adapted to the management of solid waste in many countries,
even if other techniques of waste management are used. In countries that recycle or burn large parts of
their waste, the resulting materials from these processes are still requires dumping. This process is
considered relatively cheap and simple to be used [5,6].

Landfill siting is considered a complex task for planners and authorities because this process
needs to take into consideration many factors. These factors are, for example, increasing population
densities, growing environmental awareness, reduced land availability for landfills and increasing
political and social opposition to the establishment of landfill sites, government regulation, government
and municipality funding, and urbanization [7–9].
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The Babylon Governorate, Babylon, Iraq produced an annual amount of 522,463 tonnes of solid
waste in 2015 [10]. Presently, there is no landfill site within the study area that conforms with the
scientific and environmental criteria for selecting such sites. There are just waste disposal sites
distributed throughout the cities of Al-Hashimiyah Qadhaa. All these waste-disposal sites did not
get the approval from official authorities. Regrettably, the hallmarks of the impact of waste disposal
sites in the Babylon Governorate are groundwater contamination, surface water pollution, large-scale
greenhouse-gas emissions, spontaneous fires, and increasing numbers of insects and rodents in and
around the area [11].

To solve the problem of landfill siting, the integration of the Geographic Information System (GIS)
and the Analytic Hierarchy Process (AHP) method was used. The GIS software (version 10.4) plays a
significance role in contributing to overlay analysis for the selection of a landfill site because it has
a high ability to manage large volumes of spatial data and consider many factors from a variety of
sources [4,12–14]. Geographic information systems (GIS) has high ability to deal with the constraints of
necessary social, environmental, economic, etc. [15]. The combining GIS with data of Remote Sensing
was used to select the candidate sites [16,17]. The new application of GIS open source was created to
obtain the specific sites [18].

The AHP method was developed by Saaty (1980), and it is one of the most common for the
methods of Multi-Criteria Decision Making (MCDM) because it is based on theoretical foundation.
It has a high ability to solve complex problems during the process of decision-making in different
fields [19,20]. AHP is used to determine the consistency of weightings for criteria through constructing
a matrix of pair-wise comparisons.

AHP and GIS have been used for a range of applications in various fields, including the assessment
of groundwater pollution potential [21], soil environment [22], and health care and urban planning [23].

In the literature, many researchers have used a combination of GIS software and AHP to select
suitable landfill sites among many candidate sites (e.g., [24–28]).

The main goal of this study is to select the most suitable candidate sites for landfill in
Al-Hashimiyah Qadhaa, Iraq, that fulfill the environmental and scientific criteria. For achieving
this goal significant criterion that can affect the environment were considered through combining the
Analytic Hierarchy Process (AHP) method and GIS software.

The process of selecting a landfill site comprises many steps that need to be performed using
GIS software: (1) The area of each criterion map is divided into categories to suit the requirements,
and then each category is given a suitable weighting; (2) Determining the final map for landfill siting
using the special analysis tool in GIS “Map Algebra—Single Output Map Algebra”; (3) Exclusion of
unsuitable areas for sites for landfill with some of their buffer zones to simplify the process of selecting
candidate sites for landfill [12,14].

2. Study Area

Al-Hashimiyah Qadhaa is located in the southern part of the Babylon Governorate in Iraq
(longitude 44◦27’45” E and 45◦12’4” E, and latitude 32◦31’24” N and 32◦12’10” N) (Figure 1).
This Qadhaa consists administratively of three cities: Al-Hashimiyah, Al-Medhatyah and Al-Shomaly.

Al-Hashimiyah Qadhaa covers an area of 1046 km2, which represents 19.7% of the total area
of the governorate [29]. The population of Al-Hashimiyah Qadhaa in 2015 was 286,409 inhabitants,
which represents 13.67% of the total population of the Babylon Governorate [30]. The population
density in this Qadhaa is 273.8 inhabitants/km2.

The solid waste quantity expected in 2030 in Al-Hashimiyah Qadhaa is 100,155 tonnes based on
an expected population in 2030 in this Qadhaa of 445,566 inhabitants. The cumulative quantity of solid
waste expected from 2020 to 2030 is 911,695 tonnes, according to calculations made by (Chabuk et al.,
2015), where the average generation rate of solid waste is 0.49 kg/(capita. day) (for the last five years:
2009–2013) and 0.52 kg/(capita. day) in 2013. These calculations were done based on a 2.99% average
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annual population growth and a 1% yearly rate of increment for waste generation in Al-Hashimiyah
Qadhaa. The density of waste in waste disposal sites is 450 kg/m3 in the Al-Hashimiyah Qadhaa [31].
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Figure 1. The study area of the Al-Hashimiyah Qadhaa.

3. Methodology

To evaluate the study area for the selection of a suitable site for landfill, GIS and its special analysis
tools were used to prepare map layers covering the most important fifteen criteria in the study area
according to expert’s opinion in this field. The model of landfill siting, depending on current criteria,
can be divided in the following ways:

(1). Reviewing the previous literature.
(2). Preparing the database of digital maps within GIS software for the study area.
(3). Creating suitable buffer zones or special constraints around important areas to suit each

criterion map.
(4). Determination of the weightings of the sub-criteria based on the opinion of experts, literature,

environmental and scientific requirements and governmental regulations.
(5). Determination of the weightings for the criteria using the AHP model.
(6). Exclusion of unsuitable areas for landfill siting from the resulting final map of this study.
(7). Determination of a suitability index to apply to candidate sites for landfill.

3.1. The Hierarchical Structure Tree for Landfill Siting

The initial step of the methodology for this study involves identifying a hierarchy for the decision
problem. The main aim of the decision problem was selecting candidate sites in Al-Hashimiyah
Qadhaa. The hierarchical structure was built based on the opinions of experts in this field, previous
research and data available in the study area. It includes three levels (Figure 2). The first level
represents two broad categories: natural environmental factors, and artificial factors. The second level
includes six main factor groups: hydrological, land, topographical, infrastructure, accessibility and
social-cultural factors. The third level comprises all fifteen criteria which were used in the current
study to determine candidate sites for landfill.

The landfill siting is considered as a complex process related to solid waste management systems
due to government funding, government regulations, social and environmental factors, economic
factors, and increase public & political opposition to the landfill sites establishment.
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The groundwater in Al-Hashimiyah Qadhaa varies in depth from 1.445 to 6.943 meters below
the ground surface in most of the areas. This range of depths is considered shallow. Landfills should
be located over the surface of the ground to prevent groundwater from pollution [32]. The “river”
criterion was adopted in order to protect surface water of Shatt Al-Hilla river (which is passing through
the study area) from contamination by leachate [33,34].To reduce the potential of leachate leaking from
the landfill and to avoid the risk of flooding [35], the criterion of topography (elevation) was selected.

The criterion of “slope” was used, where an area with a very steep slope will increase drainage
of pollutants from the landfill site to surrounding areas [8] as well as increasing the risk of leachate
flowing from high slopes to flat and low areas or bodies of water.

To protect the human and environment, the important categories within the criterion of “land
use” were classified and were given them the suitable score that deserved.

To protect the agricultural lands from contamination, that “agricultural lands use” criterion for
Al-Hashimiyah Qadhaa was divided into three categories are agricultural land, orchards and unused
land. Each category was given the appropriate value.

The soil of Babylon Governorate consists of clastic materials, which is known alluvial deposits [36].
There are 6 types of soils in Al-Hashimiyah Qadhaa [37]. To protect the landfills from the movement of
leachate within soil layers and to reduce the soil consolidation, the “soil” criterion was used.

The “roads” criterion was used for many considerations. Distances from roads to a landfill site
should be sufficient to ensure there are no negative aesthetic impacts [3]. Moreover, economic factors
must be taken into consideration, and a landfill site should be located within a reasonable distance of
existing roads in order to reduce the cost of construction of roads leading to the site in future [8,15,38].

The criterion of “railway” was adopted in order to prevent both potential land subsidence and
visual intrusion when selecting the landfills [39].

For the “urban centers” criterion, many researchers suggested that the appropriate distance from
the borders of urban areas to a landfill site should be at a suitable distance due to the economic factors
and impact on the general public. The cost of this land as well as health and safety laws often prevent
siting of a landfill within the boundaries of an urban area. Important factors to consider are noise,
decreases in property value [38], odor, aesthetics [40], as well as ensuring that the urban area retains
the potential to expand in the future [41].

The “villages” criterion was adopted because there are many villages distributed throughout
the study area. The literature recommended a minimum distance from a landfill site to villages that
should be at a suitable distance [42,43] to protect human and environment from insect and rodent
infestation, odors, disease, and sometimes population suffocation because of burning the waste in
these sites. In addition, there is an increase the social opposition to the establishment of landfill sites.Sustainability 2017, 9, 1932  5 of 16 
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For the criterion of “archaeological”, Babylon Governorate has a rich history and is home to
a number of significant archaeological and religious sites. These areas are considered absolutely
inappropriate to be within or near a landfill site because of their high historical value and importance
for tourism (and the development of tourism) in this governorate.

The “power lines” criterion was selected to avoid risks associated with high-voltage whilst taking
into account the need to provide electricity to the infrastructure of the landfill site [32,34].

The criteria of “gas pipelines” and “oil pipelines” were adopted in the current study to avoid the
serious impact of spontaneous fires that result from burning of solid waste on the gas and oil pipelines.
Consequently, protection the important infrastructure which is considered the valuable source for
national wealth.

All area in Al-Hashimiyah Qadhaa is covered by alluvial deposits at depth of more than 50 m,
where no rocks are exposed in this area. The study area is located outside the range of faults and
cracks [36].

3.2. Restriction Sites

Buffer zones are created around important sites or specific geographic features in each criterion
within the GIS environment. These sites comprise areas which do not allow for a landfill site to be
situated within them due to potential risks to the environment, human health, and excessive cost,
as well as satisfying the governmental regulation requirements [7,45]. The buffer zones were created at
a distance from each feature for the selected criteria based on literature review, as shown in Table 1.

Table 1. Description of values of buffer zones for criteria.

No. Criteria Buffer Zone Researchers’ Suggested Buffers

1 Rivers 1 km 1 km [33,34].
2 Roads 0.5 km 0.5 km [14,43].
3 Railways 0.5 km 0.5 km [15,46].
4 Urban centers 5 km 5 km [41,47].
5 Villages 1 km 1 km [14,42].
6 Archaeological sites 1 km 1 km [45,48].
7 Gas pipelines 300 m 250 m [14].
8 Oil pipelines 75 m 250 m [28].
9 Power lines 30 m 30 m [34,43].

3.3. Layers Maps of Criteria

There are many sources used to prepare the required map layers within GIS for the present study.
The first was digital maps (shapefile). The individual shapefile maps for topography, slope, river,
road, urban centers, villages, gas pipelines, oil pipelines, power lines and railways were prepared
accordingly using the internal reports of the Iraqi Ministry of Education [49].

The second source was converting the published maps into digital maps using the relevant
information on each map. The shapefile of “soil types” was created from the map of exploratory soil of
Iraq (scale 1:1,000,000) [37]. The shapefile of “agricultural land use” was obtained using the published
map of the land capability map of Iraq (scale 1:1,000,000) [50], and the digital maps was checked by
analyzing satellite images of the Babylon Governorate from 2011 [51]. The shapefile of “archaeological
sites” was produced from the Archaeological Map of Iraq (2013) (scale 1:1,500,000) [52], to indicate
the archeological and religious sites in this Qadhaa. The map of industrial areas (scale 1:400,000) [29]
contributed to defining the industrial areas within Al-Hashimiyah Qadhaa.

For the third source, the readings from 170 wells for the groundwater depths in this Qadhaa
were imported into GIS as features, then these data were converted to the shapefie using the button
of “export data”. To produce the shapefile map of groundwater depths the extension tool “kriging”,
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within GIS, was used to generate an interpolation between the readings of groundwater depths. Finally,
the digital map of “groundwater depth” was produce [53].

3.4. Classification and Rating the Sub-Criteria

Each criterion was classified into categories (sub-criteria), and to each category was given a
suitability grading value. This classification was made based on the opinion of experts and literature
reviews in this field, as well as various required and available data in the study area. In order to
prepare each criterion and sub-criteria, a number of steps were performed using the spatial analysis
tools in the dialog box within ArcGIS—Version 10.4 (e.g., Buffer, Clip, Extract, Overlay, Proximity,
Convert, Reclassify and Map Algebra, etc.), (Table 2). The sub-layers of each layer were assigned from
zero to ten.

Table 2. The weightings of criteria and the ratings of sub criteria of the input layer maps.

No. Criterion Sub-Criteria Values Sub-Criteria Ratings (R) Criterion’s Weight (AHP) Area%

1
Groundwater

depth (m)

1.5–3 1

0.2004

0.54

3–4.5 4 37.05

4.5–6.0 6 47.43

>6.0 10 14.98

2 Rivers (km)
0–1 0

0.1471
8.46

>1 10 91.54

3
Elevation
(a.m.s.l.)

11–20 3

0.0709

0.36

20–29 7 92.94

>29 10 6.70

4 Slope (degree) 0–5◦ 10 0.0463 100

5 Soils types

Soil 8 (A) 10

0.0709

0.9

Soil 5’ (B) 9 56.29

Soil 5 (C) 8 26.1

Soil 9 (D) 7 0.22

Soil 4 (E) 6 2.6

Soil 11 (F) 3 13.8

6 Land use

Industrial Area 0

0.0302

0.12

Urban Centers 0 0.93

Villages 0 3.15

Treatment plant 0 0.0002

Rivers 0 0.35

Archaeological 0 0.003

Agri. land 0 53.15

Orchards 5 7.752

Unused land 10 34.544

Agri. airport 0 0.0008
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Table 2. Cont.

No. Criterion Sub-Criteria Values Sub-Criteria Ratings (R) Criterion’s Weight (AHP) Area%

7 Agricultural
land use

Agricultural land 0

0.0462

55.74

Orchards 5 8.32

Unused land 10 35.94

8 Roads (m)

0–500 0

0.0463

15.2

500–1000 7 12.76

1000–2000 10 19.18

2000–3000 5 15.94

>3000 3 36.92

9 Railways (m) 0–500 0
0.0107

2.15

>500 10 97.85

10
Urban centers

(km)

0–5 0

0.1471

24.23

5–10 10 34.74

10–15 7 26.01

>15 4 15.02

11 Villages (m) 0–1 0
0.1038

44.9

>1 10 55.1

12
Archaeological

sites (km)

0–1 0

0.0302

6.95

1–3 5 49.5

>3 10 43.55

13
Gas pipelines

(m)
≤300 0

0.0146
2.89

>300 10 97.71

14
Oil pipelines

(m)
≤75 0

0.0146
5.93

>75 10 94.07

15 Power lines (m)
≤30 0

0.0207
3.05

>30 10 96.95

AHP: analytical hierarchy process; a.m.s.l.: above mean sea level.

The “groundwater depths” layer was divided into four categories. Depths between 1.5–3.0 m,
3.0–4.5 m, 4.5–6 m and more than 6.0 m, according to groundwater depth readings, were given ratings
values of 1, 4, 6, and 10 respectively (Figure 3a). For the “river” layer, a distance less than 1000 m
from the boundaries of a river was scored zero to reduce the potential for river contamination from
landfill. A distance of more than 1 km was scored as 10 (Figure 3b). The map of the “elevation” layer
was divided into three categories according to the study area. Elevation areas between 11 and 20
above mean sea level (a.m.s.l.), and between 20–29 were given grading values of 3 and 7 respectively.
Elevations areas of greater than 29. were given the higher rating value of 10 (Figure 3c). All lands in
Al-Hashimiyah Qadhaa have a slope of less than 5◦, and they were graded 10 (Figure 3d). Land slope
is an important factor when selecting a landfill site. In this study, ten categories were incorporated
into GIS to prepare the “land use” layer. These categories are urban centers, villages, industrial
areas, archaeological sites, treatment plant, agricultural airport, rivers, agricultural land, orchards
and unused land. The categories of “orchards” and “unused lands” were given scores of 5 and 10
respectively, while other categories were assigned a score of zero (Figure 3e). The layer of “soil types”
in Al-Hashimiyah Qadhaa comprises six types of soils [40] (Figure 4a). These soil types are haur soils
A (8), river basin soils, poorly drained phase B (5’), river basin soils, poorly drained phase C (5), silted
haur and marsh soils F (9), river levee soils D (4), and active dune land E (11). These types of soils
(multiple input rasters) were merged in a single raster layer within GIS, and then they were giving
scores of 10, 9, 8, 7, 6 and 5 respectively.
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The layer of “agricultural land use” was divided into three categories. The categories of
“agricultural land”, “unused land” and “orchards” were given scores of zero, five, and ten respectively
(Figure 4b). The layer map of “roads” included main roads and highways, and it has been divided into
five buffer zone categories, buffer zones of less than 0.5 km, buffer zones of 0.5–1 km, buffer zones
of 1–2 km, buffer zones of 2–3 km and greater than 3 km were given grades of zero, 7, 10, 5 and 3
respectively (Figure 4c). For the “railway” layer, buffer zones of less than 0.5 km m on both sides of
the railway were scored zero. Buffer zones greater than 0.5 km were scored of 10 (Figure 4d). The layer
map of “urban centers” was divided into four categories. Buffer zones of between of 5–10 km were
given the highest score, which were 10. Buffer zones of 10–15 km, more than 15 km and less than 5 km
were given a score of 7, 4 and zero respectively (Figure 4e). In the “villages” layer, buffer zones of
less than 1 km were given a grading value of zero, while buffer zones greater than 1 km were scored
10 (Figure 4f) to protect human health and environment in these areas. For the “archaeological sites”
layer, a buffer zone of less than 1 km was graded zero. Buffer zones of 1–3 km around these areas,
and buffer zones more than 3 km were graded 5 and 10 respectively (Figure 4g). In the “power lines”,
“gas pipelines,” and “oil pipelines” layers, buffer zones of less than 300 m, that is 75 m and 30 m were
given scores of zero. Buffer zones which were greater than these values were given a grading value of
10 (Figure 4h,j).
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3.5. Analytical Hierarchy Process (AHP) Method

The AHP was applied to compute the significance of weightings for the selected criteria in the
current study using a matrix of pair-wise comparisons [19]. The decision makers regarding weightings
contributed through their experience and judgment in building the matrix of pair-wise comparisons
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through favoring the importance intensity of one activity over another using a numerical scale of 9
points. Each point equates to an expression of the relative importance of the two factors. e.g., “M has
the same importance of N” or “M is more important than N”, etc. These studies use a scale with values
ranging from 1 (equal importance) to 9 (absolute importance) [19,54].

The eigenvectors (Egi) were calculated for each row depending on multiplying the value for each
criterion in each column in the same row in the matrix of the pair-wise comparison, and then taking the
nth root for numbers of elements in this row. Thus, this process was applied to each row. To calculate
the priority vector (Pri) (relative weights) of criteria, an Egi for each criterion is normalized to 1 by
dividing each weight by its sum. Checking the consistency between the weightings of criteria resulting
from the matrix of pair-wise comparisons was done through estimating the Consistency Ratio (CR),
by dividing the Consistency Index (CI) by the Random Index (RI), where RI is the mean deviation of
randomness for matrices with different sizes for different values [19].

In this study, the value of Consistency Index (CI = 0.044) by the Random Index value (RI = 1.59)
for n = 15 (Table 3), where this table displays mean random index value RI for matrices with different
sizes according to [15]. If the CR value is smaller than 0.1, then the consistency is acceptable. Here,
the CR value was 0.027 < 0.1. The judgments are completely consistent if CR is equal to zero [55].
Perfect consistency is rare. Consequently, the AHP allows slight inconsistency in a matrix of pair-wise
comparisons [3].

Table 3. Random inconsistency indices for different values of (n) [19].

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59

After preparing the weightings of the fifteen criteria from the matrix of pair-wise comparisons
(Figure 5), the Suitability Index of Landfill Siting (SILS) for the final output map was calculated through
the summation of the products of multiplying the weight of each criterion that was resulted from AHP
method by the weight of each sub-criteria of each criterion based on previous studies and experts
opinion (see Table 2). The special analysis tool “Map Algebra—Single Output Map Algebra” in GIS
software was used for this purpose. The process of calculating (SILS) was as follows [14]:

SILS = (GWw × GWsw) + (RVw × RVsw) + (Ew × Esw) + (SLw × SLsw) +

(Sow × SOsw) + (LUw × LUsw) + (AGw × AGsw) + (Row × ROsw) +

(RWw × RWsw) + (URw×URsw) + (VIw × VIsw) + (ARw × ARsw) +

(GSw × GSsw) + (Ow × Osw) + (Pw × Psw)

(1)

where: SILS: suitability index of landfill siting.
The terms “GWw, RVw, Ew, SLw, SOw, LUw, AGw, ROw, RWw, URw, VIw, ARw, GSw, Ow and

Pw” refer to the criteria weightings of groundwater depth, rivers, elevation, slope, soil types, land
use, Agricultural land use, roads, railway, urban centers, villages, archaeological sites, gas pipelines,
oil pipelines and power lines respectively.

The terms “GWsw, RVsw, Esw, SLsw, SOsw, LUsw, AGsw, ROsw, RWsw, URsw, VIsw, ARsw,
GSsw, Osw and Psw” are expressions for the weightings of sub-criteria for each of criterion which
were mentioned above.
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4. Results and Discussion

The final output map of the suitability index for selection of candidate sites for landfill in
Al-Hashimiyah Qadhaa was produced based on determining the weightings of the sub-criteria of
each criterion. Then, the weightings of the fifteen criteria were calculated using the AHP method.
The suitability index map was classified based on four categories (Figure 6). These categories were
“unsuitable”, “moderately suitable,” “suitable” and “most suitable.” The area for each category and
its proportion of the total study area was as follows: the “unsuitable” area was 40.97 km2 (8.89%),
the “moderately suitable” area was 79.86 km2 (17.33%), the “suitable” area was 153.20 km2 (33.24%),
and the “most suitable” area was 186.80 km2 (40.54%).

Thirteen categories of important areas with some of their buffer zones were excluded from the
process of selection of sites for a landfill to simplify the process of selecting candidate sites for landfill
(Figure 7). The features of these areas were entered into GIS as separate shapefiles, and then they were
merged into a single shapefile using the button of merge in “Editor” option within the GIS software or
using the special extension tool map algebra syntax (Merge “grid, ..., grid”). These categories were
omitted from the final map for landfill in order to simplify identifying candidate sites for landfill in the
study area. This means just 16.64 % of the total present area is suitable for landfill siting. All excluded
areas were given a score of zero.

Then, the excluded areas were extracted from the map of suitability index for landfill sites after
merging in single shapefile (Figure 8).

In Al-Hashimiyah Qadhaa, the expected solid waste quantity in 2030 is 100,155 tonnes based on
an estimated population in 2030 in this Qadhaa of 445,566 inhabitants using the following equation
according to [10]:

Qs (for specific year) = ((P(2013) (1 + 0.0299)t) × (GRW(2013) (1 + 0.01)t) × (365/1000))

where, Qs is quantity of waste produced each year (tonne), P0 is present population of the city for each
year (starting from the year 2013), r is an annual growth rate of 2.99 %, t is number of years, GRW is
present generation rate of solid waste (kg/capita/day) for the year 2013, RGI is rate of increment in
waste generation per year equal to 0.01(kg/capita/day).

The expected cumulative quantity of solid waste for the years from 2020 to 2030 is 911,695 tonnes,
according to calculations made by [10], as follows:

Qs(c) = Qs(ct) + Qs(ct−1)
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where, Qs(c): Cumulative quantity of solid waste for the specific year (tonne), Qs(ct): Quantity of solid
waste for the specific year (tonne), Qs(ct−1): Cumulative quantity of solid waste for the last year before
specific year (tonne).
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The expected volume of waste and the predictable volume of cumulative waste in 2030 are
222,567 m3 and 2,025,989 m3 respectively (Chabuk et al., 2015). These figures resulted from dividing
the solid waste quantity over the density of waste in this Qadhaa (450 kg/m3) according to Iraqi
Ministry of Municipalities and Public Works (2015) [31]. An average groundwater depth of 2 m in
the candidate sites for landfill in the study area was adopted because the groundwater depths in
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Al-Hashimiyah Qadhaa are shallow. Therefore, the required area for candidate sites to accommodate
the cumulative quantity of solid waste generated from 2020 to 2030 is 1.013 km2.
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Among the many sites situated within the category of the “most suitable” index, two candidate
sites that fulfill the requirements in Al-Hashimiyah Qadhaa were selected for landfills. These sites were
assigned numbers (1 and 2). The area of site No.1 is 1.374 Km2 (latitude 32◦24’51” N, and longitude
44◦54’41” E), whereas the area of site No.2 is 1.288 km2 (latitude 32◦15’54” N, and longitude 44◦53’38” E)
(Figure 9). These sites were checked on the satellite images (2011) of the Babylon Governorate to make
sure that these sites were suitable for landfill.
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5. Conclusions

Recently, the increase of the generated solid waste quantity in Al-Hashimiyah Qadhaa and the
needing to select a site suitable for landfill that fulfill the scientific and environmental criteria made
the local authorities pay great consideration to this issue.

This study shows that the combination of GIS software and AHP using the multi-scientific and
environmental criteria, which are followed in the developed countries, represents an effective and
efficient methodology in the process of selecting suitable sites for landfill in Al-Hashimiyah Qadhaa.
Fifteen layer maps were entered into the process of an overlaying analysis of potential areas with
GIS to solve the problem of landfill siting in this Qadhaa, with GIS software having a high ability to
manage a large volume of data from various sources. These layers were groundwater depth, rivers,
elevation, slope, soil types, land use, agricultural land use, roads, railways, urban centers, villages,
archaeological sites, gas pipelines, oil pipelines and power lines.

The criteria weightings were derived from the AHP method by constructing a matrix of sequences
of pair-wise comparisons between criteria. The AHP method was used rather than the methods of
multi criteria decision making because this method is based on theoretical foundation to check the
consistency between the weights of criteria that are resulted from using AHP method.

In this study, to prepare the raster maps of selected criteria and produce the final map of landfill
siting within the GIS software, many steps were performed using the special analysis tools. Each raster
map for the selected criteria was divided into categories, and each category was given an appropriate
weight. Then, using the special analysis tool in GIS “Map Algebra—Single Output Map Algebra”,
the final map of landfill siting was determined. For simplifying the process of selecting candidate sites
for landfill, unsuitable areas for sites for landfill with some of their buffer zones were excluded.

For landfill siting in Al-Hashimiyah Qadhaa, two candidate locations were selected. In order to
ensure that these sites were appropriate for landfill, the 2011 satellite image of the Babylon Governorate
was used. The area of site No.1 was 1.374 Km2, whereas the area of site No.2 was 1.288 Km2.
Therefore, the selected sites are adequate to accommodate the quantity of solid waste from 2020–2030
in Al-Hashimiyah Qadhaa.

The future work is using other models of multi-criteria decision making with GIS to select a
suitable site for landfill. Using comparison methods between the raster final maps which will result
from various models of Multi-Criteria Decision Making (MCDM). Using open source GIS software and
(MCDM) methods to select the candidate site for landfills. Selection a suitable design for the chosen
sites to prevent the groundwater pollution by leachate from these sites because the groundwater depth
in Al-Hashimiyah Qadhaa is shallow.
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Abstract: The Babylon Governorate is situated in the middle of Iraq. It covers an area of 5,315 km2 and has 2,092,998 inhabitants 
distributed throughout its five major cities (Qadhaa). Presently, there is no landfill site in the governorate that meets the environmental 
criteria for the disposal of municipal and industrial waste. Consequently, GIS (geographic information system) and methods of 
multi-criteria decision making were used here to select the best sites in each city in the Babylon Governorate that would fulfil the 
environmental requirements. Two sites were chosen in each city. As the groundwater is very shallow in this area, the design should 
ensure against groundwater pollution by leachate from these sites. To avoid this problem, soil investigation was conducted at these sites 
so that the most suitable landfill design could be accomplished. The results of soil investigation in these sites include the soil profile, 
groundwater depth, chemical properties, allowable bearing capacity, Atterberg limits test results and material characteristics of the soil 
strata. From the research, it is believed that the best design is one that puts the landfill above ground.  
 
Key words: Bearing capacity, Atterberg limit, landfill, Babylon, Iraq. 
 

1. Introduction  

The location of landfills and the methods of 
disposing of solid waste at a site can create serious 
environmental problems. The greatest concerns 
regarding landfill’s impact on the environment are 
related to its effects on ground water, surface water, air, 
soil, as well as the odor produced and issues arising 
from the transportation of solid waste [1]. Landfills are 
still considered the most popular method of disposal for 
solid waste. The increasing rate of population growth, 
improving standards of living, industrial growth and 
increasing commercial activities are major factors 
behind the increase in the quantity of waste produced 
around the world [2-4]. About 95% of solid waste that 
is generated in the world is disposed of in landfills   
[3, 4]. In the past, landfill sites were not well managed, 
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especially where there were limited restrictions upon 
the type of waste dumped in landfills. Different kinds 
of industrial, household and sometimes toxic wastes 
were mixed together in the same landfill [3, 5]. 

The site selection process for landfill is considered to 
be one of the most complex tasks related to solid waste 
management systems because many factors must be 
taken into consideration. Examples of such factors 
include government and municipal funding, 
government regulation, social and environmental 
factors, concerns for public health, growing 
environmental awareness, reduced land availability for 
landfills and increasing political and social opposition 
to the establishment of landfill sites [6-9]. In the 1930s, 
the United States was one of the countries that saw the 
earliest changes in the development of sanitary 
landfills through depositing the solid waste in layers, 
compacting it, and then covering it with soil on a daily 
basis. Many countries (such as Canada, the United 
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States, Australia and Sweden) implemented stringent 
governmental regulations relating to the selection, 
design and monitoring of modern landfills in order to 
avoid negative social and environmental impacts [3]. 

GIS s (geographic information system) and MCDM 
(multi-criteria decision making) methods are 
recommended for siting landfills because they are 
powerful and integrated tools that are able to solve the 
problems that arise in landfill site selection. Decision 
makers often use MCDA (multi-criteria decision 
making analysis) to handle large quantities of complex 
information. In MCDM methods in this context, 
weightings for criteria maps are derived and used 
alongside GIS to identify a suitable landfill site. Many 
methods of multi-criteria decision making analysis can 
be used. GIS is one of these approaches, and it has a 
high ability to manage large volumes of spatial data 
and simulate the required effect factors from a variety 
of sources [10-12]. 

Babylon Governorate is situated in the Mesopotamia 
Basin, which is referred to historically as the area 
located between the Tigris and Euphrates Rivers. It is 
essentially a flat terrain, with a gentle slope from 
northwest to the southeast towards the Arabian Gulf. 
The Mesopotamia Basin is mainly covered by different 
types of Quaternary sediments. The Quaternary Period 
comprises different sediment types. Depending on their 
genesis, the sediments are classified as fluvial, 
lacustrine, aeolian, polygenic anthropogenic sediments, 
and gypcrete [13]. The area in this governorate is also 
characterized by its shallow groundwater. The water 
table varies in depth from 0.423 m to 15.97 m below 
the surface of the ground in most of the areas.  

There are 11 types of soil distributed within the 
Babylon Governorate [14]. These types are: (1) 
gypsiferous gravel soils; (2) mixed gypsiferous desert 
land; (3) sand dune land; (4) active dune land; (5) river 
levee soils; (6) silted haur and marsh soils; (7) river 
basin soils, poorly drained phase; (8) river basin soils, 
poorly drained phase; (9) basin depression soils; (10) 
haur soils; and (11) periodically flooded soils. These 

soil types were used as categories to select landfill sites 
in each city in the Babylon Governorate, with each type 
given an appropriate weighting based on its importance 
in preventing groundwater contamination by leachate 
from waste. 

In selecting a landfill site, the main purpose of 
conducting soil investigation is usually to acquire the 
necessary data to study the different strata of soil at the 
selected sites and to know the groundwater depth at the 
sites [15]. The soil investigations at each site include 
knowing the characteristics of the subsoil profile for 
distributed samples marked (D), undisturbed samples 
marked (U) and split spoon samples marked (S.S.). In 
addition, the Atterberg limits of fine grained soils, the 
thickness of each stratum, and the allowable bearing 
capacity of the soil are required in order to estimate 
both the quantities of solid waste that can be put at each 
site, and the groundwater depth for each site. The 
chemical properties for the soil are also measured. This 
involves assessing the percentage of sulphate, chloride, 
and gypsum, the TSS (total soluble salts) and the 
organic material content for the soil samples plus the 
sulphate content (mg/L) for the water samples.  

Refs. [16-22] assess potential landfill sites using GIS 
and MCDA methods in the field. The main aim of this 
study was to conduct soil investigations on the selected 
landfill sites in the Babylon Governorate in order to 
determine the best landfill design for these sites.  

2. Study Area 

Babylon Governorate is located in the middle of Iraq, 
about 100 km to the south of the Iraqi capital, Baghdad 
[23]. It is situated between latitude 32°5'41'' N and 
33°7'36'' N, and longitude 44°2'43'' E and 45°12'11'' E 
(Fig. 1). The Babylon Governorate includes one of the 
most famous cities of the ancient world, Babylon, 
which was considered the power centre of an 
influential empire. The Babylon Governorate covers an 
area of 5,315 km2 [24]. It has a population of 2,092,998 
inhabitants (2015 census figures), distributed 
throughout  its main cities  [25]. Administratively,  the 
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Fig. 1  The Babylon Governorate, Iraq.  
 

Babylon Governorate consists of five major cities, 
referred to as Qadhaa. These Qadhaa are Al-Hillah, 
Al-Hashimiyah, Al-Musayiab, Al-Mahawil and 
Al-Qasim. Sixteen smaller cities are geographically 
and administratively connected to these major cities, 
and these are called Nahiah.  

The governorate is characterized by comparatively 
flat and inclining land. The northern part of the 
Babylon Governorate rises to about 60 m above mean 
sea level, and the southern part falls to about 20 m 
above mean sea level. The lands of the Babylon 
Governorate are fertile, and the Shatt Al-Hillah River 
passes through most cities in the governorate. This 
river branches off from the Euphrates River at the city 
of Sadah in the north of the governorate in 
Al-Musayiab Qadhaa [24, 26]. 

3. Selected Candidate Landfill Sites  

In order to select candidate sites for landfill in the 
five Qadhaas in the Babylon Governorate that would 
meet the environmental and scientific criteria, GIS 

software and multi-criteria decision making methods 
were used. Fifteen of the most important criteria were 
selected and incorporated into GIS for the analysis 
process with the intention of producing a map with 
which to select the best sites for landfill in each Qadhaa 
in the governorate. These criteria are groundwater 
depth, urban centers, rivers, villages, soil types, 
elevation, agriculture, roads, land slope, land use, 
archaeological sites, power lines, gas pipelines, oil 
pipelines and railways.  

The required maps for this study were prepared 
using multiple sources. The first source was already 
available digital maps (shape files), and the second 
source was drawn from published maps, with the 
relevant information from each map converted to a 
digital map format. The third source was already 
available data, which were entered in a GIS to produce 
a digital map after generating the interpolation between 
these data. For the current study, the literature review, 
the opinions of experts in this field, various 
requirements, regulations and available data about the 

Baghdad
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study area were all used to classify each criterion into 
categories (sub-criteria). Subsequently, each category 
was assigned a suitability score. To prepare each 
criterion and sub-criteria for analysis, many steps were 
performed in a GIS environment using special analysis 
tools.  

Each candidate site was selected from within the 
category of the most suitable area in the final map for 
landfill siting (Fig. 2) based on the estimated quantity 
of cumulative solid waste which will be generated from 
2020 to 2030, as calculated by Chabuk et al. [26]. 
Based on this condition, the final map of selected sites 
for landfill in the Babylon Governorate shows the 
location and the area required for each site (Table 1).  

4. Soil Investigations  

The selected candidate sites for landfill in Babylon 
Governorate were checked against the satellite images 
(2011) of the Babylon Governorate [27] to make sure 
that these sites were suitable for landfill in the Qadhaas 
of the Babylon Governorate. 

To check the soil characteristics in the selected sites 
for landfill in the field, soil investigations were 

conducted for the prime candidate sites in 2016 by the 
Iraqi Ministry of Housing & Construction—National 
Center for Construction Laboratories and Research 
Babylon, Iraq (Fig. 3) [28]. Details of the soil 
investigations in these selected sites are as follows. 

4.1 Field Exploration in the Selected Sites  

4.1.1 Drilling and Sampling 
Drilling was done using flight augers. The diameter 

of the drilled bore holes was 15.0 cm. The distributed 
samples (D) were collected from the auger cuttings at 
different depths. The undisturbed samples, marked (U), 
were obtained using Shelby tubes. Split spoon  
samples (S.S.) were obtained from a standard split 
spoon used in the S.P.T (Standard Penetration     
Test) which was performed for every test boring at 
different intervals depending on the stratification of the 
soil. 

