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Abstract. Trinitrotoluene (TNT), a commonly used explosive for military and industrial applications, can cause

serious environmental pollution. 28-day laboratory pot experiment was carried out applying bioaugmentation using

laboratory selected bacterial strains as inoculum, biostimulation with molasses and cabbage leaf extract, and

phytoremediation using rye and blue fenugreek to study the effect of these treatments on TNT removal and changes

in soil microbial community responsible for contaminant degradation. Chemical analyses revealed significant

decreases in TNT concentrations, including reduction of some of the TNT to its amino derivates during the 28-day

tests. The combination of bioaugmentation-biostimulation approach coupled with rye cultivation had the most

profound effect on TNT degradation. Although plants enhanced the total microbial community abundance, blue

fenugreek cultivation did not significantly affect the TNT degradation rate. The results from molecular analyses

suggested the survival and elevation of the introduced bacterial strains throughout the experiment.
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Introduction

The nitroaromatic explosive, 2,4,6-trinitrotoluene (TNT),

has been extensively used for over 100 years, and this

persistent toxic organic compound has resulted in soil

contamination and environmental problems at many

former explosives and ammunition plants, as well as

military areas (Stenuit, Agathos 2010). TNT has been

reported to have mutagenic and carcinogenic potential

in studies with several organisms, including bacteria

(Lachance et al. 1999), which has led environmental

agencies to declare a high priority for its removal from

soils (van Dillewijn et al. 2007).

Both bacteria and fungi have been shown to

possess the capacity to degrade TNT (Kalderis et al.

2011). Bacteria may degrade TNT under aerobic or

anaerobic conditions directly (TNT is source of carbon

and/or nitrogen) or via co-metabolism where addi-

tional substrates are needed (Rylott et al. 2011). Fungi

degrade TNT via the actions of nonspecific extracel-

lular enzymes and for production of these enzymes

growth substrates (cellulose, lignin) are needed. Con-

trary to bioremediation technologies using bacteria or

bioaugmentation, fungal bioremediation requires

an ex situ approach instead of in situ treatment (i.e.

soil is excavated, homogenised and supplemented

with nutrients) (Baldrian 2008). This limits applicabil-

ity of bioremediation of TNT by fungi in situ at a field

scale.
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Introduction

Municipal Solid Waste Management (MSWM) in develop-
ing nations is one of the biggest environmental challenges 
due to rapid population growth that demands more and 
more suitable sites for municipal solid waste disposal. The 
generation of MSW is an unavoidable result of human ac-
tivity which involves the generation, onsite storage, collec-
tion, transfer and transportation, recycling, treatment and 
disposal (Chiueh, Yu 2006). Waste generation is the result 
of inefficient and unsustainable uses of natural resources 
and energy in production processes, which leads to eco-
nomic and environmental problems, such as large addi-
tional expenses for the collection, processing and waste 
landfilling and elimination (Schiopu et al. 2012; Simion 
et al. 2013). Unfortunately, materials resulting from con-
struction and demolition are often considered as waste for 
disposal, rather than resources for processing and reuse. 
They have negative impacts on environment, economy, 
public health, and social life (Ionescu et al. 2011; Robu 
et al. 2007). The management of Municipal Solid Waste 
(MSW) is going through a critical phase due to the un-
availability of suitable facilities for treatment and disposal 
of large amounts of MSW generated in metropolitan cit-
ies. Unscientific disposal causes adverse impacts on all as-
pects of the environment and human health (Rathi 2006; 
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Sharholy et al. 2008). In India, it is very often observed 
that due to limited availability of land and lack of regulato-
ry measures, the MSW is disposed-off on low-lying areas 
without taking any precautions or operational controls.
The present practice of MSWM demands an environment 
friendly and suitable landfill sites for waste management in 
fast growing regions of developing nations as the landfill is 
the most common method for disposal of MSW. The “not 
in my backyard” (NIMBY) and “not in anyone’s backyard” 
(NIABY) concepts (Chang et al. 2008; Kontos et al. 2003) 
are popular in most cities of developing nations that cre-
ate problems for the decision makers involved in MSWM.

