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Abstract It is well-known that the disposal of municipal solid waste (MSW)

has become one of the challenges in landfill engineering. It is very important to

consider mechanical processes that occur in settlement response of MSWwith time.

In the recent years, most of the researchers carried out different tests to understand

the complex behavior of municipal solid waste and based on the observations and

proposed different models for the analysis of stress-strain, time-dependent settle-

ment response of MSW. However, in most of the cases, the variability of MSW is

not considered. For the analysis of MSW settlement, it is very important to account

for the variability of different parameters representing primary compression,

mechanical creep, and effect of biodegradation. In this chapter, an approach is

used to represent the complex behavior of municipal solid waste using response

surface method constructed based on a newly developed constitutive model for

MSW. The variability associated with parameters relating to primary compression,

mechanical creep, and biodegradation are used to analyze MSW settlement using

reliability analysis framework.

Keywords Municipal solid waste • Mechanical creep • Biodegradation • Response

surface method • Reliability analysis

1 Introduction

Landfilling is still the most common treatment and disposal technique for Municipal

Solid Waste (MSW) worldwide. In every country, millions of tons of wastes are

produced annually and it became one of the mammoth tasks to overcome it.

Recently, MSW landfilling has significantly improved and has achieved a stage
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of highly engineered sanitary landfills in the most developed and developing

countries. Evaluation of settlement is one of the critical components in landfill

design. The contribution of engineered landfilling requires extensive knowledge

of the different processes which occur simultaneously in MSW during settlement.

The settlement in MSW is mainly attributed to (1) physical and mechanical

processes that include the reorientation of particles, movement of the fine materials

into larger voids, and collapse of void spaces; (2) chemical processes that include

corrosion, combustion, and oxidation; (3) dissolution processes that consist of

dissolving soluble substances by percolating liquids and then forming leachate;

and (4) biological decomposition of organics with time depending on humidity and

the amount of organics present in the waste.

Due to heterogeneity in the material of MSW, the analysis becomes more

complicated because degradation process on MSW is time-dependent phenomena

and continuously undergoes degradation with time. In the degradation process,

two major mechanisms of biodegradation may occur: aerobic (in the presence of

oxygen) and anaerobic (in the absence of oxygen) processes. The production of

landfill biogas is a consequence of organic MSW biodegradation. This process is

caused by the action of bacteria and other microorganisms that degrade the organic

fraction of MSW in wet conditions. To capture this phenomenon in the prediction of

settlement and stress-strain response of MSW, several researchers have proposed

different models based on the different assumptions [1–3, 7, 8, 10, 12].

Marques et al. [10] presented a model to obtain the compression of MSW in

terms of primary compression in response to applied load, secondary mechanical

creep, and time-dependent biological decomposition. The model performance was

assessed using data from the Bandeirantes landfill, which is a well-documented

landfill located in Sao Paulo, Brazil, in which an instrumented test fill was

constructed. Machado et al. [8] presented a constitutive model for MSW based on

elastoplasticity considering that the MSW contains two component groups: the

paste and the fibers. The effect of biodegradation is included in the model using a

first-order decay model to simulate gas generation process through a mass-balance

approach while the degradation of fibers is related to the decrease of fiber properties

with time. The predictions of stress-strain response from the model and obser-

vations from the experiments were compared, and guidelines for the use of the

model are suggested. Babu et al. [1, 3] proposed constitutive model based on

the critical state soil mechanics concept. The model gives the prediction of stress-

strain and pore water pressure response and the predicted results were compared

with the experimental results. In addition, the model was used to calculate the time-

settlement response of simple landfill case. The predicted settlements are compared

with the results obtained from the model of Marques et al. [9, 10].

1.1 Settlement Predictive Model

Babu et al. [1] proposed a constitutive model which can be used to determine

settlement of MSW landfills based on constitutive modeling approach. In this
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model, the elastic and plastic behavior as well as mechanical creep and biological

decomposition is used to calculate the total volumetric strain of the MSW under

loading as follows:

dev ¼ dee
v
þ dep

v
þ dec

v
þ deb

v
(1)

where dee
v
, dep

v
, dec

v
, and deb

v
are the increments of volumetric strain due elastic,

plastic, time-dependent mechanical creep, and biodegradation effects, respectively.

The increment in elastic volumetric strain deev can be written as:

deev ¼ � dee

1þ e
¼ k

1þ e

dp0

p0
(2)

And increment in plastic volumetric strain can be written as

depv ¼
l� k
1þ e

� �
dp0

p0
þ 2�d�

M2 þ �2

� �
(3)

The above formulations for increments in volumetric strain due to elastic and

plastic are well established in critical state soil mechanics literature.