4.1.2 Number of Bore Holes and Their Depth 
Two borehole locations were assigned for each site 

by the local authority concerned, and the boreholes 
were drilled to a specific depth below ground surface 
(N.G.S).  

 

 
Fig. 2  Candidate sites for landfill in the Babylon Governorate.  
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Table 1  Landfill in the Qadhaas of the Babylon Governorate.  

Qadhaa (city) Required area (km2) 
Area of candidate sites 

Location No. of site in Fig. 2 
Site Area (km2) 

Al-Hillah  

Method 1 
No. 1  6.768 Latitude 32°18'45" N 

Longitude 44°24'40" E 1 
4.175 
Method 2 

No. 2  8.204 Latitude 32°13'43" N 
Longitude 44°29'15" E 2 

4.778 

Al-Qasim 

Method 1 
No. 1  2.766 Latitude 32°11'43" N 

Longitude 44°32'26" E 3 
0.577 
Method 2 

No. 2  2.055 Latitude 32°14'38" N 
Longitude 44°37'10" E 4 

0.772 

Al-Hashimiyah 

Method 1 
No. 1  1.374 Latitude 32°24'51" N 

Longitude 44°54'41" E 6 
0.844 
Method 2 

No. 2  1.288 Latitude 32°15'54" N 
Longitude 44°53'38" E 5 

1.013 

Al-Mahawil 

Method 1 
No. 1  2.218 Latitude 32°38'12" N 

Longitude 44°34'9" E 7 
0.738 
Method 2 

No. 2  2.950 Latitude 32°29'59" N 
Longitude 44°41'2" E 8 

0.975 

Al-Musayiab 

Method 1 
No. 1  7.965 Latitude 32°48'39" N 

Longitude 44°8'59" E 9 
1.674 
Method 2 

No. 2  5.952 Latitude 33°0'14" N 
Longitude 44°6'46" E 10 

2.080 
 

 
Fig. 3  Soil investigations works at candidate sites in the Babylon Governorate.  
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5. Results 

5.1 Subsoil Stratification 

The subsoil profile for the selected sites in each 
Qadhaa in the Babylon Governorate was analyzed 
according to the USCS (Unified Soil Classification 
System) (ASTM 2487), which is generally used in 
assessing the engineering properties of soils and is 
based on grain size and plasticity characteristics 
(Atterberg limits).  

5.1.1 Soil Profile for Al-Hillah City, Al-Hillah 
Qadhaa 

The subsoil profile for Al-Hillah City, Al-Hillah 
Qadhaa (borehole site No. 1) can be summarized as 
follows: 

The first layer is fill material to a thickness of about 
0.5 m. 

The second layer is about 2.0 m thick, consisting of 
red brown, medium to very stiff, silty clay with gypsum 
and organic material, and containing a thin layer of 
brown, medium clayey, sandy silt and organic material 
of about 0.5 m in thickness. 

Then, there is a layer of brown, red, stiff to very stiff, 
silty clay with gypsum and organic material of about 
6.0 m in thickness, and containing a thin layer of brown, 
medium clayey, sandy silt and organic material that is 
about 0.5 m thick. 

The last layer is yellow, grey, medium silty sand to 
the end of the bore. 

The underground water level was encountered at a 
depth of 2 m below the ground surface (G.S.), 
measured 24 hours after drilling terminated. 

Details of the overall soil stratification are shown in 
the borehole log and soil profile (Fig. 4). 

 

 
Fig. 4  Soil profile for Al-Hillah City, Al-Hillah Qadhaa.  
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5.1.2 Soil Profile for Al-Kifil City, Al-Hillah 
Qadhaa 

The subsoil profile for Al-Kifil City, Al-Hillah 
Qadhaa (site No. 2) can be summarized as follows: 

The first layer is about 7.5 m thick, consisting of 
brown, stiff to hard, sandy silty clay (CL, MH-OH) 
with organic material. It also contains a thin layer of 
brown, clayey, silty sand of about 0.5 m in thickness. 

Then, there is a layer of brown, medium to very 
dense, clayey, silty sand (river sand) which extends 
down to the end of the bore below N.G.S. 

The underground water level was encountered at a 
depth of 2 m below the ground surface (G.S.), 
measured 24 hours after drilling terminated. 

Details of the soil stratification are shown in the 
borehole log and soil profile (Fig. 5). 

In Al-Qasim City, Al-Qasim Qadhaa (site No. 2), the 
subsoil profile can be summarized according to the 
unified classification system as follows: 

The upper layer is fill material of about (0.5-1.0) m 
in thickness. 

Then, there is a layer of brown, stiff, silty clay of 
about (0.5) m in thickness.  

The following layer is brown, medium clayey silty 
sand. 

The main layer is brown, grey medium to very stiff, 
sandy silty clay and silty clay (CH-CL) with organic 
material, iron oxide, roots, shells and gypsum which 
extends down to the end of the bore. This layer also 
contains a thin layer of brown black, medium clayey, 
silty sand (river sand).  

5.1.3 Soil Profile for Al-Qasim city, Al-Qasim 
Qadhaa 

The underground water level was encountered at a 
depth of 2.2 m below the ground surface (G.S.), 
measured 24 hours after drilling terminated. 

Details of the soil stratification for the hole are 
shown in the borehole log and soil profile (Fig. 6). 

 

 
Fig. 5  Soil profile for Al-Kifil City, Al-Hillah Qadhaa. 
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Fig. 6  Soil profile for Al-Qasim City, Al-Qasim Qadhaa.  
 

5.1.4 Soil Profile for Al-Talyaah City, Al-Qasim 
Qadhaa 

The subsoil profile for Al-Talyaah City, Al-Qasim 
Qadhaa (borehole site No. 1) is similar to the subsoil 
profile from Al- Kifil City, Al-Hillah Qadhaa (borehole 
site No. 2). These sites are located in the same area and 
have similar properties, and the distance between these 
sites is about 4 km. 

Here, however, the underground water level was 
encountered at a depth of 4.7 m below ground surface 
(G.S.), measured 24 hours after drilling terminated. 

5.1.5 Soil Profile for Al-Medhatyah City, 
Al-Hashimiyah Qadhaa 

The classification and description for the subsoil 
profile for Al-Medhatyah City-Al-Hashimiyah Qadhaa 
(borehole site No.1) according to the unified 
classification system can be summarized as follows: 

The first layer is fill material of about 1.2 m in 
thickness. 

Then, there is a brown, soft sandy silty clay (CL) 

with roots to a thickness of about 0.5 m.  
The following layer is brown, loose to medium 

sandy clayey silt with roots, and extending down to a 
depth of about 8 m below the ground water surface. 
This layer includes a lense of brown, medium sandy, 
silty clay (CL).  

Next is a layer of brown, medium to stiff, sandy silty 
clay (CL-CH) that extends down to 10 m below the 
ground surface. 

The underground water level was encountered at a 
depth of 3.8 m below the ground surface (G.S.), 
measured 24 hours after drilling terminated. 

Details of the soil stratification for the hole are 
shown in the borehole log and soil profile (Fig. 7). 

5.1.6 Soil Profile for Al-Shomaly City, 
Al-Hashimiyah Qadhaa 

According to the unified classification system, the 
subsoil profile for Al-Shomaly City, Al-Hashimiyah 
Qadhaa (borehole site No. 2) can be summarized as 
follows: 
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Fig. 7  Soil profile for Al-Medhatyah City, Al-Hashimiyah Qadhaa.  
 

The first layer is fill material of about 0.7 m in 
thickness. 

The next layer is brown and grey, soft to very stiff, 
silty clay with organic material and iron oxide of about 
6 m in thickness. This layer also contains a lense of 
brown, medium clayey silt of about 0.75 m in thickness.  

Then, there is a layer of brown, medium sandy, 
clayey silt of about 1 m in thickness.  

The following layer is brown and black, medium 
silty clayey sand (river sand) down to a depth of 9 m 
below N.G.S. 

The last layer is brown, very stiff to hard clay down 
to the end of the bore. 

The underground water level was encountered at a 
depth of 4 m below ground surface (G.S.), measured 24 
hours after drilling terminated. 

Details of the soil stratification for the hole are 
shown in the borehole log and soil profile (Fig. 8). 

5.1.7 Soil Profile for Al-Imam City, Al-Mahawil 
Qadhaa 

The subsoil profile for Al-Imam City, Al-Mahawil 

Qadhaa (borehole site No. 1) can be summarized 
according to the unified classification system as 
follows: 

The first layer is fill material of about 0.5 m in 
thickness. 

The main layer is brown, black medium to very stiff, 
silty clay with gypsum and organic material down to 
about 9.5 m below G.S. 

The last layer is brown, medium sandy, clayey silt 
with iron oxide and is about 0.5 m thick. 

The underground water level was encountered at a 
depth of 2.7 m below ground surface (G.S.), measured 
24 hours after drilling terminated. 

Details of the soil stratification for the hole are 
shown in the borehole log and soil profile (Fig. 9). 

5.1.8 Soil Profile for Al-Neel City, Al-Mahawil 
Qadhaa 

The Al-Neel city, Al-Mahawil Qadhaa (borehole site 
No. 2) subsoil profile can be summarized according to 
the unified classification system as follows: 

The main layer is brown, medium to very stiff, silty  
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Fig. 8  Soil profile for Al-Shomaly City, Al-Hashimiyah Qadhaa.  

 

 
Fig. 9  Soil profile for Al-Imam City, Al-Mahawil Qadhaa. 
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clay and sandy silty clay (CH- CL- OL) with organic 
material and iron oxide. 

The underground water level was encountered at a 
depth of 2.1 m below ground surface (G.S.), measured 
24 hours after drilling terminated. 

Details of the soil stratification for the hole are 
shown in the borehole log and soil profile (Fig. 10). 

5.1.9 Soil Profile for JurfAl-Sakhar City, 
Al-Musayiab Qadhaa 

Due to the security situation in this area, where 
people are not allowed to visit this area, the work was 
based on previous data available at governmental 
departments. According to the unified classification 
system, the subsoil profile for Jurf Al-Sakhar 
City-Al-Musayiab Qadhaa can be summarized as 
follows: 

The upper layer is brown, medium dense, highly 
gypsums, silty sand extending down to 2 m below 
N.G.S. 

Then, there is a layer of brown, stiff, highly gypsum, 
sandy silty clay extending down to about 9 m below 
N.G.S.  

Finally, there is a layer of dense to very dense, silty 
sand extending down to the end of the bore. 

The underground water level was encountered at a 
depth of 10 m below ground surface (G.S.), measured 
24 hours after drilling terminated. 

Details of the soil stratification for the hole are 
shown in the borehole log and soil profile (Fig. 11). 

5.2 Chemical Properties 

The results of the chemical tests for the soil and 
water samples are shown in Table 2. These results 
show the percentage of sulphate, chloride, and  
gypsum content, the TSS content and the organic 
material content for the soil samples. For the water 
samples, only the sulphate content (mg/L) was 
measured.  

 

 
Fig. 10  Soil profile for Al-Neel City, Al-Mahawil Qadhaa.  
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Fig. 11  Soil profile for JurfAl-Sakhar City, Al-Musayiab Qadhaa.  
 

Table 2  Results of the chemical tests for soil and water samples.  

Qadhaa City Borehole 
site No. 

Sulphate 
content (%) 

Chloride content 
(%) 

Gypsum 
content (%) TSS (%) 

Organic 
material 
content 
(%) 

Sulphate 
content  
in water 
(mg/L) 

Al-Hillah Hillah 1 0.21-3.13 0.018-0.213 0.45-6.73 0.94-8.92 1.06 276.1 
Al-Hillah Kifil 2 0.05-0.59 0.01775-0.01778 0.11-0.59 0.23-0.82 0.54-1.89 389.6 
Al-Qasim Talyaah 1 0.05-0.59 0.01775-0.01778 0.11-0.59 0.23-0.82 0.54-1.89 389.6 
Al-Qasim Qasim 2 0.32-4.75 0.018-0.378 0.69-10.22 1.21-11.81 0.11-0.95 384.5 
Al-Hashimiyah Medhatyah 1 0.04-0.14 0.018-0.036 0.162-0.29 0.52-0.97 - 61.9 
Al-Hashimiyah Shomaly 2 0.121-0.66 0.124-0.568 0.26-1.42 0.58-1.77 1.40 290.5 
Al-Mahawil Imam 1 0.195-2.978 0.0177-0.0178 0.42-6.4 0.79-9.21 0.39 266.1 
Al-Mahawil Neel 2 0.161-0.823 0.0177-0.0355 0.35-1.77 1.2-2.5 0.84-1.76 97.21 
Al-Musayiab JurfAl-Sakhar 1+2 0.62-22.5 0.07-0.11 1.33-48.46 2.4-51.4 4.0-4.71 178.4 
 

5.3 Allowable Bearing Capacity 

The allowable bearing capacity at different depths in 
meters below the G.S. profile in each Qadhaa in the 
Babylon Governorate differs from one site to another 
based on the soil profile for each selected site, as shown 
in Table 3. 

5.4 Atterberg Limits Test Results 

Generally, the values of the liquid limit (L.L), 

plasticity index (P.I) and moisture content (M.C) at 
different depths indicate the natural moisture content of 
each soil profile based on the test results in each site. 
These are shown in Table 4.  

5.5 Soil Classification and Material Characteristics 

The soil texture types are classified according     
to two general methods of soil classification: the 
USDA (US Department of Agriculture) texture 
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classification system and the USCS (Unified Soil 
Classification System) (ASTM 2487). The USDA 
system, used by soil scientists and agronomists, is 
based principally on texture (grain size distribution). 
The USCS system is generally used in assessing    

the engineering properties of soils and is based on  
grain size and plasticity characteristics (Atterberg 
limits). The characteristics of materials in each  
stratum of soil were estimated in the laboratory  
(Table 5). 

 

Table 3  Allowable bearing capacity at different depths below G.S. for each site. 

Qadhaa City Site No. Depth (m) Below G.S.  Allowable bearing 
capacity (t/m2) 

Allowable bearing capacity 
(kN/m2) 

Al-Hillah 
Hillah 1 1-1.5 

1.5-2.5 
5 
10 

50 
100 

Kifil 2 1 
2-3 

7.5 
10 

75 
100 

Al-Qasim 

Talyaah 1 1 
2-3 

7.5 
10 

75 
100 

Qasim 2 
1-2 
2-3 
3-4 

6 
10 
13 

60 
100 
130 

Al-Hashimiyah 
Medhatyah 1 

1-2.5 
3-3.5 
4-5 

4 
6 
8 

40 
60 
80 

Shomaly 2 1.5-2.5 6 60 

Al-Mahawil 
Imam 1 

1-1.5 
1.5-2 
3.5-3 

5 
6 
10 

50 
60 
100 

Neel 2 1-2 
2-3 

7 
12 

70 
120 

Al-Musayiab JurfAl-Sakhar 1+2 1-1.5 
2-3 

7 
10 

70 
100 

 
Table 4  Natural moisture content and the cohesive layer at each site.  

Qadhaa City Borehole site 
No. Natural moisture content  Cohesive layer 

Al-Hillah 
Hillah 1 Closer to the plastic limit than to 

the liquid limit 
Tends to be over consolidated and with a 
medium to very stiff consistency 

Kifil 2 Closer to the plastic limit than to 
the liquid limit 

Tends to be over consolidated and with a stiff 
to hard consistency 

Al-Qasim 
Talyaah 1 Closer to the plastic limit than to 

the liquid limit 
Tends to be over consolidated, with a stiff to 
hard consistency 

Qasim 2 Closer to the plastic limit than to 
the liquid limit 

Tends to be over consolidated, with a medium 
to hard consistency 

Al-Hashimiyah 
Medhatyah 1 Closer to the plastic limit than to 

the liquid limit 
Tends to be over consolidated, with a soft to 
stiff consistency 

Shomaly 2 It is closer to the plastic limit than 
to the liquid limit 

Tends to be over consolidated, with a soft to 
hard consistency 

Al-Mahawil 
Imam 1 It is closer to the plastic limit than 

to the liquid limit 
Tends to be over consolidated, with a medium 
to very stiff consistency 

Neel 2 It is closer to the plastic limit than 
to the liquid limit 

Tends to be over consolidated, with a medium 
to very stiff consistency 

Al-Musayiab JurfAl-Sakhar 1+2 It is closer to the plastic limit than 
to the liquid limit 

Tends to be over consolidated, with a stiff to 
hard consistency 
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Table 5  Summary of the soil compositions of sites and their material characteristics.  

No. Layers 
Classification Total 

porosity 
Field 
capacity 

Permanent 
wilting point 

Saturated 
hydraulic 
conductivity 

Thick (m) GWT 
(m) USDA USCS 

Al-Hillah City-Al-Hillah Qadhaa 
1 Fill material SiC CH 0.479 0.371 0.251 2.5 × 10-5 0.5 

2 
2 Silty clay + gypsum SiC CH 0.479 0.371 0.251 2.5 × 10-5 2 
3 Clayey sandy silt  CL CL 0.464 0.310 0.187 6.4 × 10-5 0.5 
4 Silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 6 
5 Silty SAND LS SM 0.437 0.105 0.047 1.7 × 10-3 1 
Al-Kifil City-Al-Hillah Qadhaa & Al-Talyaahcity-Al-Qasim Qadhaa 
1 Sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 7.5 

4 2 Clayey silty sand SL SM 0.453 0.190 0.085 7.2 × 10-4 0.5 
3 Silty clayey sand LS SM 0.447 0.118 0.065 1.4 × 10-3 2.5 
Al-Qasim City-Al-Qasim Qadhaa 
1 Fill material SiC CH 0.479 0.371 0.251 2.5 × 10-5 1 

2.5 
2 Silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 0.5 
3 Clayey silty sand SL SM 0.453 0.190 0.085 7.2 × 10-4 0.5 

4 Sandy silty clay & 
silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 8 

Al-Imamcity-Al-Mahawil Qadhaa 
1 Fill material L ML 0.419 0.307 0.180 1.9 × 10-3 0.5 

2.7 2 Clay C CH 0.378 0.371 0.265 1.7 × 10-5 9 
3 Sandy clayey silt SiCL SC 0.471 0.342 0.210 4.2 × 10-5 0.5 
Al-Neel city-Al-Mahawil Qadhaa 

1 Silty clay + 
sandy silty clay 

SiC CH 0.479 0.371 0.251 2.5 × 10-5 
10 2.1 

SiC CH 0.479 0.371 0.251 2.5 × 10-5 
Al-Medhatyah City-Al-Hashimiyah Qadhaa 
1 Fill material SC  SC 0.430 0.321 0.221 3.3 × 10-5 1.2 

3.8 
2 Sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 0.5 
3 Sandy clayey silt  SiCL  SC 0.471 0.342 0.210 4.2 × 10-5 6.3 
4 Sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 2 
Al-Shomaly City-Al-Hashimiyah Qadhaa 
1 Fill material SiL ML 0.501 0.284 0.135 1.9 × 10-4 0.7 

4 
2 Silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 6 
3 Sandy clayey silt SiCL  SC 0.471 0.342 0.210 4.2 × 10-5 1 
4 Silty clayey sand LS SM 0.447 0.118 0.065 1.4 × 10-3 1.3 
5 Clay C CH 0.378 0.371 0.265 1.7 × 10-5 1 
Jurf Al-Sakhar City-Al-Musayiab Qadhaa 
1 Silty sand SL SM 0.453 0.190 0.085 7.2 × 10-4 2 

10 2 Sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10-5 7 
3 Dense silty sand LS SM 0.437 0.105 0.047 1.7 × 10-3 1 
 

6. Conclusions 

The present study aimed to conduct soil 
investigations as part of the selection process for the 
best sites for landfill in each Qadhaa in the Babylon 
Governorate. GIS software and multi-criteria decision 
making methods were used to determine suitable sites 

for landfill from within the final output maps of 
suitability index for landfills and which had been 
implemented in previous studies. Each site was 
subjected to field soil tests to find the composition of 
the soil strata at each site to a depth of 10 m, and these 
results were compared with the soil properties that 
were adopted for final site selection. The Iraqi Ministry 
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of Housing & Construction, National Centre for 
Construction Laboratories and Research Babylon, Iraq, 
carried out the analytical work on the soil in 2016.  

The results of the soil investigation at these sites 
include a determination of the soil profile for each site, 
the chemical properties, the allowable bearing capacity; 
Atterberg limits test results and the material 
characteristics of the strata. In addition, the level of 
groundwater depth at each site was ascertained.  

In Al-Hillah City, Al-Hillah Qadhaa, there are five 
layers that include fill material (0.5 m), silty clay (2 m), 
clayey sandy silt (0.5 m), silty clay (6 m) and silty sand 
(1 m). There are four soil layers at both Al-Kifil City, 
Al-Hillah Qadhaa and Al-Talyaah City, Al-Qasim 
Qadhaa, and these layers consist of fill material (1 m), 
sandy silty clay (6 m), clayey silty sand (0.5 m) and 
silty clayey sand (2.5 m). The composition of the four 
soil layers from Al-Qasim City, Al-Qasim Qadhaa are 
fill material (1 m), Silty clay (0.5 m), clayey silty sand 
(0.5 m), and sandy silty clay & silty clay (8 m). In 
Al-Imam City, Al-Mahawil Qadhaa, the three soil 
layers include fill material (0.5 m), clay (9 m) and 
sandy clayey silt (0.5 m), whilst at Al-Neel City, 
Al-Mahawil Qadhaa, the soil consists of silty clay and 
sandy silty clay (10 m). The soil composition in 
Al-Medhatyah City, Al-Hashimiyah Qadhaa, includes 
fill material (1.2 m), sandy silty clay (0.5 m), sandy 
clayey silt and clayey silty sand (6.3 m), and sandy silty 
clay (2 m). For Al-Shomaly City, Al-Hashimiyah 
Qadhaa, the five soil strata are fill material (0.7 m), 
silty clay (6 m), sandy clayey silt (1 m), silty clayey 
sand (1.3 m), and clay (1 m). The soil compositions in 
Jurf Al-Sakhar City, Al-Musayiab Qadhaa, are silty 
sand (2 m), sandy silty clay (7 m) and dense silty sand 
(1 m). 

The results of the chemical tests for the soil and 
water samples, at all sites, showed that the maximum 
contents of sulphate, chloride, gypsum total soluble 
salts and organic materials were 22.5%, 0.57%, 
0.568%, 51.4% and 4.71%, respectively, whilst the 
minimum contents were 0.04%, 0.0177%, 0.11%,  

0.21% and 0.11%, respectively. For water samples, the 
maximum sulphate content was 389.6 mg/L, while the 
minimum sulphate content was 61.9 mg/L.  

The allowable bearing capacity at different depths 
below G.S. for all sites varied from 5 to 13 t/m2 or 
(50-130) kN/m2. For all sites, the natural moisture 
content was closer to the plastic limit than to the liquid 
limit, whereas the cohesive layers generally were 
tending to be over consolidated. The cohesive layer 
was medium to very stiff consistency in Al-Hillah 
Al-Imam, and Al-Neel; stiff to hard consistency in 
Al-Kifil Al-Talyaah andJurfAl-Sakhar; stiff to hard 
consistency in Al-Qasim; medium to hard consistency 
in Al-Medhatyah; soft to hard consistency in 
Al-Shomaly. 
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Abstract: The sound design of landfills is essential in order to protect human health and the
environment (air, water, and soil). The study area, Babylon Governorate, is situated in the middle
of Iraq, and is distinguished by a hot climate and shallow groundwater. The governorate did not
have landfill sites that meet international criteria; in addition, the groundwater depth in Babylon
Governorate is commonly shallow. Previously, the most important criteria for the study area and GIS
software were used to select the best sites for locating landfills in the major cities of the governorate.
In this study, the Hydrologic Evaluation of Landfill Performance (HELP 3.95D) model was applied in
order to ensure that there was no leakage of the leachate that results from the waste in the selected
landfill sites. It is the most commonly utilized model for landfill design, and it is used to estimate
water inflow through the soil layers. For the present study, to avoid groundwater pollution by
leachate from a landfill site due to the shallow groundwater depth, compacted waste was placed
on the surface using two height scenarios (2 m and 4 m). This design was developed using the
soil properties of the selected sites coupled with the weather parameters in Babylon Governorate
(precipitation, temperature, solar, and evapotranspiration) for a 12-year period covering 2005 to
2016. The results from both of the suggested landfill designs showed an absence of leachate from the
bottom liner.
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1. Introduction

In most countries, especially developing countries, landfill is a common method for the disposal
of municipal solid waste (MSW) [1–6]. Municipal solid waste (MSW) comprises garbage, organic waste,
commercial waste, construction waste, institutional waste and industrial waste [7]. To face the growing
challenge for municipal solid waste management of protecting humans and the environment, there is
a need to build a prudent system of waste management. It should include selecting the best sites for
landfill based on suitable criteria in the study area, adopting appropriate technology methods for waste
treatment on site, and properly designing the landfill to prevent contamination of groundwater by the
leachate [3,8]. Landfill is considered to be the most systematic and economic method for managing
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such waste, even when other methods are also used for waste management (e.g., reducing, recycling,
incineration, and burial) [9–14]. Several countries have experienced the negative impacts on both
human health and the environment (e.g., ground and surface water pollution, gas emissions, and the
possibility of human suffocation due to the spontaneous combustion of landfill waste) caused by
inefficient landfill management systems [1,13,14]. In addition, the biodegradation of landfill waste in
aerobic conditions mixed with rainwater percolation through waste and the water of the waste itself
produces leachate [7].

Leachate represents a primary cause of ground water pollution, with various pollutants in the
liquid leachate entering through the layers of the landfill [1,2,15]. There are two main methods
that are used in designing landfills to prevent the contamination of groundwater by leachate from
landfills [2,16]. The first method (the old process) endeavors to disperse the leachate to flow outside
the landfill into the surrounding soil and bedrock, thereby reducing the concentration effect of the
leachate contaminants. This method is a natural process with a natural geologic barrier, such as clay
soil, that has low permeability [2,17]. The second design method for modern landfills seeks to reduce
any possible negative impacts on the public and the environment through the sound management
of gases from landfill sites and of the leachate that results from landfill practices [15,16]. Thus,
modern landfill design is based on principles of sound management, ongoing monitoring procedures,
and finally, a reduction in the quantity of landfill leachate through using a liner system to protect soil
and groundwater [15,18–20].

To prevent leachate generation or infiltration, the surface and stormwater flows should be
managed through using suitable cover materials, as well as saving the material with high liquid
content away from the waste management facility [21]. There are many methods for the leachate
treatment such as: aerobic biological treatment (e.g., aerated lagoons and activated sludge), anaerobic
biological treatment (e.g., anaerobic lagoons, reactors), physiochemical treatment (e.g., air stripping,
reduction, oxidation, etc.), coagulation using several materials and advanced techniques (e.g., carbon
adsorption, ion exchange) [22]. For leachate treatment, two main methods of treatment technologies
can be used. These methods are physical/chemical and biological, and are usually combined to treat
the leachate [21,23]. The biological treatment is considered the most common in modern landfills,
especially in the arid or semi-arid regions [24]. The biological treatment is divided into an anaerobic
and aerobic process, where the anaerobic process is used to remove the heavy metals from leachate
as carbonates by precipitation. The aerobic process is used when the leachate includes fatty acids
of biodegradation. In aerobic conditions, oxygen is necessary to increase the biological activity of
microorganisms when the leachate contains a high concentration of biodegradable organics [23].

Leachate evaporation is considered one of the more simple and preferred methods of managing
leachate through the evaporation of the leachate within lined ponds. The collected leachate, which is
extracted from the waste, is transferred to ponds by the leachate collection system. The base liner layer
that is used in the landfill may be similar to the liner system in the ponds [21]. Floating aerators is a
common practice in the leachate pond. The floating aerators are used to reduce odors and provide
some treatment through preventing the anaerobic process in the ponds, as well as increasing the
evaporation of the leachate from the ponds. Periodically, it is necessary to remove the sludge from the
bottom of the pond. Finally, the sludge is deposited within the landfill cell(s) or sent to an approved
site by official authorities [21].

The main considerations for identifying the most suitable design for the selected landfill sites
are (a) to prevent surface and groundwater pollution caused by the leachate emanating from landfill
sites; (b) to eliminate, or at least minimize, the fire effects that are the result of burning the waste;
(c) to manage any gas emissions from the landfill; (d) to protect the major environmental elements
(air, water, soil); (e) to reduce negative environmental impact factors such as insect and rodent
infestations, diseases, odors and noise; and (f) to manage the disposal of municipal solid waste in
landfills in such a way as to reduce the risks to human health [1,25].
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The types of landfills and liner systems are: the single-liner system (one box), the composite-liner
systems (two boxes), and the double-liner system. The first type consists of a clay liner, a geosynthetic
clay liner, or a clay liner with a geomembrane. The second type consists of a clay liner with a
geomembrane (two boxes), and is more effective than the first type at preventing leachate from flowing
through the subsoil layers. In the double-liner systems, there are two types. The first type comprises a
composite liner and a single (3Box), while the second type includes two single liners and two composite
liners [26].

In the current study, the selection of the most appropriate design for the selected sites in the
Babylon Governorate’s Qadhaas was achieved by utilizing the Hydrologic Evaluation of Landfill
Performance (HELP 3.95D) model.

Landfill sites were selected for each major city in Babylon Governorate using GIS software and
different methods of multi-criteria decision methods. Depending on the results of these studies, two
sites for each major city were determined. The groundwater depth in Babylon Governorate is shallow.
The water table in the whole area in the governorate varies in depth from 0.423 m to 15.97 m below
the ground level [27]. Soil investigation was also conducted in the field at all of these sites in order to
ascertain the soil properties and the groundwater depths. The results are very precise, which enables
the designers to select the most suitable design for the landfill.

Over the last decade, the HELP model has become a very powerful tool for estimating the water
balance for cover and bottom liner systems in municipal solid waste landfill operations. The model
facilitates the calculation of the leachate rate through the soil layers, and also of the leachate head on
the bottom layer at different times based on various weather data parameters (rainfall, temperature,
solar radiation, evapotranspiration, etc.), especially when used in combination with a design for soil
layers that works to prevent groundwater being contaminated by leachate from waste [28–30].

In the literature, many studies have used the HELP model to estimate leachate through landfill
sites (e.g., [9,20,31,32]).

2. Background Information

2.1. Study Area

Babylon Governorate is situated in the middle of Iraq, approximately 100 km to the south of the
Iraqi capital, Baghdad, between longitudes 44◦2’43”E and 45◦12’11”E, and latitudes 32◦5’41”N and
33◦7’36”N (Figure 1). The governorate is divided administratively into five major cities. These major
cities are Al-Hillah, Al-Qasim, Al-Hashimiyah, Al-Mahawil, and Al-Musayiab. The area of Babylon
Governorate is 5315 km2 [33]. The population of the governorate was about 2,155,578 inhabitants in
2016, distributed throughout the five major cities according to [34].

In Iraq, open dumping of waste leads to many environmental problems, including ground and
surface water contamination, insect and rodent infestation, odors, disease, and other problems. Waste
is disposed of on a daily basis in Babylon Governorate by burning. This sometimes suffocates the
population of the nearby cities [35].

The main reasons for the increase of production quantities of waste generally in Iraq and
particularly in Babylon Governorate are: improvements to the living standards, a high population
growth rate, and an increase in commercial activities [10,35].

Processes for the collection, management, and disposal of waste in Babylon Governorate are very
poor. The existing sites do not comply with the scientific and environmental criteria that are usually
followed in the selection of landfill sites [35]. The waste can be dealt with in different ways at different
sites. There are approximately 16 waste disposal sites or dumping sites in Babylon Governorate. They
are distributed throughout the cities of the governorate. Most cities in the governorate have their
own waste disposal sites. Cities that do not have a landfill site transport their waste to sites in the
neighboring cities [35].
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The composition of MSW according to the Ministry of Municipalities and Public Works (2013) in
Babylon is: organic waste (55%), glass and ceramics (5%), plastic and rubber (8%), paper and cardboard
(5%), metals (10%), textiles and rags (4%), wood, bones, and straw (6%), aluminum (2%), and others
(5%) [36]. According to the latest study at the end of 2016, [37] suggested that 78% of the waste at
Babylon could be recycled, and the remainder should be sent to landfills.

The solid waste quantity in Iraq in 2013 was 11,315,000 (tonnes) with a generation rate of solid
waste of 1.4 kg/(capita. day) [38]. The quantity of solid waste in Babylon Governorate in 2013 was
483,221 (tonnes) [39]. The budget that was spent on waste collection processes in Babylon Governorate
in 2013 was $15,894,716 USD [35]. Based on the expected population of 3,556,966 inhabitants in
the governorate by 2030, the estimated quantity of solid waste in the year 2030 will be 1,030,174
(tonnes) [35].

The expected cumulative quantity of solid waste between 2020–2030 is 8,752,506 (tonnes),
according to the calculations achieved by [35]. The generation rate of solid waste in 2013 was
0.67 kg/(capita. day), and the annual population growth was 2.99%. The average annual increment
rate of solid waste generation was 1% in Babylon Governorate. The waste density in the waste disposal
sites in the governorate was 450 kg/m3 [39].

The value of solid waste volume in 2013 was 107,382 m3. The expected value of solid waste
volume in 2030 is 2,289,275 m3, while the expected value of cumulative solid waste volume between
2020–2030 is 19,450,013 m3 [35].

2.2. Climate

The governorate is situated in a desert climate that changes dramatically with the changing
seasons as well as between day and night. The prevailing wind in the governorate comes from
the northwest and blows throughout the year, with an annual average wind speed of 7.2 km/h.
Temperatures during the summer season can reach more than 50 ◦C, with an average of approximately
12 h of sunlight/day, and usually no precipitation. The winter is cold and rainy, with approximately
6.8 h/day of sunlight, and although temperatures normally remain above 0 ◦C, they can decrease
below freezing during some nights. The average annual precipitation is 102 mm, while the average
annual relative humidity is 45.8% [33,40–42]. Generally, the average annual precipitation in Iraq is
decreasing due to climate change. In some years, the precipitation falls in a very short period of time,
causing floods [43,44].



Sustainability 2018, 10, 125 5 of 27

2.3. Selecting and Assessing the Candidate Sites for Landfill

For selecting new systematic sites for landfill in Babylon Governorate, Iraq, the GIS software and
methods of multi-criteria decision making (MCDM)—analytical hierarchy process (AHP), straight rank
sum (SRS) and ratio scale weighting (RSW)—were used. The required maps of the most important
criteria (15 criteria) were prepared using GIS software to produce the final map(s) for landfill siting.
These 15 criteria are groundwater depth, urban centers, rivers, villages, soil types, elevation, agriculture,
roads, land slope, land use, archaeological sites, power lines, gas pipelines, oil pipelines, and railways.
Map layers of the 15 criteria were prepared using GIS software as follows: (i) reviewing the previous
literature in this field for the landfill siting; (ii) preparing the digital maps in GIS software for the
study area; (iii) obtaining of the sub-criteria weightings based on different requirements (e.g., literature
review, expert opinion, governmental regulations, and environmental and scientific requirements);
(iv) determining the weighting for each criterion using the MCDM methods; (vi) determining the final
map to select the candidate sites for landfill in the governorate [45]. All of the candidate sites were
selected on the final map(s) within the most suitable area category. The selected candidate sites were
checked against the satellite images of Babylon Governorate (Figure 2) [46].
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Figure 2. The candidate selected sites for landfill in the Qadhaas of Babylon Governorate.

All of the areas in Babylon Governorate are covered by alluvial deposits at depths of more than
50 m, where no rocks are exposed in this area. The study area is located outside the range of faults and
cracks [47]. The soil investigations for the new candidate sites were conducted in 2016 by the Iraqi
Ministry of Housing & Construction, the National Center for Construction Laboratories, and Research
Babylon in Iraq in order to check the soil characteristics and water table of the selected sites for landfill
in the field. The results showed close similarity with field tests [48], according to Chabuk et al. [49].
Table 1 shows the soil properties and ground water depth at each site, according to Figure 2.
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Table 1. Summary of the soil compositions of sites and their material characteristics [49]. USDA: United
States Department of Agriculture; USCS: the Unified Soil Classification System.

No. Layers Classification Total
Porosity

(vol./vol.)

Field
Capacity
(vol./vol.)

Wilting
Point

(vol./vol.)