An inappropriate landfill site may have negative im-
pacts on the environment. Therefore, it should be selected 
carefully by considering both regulatory requirements and 
other constraints (Şener 2004). The siting of MSW land-
fill is a spatial multi-criteria decision analysis (SMCDA) 
for which both GIS and MCDA methods should be used 
(Kontos et  al. 2005). Some relevant studies on landfill 
siting and solid waste management have integrated GIS 
and MCDA in various ways which also include analytic 
hierarchy process(AHP) using weighted linear combina-
tion (WLC) (Carver 1991; Siddiqui et  al. 1996; Charn-
pratheep et al. 1997; Kao et al. 1997; Lukasheh et al. 2001; 
Kontos et al. 2003, 2005; Higgs 2006; Şener et al. 2006; 



D. Khan, S. R. Samadder. A simplified multi-criteria evaluation model for landfill site ranking and selection based on...268

Chang et al. 2008; Delgado et al. 2008; Wang et al. 2009; 
Şener et al. 2010; Kara, Doratli 2012; Yildirim 2012; Achil-
las et al. 2013; Allesch, Brunner 2014; Demosouka et al. 
2014).

The present paper has considered the ranking of se-
lected candidate landfill sites using linear combination 
of weights derived from AHP which has not been done 
in earlier studies on landfill site selection. This study will 
help the municipal engineers to get the most precise en-
vironmentally sound landfill sites with suitability rank-
ing. Siting decisions are governed by the pre-existing 
land use dynamics of the urban area as well as the nature 
of potential interactions of the landfill with the pre-ex-
isting environmental, geologic, hydrological, and socio-
economic parameters of the area (Sumathi et al. 2008). 
Siddiqui et al. (1996) were among the first to integrate 
GIS and AHP for landfill siting. This integration plays a 
significant role in siting landfills for solid waste manage-
ment. Complex geographical data can be represented by 
thematic layers and correlation among large volumes of 
discrete geographical information can be attributed to-
gether to provide the demand of the investigators. Hence 
GIS and remote sensing techniques can be applied in the 
field of MSWM using a multi-criteria decision making 
technique to provide the organized approach for assess-
ing and integrating the impact of various factors as indi-
cators of suitability of landfill sites.

On the other hand AHP is a powerful tool for solv-
ing complicated problems that may have interactions and 
correlations among multiple objectives. This technique 
provides a means of decomposing the problem into a hi-
erarchy of sub-problems that can be more easily compre-
hended and subjectively evaluated. The subjective evalua-
tions are converted into numerical values that are ranked 
on a numerical scale (Bhushan, Rai 2004). This present 
study examined the applicability of the GIS techniques 
in combination with a multi-criteria approach for ana-
lyzing the land suitability for landfill. The most prevalent 
procedure for integrating multi-criteria evaluation and 
multi-objective evaluation (MOE) in GIS for land suitabil-
ity analysis is WLC approach (Hopkins 1977). The WLC 
procedure allows full trade off among all factors and of-
fers much more flexibility than the Boolean approaches. 
Most of these methods were developed for case studies by 
considering the regionalised social and geo-environmental 
criteria. The generalised global method might not be an 
appropriate method for landfill suitability at regional level 
as there are lots of evaluation criteria mentioned in the lit-
erature but their existence vary from region to region. Pre-
vious studies have considered many more criteria to make 
the selection process more precise but the main challenges 
in this study were the unavailability and proper applicabil-
ity of the data. The purpose of this study was to locate the 
suitable landfill sites in Dhanbad city, Jharkhand, India for 

MSW disposal using AHP and WLC approach by consid-
ering various localized factors that may influence locat-
ing landfill sites in the study area. The criteria which were 
having more environmental impact and appropriate for 
the present study area were only considered in the study 
to keep the methodology simple so that decision mak-
ers can easily adopt the proposed methodology. Different 
standardized scales were used in the process of assigning 
the weightage to each one of the criteria of landfill siting 
and a ranking process was adopted to get the candidate 
site ranking order.