The mechanical creep is a time-dependent phenomenon proposed by Gibson and

Lo’s [6] model, in exponential function, is given by

ecv ¼ bDp0 1� e�ct 0
� �

(4)

where b is the coefficient of mechanical creep, Dp0 is the change in mean effective

stress, c is the rate constant for mechanical creep, and t0 is the time since application

of the stress increment. The biological degradation is a function of time and is

related to the total amount of strain that can occur due to biological decomposition

and the rate of degradation. The time-dependent biodegradation proposed by Park

and Lee [12] is given by

ebv ¼ Edg 1� e�dt 00
� �

(5)

where Edg is the total amount of strain that can occur due to biological decomposi-

tion, d is the rate constant for biological decomposition, and t00 is the time since

placement of the waste in the landfill.

From Eq. (4), increment in volumetric strain due to creep is written as

dec
v
¼ cbDp0e�ct0dt 0 (6)

From Eq. (5), increment in volumetric strain due to biodegradation effect is

written as

deb
v
¼ Edge

�dt00dt 00 (7)
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In the present case, t0 time since application of the stress increment and t00 time

since placement of the waste in the landfill are considered equal to “t.”
Using Eqs. (2), (3), (6), and (7) and substituting in Eq. (1), total increment in

strain is given by

dev ¼ k
1þ e

dp0

p0
þ l� k

1þ e

� �
dp0

p0
þ 2�d�

M2 þ �2

� �
þ cbDs0e�ctdtþ Edge

�dtdt (8)

Calculation procedure of settlement response of MSW using above equations

is given in Babu et al. [2].

1.2 Variability of MSW Parameters

Settlement models of Marques et al. [10] and Babu et al. [1, 3] have parameters such

as compressibility index, coefficient of mechanical creep (b), creep constant (c),
biodegradation constant (Edg) and rate of biodegradation (d). All these parameters

are highly variable in nature due to heterogeneity of MSW. For any engineering

design of landfill, these parameters are design parameters, and their variability

plays vital role in design. Literature review indicates that the influence of all these

parameters and their variations have significant effects on prediction of MSW

settlement. Based on experimental and field observations, various researchers

reported different range of values and percentage of coefficient of variations

(COV). For example, Sowers [13] reported that the compression index ( cc ) is

related to the initial void ratio (e0) and can vary between 0.15 e0 and 0.55 e0 and

the value of secondary compression index (ca) varied between 0.03 e0 and 0.09 e0.
The upper limit corresponds to MSW containing large quantities of food waste and

high decomposable materials. Results of Gabr and Valero [5] indicated cc values

varying from 0.4 to 0.9, and ca values varying from 0.03 to 0.009 for the initial void

ratios (e0) in the range of approximately 1.0–3.0. Machado et al. [7] obtained the

values of primary compression index which varied between 0.52 and 0.92. Marques

et al. [10] reported cc values varying from 0.073 to 1.32 with a coefficient of

variation (COV) of 12.6%. The coefficient of mechanical creep (b) was reported in
the range of 0.000292–0.000726 and COV of 17.7% and creep constant varying

from 0.000969 to 0.00257 with COV of 26.9%. The time-dependent strain due to

biodegradation is expressed by equation which uses Edg , the parameter related to

total amount of strain that can occur due to biodegradation, and d is the rate constant

for biological decomposition. Biodegradation constant depends upon the organic

content present in MSW. Marques et al. [10] gave typical range ofEdg varying from

0.131 to 0.214 and COV of 12.7% and biodegradation rate constant d varying from

0.000677 to 0.00257 and COV of 42.3%. Foye and Zhao [4] used random field

model to analyze differential settlement of existing landfills. They used cc values
0.22 and 0.29 with COV of 36% and Edg time-dependent strain due to biode-

gradation equal to 0.03724 and rate constant due to biodegradation (d) equal to
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0.00007516. These variables are not certain; their values depend upon the variation

conditions like site conditions, initial moisture content, and quantity of biodegrad-

able material present in the existing MSW. Therefore, it is very important to

perform settlement analysis of MSW with consideration of variability and their

influence on reliability index or probability of failure. In order to simplify the

settlement calculations, the above settlement evaluation procedure is used with

reference to a typical landfill condition using response surface method (RSM).

