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Municipal solid waste (MSW) landfills typically have elevated temperatures due to the presence of both anaerobic and aerobic degradation processes. These processes can generate temperatures that range from 40-70°C. Considering the temperature of landfills can help produce more logical and realistic outcomes.

Studying landfill stability is an important issue because slope failure of MSW landfills could cause environmental problems. As these landfills are usually located near highly populated areas, this increases the importance of investigating landfills' behavior. Two major products of landfill degradation are gas and leachate. The major generated gas is carbon which is a dangerous one and could lead to air pollution. The entrance of leachate into the groundwater due to slope failure is harmful, too. So, failure of landfill slope could cause these products to be entered the environment and lead to air and water pollution.

To analyze the effect of MSW landfills due to high temperature and moisture accurately, is required to use the Thermo-Hydro-Mechanical (THM) method that attracted the attention of many researchers in recent years. The investigation of MSW landfill stability with considering of temperature is studied in this paper.

Introduction

Stability analysis of landfills is one of the most important issues in their design and construction of them. Many landfills are located close to areas with a high population; this situation could increase the risk of slope failure in municipal solid waste landfills. In recent years, heavy landslides occurred due to failures of municipal solid waste landfills. Payatas landfill failure occurred in the Philippines in 2000, the failure of Ano Liossia landfill in Greece in 2003, and the disruption of Leuwigajah landfill in Indonesia in 2005 have raised concerns about the stability of landfills [START_REF] Hague | Dynamic characteristics and stability analysis of municipal solid waste in bioreactor landfills[END_REF].

Slope stability analysis indicates that the decrease in the strength parameters of the waste in landfills is the main cause of the failure. The reduction of the waste shear strength could lead to a decrease in the value of the safe factory dramatically during and after placing the waste [START_REF] Bogner | Dynamic water balance aspects of bioreactor landfills[END_REF]. Also,

The results of Analysis base on HSM method to calculate active earth pressure from a line surcharge showed that Moving the surcharge out of the failure wedge has no effect on the active earth pressure [START_REF] Ghanbari | An analytical method for calculating active earth pressure in reinforced retaining walls subject to a line surcharge[END_REF].

The results also suggest that beginning the placement of waste in summer is more favorable than in winter since the high temperatures at the GM-GTX during summer mobilize higher shear strengths resulting in lower shear displacements [START_REF] Kumar | Temperature Effects on Stability and Integrity of Geomembrane-Geotextile Interface in Municipal Solid Waste Landfill[END_REF][START_REF] Lefebvre | The role of aerobic activity on refuse temperature rise, I. Landfill experimental study[END_REF].

Since one of the products of decomposition of the waste is heat, taking account of this generated temperature in the stability analysis of the landfill leads to more realistic results and more reasonable. Also, temperature could lead to a decrease in geomembrane service life and also it makes excessive tensile stress that leads to the production of cracks. Geomembrane is an important part of the liner and the cover system to prevent leachate and gas seepage through landfills. So, the performance of it is very effective in environmental issues. In this paper, the geomembrane temperature is obtained to investigate its performance. For this investigation, the finite element method ABAQUS is used here to model the heat transfer of MSW landfills and calculate its stability. To consider the heat in landfills, the Thermo-Hydro-Mechanical model is used. 

List of symbols

Background

The organic material in the landfill is divided into gas, water, and heat due to the chemical decomposition of the waste. Glucose is a common organic material that is usually representative of all organic materials in MSW landfill. There are two processes for glucose decomposition: aerobic and anaerobic decomposition. Difference of these two processes is due to the availability of oxygen. The aerobic decomposition of landfill is occurred in less than a meter from landfill cover system, this happens due to the limitation to the access of oxygen [START_REF] Collins | Impact of the temperature inside the landfill on the behavior of barrier systems[END_REF]. A careful study has been performed to study the effects of aerobic and anaerobic decomposition on the temperature of the liner using numerical modeling. The study showed that aerobic and anaerobic decomposition alone could cause the temperature to be increased to 35 ° C. Although the combination of these two processes could lead to higher temperatures reaching 45 ° C [START_REF] Yoshida | Consideration of landfill liner temperature[END_REF].

However, the obtained results showed that aerobic decomposition has a greater influence on increasing the landfill temperature than anaerobic decomposition.

As noted above, leachate has also an effective influence on increasing the clay liner temperature.

The degradation of organic material in the waste is a heating process that could lead rising of temperature. Under certain conditions, the generated heat can raise the temperature of the waste mass to 70 ° C and thus temperatures in the landfill area also exceed 50 ° C [5 , 17].