1. Materials and methodology

1.1. study area

Dhanbad is one of the mineral rich (especially coal re-
serves) districts of India located in the state of Jharkhand. 
The region lies on the eastern part of Chhotanagpur pla-
teau and has an undulating topography. The study area 
extends from 86° 06′ 11′′ E to 86° 50′ 26′′ E longitude 
and from 23°38′ 58′′ N to 24° 03′ 30′′ N latitude (Fig. 1). 
Present study area covers the main agglomerated urban 
region of the city within Dhanbad Municipal Corpora-
tion (DMC), consisting of 24 administrative wards. The 
total area of the present study region is about 101 km2 that 
supports about 0.49 million population as per census of 
India, 2011. The density of population was estimated to 
be 2947 persons/km² and it is rising at an annual rate of 
1.5%. The study area mainly consists of residential area, 
agricultural area, scrubs and quarry areas. It has consider-
able scope of expansion and may alter the land-use pattern 
in the near future for which overall planning of municipal 
facilities including municipal solid waste management in 
the city as a whole is required. The economic growth in 
the study area due to the extraction of mineral reserves 
has led to a rapid growth in population and change in 
land-use pattern that resulted in increase of solid waste 
generation. At present the study area has neither any prop-
er demarcated landfill sites, nor any organized method of 
solid waste disposal.

1.2. pre-processing of data

The present study requires satellite images, toposheets 
containing ground information, local administrative 
maps, and field observation data. Prior to the begin-
ning of suitability analysis, the data were corrected and 
processed to facilitate GIS functionality of the data. To 
perform a land-use/landcover mapping, atmospheric 
correction and precise geometric registration of images 
with location accuracy is a pre-requisite. Atmospheric 
scattering contributes some additional spectral values 
to the ground reflectance (Jensen 1986). In this study, 
the LISS IV image was corrected for atmospheric path 
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radiance using dark object subtraction method (Chavez 
1988). These images were geometrically corrected by 
taking well distributed Ground Control Points (GCPs) 
that were extracted from topographical maps of the 
study area. The PAN images were registered with the 
LISS IV images up to the sub-pixel accuracy. The pre-
processed images were pan sharpened before the land-
use classification method was used as a pan sharpened 
image gives best of both the images with high spectral 
resolution (multi-spectral image) and high spatial reso-
lution (panchromatic image). In this study interactive 
visual interpretation method was applied to classify the 

pan-sharpened LISS IV image into existing land-use. 
Some land-use units were recorded using the reference 
from high resolution Google Earth image to make the 
land-use map more precise. The land-use map of the 
present study area is shown in Figure 2.

Slope, aspect and flow accumulation were derived from 
Carto-DEM of the study area, road map, groundwater depth 
map and soil map were extracted from PAN image, CGWB 
(Central Ground Water Board, India) map and NBSS (Na-
tional Bureau of Soil Survey, India) map respectively. Land-
use related criteria layers were extracted from the land-use 
map prepared from the pan sharpened LISS IV image.

Fig. 1. Location of the study area

Fig. 2. Land-use of the study area 
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1.3. Methodology

The stepwise operational methodology used in this study 
is portrayed in Figure 3 and explained in detail in the fol-
lowing sections:

1.3.1. Multi-criteria evaluation

Spatial multi-criteria decision making (MCDM) is a pro-
cess where geographical data are combined and trans-
formed into a decision. It involves input data, the deci-
sion makers’ performances and manipulation of both 
information using specified decision rules. The actual 
process of applying the decision rule is evaluation. In or-
der to meet the objective, several criteria need to be eval-
uated and is termed as Multi-Criteria Evaluation (MCE). 

A variety of scales on which criteria and sub-criteria can 
be measured. 

MCDA requires the values contained in the various 
criterion map layers to be transformed into comparable 
units (Moeinaddini et al. 2010). Criteria maps can be clas-
sified on the basis of the types of available information for 
map construction. In order to compare criteria with each 
other, all units were transformed into the same unit of 
measurement scale. Standardization was done by assign-
ing a numeric value between 1 and 5, where 1 signified 
the maximum suitability rate and 5 as the not suitable for 
each criterion (Table 1). Each of the criteria was standard-
ized based on expert opinions considering the potentiality 
of the land for landfill site and then each of the prepared 
layers was evaluated in GIS platform.