Hydraulic
Conductivity

(cm/sec)

Thick
(m) GW

USDA USCS

Al-Hillah City–Al-Hillah Qadhaa (Hi-1)

1 fill material SiC CH 0.479 0.371 0.251 2.5 × 10−5 0.5

2
2 silty clay + gypsum SiC CH 0.479 0.371 0.251 2.5 × 10−5 2
3 clayey sandy silt CL CL 0.464 0.310 0.187 6.4 × 10−5 0.5
4 silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 6
5 silty sand LS SM 0.437 0.105 0.047 1.7 × 10−3 1

Al-Kifil City–Al-Hillah Qadhaa & Al-Talyaah city–Al-Qasim Qadhaa (Hi-2 & Q-1)

1 sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 7.5
42 clayey silty sand SL SM 0.453 0.190 0.085 7.2 × 10−4 0.5

3 silty clayey sand LS SM 0.447 0.118 0.065 1.4 × 10−3 2.5

Al-Qasim City–Al-Qasim Qadhaa (Q-2)

1 fill material SiC CH 0.479 0.371 0.251 2.5 × 10−5 1

2.5
2 silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 0.5
3 clayey silty sand SL SM 0.453 0.190 0.085 7.2 × 10−4 0.5
4 sandy silty clay & silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 8

Al-Imam City–Al-Mahawil Qadhaa (Ma-1)

1 fill material L ML 0.419 0.307 0.180 1.9 × 10−3 0.5
2.72 clay C CH 0.378 0.371 0.265 1.7 × 10−5 9

3 sandy clayey silt SiCL SC 0.471 0.342 0.210 4.2 × 10−5 0.5

Al-Neel City–Al-Mahawil Qadhaa (Ma-2)

1 silty clay + sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5
10 2.1SiC CH 0.479 0.371 0.251 2.5 × 10−5

Al-Medhatyah City-Al-Hashimiyah Qadhaa (Hs-2)

1 fill material SC SC 0.430 0.321 0.221 3.3 × 10−5 1.2

3.8
2 sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 0.5
3 sandy clayey silt SiCL SC 0.471 0.342 0.210 4.2 × 10−5 6.3
4 sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 2

Al-Shomaly City–Al-Hashimiyah Qadhaa (Hs-1)

1 fill material SiL ML 0.501 0.284 0.135 1.9 × 10−4 0.7

4
2 silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 6
3 sandy clayey silt SiCL SC 0.471 0.342 0.210 4.2 × 10−5 1
4 silty clayey sand LS SM 0.447 0.118 0.065 1.4 × 10−3 1.3
5 clay C CH 0.378 0.371 0.265 1.7 × 10−5 1

Jurf Al-Sakhar City–Al-Musayiab Qadhaa (Mu-1 & Mu-2)

1 silty sand SL SM 0.453 0.190 0.085 7.2 × 10−4 2
102 sandy silty clay SiC CH 0.479 0.371 0.251 2.5 × 10−5 7

3 dense silty sand LS SM 0.437 0.105 0.047 1.7 × 10−3 1

3. Methodology

3.1. The HELP 3.95D Model

The Hydrologic Evaluation of Landfill Performance (HELP 3.95D) model is the most common
practical model in the world for computing the water balance of cover and bottom liners for landfills
and contaminated sites. The HELP model has a history extending back 30 years, with many versions,
from version 1 to version 3.95D. The HELP model is known as a “quasi-two dimensional” layer model,
which does not calculate a two-dimensional flow; however, it does calculate the vertical dimension
flow and lateral dimension flows. In the HELP model, the default daily weather data for a range from
1 to 100 calendar years should be entered to compute the soil design data. This model can be used to
design the bottom cover systems and the liner systems for open or closed landfills [28].

The HELP model has a high ability to calculate amounts of evapotranspiration, potential and
actual runoff, the collected lateral drainage of leachate, and the leakage or percolation of leachate
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through the base liner of landfill designs [30]. The main aim of the model is to include the hydrologic
characteristic of the site to assist the landfill designers. In addition, the model can be applied to
completely closed, partially closed, and open sites alike [28,30].

3.2. The Required Input Data for the Model

3.2.1. Daily Weather Data of Study Area

In the current study, the daily data of precipitation (daily depth), air temperature (daily mean),
and the solar radiation (daily sum) from 12 consecutive full calendar years (2005–2016) for Babylon
Governorate [42] were entered into the HELP model. The average annual data for these parameters in
Babylon Governorate can be seen in Table 2. The HELP model has the ability to deal with data from
specific periods in the selected study area.

Table 2. Average annual data of weather parameters for the years 2005–2016 in Babylon Governorate [42].

Parameters 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Precipitation mm
(daily depth) 73.2 170.3 41 51.8 52.4 87.3 41.7 128.8 182.9 125 133.4 135.4

Temperature ◦C
(daily mean) 23.1 23.5 23.5 23.6 23.9 23.6 23.2 24.1 23.3 24.2 24.6 24.5

Solar radiation MJ/m2

(daily sum)
5630 5638 5636 5673 5643 5628 5628 5702 5647 5639 5736 5729

3.2.2. Estimating Daily Runoff and Runoff Curve Number

The relationship between runoff and rainfall is calculated in the HELP model based on the SCS
(Soil Conservation Service ) curve number method, according to the following Equation (1) [18,30]:

Q =
(P − 0.2 S2)

(P + 0.8 S)
(1)

where Q is the actual runoff or excess of rainfall (mm), P is the actual rainfall depth (mm), and S is the
maximum potential retention after runoff starts (retention parameter) (mm). It is calculated by the
following formula.

In the HELP model, the antecedent moisture condition (AMC-II) runoff curve number for slope
surface (CNII) was estimated [18,30] as follows:

CNII = 100 − (100 – CNIIo)
(

L∗2

S∗

)CNIIo−0.81

(2)

where CNII is the curve number that adjusts for surface slope conditions, CNIIo is the AMC-II curve
number unadjusted for slope, which is calculated based on constants for vegetation and soil type, L*
is the standardized length of the slope (L/500 ft) (dimensionless), and S* is the standardized slope
(S/0.04) (dimensionless).

In the HELP model, the runoff curve number value was 93.80, where it was estimated based on
the soil database using soil texture number 27 (moderate compacted sandy clay), the kind of vegetation
(poor stands of grass), a surface slope of 10%, and the length of the slope at 75 m.

3.2.3. Potential and Actual Evapotranspiration Date

Evapotranspiration (ET) is the process of transferring water by evaporation from the soil profile
and other surfaces, as well as from plants, by transpiration. Evaporation alone occurs from open water
surfaces or from ground surfaces and vegetation, while the process of transpiration is the extraction of
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water from the soil by the roots of plants, which then evaporates into the atmosphere from the plant’s
leaves [18,30].

Potential evapotranspiration (PE) is the maximum amount of evaporation that occurs over a day
as the amount of unbounded water is extracted by the atmosphere from land [18,30].

In the HELP model, the potential evapotranspiration is calculated based on a modified Penman
equation (1963) using the following Equations (3) and (4) [18,30]:

PETi =
LEsi
LV

(3)

and LV = 59.7 − 0.0564 TCi (4)

where PTi is the potential evapotranspiration on day i (mm); LEsi is the available energy for potential
evapotranspiration on day i (MJ/mm2); LV is the vaporization latent heat (MJ/mm2/mm); and TCi is
the mean air temperature (◦C).

Actual evapotranspiration (AE) is the amount of evapotranspiration that occurs when there is a
limit to the amount of available water. The actual evapotranspiration (AETi) for segment j on day i
is the sum of the actual soil water evaporation (ESWi) and the actual plant transpiration (EPi) from
segment j [18,30].

AETi (j) = ESWi (j) + EPi (j) (5)

The actual total evapotranspiration (TEi) on day i is resulted from the summation of the subsurface
evapotranspiration (ESSi) and evaporation of surface (ESi) [18,30].

TEi = ESi + ESSi (6)

In the HELP model, calculating the potential and actual evapotranspiration is done by going to
the “Data input” item on the main menu, and selecting the evapotranspiration option. The window is
then completed with the required information about this option, as follows [29]:

In the HELP model, the potential and actual evapotranspiration in Babylon Governorate at a
geographic latitude of (32.5) were computed based on the following required information:
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of vegetation in the selected sites was poor strands of grass [29].

Sustainability 2018, 10, 125  8 of 26 

AETi (j) = ESWi (j) + EPi (j) (5) 

The actual total evapotranspiration (TEi) on day i is resulted from the summation of the 

subsurface evapotranspiration (ESSi) and evaporation of surface (ESi) [18,30]. 

TEi = ESi + ESSi (6) 

In the HELP model, calculating the potential and actual evapotranspiration is done by going to 

the “Data input” item on the main menu, and selecting the evapotranspiration option. The window 

is then completed with the required information about this option, as follows [29]: 

In the HELP model, the potential and actual evapotranspiration in Babylon Governorate at a 

geographic latitude of (32.5) were computed based on the following required information: 

 In the study area, the depth of the evaporative zone is 50 cm, depending on the field tests. 

 The maximum index value of the leaf area (area/area) for the study area is (1), because the kind 

of vegetation in the selected sites was poor strands of grass [29].  

 The date for the start day of the growing season over the 12-year period in Babylon Governorate 

is 10 January, while the date for the last day of the growing season is 15 December, 350 days later 

[42]. 

 The required annual average wind speed in the Babylon Governorate at 2 m above the ground 

that was input into the HELP model was 7.2 km/h [29,41]. 

 Normal average quarterly relative humidity. Each quarter consists of the average value of three 

months, where the four quarters of a year are (January to March), (April to June), (July to 

September) and (October to December) [29]. Therefore, the average values of relative humidity 

in Babylon Governorate are: for the first quarter (64.2%), the second quarter (39.03%), third 

quarter (34.24%), and fourth quarter (60.95%) [41]. 

3.2.4. Soil and Design Data 

The required information for the soil design data in the HELP model [29] are summarized in the 

following subsections: 

1. The characteristics and required data for designing soil layers in the HELP model. 

There are 44 types of soil material characteristics in the HELP model according to [29], 

depending on the two standards systems from the United States Department of Agriculture (USDA) 

and the Unified Soil Classification System (USCS). The types of soil texture from 1 to 15 in addition 

to 21 are classified as low-density soils. The types of soil texture from 22 to 29 are considered 

moderate-density soils, while the types of soil texture 16 and 17 are represented high-density soils. 

The types of soil texture from 35 to 42 are defined as geomembrane and geotextile. The default types 

of waste in this model are from 18 to 19 and from 30 to 33.  

The required data for the suggested soil layers are: thickness of layers (metric: cm), the default 

soil texture according to the USDA system and the USCS system, porosity (vol./vol.), field capacity 

(vol./vol.), the wilting point (vol./vol.), saturated hydraulic conductivity (cm/sec), and the required 

design data for the lateral drainage layer, including the length of drainage (m) and the slope of drain 

(%) [29]. 

The properties of soil sites for the selected new landfills that were conducted by [48] did not 

comply with the international standard requirements for landfill design. In this study, the type and 

properties of the suggested soil layers were used as standard materials for the new landfill sites.  

The type and properties of the suggested soil layers correspond with international requirements for 

landfill design based on the two standards systems (USDA) and (USCS), where these systems are 

adopted in Iraq. The properties of standard soil layers were selected to be similar to the soil properties 

that are available, particularly in Babylon Governorate and generally in Iraq [48]. Some of the 

remaining soil materials (excavated soil) may be used as a daily cover, an intermediate cover, or for 

other uses, according to the specialists in this field.   

The date for the start day of the growing season over the 12-year period in Babylon Governorate
is 10 January, while the date for the last day of the growing season is 15 December, 350 days
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Normal average quarterly relative humidity. Each quarter consists of the average value of
three months, where the four quarters of a year are (January to March), (April to June), (July to
September) and (October to December) [29]. Therefore, the average values of relative humidity in
Babylon Governorate are: for the first quarter (64.2%), the second quarter (39.03%), third quarter
(34.24%), and fourth quarter (60.95%) [41].

3.2.4. Soil and Design Data

The required information for the soil design data in the HELP model [29] are summarized in the
following subsections:

1. The characteristics and required data for designing soil layers in the HELP model.

There are 44 types of soil material characteristics in the HELP model according to [29], depending
on the two standards systems from the United States Department of Agriculture (USDA) and the
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Unified Soil Classification System (USCS). The types of soil texture from 1 to 15 in addition to 21 are
classified as low-density soils. The types of soil texture from 22 to 29 are considered moderate-density
soils, while the types of soil texture 16 and 17 are represented high-density soils. The types of soil
texture from 35 to 42 are defined as geomembrane and geotextile. The default types of waste in this
model are from 18 to 19 and from 30 to 33.

The required data for the suggested soil layers are: thickness of layers (metric: cm), the default
soil texture according to the USDA system and the USCS system, porosity (vol./vol.), field capacity
(vol./vol.), the wilting point (vol./vol.), saturated hydraulic conductivity (cm/sec), and the required
design data for the lateral drainage layer, including the length of drainage (m) and the slope of drain
(%) [29].

The properties of soil sites for the selected new landfills that were conducted by [48] did not
comply with the international standard requirements for landfill design. In this study, the type and
properties of the suggested soil layers were used as standard materials for the new landfill sites.
The type and properties of the suggested soil layers correspond with international requirements
for landfill design based on the two standards systems (USDA) and (USCS), where these systems
are adopted in Iraq. The properties of standard soil layers were selected to be similar to the soil
properties that are available, particularly in Babylon Governorate and generally in Iraq [48]. Some of
the remaining soil materials (excavated soil) may be used as a daily cover, an intermediate cover, or for
other uses, according to the specialists in this field.

2. Type of layers for landfill in the HELP model

The required layers for constructing the model of a landfill are as follows [18]:

(a) Vertical percolation layer (VPL)

Vertical percolation layer includes a waste layer and layers of soil designed to support vegetation
on the surface. The water drains downward through the vertical unsaturated layers by gravity. In the
HELP model, the unsaturated hydraulic conductivity through waste and soil layers was calculated
according to (Equation (7)) by Campbell (1974) based on Darcy’s law, as follows [30]:

Ku = Ks

[
θ − θr

∅− θr

]3+(2/λ)

(7)

where Ku is unsaturated hydraulic conductivity (cm/sec), Kś is saturated hydraulic conductivity
(cm/sec), θ is actual volumetric water content (vol/vol), θr is residual volumetric water content
(vol./vol.), Ø is total porosity (vol./vol.), and λ is the index of pore-size distribution (dimensionless).

(b) Lateral drainage layer (LDL)

This layer is placed directly above the layer of the barrier soil liner to collect water infiltration and
rapidly remove it.

In the HELP model, for lateral drainage flow of small and large rates drainage, the average
saturation depth on top of the liners, and the rate of drainage were calculated based on Equation (8)
and Equation (9), respectively [30], as follows:

ỹ∗ =
q∗D

2(sin α)(cos α)
, (q∗D < 0.4 sin2 α, for small drainage rate)

or (q∗D > 0.4 sin 2 α, for large drainage rate)
(8)

∗D = 2 (sin α) (cos α) ỹ∗, (ỹ∗ < 0.2 tan α, for small drainage rate)

or (ỹ∗ > 0.2 tan α, large drainage rate)
(9)

where (ỹ) is the average saturation depth on top of the liners (non-dimension), q*D is the rate of lateral
drainage of flow for each unit area of landfill (cm/sec), and α is the liner surface inclination angle.
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(c) Barrier soil liners (BSL)

A layer of the barrier soil liner is used to prevent the vertical drainage of leachate from this layer,
since the hydraulic conductivity of this layer is very low. The pressure head is assumed to be constant
in the HELP model within layers of vertical infiltration and lateral drainage. The HELP model is
assuming that the head of pressure is uniformly dispersed within the soils of low permeability, where
this model allows for flow moving only down in barrier soil [30].

The rate of percolation through a soil liner of low permeability is calculated by Equation (10)
based on Darcy’s law, as follows [18,30]:

Qp(p)i = Ks (n + 1)
hw(p) + TS (n + 1)

TS (n + 1)
(10)

where Qp(p)i is the rate of percolation from the profile of sub-layers (p) during time i (cm/day), Ks is
the saturated hydraulic conductivity of the soil liner (cm/sec), hw is the average pressure head of the
sub-profile k on the top of the liner (cm), TS is the thickness of the layer (cm), and n is the number of
layers in sub-profile k above the soil liner.

(d) Geomembrane liners (GL)

This is a layer of impervious, artificial flexible membrane that is used together with barrier soil
liners to prevent leachate percolation. To calculate the flows of total leakage through the geomembrane
in the HELP model, Equation (11) was used, according to Schroeder et al. [30]:

qLT = qL1 + qL2 + qL3 (11)

where qLT is the total leakage, qL1 is the leakage through intact geomembrane sections, qL2 is the leakage
through pinhole-size flaws, and qL3 is the leakage through the defect-size geomembrane flaws.

3.2.5. Suggested Soils Layers’ Data

1. Site layout of the landfill

The landfill site should be divided into many zones, where each zone is used to accommodate the
quantity of waste over a one-year period. In this study, the lifespan of the selected landfill is 10 years.
Therefore, the area of each selected site will be divided into 10 zones (one zone for each year). Each
zone will be subdivided into a number of cells, so that the areas of cells are sufficient to accommodate
the quantity of waste during the design lifespan of each zone (12 months).

The quantity of waste (Qs) produced each year until the year 2030 was calculated based on the
following equation [35]:

Qs (For specific year) = ((P0(2013) (1 + r)n) × (GRW(2013) (1 + RGI)n) × (365/1000)) (12)

where Qs is the quantity of waste produced each year (tonnes), P0 is the present population of the city
for each year (starting from the year 2013), r is an annual growth rate of 2.99%, n is the number of
years, GRW is the present generation rate of solid waste (kg/capita.day) for the year 2013, and RGI is
the rate of increment in waste generation per year equal to 0.01 (kg/capita.day).

The required area for each Qadhaa in Babylon Governorate was calculated as follows:

• The volume of waste was calculated by dividing the quantity of waste (Qs) produced each year
until the year 2030 by the waste density (450 kg m−3) at the waste disposal sites in Babylon
Governorate and its Qadhaas [35].

• The required areas of the candidate sites that emerged as a result of the previous studies was
calculated by dividing by 2 m, which represents the height of municipal solid waste that will be
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placed on the surface since the groundwater depth in the study areas is shallow, and in order to
reduce the cost of constructing a perimeter berm around the site.

• GIS and multi-criteria decision making methods were used to determine the best sites for landfill,
and the location and dimension for these sites for design purposes was determined.

A summary of the required areas and the areas of the candidate sites for landfill and their locations,
as well as the required area and the cross-section for the design of the landfills, are shown in Table 3.

The area of each zone (km) was derived by dividing the quantity of waste (kg) for a specific year
by the sum of the products of multiplying the density of solid waste (450 kg/m3) [39] by the height of
the waste (2 m).

The area of each zone will be divided into a number of cells. The area of each specific cell is
enough to receive the quantity of waste for each month during one year. The quantity of waste (Qs) for
each year from 2020 until 2030, and the required area for each zone in the each candidate site, can be
seen in Table 4.

For each final cell, when using a waste layer height equal to 400 cm, the required area for landfill
will be reduced by 50%. Consequently, the area of each zone will reduce to half of the area needed.
In this case, the life span of each selected site will be extended from 10 to 18 years (or from 2030 to
2038), given that the typical height of waste is between 2–4 m according to [50].

Table 3. The required area, the areas, and locations of candidate sites for landfill in the Qadhaas of
Babylon Governorate, as well the available area for landfill designs [51].

Qadhaa Requited
Area (km2)

Area of Candidate Sites
Location

Available Area
for Design (km2)Site Symbol Area (km2)

Al-Hillah 4.778
Hi-1

4.45 × 1.52 Latitude 32◦18’45”N 3.4 × 1.5
(6.768) Longitude 44◦24’40”E (5.1)

Hi-2
3.24 × 2.53 Latitude 32◦13’43”N 2.5 × 2

(8.204) Longitude 44◦29’15”E (5)

Al-Qasim 0.772
Q-1

1.73 × 1.6 Latitude 32◦11’43”N 1.2 × 1
(2.766) Longitude 44◦32’26”E (1.2)

Q-2
2.5 × 0.822 Latitude 32◦14’38”N 1.5 × 0.8

(2.055) Longitude 44◦37’10”E (1.2)

Al-Hashimiyah 1.013
Hs-2

1.69 × 0.813 Latitude 32◦24’51”N 1.3 × 1
(1.374) Longitude 44◦54’41”E (1.3)

Hs-1
1.24 × 1.038 Latitude 32◦15’54”N 1.2 × 1.1

(1.288) Longitude 44◦53’38”E (1.32)

Al-Mahawil 0.975
Ma-2

1.543 × 1.438 Latitude 32◦38’12”N 1.1 × 1.1
(2.218) Longitude 44◦34’9”E (1.21)

Ma-1
2.23 × 1.323 Latitude 32◦29’59”N 1.1 × 1.1

(2.950) Longitude 44◦41’2”E (1.2)

Al-Musayiab 2.080
Mu-1

4.9 × 1.626 Latitude 32◦48’39”N 1.5 × 1.5
(7.965) Longitude 44◦8’59”E (2.25)

Mu-2
3.76 × 1.583 Latitude 33◦0’14”N 1.5 × 1.5

(5.952) Longitude 44◦6’46”E (2.25)



Sustainability 2018, 10, 125 12 of 27

Table 4. The quantity of waste, and the area of each selected landfill zone in the Qadhaas of Babylon
Governorate to accommodate waste between 2020–2030.

Year
Hillah Qasim Mahawil Hashimiyah Musayiab

Waste
(T 1)

Z.A. 2

(ha 3)
Waste

(T)
Z.A.
(ha)

Waste
(T)

Z.A.
(ha)

Waste
(T)

Z.A.
(ha)

Waste
(T)

Z.A.
(ha)

2020 318,576 35.4 51,497 5.7 64,993 7.2 67,532 7.5 138,760 15.4
2021 331,383 36.8 53,567 6.0 67,605 7.5 70,246 7.8 144,338 16.0
2022 344,704 38.3 55,720 6.2 70,323 7.8 73,070 8.1 150,140 16.7
2023 358,561 39.8 57,960 6.4 73,150 8.1 76,008 8.4 156,176 17.4
2024 372,974 41.4 60,290 6.7 76,090 8.5 79,063 8.8 162,454 18.1
2025 387,968 43.1 62,714 7.0 79,149 8.8 82,241 9.1 168,984 18.8
2026 403,563 44.9 65,235 7.2 82,331 9.1 85,547 9.5 175,777 19.5
2027 419,786 46.6 67,857 7.5 85,641 9.5 88,986 9.9 182,843 20.3
2028 436,661 48.5 70,585 7.8 89,083 9.9 92,563 10.3 190,193 21.1
2029 454,215 50.5 73,422 8.2 92,664 10.3 96,284 10.7 197,839 22.0
2030 472,474 52.5 76,374 8.5 96,389 10.7 100,155 11.2 205,792 22.9

1 T: Tonnes; 2 Z.A.; 3 (ha) = 0.01 km2.

2. Base design level of landfill

The level of landfill base should be placed at a minimum of 1.5 m above the groundwater table [52],
or 2 m [53]. The distance from the base of the landfill to the groundwater table was higher than 2 m at
all of the selected sites for landfill in Babylon Governorate.

3. Base liner layer

The purpose of using the base liner in a landfill is to prevent, decrease, degrade, and delay the
soil contamination and groundwater by leakage of leachate from the landfill sites. The base liner is
used to filter the leachate within this layer and prevent the lateral flow of leachate [25,54,55]. The base
liner of a landfill includes a geosynthetic clay liner, and/or a secondary compacted clay liner, which
includes a primary geomembrane liner that is defined as a composite liner layer [29,56]. The slope of
the surface liner should be at least 2% [13].

In this design, the layer (8) consists of a highly compacted clay (barrier soil) with a thickness of
60 cm [57,58], and the effective saturate of hydraulic conductivity (cm/sec) was 1.0 × 10−7 [14,52,59].

4. Geomembrane and geotextile layers

The geomembrane liner layer is used to reduce the quantity of pollutants affecting the
groundwater [56]. The service life for the primary geomembrane liner (HDPE) should be 100 years,
based on anticipated operating temperatures and a thickness of 0.15 mm [52,54]. In the HELP
model, the geomembrane types (from 35 to 42) should include the following parameters: thickness,
pinhole density, installation defect density, placement quality (available six values), drainage slope,
and drainage length [29].

In the HELP model, the specifications for the liner layer (7) included a flexible membrane liner of
high-density polyethylene (HDPE) with a thickness of 0.15 mm, a hydraulic conductivity (cm/sec) of
2.0 × 10−13 a drainage slope of 3%, and a drainage length of 30 m.

The non-woven geotextile layer type 4 (butyl rubber) was placed on the drainage blanket under
the protective layer with a drain length of 30 m and a slope of 5%. The hydraulic conductivity of this
layer was 1.0 × 10−12 cm/s. The thickness of this layer was 150 mm. This layer was used to prevent
clogging within the gravel layer and the transference of small grained particles into this layer [13].



Sustainability 2018, 10, 125 13 of 27

5. Lateral drainage layer

The layer of lateral drainage is installed within the leachate collection system to prevent leachate
from the landfill, as well to control the leachate rising above the base liner of the landfill [25,52].
The efficient drainage of leachate will reduce the pollution water that comes from the saturated waste
zones at the bottom of a landfill, as well as increase the mechanical stability of the landfill, thus reducing
the dangers of mechanical failure of the landfill during events of intense rainfall [13]. For protecting
the leachate collector pipes and reducing the possibility of fine particles of waste and air entering into
the drainage blanket layer, a geotextile layer can be placed over the drainage blanket layer to perform
the same function of protecting the drainage blanket layer from becoming clogged [13,52].

The minimum design requirements for a leachate collection and removal system are as follows:

â The material of the drainage blanket layer includes gravel material [25,55,60].
â The thickness of the leachate collection system (including the drainage blanket layer) should be

30 cm [55,60,61].
â The maximum lateral spacing of the main leachate collection pipes are 15 m [13], equal or less

than 25 m [60], or 30 m [62].
â The space between each lateral pipe is 2 m [54].
â The maximum length of the drainage is 50 m [52].
â The minimum diameter of the collection pipes should be 150 mm [52,55,60] or 200 mm [25].
â The minimum slope of the main leachate collection pipes that should be laid toward the pit

(sump) should be 2% [13,14,25,52]. This slope decreases the risk of the leachate collection pipes
clogging, because they will be self-cleaning [25].

â The minimum lateral slope toward the direction of the main leachate collection pipes (transverse
direction) should be at least 1% [25].

â The vertical leachate collection pipes are installed in the landfill site, and the lower end of the
vertical pipes are joined to the bottom (horizontal) of the leachate collection pipes so that they
can operate as a gas vent [62].

â The inclined leachate collection pipes are distributed along the berm slope and used as a gas vent.
These pipes are joined to the bottom of the leachate collection pipes [62].

â A leachate collection pit (sump) allows the leachate to drain by gravitational force, and it is
located at the low points in cells, whether the location of the pit is outside or inside the landfill
site [25,62].

â An operating pump should be used to remove and lift leachate from the pits to the required
head [25].

â The collected leachate should be removed and sent to a treatment facility [13].

In the HELP model, using two scenarios, the slope and the length of drainage net layer (6) in the
leachate collection system was 3% and 30 m, respectively. The thickness of drainage blanket layer (5) is
30 cm, whilst the drain net layer (6) was 0.5 cm. The hydraulic conductivity of the drainage blanket
layer was 3.0 × 10−1 cm/s, while the hydraulic conductivity of the drainage net was 1.0 × 10+1 cm/s.

6. Protective layer

The protective layer can be placed over the drainage layer to make sure that the drainage layer
operates for a long time; it prevents waste particles from moving into the drainage layer, does not
destroy the drainage pipes or the drainage layer, and also protects the geotextile from tears when
placing the compacted layers of waste [13,25].

In the current model, the protective layer (3) consisted of loam fine sand with a hydraulic
conductivity equal to 1.0 × 10−3 cm/s [13]. The thickness of this layer was 30 cm [54].
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7. Compacted waste using the scenarios

In this study, there were two scenarios for placing the compacted waste on top of the protective
layer over the surface, with a typical height of the compacted waste of 2–4 m [50].

The first scenario involved placing waste with a total height of 2 m, and then covering it with a
final cover (Figure 3a). In the second scenario, the height process of placing the compacted solid waste
over the surface was 4 m (Figure 3b).
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Figure 3. Scenarios for placing compacted waste over the ground surface: (a) the height of the
compacted waste layer is 2 m; (b) the height of the compacted waste layer is 4 m (without scale).

In addition, a further consideration should be the use of a daily cover of 15 cm, or an intermediate
cover of 30 cm (as a temporary cover) when the active face of a single cell of waste does not reach the
final capacity of covering the waste layer during, or over more than, a 30-day period, or during the fall
seasons [13,52,57,61].

In this study, the value of the saturated hydraulic conductivity of the municipal solid waste was
used as a 1.0 × 10−5 cm/sect instead of the default value within the HELP model of 1.0 × 10−3 This is
due to the recent research studies in this field [63,64], which argued that the waste is compacted as a
result modern practices in situ [65,66]. The default hydraulic conductivity has led to high generation
rates of leachate value, where this value of leachate does not represent the real value in the modern
landfill [67].

8. Suggested design for final cover

The main aims of placing the final cover on a landfill are to reduce odors and methane gas being
released into the atmosphere, to avoid humans and wildlife from exposure to municipal solid waste,
and to decrease the infiltration of precipitation into the waste and minimize erosion [13].

The steps of placing the final cover during the lifespan of the landfill include the following:
The thickness of the final compacted cover layer is 60 cm (perpendicular to the slope) (Figure 4a).

The thickness of the final compacted cover layer should be 60 cm, as a fixed thickness over a specific
period. This layer is low and sensitive to landfill surface settlements [13].

In Babylon Governorate, the waste contains a high percentage of organic material (more than
55%) [39]. The organic matter will decompose with time, and this will cause the surface layer to be
irregular (not horizontal) (Figure 4b). In this case, soil should be added at certain periods of time to
keep the surface level.
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Figure 4. The process of placing the final cover for the suggested landfill: (a) placing the layer of
moderately compacted sandy clay with a thickness of 60 cm; (b) the landfill surface settlements due to
decomposition of organic materials; (c) adding the material required to maintain a thickness of 60 cm;
(d) adding the top soil layer to a thickness of 15 cm.

The same soil materials of the final compacted cover layer will be added when the displacement
of the final cover layer stops at the end of the landfill’s lifespan. Therefore, the final thickness of the
final cover will be 60 cm (Figure 4c). This layer should be monitored during particular years to avoid
settlement when the waste materials have degraded.

The minimum requirement for the top soil layer should be at least 150 mm, which is the necessary
depth for the growth of a vegetative layer and to reduce erosion [13,52,60] (Figure 4d). The roots of the
vegetation should not extend too deeply, because this would cause damage to the final cover and thus
enable the transfer of pollution to the surrounding environment to occur [61].

The systems of gas management and gas vents of (150 mm) need to be installed at the same time
as the placement of the final cover in order to allow any gases that might form in the layers of the
covered landfill to be released, where the gas will be transferred to the burning facilities through a
vacuum system [14,58,61].

According to the Iraqi Ministry of Housing & Construction (2016) [48], the bearing capacity for
the soils of the selected sites is 50 KN/m2. Consequently, the cumulative loads that result from using
4 m of height waste, the final soil cover (60 cm), and the daily covers of soil (15 cm) are acceptable.

In this study, the composition of the cover layer was moderate compacted sandy clay, and its
hydraulic conductivity was 7.8 × 10−7 cm/sec. [52] stated that hydraulic conductivity of the cover
layer in non-arid regions ought to be ≥1.0 × 10−7 cm/sec.

In the current study, the final sketch diagram shows the suggested landfill design when using a
height of compacted solid waste of 2 m (the first scenario), and using a total height of 4 m of compacted
solid waste (the second scenario) (see Figure 5).Sustainability 2018, 10, 125  15 of 26 
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3.2.6. Perimeter Berm

The management of storm water includes run-on and run-off, which usually includes perimeter
drainage around the landfilling and leachate treatment areas. The former prevents contact between
surface water and waste mass, which reduces leachate production and generation. However, the latter
includes diversion ditches, silt fences, down drains, and storm water management ponds. These
facilities allow storm water to run-off from the landfill surface and minimize erosion [68].

The perimeter berm is built around the landfill site to act as a natural barrier for the site, and to
prevent storm water from entering the site. In addition, the embankment of the perimeter berm is used
for the passage of vehicles to the site [57,58]. The profile of berm layers has the same composition and
thickness as the below ground layers of the landfill [59], where Figure 6 shows the cross-section of
berm in this study. The typical height of the berm is either between 2.5 and 3.5 m [52] or between 3 and
4 m [54], and at least 0.5 m high [58]. The surface of the berm extends to the surface of the landfill, but
the surface of the berm is then raised with a slope of 3H to 1V [57,59], or 2-2.5H-1V [54]. The anchor
trench is constructed along the connecting line of the outside edge of the perimeter berm. The width
of the anchor trench was 0.5 m [57], and the trench was used to collect the water run-off from the
surrounding areas of landfills and from the final cover surface of the landfill.
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3.2.7. The Suggested Soil Layers that Entered into the HELP 3.95D Model

In the HELP model, two scenarios were posited for the design of landfills for the selected
sites in Babylon Governorate. In the first scenario, eight layers were entered into the HELP model,
and this scenario included one lift of waste with a 2 m height. The second scenario also consisted
of eight layers, but the height of compacted waste was equal to 4 m. The characteristics of the data
for each layer are layer thickness, porosity, field capacity, wilting point, initial soil water content,
and hydraulic conductivity.

Figure 7 shows the profile of the suggested landfill design, which was implemented in the HELP
3.95D model for both the first and second scenario. The summary data for the suggested layers in the
two scenarios can be seen in Table 5.
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Table 5. Characteristics of suggested soil layers data in the HELP model using the two scenarios. 

No. Type 
Texture 
Number 
in HELP 

Material Thick 
(cm) 

Porosity 
(vol./vol.) 

Field 
Capacity 
(vol./vol.) 

Wilting 
Point 

(vol./vol.) 

Initial Soil 
Water Content 

(vol./vol.) 

Hydraulic 
Conductivity 

(cm/sec) 

1 VPL 1 27 
Moderate 

compacted 
Sandy Clay 

60 0.400 0.366 0.288 0.290 7.8 × 10−7 

2 

VPL 18 
Municipal 

Waste  

200 
(first 

scenario) 
0.671 0.292 0.077 0.292 1.0 × 10−5 

VPL 18 
Municipal 

Waste  

400 
(second 

scenario) 
0.671 0.292 0.077 0.292 1.0 × 10−5 

3 VPL 5 
Loam Fine 

Sand  
30 0.457 0.131 0.058 0.131 1.0 × 10−3 

4 
GL 2 

(FML 3) 
38 

Butyl 
Rubber 

0.15 
Pinhole Density = 0.40 Holes/Hectare; Installation Defects = 
4.0 Holes/Hectare; Placement Quality = 3–Good; Drainage 

slope 3%; Drainage length 30 m 
1.0 × 10−12 

5 LDL 4 21 Gravel 30 0.397 0.032 0.013 0.032 3.0 × 10−1 
6 LDL 20 Drain net 0.5 0.850 0.010 0.005 0.010 1.0 × 10+1 

7 
GM 5 

(FML) 
35 HDPE 6 0.15 

Pinhole density = 0.40 Holes/Hectare; Installation defects = 
4.0 Holes/Hectare; Placement Quality = 3–Good; Drainage; 

slope 3%; Drainage length 30 m 
2.0 × 10−13 

8 BSL 7 16 
High 

compacted 
Clay 

60 0.427 0.418 0.367 0.427 1.0 × 10−7 

1 VPL: Vertical percolation layer; 2 GT: Geotextile; 3 FML: Flexible membrane liner; 4 LDL: Lateral 
drainage layer; 5 GM: Geomembrane; 6 HDPE: High density polyethylene; 7 BSL: Barrier soil liner layer. 
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The extension files for all of the parameters were created within the model after inputting the 
weather data and the required information for the proposed soil layers of the landfill within the HELP 
model. The results of the suggested design for the selected landfills in Babylon Governorate can be 
summarized as follows: 

Figure 7. Profile of the suggested landfill design in the Hydrologic Evaluation of Landfill Performance
(HELP) model.

Table 5. Characteristics of suggested soil layers data in the HELP model using the two scenarios.

No. Type
Texture
Number
in HELP

Material Thick (cm) Porosity
(vol./vol.)

Field
Capacity
(vol./vol.)