Temperature values at various landfill have been measured by installing permanent sensors.

Temperature values for the two landfill cells in Germany have been measured with permanent sensors [START_REF] Feng | A model for gas pressure in layered landfills with horizontal gas collection systems[END_REF]. The data are obtained from digging holes and fast temperature measurements at the bottom of the landfill. The temperature at a lower depth of 5 to 10 meters was measured as 20 ° C.

However, the maximum temperature was obtained at about 65 ° C. Liner temperature of the cell which was located on the marl layer was measured at almost 60 ° C, and the cell that was placed on a layer of wet coal was obtained at 30 ° C. In fact, the author attributed two different temperatures to the liner with different bed soil, although has not provided any justification for this conclusion.

In southern France, some research has been conducted on a landfill to investigate its temperature [START_REF] Yoshida | Theoretical study on temperature distribution in a sanitary landfill[END_REF]. The core temperature of the landfill in their study was measured at 50 to 60 ° C.

Keele valley landfill in Toronto has equipped with a barometer wired quaker at the bottom of the landfill to collect temperature data [START_REF] Barone | Temperatures at the base of a municipal solid waste landfill[END_REF][START_REF] Flemming | Field observation of clogging in a landfill leachate collection system[END_REF]. Temperatures at 40 locations at the bottom of the landfill and in the four cells were recorded. The initial core temperature was about 10 ° C to 37 ° C in 1998 (five years after the start of the measurements).

Research has been done in 2007 to investigate the temperature of the Tehran, Iran landfill [START_REF] Shariatmadari | Monitoring the Landfill Settlement, Case study:Tehran Sanitary Landfill[END_REF].

The time period of this study was three years and the temperature of two cells was measured with the thermometers which were installed in those two cells. The main features of the Tehran MSW landfill is the high amount of organic matter in the waste, like many other states (nearly 67%), and high water content (about 70%). An increase in soil moisture causes a reduction in soil stiffness and strength leading to damage and increasing the cost of repair and maintenance [START_REF] Galinmoghadam | Experimental Investigation on the Effect of Fines Content on the Drainage Performance of Wicking and Nonwicking Geotextiles[END_REF]. Also calculating the liner temperature that is affected by the generated temperature is so important.

The service life of the liner and its geomembrane is strictly affected by heating. The service life of the geomembrane is calculated in 3 steps. The first step is related to oxidation. In this step according to the liner temperature, activation energy, and universal gas constant, the oxidation depletion rate is obtained, and then based on the existing chart service life of the geomembrane is estimated. In the second and the third step by using "break strength" or "break strain" charts, the life of the geomembrane is estimated. Sum of the values that are calculated in these three steps is the service life of the geomembrane [START_REF] Rowe | Depletion of antioxidant from HDPE geomembrane in a composite liner[END_REF]. The obtained results are shown in Table [START_REF] Aman | Estimation of Landfill Settlement Using Different Models[END_REF]. In addition to these researchers, Feng et al., [START_REF] Feng | Three-dimensional modelling of coupled leachate and gas flow in bioreactor landfills[END_REF], Hubert et al., [START_REF] Hubert | Numerical modeling of the long term behavior of Municipal Solid Waste in a bioreactor landfill[END_REF], and Feng et al., [START_REF] Feng | A model for gas pressure in layered landfills with horizontal gas collection systems[END_REF] have also studied on landfill.

Table 1. Predicted liner service life at different temperat

Modeling MSW Landfill

4-1. Finite Element Modeling

To evaluate the stability of the landfill finite element software ABAQUS is used. This software is one of the programs that allow considering pore water pressure and temperature simultaneously.

It is found that since numerical analysis consider THM modeling, it seems to give more reliable results [START_REF] Bayandor | Numerical analysis of thermo-mechanical behavior of energy pile foundations[END_REF].

To determine the safety factor of the landfill, a subroutine has been written to compute the safety factor. By assuming a safety factory magnitude to be smaller than 10, a new step in the computation is defined. Then the characteristics of this new step are defined in the keyboard of the software.

4-2. Material Properties

The soil and waste layers have been simulated using Mohr-Coulomb (M-C) failure criteria and elastic perfectly plastic response. Geomembrane layers comprising landfill lining system components have been modeled using tie elements with interfaces specified between waste layers and geomembrane part. Geomembrane element is modeled as elastic material.

The MSW landfill which is studied here is located in Arlington in United State of America.