Fig. 3. Methodology of the study
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1.3.2. Assigning criteria weights 

AHP is one of the multiple criteria decision-making meth-
ods that were originally developed by Saaty (1977). It has 
the capability to simplify preference ratings among decision 
criteria using pair-wise comparisons. The AHP technique is 
used to evaluate each criterion as multiple important objec-
tives are difficult to prioritize. The weights of specific cri-
teria are assigned using Saaty’s technique (Saaty 1977), in 
which a ratio (reciprocal) matrix is constructed where each 
criterion is compared with the other criteria, relative to its 
importance on a scale with values from a set {1/9,1/8, 1/7, 
1/6, 1/5, 1/4, 1/3, 1/2, 1, 2, 3, 4, 5, 6, 7, 8, 9}, ranging from 
the minimum value of 1/9 representing the least important, 
to 1 for equal importance and to 9 for the most important. 

The weights are calculated by normalizing the eigen-
vector associated with the maximum eigen-value of the 
matrix.

The calculation involves the following steps: (a) com-
putation of sum of values in each column of pair-wise 
matrix, (b) normalization of the matrix by dividing each 
element by its column total, (c) computation of mean of 
the elements in each row of the normalized matrix.

Then the consistency ratio (CR) is computed to check 
the consistency of comparisons using the Eq. (1) and Eq. (2).
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where maxλ = Principal eigen value = sum of the products 
between each element of the priority vector and column 
total, n  = number of criteria. CI = consistency index and 
RI = random inconsistency index.

If the consistency ratio (CR) is greater than 0.10, then 
some pair-wise values need to be reconsidered till the de-
sired value of CR < 0.10 is reached. 

After standardization of criteria and determination of 
relative weights of each of the criteria in landfill site selec-
tion process, the next step is to aggregate them to obtain the 
suitability of the land for the purpose. WLC method is the 
widely used method for aggregation of standardized criteria 
and their weights in suitability assessment process. Weighted 
maps and constraints maps were aggregated in the present 
study to obtain the final suitability due to the obvious rea-
sons that these are the land-use patterns that cannot be dis-
turbed for such planning. Empirically see Eq. (3):

 1 1

mn

i i j
i j

S w x c
= =

= ⋅∑ ∏ ,     (3)

where S = Composite suitability score, ix =   Criterion 
score, iw =  Weight assigned to each criterion, jc =Con-
strains, =∑  Sum of Weights and =∏  Products of the 
constraints.

Final candidate sites were chosen from final suit-
ability map which had area greater than a threshold 
value of 4 ha, the minimum area required for a service 
period of 20 years (Manual on Municipal... 2000). So, the 
areas below the threshold value were considered as not 
suitable for landfill. Then all candidate sites were ranked 
based on comparative statistical analysis of area occupied 
by each attributes of three main criteria i.e. land-use pat-
tern, distance from settlement, and distance from water 
bodies. Further an AHP was constructed to pool three 
rank vectors in one rank vector to prioritize the selected 
candidate sites. 

2. results and discussion

2.1. site selection criteria

In this study, eleven possible criteria were selected for 
evaluating landfill suitability which includes the major en-
vironmental and socio-economic parameters of the study 
area (land-use pattern, slope, distance from the settlement, 
distance from water bodies, depth of groundwater table, 
lineament, wind orientation, flow accumulation, distance 
from roads, distance from airport and soil type). Figure 4 
shows suitability maps for all the criteria that were consid-
ered for the present study and Table 1 shows the classes of 
each criterion and their standardized score (rating). 

The weights were assessed taking the feasibility and 
possibility of modifying the natural conditions of the sites 
by appropriate engineering intervention, so as to increase 
their suitability (as was done by Delgado et  al. 2008). 
These criteria are discussed below:

2.1.1. Slope

Lin, Kao (1998) have suggested that the appropriate slope 
for constructing a landfill is about 8–12%, because too 
steep slope would make it difficult to construct and main-
tain and too flat of a slope would affect the drainage. A 
slope above 12% creates high runoff rates for precipita-
tion. With higher runoff rate and decreased infiltration, 
contaminants may travel greater distances from the con-
tainment area. Topographically the present study area is a 
lower plateau having relatively little undulations. The gen-
eral slope is from North West to South East direction. The 
criteria were graded as per the suitability class and ranked 
accordingly. A slope range of 8–16% was considered to be 
the most preferable for the landfill site and hence assigned 
grade1 in the present study. 

