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ABSTRACT 

With increasing industrialization, the waste generated has also increased. Sweden generate great 

amount of industrial waste every year. In 2008, there were 97.9 million tons of waste generated, out of 

which 93 million tons were industrial waste. Mining waste made up the majority of the total waste 

amounting to more than 58 million tons of the waste generated in Sweden (Avfall Sverige, 2011). 

64.1% of industrial wastes were deposited in the landfill sites (Jia, 2011). 

 

According to Avfall Sverige (2011), 85 landfills were open as at 2009 in Sweden. A large number of 

these landfill sites take non-hazardous waste, while 21 of them accept hazardous waste.  5 of the sites 

are limited to inert waste. Landfills that are in the closure stage must be covered with a final cover. 

Together these landfills cover an estimated area of 25km2, and the estimated total cost for final 

covering of the sites is about 6 billion SEK.  Approximately 6-8 million tons of material is used for the 

final covers of landfill sites every year. Because natural material is not always available, secondary 

construction materials is used instead. 

 

Secondary construction materials for the final cover of a landfill is an attractive alternative for many 

landfill operators in order to reduce material cost and exploitation of non-renewable virgin 

construction materials such as clay and sand. Secondary construction materials that have been 

investigated and used in different final cover designs are ash, slag from steel making, sewage and fiber 

sludge, treated soil and compost (Travar et. al., 2005, Kim et. al., 2005, Andreas et. al., 2005,       

Tham et. al., 2003, Kumar et. al., 2003). However, companies and authorities do not know the 

uncertainty in terms of mechanical stability of these secondary construction materials used in the cover 

material. 

 

Stability is a very significant part of the landfill design, especially in a multilayered final cover. Slope 

failure of landfill can occur during the construction of landfill, during filling or after closure of the 

landfill. Most landfill failures have occurred in slopes of waste, and also in interfaces between 

geosynthetic-geosynthetic and soil-geosynthetic materials. Landfill failures can have disastrous result 

including loss of life, damage to property, and pollution of the surrounding environment, surface and 

groundwater.  Therefore the stability of landfill must be dealt with very carefully so as to know how 

safe a landfill is or how hazardous a landfill is. This is the essence of our master’s thesis. 

 

Direct simple shear test was found to be suitable to determine the shear strength parameters of some 

final cover materials. Based on the laboratory investigation the cohesion of compost, bio-ash, 

excavated materials, a mixture of green liquor and sludge and rock dust were found to be in the range 

of 0-2.35kPa. The friction angles of these materials were found to be between 15-33 degrees. 

Different side slopes of landfill were analysed with the SLOPE/W and PLAXIS 2D program. These 

programs are intended for soil but were found proper for slope stability of landfills. While using the 
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SLOPE/W software, our analysis on side slopes with values1:3, 1:4, 1:5 gave a factor of safety of  

1.08 - 1.25, 1.53 - 1.62 and 1.79 - 1.96 respectively. The PLAXIS software also gave a factor of safety 

of 0.9, 1.14 and 1.46 respectively for the same side slopes. Comparing the results we got with the 

factor of safety 1.5 used in geotechnical analysis for slope stability, it can be inferred that side slope of 

1:3 for both SLOPE/W and PLAXIS is less than the recommended value of 1.5. This implies that the 

landfill with side slope of 1:3 is not safe with both programs. On the other hand, with a side slope of 

1:4 SLOPE/W gives a factor of safety greater than 1.5 whereas PLAXIS gives a factor of safety less 

than 1.5.This implies that with a side slope of 1:4, SLOPE/W is safer than PLAXIS. Interestingly, with 

a side slope of 1:5, both SLOPE/W and PLAXIS gives a safe factor of safety. 

 

Since the Obbola landfill has a side slope of 1:4, SLOPE/W indicates a safe factor of safety but 

PLAXIS indicates that the side slope is unsafe. This is based on our computation and the engineering 

judgement we made in the analyses as above.  
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1. INTRODUCTION 

1.1. Background 

With increasing industrialization, the waste generated has also increased rapidly. Waste may be 

categorized in different forms such as solid, sludge, liquid or gas and can be any mixture thereof. 

Depending on the source of waste production, waste may be grouped as hazardous or non-hazardous. 

Hazardous or non-hazardous waste can be further classified as degradable or non-degradable. 

Even though most of the waste generated in Sweden is significantly reduced in volume by incineration 

and recycling, nevertheless there would always be a residue that has to be dumped on a landfill.  In 

2008, 98 million tons of waste was generated in Sweden (Avfall Sverige, 2011) . The majority of 

waste amounting to about 93 million tons came from the industries primarily the mining industry. Of 

the total amount of waste generated, 76 percent was landfilled. Out of the 76 percent of the total waste 

landfilled, 15 percent represented other waste other than mining waste (Avfall Sverige, 2011). 

 

The use of secondary construction material for the final cover of a landfill is rapidly increasing in 

Sweden for the few available landfills. Many landfill operators are now considering secondary 

construction materials for the design of final cover in order to reduce material cost and exploitation of 

non-renewable virgin construction materials such as clay and sand.  

Secondary construction materials that have been investigated and used in the final cover design are 

ash, slag, sewage and fiber sludge, treated soil and compost (Andreas et. al.,2005). However 

companies and authorities do not know the uncertainty in terms of stability of these secondary 

construction materials used in the cover material.  

 

Therefore the slope stability analysis of the landfill was performed for a landfill that has been covered 

with secondary construction material as final cover to determine the factor of safety against failure. 

1.2. Description of the Industrial Waste Landfill in Obbola 

The Obbola landfill is a landfill which was used to store industrial waste from SCA Packaging Obbola 

AB between 1970 and 2006. The main waste generated by this company is pulp, paper and paper 

products, bark, mesa and other similar fibrous material. The main waste deposited on the landfill is 

bark, ash and slag, mesa (calcium carbonate), recycle fiber waste, rock dust and green liquor, lime and 

other waste. The bark waste alone consists of about 75 percent of total waste deposited and is at the 

bottom of the 27m high landfill.  

 

The landfill is about 300 meters long and 200 meters wide. The landfill area is made up of 45000 

square metre of waste. Including the final cover, the area is approximated to be about 63000 square 

metre. The side slope of the landfill is 1:4. The amount of waste deposited at the site is estimated at 

about 1.3 million cubic meters. 
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Figure 1: A typical final cover used in the Obbola landfill showing some layers of the cover 

The landfill is mostly made up of hardly biologically degradable organic substances such as fiber and 

bark waste. Therefore, conditions to extract biogas and fuel from the deposited material are not so 

good. These masses are at the bottom of the landfill and have over the last 10-15 years been covered 

with ash, green liquor and lime. The final cover of the landfill is made up of several layers such as tyre 

shred, excavated materials and compost, etc. as shown in figure 1 above. 

 

The landfill is located at Nyviken about 1 km northwest of the paper mill. The area consists of forest 

with marshy beach area towards Nyviken. The area is drained towards Österfjärden at Umea River and 

is discharged into the Gulf of Bothnia. 

There are no residential buildings in the immediate vicinity of the landfill. The nearest residential 

building is about 300 m west of the landfill. Located 300m north of the landfill are some summer 

cottage houses. Fffffffffffffffffff ffffffffffffffffffff ffffffffffffffffffffffffff ffffffffffffffffff fffff  

                          

The land area of the site consists of forest area made up of 0m -1m gravel moraine which was 

deposited by a relatively dense silty till. The soil structure in the marshy area between the landfill and 

Nyviken are surging masses of coarse-grained sand that is deposited in the dense silt. The upper 

surface in the area consists of a very thin growth zone with peat-like material 

The area's hydrological conditions are reported on the plan view over ground water levels and flow 

directions in figure 2. The groundwater flows in principle from the landfill towards Nyviken and the 
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groundwater level is close to the ground surface at all season. The flow has been estimated to be 250 

l/m2 per year in the report from KM Miljöteknik AB, 1998.  

 

 

Figure 2: A plan view of the Obbola landfill showing the directions of the runoff around the landfill  
               (MVM Konsult AB, 2002) 
 

1.3. Objective  

The main objective of this master thesis is to determine the slope stability of an industrial waste 

landfill which is located in Obbola, Umeå, Sweden. The reason why the stability of this particular 

landfill is of importance is that the final cover was made-up of secondary construction materials (bio-

ash, compost, tyre cuttings, green liquor sludge and rock dust etc.) as shown in figure 3. These 

materials have quite different geotechnical properties compared to traditionally used materials such as 

soil, clay, sand, etc. The slope stability analysis was performed by using the computer software 

SLOPE/W and PLAXIS. These programmes were basically designed for soil but were found 

appropriate for the purpose of this work as well. In determining slope stability of the landfill, different 

inclinations and future scenarios were incorporated and the factors of safety, shape and location of 

potential failure surfaces from these programmes were compared and evaluated. In addition to that, 

other factors which are expected to affect slope stability are presented. 
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Figure 3: Part of the final cover on Obbola landfill, Sweden 

 

1.4. Methodology 

The methodology used in this master thesis includes a thorough literature review on slope stability and 

industrial waste. Also included is laboratory work conducted on some final cover samples and 

numerical modeling and analysis of the slope stability of the landfill with SLOPE/W and PLAXIS 

software. 
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2.0. SLOPE STABILITY 

2.1. Stability analysis and design 

Before the regulatory requirement for the lining of waste containment facilities, stability control was 

not an important aspect. Waste instability was considered as an operational problem that could be 

solved by replacing the waste in its original position. With the introduction of geosynthetic materials 

in the liners however, the integrity of the liner has drawn attention. If movements were to occur in the 

waste or on the lined excavation slopes, then it could be due to the presence of the geosynthetic 

materials. Therefore assessing stability of the waste fill and excavated slope has become very 

important. 

 

A well-known example that makes stability analysis of landfill important is the failure that occurred 

within the lined hazardous waste cell B-19 at the Kettleman Hill facility, California as shown in figure 

4a. Small cracks on the surface of the Kettleman Hill facility caused a lateral displacement of 11 

meters and settled up to 4 meters   (Mitchell et al., 1990). The cause of the failure was that the liner 

system was pulled from the anchor trenches and torn in several places as shown in figure 4b. To 

resolve this problem, stability analysis was performed on the failed portion of the cell with careful 

consideration on the geomembrane to compacted clay liner interface along the base. The practical 

implications of these findings are that conservative values of interface friction must be used in design 

to ensure waste landfill stability against sliding failures within the liner system. 

 

 

(a)                                                                      (b) 

Figure 4: (a) Waste placed just prior to the stability failure. (b) Tear in the liner system on the side slope caused by the  
failure. (Golder Associates) 

 

2.2. Computational Methods 

Limit equilibrium and finite element analysis are very important methods for different applications 

because of their ability to determine stability of geotechnical structures. The limit equilibrium method 

is based on the comparison of driving forces and/or moments to the resisting forces and/or moments 

from material strength acting within the soil mass. 
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In the limit equilibrium method, the available shear strength along a potential sliding surface is 

reduced by a factor of safety so that the mass contained within the sliding surface and the free surface 

is in a state of equilibrium. The limit equilibrium methods do not determine the displacement within 

the soil and waste mass. 

 

The finite element method gives the stress-strain response of the mass caused by the forces that are 

imposed on it. This method is more accurate and considers estimation of stresses and deformations. 

This method has become successful because of the incorporation of representative stress-strain 

parameters. The stress-strain parameters for waste needed to perform finite element analysis are more 

difficult to obtain than the strength parameters needed in the limit equilibrium analysis. 

 

2.3. Limit equilibrium methods 

Limit equilibrium analysis is the basis for most methods available for slope stability evaluations. The 

outcome of all types of limit equilibrium analysis is that the final results may be represented as a factor 

of safety. The factor of safety is defined as the ratio of the summation of resisting forces and moments 

to the summation of driving forces and moments which bring the slope into a state of equilibrium 

along a given slip surface as given in equation 1.  