Characteristics of the soil and waste layers in this paper are accordance with the experiments conducted in 2007 [START_REF] Houi | Heat and mass transfer in landfills and biogas recovery[END_REF]. For determining the mechanical properties samples of municipal solid waste are taken at the facility. Some tests such as analysis of aggregated, drained consolidated triaxial tests and resonance column test were conducted according to ASTM standards to measure the mechanical properties of landfill layers [START_REF] Houi | Heat and mass transfer in landfills and biogas recovery[END_REF].

Cross-section geometry of the landfill is depicted in 2) [START_REF] Hague | Dynamic characteristics and stability analysis of municipal solid waste in bioreactor landfills[END_REF].

The results of the research show that these layer properties are changed by time. To define these changes that occurred due to chemical decomposition, Writing of codes is used here. Modeling of the landfill behavior by considering of these changes in soil properties could lead to more realistic results. Other considered assumptions in this model are that geomembrane is working well, so no seepage of leachate is occurred to the cover and the liner. Also, the initial porosity of the mixedlayer of soil and waste is assumed to be 1.5. 

4-3. Analysis Type

In a municipal solid waste landfill the waste layers have different decomposition phases. Waste decomposition process can be divided into four phases based on methane production rate and PH.

When the waste layer is placed in landfill, it will be at the first phase of decomposition, so the corresponding properties of this stage are used for the analysis. By construction of the second layer, the first layer goes to the second phase of decomposition. Similarly by placing other layers, phase changes of the landfill layers will happen and eventually all the layers are converted to the fourth phase of decomposition.

The definition of these properties including adhesion, internal friction angle, Poisson's ratio and elastic modulus at different phases of decomposition has been performed in the program. In Table (2) the assumed values of the various components of this landfill are given. As it is shown, the properties of the mixture of soil and waste layers are different in various phase of degradation. In Table (3) thermal parameters of the different layers are given. These properties include the thermal expansion coefficient, thermal conductivity, specific heat capacity and coefficient of permeability. In this model, the type of analysis that is used is SOIL type and 9 steps are created. SOIL type is the only possible way for coupling pore pressure and temperature. Also, in order to construct landfill layer by layer Change model is used.

4-4. Meshing of model

There is a limitation in creating of the mesh in THM analysis. So, only four-node element could be used. The element type that is used here is CAX4PT. This type of element includes both pore water pressure and temperature simultaneously.

As it was assumed that no leachate seepage is occurred, the mesh type is Axisymmetric Stress type in dry layers. However, the type of element in the mixture of soil and waste layers are considered as Fluid/Stress type. The size of waste layers mesh are considered to be 4 and the mesh is uniform in these layers. In the foundation layer mesh is changed from size 8 at the wall of the foundation to the size 4 at the center of it. In Figure (2) the applied mesh is shown.

Figure (2). Section of generated mesh

4-5. Loading

At this step of analysis, the Thermo-Hydro-Mechanical analysis is used and gravity force is applied to the landfill. The construction of landfill is layer by layer. The temperature is applied to the center core of the landfill with the magnitude of 45 ° C.

The bottom of the landfill is fixed at the vertical and the horizontal directions. The foundation soil is fixed at the horizontal direction. After construction of each layer, the pore water pressure is imposed to it. The initial temperature of landfill cover has assumed to be 30 ° C and the assumed initial temperature of the foundation soil is taken 20 ° C.

Thermo-Hydro-Mechanical Analysis of MSW Landfill

5-1. Results and Discussion

In this section the final obtained results of this landfill is written. Temperature of liner after 250 day and heat transferring is obtained 45 °C. According to Table [START_REF] Aman | Estimation of Landfill Settlement Using Different Models[END_REF], when liner has this temperature, its service life is decreased very much. The liner temperature should be noticed, because it could affect the service life of the liner and could lead to environmental problem.

According to Figure (3) the maximum strain is obtained 11% in this analysis. The calculated strain of this landfill is in the accepted range of landfill strain that calculated by experimental measurement [START_REF] El-Fadel | Comparative Assessment of Settlement Models for Municipal Solid Waste Landfill Applications[END_REF][START_REF] Hague | Stability Analysis of Municipal Solid Waste Landfills with Decomposition[END_REF]. is measured 2 m related to the mid height left and right edges of the section, as can be seen in Fig [START_REF] Collins | Impact of the temperature inside the landfill on the behavior of barrier systems[END_REF]. The location of the maximum vertical and horizontal displacement in this paper is similar to other modeling results [START_REF] Fakharian | Seismic Response and Stability Analysis of an Area Method MSW Landfill[END_REF].