2.1.2. Distance from roads

The landfill must not be located within 200 m of any 
major highways and city streets and 500 m of a railway 
line (Şener et  al. 2006). On the other hand, the landfill 
site should not be placed too far from the existing road 
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networks for reducing the cost of new road construction, 
transportation and collection costs of solid wastes. In the 
present study, buffer zones were created taking the radial 
distance of 100, 200, 300, 400, 500 meters respectively and 
suitable grades were assigned.

2.1.3. Land-use

The land-use characterizes a degree of economic activi-
ties and population density associated with the area under 
study. The different land-use types were assigned different 
weights considering their respective economic activities 
and the population density. The residential or other settle-
ment areas, recreational areas, vegetation and the airport 
were considered inappropriate for MSW landfill siting and 

therefore, were assigned relatively high grade to discard 
the area for landfilling and the area which is exclusively 
barren land and barren land with some scrubs were con-
sidered as suitable for such activity and hence was assigned 
grades 1 and 2 respectively. The other land-use types were 
assigned grades as per their relative importance.

2.1.4. Distance from settlement

The landfill site should not be in the vicinity of the resi-
dential or an urban area to avoid adverse impact on land 
value and future development and to protect the people 
from possible environmental hazards of landfill sites. The 
landfill must be located within 10 km of an urban area 
(Baban, Flannagan 1998) but should not be within 1 km of 

Fig. 4.  Suitability map of all the selected criteria
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an urban area as per Turkish Solid Waste Control Regula-
tions (TSWCR 2002). A distance of more than or equal to 
500 m from settlement was taken as suitable for landfill 
siting in the present study (consistent with Demesouka 
et al. 2014). 

2.1.5. Depth to groundwater

A landfill site should be located in an area where ground-
water is sufficiently deep, so that the groundwater quality 
is not affected due leachate movement from landfill sites. 
Keeping this in mind, zones with varying water-table 
depth were demarcated and grades were assigned in such 
a way that the zone with maximum depth was consid-
ered most suitable and vice-versa to avoid the area with 
groundwater table near the surface. The depth of ground-
water table from ground surface was reclassified in a depth 
range varying from 0–2 m, 2–2.5 m, 2.5–3 m, 3–3.5 m, 
3.5–4 m and each range was standardise based on their 
suitability. Groundwater depth more than 3.5 metres from 
ground surface was considered safe for constructing land-
fill (Manual on Municipal... 2000) in the present study. 

2.1.6. Lineament

Faults are geological structures that restrict the siting of 
a safe landfill site (Gemitzi et al. 2007) as these allow the 
leachate to flow quickly to reach groundwater. The landfill 
site should be located at least 100–200 m away from any 
faults, fissures, joints, stream/lakes and other shear zones 
avoid the groundwater pollution of any area (Demesouka 
et al. 2014). All the lineaments were buffered by a distance 
interval of 0–100 m. According to the calculations in the 
present study, the areas located at more than 400 m away 
from the lineaments had the lowest weight values (most 
suitable), but those <100 m from the lineaments had the 
highest gradevalues (least suitable). 

2.1.7. Wind orientation

Settlements near the landfill get affected by odour gener-
ated from the landfill; hence it is always preferable to site 
the location of a landfill at a place where wind direction is 
not towards the settlement and away from the settlement 
zone. To evaluate the wind direction of the study area, an 
aspect map was prepared using DEM (as suggested by 
Şener et al. 2010). The hillsides located in the windward 
direction relative to the settlements were assigned a lower 
grade. The northeast (NE) and southwest (SW) winds 
were the dominant wind direction; hence the hillsides lo-
cated in NE–SW and flat areas were assigned a grade 5 in 
the present study area, because they were more exposed 
to the wind and thus unsuitable. The other hillsides were 
assigned lower grades, depending on their wind frequency 
and suitability in the study area.