 

∑ 	 ,
∑ 	 	,

                                          (1) 

 

The theory used in this definition assumes that the factor of safety should be constant along the entire 

length of the slip surface. If the value of this ratio is equal to one then it indicates imminent failure, 

and a factor of safety below one implies unstable conditions. Therefore the slope is theoretically stable 

if the factor of safety is greater than one. But the acceptable factor of safety depends on the reliability 

and the confidence of the input data of the material properties used in the analysis and the extent to 

which failure could cause loss of life. Therefore for geotechnical engineering projects concerning 

slope stability the factor of safety is commonly set to 1.5 (U.S Army Corps of Engineers, 1997).   

 

The three main types of limit equilibrium analysis often used in practice are; the method of slices, 

wedge method and the infinite slope method. Of the three methods listed above, the software which 

would be used for the limit equilibrium analysis for the slope stability works with the method of slices. 

For this reason this method will be discussed in detail in the next sub-heading. 

 

2.4. Method of slices 

The method of slices is by far the most common method currently used to evaluate slope stability of 

several surfaces. This is because there are a lot of relatively inexpensive computer programs which use 

this type of analysis. In addition to that, the method of slices is generally the accepted method among 
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geotechnical engineers. The computer programs enable the user to change failure surface geometries, 

soil parameters and pore water pressure condition easily. 

 

The theoretical basis for the method of slices is that the normal stress acting at a point on a potential   

sliding surface should be influenced mainly by the weight of the soil lying above that point       

(Lambe and Whitman, 1969). The potential slide mass is then divided into several vertical slices and 

the equilibrium of each slice is determined in terms of forces and moments. This allows for the 

minimum factor of safety to be determined for the slide mass. Currently most of the computer 

programs which use limit equilibrium approach contain search engines that help in identifying the 

critical slide mass and subsequently gives the minimum factor of safety for that slide.  

 

The different solutions for the method of slices (that is example ordinary, simplified Bishop, Janbu 

simplified, Spencer and Morgenstern-Price) all use different assumptions when it comes to interslice 

forces.  For these reasons, the factor of safety that would be obtained from these methods slightly 

varies by + or -10 percent. The ordinary method however may vary as much as 60 percent     

(Whitman and Bailey, 1967) and should be used with care. The table 1 below describes the various 

assumptions used by the different solution for the method of slices. 

 

2.4.1. Ordinary method of slices 

This method neglects all interslice forces and fails to satisfy force equilibrium for the slide mass as 

well as for individual slices. However, this is one of the simplest procedures based on the method of 

slices (Fellenius, 1936). This method assumes a circular slip surface and it is also known as the 

Swedish Method of Slices or the Fellenius Method. 

 

2.4.2. Simplified Bishop 

The simplified Bishop method assumes that the vertical interslice shear force does not exist and the 

resultant interslice force is therefore horizontal (Bishop, 1955). It satisfies the equilibrium of moment 

but not the equilibrium of forces. 

 

2.4.3. Janbu simplified method 

This method uses the horizontal forces equilibrium equation to obtain the factor of safety. It does not 

include interslice forces in the analysis but account for its effect using a correction factor. The 

correction factor is related to cohesion, angle of internal friction and the shape of the failure surface 

(Janbu et al., 1956). 

 

2.4.4. Spencer method  

This is a very accurate method which satisfies both equilibrium of forces and moments and it works 

for any shape of slip surface. The basic assumption used in this method is that the inclinations of the 

side forces are the same for all the slices. 
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2.4.5. Morgenstern and Price 

Morgenstern and Price proposed a method that is similar to Spencer's method, except that the 

inclination of the interslice resultant force is assumed to vary according to a "portion" of an arbitrary 

function. This method allows one to specify different types of interslice force function      

(Morgenstern and Price, 1965). 

 

2.4.6. General limit equilibrium  

This method can be used to satisfy either force or moment equilibrium. It encompasses most of the 

assumptions used by various methods and may be used to analyze circular and noncircular failure 

surfaces (Ferdlund et al., 1981). 

 

Table 1: Methods of slope stability analysis (Meng, 2006) 

Method 
Factor of safety (FS) 

Interslice force 

assumption 

Force 
equilibrium 

Moment equilibrium 
(H=Horizontal, 

V=Vertical) 

1)      Ordinary(Swedish) - Yes Ignore both H,V 

2)      Bishop’s Simplified - Yes 
V ignored, H 
considered 

3)      Janbu’s Simplified Yes - 
V ignored, H 
considered 

4)      Janbu’s ‘Generalised’ Yes - Both H, V considered 
5)      Spencer Yes Yes Both H, V considered 
6)      Morgenstern-Price Yes Yes Both H, V considered 
7)      Lowe-Karafiath Yes - Both H, V considered 
8)      Corps of Engineers Yes - Both H, V considered 

 

 

2.5. Finite element analysis 

The finite element method is a numerical procedure in which the mass under consideration is 

represented by an assemblage of elements interconnected at a finite number of nodal points      

(Sharma and Lewis, 1994). The difference between the finite element method and the limit 

equilibrium approach is that there is no need to estimate the failure geometry in finite element 

analysis. When you know the stress conditions, the corresponding strains can be determined from the 

stress-strain behavior of the material under consideration. The finite element analysis gives result 

which shows a mesh with stress or deformation vector. 

 

2.6. Computer software analysis 

There are several computer software available for slope stability analysis. These software either use 

limit equilibrium analysis or finite element method. We selected SLOPE/W and PLAXIS because of 

the following application described below. 
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2.6.1. SLOPE/W 

SLOPE/W is a powerful program which uses limit equilibrium to solve slope stability problems. It has 

the capability to model heterogeneous soil types, complex stratigraphic and slip surface geometry, 

variable pore- water pressure condition using a large selection of soil models. The input data can be 

deterministic or probabilistic for solving problems. Also computed stresses from finite element 

analysis may be used in the limit equilibrium computations for the most complete slope stability 

analysis available. Combinations of these features imply that SLOPE/W can be used to solve any slope 

stability problem one can encounter. That is why we selected it as one of the softwares for the slope 

stability analysis of the waste landfill. 

 

SLOPE/W uses the following methods in analyzing stability problems: ordinary (Fellenius) method, 

Bishop Simplified method, Spencer method, Janbu Simplified method, Morgenstern-Price method, 

generalized limit equilibrium method and finite element stress. With the exception of Morgenstern-

Price method and generalized limit equilibrium method, all the other methods do not consider 

interslice shear forces in their analysis. The Morgenstern-Price and General limit equilibrium methods 

use both normal and shear forces between the slices and satisfy both force and moment equilibrium. 

 

Because of variability and uncertainty in input data for analysis, SLOPE/W performs probabilistic 

slope stability analysis to account for that. This analysis helps to statistically quantify the probability 

of failure of a slope using the Monte Carlo Method. Through the Monte Carlo Method the factor of 

safety for probability density and distribution functions are obtained. This method helps in the 

sensitivity analysis by varying material parameters such as unit weight, cohesion and friction angle. 

 

2.6.2. PLAXIS 

The PLAXIS 2D program is a two-dimensional finite element program used to perform deformation 

and stability analysis for various types of geotechnical applications. Real situations may be modeled 

either by a plane strain or an axis symmetric model. The program uses a convenient graphical user 

interface that enables users to quickly generate a geometry model and finite element mesh based on a 

representative vertical cross-section of the situation at hand. To carry out a finite element analysis 

using the PLAXIS 2D program, the user has to create a two dimensional geometry model composed of 

points, lines and other components, in the X-Y plane and specify the material properties and boundary 

conditions. 

 

In principle, first draw the geometry contour, then add the soil layers then structural objects, then 

construction layers, then boundary conditions and then loading. It is important to realize that the finite 

element mesh must be regenerated when the geometry of the existing model is changed. PLAXIS 2D 

computes the global safety factor by the phi/c reduction method. This method uses the load 

advancement number of steps. The incremental multiplier is used to specify the increment of the 
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strength reduction of the first calculation step. The strength parameters are successively reduced 

automatically until all the additional steps have been performed. The strength of interfaces is also 

reduced in the same way. The last step should result in a fully developed failure mechanism. If a 

failure mechanism has not fully developed, then the calculation must be repeated with a larger number 

of additional steps. According to PLAXIS (2010), in the case of a fully developed mechanism, the 

factor of safety is given by the equation 2:  

 

                    
	 	

	 	
	 	∑ 	 	                         (2) 

 

2.7. Mode of failure in landfills 

The stability of waste landfills is a very important issue because failure of the landfill could lead to 

loss of life, damage to property and pollution of both surface and ground water. Failure can happen in 

landfills due to lack of shear strength and excessive settlement in the waste, base liner and the final 

cover. Currently these are the potential failure modes in landfills. 

 

2.7.1. Translational failure by movement along the bottom liner system 

This failure occurs as a result of the solid waste mass sliding above, within or beneath the liner system 

at the base of the waste mass as shown in figure 5. The extension of the failure plane back from the toe 

can propagate up through waste, or continue in the liner system along the back slope (Qian et al., 

2002). The failure surface is piecewise linear. Lateral translational failure have occurred in both clay-

lined landfills and landfills with geosynthetical bottom liners and to date is the most common failure 

accounting for the involvement of up to 1000000m3 of waste. 

 

Figure 5: Failure by sliding along the landfill liner system (Mitchell and Mitchell, 1992) 

 

2.7.2. Failure of the final cover system 

The failure surface here is normally more or less parallel with the ground surface and has a failure that 

is relatively shallow usually about 0.5m - 2m deep. This failure occurs as a result of the slope of the 

cover liner system being too steep or too long and often occurs during heavy rains and/or after heavy 

rains as shown in figure 6. The slip surface passes through a soil-on-geosynthetic material or soil -on-

soil. The failure plane is always planar.  
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Figure 6: Failure of final cover system (Mitchell and Mitchell, 1992) 

 

2.7.3. Rotational failure of the waste pile 

This failure is more like a deep-seated failure mechanism with a circular failure plane as shown in 

figure 7. It is associated with large volumes of material movement from the slope face of the waste to 

the toe of the slope. This failure occurs within the waste mass and its occurrence does not depend on 

the bottom liner system. Rather, it is as a result of steep waste slopes, high liquid content and lack of 

placement control. 

 
Figure 7: Rotational failure of the waste pile (Mitchell and Mitchell, 1992) 

 

2.7.4. Rotational failure through the landfill, liner and the foundation layer 

The waste may fail when placed in the landfill and this failure can be initiated in a soft foundation soil 

that can propagate up through the waste mass as shown in figure 8. The failure plane may be at, or 

within, the lining system, or in the soil underneath. The weight of the waste may cause any of these 

failures. Such failures have occurred in both lined and unlined sites and they have been massive with 

up to about 500000 m3 of waste involved. 
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Figure 8: Rotational failure through the landfill, liner and the foundation layer (Mitchell and Mitchell, 1992) 

 

2.7.5. Pullout of liner system components from anchor trenches 

The geosynthetic liner systems components such as geogrid, geotextile, geomembrane are fixed into 

anchor trenches at the slope to prevent the tearing and sliding down of component. If these 

components are not properly placed into the anchor trenches it can lead to a pull out of the components 

and thereby lead to the failure in figure 9. 

 
Figure 9: Pullout of liner component from anchor trench (Mitchell and Mitchell, 1992) 

 

2.7.6. Rotational failure of sidewall slope and base failure 

This failure occurs along the slope, at the toe or within the foundation soil as shown in figure 10. The 

mass of the soil behind the waste repository or beneath the site may be unstable and fail. This failure 

applies to steep side slopes and soft foundation soils and does not involve liner system or waste 

properties such as shear strength and weight. 

 

 
Figure 10: Rotational failure of sidewall slope and base failure (Mitchell and Mitchell, 1992) 
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2.8. Factors affecting slope stability of landfills 

2.8.1. Geometry 

The geometry of the landfill comprising of the boundaries, height and side slope are the main driving 

forces affecting the factor of safety of landfills. Increasing these parameters causes a reduction in the 

safety factor. The berms at the toe of the slopes provide the resisting forces. Hence final landfill 

covers, bottom liners and liners of side slopes should be made as flat as possible. Geometry with too 

steep slopes can lead to erosion unless the final cover has a vegetation layer for erosion control. 