Figure (5). Distribution of horizontal displacement in the landfill model

The predicted total settlement by different models differs on the basis of the model used. The time dependent settlement due to biodegradation cannot be ignored as it can affect the clay liners, cover system, landfill facility and even constructed structures over the landfill [START_REF] Aman | Estimation of Landfill Settlement Using Different Models[END_REF].

Figure [START_REF] El-Fadel | Comparative Assessment of Settlement Models for Municipal Solid Waste Landfill Applications[END_REF] displays plastic strains. As it is shown, the maximum plastic strains occurred in the center of the burial of waste. In Figure [START_REF] Fakharian | Seismic Response and Stability Analysis of an Area Method MSW Landfill[END_REF] the thermal strain of the landfill is represented. The bottom of the first layer of waste has the most thermal strain. This is due to the longer time of the temperature effect in this layer. 

Stability analysis with temperature consideration

In this model a new step which is called C-Phi reduction was defined and by assuming a safety factor of less than 10, Mohr -Coulomb properties of waste layers in this new step were defined and investigation of landfill stability has taken place. Also writing codes in the keyboard of the software is done to assign the defined failure properties of C-Phi reduction step to the whole model.

6-1. Stability Analysis of landfill with 20% cover soil

In this section safety factor of landfill with 20% cover soil is calculated. The time step of the C-Phi reduction step is assumed to be one second.

The values of the displacement versus time at the crown point of the landfill is displayed in C-Phi reduction step. According to the diagram the failure adhesion is calculated. Finally with respect to the initial and final adhesion of waste layers, safety factor is calculated.

According to the initial adhesion of 9.1 kPa in C-Phi Reduction step, the ultimate adhesion is obtained 6.6 kPa. So, the safety factor of this MSW landfill is calculated by using safety factor formula in equation [START_REF] Feng | Three-dimensional modelling of coupled leachate and gas flow in bioreactor landfills[END_REF].

SF= C 0 C d (9) 
where C 0 , is the initial adhesion of the mixture of soil and waste layers in the fourth phase of decomposition and C d is the ultimate adhesion. The ultimate value of adhesion is obtained 6.6 kPa. So, the safety factor is calculated 1.38 refer to equation [START_REF] Flemming | Field observation of clogging in a landfill leachate collection system[END_REF].

SF = C 0 C d = 9.1 6.6 = 1.38 (10) 

6-2. Stability Analysis of landfill with 30% cover soil

In this part MSW landfill with 30% cover soil is modeled. The properties of layers are changed by time like the landfill with 20% cover soil. According to what was described in the previous section, this section also determines the stability landfill of landfill with 30% of cover soil by calculating of its safety factor. Therefore, as it illustrated in previous section the safety factor of the model with 30% soil cover is obtained with Thermo-Hydro-Mechanical analysis.

As the initial cohesion of waste layers in phase 4 of decomposition is 12.9 kPa and the ultimate cohesion is obtained 7.1 kPa in landfill with 30% soil, therefore the safety factor is calculated 1.82. 

As the landfill has the 3:1 slope, the results of the safety factor analyses in both models have a good agreement with those published by Hague and Hossain [START_REF] Hague | Stability Analysis of Municipal Solid Waste Landfills with Decomposition[END_REF]. These calculated values of safety factors are a bit more than their research; this result is due to the more assumed values of cohesion and internal friction angle of layers in this paper model.

6-3. Comparison of Stability Results

The obtained values of safety factor show that the landfill with more cover soil has higher stability.

Actually safety factor of landfill with 20% cover soil is 24 percent less than the safety factor of model with 30% cover soil. The obtained results are comparable to those achieved by other researchers [START_REF] Hague | Dynamic characteristics and stability analysis of municipal solid waste in bioreactor landfills[END_REF].

This result is obtained due to the higher value of the cohesion and the internal friction angle of layers in the model with 30% cover soil. Reinforcing effect of the cover soil on the shear strength properties of waste layers in MSW landfill lead to more factor of safety. The cover soil added to the layers entered the inter-particle voids and increased its strength in all stages of decomposition.

Hence, the increase in the cohesion and the internal friction angle of layers with the addition of cover soil leads to the shear strength become more. By increasing the shear strength of the waste layers, the obtained safety factor will be more.

Conclusion

In this paper the landfill behavior is studied with thermo-hydro-mechanical (THM) analysis in order to investigate the landfill stability. Landfill has high temperature due to its chemical decomposition. This generated heat remains for many years. Using this analysis the values of displacement, pore water pressure, plastic strain and thermal strain are obtained. High generated temperature in geomembrane that is due to heat transfer of municipal solid waste (MSW) landfill leads to a sharp decrease in geomembrane service life.