Table 1. Reclassified criteria and their rating

Criteria Class Rating

Land-use

Barren land without scrub
Barren land with scrub
Mining, Open space
Vegetation, Grassland, wetland
Agriculture, Surface water 
body, Settlements

1
2
3
4
5

Slope

8–12%
12–16%
4–8%
16–20%
>20%

1
2
3
4
5

Distance 
from 
settlement

0–200m
200–400m
400–600m
600–800m
>800m

5
4
3
2
1

Distance 
from surface 
water body

0–100m
100–200m
200–300m
300–400m
400–500m

5
4
3
2
1

Depth of 
groundwater

0–2m
2–2.5m
2.5–3m
3.3–5m
3.5-4m

5
4
3
2
1

Lineament 
density

0–100m
100–200m
200–300m
300–400m
>400m

5
4
3
2
1

Aspect

South West
North East
South East
North West
North, South, East, West

1
2
3
4
5

Flow 
accumulation

0–600 cells
600–2500 cells
2500–6000 cells
6000–15000 cells
15000–32473 cells

1
2
3
4
5

Distance 
from road

500m
400m
300m
200m
100m

1
2
3
4
5

Distance 
from airport

0–200m
200–400m
400–600m
600–800m
800–1000m

5
4
3
2
1

Soil type Loamy to fine
Loamy to Loamy

2
3
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2.1.8. Flow accumulation

A flow accumulation raster calculates the number of cells 
that will contribute flow into each cell of the study area 
(O’Callaghan, Mark 1984). It determines the size of the re-
gion over which water from precipitation (rainfall, snowfall, 
etc.) can be accumulated. It also depicts the contributing 
area of a watershed and is highly correlated with both its 
surface runoff and peak discharge. The high flow accumu-
lated areas were demarcated as not suitable to avoid the di-
rect impact of surface runoff in the present study. 

2.1.9. Distance from water bodies

Landfills release noxious gases and leachate. So they should 
not be in proximity to water wells and surface water bod-
ies (Dorhofer, Siebert 1998). Weights were assigned using 
AHP in similar way as was done for roads. The distance 
from the water bodies was buffered at a distance varying 
from 0–100 m, 100–200 m, 200–300 m, 300–400 m, 400–
500 m. The distance from the water bodies more than 500 
metres was considered safe for constructing landfill in the 
present study area (Manual on Municipal... 2000).

2.1.10. Distance from airport

The distance between an airport and landfill site should be 
a minimum of 3km for safety measures (Wang et al. 2009). 
Another reason for locating a landfill away from the air-
port is to avoid birds that easily get attracted to landfill 
sites due to availability of different types of food wastes 
(Moeinaddini et  al. 2010). Recently in a study, Gbanie 
et al. (2013) formed a 0.5 km buffer zone from helipads 
in the examined area. The distance of landfill from airport 
was taken 1km as the most suitable one in this area as the 
airport is not in use on the regular basis and the area pro-
posed for the airport is not sufficient, hence further devel-
opment of the airport may not be possible. 

2.1.11. Soil type

Soil should be of sufficiently low permeability to ensure 
very slow movement of leachate from the site towards 
groundwater. Thus, sites on clayey soil having low per-
meability should be preferred. A landfill constructed 
over a permeable formation such as gravel, sand or frac-
tured bedrock can pose a significant threat to ground-
water quality. The present study area has two dominant 
types of soils and they are fine loamy to fine and fine 
loam to loamy. Fine loamy to fine was considered to be 
more suitable for landfill site and grade accordingly due 
to its low permeability over the other type soil present in 
the study area.

2.2. final landfill site suitability analysis

For selection of potential landfill sites in the pres-
ent study, AHP was used after detail evaluation of the 
various criteria of landfill siting. Pair-wise comparison 
method was used only to assign weights and to set up 
the significance of environmental criteria (Table 2a) us-
ing AHP where highest weightage was assigned to the 
land-use pattern. Then the column total is derived and 
the cell values of each column are divided by its respec-
tive column total to get a normalized value matrix as 
given in Table 2b. Finally the weights were calculated 
by taking the average values of the row for each criteria. 
The detail calculation steps were same as discussed in 
the methodology section.

The CR value of all comparisons was lower than 0.1 
that indicated the use of weights was suitable (consistent 
with Eastman 2003). 