Sliding instability will occur if the design slope is steeper than the effective friction angles between the 

materials. Therefore, the use of geosynthetic materials in the final cover usually results in flatter slope 

angles and that makes the geometry of the landfill stable. 

 

2.8.2. Pore water pressure 

Rainfall and drainage patterns may change the ground water regime. Also the leachate and 

recirculation of fluid in the landfill can affect the pore pressure if not properly controlled. As a result 

of this, the weight of materials in the slope is increased and thereby causes an increase in the pore 

water pressure which leads to a decrease in effective stress which eventually leads to shear strength 

reduction. For this reason, a decrease in pore water pressure makes the landfill more stable while soil 

water pore pressure developed along interfaces reduces the stability of the landfill. 

 

2.8.3. Weak planes 

An overestimation of the strength of slope material occurs when layers with weak planes and bands 

are not easily recognized. When this happens, it will have a negative effect on the stability of the 

landfill thereby making the factor of safety low and incorrect. 

 

2.8.4. Loading conditions 

The unit weight of the waste fill and external loading in the form of daily cover, final cover and 

movement of construction vehicles affect the slope stability of landfill. As landfilling continues the 

normal load increases due to the vertical expansion and stockpiling of material on the existing layers. 

Areas prone to seismic activities can also create stability problems due to the load from the seismic 

events.   

 

2.8.5. Settlement 

Settlement affects the stability of landfills in the following ways. A uniform settlement increases the 

unit weight of the waste due to densification and thus increases the stability (Shafer, 2000). This will 

stabilize the waste landfill. Differential settlements, on the other hand, can create cracks which allow 

rainfall and surface water to percolate into the landfill and thereby increases the pore water pressure 

and reduces effective stress. As a result of the reduction in effective stress the stability of the landfill 

becomes questionable.  
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2.8.6. Shear strength 

The bearing failure of the landfill is resisted by shear strength of the foundation material. According to 

Shafer (2000) the shear strength of the liner soil interface between various geosynthetic materials and 

soil, and waste affect the stability of landfills. An increase in the shear strength of waste and top cover 

materials makes the landfill more stable. This can be done by reducing the pore pressure in the waste 

and in the cover material by a drainage system. 

 

2.8.7. Effects of vegetation  

Vegetation planted on cut and fill slope of landfills serve as a measure for erosion control and adds 

some aesthetic nature to landscape quality of the site. The vegetation can be in the form of shrubs and 

grass. The vegetation on slopes of landfill improves the slope stability as the vegetation roots add 

cohesion to the surficial soil and also work as reinforcement. As a rule of thumb, species of the same 

kind should not be planted in isolation. The vegetation works effectively well on flat slope of landfills. 

 

2.8.8. Freezing and thawing conditions 

The freezing and thawing cycle also affects the slope stability of a landfill. This process occurs in cold 

regions where they experience extreme cold temperatures, frost and snow fall. The outlet drainage at 

the toe of the slope freezes, while the top of the slope thaws. This increases the pore water pressure in 

the landfill and thereby reduces the effective stress. Freeze–thaw can increase the hydraulic 

conductivity of compacted fine grained soils by one to two orders of magnitude (for example 10-5 to 

10-3) (Zimmie et al.,1992; LaPlante and Bronson, 1993). The ice lenses which are formed as a result of 

freezing creates a network of cracks when is thawing. These cracks can later progress and lead to a 

slope failure. When this freezing and thawing occurs, it affects the cohesion, density, strength and the 

moisture content of the soil material. This causes runoff production to be increased and which might 

change the geometry of the landfill through erosion. The change in geometry eventually affects the 

slope stability of the landfill.  
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3.0. ENGINEERING PROPERTIES OF WASTE 

3.1. Composition of Waste 

Waste usually consists of heterogeneous material that varies from place to place and changes with 

time. Waste may be categorized into municipal and industrial waste, hazardous waste. This work 

focuses on industrial waste placed in a landfill for non-hazardous waste. 

 

3.2. Industrial waste 

Industrial waste may be in the form of solid, liquid or gas and can be divided into hazardous and non- 

hazard waste.  

 

The components of industrial waste and the leachates from the waste depend on the industry 

generating the waste. Industrial waste may consist of organic and inorganic chemicals, fiber residue, 

paper, oil, rubber, plastic, metal, glass, wood, and mixtures of these. Industrial waste can be generated 

from the industries such as the mining industry, the textile industry, food industry, the paper industry, 

the printing and publishing industry, the petroleum refining and iron and steel industries, etc.      

Figure 11 shows the industrial waste generated by the various industries in Sweden in 2002. 

 

 
Figure 11: Composition of industrial waste in Sweden (Swedish Environmental Protection Agency 2005) 
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3.4. Properties of waste 

3.4.1. Moisture content 

The moisture content of waste is defined as the percentage ratio of weight of moisture in waste and the 

initial weight of waste sample used. Previous experience and research indicates that the control of 

waste water content is the single most important factor in enhancing waste decomposition in landfills 

(Pohland, 1975). The moisture content of landfill materials is also dependent on a number of 

interrelated factors, including composition of waste, types of waste, local climate conditions, waste 

properties, initial compaction, landfill operating procedures, the effectiveness of any leachate 

collection and removal systems, the amount of moisture generated by biological processes within the 

landfill and the amount of moisture removed with landfill gas (Mitchell & Mitchell, 1992).  For most 

waste, the moisture content varies from 15 to 40 percent of dry weight, depending on humidity and 

weather condition, waste composition and the season of the year (Tchobanoglous et al., 1993). 

 

3.4.2. Porosity  

Porosity is the ratio of the volume of voids to the total volume occupied by the waste. The porosity of 

waste is decreased by the following factors below:  

 The pore volume of waste is highly decreased by substantial compression and settlement. 

 Bio-fouling which is the leachate recirculation through the waste and leachate material such as 

sand and geotextile (Koerner and Koerner,1994).  

As the porosity changes with time the unit weight of waste is affected. From literature, the porosity of 

waste varies between 0.4- 0.67 depending on the degree of compaction and the waste composition 

(Sharma and Lewis, 1994). 

 

3.4.3. Unit Weight 

The factors that affect the unit weight of waste are the degree of variation in the waste components, the 

state of decomposition, the degree of relative compaction, the total thickness of the landfill and the 

thickness of daily cover.  A landfill which has a large amount of debris would have a high unit weight. 

Oweis and Khera (1990) reported that the unit weight of waste range between 2.8 -10.5kN/m3. Sharma 

et al. (1990) reviewed unit weight data from various sources, as well as performed their own 

measurement and reported that the unit weight for waste may range from 3.1 to 13.2kN/m3. Where 

data is not readily available, a unit weight in the range of 9.4 to 11kN/m3 could be used for 

engineering evaluation, either for an old degraded and settled landfill or newly compacted waste 

landfill (Sharma and Lewis, 1994). Therefore, using the moisture content of 40 percent the moist unit 

weight for the landfill would be in the range of 10.8 to 15.4kN/m3. It is also reported in the literature 

that older waste has a higher unit weight than freshly disposed waste because as the waste degrades it 

is broken down into smaller particles. This leads to reduction of the voids and increase in the mass of 

the solid waste per unit volume. 
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3.4.4. Strength of waste 

The shear strength parameters of waste are the most critical parameters for determining the slope 

stability of landfills. These parameters may be determined by tests in the field or in the laboratory and 

also by back-calculation from field tests and operational records. The Mohr-Coulomb failure criterion 

is normally used to express the shear strength of waste and is given by equation 3: 

 

																		τ c σntanΦ                                                             (3) 

Where τ, c, Φ are shear strength, cohesion and internal friction angle respectively.  

 

According to Fassett et al. (1994) the following factors affect the strength properties of waste : 

 the organic and fiber content in the waste 

 the age of the waste placed in the landfills and the extent to which it has decomposed 

 the mode of placement (that is the compaction effort, lift thickness and amount and type of 

daily cover). 

 

From table 2 the shear strength of waste ranges between 0 - 70kPa for the cohesion while the friction 

angle is between 0-50°. But for design considerations these would seem reasonable values: 

 A cohesion value in the range of 0-30kPa and an internal friction angle of 20-35°. 

 For newly placed waste, use a low cohesion and a high friction angle because the waste has a 

similar character to granular material. 

 For old waste, use a high cohesion and a low friction angle due to increased fineness of the 

waste by degradation. 

 

Table 2: Effective shear parameters of landfilled waste (Sarsby, 2000) 

Source Cohesion  kN/m2 
Friction angle 

ₒ 

Duplanic (1990) 0 34 

EMCON (1987) 18-35 14-20 

Fang (1977) ~60 ~18 

Jessberger (1994) 0-30 17-42 

Landva and Clark (1990) 0-23 24-41 

Saarela (1987) 0-70 19-33 

Sanchez - Alciturri et al. (1995) 0 28-35 

Siegel et al. (1990) 0-70 39-50 
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3.4.5. Field capacity and hydraulic conductivity of waste  

Leachate flow through waste depends on field capacity and hydraulic conductivity of the waste. Field 

capacity is measured to determine the water holding capacity of a material and is defined as the total 

amount of moisture which can be retained in the waste against gravity. It is essential to know when 

balancing the water flow in landfill and to assess the in situ water content. It determines the maximum 

adsorption capacity beyond which excess free leachate will be formed. The field capacity changes with 

the height of waste, compaction and state of decomposition. The field capacity of waste ranges from 

approximately 22 to 55 % (Sharma and Lewis, 1994) (Beaven and Powrie, 1996). 

 

The hydraulic conductivity of waste is essential for the movement of liquids in the landfill. It depends 

on the pore size distribution, surface area, degree of saturation and the porosity of the waste. 

Laboratory or field testing of the permeability of waste is usually not done. Therefore values are 

obtained based on local experience and published data. Laboratory data on baled refuse (Fang, 1983) 

indicate hydraulic conductivity of 7*10-4 cm/s for dense specimens with unit weight of 11.2kN/m3 and 

15*10-3 cm/s for loose specimens with unit weight of 5.6kN/m3. Laboratory data on shredded refuse 

(Fungaroli and Steiner, 1979) suggest hydraulic conductivity in the range of 10-2 to 10-4 cm/s. The 

saturated hydraulic conductivity of waste ranges from 1*10-3 to 4*10-2 cm/s (Landva and Clarke, 

1990). As the density of the waste increases as a result of compression and settlement, the 

permeability also reduces. In the absence of field measurements, a value of 10-3 cm/s is appropriate 

(Oweis et al., 1990). 

 

3.4.6. Settlement of waste 

Waste settlement is very difficult to predict because of the heterogeneous nature of the waste material 

and the lack of data on long term measurement of landfill settlement. The mechanisms of waste 

settlement are quite complicated and it depends on a number of factors. 

According to Edil et al., ( 1990) the main mechanisms include: 

 

 Mechanical – due to distortion, crushing and reorientation of particles 

 Raveling – movement of fine materials into large voids 

 Physical-chemical change-  due to corrosion, combustion and oxidation 

 Biochemical decomposition- due to decay and fermentation, anaerobic and aerobic processes. 

 

Waste normally settles by its own weight and as a result of external load being placed on it. External 

load can be in the form of compaction made with a sheep-foot compactor, daily soil cover, final cover, 

extra waste layer and roads. There is significant settlement during placement of waste and shortly after 

the waste placement is done and this is called primary compression. This is followed by a substantial 

settlement which happens at a slower rate over an extended period of time.  
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Waste typically settles from 5 to 30 percent of its original thickness under self-weight, depending on 

factors such as degree of initial compaction, composition and environmental conditions                  

(Edil et al., 1990). Primary compression occurs within the first 5 years of placement of waste. The 

remaining settlement is secondary compression which occurs as a result of creeping and 

decomposition. The secondary settlement decreases with time and with depth of waste fill. A typical 

settlement behavior of a landfilled over time is shown below in Figure 12. 