Wilting
Point

(vol./vol.)

Initial Soil
Water

Content
(vol./vol.)

Hydraulic
Conductivity

(cm/sec)

1 VPL 1 27
Moderate

compacted
Sandy Clay

60 0.400 0.366 0.288 0.290 7.8 × 10−7

2
VPL 18 Municipal Waste 200

(first scenario) 0.671 0.292 0.077 0.292 1.0 × 10−5

VPL 18 Municipal Waste 400
(second scenario) 0.671 0.292 0.077 0.292 1.0 × 10−5

3 VPL 5 Loam Fine Sand 30 0.457 0.131 0.058 0.131 1.0 × 10−3

4 GL 2

(FML 3)
38 Butyl Rubber 0.15

Pinhole Density = 0.40 Holes/Hectare; Installation
Defects = 4.0 Holes/Hectare; Placement Quality =
3–Good; Drainage slope 3%; Drainage length 30 m

1.0 × 10−12

5 LDL 4 21 Gravel 30 0.397 0.032 0.013 0.032 3.0 × 10−1

6 LDL 20 Drain net 0.5 0.850 0.010 0.005 0.010 1.0 × 10+1

7 GM 5

(FML)
35 HDPE 6 0.15

Pinhole density = 0.40 Holes/Hectare; Installation
defects = 4.0 Holes/Hectare; Placement Quality =

3–Good; Drainage; slope 3%; Drainage length 30 m
2.0 × 10−13

8 BSL 7 16 High compacted
Clay 60 0.427 0.418 0.367 0.427 1.0 × 10−7

1 VPL: Vertical percolation layer; 2 GT: Geotextile; 3 FML: Flexible membrane liner; 4 LDL: Lateral drainage layer; 5

GM: Geomembrane; 6 HDPE: High density polyethylene; 7 BSL: Barrier soil liner layer.

4. Results

The extension files for all of the parameters were created within the model after inputting the
weather data and the required information for the proposed soil layers of the landfill within the HELP
model. The results of the suggested design for the selected landfills in Babylon Governorate can be
summarized as follows:

4.1. General Design and Evaporative Zone Data (Valid for 12 Years)

The output results produced in the HELP model for the two scenarios can be seen in Table 6.
The difference between the results of the two scenarios was in the value of initial water content in all
of the layers, because the height of compacted waste in the first and second scenario were 2 m and
4 m, respectively.
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Table 6. The general design and evaporative zone data using the two scenarios.

Items
Data

First Scenario Second Scenario

Run-off curve number 93.80 93.80
Fraction of area allowing run-off 100% 100%

Soil evaporative zone depth 50 cm 50 cm
Initial water in evaporative zone 14.50 cm 14.50 cm

Upper limit of evaporative storage 20.0 cm 20.0 cm
Field capacity of evaporative zone 18.3 cm 18.3 cm
Lower limit of evaporative storage 14.40 cm 14.40 cm

Initial interception water 0.0 cm 0.0 cm
Initial water in all layers 107.075 cm 165.475 cm
Total subsurface inflow 0.0 mm/year 0.0 mm/year

The entered value of the soil evaporative zone depth in the HELP model was 50 cm, which
was based on field tests. The output results of the initial water in the evaporative zone was 14.5 cm;
this value resulted from multiplying the initial soil water content of the final cover layer (0.29 cm3

water/cm3) by the layer thickness (50 cm) [69]. The range values of evaporative storage were
14.4–20 cm.

The values of the initial water in all of the layers using the first scenario and second scenario were
107.075 cm and 165.475 cm, respectively. The increase in the initial water of the second scenario came
from using the height of compacted waste of 4 m instead of the 2 m used in the first scenario through
multiplying the additional thickness of compacted waste (200 cm) by the initial soil water content for
this layer (0.292 cm3 water/cm3). In both scenarios, there was no inflow in the total subsurface for 12
successive years.

4.2. Annual Data from 2005 to 2016

In the HELP 3.95D model, the following annual data were calculated for the water behavior in the
suggested soil layers between the years 2005 and 2016 using the following two scenarios. The summary
of annual results values using two scenarios in the HELP model are as follows:

Sustainability 2018, 10, 125  8 of 26 

AETi (j) = ESWi (j) + EPi (j) (5) 

The actual total evapotranspiration (TEi) on day i is resulted from the summation of the 

subsurface evapotranspiration (ESSi) and evaporation of surface (ESi) [18,30]. 

TEi = ESi + ESSi (6) 

In the HELP model, calculating the potential and actual evapotranspiration is done by going to 

the “Data input” item on the main menu, and selecting the evapotranspiration option. The window 

is then completed with the required information about this option, as follows [29]: 

In the HELP model, the potential and actual evapotranspiration in Babylon Governorate at a 

geographic latitude of (32.5) were computed based on the following required information: 

 In the study area, the depth of the evaporative zone is 50 cm, depending on the field tests. 

 The maximum index value of the leaf area (area/area) for the study area is (1), because the kind 

of vegetation in the selected sites was poor strands of grass [29].  

 The date for the start day of the growing season over the 12-year period in Babylon Governorate 

is 10 January, while the date for the last day of the growing season is 15 December, 350 days later 

[42]. 

 The required annual average wind speed in the Babylon Governorate at 2 m above the ground 

that was input into the HELP model was 7.2 km/h [29,41]. 

 Normal average quarterly relative humidity. Each quarter consists of the average value of three 

months, where the four quarters of a year are (January to March), (April to June), (July to 

September) and (October to December) [29]. Therefore, the average values of relative humidity 

in Babylon Governorate are: for the first quarter (64.2%), the second quarter (39.03%), third 

quarter (34.24%), and fourth quarter (60.95%) [41]. 

3.2.4. Soil and Design Data 

The required information for the soil design data in the HELP model [29] are summarized in the 

following subsections: 

1. The characteristics and required data for designing soil layers in the HELP model. 

There are 44 types of soil material characteristics in the HELP model according to [29], 

depending on the two standards systems from the United States Department of Agriculture (USDA) 

and the Unified Soil Classification System (USCS). The types of soil texture from 1 to 15 in addition 

to 21 are classified as low-density soils. The types of soil texture from 22 to 29 are considered 

moderate-density soils, while the types of soil texture 16 and 17 are represented high-density soils. 

The types of soil texture from 35 to 42 are defined as geomembrane and geotextile. The default types 

of waste in this model are from 18 to 19 and from 30 to 33.  

The required data for the suggested soil layers are: thickness of layers (metric: cm), the default 

soil texture according to the USDA system and the USCS system, porosity (vol./vol.), field capacity 

(vol./vol.), the wilting point (vol./vol.), saturated hydraulic conductivity (cm/sec), and the required 

design data for the lateral drainage layer, including the length of drainage (m) and the slope of drain 

(%) [29]. 

The properties of soil sites for the selected new landfills that were conducted by [48] did not 

comply with the international standard requirements for landfill design. In this study, the type and 

properties of the suggested soil layers were used as standard materials for the new landfill sites.  

The type and properties of the suggested soil layers correspond with international requirements for 

landfill design based on the two standards systems (USDA) and (USCS), where these systems are 

adopted in Iraq. The properties of standard soil layers were selected to be similar to the soil properties 

that are available, particularly in Babylon Governorate and generally in Iraq [48]. Some of the 

remaining soil materials (excavated soil) may be used as a daily cover, an intermediate cover, or for 

other uses, according to the specialists in this field.   

The amount of collected water from lateral drainage layer (6) was zero.
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other uses, according to the specialists in this field.   

The values of the average head of water on top of the geotextile and the HDPE layers (4 and 7)
were equal to zero.
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The values of water leakage through the geotextile and clay liner layers (4 and 8) were zero.
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The value of the interception water in the first and final year for the years 2005–2016 was zero.

The results of the annual data for precipitation, run-off, potential evapotranspiration, and actual
evapotranspiration show that there was no difference in the results for the two scenarios (Table 7).
However, the results were not the same for the annual water budget balance and soil water at the start
and at end of each year between 2005 and 2016 (Table 8). Figure 8 shows the results of the annual data
for precipitation, run-off, actual evapotranspiration, and changes in water storage for each year from
2005 to 2016.
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Table 7. Annual values for the weather parameters’ data for the years 2005–2016 calculated within the
HELP model using the two scenarios.

Items
2005 2006 2007

mm % mm % mm %

Precipitation 73.20 100 170.30 100 41.00 100
Run-off 53.11 72.55 115.25 67.67 18.31 44.67

Potential
evapotranspiration 1694.86 1712.47 1715.04

Actual evapotranspiration 20.05 27.39 52.62 30.90 23.73 57.87

2008 2009 2010

Precipitation 51.80 100 52.40 100 87.30 100
Run-off 26.68 51.51 25.74 49.12 51.93 59.49

Potential
evapotranspiration 1728.97 1723.69 1712.94

Actual evapotranspiration 21.25 41.02 31.47 60.05 31.70 36.31

2011 2012 2013

Precipitation 41.70 100 128.80 100 182.90 100
Run-off 18.87 45.25 103.21 80.13 154.30 84.36

Potential
evapotranspiration 1705.54 1741.87 1701.86

Actual evapotranspiration 25.83 61.94 22.89 17.77 33.40 18.26

2014 2015 2016

Precipitation 125.00 100 133.40 100 135.40 100
Run-off 81.04 64.83 96.59 72.41 100.27 74.06

Potential
evapotranspiration 1741.96 1766.09 1761.22

Actual evapotranspiration 34.71 27.77 41.75 31.29 35.48 26.20
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Table 8. Annual data values of water budget balance and soil water at the start and end of each year
from 2005 to 2016 using the two scenarios.

First Scenario

Items
2005 2006 2007 2008

mm % mm % mm % mm %

Change in water storage 0.04 0.06 2.43 1.43 −1.04 −2.54 3.87 7.47
* Soil water at start of year 1110.05 1 1110.09 1112.52 1111.48
Soil water at end of year 1110.09 1112.52 1111.48 1115.35

2009 2010 2011 2012

Change in water storage −4.81 −9.17 3.67 4.20 −3.0 −7.19 2.7 2.10
Soil water at start of year 1115.35 1110.54 1114.21 1111.21
Soil water at end of year 1110.54 1114.21 1111.21 1113.91

2013 2014 2015 2016

Change in water storage −4.8 −2.62 9.25 7.40 −4.94 −3.70 −0.35 −0.26
Soil water at start of year 1113.91 1109.11 1118.36 1113.42
Soil water at end of year 1109.11 1118.36 1113.42 1113.07

Second Scenario

Items
2005 2006 2007 2008

mm % mm % mm % mm %

Change in water storage 0.04 0.06 2.43 1.43 −1.04 −2.54 3.87 7.47
* Soil water at start of year 1694.05 1 1694.09 1696.52 1695.48
Soil water at end of year 1694.09 1696.52 1695.48 1699.35

2009 2010 2011 2012

Change in water storage −4.81 −9.17 3.67 4.20 −3.0 −7.19 2.7 2.10
Soil water at start of year 1699.35 1694.54 1698.21 1695.21
Soil water at end of year 1694.54 1698.21 1695.21 1697.91

2013 2014 2015 2016

Change in water storage −4.8 −2.62 9.25 7.40 −4.94 −3.70 −0.35 −0.26
Soil water at start of year 1697.91 1693.11 1702.36 1697.42
Soil water at end of year 1693.11 1702.36 1697.42 1697.07

1 The difference between soil water at the start of the year 2005 using the two scenarios = 540 mm.

Generally, the results in the HELP model show that the largest amount of water comes from
precipitation, and it was distributed over the surface into the run-off, actual evapotranspiration,
and change in soil water storage between the beginning and the end for each year from 2005 to 2016.
Consequently, no water percolated into the suggested soil layers (under the ground surface), which
were designed for the selected landfill sites.

Annual values for the weather parameters’ data for the years 2005–2016 were calculated within
the HELP model. The rainfall was separated as run-off, potential evapotranspiration, and change
in water storage. For example: in 2005, the value of precipitation was 73.2 mm (100%), run-off was
53.11 mm (72.55%), actual evapotranspiration was 20.05 mm (27.39%), and change in water storage
was 0.04 mm (0.06%).

The soil water at the start of the year 2005 (1110.05 mm) came from adding the first value of
rainfall in 2005 (40 mm) to the initial water content in all of the soil layers (1070.05 mm). The soil water
at the end of each year was estimated in the HELP model based on the value of the water storage
change. For example, the soil water at the end of the year 2005 was 1110.05 mm. This value is the
result of adding the value of water storage change in 2005 (0.04 mm) to the soil water at the start of the
year 2005 (1110.09 mm).
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The increase in the soil water at the start of each year in the second scenario compared with
the value of the first scenario arose as a result of adding a layer of waste (2000 mm). For example,
the difference between the soil water at the start of the year 2005 using the two scenarios was 540 mm.
This value resulted from multiplying the waste initial water content (0.292 mm3 water/mm3) by the
waste thickness (2000 mm).

The volume of precipitation, run-off, and actual evapotranspiration for each year was calculated
by multiplying the value of each parameter by the area of the landfill site. For example, Table 9 shows
the value and volume of these parameters in the Al-Qasim district, Babylon Governorate. The area of
landfills in the Al-Qasim district is 90,000 m2.

Table 9. The value and volume of precipitation, run-off, and actual evapotranspiration in the Al-Qasim
district, Babylon Governorate.

Items
2005 2006 2007

m m3 mm m3 mm m3

Precipitation 73.2 × 10−3 65,880 170.3 × 10−3 153,270 41 × 10−3 36,899
Run-off 53.11 × 10−3 47,802 115.25 × 10−3 103,721 18.31 × 10−3 16,483

Actual evapotranspiration 20.05 × 10−3 18,039 52.62 × 10−3 47,358 23.73 × 10−3 21,352

2008 2009 2010

Precipitation 51.8 × 10−3 46,62 52.40 × 10−3 47,160 87.30 × 10−3 78,570
Run-off 26.68 × 10−3 24,013 25.74 × 10−3 23,166 51.93 × 10−3 46,742

Actual evapotranspiration 21.25 × 10−3 19,121 31.47 × 10−3 28,321 31.7 × 10−3 28,526

2011 2012 2013

Precipitation 41.7 × 10−3 37,530 128.8 × 10−3 115,920 182.9 × 10−3 164,610
Run-off 18.87 × 10−3 16,984 103.21 × 10−3 92,887 154.3 × 10−3 138,868

Actual evapotranspiration 25.83 × 10−3 23,250 22.89 × 10−3 20,605 33.4 × 10−3 30,057

2014 2015 2016

Precipitation 125 × 10−3 112,500 133.4 × 10−3 120,060 135.4 × 10−3 121,860
Run-off 81.04 × 10−3 72,933 96.59 × 10−3 86,930 100.27 × 10−3 90,245

Actual evapotranspiration 34.71 × 10−3 31,240 41.75 × 10−3 37,574 35.48 × 10−3 31,931

4.3. Peak Daily Values from 2005 to 2016

In the HELP model, the peak daily values were calculated for the water behavior in the
suggested soil layers and for different parameters over all of the years from 2005 to 2016 using
two scenarios. The peak daily values of precipitation and run-off were 98.6 mm and 97.19 mm,
respectively. The maximum value of water content in the evaporation zone was 0.315 (vol./vol.), while
the minimum value was 0.288 (vol./vol.). The peak daily value of (i) the amount collected water from
lateral drainage layer (6); (ii) the values of the average head of water on top of the geotextile and
the HDPE layers (4 & 7); (iii) the values of water leakage through the geotextile and clay liner layers
(4 and 8) were all zero. The maximum head of water on top of the layers was computed according to
McEnroe’s equations [70]. In the HELP model, there was no difference in the results for the peak daily
values using the two scenarios.

4.4. Average Monthly Values for the Years 2005–2016

In the HELP model, the values of average monthly data were calculated for the years from 2005
to 2016 using the two scenarios, and similar values were produced in the both scenarios, as shown
in Table 10. These results included the following parameter values: precipitation, run-off, potential
evapotranspiration, and actual evapotranspiration.
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Table 10. Average monthly values (mm) for the years 2005–2016 using two scenarios.

Items JAN. FEB. MAR. APR. MAY. JUN.

Precipitation 17.17 13.38 11.27 9.20 4.06 0.0
Run-off 11.54 8.66 7.10 4.99 2.12 0.0

Potential evapotranspiration 52.36 66.91 107.56 164.21 204.09 230.20
Actual evapotranspiration 4.5 4.72 4.25 5.55 3.44 0.62

JUL. AUG. SEP. OCT. NOV. DEC.

Precipitation 0.0 0.0 0.23 6.57 21.67 18.38
Run-off 0.0 0.0 0.02 4.22 17.16 14.57

Potential evapotranspiration 252.90 227.96 181.71 116.77 66.59 54.27
Actual evapotranspiration 0.01 0.0 0.16 0.62 2.67 3.70

The values of the average monthly water state within the soil layers for the suggested landfill
design from 2005 to 2016, using two scenarios, was as follows:
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The lateral drainage amount that collected water from layer (6) was zero.
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The values of water percolation through the geotextile and clay liner layers (4) and (8) were equal
to zero.
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The values of the daily average head of water on top of layers (4) and (7) were zero.

4.5. Average Annual Values for the Years 2005–2016

The current model, the average annual values (mm), and their proportions were calculated for
the years 2005–2016. Using both scenarios, the values of water percolation through the layers (4) and
(8), the average head on top of layers (4) and (7), and the lateral drainage of water collected from layer
(6) were zero. In the HELP model, using the two scenarios, the average annual value of precipitation
was 101.93 mm. This value was attributed to run-off of 71.36 mm (70%), the actual evapotranspiration
of 30.32 mm (29.75%), and a change in water storage of 0.25 (0.25%). The average annual value of
potential evapotranspiration that was calculated in the HELP model was 1725.54 mm.

4.6. Final Water Storage of Layers at the End of 2016

The final storage of water in all of the layers for the suggested design of the landfills at the end
of 2016 was calculated within the HELP model, with eight layers being used in the first scenario,
and 10 layers being used in the second scenario. The volumetric content of soil water storage was also
calculated in this model, where it was defined as the ratio of water volume in a specific soil layer to the
total volume that is occupied by the voids which are filled with air, water, and soil.

The results for the final water storage at the end of 2016 using the first scenario and the second
scenario can be seen in Table 11. The increase in final water storage in the second scenario when
compared with the first scenario arose as a result of adding a layer of waste (2) m, with the values of
water storage in the waste layer being 58.4 cm.

Using the two scenarios, the total initial water and the final total water in all of the layers were
107.075 cm and 165.475 cm, respectively. The total initial water and the final total water in all of the
layers using the two scenarios were 107.377 cm and 165.777 cm, respectively. The difference between
the initial and final soil water for all of the layers in both scenarios was 0.302 cm. The increase in the
final water storage for each scenario at the end of 2016 resulted from adding the amount of water to
the final cover (layer 1) that resulted from the difference between the soil water at start of year 2005
(1694.05 mm) and the soil water at end of year 2016 (1697.07 mm). The interception water was zero,
where the total subsurface inflow was 0.0 mm/year.
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Table 11. Final water storage in all of the soil layers at the end of the year 2016 using the two scenarios.

Layer The First Scenario The Second Scenario

Final Water
Storage (cm)

Volumetric
Content (vol./vol.)

Final Water
Storage (cm)

Volumetric
Content (vol./vol.)

1 18.462 0.308 18.462 0.308
2 58.400 0.292 116.800 0.292
3 3.930 0.131 3.930 0.131
4 0.0 0.0 0.0 0.0
5 0.005 0.010 0.005 0.010
6 0.960 0.032 0.960 0.032
7 0.0 0.0 0.0 0.0
8 25.620 0.427 25.620 0.427

Total initial water in all layers = 107.075 Total initial water in all layers = 165.475
The difference between the initial and final

soil water = 0.302 cm
The difference between the initial and

final soil water = 0.302 cm
Total water in all layers = 107.377 Total water in all layers = 165.777

Interception water = 0.0 Interception water = 0.0
Total subsurface inflow = 0.0 mm/yr. Total subsurface inflow = 0.0 mm/yr.

5. Conclusions

Adopting a suitable design for landfill in a particular area that has special conditions (such
as shallow groundwater depth and hot climate) is necessary in order to prevent the contamination
of groundwater by the leachate produced from a landfill site. In addition, for any landfill site, an
adequate design should be implemented to fulfill the environmental requirements and protect humans
from the negative effects that result from landfills. In the current study area (Babylon Governorate),
there are no systematic sites for landfill that follow the environmental and scientific criteria, even
though the groundwater depth in the governorate is shallow. The first step involved selecting the
most suitable sites for landfill in each Qadhaa in the Babylon Governorate using GIS software and a
multi-criteria decision making method, as in a previous study. Then, the best suggested design for the
selected landfill sites was obtained. Then, the Hydrologic Evaluation of Landfill Performance (HELP
3.95D) model was used to calculate the amounts of potential and actual evapotranspiration, run-off,
collected lateral drainage of leachate, and leakage or percolation leachate through the base liner of
landfill designs. This model takes into consideration weather factors (precipitation, temperature, solar
radiation, and evapotranspiration) and the properties of the suggested soil layers to produce a perfect
design for landfills.

In the suggested design, the compacted solid waste was placed over the surface because the
groundwater depth in all of the selected landfill sites was shallow. Two scenarios were used to select
the optimum height for the compacted solid waste at the site. The height of the compacted solid waste
in the first scenario was 2 m (one lift of waste). A compacted waste height of 4 m was used in the
second scenario. The compacted solid waste layer was covered with the final cover layer of moderate
compacted sandy clay with a thickness of 60 cm, and also after a specific period when the settlement of
the sandy clay layer caused by the decomposition of organic material of the solid waste had stopped.
The final cover will be replaced with a final 60-cm sealing clay layer. Then, the final cover will be
covered with a 15 cm layer of topsoil to support vegetation growth.

Under the ground surface, a protective 30 cm layer of loam fine sand was placed directly under
the compacted solid waste layer. The non-wave geotextile layer (150 mm) was placed beneath the
protective layer. The lateral drainage layer was placed under the geotextile layer to a thickness of
30 cm. After that, the clay liner layer was placed under the lateral drainage layer to a thickness of
60 cm. Finally, the compacted, 20-cm thick sub-base was put under the clay liner layer.

Perimeter drainage around the landfilling and treatment facilities of the leachate is necessary for
the management of run-on and run-off stormwater. Therefore, the perimeter berm should be built
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around the landfill site with an anchor trench that is constructed along the connecting line of the
outside edge of the perimeter berm.

The results showed that the highest amount of precipitation was dispersed on the surface as
run-off and actual evapotranspiration. There was no leachate within the layers underground (below
the surface sealing), where the values of water percolation through the geotextile and clay liner layers
were zero. The amount of collected water that drained from the lateral drainage layer (the leachate
volume on the drainage layer above the geomembrane) was equal to zero. Thus, the suggested design
for the selected landfill sites was seen to be fit for purpose.

In this study, using the two scenarios, the average annual precipitation value was 101.93 mm over
the years from 2005 to 2016. The average annual value of precipitation was dispersed by run-off, with
a value of 71.36 mm (70%), and by actual evapotranspiration, with a value of 30.32 mm (29.75%).

The increase in the final soil water at the end of 2016 for all of the layers in both scenarios was
0.302 cm. This resulted from adding the amount of water to the final cover.

The soil water at the start of the year 2005 came from adding the first value of rainfall in 2005 to
the initial water content in all of the soil layers. In the HELP model, the soil water at the end of each
year was estimated based on the value of water storage change.

The increase in final water storage from 54.4 cm in the first scenario to 116.8 cm in the second
scenario resulted from adding another layer of waste, which raised the height from 2 m to 4 m.

The cumulative loads that resulted from using 4 m of height waste, the final soil cover (60 cm),
and the daily covers of soil (15 cm) are acceptable. The bearing capacity for the soils of the selected
sites was 50 KN/m2, according to the Iraqi Ministry of Housing & Construction (2016).

The second scenario of placing 4 m of compacted solid waste instead of 2 m in the first scenario
will extend the life span of each selected site from 10 to 18 years (from 2030 to 2038). In addition,
the required area for landfill will be reduced by 50% when compared with using a waste layer height
equal to 2 m.

Future work will use the HELP model to collect data related to the lateral drainage of leachate
and leakage or percolation leachate through the base liner of landfill designs without placing the final
cover. These future studies will also use layers that are similar to those suggested in the experimental
model to estimate the percolation leachate through the base liner.

Acknowledgments: University of Babylon, Iraq provided the first author a scholarship to do his PhD degree at
Lulea University of Technology (LTU). LTU provided all the labs, computer facilities and software for the authors.
The authors would like to gratefully thank Amer Al-Musawi for providing some of information to authors.

Author Contributions: The first author did the field, lab and modeling as well as writing the paper. Other authors,
helped the first author in discussing the results and discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Scott, J.; Beydoun, D.; Amal, R.; Low, G.; Cattle, J. Landfill management, leachate generation, and leach
testing of solid wastes in Australia and overseas. Crit. Rev. Environ. Sci. Technol. 2005, 35, 239–332. [CrossRef]

2. Hart, J. Geophysical Investigation of the Clay Cap at a Closed Landfill in Southwestern Ontario, Canada.
Master’s Thesis, Department of Earth and Environmental Sciences, University of Windsor, Windsor, ON,
Canada, 2013; p. 81.

3. Asefi, H.; Lim, S. A novel multi-dimensional modeling approach to integrated municipal solid waste
management. J. Clean. Prod. 2017, 166, 1131–1143. [CrossRef]

4. Aird, J. Challenges at MSW landfill sites: From daily cover to drainage. Erosion Control 2017, 24, 16–21.
5. Ragazzi, M.; Catellani, R.; Rada, E.C.; Torretta, V.; Salazar-Valenzuela, X. Management of urban wastewater

on one of the Galapagos Islands. Sustainability 2016, 8, 208. [CrossRef]
6. Meegoda, J.N.; Hettiarachchi, H.; Hettiaratchi, P. Landfill design and operation. In Sustainable Solid Waste

Management; American Society of Civil Engineers: Reston, VA, USA, 2016; pp. 577–604.



Sustainability 2018, 10, 125 25 of 27

7. Renou, S.; Givaudan, J.G.; Poulain, S.; Dirassouyan, F.; Moulin, P. Landfill leachate treatment: Review and
opportunity. J. Hazard. Mater. 2008, 150, 468–493. [CrossRef] [PubMed]

8. Ghiani, G.; Laganà, D.; Manni, E.; Musmanno, R.; Vigo, D. Operations research in solid waste management:
A survey of strategic and tactical issues. Comput. Oper. Res. 2014, 44, 22–32. [CrossRef]

9. Alslaibi, T.M.; Abustan, I.; Mogheir, Y.K.; Afifi, S. Quantification of leachate discharged to groundwater
using the water balance method and the Hydrologic Evaluation of Landfill Performance (HELP) model.
Waste Manag. Res. 2013, 31, 50–59. [CrossRef] [PubMed]

10. Brockerhoff, M.P. An Urbanizing World; Population Reference Bureau (PRB): Washington, DC, USA, 2000;
Volume 55, pp. 1–48.

11. Proske, H.; Vlcko, J.; Rosenbaum, M.S.; Dorn, M.; Culshaw, M.; Marker, B. Special purpose mapping for
waste disposal sites. Bull. Eng. Geol. Environ. 2005, 64, 1–54. [CrossRef]

12. Moeinaddini, M.; Khorasani, N.; Danehkar, A.; Darvishsefat, A.A.; Zienalyan, M. Siting MSW Landfill Using
Weighted Linear Combination and Analytical Hierarchy Process (AHP) Methodology in GIS Environment
(Case Study: Karaj). Waste Manag. 2010, 30, 912–920. [CrossRef] [PubMed]

13. Munawar, E.; Fellner, J. Guidelines for Design and Operation of Municipal Solid Waste Landfills in Tropical Climates;
Technische Universität Wien: Vienna, Austria, 2013; p. 28.

14. Joseph, K.; Nagendran, R.; Palanivelu, K.; Thanasekaran, K.; Visvanathan, C. Dumpsite Rehabilitation and
Landfill Mining; Anna University: Chennai, India, 2004; p. 65. Available online: http://saahas.org/wp-
content-saahas/uploads/2015/02/Landfills3.pdf (accessed on 5 October 2017).

15. World Health Organization. Protecting Groundwater for Health: Managing the Quality of Drinking-Water Sources;
World Health Organization: Geneva, Switzerland, 2006.

16. Allen, A. Containment Landfills: The myth of sustainability. Eng. Geol. 2001, 60, 3–19. [CrossRef]
17. Gray, D.A.; Mather, J.D.; Harrison, I.B. Review of groundwater pollution from waste disposal sites in England

and Wales, with provisional guidelines for future site selection. Q. J. Eng. Geol. Hydrogeol. 1974, 7, 181–196.
[CrossRef]

18. Bauerle, M. Adapting the Hydrologic Evaluation of Landfill Performance (H.E.L.P.) Model to the Climatic
and Soil Characteristics of Queensland. Master Thesis, School of Earth, Environmental and Biological
Sciences, Science and Engineering Faculty, Queensland University of Technology, Brisbane, Australia, 2016;
p. 217.

19. O’Leary, P.; Walsh, P. Decision Maker’s Guide to Solid Waste Management; Solid and Hazardous Waste Education
Center, University Of Wisconsin: Madison, WI, USA, 1995; Volume II, p. 372.

20. Alslaibi, T.; Mogheir, Y.; Afifi, S. Analysis of landfill components in estimating the percolated leachate to
groundwater using the HELP model. Water Sci. Technol. 2010, 62, 1727–1734. [CrossRef] [PubMed]

21. Manitoba Sustainable Development, Leachate Management at a Waste Management Facility. Manitoba.ca,
Sustainable Development, Environmental Compliance and Enforcement. 2016; p. 6. Available online:
https://www.gov.mb.ca/sd/envprograms/swm/pdf/leachate_management_wdg.pdf (accessed on
5 October 2017).

22. Inanç, B.; Çalh, B.; Saatçi, A. Characterization and anaerobic treatment of the sanitary landfill leachate in
Istanbul. Water Sci. Technol. 2000, 41, 223–230. [PubMed]

23. Li, R. Management of Landfill Leachate. Master Thesis, TAMK University of Applied Sciences, Tampere,
Finland, 2009; p. 45.

24. Malina, J.F.; Pohland, F.G. Design of anaerobic processes for the treatment of industrial and municipal wastes.
Water Qual. Manag. 1996, 7, 169–175.

25. Ireland Environmental Protection Agency (Ireland EPA). Landfill Manuals Landfill Site Design; Environmental
Protection Agency: Limerick, Ireland, 2000; p. 154.

26. Hughes, K.; Christy, A.; Heimlich, J. Landfill Types and Liner Systems; Ohio State University Extension Fact
Sheet CDFS-138-05; The Ohio State University: Columbus, OH, USA, 2008; p. 4.

27. Iraqi Ministry of Water Resources. General Commission for Groundwater; Internal Reports; Iraqi Ministry of
Water Resources: Baghdad, Iraq, 2015.

28. Berger, K.U. On the current state of the Hydrologic Evaluation of Landfill Performance (HELP) model.
Waste Manag. 2015, 38, 201–209. [CrossRef] [PubMed]



Sustainability 2018, 10, 125 26 of 27

29. Berger, K.U.; Schroeder, P.R. The Hydrologic Evaluation of Landfill Performance (HELP) Model, User’s Guide for
HELP-D (Version 3.95D), 6th revised edition for version HELP 3.95D; Institute of Soil Science, University of
Hamburg: Hamburg, Germany, 2013; p. 74.

30. Schroeder, P.R.; Dozier, T.S.; Zappi, P.A.; McEnroe, B.M.; Sjostrom, J.W.; Peyton, R.L. The Hydrologic
Evaluation of Landfill Performance (HELP) Model; Engineering Documentation for Version 3; U.S. Environmental
Protection Agency Office of Research and Development: Washington, DC, USA, 1994; p. 126.

31. Al-Taie, L. Performance of Clay Liners in Near-Surface Repositories in Desert Climate. Ph.D. Thesis,
Soil Mechanics and Foundation Engineering, Lulea University of Technology, Lulea, Sweden, 2014.

32. Frikha, Y.; Fellner, J.; Zairi, M. Leachate generation from landfill in a semi-arid climate: A qualitative and
quantitative study from Sousse, Tunisia. Waste Manag. Res. 2017, 35, 940–948. [CrossRef] [PubMed]

33. Iraqi Ministry of Municipalities and Public Works. Structural Plan of Babylon Governorate; The Directorate
General of Urban Planning, Information Analysis Report (Revised); Stage 2; Iraqi Ministry of Municipalities
and Public Works: Baghdad, Iraq, 2009; p. 223.

34. Iraqi Ministry of Planning. Records of Directorate of Census Babylon; Internal Reports; Iraqi Ministry of
Planning: Baghdad, Iraq, 2016.

35. Chabuk, A.; Al-Ansari, N.; Hussain, H.M.; Knutsson, S.; Pusch, R. Present status of solid waste management
at Babylon Governorate, Iraq. Engineering 2015, 7, 408–423. [CrossRef]

36. Iraqi Ministry of Municipalities and Public Works. Records of Directorate of Babylon Municipalities; Internal
Reports; Iraqi Ministry of Municipalities and Public Works: Babylon, Iraq, 2013.

37. Iraqi Ministry of Municipalities and Public Works. Babylon Plant for Recycling and Compressing Waste, Records
of Directorate of Al-Hillah Municipality, Babylon; Internal Reports; Iraqi Ministry of Municipalities and Public
Works: Baghdad, Iraq, 2016.

38. Alnajjar, A.Y. Solid Waste Management Scenario in Iraq, Middle East, Solid Waste Management, EcoNENA.
2016. Available online: http://www.ecomena.org/tag/solid-waste-management-in-iraq (accessed on
5 October 2017).

39. Iraqi Ministry of Municipalities and Public Works. Records of Directorate of Babylon Municipalities; Internal
Reports; Iraqi Ministry of Municipalities and Public Works: Babylon, Iraq, 2015.

40. Al Khalidy, K.S.; Chabuk, A.J.; Kadhim, M.M. Measurement of Lead Pollution in the Air of Babylon
Governorate, Iraq during Year 2010. World Acad. Sci. Eng. Technol. 2012, 6, 830–833.

41. Consulting Engineering Bureau College of Engineering. Hydrological Study of Ancient Babylon Site;
Final Report; Baghdad University: Baghdad, Iraq, 2012.

42. Iraqi Ministry of Transportation Constitutions. Iraqi Meteorological Organization & Seismology; Internal Reports;
Iraqi Ministry of Transportation Constitutions: Baghdad, Iraq, 2017.

43. Al-Ansari, N.A.; Abdellatif, M.; Ali, S.; Knutsson, S. Long Term Effect of Climate Change on Rainfall in
Northwest Iraq. Cent. Eur. J. Eng. 2014, 4, 250–263. [CrossRef]

44. Osman, Y.; Abdellatif, M.; Al-Ansari, N.A.; Knutsson, S.; Aljawad, S.B. Climate Change and Future
Precipitation in Arid Environment of Middle East: Case study of Iraq. J. Environ. Hydrol. 2017, 25, 1–18.

45. Chabuk, A.; Al-Ansari, N.; Hussain, H.M.; Kamaleddin, S.; Knutsson, S.; Pusch, R.; Laue, J. Combining GIS
Applications and Method of Multi-Criteria Decision-Making (AHP) for Landfill Siting in Al-Hashimiyah
Qadhaa, Babylon, Iraq. Sustainability 2017, 9, 1932. [CrossRef]

46. Iraqi Ministry of Municipalities and Public Works. Directorate of Sewage Babylon; Internal Reports; Iraqi
Ministry of Municipalities and Public Works: Baghdad, Iraq, 2013.

47. Jassim, S.Z.; Goff, J.C. Geology of Iraq; Dolin, Prague and Moravain Museum: Brno, Czech Republic, 2006;
p. 356.

48. Iraqi Ministry of Housing & Construction. National Center for Construction Laboratories and Research; Internal
Report; Iraqi Ministry of Housing & Construction: Babylon, Iraq, 2016.

49. Chabuk, A.; Al-Ansari, N.; Hussain, H.M.; Kamaleddin, S.; Knutsson, S.; Pusch, R.; Laue, J. Soil
Characteristics in Selected Landfill Sites in the Babylon Governorate, Iraq. J. Civ. Eng. Archit. 2017,
11, 348–363. [CrossRef]

50. Oni, O.A. An Investigation into the Impact of Sequential Filling on Properties of Emplaced Refuse Lifts and
Moisture Stored in a Municipal Solid Waste Landfill. Ph.D. Thesis, Department of Civil and Environmental
Engineering, University of Southampton, Southampton, UK, 2000; p. 226.