WLC was applied to aggregate all criteria and 
display potential landfill sites considering all the cri-
teria and their relative weights for each of the criteria 
and accordingly an intermediate suitability maps were 

Table 2a. Comparison matrix for the site selection criteria

Para meters x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11

Land-use (x1) 1 2 3 3 4 4 5 4 5 8 9

Slope (x2) 1/2 1 1/3 2 4 5 6 3 6 8 8

Dis tance from sett lement (x3) 1/3 3 1 2 4 3 4 3 6 7 9

Dis tance from water body (x4) 1/4 1/2 1/2 1 3 2 6 4 7 6 8

Ground water (x5) 1/4 1/4 1/4 1/3 1 3 2 3 3 3 8

Linea ment (x6) 1/5 1/5 1/3 1/2 1/3 1 3 3 4 3 7

Aspect (wind) (x7) 1/4 1/6 1/4 1/6 1/2 1/3 1 3 3 2 5

Flow accu mulation (x8) 1/4 1/3 1/3 1/4 1/3 1/3 1/3 1 3 2 4

Trans port (x9) 1/5 1/6 1/6 1/5 1/3 1/4 1/3 1/3 1 2 3

Dis tance from Air port (x10) 1/8 1/8 1/7 1/6 1/3 1/3 1/3 1/2 1/2 1 3

Soil type (x11) 1/9 1/8 1/9 1/8 1/8 1/7 1/5 1/4 1/3 1/3 1

Co lumn total 3.55 7.87 6.42 9.68 17.96 19.39 28.37 25.08 38.83 42.33 65.00
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generated using GIS. The lower values of suitability cl-
ass1and 2 on the maps indicated most suitable areas for 
landfill siting (Fig. 5). The area in the study region with 
value 1 was negligible hence the next class of area with 
suitability class value 2 (more suitable than 3, 4 and 5) 
was considered for extraction of the suitable areas for 
landfill site.

The final analysis showed that about 12 km2 of the 
total area (101 km2) is suitable for locating landfill sites. 
Eleven candidate sites were finalized on the basis of the 
size of a site greater than 4 ha and are shown in Figure 6. 

To make the selection more precise, all the eleven 
candidate sites were further compared with the three 
most significant criteria i.e. land-use pattern, distance 
from the settlement and the distance from surface wa-
ter bodies. This study proved to be efficient and provide 
more accurate results. Figure 7 shows the area covered 
by each type of the land-use for comparative study of 
the individual suitability of all eleven candidate sites. 
Each bar in a graph (Fig. 7) represents the area coverage 
of each candidate site in percentage to make comparison 
with each other. Candidate sites 7, 8 and 10 had maxi-
mum quantity of suitable land and candidate sites 1, 2, 
and 9 had maximum area located at suitable distance 
from settlement whereas candidate sites 6, 4 and 1 had 
enough land situated at a suitable distance from surface 
water bodies.

These sites were ranked based on the area statis-
tics of each attribute of these three criteria individually. 
Finally these ranks were pooled in a single rank using 
linear combination of weight derived from AHP (Table 
3) of the three criteria and their ranks. The calculation 
step is same as followed for Table 2.

The candidate sites 6, 7 and 8 (Fig. 8) were the most 
suitable landfill sites in the study area as these sites had 
high ranking order 1, 2, and 3 respectively (Table 4). 

Table 2b. Normalized matrix and significance weight of each criteria

Parameters x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 Weight (%)

Land-use (x1) 0.28 0.25 0.47 0.31 0.22 0.21 0.18 0.16 0.13 0.19 0.14 23.03

Slope (x2) 0.14 0.13 0.05 0.21 0.22 0.26 0.21 0.12 0.15 0.19 0.12 16.40
Distance from settlement (x3) 0.09 0.38 0.16 0.21 0.22 0.15 0.14 0.12 0.15 0.17 0.14 17.58
Distance from waterbody (x4) 0.09 0.06 0.08 0.10 0.17 0.10 0.21 0.16 0.18 0.14 0.12 12.95
Groundwater (x5) 0.07 0.03 0.04 0.03 0.06 0.15 0.07 0.12 0.08 0.07 0.12 7.70
Lineament (x6) 0.07 0.03 0.05 0.05 0.02 0.05 0.11 0.12 0.10 0.07 0.11 7.06
Aspect (wind) (x7) 0.06 0.02 0.04 0.02 0.03 0.02 0.04 0.12 0.08 0.05 0.08 4.86
Flow accumulation (x8) 0.07 0.04 0.05 0.02 0.02 0.02 0.01 0.04 0.08 0.05 0.06 4.22
Transport (x9) 0.06 0.02 0.03 0.01 0.02 0.01 0.01 0.01 0.03 0.05 0.05 2.67
Distance from Airport (x10) 0.04 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.05 2.24
Soil type (x11) 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 1.28