 

 
Figure 12: Typical settlement behavior of a landfill over time (Sanchez –Alciturri et al., 1995) 

 

Landfill whose base is uneven leads to differential settlement which increases stress and can lead to 

break/cracks in the final cover. Large settlement can change the slope of the landfill and thereby alter 

the contouring and drainage conditions. This could create depression which would be filled with water 

and it would increase the hydraulic head and consequently flow through the final cover. 

 

3.5. Closure criteria 

A landfill which is about to be closed must be covered with a final cover that would reduce the long-

term migration of liquids through the closed landfill. It must control the gases released from the 

landfill and provide a surface for vegetation of the site. It must also operate with less maintenance, 

promote drainage, reduce the erosion of the cover, accommodate settling and have permeability less 

than or equal to that of any bottom liner system or natural soil present (40 CFR 264.310). To meet 

these requirements the landfill cover must meet most of the following  (Hatheway et al., 1987; 

Koerner and Daniel, 1997): 

 

 Be able to withstand climatic extremes (e.g., hot/cold, wet/dry, and freeze/thaw cycles). 

 Be able to resist water and wind erosion. 

 Have stability against slumping, cracking and slope failure, and downslope slippage or 

creep. 



20 
 

 Resist the effects of differential landfill settlement caused by the release of landfill gas by 

biological degradation of organic matter and the compression of the waste and the landfill 

foundation. 

 Resist failure due to surcharge loads resulting from the stockpiling of cover material and 

the travel of collection vehicles across completed portions of the landfill. 

 Resist deformations caused by earthquakes. 

 Withstand alterations to cover materials caused by constituents in the landfill gas. 

 Resist the disruptions caused by plants, burrowing animals, worms, and insects. 

 

To meet the recommended requirements, a multi-layer construction is needed for the final cover. 

Figure 13 shows the Obbola landfill multi-layered final cover made up of 7 different layers as below.  

 
Figure 13: Schematic sketch of a multilayer cover system for Obbola landfill (RAGN Sells, 2009) 

 

3.5.1. Vegetative support layer 

The function of this layer is to support the vegetation so that the closed site would be aesthetically 

accepted. The topsoil must support the growth of vegetation such as grass and herbs. The material 

used for this zone should be able to hold water to help the growth of the vegetation during dry season. 

The material used at the Obbola site for this layer is compost. 

 

 



21 
 

3.5.2. Protection layer 

The protection layer serves as storage for water, protects underlying layers from intrusion by plants, 

animals and humans; protect barrier layer from desiccation and freeze-thaw and also maintains 

stability. The usual materials used are mixed soils or cobbles but in the case of Obbola landfill the 

materials are excavated material, compost and bio ash each placed in a different layer.  

 

3.5.3. Drainage layer 

The main function of the drainage layer is to collect and discharge percolated water and to prevent 

water from being stagnate on the liner and also to minimize pore pressure in the upper layers. The 

material used for the drainage layer in the Obbola landfill is tyre shred. These are pieces of tyre 

obtained from tyres of regular cars as well as heavy vehicles whose life span have ended. Tyre shreds 

are lightweight and free draining material and when compacted has unit weight of 7-9kN/m3 and a 

permeability greater than 1cm/s (drainage layer should have permeability of at least 10-2 cm/s)  

(USEPA , 1989). With such a high permeability, tire chips can be used as drainage layers in landfills 

and roads. Figure 14 shows the fragmented pieces of the tyre shred showing the protruding steel wire 

bead used as the drainage layer in the Obbola landfill. This steel wire beads when they are not 

debeaded can puncture geosynthestics such as geotextile and geomembrane which are in contact with 

it. In the case where tyre shred is used as a drainage layer and geomembrane as a barrier liner with 

even geotextile used as a separating layer it has been proven that the steel beads can puncture the 

geomembrane GeoSyntec Consultants (1999). If this occurs then water will percolate through the 

geomembrane easily and thereby increase the pore pressure in the waste and the other cover material. 

This will reduce the shear strength of the material and it can lead to slope failure. 

 

 
Figure 14: Fragmented pieces of tyre shred used at Obbola landfill 
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3.5.4. Liner or barrier layer 

This is the one of the crucial parts of the final cover system. The purpose of a barrier in the final cover 

is to minimize the escape of landfill gas and to reduce water transport into the waste. The liner in the 

final cover system of the Obbola landfill was an impermeable layer which comprises of a mixture of 

green sludge liquor and rock dust in a ratio of 50:50 to 60:40 as shown in figure 15. 

 

 
Figure 15: Placement of the mixture of the green sludge liquor and rock dust on Obbola landfill 

 

3.5.5. Gas collection layer  

This layer must be free from fine-grained material because the function aid in the collection of the gas 

from the landfill and send it to a treatment place for usage or further discharge. 

 

3.5.6. Leveling/foundation layer 

This layer should be permeable enough to allow gas movement without creating a large pressure head. 

The function is to fill the holes in waste surface so that it would be leveled and also to provide a solid 

base for the construction of the other layers of the final cover. 

 

3.6. Methods to determine shear strength  

Having discussed the functions of each layer in the final cover, the strength of each layer is needed to 

compute the factor of safety of the landfill. The shear strength parameters can be determined in the 

field or the laboratory. For field investigation of the shear strength of landfill waste and the final 

cover, the following tests have been successfully used. These are the cone penetration test, the vane 

shear test and the standard penetration test. To compute the shear strength of landfill waste and the 

final cover utilizing laboratory investigations, the following tests have been successfully used. They 

are the direct simple shear test, the direct shear test and the triaxial test. 
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3.7. Geosynthetics in landfill barriers 

The Obbola landfill cover is incorporated with geotextiles. These create an interface with materials 

they are in contact with. In the Obbola landfill, geotextile are interfaced with layered materials such as 

bio-ash, tyre shred and a mixture of green liquor sludge and rock dust.  These interfaces have been the 

main source of failure in several landfills. Therefore the shear strength of these interfaces is very 

important for slope stability of landfills with multi-layered final cover. 

 

Geosynthetics as defined by the International Geosynthetic Society are planar, polymeric either natural 

or synthetic material used in contact with soil, rock and/or any other geotechnical material in civil 

engineering application. They can be used as barriers, drainage, filtration, protection, reinforcement, 

separation and surface erosion control in landfills. The stability of a geosynthetic lining system in a 

landfill depends on the available shear strength between geosynthetic- geosynthetic and geosynthetic-

soil interfaces. 

 

At a geosynthetic interface the shear strength depends on the applied normal stress on the interface and 

the displacement that would occur at the interface. According to Seed et al. (1988) and Byrne (1994), 

most geosynthetic interfaces are strain softening; it means that they show a decrease in shear stress at 

displacement greater than peak strengths. The shear stress for each normal stress increases from the 

origin with increasing displacement until a peak value is obtained. Further displacement only results in 

a reduction in the shear stress until a constant or residual value is obtained. 

 

3.7.1. Geotextile 

A geotextile is made from synthetic fabric and has a wide application in geotechnical engineering. It is 

composed of polypropylene or polyester fibers and polyethylene or polyamide. Geotextile can be 

woven or non-woven depending on the manufacturing process. In landfilling, nonwoven geotextile has 

successfully been used as separation layers, filters and drainage layers and serves as geomembrane 

protectors while woven geotextile is used for reinforcement. Recently both of them are used for a new 

application which is an alternative daily cover over waste. 

 

The material properties of geotextile usually needed for landfilling application include thickness, mass 

per unit, axial stiffness, puncture resistance, permittivity, apparent opening size and uniaxial tensile 

strength. The axial stiffness is of primary important because of the analysis and the modeling that will 

be performed. The geotextile will be modeled as a flexible elastic member and therefore it only 

sustains tensile force but not compression. The axial stiffness which is also known as the modulus of 

geotextile is the force per unit width per unit strain. Review from literature gave a range of                 

0-2000 kN/m for the axial stiffness of geotextile (Rowe and Soderman, 1985).  
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3.7.2. Soil geotextile Interface 

The shear strength between soil and geotextile is a very important parameter in ascertaining the 

stability of waste over a lining system or the ability of a final cover to remain steady on a steep slope 

of waste. The interface is critical because it may form a weak plane on which sliding can occur. The 

interface friction between soils and geotextiles has high values under both low and normal high loads. 

From table 3 the interface friction angle ranges between 22-40 degrees for peak values and 15-28 

degrees for residual values. The adhesion between soil and geotextile from literature ranges from -1.3-

17.9kPa for peak values while the residual values are in the range of 4.1-55.6kPa. To reduce the effect 

of soil type, the interface shear strength is expressed in terms of efficiency. The efficiency is defined 

as the ratio of friction and adhesion between soil and geosynthetic to the friction and adhesion of the 

soil itself (Sharma and Lewis, 1994).    

 

Table 3: Interface shear strength parameters of non-woven geotextile 

Interface 

Interface shear strength parameters 

Reference Peak 
Efficiency 

Friction angle(°) Cohesion (kPa) 

Gravel 35 -1 0.72-1.0 Dixon-Jones et al 1995  
Sand 33 -1,3 0.67-1.0 Dixon-Jones et al 1995  
Clay-undrained 25.3 5.3 0.62-0.99 Dixon-Jones et al 1995  
Clay-drained 32.5 4.4 0.60-0.85 Dixon-Jones et al 1995  
Tire Chips 20 0 0.33-0.53 Tatlosiz et al. 1998   
Ash 12.5 0 0.78 Xu et al.2008  
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4.0. MATERIAL, METHODS AND RESULTS 

4.1. Laboratory Testing  

Having reviewed the various modes of failure in a landfill, some of the factors causing these failures 

and the various methods of analysis, it is now appropriate to look at suitable testing methods to be 

used for the testing of the final cover materials. The materials to be tested are excavated soil, compost, 

bio-ash and a mixture of green liquor sludge and rock dust. 

  

4.2. Overview of Direct Simple Shear Testing  

We performed direct simple shear tests to determine the shear strength parameters of samples of 

excavated soil, compost, bio-ash and a mixture of green liquor sludge and rock dust. This method was 

selected based on literature review because it applies a reasonable uniform shear stress state in the 

sample specimen and avoids the stress concentration which occurs in a direct shear test. Another 

advantage is that pore pressure is measured while the testing is going on. The apparatus below as 

shown in figure 16 was used in testing the samples. This apparatus is very sensitive to readings in such 

a way that a slightest change in the environment (e.g. atmospheric pressure) affects the readings. It 

was developed by Landva and Bjerrum in 1960. 

 

 

Lever arm 

Pore pressure meter 

Sample 

Specimen 

Loading cells 
Weights 

Zoom 
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Figure 16: Direct simple shear apparatus 

 

There are different setups of the direct simple shear test but the most common employs a sample 

height of 16mm enclosed in a reinforced rubber membrane. The reinforcement in the membrane has a 

thickness of 0.015 cm, a Young’s modulus of 1.55 x 106 kg/cm2 and a tensile strength of 5800 kg/cm2. 

The wire has 20 turns of wound per each centimeter height of the membrane as shown in figure 17. 

The total height of wire winding is 3 cm in the membrane. During consolidation and shearing, the 

membrane provides adequate resistance to prevent change in cross-sectional area (Dyvik, 1981). 

Therefore a value of 1kPa was subtracted from the shear stress value because of the resistance in the 

membrane and the obtained result is the shear stress in the soil at failure. 

 

 
Figure 17: Reinforced rubber membrane 

Sample 

specimen 



27 
 

The tests were conducted as undrained simple shear which gives appropriately equal strength 

parameters as the commonly performed constant-volume simple shear test. During the constant- 

volume test, the sample is sheared when it is draining. The shear displacement is kept in such a way 

that the pore pressure in the sample is always zero. The height of the sample is made constant 

throughout the testing by varying the normal load. This makes the constant-volume test equivalent to 

the undrained simple shear test. The variation in the normal load on the sample gives the changes in 

the pore pressure which would have taken place if the sample was prevented from draining in an 

undrained simple shear test where the normal load is kept constant. 

 

Initially efforts were made to test the samples by compacting it in layers in the specimen cylinder. 