Sustainability 2018, 10, 125 27 of 27

51. Chabuk, A.; Al-Ansari, N.; Hussain, H.M.; Kamaleddin, S.; Knutsson, S.; Pusch, R.; Laue, J. Landfills Site
Selection in Babylon, Iraq. J. Earth Sci. Geotech. Eng. 2017, 7, 1–15.

52. British Columbia. Landfill Criteria for Municipal Solid Waste, 2nd ed.; British Columbia Ministry of
Environment: Fort St. John, BC, Canada, 2016; p. 76.

53. Wihan Visser Jan Palm Consulting Engineers; Thorsten Aab WSP Group Africa. Guidelines to the Design
of a Landfill Facility; Landfill Interest Group: Seminar Session 2: Overview of Landfill Facility Design and
Associated Infrastructure; IWMSA: Johannesburg, South Africa, 2014.

54. Bagchi, A. Design of Landfills and Integrated Solid Waste Management, 3rd ed.; John Wiley & Sons: Hoboken, NJ,
USA, 2004; p. 696.

55. Swedish Environmental Protection Agency. Landfilling of Waste, with Guidelines to the Ordinance (2001:512)
on the Landfill of Waste and to Chapter 15, 34 § of the Environmental Code (1998:808); Swedish Environmental
Protection Agency: Stockholm, Sweden, 2004.

56. Rowe, R.K.; Sangam, H.P. Durability of HDPE geomembranes. Geotext. Geomembr. 2002, 20, 77–95. [CrossRef]
57. Joyal, C. New Solid Waste Facility–Preliminary Design Report; Final Report; Department of Public Works and

Engineering, Dillon Consulting Limited: Yellowknife, NT, Canada, 2006; p. 77.
58. SCIP Engineering Group. Conceptual Design of a New Waste Disposal Facility for Lesedi Local Municipality,

Heidelberg; Report No. (10612452-12628-7); Golder Associates: Mississauga, ON, USA, 2014; p. 45.
59. Special Inspector General for Iraq Reconstructive. Baghdad Municipal Solid Waste, Memorandum for

Commanding General, Multi-National Forces—Iraq; Report on Project Assessment of the Baghdad Municipal
Solid Waste Landfill; Baghdad Municipal Solid Waste Landfill: Baghdad, Iraq, 2006; p. 33.

60. New South Wales Environment Protection Authority. Environmental Guidelines Solid Waste Landfills, 2nd ed.;
New South Wales Environment Protection Authority: Sydney, Australia, 2016; p. 95.

61. Abu-Rizaiza, A.S.; Abdul Aziz, H. The Proposed Design and Tendering for the New Phase of Landfill at Southern
Makkah Disposal Site: Phase 1; Design Report; Department of Environmental Sciences, King Abdulaziz
University: Jeddah, Saudi Arabia; Research Cluster on Waste Management, School of Civil Engineering,
Universiti Sains Malaysia: Gelugor, Malaysia, 2011; p. 80.

62. Japan International Coorperation Agency. The Study on the Safe Closure and Rehabilitation of Landfill
Sites in Malaysia. In Technical Guideline for Sanitary Landfill, Design and Operation, Revised Draft; Final Report;
Japan International Coorperation Agency: Tokyo, Japan, 2004; Volume 5, p. 126.

63. Jain, P.; Townsend, T.G.; Tolaymat, T.M. Steady-state design of vertical wells for liquids addition at bioreactor
landfills. Waste Manag. 2010, 30, 2022–2029. [CrossRef] [PubMed]

64. Townsend, T.G. Leachate Recycle at Solid Waste Landfills Using Horizontal Injection. Ph.D. Thesis, University
of Florida, Gainesville, FL, USA, 1995.

65. Jain, P.; Powell, J.; Townsend, T.G.; Reinhart, D.R. Estimating the hydraulic conductivity of landfilled
municipal solid waste using the borehole permeameter test. J. Environ. Eng. 2006, 132, 645–652. [CrossRef]

66. Townsend, T.G.; Miller, W.L.; Earle, J.F.K. Leachate-recycle infiltration ponds. J. Environ. Eng. 1995, 121,
465–471. [CrossRef]

67. Xu, Q.; Kim, H.; Jain, P.; Townsend, T.G. Hydrologic evaluation of landfill performance (HELP) modeling in
bioreactor landfill design and permitting. J. Mater. Cycles Waste Manag. 2012, 14, 38–46. [CrossRef]

68. The World Bank. Guidance Fact Sheet: Landfill Design. p. 6. Available online: http://siteresources.
worldbank.org/INTCARBONFINANCE/Resources/MSW_SCS_FactSheet_Landfill_Design_Final.pdf
(accessed on 8 August 2017).

69. Soil Water Content. Chapter 3. Available online: http://www.cfr.washington.edu/Classes.esrm.410/
Moisture.htm (accessed on 10 July 2017).

70. McEnroe, B.M. Maximum Saturated Depth over Landfill Liner. University of Kansas ASCE. J. Environ. Eng.
1993, 119, 262–270. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



 



Paper 7 
 

Landfill Final Cover Systems Design for Arid Areas 
Using the HELP Model: A Case Study in the Babylon 

Governorate, Iraq 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chabuk, A., Al-Ansari, N., Alkaradaghi, K., Al-Rawabdeh A., Laue, J., Hussain 
M.H., Pusch, R. and Knutsson, S. (2018). Landfill Final Cover Systems Design 
for Arid Areas Using the HELP Model: A Case Study in the Babylon 
Governorate, Iraq. Paper published in Sustainability, 10(12), 4568. 

 
 
 
 



 
 
 
 
 
 

 
 
 



sustainability

Article

Landfill Final Cover Systems Design for Arid Areas
Using the HELP Model: A Case Study in the Babylon
Governorate, Iraq

Ali Chabuk 1,2, Nadhir Al-Ansari 1,* , Karwan Alkaradaghi 1,3,
Abdulla Mustafa Muhamed Al-Rawabdeh 4 , Jan Laue 1, Hussain Musa Hussain 5,6,
Roland Pusch 1 and Sven Knutsson 1

1 Department of Civil Environmental and Natural Resources Engineering, Lulea University of Technology,
971 87 Lulea, Sweden; ali.chabuk@ltu.se or ali_chabuk1975@yahoo.com (A.C.); karwan.alkaradaghi@ltu.se
or gkarwan2003@yahoo.com (K.A.); jan.laue@ltu.se (J.L.); drawrite.se@gmail.com (R.P.);
Sven.Knutsson@ltu.se (S.K.)

2 Department of Environment Engineering, College of Engineering, University of Babylon,
Babylon 51001, Iraq

3 Kurdistan Institution for strategic studies and scientific Research, Sulaimaniyah 460013, Iraq
4 Abdullah Mustafa Muhamed Al-Rawabdeh, Department of Earth and Environmental Science,

Yarmouk University, Irbid, P:BOX 566, 21163, Jordan; abd_rawabdeh@yu.edu.jo
5 Remote Sensing Center, University of Kufa, Kufa, 54003, Iraq; hussainm.alshimmary@uokufa.edu.iq
6 Department of Geology, Faculty of Science, University of Kufa, Kufa, 54003, Iraq
* Correspondence: nadhir.alansari@ltu.se; Tel.: +46-767768027

Received: 31 October 2018; Accepted: 29 November 2018; Published: 3 December 2018
����������
�������

Abstract: The main purpose of selecting proper designs for landfills is to accommodate quantities
of waste without having a negative effect on the surrounding environment and human health.
The Babylon Governorate (province) in Iraq was taken as an example of an arid area with very shallow
groundwater and where irregular waste disposal sites had developed that had not been subject to
international standards when they were selected for landfill use. In the current study, the suggested
design for landfills is a base liner and final cover system. In this suggested design, the final cover
system allows for three scenarios. The first scenario considers an evapotranspiration soil cover (ET)
(capillary barriers type), the second scenario is a modified cover design of “RCRA Subtitle D”, and the
third scenario is a combination of the first and second scenarios. The HELP 3.95 D model was applied
to the selected landfill sites in the governorate to check if there was any penetration of the leachate
that might in future percolate from the landfill’s bottom barrier layer in arid areas. The results from
the suggested landfill design showed that there was no leachate percolation from the bottom barrier
layer using the second and third scenarios. For the first scenario, however, there was a small amount
of leachate through the bottom barrier layer in the years 2013 and 2014.

Keywords: landfill; suggested design; cover systems; HELP 3.95 D model; arid area; shallow groundwater

1. Introduction

Landfills are a common means of disposing waste. Approximately 95% of the world’s garbage
is sent to landfill sites [1–5]. This method is considered an economic and systematic way to manage
garbage when compared to other methods of managing waste, such as the reuse and recycling of
garbage and the burning and subsequent burial of garbage in dump sites [5–8]. Inefficient landfill
management systems in several countries are the cause of harmful impacts that affect both the
environment and human health (e.g., surface water and groundwater contamination, gas emissions,
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and even human suffocation because of the spontaneous combustion of landfill waste) [2,5,9].
In addition, the leachate that is generated within landfills is considered a prime cause of groundwater
contamination. The liquid leachate includes different types of pollutants which filter through the
landfill’s layers [2,3,10]. In addition to the design process, landfill siting is also a complex task since
several significant factors should be accommodated within any study area. These factors include
general and local regulations, economic factors, environmental factors, population growth rates,
increasing public awareness, human health, and, for local residents, the difficulty of finding land that
meets the required conditions to be a landfill site in the face of growing official objection and popular
dissent surrounding the idea of the establishment of landfill locations in their areas [2,11–13]. This is
also the case with respect to landfill siting in the Babylon Governorate in Iraq.

Landfill design broadly includes two systems: the base liner system and the final cover system.
A base liner system is used to control pollution that results from waste in modern landfills. The liner
system is intended to protect environmental parameters (soil and ground water) from contamination
arising from landfill. In modern landfills, the base liner system is constructed to form a barrier between
the environment and the waste and to drain the leachate to treatment facilities through leachate
collection systems. There are many types of landfill liner systems, but they can broadly be described as
the single-liner system, the composite-liner system, and the double-liner system [14].

In contrast, the final cover system is used to separate the waste from the environment through
placing layers of final cover over the waste. The final cover layers act to prevent water from infiltrating
into the mass of waste, thereby reducing leachate generation [15]. In addition, the system minimizes
surface erosion by boosting drainage into the final cover layers. In theory, the final cover system
should operate well during its life span, with the lowest cost for maintenance whilst accommodating
settlement due to any decomposition of organic materials in the waste mass [16].

According to [15], the main designs used as final cover solutions for landfills in semi-arid and arid
areas in the USA are the “RCRA Subtitle D Cover” and the “RCRA Subtitle C Cover” systems. However,
there are alternative designs for a final cover system that can be used, and these include a geosynthetic
clay liner cover, a capillary barrier cover, an anisotropic barrier cover, and an evapotranspiration
soil cover [17]. Indeed, in the literature, many studies have given environmental guidelines and
recommendations for landfill design in various countries and in different regions, as can be seen below.

In New South Wales, Australia, for example, the land area west of the Great Dividing Range has
an arid to semi-arid climate and average rainfall ranges from 15 to 50 cm per annum. The annual
average rainfall in Eastern New South Wales ranges from 70 to 140 cm per annum, while the annual
rainfall in the far northwest of New South Wales is less than 18 cm per annum [18].

In New South Wales, the base liner system design for landfills involves either a primary barrier
for municipal solid waste or a dual barrier system (primary and secondary barriers) for restricted
(hazardous) solid waste landfills [19]. The primary barrier liner system can be used in arid to semi-arid
areas, and its layers are [19] (i) a compacted sub-base, 20 cm thick, (ii) a compacted clay liner
(barrier soil) ≤1 m thick, with a gradient of 3% transverse and 1% longitudinal direction and a
hydraulic conductivity of ≤1.0 × 10−9 m/s, (iii) a geomembrane placed over the clay liner with a
thickness of < 2 mm, (iv) a protective geotextile placed on top of the geomembrane to protect it from
damage, (v) a non-woven separation geotextile placed over the drainage layer to decrease the entry
of fine materials from the waste, (vi) a drainage layer (gravel) with a thickness of 30 cm, and with a
hydraulic conductivity of ≥1.0 × 10−3 m/s. The leachate collection pipes are laid within the drainage
layer, and the internal diameter of the pipes should be >15 cm with an interval of <25 m.

The recommended design for the final cover layers for landfills in New South Wales (from the
top to the bottom layers) is as follows: (i) topsoil of 20 cm, (ii) a re-vegetation layer at least 1 m thick,
(iii) a top barrier layer (compacted clay) with a thickness of 60 cm and saturated hydraulic conductivity
of ≥1.0 × 10−9 m/s, and (iv) a 30 cm thick support layer.

In Kuwait, in the Arabian Gulf (an arid area), the suggested designs for landfill include both the
base liner system and the final cover system [20]. The layers of the base liner system (from bottom
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to top) are as follows: (i) a sub grade layer of native soil, with a minimum saturated hydraulic
conductivity of 1.0 × 10−7 cm/s, (ii) a highly compacted barrier layer of 90 cm with four lifts (each lift
is 22.5 cm) (the hydraulic conductivity of this barrier layer is 1.0 × 10−6 cm/s), (iii) a drainage layer
containing coarse materials (gravel or sand) with a thickness of 30 cm, and containing the leachate
collection pipes, (iv) a geotextile filter layer over the drainage layer to protect it from clogging by
fine materials that might transfer from the waste mass above, and (v) a 60 cm deep protective layer,
used to protect the leachate collection pipes from damage and to filter leachate before it is removed to
treatment units.

The characteristics of suggested layers for the final cover system for landfill in Kuwait (from
top to bottom) are as follows: (i) a topsoil layer, 30 cm thick, containing a mixture of silt and natural
gravel, and with a slope of more than 3%, (ii) a drainage layer (30 cm) consisting of sand or gravel,
with a slope of 3% at the bottom of the layer and with a hydraulic conductivity of ≥1.0 × 10−2 cm/s
(drainage pipes are laid within the drainage layer to transfer leachate to the sump), and (iii) a top barrier
layer comprising compacted soil with a hydraulic conductivity of ≥1.0 × 10−5 cm/s (the thickness of
this layer is 60 cm with three lifts (each lift is 20 cm)), and (iv) a base layer (natural soil) used to collect
gas released from landfill and as a foundation for the cover system layers.

Another example is the suggested design for the new phase of landfill in Southern Makkah,
Saudi Arabia, which consists of the base liner system and the final cover (capping) system [16].
Makkah, Saudi Arabia, is located in a hot, desert climate, and it is notable for high temperatures,
even in winter. The average mean annual temperatures are between 24.7 and 38.1 ◦C, and the average
rainfall reading for the years 1986–2000 is 111.8 mm [21].

In Southern Makkah, the layers for the base liner system (from bottom to top) are as follows [16]:
(i) a base layer consisting of compacted original soil (natural materials) in situ (the soil is laid down as
compacted layers after excavating to the required depth of approximately 1 m above the water table),
(ii) a 30 cm thick cushion layer placed over the base layer and composed of compacted clean sand
(maximum dry density should be more than 90% since this layer acts as a cushion to the geomembrane
liner), (iii) a leachate collection system containing gravel and 30 cm in thickness, and (iv) a 2.5 mm
geomembrane (HDPE) used to prevent the groundwater contamination by the leachate.

The final cover (capping) system in Southern Makkah has the following layers [16]: (i) a foundation
cover of sand material, 30 cm thick, placed over the waste mass, (ii) a cushion layer consisting of
moderately compacted sand with a thickness of 30 cm (this layer is placed over the foundation
cover, and the gas collection pipes are laid within this layer), (iii) a synthetic, bentonite (six mm
thick) clay liner (GCL) positioned between two strong but thin layers of the unwoven geotextile as a
sandwich to protect the bentonite barrier from cracks (the first unwoven geotextile layer is placed over
the bentonite (as a drainage layer), while the second unwoven geotextile is positioned beneath the
bentonite to reinforce the GCL liner), (iv) a 60 cm thick topsoil layer with a surface slope of between
3 and 5% to prevent surface erosion by runoff and water pools on the topsoil surface.

In countries that have a tropical climate (especially developing countries), annual rainfall is more
than 250 cm and can be as much as 1000 cm in monsoon season [22]. Mean temperatures in tropical are
more than 18 ◦C [23]. Both the base lining system and the final cover system are used in these regions.

In such climates, the base liner system consists of five layers as follows [5]: (i) a base liner
layer of clay with a thickness of 40–80 cm, which has a hydraulic conductivity of ≤1.0 × 10−9 m/s,
(ii) a geomembrane liner (HDPE), 0.4–0.5 cm thick, placed on the clay layer, and (iii) a leachate collection
system that includes the drainage layer (gravel) and leachate collection pipes that are placed within it
(the drainage layer should be more than 50 cm thick, with a slope >2%, with a hydraulic conductivity
of ≥1.0 × 10−3 m/s), (iv) an optional non-wave geotextile filter layer placed over the drainage layer
to protect it from clogging by fine materials that come from the layers above, and (v) a protective
layer consisting of compacted soft particles of waste (e.g., paper, organic materials, shredded waste,
other smaller particles of waste), with a thickness of between 30 and 50 cm and with a hydraulic
conductivity of ≤1.0 × 10−5.
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According to [5], the recommended design for the final cover in tropical countries is as follows:
(i) an intermediate cover layer (compost material or soil) placed on the waste zone to a thickness of
50 cm and with a surface slope of between 5 and 10%, (ii) an alternative option where the intermediate
cover can be replaced by a top sealing system (clay liner) based on settlement progress after 5–20 years
(the thickness of the clay liner is 50 cm with a slope of >5%), and (iii) topsoil placed on the clay layer
with a thickness of more than 50 cm. Additionally, in tropical countries, dense vegetation is suggested
for use in the final cover of the landfill.

In cold regions (e.g., Ireland), the components of landfill design for non-hazardous waste include
the base liner system and the final cover (capping) system [24]. The layers of the base liner system
in Ireland are as follows: (i) subgrade, (ii) a composite liner (the lower component) that includes
compacted clay, where the layer’s thickness is ≥1 m with four lifts (each lift is 25 cm), and the
hydraulic conductivity of the compacted soil is ≤1.0 × 10−9 m/s, (iii) a composite liner (the upper
component) consisting of a geomembrane liner (HDPE) with a thickness of ≥2 mm, (iv) a leachate
collection system that contains the drainage layer (gravel) with a thickness of more than 50 cm,
and where the hydraulic conductivity of the gravel is ≥1.0 × 10−3 m/s (the leachate collection pipes of
20 cm diameter are placed within the drainage layer), and (v) a protective layer laid over the leachate
collection layer to prevent any fine materials from moving into the drainage layer and clogging it and
to protect the geomembrane from damage.

The components of the final cover system in Ireland are as follows: (i) a topsoil layer, between
15 and 30 cm thick, consisting of uniform soil with a slope of more than 1:3 to prevent aggregation of
water on the landfill’s surface, (ii) a sub-soil (topsoil support) layer positioned beneath the topsoil layer
with a thickness of ≥1 m, (iii) a drainage layer beneath the support-topsoil layer with a thickness of
50 cm and a hydraulic conductivity of≥1.0× 10−3 m/s, (iv) a 60 cm thick compacted barrier layer with
three lifts (each lift of 20 cm) and a hydraulic conductivity of ≤1.0 × 10−9 m/s, and (v) a foundation
layer (optional) consisting of natural material with a thickness of more than 30 cm and a hydraulic
conductivity of ≥1.0 × 10−3 m/s.

Despite these various working landfill systems that exist in the world, all processes regarding
waste in the Babylon Governorate, starting from the collection to its disposal, lack proper management.
At present, 16 locations for waste disposal are spread over the cities of the Babylon Governorate.
All these locations are considered irregular according to Iraqi authorities, and these waste disposal
locations have all failed to adopt the criteria used in developed countries when being selected [25].
According to [15,16], the composition of municipal solid waste (MSW) in the Babylon Governorate is
55% organic material. In the Babylon Governorate in 2013, the solid waste quantity was approximately
483 thousand (tonnes) [26,27], and the estimated solid waste quantity in 2030 will be close to one
million (tonnes) [25]. In addition to this growth in MSW, landfill siting is complicated by the fact that
the groundwater level (beneath the surface) in the Babylon Governorate is shallow. The maximum
reading of groundwater depth is 15.97 m, while the minimum depth is 0.423 m [28].

As part of an updated study, and in order to check the soil characteristic as well as the water
level from the ground surface to the groundwater depth, soil investigations were done in the year
2016 on the selected sites for landfill in the Babylon Governorate. This investigation provided accurate
information to enable planners to know the locally available soil materials that could contribute in the
construction of the suggested layers within the landfill design. In addition, this information proved
useful when selecting the height, types, and the number of layers above the surface, as well as the depth
and type of layers that will be used beneath the surface. The information also gives planners a suitable
method for selecting layers and other requirements in cases where groundwater depth is shallow in the
study area [24]. Criteria that conform to the requirements of international scientific and environmental
standards were also employed in the process of selecting locations for landfill in all districts in the
Babylon Governorate. Subsequently, multi-criteria methods (MCDM) and GIS software were applied
together in order to establish the optimum location for landfills. The multi-criteria methods were
used to obtain relative weights for the criteria in certain steps and different procedures. The main
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multi-criteria methods applied for this purpose were a pair-wise comparison method, ranking methods,
and rating methods. Many previous studies have also used multi-criteria methods and GIS software to
determine candidate sites for landfill such as [29–34].

In the present study, the “Hydrologic Evaluation of Landfill Performance” (HELP 3.95 D) model
was applied to check the suggested design for the selected sites in the Babylon Governorate districts.
This was because the main additional source for the leachate that resulted from waste is the amount of
water that infiltrates from rainfall. This model enables users to compute the amount of leaching into the
suggested layers and the water level on the surface of barrier layers at various periods. The required
information that should be entered into the HELP model to calculate the leachate and to select the
proper soil materials and layer thicknesses are weather parameters and the soil characteristics for each
layer. The main goal of this model is to know whether any leachate is coming from the waste zone
through the layers located under it and thus causing groundwater contamination [35–37]. To calculate
the leachate throughout the layers in landfill sites, many previous studies have also applied the HELP
model (e.g., [38–43]).

The aim of this study is to adopt a suitable design for landfills in the arid area which is
distinguished by shallow groundwater depth. The Babylon Governorate was selected to be a case
study for the arid area in order to validate the suggested design for landfill that will apply in the study
area: the base liner system and the final cover system. The suitability of the three scenarios for the
final cover system that will be used in the arid area were checked using the HELP model.

1.1. Study Area

The Babylon Governorate lies in the middle part of Iraq, about 100 km to the south of Baghdad
(the Iraqi capital), between latitudes 32◦5′41” N and 33◦7′36” N and between longitudes 44◦2′43” E
and 45◦12′11” E (Figure 1). The area of the Babylon Governorate is 5337 km2, and its population is
about 2,200,000 [44]. Administratively, the Babylon Governorate has five major districts (locally called
Qadhaas). These districts are Al-Hillah, Al-Mahawil, Al-Hashimiyah, Al-Qasim, and Al-Musayiab.
Each district is divided into small cities, and, in total across the five districts there are 16 small cities
that are administratively linked to major districts.

 

 

 

 

 

 

 

 

  

Figure 1. The Babylon Governorate, Iraq. 

 

 

 

 

  

 

 

 

 

 

 

Figure 2. Selected locations for landfill distributed throughout the districts of the Babylon Governorate. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The Babylon Governorate, Iraq.

The Babylon Governorate is located in the arid, hot region between the rivers Tigris and
Euphrates [45,46]. The winter is cold and rainy, with approximately 6.8 h/day of sunlight. The average
daytime temperature is 24 ◦C and, although temperatures normally remain above 0 ◦C (10 ◦C),
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they can decrease below freezing during some nights. The summer season is particularly hot, with an
average of approximately 12 h of sunlight/day and the weather is usually dry with no precipitation.
The temperature during the summer can reach more than 50 ◦C in the shade. The average temperature
ranges during the summer months are between 40 ◦C in the day and 24 ◦C at night. The annual
average wind speed in the Babylon Governorate is 7.2 km/h, with the wind predominantly coming
from the northwest and blowing throughout the year. For the years from 2005 to 2016, average annual
precipitation was 102 mm. The average annual relative humidity is 45.8 [47–50].

1.2. Selecting and Assessing the Candidate sites for Landfill

GIS software was applied using (MCDM) methods to choose the optimum candidate locations for
landfill in each district in the Babylon Governorate. Using the GIS software (10.5 (Lulea University of
Technology, Lulea, Sweden)), for the high vulnerability criteria, 15 final maps were produced for the
study area. These criteria are discussed and explained in [51–56]. Geologically, clastic (fertile) materials
known as alluvial deposits extend from the surface to a depth of more than 50 m, and no rocks are
exposed in this area [57].

Two locations were chosen from the final map of each district (10 locations for the Babylon
governorate), and these locations were compared with their positions on the satellite images of the
governorate. Moreover, in 2016, the soil investigations and soil sample testing for the chosen sites were
conducted by the National Center for Construction Laboratories and Research Babylon-Iraqi Ministry
of Housing & Construction [58,59].

Figure 2 shows the symbols of the chosen location in the Babylon governorate (two sites for
each district). These symbols represent the Al-Hillah district (Location 1 (Hi-1) & Location 2 (Hi-2)),
the Al-Qasim district (Location 1 (Q-1) & Location 2 (Q-2)), the Al-Hashimiyah district (Location 1
(Hs-1) & Location 2 (Hs-2)), the Al-Mahawil district (Location 1 (Ma-1) & Location 2 (Ma-2)), and the
Al-Musayiab district (Location 1 (Hu-1) & Location 2 (Hu-2)) [52].

 

 

 

 

 

 

 

 

  

Figure 1. The Babylon Governorate, Iraq. 

 

 

 

 

  

 

 

 

 

 

 

Figure 2. Selected locations for landfill distributed throughout the districts of the Babylon Governorate. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Selected locations for landfill distributed throughout the districts of the Babylon Governorate.

2. Methodology

2.1. The HELP 3.95 D Model

The “Hydrologic Evaluation of Landfill Performance” (HELP) model is the most commonly
applied model in the world, with a history extending over 30 years, and three versions are now
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available [37]. This model is used to compute the water balance of systems of the cover and bottom
liners for polluted sites and landfills. Although this model does not compute a two-directional flow,
it does compute the flow in a vertical direction (infiltration, evapotranspiration, and saturated and
unsaturated vertical flow) and lateral dimension flow (lateral drainage, surface runoff) as well as the
combination of these processes. Thus, the HELP model is defined as being “quasi-two directional.”
The daily readings of the weather data for a specific period of years (up to 100 years) as well as the
required data for the soil layers in the landfill are entered into this model to calculate the hydrological
water balance in the landfill [37]. This is done by calculating the quantities of runoff, evapotranspiration
(potential and actual), the quantity of soil water storage in the layers of landfill, leachate percolation
through the barrier layers, and the amount of leachate collected by pipes from the drainage layer [35].
For open or closed landfills, the HELP model is applied to check the design of the base liner system
and the final cover system [37].

2.2. Input Data

2.2.1. Evapotranspiration Date

The essential information to calculate the potential as well as actual evapotranspiration in the
HELP model are tabulated in Table 1.

Table 1. The required information data to calculate the evapotranspiration in the “Hydrologic
Evaluation of Landfill Performance” (HELP) model.

No. Items Required Information

1 Location of study area The Babylon Governorate, Iraq.

2 The geographic latitude 32.5.

3 Evaporative zone depth according to the field test. 50 cm.

4 Index of vegetation kind in the selected sites. Fair stand of grass [36].

5 Duration of growing season over the
12 years in the study area. 350 days (starting from 10th January to 15th December) [50].

6 The required average yearly speed of wind above 2
m from ground. 7.2 km/h [49].

7 The required four vales of relative humidity. 64.2% (first quarter), 39.03% (second quarter),
34.24% (third quarter), 60.95% (fourth quarter) [49].

2.2.2. Daily Weather Data

The required input weather data in the HELP model includes rainfall, temperature, and solar
radiation. For the Babylon Governorate, the data for rainfall (daily depth), temperature (daily mean),
and solar radiation (daily sum) for the years from 2005 to 2016 [50] were entered into the model
(Figure 3a–c).
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Figure 3. Average annual readings for 2005–2016 of (a) rainfall, (b) temperature, and (c) solar radiation. 

 

  

 

 

 

  

Figure 4. Sketch of suggested soils layers for the base liner system. 
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Figure 3. Average annual readings for 2005–2016 of (a) rainfall, (b) temperature, and (c) solar radiation.

2.3. Data for Soil Layers Needed for Landfill Design in the HELP Model

The necessary data for soil layers for landfill design that will be entered into the HELP model can
be briefly described as follows.

2.3.1. Landfill Materials Characteristics

Forty-four different kinds of material with their characteristics are found in the current model.
The soil materials are classified into three groups based on their compaction degree using [36]. These
groups are as follows: disturbed agricultural and surface soils (natural soils), moderately compacted
soils, and highly compacted soils. The United States Department of Agriculture (USDA) and the
Unified Soil Classification System (USCS) classifications were used for this purpose [36].

The properties of soil and other material can be changed in the HELP model. Therefore, in the
current study, the properties of material (already existing in the HELP model) were entered in some
layers for the suggested design of landfill, while other layers had their properties changed so that they
had the same properties as soils local to the Babylon Governorate. All these materials entered into
the model to construct the layers of the landfill should be standard and subjected to both the (USDA)
system and the (USCS) system.

2.3.2. Layers Types in the HELP Model

In the HELP model, four layer-types can be used and entered in the soil and design window. These
types, according to [36], are vertical percolation, lateral drainage, barrier soil layer, and geomembrane.

2.3.3. Calculating the Runoff Curve Number

The HELP model estimated the runoff curve number for the surface slope from the soil database
using the developed method of Soil Conservation Service (SCS) for (AMC-II) [35,60]. The values of
slope length and surface slope were 100 m and 3%, respectively, and the texture of the topsoil was
silty-clay loam and the vegetation type on the landfill surface was fair grass.

2.3.4. The Required Height from Landfill Base to Groundwater Level

The height from groundwater level to the base of landfill should be more than 150 cm [61] or,
alternatively, 200 cm [62]. Accordingly, in the Babylon Governorate, the height from the landfill base
(on the surface) to the groundwater level was ≤2 m in the chosen locations for landfill.
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2.4. Soil Layer Data for the Suggested Design

The suggested landfill design in the Babylon Governorate should be implemented in such a way
as to reduce the influence of waste on human health and environmental factors, especially given that
the governorate is located in an arid area and has a shallow groundwater depth. For the current study,
the suggested design of landfill comprises the soils layers for the systems of the base liner and the final
cover as follows.

2.4.1. Base Liner System

The suggested landfill design for the base liner system in these arid areas consists of the bottom
barrier layer, the geomembrane liner, the leachate collection system, and the protective layer.

1. The Bottom Barrier Layer

The aim of implementing a bottom barrier layer within the landfill is to avert or reduce the
contamination of soil, surface water, as well as groundwater by leachate or having polluted water
generated from the landfill locations [24,63]. The bottom barrier layer acts to filter the leachate materials
within it and to avoid the lateral surface flow of leachate [64]. The bottom barrier consists of composite
materials of compacted soils, which have a low permeability.

In the current design, the bottom barrier layer consists of sandy clay with high compaction.
The thickness of the bottom barrier layer is 0.6 m, and its saturated hydraulic conductivity is
1.0 × 10−7 cm/s.

2. The Geomembrane Liner

In a landfill, the geomembrane liner is put over the composite barrier layer [65], and the bottom
barrier and geomembrane act together to prevent leachate percolation into the groundwater.

In this design, a geomembrane of high-density polyethylene (HDPE) was selected for the chosen
landfills. The thickness of the geomembrane is 0.15 cm [61,64], and its hydraulic conductivity is
2.0 × 10−13 cm/s.

3. Leachate Collection System

The system of leachate collection consists of a drainage layer (gravel) and leachate collection
pipes. The function of this system is to collect the percolated leachate from the waste body and send
it, via the collection pipes, to the treatment facility [24,61]. The minimum design requirements for
constructing the leachate collection system are as follows (Figure 3):

• the drainage blanket layer material is to include gravel material [19,24,63];
• the required thickness of the leachate collection system should be 30 cm [16,19,63];
• for the main drainpipes, the lateral spacing is ≤25 m [19] or even ≤30 m [66–68];
• for the main drain pipes, the minimum diameter should be 15 [19,61,63], 20 [24], or even 30 cm [68];
• for the main drainpipes, the minimum longitudinal slope toward the pit (sump) should be 1% [24]

or 2% [19];
• two lateral pipes are to be joined with each main drainpipe, and, for each lateral pipe, the required

space is 2 m [64];
• toward the direction of the main drainpipe, the minimum slope in transverse direction should be

2 [24] or 3% [19];
• all main drainpipes are joined with the main header pipe located around the cells of the site to

send the leachate to the sump.
• the cleaning points should be sited along the main header pipe (outside the waste body) [68] and

at the ends of the main drainpipes and lateral pipes as well as in the cross section of the main
drain pipes and lateral pipes;
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• a leachate collection pit (sump) is distributed in cells of a landfill at the lowest points of the
bottom barrier surface, and gravitational force acts to transfer the leachate by pipes toward the
sumps [24,66];

• operating pumps work to raise the collected leachate in the sumps to the necessary level [24] to
send it to a treatment facility [5].

For the present design, the drainage blanket layer contains gravel material with a thickness of
30 cm and a saturated hydraulic conductivity of 3.0 × 10−1 cm/s. The slope of the lateral drainage
layer for the leachate collection system is 3%, and its length is 100 m.

4. Protection Layer

The protection layer is placed above the gravel material layer within the leachate collection system
to ensure that the drainage layer continues to operate for an extended period. This is because waste
particles must not be allowed to move into the drainage layer, and because of the need to protect the
drainage layer from disruption and the drainage pipes from breakage [5,24].

In this suggested design, the protection layer (30 cm thick) consists of sand, with a saturated
hydraulic conductivity of 5.0 × 10−3 cm/s.

Figure 4 shows the sketch of suggested soils layers for the base liner system.

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 3. Average annual readings for 2005–2016 of (a) rainfall, (b) temperature, and (c) solar radiation. 
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Figure 4. Sketch of suggested soils layers for the base liner system.

2.4.2. Compacted Waste

For the current design, the waste was placed directly above the ground surface level at a total
net height of 2 m after compacting in four lifts, where the height of each compacted lift is 0.5 m.
The preferred typical height of waste after compacting is 2 or 4 m [69]. British Columbia (2016) [61]
suggests the thickness of compacted waste of each lift should be ≤0.6 m.

To reduce the subsidence or settlement under the loading of cumulative solid waste, a 2 m height
of compacted solid waste was used. Thus, the additional height of the compacted waste will increase
the surface deformation of the bottom barrier layer [70]. The density of compacted waste is 700 kg/m3,
which corresponds with the latest studies in this field [71–73]. The characteristics of the compacted
waste with a density of 700 kg/m3 are a porosity of 0.61, a field capacity of 0.161 [74], and a hydraulic
conductivity of 1.0 × 10−5 [75,76]. The daily soil cover of around 15 cm in thickness should take into
consideration the need to cover the waste in the active landfill sites to avoid negative impacts on
human health and surrounding environment elements, such as insect and rodent infestation, odors,
and disease [5,16,61]

2.4.3. The Final Cover System

The purposes of implementing the final cover system in landfills are to (i) prevent waste affecting
public health and the surrounding environment, (ii) reduce odors as well as methane gas release into



Sustainability 2018, 10, 4568 11 of 27

the atmosphere, (iii) decrease the infiltration of rainfall into the waste, and (iv) minimize the erosion
by runoff [5,19,20].

In this study, the suggested design of the final cover system comprises three scenarios. In the first
scenario, the evapotranspiration soil cover (ET) (capillary barriers type) was used. This type of cover
system is the one most applied recently for landfills in arid areas in the USA and other developed
countries [15,17].

In the first scenario, the suggested design for the layers (from the bottom to the top) and their
specifications for the final cover using the evapotranspiration soil cover (ET), uniform (monolithic)
barriers are as follows (Figure 5a).

1. The intermediate cover consists of moderately compacted silty-clay loam of 30 cm depth with a
hydraulic conductivity of 1.9 × 10−6. The intermediate cover is used to cover the waste, once the
waste has reached the maximum allowable height in each cell in a landfill or can be used in the
rainfall season or if the waste has not reached the required height after 30 days [5,61,77].