Fig. 7. Comparison of all the candidate sites with respect to 
land-use

Fig. 5. Landfill suitability index

Fig. 6. Selected candidate sites
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Table 3(a). AHP for candidate site ranking

Criteria (s1) (s2) (s3)

Land-use (s1) 1 4 5

Distance from Settlement (s2) 1/4 1 3

Distance from Waterbody (s3) 1/5 1/3 1

Column Sum 1.45 5.33 9

Table 3(b). Normalized matrix and significant weight of each 
criteria for candidate site ranking criteria

Criteria (s1) (s2) (s3) Weight
Land-use (s1) 0.69 0.75 0.56 0.67

Distance from Settlement (s2) 0.17 0.19 0.33 0.23

Distance from Waterbody (s3) 0.14 0.06 0.11 0.10

Table 4. Rank of Candidate Sites

Candidate 
Site ID 1 2 3 4 5 6 7 8 9 10 11

Ra
nk

 b
as

ed
 o

n

Land-use 6 7 8 11 9 5 1 2 10 3 4
Distance 
from 
Settlement

1 2 7 6 11 4 5 9 3 8 10

Distance 
from 
Waterbody

3 5 8 2 11 1 7 4 6 9 10

Overall 
Rank 4 6 8 10 11 3 1 2 9 5 7

Candidate sites 6, 7 and 8 had more than 90% area 
under barren land and nearly 30% area was in between a 
distance of 400 to 600 m from settlement and more than 
40% area was in between a distance of greater than 400 m. 
So, the selected sites had enough barren land or quarry, 
substantially away from the built up area and located at 
a safe distance from surface water bodies making them 
more suitable as solid waste disposal sites.

conclusions

Landfill site selection is one of the most important com-
ponents of any MSWM system and needs to be planned 
scientifically using recent advancements in the spatial 
scien ces. GIS is a very powerful tool and provides a rapid 
assessment for suitable landfill siting for MSW disposal 
in a rapidly growing city like Dhanbad. An unscien-
tific siting of a landfill may result in adversely affected 
surrounding environment. This situation is observed 
in most developing nations including India. Most cit-
ies of developing countries are faced with the improper 
management of data as one of the limitations. For the 
selection of landfill sites, eleven criteria were considered 
relevant to Dhanbad city. Generally more criteria give 
more precise results, but selecting less important crite-
ria which have negligible impact, make the system very 
complex. So, the evaluation criteria must be selected 
based on their impact on the suitability analysis. Envi-
ronmental criteria are more sensitive due to its control 
over the leachate transport rate than socio-economic cri-
teria which are important for limiting financial expen-
diture. In this study, eleven possible landfill sites were 
identified using GIS that satisfied most of the desirable 
criteria of locating an environmentally suitable landfill 
site. The study area is rich in coal reserve and there is 
a limitation of using geological data as it is not acces-
sible for the present study area and therefore the depth 
to the bedrock was not considered. Suitable landfill sites 
were identified using overlay analysis of different layers 
selected on the basis of AHP applicable for the charac-
teristics of the region. Final landfill suitability maps were 
generated using WLC and the prioritizing candidate sites 
have been done by repeating the whole process consid-
ering the most desirable factors. The factors which were 
assigned more weights were compared to select the most 
appropriate landfill site. The factors considered for com-
parison study were land-use pattern, distance from the 
settlement, and the distance from the road network. Out 
of the 11 candidate sites identified in this study, three 
“potential landfill” sites were selected as the most ac-
ceptable landfill sites with suitability ranking using re-
petitive application of AHP and WLC considering three 
most influential parameters affecting landfill siting. The 
most suitable identified sites for landfill were confirmed 
by field visits. They were found to be feasible with respect 
to the environmental criteria. Furthermore, the study 
could be validated by considering site owernership and 
the public acceptance study. Insitu field survey such as 
litholog analysis, soil permeability test, hydrogeological 
survey should be conducted before finalising the land-
fill location. This study used secondary coarse resolution 
data for soil and lineaments data, fine resolution data for 
the same could give more accurate results. Fig. 8. Final candidate sites
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