However the compacting energy was not same for each layer and for different samples because we 

used manual compaction. After testing the first three samples of excavated soil we saw that shear 

strength did not follow the normal trend of increasing with increasing normal loads. Hence, the test 

was run on an arbitrary set standard of approximately 60 grams of sample material without 

compaction. After the sample had been saturated, consolidation was done with the required normal 

load for an average time of 4 hours before putting the samples on shearing to get shear stress values. 

When the original material was placed in the apparatus, water was added to determine the pore water 

pressure in the material. With this pore water pressure, the effective shear stresses in each sample were 

obtained.  The principle of effective stress states that the strength and compressibility properties of a 

soil depend not on the total stress applied to the soil mass, but rather on the difference between the 

total stress and the stress carried by the pore fluid (Mitchell, 1962). 

 

Before and after testing, some portions of the samples were placed in containers and dried in an oven 

at a constant temperature of 105°C for 23 hours. Then the moisture content was determined as the 

weight of water divided by the dry weight of the sample. With the weight of the sample placed in the 

specimen cylinder and the moisture content before and after testing known, the dry and the moist unit 

weight was determined for the samples. Unit weights and moisture content results are presented in the 

appendix A. 

 

According to Swedish standards, the failure is evaluated when gamma equals to 0.15 radians unless a 

true failure or peak is obtained before 0.15. Gamma is the arctan of ratio of the shear displacement to 

the height of the sample measured in radians. 
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4.3. Equipment used 

The following equipment were used in the laboratory testing of the samples: 

 Direct simple shear apparatus (DSS) 

 Cylindrical specimen (pedestal ) 

 Rubber membrane having area of 50 cm2 

 Pore water pressure equipment 

 A computer was connected to a DSS apparatus and it collected data (normal stress, sample 

height, pore pressure, shear displacement, shear stress and gamma) while the samples were 

tested. 

 A scale 

 Drying oven  

 Cans to collect samples and water. 

 

4.4. Testing Procedure 

The sample was first prepared and weighed. Then we took a specimen cylinder having a cross 

sectional area of 50 cm2. We then enclosed the flexible wire-reinforced rubber membrane having the 

same cross sectional area around it. Rubber bands were fitted to the lower part of the cylindrical 

specimen with the membrane to make it tight. The sample was then placed into the reinforced 

membrane to a height of about 10mm without compaction. 

 

 

Figure 18: Cylindrical specimen after placing the sample 

 



29 
 

The top cap of the pedestal was placed in the membrane so that the pins on the cap got in contact with 

the sample to prevent sliding. Next, rubber bands were put around the cap to tighten it to prevent 

leakage of sample and water during testing as shown above in figure 18. The sample was then placed 

into the Direct Simple Shear device and was connected to the pore pressure device. 

All readings were reset to zero except the sample height (pore pressure, shear displacement, shear load 

and normal load). Afterward the Easy View software was started to collect data and to check and 

update the graphs of how the parameters are varying with time. Then valves connected to the sample 

with the water source were opened to saturate the sample until it was fully saturated. The amount of 

water needed to saturate most of the samples was approximately 110cm3. A 125g normal load was 

placed on the load arm while saturation was going on. When the sample was fully saturated, the valve 

connected to the water source of the sample was closed while the valve that brings water out of the 

sample was left opened. The required additional loads were added to consolidate the sample for almost 

4 hours until the pore pressure and sample height remained constant. The consolidation was done in 

drained condition. 

 

When the time for consolidation was due, the apparatus was put on shearing mode and the shearing 

process was done as in figure 19. Prior to that, the valve that brought water out of the sample was 

closed because we wanted the strength parameters in undrained condition. This condition occurs when 

there is no dissipation of excess pore water pressure permitted during the shearing process. The rate of 

shear displacement was set to 0.002mm/min.  

 

 

Figure 19: The shearing process 

 

This procedure was repeated for three different normal loads. The normal loads were decided based on 

the overburden pressure that was exerted on that particular layer in the final cover whose samples were 
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tested. The shear stress and normal stress were obtained when the shear force and the normal force 

were divided by the nominal area of the sample respectively. The peak shear stress was recorded when 

gamma was equal to 0.15 radians. For each direct simple shear test performed, effective shear stress 

was plotted against effective normal stress. The scattered points were used to get the best fitted 

straight line. The intercept of the line on the shear stress axis gave the effective cohesion value 

whereas the inclination of the line gave the effective internal friction angle of the particular sample.                                

 

4.4.1. Tests conducted on compost sample of vegetation layer and results 

Compost samples were taken out from the vegetation layer of the landfill cover. This material contains 

a mixture of different soil types with a mixture of decomposed plants as shown in figure 20a. For this 

layer the overburden pressure was determined to be approximately 1.8kPa. Therefore these samples 

were tested with the different normal loads, 125g, 250g and 375g according to the procedure described 

in section 4.4. These loads when divided by the area of the sample which is 50cm2 gives normal 

stresses of 2.5kPa, 5kPa, and 7.5kPa respectively. Figure 20b shows the sample after shearing process 

was done. The selected normal stresses were greater than the required overburden pressure because the 

apparatus was designed to take loads starting from 2.5kPa. 

 

 

 

Figure 20a: Original sample of compost material   Figure 20b: Sheared sample of compost material 

 

Moisture content and unit weight of the samples were determined as described in section 4.2 and the 

results are presented in appendix A. The detailed test readings were recorded, and are tabulated in 

Table 4. A plot of effective shear stress at failure versus effective normal stress is shown in Figure 20. 

A straight line regression curve best fitting the data was produced. The intercept with the shear stress 

axis gave the effective cohesion of the sample and the angle it makes with the positive normal stress 

axis gave the angle of effective internal friction of the sample. For this material, an effective cohesion 

of 0kPa and an angle of effective internal friction of 21.78 degrees were obtained. 
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Table 4: Direct simple shear test results for the compost in the vegetation layer 

Sample number 
Normal 

stress, kPa 
Pore pressure, kPa 

Effective 
normal stress, 

kPa 

Effective shear 
stress, kPa 

1 2.48 -0.10 2.58 0.55 

2 5.06 0 5.06 1.95 

3 7.20 0.55 6.65 2.12 

Effective cohesion  c = -0.36 ≈ 0 

Effective internal friction angle ɸ = 21.78° 

Moist unit weight = 16.97kN/m3 

          

     

Figure 21: Effective shear stress against effective normal stress for the compost in the vegetation layer 

 

4.4.2. Tests conducted on excavated material in protection layer and results 

These samples were taken from the protection layer of the landfill cover. This is the upper part of the 

protection layer which is subdivided into three different layers. The excavated material contains excess 

loads of frictional material and till as shown in figure 22a. For this layer the overburden pressure was 

determined to be approximately 3.6kPa. Therefore this sample was tested with the different normal 

loads, 250g, 375g and 500g according to the procedure described in section 4.4. These loads when 

divided by the area of the sample which is 50cm2 gives normal stresses of 5kPa, 7.5kPa and 10kPa 

respectively. Figure 22b shows the sample after shearing process was done 
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Figure 22a: Original sample of excavated material            Figure 22b: Sheared sample of excavated material 

 

                       Table 5: Direct simple shear test results for the excavated material in the protection layer 

Sample number 
Normal stress, 

kPa 
Pore pressure, kPa 

Effective normal 
stress , kPa 

Effective shear 
stress, kPa 

1 4.97 -0.45 5.42 1.93 

2 7.13 0.20 6.93 3.22 

3 9.69 1.36 8.33 3.79 

Effective cohesion c = -1.45 ≈ 0  

Effective internal friction angle ɸ = 32.7° 

Moist unit weight = 14.20kN/m3 

 

 

Figure 23: Effective shear stress against effective normal stress for the excavated material in the protection layer 

 

For the excavated material, the effective cohesion was found to be 0kPa and the effective angle of 

internal friction was found to be 32.7 degrees. 
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4.4.3. Tests conducted on compost in protection layer and results 

This sample was taken from the protection layer of the landfill cover. The compost material in both the 

vegetation and the protection layers are same but the overburden pressure on the compost in the 

protection layer is larger than in the vegetation layer. The overburden pressure was determined to be 

16.2kPa. Therefore this sample was tested with the different normal loads, 250g, 500g and 1000g 

according to the procedure described in section 4.4. These loads when divided by the area of the 

sample which is 50cm2 gives normal stresses of 5kPa, 10kPa and 20kPa respectively. Figure 24 shows 

the compost sample in protection layer after shearing was done. 

  

 

Figure 24: Sheared sample of the compost in the protection layer 

 

Table 6: Direct simple shear test results for the compost in the protection layer 

Sample number 
Normal stress, 

kPa 
Pore pressure, 

kPa 
Effective stress 

normal, kPa 
Effective shear 

stress, kPa 

1 4.84 – 0.35 5.19 2.01 

2 9.55 0 9.55 3.75 

3 19.01 – 0.54 19.6 6.84 

Effective cohesion c  = 0.42 

Effective internal friction angle ɸ = 18.28° 

Moist unit weight = 16.92kN/m3 
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Figure 25: Effective shear stress against effective normal stress for the compost in the protection layer 

For the compost, the effective cohesion was found to be 0.42kPa and the effective angle of internal 

friction was found to be 18.28 degrees. 

 

4.4.4. Tests conducted on bio ash of the protection layer and results 

These samples were taken from the protection layer of the landfill cover. For this layer the overburden 

pressure was determined to be approximately 25kPa. Figure 26 shows the bio ash sample before and 

after testing. These samples were tested with the different normal loads, 125g, 375g and 625g 

according to the procedure described in section 4.4. These loads when divided by the area of the 

sample which is 20cm2 gives normal stresses of 6.25kPa, 19.10kPa and 31.8kPa respectively. It should 

be noted that the nominal area of the sample was changed from 50cm2 to 20cm2. This was because the 

apparatus settings had been changed before the tests were conducted. This did not have any 

undesirable effect on the results obtained from the testing. 

 

 

      Figure 26a: Bio Ash sample before testing                         Figure 26b: Bio ash sample after shearing 
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Table 7: Direct simple shear test results for the bio ash in the protection layer 

Sample 
number 

Normal stress, kPa 
Pore pressure, 
kPa 

Effective normal 
stress, kPa 

Effective shear stress, 
kPa 

1 7.16 – 1.26 8.42 4.89 

2 18.91 0.56 18.35 8.58 

3 31.30 0.59 30.79 12.14 

Effective cohesion c = 2.35 kPa 

Effective internal friction angle ɸ = 17.88° 

Moist unit weight = 26.45 kN/m3 

 

 

Figure 27: Effective shear stress against effective normal stress for bio ash in the protection layer 

 

For the bio ash, the effective cohesion was found to be 2.35kPa and the effective angle of internal 

friction was found to be 17.88 degrees. 

 

4.4.5. Tests conducted on a mixture of green liquor sludge and rock dust (liner layer) and results 

The green liquor sludge and the rock dust samples were mixed in a ratio of 60:40 respectively at the 

natural water content. Figure 28 shows the mixture of green liquor and rock dust samples before and 

after testing. The samples were mixed with a mixer for two minutes to obtain a homogenous matrix. 

This mixture was used for the liner material in the Obbola landfill. The overburden pressure was 

determined to be about 42kPa. Therefore these samples were tested with the different normal loads, 

250g, 500g and 1000g according to the procedure described in section 4.4. These loads when divided 
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by the area of the sample which is 20cm2 gives normal stresses of 12.7kPa, 25.5kPa and 50kPa 

respectively. 