2. The coarse-particle soil layer consists of coarse sand with a hydraulic conductivity of
1.0 × 10−2 cm/s and a thickness of 30 cm. The difference in the unsaturated hydraulic
conductivity between fine-particle soil and coarse-particle soil layers acts to break the capillary
action at the interface of these layers. Consequently, it will reduce water percolation into the
coarser-grained layer and thus into the waste mass [17].

3. The top, uniform (monolithic) layer contains moderately compacted loam (fine practical) [15].
The saturated hydraulic conductivity is 1.0 × 10−5 cm/s, and its thickness is 75 cm. This layer
acts to store water within the fine particle soil until it is removed from the vegetation through
transpiration or from the surface of the soil through evaporation based on the high temperature
during most months in the arid area [15]. If this layer reaches a saturation point, water can
percolate into the coarse-particle soil layer quickly and then enter the waste mass easily [15].
In addition, this layer enables the growth of plant roots within it that extend from the topsoil
layer [16].

4. The topsoil layer comprises silty clayey loam materials. The thickness of the topsoil layer is 15 cm,
and its saturated hydraulic conductivity is 4.0 × 10−5 cm/s.

The second scenario is the modified cover design of “RCRA Subtitle D,” which is also applied in
arid areas and which is considered the cheapest system according to [15]. The required layers (from the
bottom to the top) for the modified design for the final cover system and their specifications using
“RCRA Subtitle D” are as follows (Figure 5b):

1. The intermediate cover consists of moderately compacted silty-clay loam of 30 cm with a
hydraulic conductivity of 1.0 × 10−6 cm/s.

2. The foundation layer consists of coarse sand with a hydraulic conductivity of 1.0 × 10−2 cm/s,
and its thickness is 30 cm. In this design, the foundation layer is optional and is used to install
the gas collection system within it.

3. The highly compacted soil of sandy clay (as a barrier layer) with a thickness of 45 cm was used
instead of the clay soil that is used in the “RCRA Subtitle D” design. The saturated hydraulic
conductivity of this layer is 1.0 × 10−7 cm/s.

4. The topsoil layer contains silty-clay loam materials. The thickness of the topsoil layer is 15 cm,
and its saturated hydraulic conductivity is 4.0 × 10−5 cm/s.

The third scenario was designed to combine the first and second scenarios. The suggested design
for the final cover consists of the supported vegetation layer that consists of moderate compacted loam
(fine particles) to store water until it evaporates [17]. Beneath this layer is the top barrier layer (the high
compacted sandy clay), which utilizes material readily available in the study area (The Babylon
Governorate, Iraq). The geomembrane layer was positioned over the top barrier layer. The top barrier
layer and the geomembrane liner work together to prevent water percolation into the waste body



Sustainability 2018, 10, 4568 12 of 27

and reduce leachate generation. The principle of the third scenario is based on storing the water that
drains from the surface, within the vegetation layer (fine particles), and the above top barrier until it
evaporates from the surface due to the high temperature during most months in the arid area.

In the third scenario, the layers (from bottom to top) and their specifications for the final cover
include the following (Figure 5c).

1. The intermediate cover consists of moderately compacted silty-clay loam of 30 cm with a
hydraulic conductivity of 1.0 × 10−6 cm/s.

2. The foundation layer (30 cm thick) consists of coarse sand. The saturated hydraulic conductivity
of the foundation layer is 1.0 × 10−2 cm/s. This layer acts as a cushion for the layers that will be
placed above it, and the gas collection system is usually laid within it over the waste zone [16,20].

3. The top barrier layer contains highly compacted sandy clay with a thickness of 45 cm.
The saturated hydraulic conductivity of the top barrier layer is ≤1.0 × 10−7 cm/s.

4. The geomembrane layer (type HDPE), with a thickness of 0.5 cm [71], is put over the top barrier
soil. It has a saturated hydraulic conductivity of 2.0 × 10−13 cm/s.

5. The support vegetation layer consists of moderately compacted loam (fine particles) with a
thickness of 45 cm, and its saturated hydraulic conductivity is 1.0 × 10−5 cm/s. This layer acts to
promote the growth the roots within it that will extend from the topsoil layer [16]. It also stores
water until evaporation occurs [17].

6. The topsoil layer is used for the vegetation growth and involves silty clayey loam materials.
The thickness of the topsoil layer is 15 cm, and its saturated hydraulic conductivity is
4.0× 10−5 cm/s. The slope of the top surface for the final cover is approximately 3% (30H:1V) [24],
while the side slope of the final cover of the landfill site is about 30% (3H:1V) [61,66].
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Figure 5. Sketch of suggested landfill design for final cover systems of (a) the first scenario,
(b) the second scenario, and (c) the third scenario.

2.5. Soils Layers Are Used in the HELP 3.95 D Model

The layers of the base liner system and the layers of the final cover system for all scenarios
were entered into the HELP model. This is used to check the suggested landfill design that will be
implemented in the chosen locations in The Babylon Governorate. The data for the characteristics
of each layer were layer thickness, porosity, field capacity, wilting point, initial soil water content,
and hydraulic conductivity [35,36]. The data for the characteristics of the layers for the suggested
landfill design, considering three scenarios for the final cover system, can be seen in Tables 2–4.
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Table 2. Suggested layer data entered in the HELP model for the landfill design (first scenario).

No. Layer
type Material TK. a

(cm)
P. b

(vol./vol.)
F.C. c

(vol./vol.)
W.P. d

(vol./vol.)
I.W.C. e

(vol./vol.) H.C. f (cm/s)

1 VPL g Top soil layer
(silty clay loam) 15 0.471 0.342 0.210 0.216 4.0 × 10−5

2 VPL Fine-particle soil
layer (MC h loam) 75 0.463 0.232 0.166 0.234 1.0 × 10−5

3 Coarse-particle
soil layer 30 0.417 0.045 0.018 0.045 1.0 × 10−2

4 VPL Intermediate cover
(MC silty clay loam) 30 0.445 0.393 0.277 0.393 1.0 × 10−6

5 BSL i Compacted waste
(700 kg/m3) 200 0.610 0.161 0.077 0.161 1.0 × 10−5

6 VPL Protective layer
(sand) 30 0.437 0.062 0.024 0.062 5.0 × 10−3

7 LDL j Drainage blanket
layer (gravel) 30 0.397 0.032 0.013 0.032 3.0 × 10−1

8 FML k Geomembrane liner
(HDPE l) 0.15

Pinhole density = 0.40 Holes/Hectare;
Installation defects = 4.0 Holes/Hectare;

Placement quality = good; Drainage slope 3%;
Drainage length 100 m

2.0 × 10−13

9 BSL Bottom barrier
(HC m sandy clay) 60 0.40 0.366 0.288 0.40 1.0 × 10−7

Note: a TK.: thickness; b P.: porosity; c F.C.: field capacity; d W.P.: wilting point; e I.W.C.: initial water content; f H.C.:
hydraulic conductivity; g VPL: vertical percolation layer; h MC: moderate compacted; i BSL: barrier soil liner; j LDL:
lateral drainage layer; k FML: flexible membrane liner; l HDPE: high density polyethylene; m HC: high compacted.

Table 3. Suggested layer data entered in the HELP model for the landfill design (second scenario).

No. Layer
type Material TK. a

(cm)
P. b

(vol./vol.)
F.C. c

(vol./vol.)
W.P. d

(vol./vol.)
I.W.C. e

(vol./vol.) H.C. f (cm/s)

1 VPL Top soil layer
(silty clay loam) 15 0.471 0.342 0.210 0.225 4.0 × 10−5

2 VPL Top barrier
(HC sandy clay) 45 0.40 0.366 0.288 0.303 1.0 × 10−7

3 VPL Foundation layer
(coarse sand) 30 0.417 0.045 0.018 0.045 1.0 × 10−2

4 VPL Intermediate cover
(MC silty clay loam) 30 0.445 0.393 0.277 0.393 1.0 × 10−6

5 BSL Compacted waste
(700 kg/m3) 200 0.610 0.161 0.077 0.161 1.0 × 10−5

6 VPL Protective layer
(sand) 30 0.437 0.062 0.024 0.062 5.0 × 10−3

7 LDL Drainage blanket
layer (gravel) 30 0.397 0.032 0.013 0.032 3.0 × 10−1

8 FML Geomembrane liner
(HDPE) 0.15

Pinhole density = 0.40 Holes/Hectare;
Installation defects = 4.0 Holes/Hectare;

Placement quality = good; Drainage slope 3%;
Drainage length 100 m

2.0 × 10−13

9 BSL Bottom barrier
(HC sandy clay) 60 0.40 0.366 0.288 0.40 1.0 × 10−7

Note: a–f are same as in Table 2.
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Table 4. Suggested layer data entered in the HELP model for the landfill design (third scenario).

No. Layer
type Material TK. a

(cm)
P. b

(vol./vol.)
F.C. c

(vol./vol.)
W.P. d

(vol./vol.)
I.W.C. e

(vol./vol.) H.C. f (cm/s)

1 VPL Top soil layer
(silty clay loam) 15 0.471 0.342 0.210 0.214 4.0 × 10−5

2 VPL Support vegetation
layer (MC loam) 45 0.419 0.307 0.180 0.234 1.0 × 10−5

3 FML Geomembrane liner
(HDPE) 0.5

Pinhole density = 0.40 Holes/Hectare;
Installation defects = 4.0 Holes/Hectare;

Placement quality = good; Drainage slope 3%;
Drainage length 100 m

2.0 × 10−13

4 VPL Top barrier
(HC sandy clay) 45 0.40 0.366 0.288 0.40 1.0 × 10−7

5 VPL Foundation layer
(coarse sand) 30 0.417 0.045 0.018 0.045 1.0 × 10−2

6 VPL Intermediate cover
(MC silty clay loam) 30 0.445 0.393 0.277 0.393 1.0 × 10−6

7 BSL Compacted waste
(700 kg/m3) 200 0.610 0.161 0.077 0.161 1.0 × 10−5

8 VPL Protective layer
(sand) 30 0.437 0.062 0.024 0.062 5.0 × 10−3

9 LDL Drainage blanket
layer (gravel) 30 0.397 0.032 0.013 0.032 3.0 × 10−1

10 FML Geomembrane liner
(HDPE) 0.15

Pinhole density = 0.40 Holes/Hectare;
Installation defects = 4.0 Holes/Hectare;

Placement quality = good; Drainage slope 3%;
Drainage length 100 m

2.0 × 10−13

11 BSL Bottom barrier
(HC sandy clay) 60 0.40 0.366 0.288 0.40 1.0 × 10−7

Note: a–f are same as in Table 2.

3. Results

In the HELP model, after entering the data for the hydrological parameters in the Babylon
Governorate along with the soil layers for the suggested landfill design, the extension files for
“weather data files” and “evapotranspiration and soil & design data files” were created. The extension
files were run in this model to produce results for the proposed design, and the results were as follows.

3.1. Evaporative Zone Results

For the period from 2005 to 2016, the value of the evaporative depth zone entered into the HELP
model was 50 cm, and this number was entered based on the field test. Table 5 shows the results of
the evaporative zone of landfills that were computed within this model after entering the required
data for the three scenarios. The value of the total subsurface inflow for each year was zero mm for a
successive 12- year period. The values of the water content in all soil layers (at the beginning of 2005)
were 899.94 mm (first scenario), 851.68 mm (second scenario), and 987.84 mm (third scenario). These
values were obtained by a summation of the value of soil water storage in all layers in 2005 and the
initial rainfall value in 2005 of 40 mm.
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Table 5. Evaporative zone data and total initial soil water content computed in the HELP model for the
three scenarios.

Items
Data

First Scenario Second Scenario Third Scenario

Curve number of runoff 87.83 87.83 87.83
Area fraction that allowing runoff (%) 100 100 100

Evaporative zone (soil depth) (cm) 50 50 50
Evaporative zone (initial water) (cm) 9.55 13.35 9.55
Evaporative storage (top limit) (cm) 21.73 21.06 21.73

Evaporative zone (field capacity) (cm) 15.87 17.94 15.87
Evaporative storage (lower limit) (cm) 9.45 13.23 9.45

Total initial water in layer materials (cm) 93.994 89.168 102.784
Total subsurface inflow 0.0 mm/year 0.0 mm/year 0.0 mm/year

3.2. Annual Data for the Period of (2005–2016)

After entering the hydrological parameters for the Babylon Governorate, together with the
required soil data for the layers of landfill into the HELP model, the annual information over the
period from 2005 to 2016 were computed. The annual results values using the three scenarios are
shown in Table 6. These values comprise the following parameters: rainfall, runoff, evapotranspiration
(potential and actual), and change in water content in the soil for the selected period.

Table 6. Yearly results of hydrological parameters data (mm) computed in HELP 3.95D model
throughout the period of (2005–2016), utilizing three scenarios.

Items 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

P. 73.2 170.3 41 51.8 52.4 87.3 41.7 128.8 182.9 125 133.4 135.4

First scenario

R.F. 1.59 1.82 0 0 0 0 0 41.6 66.43 1.59 3.89 12.17

A.E. 71.54 127.41 79.27 47.93 42.83 87.89 57.0 24.31 129.26 128.34 120.62 133.38

Second scenario

R.F. 9.27 17.78 4.35 0 0 5.37 0 61.57 111.81 14.69 11.49 32.43

A.E. 63.93 123.43 62.88 47.14 42.82 83.28 56.81 22.86 99.81 96.45 113.18 114.36

Third scenario

R.F. 1.59 1.82 0 0 0 0 0 41.6 66.27 1.59 3.89 12.17

A.E. 71.54 127.41 79.27 47.93 42.83 87.89 57 24.31 135.58 128.41 120.61 133.38

Note: P.: rainfall; R.F.: runoff; A.E.: actual evapotranspiration.

The amount of water content in all the soil layers over the period from 2005 to 2016 for the three
scenarios is shown in Table 7.

Table 7. Values of soil water and water storage change in all soil layers (mm) over the period of
(2005–2016) (values computed in HELP 3.95 D model), utilizing three scenarios.

Items
First scenario

2005 2006 2007 2008 2009 2010

Water content in all layers (in the beginning of the year). 939.94 940.00 981.10 942.81 947.22 956.78

Water content in all layers (at the end of the year). 940.00 981.10 942.81 947.22 956.78 956.19

Change water storage in all soil layers. 0.07 41.07 −38.27 4.41 9.57 −0.59
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Table 7. Cont.

Items
First scenario

2005 2006 2007 2008 2009 2010

2011 2012 2013 2014 2015 2016

Water content in all layers (in the beginning of the year). 956.19 940.88 1003.78 990.98 986.05 994.95

Water content in all layers (at the end of the year). 940.88 1003.78 990.98 986.05 994.95 984.79

Change water storage in all soil layers. −15.3 62.89 −12.79 −4.93 8.89 −10.15

Second scenario

2005 2006 2007 2008 2009 2010

Water content in all layers (in the beginning of the year). 891.68 891.67 920.77 894.55 899.20 908.79

Water content in all layers (at the end of the year). 891.67 920.77 894.55 899.20 908.79 907.43

Change water storage in all soil layers. 0 29.09 −26.23 4.66 9.58 −1.35

2011 2012 2013 2014 2015 2016

Water content in all layers (in the beginning of the year). 907.43 892.33 936.71 907.99 921.84 930.58

Water content in all layers (at the end of the year). 892.33 936.71 907.99 921.84 930.58 919.18

Change water storage in all soil layers. −15.11 44.37 −28.72 13.86 8.73 −11.39

Third scenario

2005 2006 2007 2008 2009 2010

Water content in all layers (in the beginning of the year). 1027.84 1027.91 1068.98 1030.71 1035.12 1044.68

Water content in all layers (at the end of the year). 1027.91 1068.98 1030.71 1035.12 1044.68 1044.09

Change water storage in all soil layers. 0.07 41.07 −38.27 4.41 9.57 −0.59

2011 2012 2013 2014 2015 2016

Water content in all layers (in the beginning of the year). 1044.09 1028.78 1091.68 1072.72 1067.72 1076.62

Water content in all layers (at the end of the year). 1028.78 1091.68 1072.72 1067.72 1076.62 1066.47

Change water storage in all soil layers. −15.3 62.89 −18.95 −5.0 8.9 −10.15

3.3. Mean Yearly Data Over a Successive 12 Years Period

The mean yearly rainfall data (mm) and percentages were computed within the HELP model for
the years 2005–2016. In this model, the mean yearly rainfall reading was 10.193 cm. For the distribution
of rainfall in the landfill into the runoff, actual evapotranspiration, and the change in water content in
the soil for all scenarios, the mean yearly values of actual evapotranspiration, runoff, and change in
soil water content can be seen in Table 8.

Table 8. Mean yearly values of actual evapotranspiration, runoff, and change in soil water content of
the three scenarios.

Items Scenario 1 Scenario 2 Scenario 3

Runoff 10.76 22.39 10.74
Actual evapotranspiration 87.44 77.25 87.97

Change in soil water content 3.74 2.29 3.22

The mean yearly readings of water leakage into the layer(s), mean water level above layer(s)
surface, and the collected water from drainage layer(s) are presented in Table 9. The maximum water
head above the layers’ surface was computed based on [78].
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Table 9. Mean yearly readings computed in the HELP 3.95 D model for soil water behavior through
the layers of landfill design over the period of 2005–2016, utilizing three scenarios.

Items
Value

mm %

First scenario

Rainfall 101.93 100
Collected water from drainage layer (7) 3.0 × 10−5 -
Amount of water leakage into layer (9) 0.0 -

Mean water level above layer surface (8) 0.0 -

Second scenario

Rainfall 101.93 100
Collected water from drainage layer (7) 0.0 -
Amount of water leakage into layer (9) 0.0 -

Mean water level above layer surface (8) 0.0 -

Third scenario

Rainfall 101.93 100
Amount of water leakage into layer (4) 0.011 0.011

Mean water level above layer surface (3) 33.16 -
Collected water from drainage layer (9) 0.0 -
Amount of water leakage into layer (11) 0.0 -

Mean water level above layer surface (10) 0.0 -

3.4. Highest Daily Values for the Period of 2005–2016

The highest daily values of different parameters and soil water behavior in all proposed layers
were computed within the HELP model for the successive 12- year period (2005–2016) (Table 10).

Table 10. Highest daily readings computed in current model for rainfall, runoff, and behavior of water
in all proposed layers for a successive 12- year period, utilizing the three scenarios.

Items Value

First scenario

Rainfall 98.6
Runoff 65.62

Collected water from drainage layer (7) 0.0
Amount of water leakage into layer (9) 0.0

Mean water level above layer surface (8) 0.0
Maximum water level above layer surface (8) 0.387

Second scenario

Rainfall 98.6
Runoff 94.33

Collected water from the drainage layer (7) 0.0
Amount of water leakage into layer (9) 0.0

Mean water level above layer surface (8) 0.0
Maximum water level above layer surface (8) 0.0

Third scenario

Rainfall 98.60
Runoff 65.47

Amount of water leakage into layer (4) 1.4 × 10−4

Mean water level above layer surface (3) 156.65
Collected water from drainage layer (9) 0.0
Amount of water leakage into layer (11) 0.0

Mean water level above layer surface (10) 0.0
Maximum water level above layer surface (10) 0.0
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3.5. Soil Water Storage for the Suggested Layers of Landfill (Initial and Final Values)

The values of soil water storage for the suggested layers in the landfill (initial value in 2005 and
final value in 2016) were computed with the HELP model. Volumetric content of the soil water storage
was also computed in the current model. The readings of initial soil water content in all layers in 2005
(at the end of the first year for the chosen period) for the first, second, and third scenarios were 93.994,
89.168, and 102.784 cm, respectively. The readings of final water content in all soil layers at the end of
2016 were 98.480 (first scenario), 91.918 (second scenario), and 106.647 cm (third scenario) (Table 11).
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4. Discussion

Adequate landfill design is the main factor in environmental requirements to prevent the
contamination of groundwater by the leachate produced from a landfill site, especially in a low
groundwater level and arid area like the Babylon Governorate, Iraq.

Proposed designs for the selected landfill sites in Babylon Governorate using a Geographic
Information System environment and MCDM methods consist of a base liner system and a final cover
system. For three scenarios, the suggested design for the base liner system consists of a protection
layer of sand material with a thickness of 30 cm positioned beneath the zone of waste. A drainage
layer (gravel) of 30 cm was placed beneath the protective layer, and the leachate collection pipes
are laid within this layer to remove and send the leachate to the treatment facilities. A 0.15 cm
thick geomembrane liner (a type of high-density polyethylene) was placed directly over the bottom
barrier layer. The bottom barrier layer consists of composite soil of sandy clay at a thickness of 60 cm.
This layer is set in situ as four sub-layers (each being 15 cm thick) under high compaction.

To avoid crack forming in the clay layer when it is exposed to drying from below by heat that is
released from the bottom of the landfill or from surrounding conditions [19], a mixture of clay with
granular materials (e.g., sand) is usually used to reduce the potential for swelling and shrinkage and
to improve the shear strength of cohesive clayey soils [79]. Mixing clay soil with granular materials is
a soil improvement method. The mixture of green clay (70%) or red clay (80%), which are available in
Iraq, with sand (in the bottom barrier) yields a hydraulic conductivity of 1.0 × 10−9 cm/s [41].

The compacted waste is put over the ground surface because of the low groundwater level in
Babylon Governorate. The solid waste height was 2 m, with a density of 700 kg/m3 (after compaction)
in order to reduce settlement and deformation on the bottom barrier soil surface under the cumulative
loads of waste over the landfill surface. Then, the intermediate soil cover of 30 cm is used to cover the
waste mass to conserve the environment in the surrounding areas.

In the current design of landfills, for the final cover system, three scenarios that are suitable for
arid areas were suggested. The first scenario (evapotranspiration soil cover (ET), capillary barriers)
contains the coarse-particle soil layer (coarse sand) with a 30 cm thickness, and this is placed over the
intermediate cover layer. The fine-particle soil layer (moderately compacted loam) with a thickness of
75 cm is placed on the coarse particle soil layer. A 15 cm thick layer of topsoil is then placed on top of
the fine particle soil layer, which consists of silty-clay loam.

In the second scenario, the “RCRA Subtitle D” cover design was used, but it was modified by
adding the coarse sand layer (30 cm) as a foundation for the layers of the cover system, and which was
placed over the intermediate cover. Then, the clay soil that is used in the “RCRA Subtitle D” cover
design as a barrier layer was replaced by the highly compacted soil of sandy clay (45 cm), which is
available in the Babylon Governorate. The topsoil layer of silty clayey loam is placed over the barrier
layer with a thickness of 15 cm.

In the third scenario, the suggested design for the final cover system was based on combining
certain layers from the first and second scenarios. This cover consists of the intermediate cover (30 cm)
of moderately compacted silty-clay loam, and the foundation layer (30 cm) of coarse sand placed over
the intermediate cover. The top barrier layer (45 cm) of highly compacted sandy clay, and with a
saturated hydraulic conductivity of 1.0 × 10−7 cm/s, was placed over the foundation layer. The 0.5 cm
thick geomembrane liner (HDPE) was placed on the top barrier. The supported vegetation layer of
moderately compacted loam (fine particles) was placed on the geomembrane liner, and this layer is
used to store water within it and on the top barrier layer until evaporation takes place. The topsoil
layer (15 cm) of silty-clay loam is placed over the supported vegetation layer.

According to [41], mixing sand with proportions of green clay (30–50%) and red clay (40–60%)
yields a hydraulic conductivity of 1.0 × 10−9 to 1.0 × 10−10 m/s. Therefore, the top barrier layer of
sandy clay is more suitable than the clayey soil for the final cover system of landfills in arid areas.

The top barrier layer (in the second and third scenarios) and the top uniform (monolithic) layer
(fine practical) (in the first scenario) must be maintained for a certain time to avoid deformation
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on these layers’ surface (without a ripple) and cracks when the organic material within the waste
zone degrades [5]. The waste in the Babylon Governorate is composed of more than 55% organic
material [80]. Therefore, a similar amount of soil material was used to construct the top barrier layer
and the top uniform layer, but this should be subject to monitoring and maintenance (if it is necessary)
for a specific time until the settlement in these surface layers has completed before placing other layers
of the final cover system over it.

In the current design, the HELP 3.95 D model was applied to check the suggested design
appropriateness for the chosen landfill sites in Babylon Governorate. This model considers hydrology
parameter data as well as the required data for evapotranspiration and soil layers for the proposed
landfill design. In the current model, results showed that the mean yearly rainfall reading was
10.193 cm for the chosen period from 2005 to 2016. Actual evapotranspiration, runoff, and changes in
water content in all soil layers are the results of mean yearly rainfall. The value of mean yearly runoff
(22.39 mm) in the second scenario was higher than in both the first scenario (10.76 mm) and the third
scenario (10.74 mm). The values of actual evapotranspiration in the first scenario (87.44 mm) and third
scenario (87.97 mm) were more than that in the second scenario (77.25 mm). The mean yearly values of
change in water storage were 3.74 (Scenario 1), 2.29 (Scenario 2), and 3.22 mm (Scenario 3) (Figure 6).
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Figure 6. The mean yearly values of runoff, actual evapotranspiration, and change in water storage in
soil of the three scenarios.

For all scenarios, the mean yearly results obtained showed that there was no water percolation
through the bottom barrier layer during the years from 2005 to 2016. In the first scenario, the amount
of water drainage that was removed from the leachate collection system was 3.0 × 10−5 mm. In the
second and third scenarios, there was no leakage through the soil layers that were positioned under the
ground surface. In the third scenario, the mean water level above the geomembrane surface (Layer 3)
within the final cover system was about 33 mm, and the amount of water leakage into the top barrier
soil (Layer 4) was 0.011 mm.

In this model, annual runoff values in the second scenario were higher than the values in the
first and third scenarios, which were close to each other. Furthermore, the values of the actual
evapotranspiration for the first and third scenarios were almost equal and more than the values in the
second scenario (Figure 7). For all three scenarios, most values of actual evapotranspiration during
the chosen period (2005–2016) were higher than runoff values, except for some years in the second
scenario where the runoff values were higher than those of the actual evapotranspiration due to a high
amount of rainfall.
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In the second and third scenarios, the results of annual values showed that there was no water
percolation into the bottom barrier layer for the years from 2005 to 2016. Moreover, in the first scenario,
there was no leachate percolation through the bottom barrier layer during the study years apart from
in 2013 and 2014. In these years, water percolation figures were 1.4 × 10−5 and 4.0 × 10−6 mm,
respectively. These values are considered small, and they resulted from the high rate of rainfall during
these years. In such cases, the layer (Layer 2) of fine particle soil (within the final cover) reached a limit
of saturation, meaning that water infiltrated quickly into the layer of coarse particle soil, and through it
to the under layers. Although, these values were small, they should still be considered when adopting
this design in the study area.

The amount of water content in all soil layers for the years from 2005 to 2016 for the second
scenario were more than that for the first scenario, and the first scenario was higher than the third
scenario. This is due to the use of additional layers that acted to increase the final water content of
the soils in each scenario. For the three scenarios, the values of water content change in the soil layers
yielded a negative hydrological water balance in the last year of the selected period (2016). Therefore,
the water interception was equal to 0.0 mm/year for the three scenarios.

In the HELP model, the maximum daily value of runoff in the second scenario (94.33 mm) was
higher than in the first (65.62 mm) and third scenarios (65.47 mm). For all scenarios, there was no
leakage of leachate from any layers of the landfill situated beneath the ground surface. In the third
scenario, the average highest daily value of the water level above the geomembrane surface (Layer 3)
was 156.65 mm. The value of water percolation through the top barrier soil (Layer 4) was 1.4 × 10−4

mm, but there was no water leakage through the layers beneath it.
The cost of the “RCRA Subtitle D” cover design (second scenario) was cheaper than the design

for the final cover of evapotranspiration (ET) (the first scenario) [15]. Therefore, the third scenario of
final cover design is logically more expensive than that in the first and second scenarios because it
used additional layers in its design.

For all layers, the value that resulted from subtracting the amount of final soil water storage
from the initial soil water storage was 4.486 (first scenario), 2.75 (second scenario), and 3.863 cm
(third scenario). For all scenarios, the value of interception water was 0.0 mm/year.

In the first scenario, the additional value in the final water content in all soil layers in 2016
compared to initial water content in all soil layers in 2005 resulted from the infiltration of surface water
through the topsoil layer (Layer 1), the fine particle soil layer (Layer 2), the coarse particle soil layer
(Layer 3), and the waste mass layer (Layer 5). In the second scenario, the value of final water content in
the soil layers of the landfill increased in 2016 due to the infiltration of a quantity of rainfall that came
from the surface through the topsoil layer (Layer 1) and the top barrier soil layer (Layer 2). In the third
scenario, the value of final water content in all the soil layers in 2016 was higher than the initial value
of soil water content in 2005. This is because surface water infiltrated into the topsoil layer (Layer 1)
and the support vegetation layer (Layer 2), so a small amount (1.543 cm) infiltrated into the waste
mass itself (Layer 7).
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5. Conclusions

In the present study, the suggested design of landfill in the arid areas consisted of a base liner
system and a final cover system. For the final cover system in the study area, three scenarios were
used. These scenarios are the evapotranspiration soil cover (ET) (capillary barriers) (first scenario),
the modified cover design, “RCRA Subtitle D” (second scenario), and the third design scenario,
suggested because it combines the advantageous properties of the first and second scenarios.

The three scenarios of the final cover system are suitable for implementing in arid areas based on
the properties of weather parameters that are available in these areas (high temperature, and a low
rainfall amount but with high intensity in a short duration). The results showed there was no leachate
percolation through the bottom barrier layer during the years (2005–2016) using the second and third
scenarios. In the first scenario, the small leachate amount only leaked through the bottom barrier layer
in 2013 and 2014. Generally, therefore, the suggested landfill design has achieved its main objective in
the Babylon Governorate, and this design can be applied in arid areas that have similar conditions to
the study area.
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Abstract: The landfill design is necessary to be implemented in various regions to protect public human health and the factors of 
environment. The suggested design of landfill was performed in the arid areas, where that Babylon Governorate, Iraq was selected as a 
case study. Babylon Governorate is located in the middle of Iraq. The suggested design for the selected sites for landfill in the arid areas 
was consisted of the base liner and final cover systems. The HELP 3.95D model was applied on both systems to check if there is any 
leakage by leachate from the suggested soil layers of landfill base on the water balance in Babylon Governorate for the years 2005-2016. 
The suggested design of final cover system was implemented based on weather parameters in the arid areas through storing water that 
coming from the surface within upper layers that have fine particles and over the top barrier without leakage into the waste body, 
thereby preventing leachate generation. This is allowing to the stored water to evaporate from the surface of soil or transpire through 
vegetation due to the high temperature during the most months in the study area. The results showed there was no percolation of 
leachate through the base liner system. The design of final cover system was acted to reduce the runoff on the surface and increase the 
actual evaporation.  
 
Key words: Landfill design, arid areas, soil layers, solid waste, HELP model. 
 

1. Introduction  

Landfill is considered a common systematic and 

economic technique to manage the MSW (municipal 

solid waste) disposal in most countries, especially 

developing countries even though when other methods 

are for waste management such as recycling, reuse, 

burning and burial are used [1-5]. MSW consists of 

organic, commercial, industrial, institutional and 

construction wastes [6].  

Inefficient management of landfills gives negative 

impacts on the human health and environmental factors 

when implemented the landfills in several countries 

such as pollution of groundwater and surface water by 
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leachate, gas emissions to atmosphere and other [5, 7, 

8]. The systematic design of landfill consists of two 

systems are the base liner system and the final cover 

system. 

The aim of using the base liner system in modern 

landfills is to control contamination resulting from 

landfill on environmental factors, where that the 

leachate generated from landfills represents the main 

threat to groundwater and soil. The main sources of 

leachate are rainfall and the water that comes from the 

waste itself. In modern landfills, the base liner system 

is constructed to form a barrier between the waste and 

the ground. In addition, this system works to drain the 

leachate to treatment facilities using the leachate 

collection system [9].  

The final cover system works to isolate the waste 
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mass from surrounding environment by putting the 

suitable layers of the final cover system for the landfill 

on the waste surface. The layers of the final cover 

system work to avert water infiltration into the waste 

body, consequently, reducing the generation of 

leachate downward in the landfill. Furthermore, the 

final cover system is contributed to reducing the 

surface erosion by improving the drainage into the 

layers of system regularly [10]. 

Selecting sites for landfill should adopt the most 

significant criteria for the study area. These criteria are 

different from area to another depending on the 

existing factors and conditions.  

Babylon Governorate locates in the arid-hot area, 

and its groundwater depth is shallow ranging from 

0.423 m to 15.97 m below the ground-level [11]. 

Therefore, the special conditions in Babylon 

Governorate should be taken into consideration when 

selecting the criteria for landfills siting, also when 

adopting the suitable suggested design for the base 

liner and the final cover systems in the landfill to 

protect human health and to conserve the environmental 

parameters from contamination (air, soil and water).  

The hydrologic evaluation of landfill performance 

(HELP 3.95D) model was applied to check the 

proposed design for the selected sites for landfills in the 

districts of Babylon governorate. The data of soil 

layers' design with the weather data parameters were 

combined in this model. The HELP model was applied 

to estimate the water balance for the base liner and the 

final cover systems in the landfill. In the HELP model, 

the amount of leachate percolated was calculated 

through the soil layers. In addition, the amount of 

runoff and actual evapotranspiration that result from 

rainfall was estimated when the suggested layers were 

used for the final cover system of landfill [12-14]. In 

the literature reviews, several previous studies used the 

different versions of the HELP model to estimate the 

leachate within the landfill sites (e.g., [4, 15-19]). 

The main objective of this study is to select an 

appropriate design for the base liner system and the 

final cover system for the selected sites in Babylon 

Governorate, which is located in the arid areas. The 

layers of the base liner system should be designed 

perfectly to prevent the groundwater pollution by 

leachate percolating in these sites because the 

groundwater depth in Babylon Governorate is very 

shallow. The suggested final cover system should be 

designed to achieve its main purposes through reducing 

the surface runoff, increasing the actual 

evapotranspiration and decreasing the water infiltration 

into the waste body which helping reduce the leachate 

generation. Then, apply a suitable model on the 

suggested design for the selected landfill sites in the 

governorate to check the suitability and efficiency of 

this design for the study areas. 

1.1 Previous Studies for Landfill Design  

In the literatures, many previous studies were issued 

concerning the environmental guidelines and 

recommendations for landfills' design in various 

countries and in different regions, including the base 

liner system and the final cover system. Table 1 is a 

summary of previous required designs for the base liner 

system for the landfills in different countries and 

regions, while Table 2 displays the summary of designs’ 

requirements and the characteristics of the layers for 

the final cover system for the landfills.  

1.2 Study Area (Babylon Governorate, Iraq) 

Babylon Governorate is situated in the middle of 

Iraq about 100 km to the south of Baghdad (the capital 

Iraqi), and it locates between latitudes 32˚5'41'' N and 

33˚7'36'' N, and longitudes 44˚2'43'' E and 45˚12'11'' E 

(Fig. 1). Babylon Governorate includes the Babil city 

which considered the most famous city of the ancient 

world and is part of “Cradle of Civilizations”. The 

Babil city was built 4,100 years ago; it represented the 

power center of an expansive and influential empire 

[26, 27]. Babylon Governorate has a strategic location 

through connecting the north and south governorates of 

Iraq [28].  
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Table 1  Summarize of previous designs for the base liner system for landfills. 

No. Items Thickness No. Items Thickness

Victoria, Australia [20] Devon, Gauteng, South Africa (Subtropical latitude) [21] 

1 Sub-base. 30 cm 1 Subgrade. - 

2 
Compacted clay layer with hydraulic 
conductivity of ≤ 1.0E-9 m/s. 

1 m 2 
Compacted clay layer with four lifts, and its 
hydraulic conductivity is ≤ 1.0E-9 m/s. 

60 cm 

3 A geomembrane liner (HDPE). ≥ 1.5 mm 3 A geomembrane liner (HDPE). ≥ 1.5 mm

4 Protection non-woven geotextiles.  4 
Protection layer (silty sand) or non-wave 
geotextile as a protection layer. 

10 cm 

5 
Drainage layer (gravel) with hydraulic 
conductivity of ≥ 1.0E-3 m/s, and leachate 
collection pipes with diameter of (15- 20) cm. 

30 cm 5 
Leachate collection layer with hydraulic 
conductivity of ≥1.0E-3 m/s, and leachate 
collection pipes.  

≥ 15 cm 

6 Non-woven geotextiles filter layer. - 6 Non-woven geotextiles filter layer. - 

Kuwait (Arabic Gulf (arid area)) [22] Makkah, Saudi Arabia (Hot desert climate) [23] 

1 
Subgrade (compacted native soil) with hydraulic 
conductivity of ≤ 1.0E-7 cm/s. 

- 1 
The base layer consists of compacted original 
material to depth of 1 m above the water table.