The effect of cover soil on the stability of landfill is studied here by considering the generated temperature too. For this purpose the landfill is simulated with 20% and 30% cover soil. The obtained safety factor from THM analysis shows that the proposed model with more cover soil seems to be more stable. Taking into account the generated heat of waste and decomposition of waste by time leads the results to be close to a real one.

  These cells are located in a dry area and air temperature is in the range of 5 -40 ° C. The maximum measured temperature in the cell with no leachate circulation was 54 °C and in a cell with leachate, circulation was about 60 ° C. Cell temperature with no leachate circulation became constant and reached 45 ° C after a year. Average measured temperatures in the cell with leachate circulation were more than dry cell data. The average temperature in the wet cell was obtained about at 47 ° C.According to the experiments, it is clear that the chemical decomposition of waste layers in landfills leads to rising temperatures in those places. Taking into account this generated temperature in the stability analysis of the landfill will provide more accurate results. A recent study[START_REF] Scaringi | A thermo-hydro-mechanical approach to soil slope stability under climate change[END_REF] discusses how temperature changes caused by climate change can potentially affect the stability of clayey slopes in temperate and warm regions. Temperature fluctuations may have a hydro-mechanical impact on slopes by altering their properties such as permeability, water retention capacity, compressibility, and shear strength. According to[START_REF] Houi | Heat and mass transfer in landfills and biogas recovery[END_REF], the mechanical model which takes into account the impact of hydraulic, biochemical, and temperature factors on the strains and stresses that affect waste settlement in landfills. By incorporating these factors, the model can provide more accurate predictions of the spatial and temporal changes in waste settlement over the long term.

Figure ( 1 )

 1 . As shown, four layers of solid waste are considered. The properties of waste layers are changing by time. At the time of waste layers placement, they are at the first stage of decomposition but by during time passing the decomposition phases will be changed. All the layers are turned into the fourth phase of decomposition at the end of degradation. The MSW landfill is simulated as an axisymmetric model with a 2000 meter radius to utilize Thermo-Hydro-Mechanical analysis.

Figure ( 1 ).

 1 Figure (1). Cross section of the model

Figure ( 3 )

 3 Figure (3). Vertical displacement versus depth across the center of the landfill

Figure ( 4 )

 4 Figure (4). Vertical stress versus depth across the center of the landfill
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 67 Figure (6). Distribution of Plastic Strain in the landfill model

  

  

  

Table 2 .

 2 Parameters for M-C model in FEM analysis

		Density	Poisons	Cohesion	Friction	Permeability	Elastic
					angle	(m/s)	Module
	Material	(kg/m 3 )	ratio	(kPa)	(°)	*10 -3	(MPa)
	Waste+20%soil						
		1022	0.25	22.3	29	0.0015	0.76
	(Phase 1)						
	Waste+20%soil						
		1060	0.4	30.7	24.9	0.00099	1.5
	(Phase 2)						
	Waste+20%soil						
		1094	0.42	13.7	23.2	0.00090	3.12
	(Phase 3)						
	Waste+20%soil						
		1168	0.45	9.1	21.8	0.00069	4.9
	(Phase 4)						
	Natural ground	1590	0.3	9.6	30	-	0.6
						-	
	Clay	1700	0.35	35	20		10
	Geomembrane	950	0.25	-	-	-	100

Table 3 .

 3 Thermal properties of landfill components

			Natural			
		Waste+ 20% soil		Clay	Geomembrane	Waste+ 30% soil
	Material		ground			
	Thermal					
	expansion					
		2.7×10 -5	7.33×10 -6	9.67×10 -6	1.2×10 -4	2.5×10 -5
	(1/°C)					
	Thermal					
	Conductivity					
		1.26	1.1	0.9	0.48	1.25
	(W/m °C)					
	Specific heat					
	(J/kg °C)	2200	800	920	500	2100

Table 4 .

 4 Table (4) contains the Mohr-Coulomb values of layers. Parameters for M-C Model in FEM analysis

						Permeability	Shear wave
		Density	Poisons	Cohesion	Friction angle	
						(m/s)	velocity
	Material	(kg/m 3 )	ratio	(kPa)	(°)	
						*10 -3	(m/s)
	Waste+30%soil					
		1080	0.25	24.5	33.1	0.0009	23.8
	(Phase 1)					
	Waste+30%soil					
		1131	0.4	34	29.4	0.00079	27.4
	(Phase 2)					
	Waste+30%soil					
		1162	0.42	13.1	26.4	0.00040	27.3
	(Phase 3)					
	Waste+30%soil					
		1188	0.45	12.9	23.7	0.00010	33.3
	(Phase 4)