 

  

Figure 28: A mixture of green liquor sludge and rock dust samples before testing and after shearing 

Table 8: Direct simple shear test results for the mixture of green liquor sludge and rock dust in the liner 

Sample 
number 

Normal stress, kPa 
Pore pressure, 

kPa 
Effective normal 

stress, kPa 
Effective shear stress, 

kPa 

1 12.65 0.70 11.95 3.99 

2 25.13 1.02 24.11 8.03 

3 49.35 0.68 48.67 14.07 

Effective cohesion c = 1.06 kPa 

Effective internal friction angle ɸ = 15.13° 

Moist unit weight =23.87kN/m3 
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Figure 29: Effective shear stress against effective normal stress for the mixture of green liquor sludge and rock dust 

 

For the mixture of green liquor sludge and rock dust, the effective cohesion was found to be 1.06kPa 

and the effective angle of internal friction was found to be 15.13 degrees. 
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5.0. NUMERICAL MODELING 

5.1. Modeling with SLOPE/W  

5.1.1 Defining the problem 

A limit equilibrium analysis was carried out using the SLOPE/W software for the slope stability of the 

landfill. The geometry was created by the AutoCAD software and imported into the SLOPE/W 

software. The slope stability analysis was performed for the landfill models with side slopes of 11, 14 

and 18 degrees respectively. In landfill design, research recommends  that the side slope does not 

exceed 18 degrees and at the same time is not be too flat, in order to obtain a suitable factor of safety 

for the landfill. We selected these side slopes because the Obbola landfill which we used in our 

modeling had a side slope of 14 degrees. In order to determine the best angle of safety in our research, 

we decided to choose one slope that is a little below the side slope in use at the Obbola landfill and 

another slope that is a little above the side slope used in the Obbola landfill. This can help in future 

construction of landfills. Because of symmetry, only half of the sloping portion of the landfill was 

modeled and analyzed. The analysis method was selected and the direction of the slip surface was 

chosen to follow a right to left path. The Morgenstern-Price method and half-sine function method 

were selected for the analysis of our landfill. Though we chose the Morgenstern-Price method and 

half-sine function method for our analysis, the software also generated results of factor of safety for 

Ordinary, Bishop and Janbu analysis methods. 

   

5.1.2 Material properties 

The material properties of each of the layers of the landfill were assigned to the model. Also the 

interfaces between geotextile and other layers were modeled using reinforcement loads under the draw 

menu of the SLOPE/W software. The Mohr-Coulomb model was selected for each material. The input 

parameters needed for the Mohr-Coulomb model are unit weight, effective angle of internal friction 

and effective cohesion. Table 9 lists the material input values and interface shear strength used in the 

SLOPE/W analysis. Laboratory in table 9 indicates that the values were determined by laboratory 

tests. 
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Table 9: Input material parameters used in the SLOPE/W analysis 

Layers Moist unit 
weight ,  kN/m3 

Effective 
cohesion, kPa 

Effective 
friction angle , °

References 

Compost (Vegetation) 16.32 0 21.78 Laboratory 
 

Excavated soil 14.20 0 32.70 Laboratory 
 

Compost  16.37 0 18.28 Laboratory 
 

Bio ash 26.45 2.35 17.88 Laboratory 
 

Bio ash-geotextile 
interface 
 

 0 12.5 Xu et al. (2008) 

Tyre shred 10.79 0 37 Humphrey et al. (1993), Yang 
et al. (2002) 

 
Tyre shred-geotextile 
interface 
 

 0 20 Tatlosiz et al. (1998), Reddy 
and Saichek (1998b) 

Green liquor sludge 
and rock dust 
 

23.87 1.06 15.13 laboratory 

Levelling layer 
 

21.2 0 40 Das (1997) 

 Top waste 10.8 10 30 Landva and Clark 
(1990),Owesis et al (1990) 

Bottom waste  15.41 30 20 Landva and Clark 
(1990),Owesis et al (1990) 

Coarse sand  
 

21.2 0 34 Das (1997) 

Silty till 20.74 47.88 35 Bowles (1996) 
  

5.1.3 Pore Pressure 

From the description of Obbola Industrial landfill, the groundwater table is located close to the ground 

surface.  Therefore pore water pressure was defined by a piezometric line at 1 meter below the ground 

surface. It was also assumed that the ground water level was constant throughout the year.  

 

5.1.4 Slip surface for circular failure model 

After the material input and pore pressure was assigned, a slip surface was defined. The analyses were 

performed for two failure models namely the circular failure model and the block failure model. There 

were several methods for defining the slip surface for the circular failure but the entry and exit method 

was selected. One of the problems with the other methods is how to visualize the extents or the range 

of the trial slip surface. This difficulty is solved by the entry and exit method because it specifies the 

region where the trial slip surfaces should enter the ground surface and where they should exit.  



41 
 

5.1.5 Slip surface for block failure model 

Block shaped analyses were performed on the landfills by specifying the grid for the left and right 

blocks and the center about which moment would be taken.  The left and right blocks were selected to 

cover a large portion of the landfill especially the final cover and the waste. The position of the center 

of the block failure was placed above the landfill and if not specified, SLOPE/W generates one 

according to the geometry of landfill and positions of the left and right blocks. Although the center of 

block failure was needed to perform the analysis, it did not have a great influence on the factor of 

safety because the rigorous solution method was selected (that is Morgenstern-Price, Spencer, GLE). 

 

5.1.6 Verification and computation 

When the slip surface has been specified, then SLOPE/W runs several checks to verify the input data 

using the verify/optimize data command in the Tools menu.  When the verification is completed and 

there are no errors, then SLOPE/W computes the factor of safety using the method of slices selected. 

The minimum factor of safety is obtained for that particular analysis and its associated critical slip 

surface is displayed. 

 

5.2. Result from slope stability analysis 

Slope stability analyses were performed by using SLOPE/W software on landfill models. Different 

values of the slopes such as 1:3, 1:4 and 1:5 were modeled. Two potential failure mechanisms, circular 

and block failure were considered.  

 

5.2.1 Slope stability analysis with circular failure 

According to Shafer (2000), landfill side slopes are stable enough when the factor of safety is greater 

than 1.5. The results for circular failure for the different side slopes with their factor of safety and 

related reliability index are summarized in table 10. 

 

Table 10: Factor of safety and their reliability index for landfill with varying side slopes for circular failure 

Side slope Factor of safety Reliability index 
1:3 1.25 3.13 
1:4 1.62 5.97 
1:5 1.96 4.19 

 

It can be concluded from table 10 that as the slope angle increases or the slope becomes steeper the 

factor of safety reduces. This is because a steeper slope has a higher driving force than a flatter slope 

and this driving force reduces the factor of safety. From table 10, the reliability index for side slope 

1:4 which is the side slope for the Obbola landfill is higher than the side slopes of 1:3 and 1:5. This is 

an indication that the side slope of 1:4 is more safer than the side slope of 1:3 and 1:5.  It can also be 

concluded from figure 30 to figure 32 that the probability of failure for the same side slope is lower, 
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i.e. 0 percent as compared to the other side slopes. The green section in the figures 30 to 32 below 

indicates the critical circular slip surface for the factor of safety for the different side slopes.  

 

 

Figure 30: Landfill with side slope 1:3 for circular failure 

 

 

Figure 31: Landfill with side slope 1:4 for circular failure 
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Figure 32: Landfill with side slope 1:5 for circular failure 

 

5.2.2. Slope stability analysis with block failure 

Slope stability analyses were performed on landfill models considering the block failure mode. Results 

for the three different side slopes are shown in figure 33 to 35 and the factors of safety and their 

related reliability index are presented in table 11. 

 

Table 11: Factor of safety and their reliability index for landfill with varying side slopes for block failure 

Side slope Factor of safety Reliability index 
1:3 1.08 0.44 
1:4 1.53 9.01 
1:5 1.79 3.03 

 

It can also be concluded from table 11 that as the slope angle increases or the slope becomes steeper 

the factor of safety reduces. This is because a steeper slope has a higher driving force than a flatter 

slope and this driving force reduces the factor of safety. From the table 11, the reliability index for side 

slope 1:4 which is the side slope for the Obbola landfill is higher than the side slopes of 1:3 and 1:5. 

This is an indication that the side slope of 1:4 is more safer than the side slope of 1:3 and 1:5.  It can 

also be concluded from figure 33 to 35 that the probability of failure for the same side slope is lower, 

i.e. 0 percent as compared to the other side slopes. The green section in figures 33 to 35 indicates the 

critical block slip surface for the factor of safety for the different side slopes. 
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Figure 33: Landfill with side slope 1:3 for block failure analysis 

 

 

 

Figure 34: Landfill with side slope 1:4 for block failure analysis 
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Figure 35: Landfill with side slope 1:5 with block failure analysis 

 
5.3 Modeling with PLAXIS  

5.3.1 Defining the problem 

A finite element analysis using PLAXIS 2D was performed. The geometry of the landfill was drawn 

with AutoCAD and imported to PLAXIS 2D. One of the cross-sections of the landfill used in the 

numerical analysis is presented in figure 36. The analysis was performed for different scenarios of side 

slopes. The inclinations are 11 degrees, 14 degrees and 18 degrees but the inclination of the landfill in 

question is 14 degrees. In figure 36, the waste is divided into two different parts showing different 

waste composition and also representing the stages of decomposition. The other layers are final cover 

and soils beneath which the waste was placed. In the 70’s when landfilling started, there were no 

bottom liners because at that time, the law concerning it was not in use. The plane strain model was 

selected. This is because the geometry of the landfill was more or less of a uniform cross section and 

had a corresponding stress state and loading scheme over a certain length perpendicular to the cross 

section (z-direction). In plane strain, it is assumed that the strains and displacements in the z-direction 

are zero but the normal stresses in that direction are taken into full consideration.
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Figure 36: Cross-section of the 14 degrees profile of the landfill
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5.3.2 Material model 

The Mohr- Coulomb model was chosen. The input parameters used include Young’s modulus and 

Poisson’s ratio which are the elastic properties of the layers and the effective cohesion, the effective 

friction angle and the dilatancy angle which are the strength parameters for the layers. The dilatancy 

angle was assumed to be zero for all the layers since it is a reasonable value. 

    

5.3.3 Material parameters 

From table 12, the parameters used in the finite element analysis are unit weight, shear and interface 

strength and axial stiffness. These parameters were obtained through extensive laboratory studies 

conducted on some final cover samples, values from literature and engineering judgment. 
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Table 12: Parameters for the Mohr-Coulomb model 

Layers Dry unit 
weight 
kN/m3  

Moist unit 
weight 
kN/m3 

Young's 
modulus 
MPa 

Poisson's 
ratio 

Cohesion 
kPa 

Friction 
angle ° 

Efficiency for 
interface 

Axial 
stiffness 
kN/m 

References 

Compost  6.94 16.32 5 0.25 0 21.78 - - Laboratory 

Excavated soil 7.40 14.20 5 0.25 0 32.70 - - Laboratory 

Compost 6.81 16.37 5 0.25 0 18.28 - - Laboratory 

Bio ash 11.68 26.45 4000 0.3 2.35 17.88 - - Laboratory 

Bio ash-geotextile  
Interface 

        0 12.5 0.78 -  Xu et al.2008 

Tyre shred 10.59 10.79 1 0.3 0 37 - - Humphrey et al. (1993), 
Yang et al. (2002) 

Tyre shred-
geotextile interface 

        0 20 0.53 - Tatlosiz et al. (1998), 
Reddy and Saichek 
(1998b) 

Geotextile             - 200 Rowe-Soderman (1985) 

Geotextile - green 
liquor sludge and 
rock dust interface 

        5.3 15-28  0.85 -  Dixon-Jones et al 1995 

Green liquor sludge 
and rock dust 

14.84 23.87 150 0.3 1.06 15.13 - - laboratory 

Levelling layer 18.2 21.2 100 0.35 0 40 - - Das(1997) 

Top waste  9.4 10.8 1.0 0.25 10 30 - - Landva and Clark ; 
Owesis et al (1990) 

Bottom waste 11 15.41 2.5 0.45 30 20 - - Landva and Clark ; 
Owesis et al (1990) 

Coarse sand  18.2 21.2 50 0.3 0 34 - - Das (1997) 

Silty till 18.85 20.74 150 0.35 47.88 35 - - Bowles (1996) 
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5.3.4 Finite element mesh and boundary conditions 

The 15-node triangular element as shown in figure 37 was selected for analysis because it is a very 

accurate element that gives a very good result for a safety analysis by means of phi-c reduction and 

also produces a high quality stress result for difficult problems. Standard fixities were set as boundary 

condition for the geometry model. The generation of mesh as shown in figure 38, is based on a robust 

triangulation procedure, which results in unstructured meshes. The numerical performance of such 

meshes is usually better than regular (structured) meshes (PLAXIS, N2010). Several meshes were 

selected. Out of these, the very fine mesh was chosen because it gave the most accurate result.  