1 m 

2 
High compacted barrier layer with four lifts, and 
its hydraulic conductivity is 1.0E-6 cm/s. 

90 cm 2 The compacted cushion layer (clean sand). 30 cm 

3 
Drainage layer contains coarse material (gravel 
or sand)/leachate collection pipes. 

30 cm 3 Geomembrane liner (HDPE). 2.5 mm 

4 Non-wave geotextile filter layer.  
4 

Leachate collection system (gravel), and 
leachate collection pipes. 

30 cm 
5 Protective layer. 60 cm 

Ireland (Cold region) [24] British Columbia, Canada [25] (applying in arid & non-arid areas)

1 Subgrade. - 1 Subgrade (native soil or bedrock). - 

2 
Compacted clay layer with four lifts, and its 
hydraulic conductivity is ≤ 1.0E-9 m/s. 

≥ 1m 2 
Compacted barrier layer (silty clay) and its 
hydraulic conductivity is ≤ 1.0E-7 cm/s. 

75 cm 

3 Geomembrane liner (HDPE). > 2 mm 3 Geomembrane liner (HDPE). 1.5 mm 

4 
Leachate collection layer (gravel) with hydraulic 
conductivity of ≥ 1.0E-3 m/s, and leachate 
collection pipes with diameter of 20 cm. 

≥ 50 4 Non-wave geotextile protection layer. - 

5 Protection layer. - 
5 

Leachate collection layer (gravel), and 
leachate collection pipes. 

30 cm 

6 Non-wave geotextile filter layer. - 

 

Table 2  Summarize of previous designs for the final cover system for landfill. 

No. Items Thickness No. Items Thickness

Victoria, Australia [20] Devon, Gauteng, South Africa (subtropical latitude) [21] 

1 Foundation layer. 30 cm 1 Foundation and gas collection layer. 15 cm 

2 
High compacted clay layer (barrier soil) with 
hydraulic conductivity of ≤ 1.0E-9 m/s. 

< 60 cm 
2 Non-wave geotextile filter layer. - 

3 Compacted barrier layer with three lifts.  45 cm 

3 Sub-soil layer. 1m 
4 Topsoil layer. 20 cm 

4 Topsoil layer. 20 cm 

Kuwait (Arabic Gulf (arid area)) [22] Makkah, Saudi Arabia (Hot desert climate) [23] 

1 
Foundation and gas collection layer (compacted 
natural soil).  

30 cm 1 Foundation cover layer of sand. 30 cm 

2 
Compacted top barrier soil with three lifts, and 
its hydraulic conductivity is ≤ 1.0E-5 cm/s. 

60 cm 2 
The cushion layer of moderately compacted 
sand. 

30 cm 

3 Drainage layer. 30 cm 3 

The synthetic clay liner (GCL) consists of 
bentonite (six mm). The GCL layer is 
positioned between two strong and thin layers 
of the unwoven geotextile as a sandwich. 

- 

4 Topsoil layer (mixture of silt and natural gravel). 30 cm 4 
Topsoil layer with surface slope between 
3-5%. 

20 cm 
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(Table 2 continued) 

No. Items Thickness No. Items Thickness

Ireland (cold region) [24] British Columbia, Canada [25] (applying in arid & non-arid areas)

1 
Foundation and gas collection layer (optional) 
with hydraulic conductivity of ≥ 1.0E-3 m/s. 

≥ 30 cm 1 
Compacted barrier with hydraulic conductivity 
of ≤ 1.0E-7 cm/s. 

60 cm 

2 
Compacted barrier layer with three lifts (each lift 
of 20 cm), and hydraulic conductivity is ≤ 1.0E-9 
m/s. 

60 cm 2 A geomembrane liner (HDPE). 1.5 mm 

3 
Drainage layer (gravel) with hydraulic 
conductivity of ≥ 1.0E-3 m/s. 

50 cm 
3 
 

Non-wave geotextile filter layer. - 

4 Sub-soil layer. ≥ 1 m 
4 
 

Sub-soil (support vegetation) layer. 45 cm 

5 Topsoil layer of uniform soil. 15-30 cm 5 Topsoil layer. 15 cm 
 

 
Fig. 1  Babylon Governorate, Iraq. 
 

Babylon Governorate covers an area of 5,337 km2, 

including cities of Babylon Governorate. Babylon 

Governorate had a population of approximately 

2,220,000 inhabitants up to 2017 distributed 

throughout five major cities, referred to as districts or 

(Qadhaas) [29]. These districts are Al-Hillah, 

Al-Hashimiyah, Al-Musayiab, Al-Mahawil and 

Al-Qasim.  

1.3 Climate  

The climate of Iraq is divided mainly into three types. 

These are: continental, subtropical semi-arid and 

Mediterranean [30]. According to FAO [31], Iraq is 

divided into four zones of agro-ecological which are 

[32]:  

(a) The arid and semi-arid zones with a 

Mediterranean climate which covered mainly the 

governorates in northern parts of Iraq. 

(b) The desert zone is extended from north of 

Baghdad to the borders of Saudi Arabian and Jordan, 

where the climate in this zone is distinguished by 

extreme temperatures in summer and the annual 

rainfall is less than 200 mm.  

(c) Steppes zone is located between the 

Babylon Governorate

Al-Hashimiyah

Al-Hillah

Al-Mahwil

Al-Musayiab

Al-Qasim
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Mediterranean and desert zones, where that the annual 

rainfall in the cold winter is between 200-400 mm and 

the temperatures in summer are very hot. 

(d) The irrigation area zone is located between the 

rivers of Tigris and Euphrates and extended from the 

north of Baghdad to the south in Basra.  

The rainfall takes place during winter in most parts 

of Iraq (from December to February), while in 

mountains from November to April. The annual 

quantity of rainfall from the south and southwest to the 

north ranges from less than 100 mm to more than 1,000 

mm. The mean daily temperature is 16 °C and at night, 

the temperature drops to 2 °C. During the Summer, the 

climate is hot to so hot and dry (without rainfall), where 

the daily temperature during the hottest months July 

and August reaches over 43 °C in the shade and 

decreases to 26 °C at night [30].  

Babylon Governorate is located in the arid region in 

fertile land between the Tigris and Euphrates rivers [32, 

33]. The winter season is usually rainy and cold, with 

about 6.8 hours/day of sunshine. The mean daily 

temperature is 24 °C, though temperatures usually keep 

on above 0 °C. Temperatures can drop below freezing 

during some nights. The summer is very hot with a 

mean sunshine duration of about 12 hours/day and this 

season is usually dry with no rainfall. The temperature 

during the summer can rise more than 50 °C in shade. 

The mean temperature ranges during summer from 

40 °C during the day to 24 °C at night. The annual 

average wind speed in Babylon Governorate is 7.2 

km/h. The dominant wind direction in the governorate 

is northwest. For the years from 2005 to 2016, the 

mean annual rainfall was 102 mm. The average annual 

proportion of relative humidity was 45.8 [26, 28, 34, 

35].  

2. Methodology 

2.1 Selection Sites for Landfill 

2.1.1 Estimated Future Quantities of Solid Waste 

Generated 

The quantity of expected future solid waste in 

Babylon and its districts for the year 2030 are 

calculated based on the expected population for each 

specific year as well as the rate of increment for waste 

generation rate in Babylon Governorate and its 

districts. 

To calculate the population for each year from 2013 

until 2030 Eq. (1) is used [36]. 

PP= PF (1+r) n (1)

where, PP is the future population at the end of period; 

PF is the present population for year 2013; r is the 

annual growth rate of population (2.99%) and n is the 

number of years. 

The present generation rate of solid waste for each 

district is calculated through divided the quantity of 

solid waste for the year 2013 by the population of each 

district for the year 2013 as follows Eq. (2): 

SWGR (2013) = (SWQ (2013))/ (PP (2013)) (2)

where, SWGR is the present generation rate of solid 

waste for the year 2013 (kg/capita/day); SWQ is the 

quantity of solid waste for the year 2013 (kg) and PP is 

the Population of district for the year 2013. 

Generation rate of solid waste for each year is used 

to fulfill many factors such as improving living 

standards in the study area and increasing levels of 

commercial and industrial activities in urban areas.  

This attempt is depending on the fact that waste 

generation rates in 2005 and 2013 to calculate the 

annual IWGR (increment of waste generation rate) as 

follows Eq. (3):  

IWGR = 
( 	 	 )( )  (3)

where, IWGR is the annual increment of waste 

generation rate 1%; SWGR2013 is the generation rate of 

solid waste was 0.67 (kg/capita/day) of year 2013 [37, 

38]; SWGR2005 is the generation rate of solid waste was 

0.58 (kg/capita/day) of year 2005 [28] and n is the 

period (years).  

Equation (4) is used to calculate the generation rate 

of solid waste for year 2030 or specific year (GRSW).  

SWGR(t) = SWGR (2013) (1 + IWGR) n (4)

where, SWGR(t) is the solid waste generation rate for 
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each year (kg/capita/day); SWGR(2013) is the present 

generation rate of solid waste for year 2013 from Eq. (2) 

and IWGR is the rate of annual increment in waste 

generation per year from Eq. (3) (similar to equation 

that used by Ref. [39]); n is the number of years. 

The main equation to calculate the waste quantity 

(SWQ) produced for each year until the year 2030 is as 

follows:  

SWQ (for specific year) = 

((PP (2013) (1 + 0.0299) n) × 

(SWGR (2013) (1 + 0.01) n) × (365/1000)) 

(5)

The cumulative quantity of solid waste generated by 

2030 is calculated using Eq. (6). 

SWCQ(c) = SWQ(ct) + SWQ(ct-1) (6)

where, SWCQ(c) is the cumulative quantity of solid 

waste for the specific year (tonne); SWQ(ct) is the 

quantity of solid waste for the specific year (tonne) and 

SWQ(ct-1) is the cumulative quantity of solid waste for 

the last year before specific year (tonne). 

The quantity of solid waste in 2030, and the 

cumulative quantity of solid waste for the years 

(2020-2030) can be seen in Table 3. 

The volume of waste for the year 2030 and the 

volume of cumulative waste from 2020 to 2030 in these 

districts are shown in Table 4. These values are 

calculated based on the following information: 

 The information mentioned and summarized in 

Table 3.  

 These values of waste volume in 2030 are resulted 

by dividing the quantity solid waste in 2030 and the 

cumulative quantity of solid waste for the years 

(2020-2030) by the density of waste (700 kg m−3) 

[40-42].  

2.1.2 Siting Criteria 

The most important of 15 criteria were selected to 

obtain the best sites for landfill in the arid region 

(Babylon governorate, Iraq). The criteria and their 

categories that were adopted for the selected sites for 

landfill can be seen in Table 5. Geologically, clastic 

(fertile) materials known as alluvial deposits extend 

from the surface to a depth of more than 50 m, where 

no rocks are exposed in this area [43].  

In this study, based on reviews of literature in this 

field, opinions of experts and various existing required 

data about the study area, each criterion was classified 

into categories (sub-criteria), and each category was 
 

Table 3  Expected solid waste quantity in 2030, and the solid waste cumulative quantity for the years (2020-2030). 

District PP(2013)
a FP(2030)

b 
SWQc (2013) 
(Tonne)  

 SWGRd (2013) 
(kg/capita/day)  

SWQ (2030) 
(Tonne)  

SWCQe (c) (2020-2030) 
(Tonne)  

Al-Hillah  807,777 1,332,930 238,244 0.82 472,474 4,300,864 

Al-Qasim  184,605 304,621 38,913 0.57 76,374 695,219 

Al-Mahawil 336,148 554,685 49,377 0.4 96,389 877,419 

Al-Hashimiyah 270,020 445,566 51491 0.52 100,155 911,695 

Al-Musayiab 374,684 618,274 105,196 0.77 205,792 1,873,295 

Babylon Governorate 1,973,234 3,556,966 483,221 0.67 1,030,174 8,752,506 
a PP: present population; b FP: future population; c SWQ: solid waste quantity; d SWGR: generation rate of solid waste; e SWCQ: 
cumulative quantity of solid waste. 
 

Table 4  Expected solid waste volume in 2030 and cumulative solid waste volume from 2020 to 2030 in Babylon Governorate 
and its districts. 

District Volume of waste in 2030 (m3) Cumulative waste volume from 2020 to 2030 (m3) 

Al-Hillah  674,963 6,144,091 

Al-Qasim 109,106 993,170 

Al-Mahawil 137,699 1,253,456 

Al-Hashimiyah 143,079 1,302,421 

Al-Musayiab 293,989 2,676,136 

Babylon Governorate 1,471,677 12,503,580 
 



Application of the HELP Model for Landfill Design in Arid Areas: Case Study  
Babylon Governorate, Iraq 

  

854

Table 5  The criteria and their categories that was selected for landfills siting in Babylon Governorate [44]. 

Layer Criteria  Categories  Score  Reference Figure  
1 G.W. depth (m) 0.423-15.972 - [11] (Fig. 2a) 

2 Urban centers (km) 

< 5 km 0  

[45] (Fig. 2b) 
5-10 10 
10-15 7 
> 15 km 4 

3 River (km) 
< 1  0 

[45] (Fig. 2c) 
> 1 10 

4 Villages (km) 
< 1  0 

[45] (Fig. 2d) 
> 1 10 

5 Soils types 

Periodically flooded soils (A7) 10 

[46] (Fig. 2e) 

Haur soils (B8) 9 
Basin depression soils (C6) 9 
River basin soils, poorly drained phase (D5') 8 
River basin soils, silted phase (E5) 7 
Silted haur and marsh soils (F9) 6 
River levee soils (G4) 5 
Active dune land (H11) 4 
Sand dune land (I18) 3 
Mixed gypsiferous desert land (J17) 2 
Gypsiferous gravel soils (K1) 1 

6 Roads (km) 

0-0.5 0 

[45] (Fig. 2f) 
0.5-1 7 
1-2 10 
2-3 5 
> 3 3 

7 Elevation (a.m.s.l.) 11-72  [45] (Fig. 2g) 

8 Slope (degree) 
0-5° 10 

[45] (Fig. 2h) 
> 5° 5 

9 Land use 

Industrial areas 0 

 (Fig. 2i) 

Urban Centers 0 
Villages 0 
Rivers 0 
Archaeological sites 0 
Agricultural lands 0 
University 0 
Treatment plant 0 
Agricultural airport 0 
Orchards 5 
Unused lands 10 

10 Agricultural land use 
Agricultural lands 0 

[47] (Fig. 2j) Orchards 5 
Unused lands 10 

11 Archaeological sites (km) 
0-1 0 

[48] (Fig. 2k) 1-3 5 
> 3 10 

12 Power lines (m) 
≤ 30 0 

[45] (Fig. 2l) 
> 30 10 

13 Oil pipelines (m) 
≤ 75 0 

[49] (Fig. 2m) 
> 75 10 

14 Gas pipelines (m) 
≤ 250 0 

[49] (Fig. 2n) 
> 250 10 

15 Railways (km) 
0-0.5 0 

[45] (Fig. 2o) 
> 0.5 10 
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Fig. 2  Raster maps for Babylon Governorate are: (a): Ground water depth; (b): Urban center; (c): Rivers; (d): Villages; (e): 
Soil types; (f): Roads; (g): Elevation; (h): Slope; (i): Land use; (j): Agricultural land use; (k): Archaeological site; (l): Power 
lines; (m): Oil pipelines; (n): Gas pipelines; (o): Railways.  
 

Treatment plant (0)
Urban centers (0)
Agricultural  airport (0)
Archaeological sites (0)
Agricultural lands (0)
University (0)
Orchards (5)
 Unused lands (10)

Land use
Rivers (0)
Industrial areas (0)
Villages (0)
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given a suitability grading value. To prepare each 

criterion and sub-criteria, several steps should be 

performed in GIS software [44]. 

2.1.3 Selecting the Candidate Sites for Landfill 

In Babylon Governorate, GIS software (10.5) and 

MCDM (multi-criteria decision making) methods 

(AHP (analytical hierarchy process), SRS (straight 

rank sum) and RSW (ratio scale weighting) were used 

to select the best candidate sites for landfill. The 

MCDM methods were applied to give the relative 

weights for criteria. The maps layers of 15 criteria were 

prepared in the GIS software. Finally, ten candidate 

sites were obtained on the final map(s) within the most 

suitable area category two for each district in Babylon 

Governorate [44, 50-54] (Table 6). On the satellite 

images of the Babylon Governorate, the selected 

candidate sites were checked (Fig. 3). The soil 

investigations for the new selected sites for landfill 

were conducted by the Iraqi Ministry of Housing & 

Construction—National Center for Construction 

Laboratories and Research Babylon, Iraq in 2016 [55] 

to check the soil characteristics at each site and the 

depth of water table. According to Chabuk et al. [56], 

the results showed the data that entered in the maps of 

criteria were close with field tests. 

2.2 Landfills Site Layout  

The suggested landfill site should be divided into 

several zones, where each zone is sufficient to receive 

the waste quantity for a period of one year. In current 

study, the planned lifespan for the selected sites for 

landfill is 10 years. For each selected site, area is 

divided into 10 zones, where each zone is dedicated for 

the period of one year. The area of each zone is divided 

into number of cells to receive the waste quantity (for 

one month) based on the supposed lifespan for one 

zone (Fig. 4) [16]. Eq. (5) was used to calculate the 

SWQ for each year until the year 2030 [57].  

For calculating the area of each zone (km), the waste 

quantity (kg) for a particular year is divided by the sum 

of multiplying the solid waste density (700 kg/m3) by 

the waste height (2 m). 
 

Table 6  The required area, and the areas and location of candidate sites for landfills in the districts of Babylon Governorate 
and the available area for design [44]. 

District Requited area (km2) 
Area of candidate sites 

Location 
Available area for 
design (km2) Site Area (km2) 

Al-Hillah  3.4 
Hi-1 6.768 

Latitude 32°15'46" N 
Longitude 44°28'55" E 

2.5 × 1.5 
(3.75) 

Hi-2 8.204 
Latitude 32°13'43" N 
Longitude 44°29'15" E 

2.5 × 1.5 
(3.75) 

Al-Qasim 0.55 
Q-1 2.766 

Latitude 32°11'43" N 
Longitude 44°32'26" E 

0.8 × 0.8 
(0.64) 

Q-2 2.055 
Latitude 32°14'38" N 
Longitude 44°37'10" E 

0.8 × 0.8 
(0.64) 

Al-Hashimiyah 0.72 
Hs-1 1.288 

Latitude 32°15'54" N 
Longitude 44°53'38" E 

1 × 0.8 
(0.8) 

Hs-2 1.374 
Latitude 32°24'43" N 
Longitude 44°55'43" E 

1 × 0.8 
(0.8) 

Al-Mahawil 0.7 
Ma-1 2.950 

Latitude 32°29'59" N 
Longitude 44°41'2" E 

1 × 0.8 
(0.8) 

Ma-2 2.218 
Latitude 32°38'12" N 
Longitude 44°34'9" E 

1× 0.8 
(0.8) 

Al-Musayiab 1.4 
Mu-1 7.965 

Latitude 32°48'39" N 
Longitude 44°8'59" E 

2 × 1  
(2) 

Mu-2 5.952 
Latitude 33°0'14" N 
Longitude 44°6'46" E 

2 × 1  
(2) 
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2.3 Suggested Landfill Design 

The main goal of landfill design in the arid area 

(Babylon Governorate, Iraq) is to reduce the effects of 

solid waste on human health and surrounding 

environment. The suggested design of landfill includes 

the soil layers for base liner system and final cover 

system. These layers are as follows:  

2.3.1 Base Liner System 

The main aim of construction the base liner system is 

to prevent groundwater contamination by the leachate 

[20]. The suggested soil layers for the base liner system 

in the arid area (Babylon governorate, Iraq) from the 

bottom to the top are as follows: 

(a) Sub-base layer 

The compacted layer of sub-base is necessary to 

provide a stable and smooth ground surface for the 

bottom barrier layer constructed on it without affecting 

the bottom barrier layer by differential settlement. This 

layer should be compacted and placed directly over the 

compacted natural soil. The thickness of the sub-base 

layer is 20 cm [58] or 30 cm [59-61]. The sub-base 

layer is compacted with maximum modified proctor’s 

density of 90-95% using two lifts or 80-90% if using 

sandy materials [59]. In the current design, the 

thickness of the sub-base layer is between 20-30 cm.  

(b) Bottom barrier layer (liner system) 

The main objective of using bottom barrier layer in a 

landfill is to inhibit groundwater pollution by leachate. 

This layer is used to filter the leachate within it and to 

prevent the leachate percolation through it, and flow 

laterally [24, 59, 62]. 

The barrier layer of a landfill consists of the 

following common types [13, 63]. The barrier layer 

contains composite soils’ materials with low 

permeability such as sandy clay and silty clay. The 

geomembrane liner is placed over composite barrier 

layer in this type. For bottom barrier layer, the final 

surface should be smooth to provide quick lateral 

drainage for leachate over the liner [20]. 

In current suggested design, the composite bottom 

barrier layer (high compacted sandy clay) is preferred 

to use with hydraulic conductivity of 1.0E-7 cm/s. The 

thickness of this layer is 60 cm with compacted lifts 

(each lift is 15 cm). On the surface of each lift, should 

be made scratches to increase cohesion and bonding 

between each two lifts.  

(c) Geomembrane layer  

The geomembrane liner is used (together with the 

bottom barrier layer) to reduce the flow of pollutants' 

quantity percolation through it that affecting the 

groundwater [63]. The geomembrane liner life should 

be 100 years depending on expected operating years, 

weather parameters (especially temperature) and a 

thickness of ≤ 1.5 mm [25, 59].  

The suggested geomembrane’s liner should take into 

consideration many factors, including susceptibility to 

deterioration or chemical attack, deformation, its 

thermal stability, elasticity and tensile strength, shear 

resistance, puncture and tear resistance, local 

environmental conditions, and slope stability [20]. 

A geomembrane on a slope should be fixed by 

anchor trenches to prevent it from slipping down inside 

the side slopes during construction [20, 59]. The width 

of the anchor trench should be 50 cm [60] or 60-90 cm 

[59], and its depth is 60 cm [59].  

In this design, the type of geomembrane liner placed 

within the base liner system includes a flexible 

membrane liner of HDPE (high-density polyethylene) 

with a thickness of 1.5 mm, and its hydraulic 

conductivity is 2.0E-13 cm/s.  

(d) Leachate collection system  

The leachate collection system is used to remove the 

percolated leachate from the waste zone. The leachate 

is resulted from rainfall that infiltrated through the 

layers of the final cover system then into the waste 

zone, as well as leachate from waste itself. The 

percolated leachate that is rising above bottom barrier 

layer is transported to the leachate collection pond or 

treatment facility by collection pipes of leachate [8, 24, 

25]. This system consists of the drainage blanket layer 

(gravel) and leachate collection pipes. In this suggested 
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design, the general requirements design for leachate 

collection system is as follows: 

The drainage blanket layer contains of gravel 

material with thickness of 30 cm [23, 25, 58, 62]. To 

avoid chemical attack, the drainage layer should not be 

containing limestone or other calcareous material [20]. 

The hydraulic conductivity of the drainage blanket 

layer is 1.0E-3 m/s [8, 24, 25, 58]. To avoid clogging 

and capillary action that can hold water in the drainage 

layer and to provide space into the drainage layer to 

drain leachate freely, coarse material is used [20].  

The leachate collection pipes comprise the slotted 

bottom pipes of leachate collection (main drainpipes 

and lateral pipes) and the main header pipe. The 

diameter of the main drainpipes is between 15-20 cm, 

where the diameter of main drainpipes is ≥ 15 cm [58, 

62] or 20 cm [24] or 30 cm [64]. The lateral spacing for 

the main drainpipes is ≥ 25 m [58]. The longitudinal 

slope of main drainpipes toward the main header pipe 

or sump should be ≥ 1% [24] or ≥ 2% [58].  

The vertical and inclined pipes are installed over the 

leachate collection pipes [65]. The inclined pipes are 

distributed on inside slope of the perimeter berm. The 

vertical and inclined pipes are used as vents for 

releasing the gases into atmosphere [65]. 

The lateral pipes connecting with the main 

drainpipes, and the interval space between each lateral 

pipe is 2 m [59]. The slope of lateral pipes in the 

transverse direction toward the main drain pipes should 

be ≥ 2% [24] or ≥ 3% [58].  

The main header pipe is to be placed around the site 

cells and linked with the main drainpipes. The main 

header pipe acts to remove the leachate to the sump by 

gravitational force [24, 65]. The inspection shafts 

(cleaning points) should be placed along the main 

header pipe (outside the zone of waste), at the main 

drainpipes and lateral pipes ends and at the connecting 

points of the main drainpipes with the main header pipe 

[63].  

The sump usually situates at the low points in cells 

of landfill, where that it is located either outside or 

inside the landfill site [24, 65]. To remove and lift 

leachate from the sump to the required head, an 

operating pump should be used [24]. Then, the 

collected leachate should be removed by pumping to 

the leachate collection pond or to the leachate treatment 

facility directly or the leachate can be stored in the 

leachate storage tank and sent it to waste-water 

treatment plants (when the amount of leachate 

generated is low) [8]. After treating the leachate in the 

treatment facilities, the treated leachate can be sent 

back into the landfill to promote the waste 

decomposition [66]. The sketch of layout for the 

leachate collection system in landfills can be seen in 

Fig. 5. 

(e) Protection layer 

The protection layer should be placed over the 

drainage layer to ensure the long-term operation of the 

drainage layer since it prevents waste particles from 

moving into the drainage layer, does not destroy the 

drainage pipes and prevent clogging the drainage layer 

[8, 24]. To prevent the retention of leachate in the mass 

of waste, the hydraulic conductivity of the protective 

layer should be more than 1.0E-5 cm/s [8]. The 

suggested thickness of the protection layer is among 30 

cm, 50 cm [8] and 30 cm [59].  

A non-wave geotextile filter layer can be used and 

placed over the drainage layer instead of the protection 

layer [20, 58]. This layer performs same function of sand 

materials as a protection layer to the drainage layer. 

In the current design, the protection layer consists of 

sand and its hydraulic conductivity is equal to 5.0E-3 

cm/s. The thickness of this layer is 30 cm.  

2.3.2 Waste Zone 

In this study, the waste is suggested to place over the 

ground surface because the groundwater depth in 

Babylon Governorate, Iraq is shallow. In the selected 

sites for landfill, the suggested height of the waste is 2 

m [42, 67] after compacting it in situ to the density of 

700 kg/m3 [40-42].  
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Fig. 5  The suggested sketch for the leachate collection system layout in the landfills.  
 

In the site, the waste is spread and compacted in thin 

lifts of 0.5 m [25]. The compacting equipment passes 

(normally 3-5 times) over the waste to achieve the 

required compaction [25]. A soil of 15 cm thick should 

be used daily to cover the waste mass to minimize the 

environmental risk that resulted from landfill on human 

health. Fig. 6 shows the suggested soils layers for base 

liner system.  

2.3.3 Final Cover System  

The final cover system of landfill is used when a 

volume of waste in landfill reaches to maximum 

capacity. The main aims of placing the final cover 

system on a landfill are: (i) To prevent humans and 

environment from exposure to municipal solid waste; 

(ii) To reduce odors, noise, diseases, etc.; (iii) To 

decrease infiltration of precipitation into the waste 

body, consequently, prevent the leachate generation; 

(iv) Controlling surface erosion by promote drainage; 

(v) The surface becomes more stabilized for the 

completed part of the landfill; (vi) Ensuring 

maintenance of the cover to prevent accommodate 

settling and subsidence; (vii) Controlling the gas 

emission from landfill [8, 22, 58].  

The first scenario “Evapotranspiration soil cover 

(ET), (capillary barriers type)” was applied, using the 

available local soil materials in the suggested layers of 

the final cover system. This type of cover system is 

mostly applied recently for landfills in arid areas in the 

USA and other developed countries [10, 68]. The 

second scenario of the modified cover design of 

“RCRA Subtitle D”, is also applied in arid areas, and 

which is considered the cheapest system according to 

Ref. [10]. The suggested designs for the layers (from 

bottom to top) and their specifications for the final 

cover system using the “evapotranspiration soil cover 

(ET), (capillary barriers type)”, and the modified 

design of “RCRA Subtitle D” can be seen in Table 7 

[15]. For the final cover, the positive features for 

certain layers from the modified cover design of 

“RCRA Subtitle D” (first scenario) and 

“evapotranspiration (ET), capillary barriers” (second 

scenario) according to Chabuk et al. (2018) [15] were 

taken for the “Recommended design” (third scenario) 

for the landfill in the arid area (Babylon governorate, 

Iraq). 

In the “Recommended design” (third scenario) [15], 

for the layers of the final cover system, the support 

vegetation layer consists of the fine particles (moderate 

compacted loam). The fine particles in this layer enable 

it to store the infiltrated water from the surface until it 

evaporates from the topsoil layer depending on the high 

temperature during most of the months in the arid area 

[68]. The top barrier layer and the geomembrane liner 

are placed beneath the support vegetation layer. These  
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Fig. 6  The sketch of the suggested soils layers for base liner system. 
 

Table 7  Suggested layer data for the landfill design, using the first and second scenario [15]. 

Layer Material Thickness Hydraulic conductivity  

First scenario “evapotranspiration soil cover (ET), (capillary barriers type)” 

1 Intermediate cover (moderately compacted silty clay loam) 30 cm 1.0E-6 cm/s 

2 Coarse-particle soil (coarse sand). 30 cm 1.0E-2 cm/s 

3 Fine-particle soil layer (moderately compacted loam). 75 cm 1.0E-5 cm/s 

4 Topsoil layer (silty clayey loam) 15 cm 4.0E-5 cm/s 

Second scenario “RCRA Subtitle D” (modified design) 

1 Intermediate cover (moderately compacted silty clay loam) 30 cm 1.0E-6 cm/s 

2 foundation layer (coarse sand) 30 cm 1.0E-2 cm/s 

3 Top barrier layer (highly compacted sandy clay) 45 cm 1.0E-7 cm/s 

4 Topsoil layer (silty clay loam) 15 cm 4.0E-5 cm/s 
 

layers work together to prevent water percolation 

through the waste body and reduce the leachate 

generation. The top barrier layer contains the high 

compacted sandy clay that is available locally in 

Babylon governorate and generally in Iraq.  

To reduce the risk of sliding and erosion in the 

landfill, the side slope of final cover at landfill site 

should be 33.3% (3H:1V) [25, 65] or > 40% (2.5H: 1V) 

[24]. 

To prevent erosion and/or pooling and to enhance 

water runoff on the surface of a landfill, the slope of the 

top surface (plateau) for the final cover of a landfill 

should be 3.3% (30H:1V) [24] or 3.3-5% (30-20H:1V) 

[23] or 10% (10H:1V) [25].  

For the third scenario “Recommended design” for 

the final cover system of landfills design in arid area 

like Babylon governorate, the layers (from bottom to 

top) and there are as follows:  

(a) Cover of intermediate soil  

In this study, the intermediate cover of 30 cm thick 

consists of moderately compacted silty clay loam, and 

its hydraulic conductivity is 1.0E-6 cm/s. In the current 

design, the intermediate soil layer of 30 cm is 

suggested for covering the waste mass when it reaches 

the peak height that is required in the design or during 

the rainfall season. Intermediate soil cover is placed 

over the waste body and should be monitored for a 

certain period before setting the top barrier layer and 

other layers of the final cover system over intermediate 

cover. This is to avoid settlement and change in the 

volume of layers of the final cover system when 

organic material within the waste mass is decomposed 

[8, 23, 25, 60]. 

(b) Foundation layer 

The foundation layer acts as a cushion for layers of 

the final cover system [23]. This layer consists of 

coarse sand with thickness of 30 cm, and its hydraulic 

conductivity is ≥ 1.0E-2 cm/s. The gas collection 

system is installed within the foundation layer [23].  

(c) Top barrier layer (final cover system)  

The composite top barrier consists of high 

compacted sandy clay, and it is placed over the 

layer Items 

1 Compacted waste 2 m  

2 Protective layer 30 cm 

3 Drainage gravel layer 30 cm 

4 Collection drainpipes, Dia. (15-20 cm)  

5 Geomembrane liner (HDPE) 0.15 cm 

6 Bottom barrier layer 60 cm 

 

G.S. 

3 
5 

6 

4 
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foundation layer. The thickness of this layer is between 

45-60 cm. The hydraulic conductivity should be ≤ 

1.0E-7 cm/s.  

Before placing the other layers over it, this layer 

should be monitored to treat the displacement and the 

spaces that left on the layer surface when the waste 

materials degrade. 

The composite top barrier layer should have a fixed 

thickness of 45 or 60 cm over a precise period [8]. In 

Babylon Governorate, the waste contains a high 

percentage of organic material more than 55% [37, 38]. 

The organic usually decomposes with time, and this 

may be caused settlement for the surface layer and 

being irregular (not horizontal). In this situation, 

similar soil materials of high compacted sandy clay are 

added for this layer when the displacement at the 

surface of top barrier layer stops during a specific 

period or during the landfill span life to keep the 

surface smooth as possible as. Therefore, the final 

thickness of top barrier layer should be 45 or 60 cm.  

(d) Geomembrane liner layer (final cover system)  

The geomembrane layer (HDPE) to be placed on the 

top barrier layer with thickness of 0.5 cm [40], and its 

hydraulic conductivity is 2.0E-13 cm/s. The 

geomembrane is used to conserve water saturation 

limit in the top barrier layer and protect it from cracks 

that resulted from high temperature in the arid areas 

[58]. The geomembrane supports the top barrier layer 

through preventing water infiltration into the waste 

from the surface of landfill and minimizing the leachate 

generation as well as controlling the gas emission. 

(e) The top layer (final cover system) 

The top layers are used so that vegetation can grow 

and reduce potential of surface erosion. The top layers 

include two parts. These are the support vegetation 

layer and the topsoil layer.  

The support vegetation layer acts as a rooting layer 

for the vegetation on the surface of top soil layer. The 

roots of the vegetation should not extend too deeply, 

and without woody plants because this would allow 

damage to the final cover and thus pollutants can be 

transferred to the surrounding environment. The fine 

particles in this layer enable it to store water that 

infiltrated from the surface until evaporation [8, 24, 25, 

58].  

In the suggested design, the support vegetation layer 

consists of moderate compacted loam, and its hydraulic 

conductivity is 1.0E-5 cm/s. The thickness of the 

support vegetation layer is between 45-60 cm.  

The topsoil layer contains silty clayey loam 

materials that available locally in Babylon governorate. 

The hydraulic conductivity of topsoil layer is 4.0E-5 

cm/s, and its thickness is 15 cm.  

The side slope of final cover of the landfill site 

should be 30.3% (3H:1V) while the slope of the top 

surface for the final cover of the landfill is 3.3% 

(30H:1V). The layers of the final cover system can be 

seen in Fig. 7.  

2.4 Bearing Capacity and Deformation in the Layers of 

Landfill  

According to the Iraqi Ministry of Housing & 

Construction [55], the bearing capacity for the soils of 

the selected sites is 50 KN/m2. Consequently, 

according to Laue et al. [69], this value should be taken 

into consideration when constructing the required 

infrastructure or other facilities above a site’s surface 

during, or at the end of, a landfill’s lifespan for a newly 

selected site in the future to avoid deformation in the 

bottom barrier layer. 

In the current design, the cumulative load results 

from using a 2 m height of compacted waste, the layers 

of the final cover system, together with daily coverings 

of soil with many lifts (daily additive) of 15 cm. 

According to Laue et al. [69], the cumulative loads of 

compressive stress that result from the layers on top of 

the ground surface can cause deformation in the bottom 

barrier layer. Thus, the overloads that come from the 

layers of the final cover system, and the waste will lead 

to increased deformation in the bottom barrier layer, 

and this will increase the subsidence for the cover 

layers that are set over it. This can then cause cracks in  
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Fig. 7  Sketch of the suggested soil layers for the final cover system. 
 

Table 8  Densities of different materials used in the landfill design [70]. 

No. Material 
Density (ρ) (kg/m3) 

Max. Min. 

1 Compacted waste. 700 700 

2 Silty clayey loam (daily cover). 2,170 1,553 

3 Silty clayey loam (topsoil layer). 2,085 1,475 

4 Sand (protection layer). 2,290 1,619 

5 Course sand (foundation layer). 2,371 1,378 

6 Gravel (driange layer). 2,499 2,002 

7 Moderately compacted loam (supported vegetation layer).  2,300 1,625 

8 Moderately compacted silty clayey loam (intermediate layer).  2,170 1,553 

9 Sandy clay (barrier soil layer).  2,355 1,602 
 

the top barrier layer. For different materials, the 

densities which were used in the suggested design 

layers for landfill can be seen in Table 8 [70]. 