 

Figure 37: The 15-node triangular element (PLAXIS, 2010) 

 

Figure 38: Cross-section with generated mesh for a landfill with 14 degrees Slope 



50 
 

5.3.5. Pore water pressure and closed boundary 

The groundwater level was fixed at 1 meter below the ground surface utilizing the general phreatic 

level command. Since one-half of the landfill was modeled, a closed boundary was fixed at the 

symmetry end so that ground water flow does not occur at that boundary. 

 

 5.3.6. Analysis type 

PLAXIS 2D computes the global safety factor by the phi/c reduction method. This method uses the 

load advancement number of steps. The number of steps used for the landfill models ranged from    

300 - 500. The incremental multiplier was set to the default value which is 0.1. The strength 

parameters are successively reduced automatically until all the additional steps have been performed. 

The strength of interfaces is also reduced in the same way. The last step should result in a fully 

developed failure mechanism. A failure mechanism was fully developed when the line displaying the 

factor of safety was constant at a certain value. 

 

5.4. Results from slope stability analyses using PLAXIS  

Slope stability analyses were performed by using PLAXIS software on different landfill models. 

Different values of the side slope such as 1:3, 1:4 and 1:5 were modeled. Slope stability analysis 

results on the different landfill models are shown in Figures 39 to 41. The results of table 13 also show 

that the factor of safety increases with decreasing slope angle.  

 

Table 13:  Factor of safety for the different side slopes using PLAXIS analysis 

Side slope Factor of safety 
1:3 0.9 
1:4 1.14 
1:5 1.46 
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Figure 39: Factor of safety of a landfill with side slope 1:5 

Figure 40: Factor of safety of a landfill with side slope 1:4 
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Figure 41: Factor of safety of a landfill with side slope 1:3 

 

5.5. Comparison of the result between SLOPE/W and PLAXIS 2D 

5.5.1. Comparison of the results of the factors of safety between SLOPE/W and PLAXIS 2D 

The same landfill geometry and material input parameters were used both in the PLAXIS model and 

the SLOPE/W model. Both programs computed different factors of safety as shown in table 14.  

 

From figure 42 it can be observed that while using the SLOPE/W software, our analysis on side slopes 

with values1:3, 1:4 and 1:5 gave a factor of safety of 1.08 - 1.25, 1.53 - 1.62 and 1.79 - 1.96 

respectively. The PLAXIS software also gave a factor of safety of 0.9, 1.14 and 1.46 respectively for 

the same side slopes. Comparing the results we obtained with the factor of safety 1.5 used in 

geotechnical analysis for slope stability, it can be inferred that side slope of 1:3 for both SLOPE/W 

and PLAXIS is less than the recommended value of 1.5. This implies that the landfill with side slope 

of 1:3 is not safe with both programs. On the other hand, with a side slope of 1:4 SLOPE/W gives a 

factor of safety greater than 1.5 whereas PLAXIS gives a factor of safety less than 1.5.This implies 

that with a side slope of 1:4, SLOPE/W is safer than PLAXIS. Interestingly, with a side slope of 1:5, 

both SLOPE/W and PLAXIS gives a safe factor of safety. 

 

The factors of safety computed by SLOPE/W for both circular failure model and block failure model 

are higher than those computed by the PLAXIS 2D program. According to Aryal (2008) the limit 
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equilibrium methods have some limitations to compute forces especially at the crest and toe of a slope 

where the localized stress concentrations can generally be found and are mostly high. 

 

Due to these differences, the factor of safety in limit equilibrium analysis becomes higher, if based on 

Morgenstern-Price method, than those obtained from the finite element analyses. A study carried out 

with various load applications and groundwater variations shows that the factor of safety may be 

higher (5 -15%) in limit equilibrium based Morgenstern-Price method compared with finite element 

based simulations, or example in PLAXIS (Aryal,2006).  The results from our research show that the 

SLOPE/W gives a factor of safety which is between 15 – 30 percent higher than PLAXIS. Our results 

suggest that the limit equilibrium method overrates the factor of safety. This also shows a higher range 

as compared to the range from Aryal (2006).  For this reason if a close to accurate factor of safety is 

required, then the finite element method should be used. 

 
Table 14: Factor of Safety of Landfill for Varying Side Slopes with Different Software Programs 

Side slopes 

SLOPE/W FOS 

PLAXIS FOS Block 
failure 

Circular 
failure 

1:3 1.08 1.25 0.9 
1:4 1.53 1.62 1.14 

1:5 1.79 1.96 1.46 
 

 

Figure 42: Factors of safety for different side slopes using PLAXIS and SLOPE/W 
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5.5.2. Comparison of the critical failure surface between SLOPE/W and PLAXIS 2D 

From figure 43 to 45, the critical part of the Obbola landfill is in the final cover. This is because the 

failure surface from both software passes through the final cover. For PLAXIS, the critical failure 

surface occurred on top of the first geotextile while for SLOPE/W the circular failure mode occurred 

on top of the first geotextile. In the block model analysis from SLOPE/W, the critical failure surface 

passes through the two geotextiles but still occurred in the final cover of the landfill. The critical 

surface and the geotextile in the PLAXIS 2D are shown by the red and deep brown colours 

respectively in figure 43. 

 

Figure 43: The critical failure surface in PLAXIS 2D, shown by the red area 

 

Figure 44: The critical failure surface of block failure model analysis in SLOPE/W, shown in green

 

Figure 45: The critical failure surface of circular failure model analysis in SLOPE/W, shown in green 
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5.6. Sensitivity analysis 

A sensitivity analysis was performed for the parameters used in the slope stability analysis for the 

actual side slope of the Obbola landfill which is 1:4. This analysis was done to study the sensitivity of 

the model to variation in input parameters such as unit weight, friction angle and cohesion. 

 

5.6.1. Sensitivity with SLOPE/W 

The SLOPE/W program gives you the chance to specify a range of values for the material parameters 

and it computes the factor of safety automatically when each of the parameters is used. A sensitivity 

study range with Delta was assumed as 5 percent of the mean/actual value of input material and 5 

steps to both sides (+ and -) of the mean value. For presentation purposes, all the parameters are 

normalized to a value ranging between 0.0 and 1.0. 0.0 means the lowest value and 1.0 means the 

highest value. The point where the two sensitivity curves cross is the deterministic factor of safety or 

the factor of safety at the mid-point of the ranges for each of the strength parameters. 

 

5.6.1.1. Effects of unit weight 

This part deals with the effect of varying the unit weight of the various layers on the factor of safety. 

The unit weight of the various layers were varied by 5 percent of the mean value and modeled using 

the 1:4 side slope. This was done for both the circular failure and the block failure model. Table 15 

below summarizes the range of unit weight used for the different layers and their delta. Figure 46 and 

47 shows the effect of unit weight on the factor of safety.  

 

Table 15: Unit weight and their delta values used for the different layers in sensitivity analysis 

Layer 
Wet Unit weight 
(Mean) kN/m3 

Range of Unit Weight  
kN/m3 

Delta 

Compost 16.32 12.27-20.47 0.82 
Excavated Soil 14.20 10.65-17.5 0.71 

Compost 16.37 12.27-20.47 0.82 
Bio-Ash 26.45 19.84-33.06 1.32 

Tyre shred 10.79 8.09-13.49 0.54 
Green liquor sludge and Rock dust 23.87 17.87-29.87 1.20 

Levelling layer 21.2 15.9-26.5 1.06 
Top Waste 10.8 8.1-13.5 0.54 

Bottom Waste  15.41 11.56-19.26 0.77 
Coarse sand  21.2 15.9-26.5 1.06 

Silty Till 20.74 15.54-25.94 1.04 
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Figure 46:  Sensitivity analysis result of factor of safety against the range of the unit weight used in the computation for a 
circular failure of side slope 1:4 
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Figure 47: Sensitivity analysis result of factor of safety against the range of the unit weight used in the computation for the 
  block Failure of side slope 1:4 

From figures 46 to 47, it is evident that the unit weights of the different layers do not have a 

significant influence on the factor of safety over the range of values used. It can also be seen from the 

same figures that the factor of safety increases slightly when the unit weight of some materials like 

compost in either the vegetation layer or the protection layer decreases to the lowest value in their 

range as compared to the factor of safety obtained when the mean values were used. When the unit 

weight was increased to the highest value for the same materials, the factor of safety decreased 

compared to when the mean values were used. 
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5.6.1.2. Effect of cohesion 

This section deals with the effect of varying the cohesion of the various layers on the factor of safety. 

The cohesion of the various layers were varied by 5 percent of the mean value and the landfill was 

modeled using the side slope of 1:4. This was done for both the circular failure and the block failure 

analyses. Table 16 summarizes the range of cohesion used for the different layers and their delta 

values. Figure 48 and 49 shows the effect of cohesion on the factor of safety. 

 

Table 16 : Cohesion and their delta values used for the different layers in sensitivity analysis 

Layers Mean cohesion kPa Range of cohesion , kPa Delta 

Compost  0  0 -5 0 
Excavated soil 0 0 -5 0 

Compost  0 0 - 5 0 
Bio ash 2.4 1.7 - 2.9 0.12 

Tyre shred 0 0 -5 0 
Green liquor sludge and rock dust 1.1 0.80 - 1.3 0.05 

Leveling layer 0 0 - 5 0 
Top waste 10 7.5 - 12.5 0.5 

Bottom waste  30 22.5 - 37.5 1.5 
Coarse sand  0 0 - 5 0 

Silty till 47.9 35.9 - 59.8 2.39 

 

Figure 48: Sensitivity analysis result of factor of safety against the range of the cohesion used in the computation for a  
  circular failure of side slope 1:4 
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Figure 49 : Sensitivity analysis result of factor of safety against the range of the cohesion used in the computation for a block  
failure of side slope 1:4 

 

From figures 48 and 49 it is obvious that cohesion of the various layers have a positive effect on the 

factor of safety. An increase in the cohesion of materials like compost and excavated soil from 0 to 5 

kPa increased the factor of safety of the circular failure model from 1.62 to 2. But in the block failure 

model the change was not significant. 

 

5.6.1.3. Effect of friction angle 

This section deals with the effect of varying the friction angle of the various layers on the factor of 

safety. The friction angles of the various layers were varied by 5 percent of the mean value and the 

landfill was modeled using the 1:4 side slope. This was done for both the circular failure and the block 

failure model analyses.  
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Table 17: Friction angles and their delta values used for the different layers in sensitivity analysis. 

Layers Mean friction angle  ° Range of friction angle  ° Delta 
Compost  21.8 16.3 - 27.2 1.1 

Excavated Soil 32.7 24.5 - 40.9 1.64 
Compost  18.3 13.6 - 23 0.91 
Bio ash 17.9 13.4 - 22.4 0.89 

Tyre shred 37 27.8 - 46.3 1.85 
Green liquor sludge and rock dust 15,1 11.3 - 18.8 0.76 

Levelling layer 40 30 - 50 2 
Top waste  30 22.5 - 37.5 1.5 

Bottom waste 20 15 - 25 1 
Coarse sand  34 25.5 - 42.5 1,7 

Silty till 35 26.3 - 43.8 1,75 
 

 

Figure 50 : Sensitivity analysis result of factor of safety against the range of the friction angle used in the computation for a  
circular failure of side slope 1:4 
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Figure 51: Sensitivity analysis result of factor of safety against the range of the friction angle used in the computation for a  
  block failure of side slope 1:4 

 

From figures 50 and 51 an increase in the friction angle increases the factor of safety significantly 

against slope failure. An increase in the friction angles of materials like bio ash, the compost in the 

protection and the mixture of green liquor sludge and rock dust has a positive effect on the factor of 

safety. If the friction angles of these materials can be improved to about 25 degrees the factor of safety 

can be increased from 1.6 to about 2. 
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5.6.2.1. Effect of Unit Weight 

This part deals with the effect of varying the unit weight of the various layers on the factor of safety. 

The unit weight of the various layers were varied by 5 percent of the mean value and the Landfill was 

modeled using all the different side slopes of the landfill. By that, we wanted to study the sensitivity of 

increasing and decreasing the mean values of the unit weight and the effect it would have on the factor 

of safety. Table 15 was utilized to perform the sensitivity analysis for unit weight used for the different 

layers. Figure 52 shows the effect of unit weight on the factor of safety when the maximum input 

values of unit weight for all the layers were used in the analysis. 

 

Figure 52: A plot of sensitivity analysis using maximum input values of unit weight of various layers for the side slope 1:4 

 

Comparing the results from table 18, it was found that the factor of safety (FOS) reduces when the 

maximum input values of unit weight was used for the analysis and increased when the lower input 

values of unit weight was used for the same model. But the influence was not that much and it can be 

concluded that unit weight does not have significant effect on the factor of safety. 

 

Table 18: sensitivity analysis varying the unit weight for all layers for different side slopes 

side slope FOS max input value FOS mean input value FOS min input value 

1:3 0.87 0.90 0.96 
1:4 1.10 1.14 1.19 
1:5 1.43 1.46 1.50 

 

5.6.2.2. Effect of cohesion 

This part deals with the influence of varying the cohesion of the various layers on the factor of safety. 

By that, we wanted to study the sensitivity of increasing and decreasing the mean values of the 

cohesion and the effect it would have on the factor of safety. Table 16 above was utilized to perform 
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the sensitivity analysis for cohesion used for the different layers. Figure 53 shows the effect of 

cohesion on the factor of safety when the maximum input values of cohesion for all the layers were 

used in the analysis. 

 

Figure 53: A plot of sensitivity analysis using maximum input values of cohesion of various layers for the side slope 1:4 

 

Comparing the results from table 19, it was found that the factor of safety reduces when the minimum 

input values of cohesion was used for the analysis and increased when the maximum input values of 

cohesion was used for the same model. It can be concluded that increasing the cohesion of some input 

parameter can have significant effect on the factor of safety.  

 

Table 19: Sensitivity analysis varying the cohesion for all layers for different side slopes 

Side slope FOS max input value FOS mean input value FOS min input value 

1:3 1.01 0.9 0.87 
1:4 1.21 1.14 1.10 
1:5 1.54 1.46 1.39 

 

5.6.2.3. Effect of friction angle  

This part deals with the influence of varying the friction angle of the various layers on the factor of 

safety. By that, we wanted to study the sensitivity of increasing and decreasing the mean values of the 

friction angle and the effect it would have on the factor of safety. Table 17 above was utilized to 

perform the sensitivity analysis for friction angles used for the different layers. Figure 54 shows the 

effect of friction angle on the factor of safety when the maximum input values of friction angles for all 

the layers are used in the analysis. 
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Figure 54: A plot of sensitivity analysis using maximum input values of friction angle of various layers for the side slope 1:4 

 

Comparing the results from  table 20, it was found that the factor of safety reduces when the minimum 

input values of friction angle was used for the analysis and increased when the maximum input values 

of friction angle was used for the same model. It can be concluded that increasing the friction angle of 

some input parameter like cohesion and unit weight can have significant effects on the factor of safety. 

The stability analysis is more sensitive to friction angle values than to the other parameters. 

 

Table 20: Sensitivity analysis varying the friction angle for all layers for different side Slopes 

Side slope FOS max input value FOS mean input value FOS min input value 

1:3 1.08 0.90 0.70 
1:4 1.38 1.14 0.88 
1:5 1.74 1.46 1.12 

 

 

   



65 
 

6.0. CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions and recommendations can be made from the laboratory tests and the slope 

stability analysis performed by SLOPE/W and PLAXIS 2D: 

 

6.1 CONCLUSIONS 

The factor of safety estimated by SLOPE/W for the Obbola landfill of side slope 1:4 was 1.62 for 

circular failure and 1.53 for block failure analysis while PLAXIS 2D gave 1.14 for the same side slope 

of 1:4. Comparing these values with the factor of safety of 1.5 which is often desired in geotechnical 

engineering implies that the result from PLAXIS 2D is not safe enough. These are based on our 

calculations, our assumptions and our engineering judgement. 

 

For the side slope of 1:5, PLAXIS analysis yielded a factor of safety which is more stable. The factor 

of safety computed from both SLOPE/W and PLAXIS decreased as the slope angle becomes higher. 

This is because the geometry of a landfill plays an important role in the slope stability of a landfill. 

The change of landfill slope from 1:3 to 1:5 increases the factor of safety by almost a constant value 

Also from our computations, it was observed that the limit equilibrium method overestimated the 

factor of safety as compared to the finite element method. From our findings, the limit equilibrium 

program utilized, gave a factor of safety of about 15- 30 % more than the results obtained from the 

finite element method program. 

 

From our computation analysis, the critical part of the Obbola landfill is the final cover. This is 

because the failure surface from both software passes through the final cover. For PLAXIS, the critical 

failure surface occurred on top of the first geotextile while for SLOPE/W the circular failure mode 

occurred on top of the first geotextile. The block model analysis from SLOPE/W the critical failure 

surface passes through the two geotextiles but still occurred in the final cover. 

The sensitivity analysis performed indicates that an increase of the friction angle and cohesion 

increases the factor of safety of the landfill. In addition the factor of safety remains constant or 

decreases for an increase or decrease in the unit weight of the materials. Therefore the stability of the 

landfill is much more sensitive to changes in friction angle and cohesion than the unit weight of the 

layers. 

 

An increase in the cohesion of materials like excavated soil and compost by 5kPa in the protection 

layer will increase the factor of safety from 1.62 to 2 according to the SLOPE/W program. In the same 

way, an increase in the friction angle of bio ash and compost in the protection layer and the mixture of 

green liquor sludge and rock dust by 5 degrees for the same program will increase the factor of safety. 
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6.2 RECOMMENDATIONS 

 We recommend that berms should be placed at the toe of the landfill. This would help to 

increase the resisting forces. 

 We suggest that full-scale field tests on the different layers should be done so that the results 

can be compared with the laboratory results. We recommend cone penetration test as one of 

the best methods to estimate the shear strength parameters on site. 

 We also recommend that tyre shred should be debeaded from the steel bead wire so that they 

do not puncture geotextile and geomembrane. These holes created in the geotextile and 

geomembrane can increase the pore pressure in the final cover of the landfill and eventually 

affect the stability of the landfill. 

 There should be some modifications in the testing procedure so that the materials tested can be 

compacted to achieve the same densification as prevails on site.  

 More advanced experiments like triaxial tests can be performed to get a more precise value of 

the shear strength properties under natural loading conditions. 
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APPENDIX A: 
Laboratory results on water content and density of some final cover materials 
 

Table 21: Moisture content and unit weight data of excavated soil sample 

  

Material 

Water 
content 
before 
testing 

% 

Water 
content 

after 
testing 

% 

Moist 
density 
g/cm3 

Dry 
density 
g/cm3 

Moist 
unit 

weight 
kN/m3 

Dry unit 
weight 
kN/m3 

Excavated 
soil 

Sample 1- 2.5 kPa 47.12 101.15 1.59 0.79 15.55 7.74 

  Sample 2- 7.5 kPa 47.15 85.41 1.37 0.74 13.47 7.27 

  Sample 3-10 kPa 45.00 89.06 1.39 0.73 13.59 7.19 

  Average 46.42 91.87 1.45 0.75 14.20 7.4 

 

Table 22: Moisture content and unit weight data of compost (Vegetation layer) 

  

Material 

Water 
content 
before 
testing 

% 

Water 
content 

after 
testing 

% 

Moist 
density 
g/cm3 

Dry 
density  
g/cm3 

Moist 
unit 

weight 
kN/m3 

Dry unit 
weight 
kN/m3 

Compost 
(Vegetation) 

Sample 1-2.5 kPa 120.00 134.96 1.76 0.75 17.27 7.35 

  Sample 2-5 kPa 121.33 135.56 1.65 0.70 16.19 6.87 

  Sample 3-7.5 kPa 122.56 136.07 1.58 0.67 15.50 6.60 

  Average 121.30 135.53 1.66 0.71 16.32 6.94 

 

Table 23: Moisture content and unit weight data of compost (Protection layer) 

  

Material 

Water 
content 
before 
testing 

% 

Water 
content 

after 
testing 

% 

Moist 
density 
g/cm3 

Dry 
density 
g/cm3 

Moist 
unit 

weight 
kN/m3 

Dry unit 
weight 
kN/m3 

Compost 
(Protection) 

Sample 1- 5 kPa 87.15 145.56 1.85 0.75 18.15 7.39 

  Sample 2 - 10 kPa 88.47 141.75 1.63 0.67 15.96 6.60 

  Sample 3 - 20 kPa 90.68 133.00 1.53 0.66 14.99 6.44 

  Average 88.77 140.10 1.67 0.69 16.37 6.81 
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Table 24: Moisture content and unit weight data of bio-ash (Protection layer) 

   Material 

Water 
content 
before 
testing  

% 

Water 
content 

after 
testing  

% 

Moist 
density 
in g/cm3

Dry 
density 
in g/cm3

Moist 
unit 

weight 
kN/m3 

Dry unit 
weight 
kN/m3 

Bio-Ash  Sample 1 - 6 kPa 56.90 130.30 2.74 1.19 26.88 11.67 

  Sample 2 - 19 kPa 55.21 127.32 2.72 1.20 26.68 11.77 

  Sample 3 - 32 kPa 56.68 125.11 2.63 1.17 25.80 11.48 

  Average 56.26 127.57 2.70 1.19 26.45 11.68 

 

Table 25: Moisture content and unit weight data of the mixture of the green liquor sludge and the rock dust (liner) 

  

Material 

Water 
content 
before 
testing 

% 

Water 
content 

after 
testing  

% 

Moist 
density 
in g/cm3

Dry 
density 
in g/cm3

Moist 
unit 
weight 
kN/m3 

Dry unit 
weight 
kN/m3 

Green liquor 
+ Rock dust 

Sample 1 – 12.5 kPa 25.94 66.05 2.44 1.47 23.94 14.42 

   Sample 2 - 25 kPa 25.58 59.50 2.49 1.56 24.43 15.30 

   Sample 3 - 50 kPa 27.03 56.60 2.37 1.51 23.23 14.81 

   Average 26.18 60.72 2.43 1.51 23.87 14.84 
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APPENDIX B: 

Factor of safety by different methods using SLOPE/W modeling 

 

 

Figure 55: Factor of safety of a landfill with block failure analysis by using Bishop method for side slope 1:5 

 

 

Figure 56: Factor of safety of a landfill with block failure analysis by using Janbu method for side slope 1:5 
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Figure 57: Factor of safety of a landfill with block failure analysis by using Ordinary method for side slope 1:5 

 

 

Figure 58: Factor of safety of a landfill with block failure analysis by using Bishop method for side slope 1:4 
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Figure 59: Factor of safety of a landfill with block failure analysis by using Janbu method for side slope 1:4 

 

 

Figure 60: Factor of safety of a landfill with block failure analysis by using Ordinary method for side slope 1:4 
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Figure 61: Factor of safety of a landfill with block failure analysis by using Bishop method for side slope 1:3 

 

 

Figure 62: Factor of safety of a landfill with block failure analysis by using Janbu method for side slope 1:3 
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Figure 63: Factor of safety of a landfill with block failure analysis by using ordinary method for side slope 1:3 

 

Table 26: A Summary of the factors of safety of a landfill by varying side slopes using different analysis methods in SLOPE/W 

Side slope/Method Morgenstern-Price Bishop Janbu Ordinary method 

1:3 1.084 1.088 1.078 1.147 

1:4 1.529 1.555 1.564 1.582 

1:5 1.785 1.791 1.778 1.844 

 