The primary settlement in the bottom barrier layer 

under the stress of compacted solid waste (700 kg/m3) 

with a height of 2 m was calculated as follows [71]: 

(1) Calculating the change or increase in effective 

vertical stress (Δσo'). 

Δσo'2m = compacted waste stress + daily cover 

stress + intermediate cover stress + foundation layer 

stress + top barrier layer stress + supported vegetation 

layer stress + topsoil layer stress  

Δσo'2m = 0.7 × 9.81 × 2 + 2.17 × 9.81 × 0.15 × 3 

+ 2.17 × 9.81 × 0.3 + 2.29 × 9.81 × 0.3 + 2.355 × 9.81 × 

0.45 + 2.3 × 9.81 × 0.45 + 2.085 × 9.81 × 0.15  

Δσo'2m = 60 kpa 

Using factor of safety 1.3 

Δσo'2m = 78 kpa 

(2) Calculating the effective vertical stress (σo') in 

the middle of layer after excavation before loading. 

σo' = course sand stress + gravel stress + bottom 

barrier layer stress 

σo' = 2.371× 9.81 × 0.3 + 2.499 × 9.81 × 0.3 + 	 
× 2.335 × 9.81 × 0.6  

σo' = 21 kpa 

(3) Calculating the primary settlement in the bottom 

barrier layer. 

 Assumed initial void ratio = 0.41 [72]. 

 Assumed primary compression index = 0.15 [73]. 

 The thickness above the bottom barrier layer = 60 

cm.  

Sc 2m = 	 	× 	 × log ` 	∆	 ``  

Sc: Primary settlement (mm); H: The layer thickness 

to be evaluated after excavation; Cc: Primary 

compression index; e0: Initial void ratio; σo': Effective 

vertical stress at the middle of layer after excavation 

before loading and Δσo': Change or increase in 

effective vertical stress because of the loading. 

layer Items 

1 Topsoil layer 15 cm 

2 The support vegetation layer 45-60 cm 

3 Geomembrane (HDPE) 0.5 cm 

4 Top barrier layer 45-60 cm  

5 Foundation layer 30 cm 

6 Intermediate cove 30 cm 

7 Compacted waste 2 m 

 G.S. 
7 

1 

5 

2 
3 

4 

6 
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Sc 2m = 
.	 . 	× 0.6	 × log 	 	

 ᵙ 4.0 cm 

Therefore, the primary settlement in the bottom 

barrier layer under the stress of compacted solid waste 

and other layers over it including the layers of the final 

cover system was equal to 4 cm. 

2.5 Perimeter Berm 

The perimeter berm forms the upslope boundaries 

around the landfill site as a natural barrier for the site to 

prevent storm-water from entering the site and to 

reduce soil erosion. In addition, the embankment of the 

perimeter berm is used for the passage of vehicles to 

the site [21, 60].  

According to Ref. [59], the height of the berm 

should be 3-4 m, and a berm with a slope of 3H:1V is 

considered safe and stable against collapse. Ref. [60] 

found the minimum height of the berm should be 2 m, 

but the typical height of berms ranges between 2.5 and 

3.5 m. The required crest width for the berm is 2 m. The 

inside and outside slopes of the berm are 3H:1V and 

2H:1V, respectively. Ref. [21] suggested the typical 

height of the berm is 2 m, and the wide crest of the 

berm is 1 m with a slope of 3H:1V. The height of the 

berm can be raised to an additional height level with a 

slope of (3H:1V) when the waste that is deposited in 

the cells of a landfill and behind the berm reach the 

allowable maximum height of the berm [63]. The 

berm’s layers profile has a similar composition to that 

of the base liner layers of the landfill (beneath the 

surface) with a slope of (3H:1V), or it is constructed 

from sandy soil [59].  

On the berm, the anchor trench and the drainage 

ditch are constructed in a continuous line around the 

outside edge of the perimeter berm. In addition, the 

internal roads are constructed on the edge of the outside 

perimeter berm for the landfill [20, 59, 61]. 

2.6 Management of Stormwater 

Storm-water management at the landfill site contains 

run-on and run-off, and this should be taken into 

consideration to prevent contact of surface water with 

the waste mass to reduce leachate generation in the 

landfill [60, 75]. 

For the water run-on control system on a site, the 

drainage ditch should be constructed around the 

outside perimeter (at one edge) of the landfill to 

prevent rainfall water entering the site by means of 

collecting the storm-water from neighboring areas of 

the landfill [74-76]. The berms and outside drainage 

ditch are necessary to prevent storm-water from 

entering the landfill site facility and to reduce the 

quantity of leachate in situ. The shape and dimension of 

the ditch are constructed based on the amount of 

rainfall in the study area. Then, the collected water is 

sent to a storm water management pond [74, 75].  

The run-off control system should have diversion 

ditches constructed on the surface and sides of the final 

cover for each cell in the landfill. The landfill surface 

and its sides should be given a suitable slope so that the 

top view of the landfill surface appears like ripples. The 

diversion ditches are used to divert the storm-water 

run-off to the lower drainage ditch. A lower drainage 

ditch is constructed around the landfill perimeter to 

collect water and gives an appropriate slope. The 

collected water (uncontaminated) should be sent to the 

storm-water management pond to allow sediment to 

settle by gravity before discharging it to the land 

surrounding the landfill or using it for other purposes 

[60, 77].  

Diverting the storm-water runoff of leads to a 

reduction the amount of water entering the landfill 

from the surface and prevents it from coming into 

contact with the waste mass. This process acts to 

decrease leachate generation in the landfill, thus 

preventing groundwater pollution by the leachate [74, 

77].  

Any storm-water that infiltrates from the surface of 

the final cover, as well as any leachate that has 

percolated through the landfill layers, can be removed 

using the leachate collection pipes. Then, the collected 

leachate is sent to a leachate storage pond or other 
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treatment facilities [75].  

2.7 Dust  

On a landfill site, dust is generated from the different 

operations within the site, especially during the dry 

season (when there is no rainfall). The sources of dust 

are unpaved road surfaces, the stockpile of soils and the 

dust that is released by the movement of various 

machines on site [25, 78].  

For controlling dust emissions at a landfill site, many 

suggested steps can be adopted [21, 25, 78]. One 

recommendation is to cover the surface of internal 

roads at landfill sites with gravel material from the 

scales to the working area or pavement and add a thin 

layer of asphalt. On a landfill site, some waste 

materials can be used on the top surface of the waste 

mass to minimize the level of dust (e.g. construction 

concrete rubble, rubber, wood pieces and other 

materials that have a low content of fine particles). The 

maximum speed for the trucks inside the site should be 

determined, especially on unpaved roads, to reduce the 

quantity of dust raised. All roads inside the site 

(especially the unpaved roads) should be wetted by 

adding water in regular quantities to reduce the amount 

of dust released into the air during the dry periods. 

2.8 Leachate Storage Ponds  

The main technologies for leachate treatment in a 

landfill are physical, chemical and biological processes. 

The biological method is the most popular process for 

treating leachate in landfills in arid or semi-arid regions. 

The methods for the biological treatment of leachate 

include anaerobic and aerobic processes [66]. A pond 

of leachate retention should have a suitable capacity to 

receive the collected leachate from the landfill [23]. 

Evaporation is considered one of the simplest 

methods to treat leachate within lined ponds. The liner 

system in the ponds is like the liner system within the 

base liner system in landfills and includes a 

geomembrane liner and a bottom barrier layer to inhibit 

groundwater pollution by the leachate [79]. The 

leachate is collected from the waste and transferred 

through the leachate collection pipes to the leachate 

collection pond. Floating aerators are utilized in the 

leachate collection pond. These are used to prevent the 

anaerobic process in the ponds and minimize odors. 

The sludge must be removed from the bottom of the 

pond periodically and deposited either in the landfill 

cell(s) or transported to a site that must be approved by 

the responsible authorities [79]. 

In an arid climate, during the summer months, the 

leachate will be lost through evaporation from the 

leachate collection pond due to the increase in 

temperature (no rainfall). The leachate collection pond 

is distinguished by a large surface area and shallow 

depth. Therefore, during the summer months in an arid 

or semi-arid climate, a closed system to treat the 

leachate should be adopted [20]. To avoid the impact of 

adverse odor that results from the anaerobic process 

during the winter months, surface aerators should be 

installed. These are used to oxygenate the leachate 

depending on the size of the leachate collection pond 

and the amount of leachate in the pond [20]. 

2.9 Treatment Methods for Collected Leachates 

The common methods to treat the leachate in the 

leachate collection ponds are anaerobic, aerobic and 

semi-aerobic: 

2.9.1 Anaerobic Method 

The anaerobic method is used to remove the heavy 

metals in rainfall from the leachate and transform them 

into carbonates [66]. In the anaerobic process, excess 

sludge is produced, requiring little management, and 

the compounds of complex organics are transformed 

into CH4 and CO2 [66, 80]. The products of anaerobic 

decomposition usually have a high concentration of 

BOD, as well as inflammable gases such as methane 

(CH4). In addition, malodorous gases like sulfurous 

oxides (SOx), hydrogen sulphide (H2S) and nitrous 

oxides (NOx) are produced [81].  

2.9.2 Aerobic Process  

In the aerobic method, oxygen is required to 
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transform organic nitrogen into ammonia (by 

oxidation). Then, the activity of nitrite-oxidizing 

bacteria converts ammonia into nitrate nitrogen (NO3-N) 

(stabilized state). Generally, solid waste decomposition 

using an aerobic process is faster than decomposition 

by an anaerobic process. The outputs of the aerobic 

decomposition process consist of simple materials 

(without odors) (e.g. water, CO2 and HNO3) [81]. 

2.9.3 Semi-aerobic Method  

The semi-aerobic method is used in landfill to 

increase the microbial activity level when oxygen is 

present to increase the rate of waste decomposition and 

stabilize waste settlement faster. The semi-aerobic 

process intends to improve the leachate quality and 

significantly minimize the emission of gases such as 

methane and hydrogen sulphide [81].  

In the early 1970s, the semi-aerobic process was 

developed by Fukuoka City and Fukuoka University in 

Japan (as a joint project). In 1975, the first test for the 

semi-aerobic method was conducted at Shin-Kamata 

landfill in Fukuoka, Japan, and it showed good results 

[81].  

The collected leachate is removed to the leachate 

collection pond quickly using perforated pipes. The 

main drain pipes and the main header pipe for 

collecting the leachate are always open to the air from 

the outlet to the pond. Usually, one third of the section 

of these pipes is filled with leachate, and the rest of the 

section is left for airflow. In addition, the vertical gas 

ventilation pipes are installed at every intersection of 

the main collection pipe with the lateral pipes and also 

at the ends of the lateral pipes and the main collection 

pipes. This allows fresh air to enter the waste layer and 

provide aerobic conditions, increasing the microbial 

activity and helping to accelerate waste decomposition 

[81]. The temperature inside the landfill (resulting from 

microbial activity due to the semi-aerobic method) is 

higher than the air temperature outside the landfill. The 

different temperature between inside and outside the 

landfill allows air to enter the waste mass through main 

drainpipes and the main header pipe [81]. 

2.10 Gas Vent System  

The gas vent pipes are installed in a landfill over the 

main collection pipe at every intersection (manhole), 

with the lateral pipes also over the two lateral pipes in 

the manhole (at the sump). Each main collection pipe is 

connected by a series of lateral pipes on both sides [23, 

82]. The gas vent pipes are perforated and preferably 

made from HDPE with a diameter of 15 cm. The vent 

pipes are placed in a cylindrical cage with a diameter of 

75 cm made from strong mesh wire and surrounded by 

gravel or boulders, which is packed into the cylinder 

[23].  

The gas vent system is used to reduce the negative 

effects of gases on human health and the surrounding 

environment. In addition, it contributes to stabilizing 

the waste mass through increasing the process of 

decomposition of organic materials within it [23]. 

Preventing the ingress of water into the gas pipes vents 

should be taken into consideration in the design of the 

gas vents system [24]. The gas vents system that is 

installed on leachate collection pipes should be 

connected to the passive flare system when the quality 

of gas is very low or connected with the gas collection 

and control system if it contains high concentrations of 

gases [83].  

2.11 Gas Management System  

Waste biodegradation produces gas within the 

landfill. In the landfill site, the collected gas should 

either be treated and utilized to produce energy or 

vented to a flare system if the quality of gas is 

insufficient to generate energy [84]. Designers usually 

recommend installing barriers with low-permeability 

in the liner base system and final cover for landfills to 

minimize the gas emissions from the landfill or within 

the landfill layers [58]. Gas can be collected from a 

landfill by installing an extraction gas system within 

the waste zone or the gas collection layer. There are 

two types of gas extraction system: a passive gas 

drainage system (for small sites) and an active 

extraction system (for large sites) [58]. 
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In active systems, the gas is extracted by vacuum and 

pumped to a place where energy can be recovered, or it 

can be burned off as a flare. In active gas systems, the 

gas collection and control system units are the 

extraction wells (vertical and horizontal), wellheads, 

the lateral and header pipes, the condensate system, the 

blower system and flares system [82]. In passive gas 

systems, the gas is transferred under different 

atmospheric pressure. The gas can be vented to the 

passive flare or by using the gas treatment system [82]. 

When using the passive venting system, untreated gas 

should be prevented from entering the atmosphere [58].  

2.12 General Landfill Facilities  

The landfill design should include the facilities 

which are necessary for solid waste management inside 

the sites of landfill and to provide comfortable 

conditions to staff in the sites. The facilities that should 

be considered in the landfill are [21, 23, 64]: 

 Main access road to the landfill and internal roads 

in site. 

 Perimeter fence (e.g. wire fence) with main gate to 

be used to prevent persons, which do not have 

authorization to come inside a site of landfill to pick 

waste and to prohibit entry of animals.  

 Scale bridge should be constructed to weigh 

trucks to provide the accurate electronically data for the 

quantity of waste that is received in the sites of the 

landfill.  

 Administration building is constructed for the 

operation personnel of the landfill.  

 Workshop to be used for service and maintenance.  

 Guard house for controlling the site.  

 Garages is built for accommodating machineries 

and equipment. 

 Others (e.g. vehicles cleaning, parking areas, 

weather station and so on). 

2.13 The HELP 3.95 D Model  

For checking the suggested design of landfill for 

selected new sites in the arid areas (Babylon 

Governorate, as a case study), the model of hydrologic 

evaluation of landfill performance (HELP 3.95 D) was 

used. The HELP model is the most widely applied 

throughout the world for the last 30 years, where it is 

used to analysis the hydrological water balance in 

landfills. In addition, this model is applied to estimate 

the leachate quantity through the bottom barrier layer 

as well as the amount of water infiltrated through the 

final cover layers for landfills [12]. The HELP model 

was presented in 1982 by Paul Schroeder through the 

U.S. Army Corps of Engineers at the Waterways 

Experiment Station, Vicksburg, Mississippi, and the 

US Environmental Protection Agency. The latest 

version of the HELP 3.95 D was developed by Berger 

and Schroeder [13].  

The HELP model is known as a “quasi-two 

dimensional” model because this model deals with 

many hydrologic processes that have one dimensional, 

in two directions. For Example, in the HELP model, 

the vertical flow (evapotranspiration and infiltration) 

and the lateral flow (surface runoff, lateral drainage) 

are calculated, but no calculated as a two-dimensional 

flow [12].  

Weather parameters as well as soil and design data 

were entered into the HELP model to calculate the 

amounts of potential and actual evapotranspiration, 

runoff, lateral drainage of leachate and percolation 

leachate through the barrier liners in the landfill with 

high ability [4, 14].  

2.13.1 Leachate  

A water balance process is the most prevalent 

method for building the perfect model to calculate the 

rate of leachate in landfills. This process is based on 

estimating the amount of inflows and outflows of water 

in soil layers in a specific area [85].  

Leachate is defined as the amount of contaminant 

liquids resulted from different processes (e.g. chemical, 

physical, and microbial). The leachate at a landfill is 

percolated from the waste zone through the layers of 

soil, thereby this causes soil and groundwater pollution 

[67]. The amount of leachate that is formed in a landfill 
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is affected by many factors [59]. The first factor 

includes precipitation (P) that represents the water 

flows in soil layers. The factors of runoff (R) and 

evapotranspiration (ET) are defined as the water 

movement outside soil layers. The WC is water content 

of the deposited waste as well the factor of the change 

in water storage through the soil (ΔS) [85]. The 

quantity of leachate generated can be estimated using 

the following Eq. (7) [86].  

L = P – ET – R + WC – ΔS (7)

where, L is the amount of leachate; P is precipitation; 

ET is evapotranspiration; R is water runoff; WC is 

water content of the deposited waste; ΔS is water 

storage in the soil. 

2.13.2 Input Required Data in the HELP Model 

The required input data in the HELP model can be 

divided into three main groups. These groups are daily 

weather data for complete calendar of selected years, 

the needed data for estimating the evapotranspiration 

value as well as soil layers’ data for landfill design. In 

this study, all data that input in this model were in 

metric units [13]. In the current study, daily depths of 

precipitation, daily averages of temperature and daily 

sum of solar radiation for 12 consecutive years 

(2005-2016) [35] were entered into the HELP model as 

text files (Table 9).  

The required input data to calculate the potential and 

actual evapotranspiration, runoff curve number and the 

data of soil and solid waste in the HELP model can be 

seen in Table 10. 
 

Table 9  Average annual data of weather parameters for the years (2005-2016) in Babylon Governorate. 

Parameters 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 
Daily depth rainfall 
(mm) 

73.2 170.3 41 51.8 52.4 87.3 41.7 128.8 182.9 125 133.4 135.4 

Daily mean 
temperature (°C) 

23.1 23.5 23.5 23.6 23.9 23.6 23.2 24.1 23.3 24.2 24.6 24.5 

Daily sum solar 
radiation (MJ/m2) 

5,630 5,638 5,636 5,673 5,643 5,628 5,628 5,702 5,647 5,639 5,736 5,729 

 

Table 10  The required data to calculate potential and actual evapotranspiration, runoff curve number and soil and solid 
waste data in the HELP model. 

No.  Parameters Required data Reference

Potential and actual evapotranspiration 

1 Geographic latitude  32.5  

2 The depth of the evaporative zone 50 cm Field tests

3 
The start and end days of the growing season over the 12 
years  

10th January-15th December (350 days) [35] 

4 Leaf area index (LAI) 1 [13] 
5 The annual average wind speed at 2 m above the ground 7.2 km/h [34] 

6 The average values of relative humidity for the four quarters
64.2% (first quarter), 39.03% (second quarter), 
34.24% (third quarter), 60.95% (fourth quarter) 

[34] 

Runoff curve number = 87.83% 

1 Soil texture type  Top soil (silty clay loam)  

2 Maximum leaf area index Fair grass [13] 

3 Slope of surface 3%  

4 The length of slope 100 m  

The data of soil and solid waste 

1 Soil texture - [13] 

2 Layer type 
Vertical percolation (VPL), lateral drainage (LDL), 
Barrier soil liners (BSL), geomembrane liner (GL)  

[85] 

3 Layer thickness cm [13] 

4 Saturated hydraulic conductivity cm/s [13] 

5 Moisture content, wilting point, porosity and field capacity vol./vol. [13] 
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2.13.3 Checking Suggested Landfill Design Using 

the HELP Model 

In HELP model, the base liner system components 

for suggested landfill design (from the bottom to the 

top layers) consist of bottom barrier layer, 

geomembrane, leachate collection system and 

protection layer. The components of suggested layers 

for the final cover system (from the bottom toward the 

top layers) are: intermediate cover layer, foundation 

layer, top barrier layer, geomembrane, support 

vegetation layer and topsoil layer. Table 11 shows the 

characteristics of proposed soil layers that entered into 

the HELP model. The sketch for suggested landfill 

design that entered in the model can be seen in Fig. 8. 
 

Table 11  Characteristics of suggested soil layers data in the HELP model [15]. 

No. Type Material 
Thickness 
(cm) 

Porosity 
(vol./vol.)

Field capacity 
(vol./vol.) 

Wilting point 
(vol./vol.) 

Initial water 
content (vol./vol.) 

Hydraulic 
conductivity (cm/sec)

1 VPLa 
Top soil layer (silty 
clay loam) 

15 0.471 0.342 0.210 0.214 4.0E-5 

2 VPL 
Support vegetation 
layer (MCb loam) 

45 0.419 0.307 0.180 0.234 1.0E-5 

3 
GMc 

(FMLd) 
Geomembrane liner 
(HDPEe) 

0.5 Drainage slope 3%; Drainage length 100 m 2.0E-13 

4 BSLf 
Top barrier (HC g 
sandy clay) 

45 0.40 0.366 0.288 0.40 1.0E-7 

5 VPL 
Foundation layer 
(coarse sand) 

30 0.417 0.045 0.018 0.045 1.0E-2 

6 VPL 
Intermediate cover 
(MC silty clay loam) 

30 0.445 0.393 0.277 0.393 1.0E-6 

7 VPL 
Compacted waste 
(700 kg/m3)  

200 
 

0.61 0.161 0.077 0.161 1.0E-5 

8 VPL 
Protective layer 
(sand)  

30 0.437 0.062 0.024 0.062 5.0E-3 

9 LDLh 
Drainage blanket 
layer (gravel) 

30 0.397 0.032 0.013 0.032 3.0E-1 

10 
GM 
(FML) 

Geomembrane liner 
(HDPE) 

0.15 Drainage slope 3%; Drainage length 100 m 2.0E-13 

11 BSL 
Bottom barrier (HC 
sandy clay) 

60 0.40 0.366 0.288 0.40 1.0E-7 

a VPL: vertical percolation layer; b MC: moderate compacted; c GM: geomembrane; d FML: flexible membrane liner; e HDPE: high 
density polyethylene; f BSL: composite barrier soil; g HC: high compacted; h LDL: lateral drainage layer.  

 
Fig. 8  Sketch of the suggested soil layer for landfill entered in the HELP model [15].  

Layer Items 

1 Topsoil layer (silty clayey loam) 15 cm 

2 The support vegetation layer (moderately compacted loam) 45 cm 

3 Geomembrane liner (HDPE) 0.5 cm 

4 Top barrier layer (high compacted sandy clay) 45 cm  

5 Foundation layer (coarse sand) 30 cm. 

6 Intermediate cove (moderately compacted silty clayey loam) 30 cm.

7 Compacted waste 2 m. 

8 Protective layer (sand) 30 cm 

9 Drainage blanket layer (gravel) 30 cm 

10 Collection drainpipes 

11 Geomembrane liner (HDPE) 0.15 cm 

12 Bottom barrier (high compacted sandy clay) 60 cm 

 

2 
1 

3 
4 

5 

7 

8 
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3. Results 

To check the suggested soil layers that were used for 

landfill design in Babylon governorate (in the arid area), 

the HELP model was used for this purpose. For the 

suggested landfill design, hydrological parameters and 

required information for soil layers were given as an 

input into the HELP model. Then, the extension files 

for these parameters were created within the model. 

The results of proposed design for the selected landfills 

in Babylon governorate are as follow: 

3.1 Annual Readings Results for the Suggested Landfill 

Design 

Annual results’ readings for the suggested landfill 

design for selected years (2005-2016) were calculated 

in the HELP model as follows:  

 The amount of collected water from drainage 

layer (9) was zero.  

 The average water head values over the 

geomembrane surface for layers 3 and 10 were equal to 

zero. 

 The values of water leakage through the 

composite barrier soil (layers 4 and 11) were zero. 

The annual readings results for the suggested landfill 

design showed that there was no water percolation 

through the suggested soil layers of the base liner 

system (under the ground surface). 

In the HELP model, within the final cover system of 

landfill, the values of water above geomembrane (layer 

3) for the years from 2013 to 2016 were 99.2, 99.8, 

99.6 and 99.3 mm respectively. The water amount that 

infiltrated through the top barrier (layer 4) had same 

values of 0.03 mm for the years from 2013 to 2016. 

These values came from the cumulative amount of 

rainfall that fell in Babylon Governorate starting from 

the year 2012 to 2016.  

In the HELP model, the annual distribution of the 

weather parameters for the years from 2005 to 2016 on 

the selected sites was computed. The amount of rainfall 

equals the runoff, actual evapotranspiration and change 

in soil water content.  

In this model, the first value of rainfall in 2005 (40 

mm) was added to the initial water content in the soil 

layers of 987.84 mm. Therefore, the value of soil water 

content at the starting of year 2005 was 1,027.84 mm. 

The amount of soil water storage for all layers at the 

end of each year was computed in the HELP model 

based on the values of the hydrological parameters in 

the study area, where these values contributed to the 

water storage change in total soil layers. For instance, 

the value of soil water storage at the start of the year 

2016 was 1,076.62 mm. The value of soil water storage 

change in 2016 was -10.15 mm. This value led to 

change the value of soil water storage for all layers at 

the end of year 2016 to be 1,066.47 mm. The value of 

38.63 mm resulted from the different between final and 

initial of soil water storage at the end year of 2016 

(1,066.47 mm) and year of 2005 (1,027.84 mm). The 

results of annual readings for the hydrological water 

balance in the selected sites for landfill in Babylon 

Governorate for each year from 2005 to 2016 that were 

computed in the current model, can be seen in Table 

12. 

The values of soil water content at the end of each 

year from 2005 to 2016 are shown in Fig. 9. The soil 

water content at starting year of 2005 was 1,027.84 

mm.  

3.2 Results of Maximum Daily Readings for the 

Suggested Landfill Design 

The maximum daily values were calculated in the 

HELP model for the water behavior in the suggested 

soil layers and for the different hydrological 

parameters through the selected years from 2005 to 

2016. The maximum daily reading during the selected 

period (2005-2016) for the water leakage through the 

top barrier soil (layer 4) was 1.4 × 10-4 mm, and 156.6 

mm for average water level above the geomembrane 

surface (layer 3). All maximum daily readings for the 

drainage water collected from drainage (layer 9), 

average water level over the geomembrane surface 
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Table 13  Average monthly data (mm) for the years (2005-2016). 

Items Jan. Feb. Mar. Apr. May Jun. 

Water percolation through layer (4) (× 103) 0.7 0.9 1.1 1.0 0.9 0.9 

Averages water head on top of layer (3)  2.5 3.3 3.8 3.6 3.3 3.3 

Items Jul. Aug. Sep. Oct. Nov. Dec. 

Water percolation through layer (4) (× 103) 0.9 0.9 0.9 0.9 0.9 0.9 

Averages water head on top of layer (3)  3.3 3.3 3.3 3.3 3.3 3.3 
 
Table 14  Initial and final water storage in all soil layers in the starting year of 2005 and at the end year of 2016, as well as 
volumetric change. 

Layer Initial water storage (mm) Final water storage (mm) Volumetric change (vol./vol.) 

1 32.15 51.76 0.1308 

2 94.09 112.98 0.042 

3 0.0 0.0 0 

4 180 180.0 0 

5 13.5 13.5 0 

6 117.9 117.9 0 

7 322 322.13 0.0001 

8 18.6 18.6 0 

9 9.6 9.6 0 

10 0.0 0.0 0 

11 240 240.0 0 
 

In the HELP model, the average annual values 

during the years 2005-2016 for the amounts of runoff, 

actual evapotranspiration and change in water storage 

in the soils were 10.74 mm (10.54%), 87.97 mm (86.30%) 

and 3.22 mm (3.16%) respectively.  

3.5 Water Storage Behavior for the Suggested Soil 

Layers in Landfills  

The values of initial soil water storage in the starting 

year of 2005 and final soil water storage at the end of 

the year 2016 for all suggested layers for landfill with 

volumetric change between initial and final water 

storage were calculated in the HELP model.  

4. Discussion  

This study dealt with the suggested design for 

landfill in arid areas and Babylon governorate in Iraq 

was selected as a case study. The groundwater depth in 

Babylon Governorate is shallow. So, this problem was 

taken into consideration when selecting the sites and 

designing the landfills. The most important criteria 

were selected to determine the best sites for landfill. 

These criteria can be applied in arid areas with shallow 

groundwater depths.  

The suggested design of landfill comprises the soil 

layers of the base liner system and the final cover 

system. The base liner system consists of the composite 

bottom barrier layer of high compacted sandy clay with 

hydraulic conductivity of 1.0E-7 cm/s rather than clay 

liner, to avoid cracks in this layer [58]. For the 

composite bottom layer, the mixture proportions of 

Green clay (70%) and Red clay (80%) with sand   

gave hydraulic conductivity of 1.0E-11 cm/s.    

These types of clay (Green and Red) are available in 

Iraq [18].  

The geomembrane liner was placed over the barrier 

layer to increase the efficiency of the bottom layer by 

reducing the migration of pollutants toward the 

groundwater. The leachate collection system consists 

of drainage layer of gravel with thickness of 30 cm. 

This system is used to remove the leachate by 

collection pipes. The protection layer consists of sand, 
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and its hydraulic conductivity is 5.0E-3 cm/s. The 

thickness of this layer is 30 cm. This layer is used to 

inhibit fine waste particles from transferring into the 

drainage layer and prevent clogging it [8, 24].  

In the current design, the final cover system 

“Recommended design” was adopted. This was 

achieved by combining the positive properties for 

certain soil layers from “RCRA Subtitle D” 

“Evapotranspiration (ET), (capillary barriers type)”. 

The principle of the “Recommended design” for the 

final cover system layers in landfill in this study 

depend on the effects weather parameters in the arid 

areas. The purpose of using the final cover is to prevent 

infiltrated water from the surface to enter the waste 

body. Consequently, the amount of leachate generated 

toward the lower layers in landfill will be minimized 

[15].  

The intermediate soil should be used to cover the 

waste body as an essential layer for a specific period to 

reduce the risks on the environment and human health 

from the negative impacts. Furthermore, the soil cover 

is necessary to be used during the period of 

decomposition of the organic materials within the 

waste zone to fill the subsidence areas on the    

surface, as well as to avoid the cracks in the top barrier 

layer.  

The foundation layer represents a cushion for the 

engineering system of final cover layers against 

damage, and it acts as a filter for fine particles. This 

layer consists of coarse sand with thickness of 30 cm, 

and its hydraulic conductivity is 1.0E-2 cm/s. The gas 

collection system is installed within the foundation 

layer over the waste zone.  

The composite top barrier and the geomembrane 

liner (HDPE) is to prevent water that infiltrated from 

the surface to flow through into the waste body until it 

evaporates due to the high temperature during the most 

months in the arid area. Therefore, these layers act to 

decrease the amount of leachate percolation from the 

waste zone toward the lower layers of the base liner 

system.  

The clay layer (low-permeability) that is used as a 

barrier layer in landfill is difficult to implement and 

maintain. The clay layer is exposed to cracking due to 

the decomposition of the organic materials within the 

waste body (under clay layer) causing differential 

settlement at the layer surface that cover the waste. In 

addition, the clay layer is exposed to drying due to 

expected high evaporation rates from soil surface of 

landfill [58]. The purpose of mixing soils’ materials in 

the barrier layer is to reduce potential of swell and 

shrinkage, and improving of shear strength of the 

cohesive clayey soils. Mixing of these soils with 

granular materials (e.g. sand) is one of the methods of 

improving the soil properties [18, 88]. Therefore, in the 

current design, the composite barrier was used within 

the final cover system to avoid the cracks in this layer. 

Ref. [18] found that the sandy clay is suitable to be 

used as a top barrier for the cover system in the landfill. 

The mixture proportions of 30-50% Green clay with 

sand and 40-60% of Red clay with sand gave a 

hydraulic conductivity of 1.0E-9 to 1.0E-10 m/sec. To 

protect the barrier layer from cracks that can result 

from high temperature and conserve the water 

saturation level in the layer, the waterproof or 

geomembrane liner should be used to cover the barrier 

layer [58].  

The materials to support the vegetation layer (45-60 

cm) and the topsoil layer (15 cm) will reduce the 

potential of surface erosion of landfill by runoff. This is 

achieved through storing the infiltrated water until it 

evaporates. The materials of these layers are available 

locally in Babylon Governorate. The support 

vegetation consists of moderate compacted loam with 

hydraulic conductivity of 1.0E-5 cm/s. The topsoil 

layer contains silty clayey loam materials with 

hydraulic conductivity of 4.0E-5 cm/s.  

The suggested design of landfill for selected new 

sites for in the arid areas (Babylon Governorate) was 

checked using the model of HELP 3.95 D. In the 

suggested design, the soil layers and weather 

parameters for the years from 2005 to 2016 were 
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entered into the HELP model. This model was used to 

calculate the amount of runoff, and actual 

evapotranspiration, lateral drainage of leachate and 

leachate percolation through the barrier layer in the 

landfill [14]. The HELP model usually gives 

overestimation for the quantity of the leachate more 

than the resultant actual leachate [4]. For the current 

landfill design, the HELP model was given an amount 

of leachate that is considered more safety for the 

designers when selecting the required thickness of 

layers and the type of soil materials, which used in 

these layers.  

The results which were calculated by the HELP 

model for the studied period showed that the largest 

amount of water comes from precipitation. It was water 

evaporation is higher than the runoff (see Table 12). 

There was no water percolation through the suggested 

soil layers of the base liner system (under the ground 

surface). For the proposed design for the final cover 

system, the results showed that some amount of rainfall 

was infiltrated into the topsoil layer and the support 

vegetation layer, and it stopped above the top barrier 

layer. The water infiltrated was stored within the 

support vegetation layer and above the top barrier 

layers. In the HELP model, the amount of runoff on the 

surface during the years (2005-2016) was little. There 

was no water percolation from the geomembrane layer 

and the top barrier layer within the final cover system 

through the years from 2005 to 2012. This is due to the 

fact that the hydrological the water balance in the 

suggested design of the landfill is affected by weather 

parameters of the study area. For the years from 2013 

to 2016, there was so little amount of water leakage 

from the top barrier layer within the final cover system. 

This is due to the high amount of precipitation that fell 

in Babylon Governorate during these years that led to 

cumulative water storage in the soil layers. The amount 

of water that came from the surface percolated just into 

the waste zone, without any leakage through the layers 

of the base liner system (under the waste zone). In the 

HELP model, change in soil water storage at the end of 

the year 2016 for the suggested landfill design was 

(-10.15 mm). This means that the hydrological water 

balance in the studied area for the years (2005-2016) 

was negative.  

For the suggested design of landfill, in the HELP 

model, the average annual amount of precipitation was 

101.93 mm. This value was distributed into actual 

evapotranspiration of 87.97 mm (86.30%) which 

represent a high value due to high temperature in the 

study area compared with the little amount of runoff of 

10.74 mm (10.54%). Although, the average water level 

over the geomembrane liner was 33.16 mm, and the 

mean amount of water infiltrated through the top 

barrier was just 0.01 mm, but there was no leachate 

percolation through the bottom barrier layer.  

In the HELP model, the maximum daily values for 

precipitation and runoff (respectively) were 98.6 mm 

and 65.5 mm during the years from 2005 to 2016. 

These values were recorded in November 2013. The 

maximum daily value of water level above the 

geomembrane liner was 156.6 mm, and the amount of 

water percolated through the top barrier layer was 

1.4E-4 mm (so little) into the waste body. In addition, 

the results showed that there was no leachate 

percolation beneath the waste zone through the layers 

of the base liner system.  

For all layers, the difference between the initial 

water storage at the start of the year 2005 (102.784 cm) 

and the final soil storage at the end of the year 2016 

(106.647 cm) was 3.863 cm. In the suggested landfill 

design, the increase of the final water storage at the end 

year of 2016 was as a result of infiltrated surface water 

through the topsoil layer (1), the support vegetation 

layer (2) as well as from the little amount of water 

percolation through the waste body (layer 7). It should 

be mentioned however that there was no leachate 

percolation from any layers of the landfill positioned 

beneath the ground surface. 

5. Conclusions 

In the current study, the suggested design of landfill 
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for arid areas included the base liner and final cover 

systems. The results showed there was no water 

percolation through the bottom barrier layer during the 

years (2005-2016) using the HELP model.  

The suggested layers for the final cover system 

“Recommended design” were built through the 

combination of certain positive features from “RCRA 

Subtitle D” “Evapotranspiration soil cover (ET), 

(capillary barriers type)”. This design “Recommended 

design” is suitable to be implemented in arid areas 

based on the properties of weather parameters that are 

available in these areas (high temperature, and a low 

rainfall amount but with high intensity in short 

duration). 

Generally, the suggested design of landfill has 

achieved its main objective in Babylon Governorate, 

and this design can be applied in similar arid areas in 

Iraq. 
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