1.3 Response Surface Method

RSM is a collection of statistical and mathematical techniques useful for develop-

ing, improving, and optimizing process. In the practical application of response

surface methodology (RSM), it is necessary to develop an approximating model for

the true response surface. A first-order (multilinear) response surface model is

given by

yi ¼ b0 þ b1x1 þ b2x2 þ � � � � � � � � � � � � � � � � � � þ bnxn þ e (9)

Here, yi is the observed settlement of MSW; the term “linear” is used because

Eq. (9) is a linear function of the unknown parameters b1; b2; b3; b4 , and b5 that

are called the regression coefficients, and x1; x2; x3; � � � � � � � � � � � � � � � xn are coded

variables which are usually defined to be dimensionless with mean zero and same

standard deviation. In the multiple linear regression model, natural variables

b; c; d;Edg; l
� 	

are converted into coded variable by relationship

xi1 ¼ xi1 � max xi1ð Þ þmin xi1ð Þ½ �=2
max xi1ð Þ �min xi1ð Þ½ �=2

In the present study, RSM analysis is performed using single replicate 2n

factorial design to fit first-order linear regression model, where n is the total number

of input variables involved in the analysis and corresponding to these variables

the number of sample point required is 2n. For example, in the present case five

variables are considered; here, n is equal to 5 and number of sample points required

is 32. These 32 sample points are generated using “+”and “�” notation to represent

the high and low levels of each factor, the 32 runs in the 25 design in the tabular

format shown in Table 1.

For the analysis, the maximum and minimum values are assigned based on the

one-sigma, two-sigma, and three-sigma rule, i.e.,s� m,s� 2m, ands� 3m, wherem
is the mean value and s is the standard deviation of variables given in Table 2.

In order to account the variability of different parameters in the settlement analysis

of MSW, five major parameters are used under the loading conditions (from bottom

to top) as shown in Fig. 1; the following variable parameters are used for the study.
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They are coefficient of time-dependent mechanical creep (b), time-dependent

mechanical creep rate constant (c), rate of biodegradation (d), biodegradation
constant (Edg), and the slope of normally consolidate line (l). In the literature, it

was reported that they are highly variable in nature, and it is very important to

account these variation during the prediction of MSW settlement.

Table 1 Generation +’s

and �’s for generation of

response surface equation

S. No. b (m2=kN) c day�1ð Þ d day�1ð Þ Edg l

1. + + + + +

2. + + + + �
3. + + + � +

4. + + + � �
5. + + � + +

6. + + � + �
7. + + � � +

8. + + � � �
9. + � + + +

10. + � + + �
11. + � + � +

12. + � + � �
13. + � � + +

14. + � � + �
15. + � � � +

16. + � � � �
17. � + + + +

18. � + + + �
19. � + + � +

20. � + + � �
21. � + � + +

22. � + � + �
23. � + � � +

24. � + � � �
25. � � + + +

26. � � + + �
27. � � + � +

28. � � + � �
29. � � � + +

30. � � � + �
31. � � � � +

32. � � � � �

Table 2 Parameters used for the regression analysis [10]

l b (m2=kN) c day�1ð Þ d day�1ð Þ Edg

Average 0.046 5.27E-04 1.79E-03 1.14E-03 0.15

Standard deviation 0.0059 9.5793E-05 0.000492 0.00049 0.020

COV 12.93 1.82E+01 2.75E+01 4.35E+01 12.99
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One-sigma (standard deviation) rule considers about 68%, and two sigma (stan-

dard deviations) consider almost 95% of sample variation assuming normal distri-

bution, whereas three sigma (standard deviations) account for 99.7% of the sample

variations, assuming the normal distribution. Using one-, two-, and three-sigma

rules, the sample points are generated, and corresponding settlements are calculated

using proposed model by Babu et al. [1].

The method of least squares is typically used to estimate the regression

coefficients in a multiple linear regression model for the simple case of landfill as

shown in Fig. 1. Myers and Montgomery [11] gave the multilinear regression in

the form of matrix.

y ¼ Xbþ e (10a)

where,

b ¼ X0Xð Þ�1
X0y (10b)

Using above method, regression coefficients are calculated, and least square

fit with the regression coefficients in terms of natural variables corresponding to the

different COVs is presented in Table 3. Settlements are obtained from first-order

regression model and from Babu et al. [1]. It is always necessary to examine the

fitted model to ensure that it provides an adequate approximation to the true system

and verify that none of the least square regression assumptions are violated.

To ensure the adequacy of the regression equations, coefficient of regression (R2

and R2
adj ) is calculated. Table 4 presents regression coefficients for the different

standard deviations and at different COV.

Fig. 1 MSW landfill scenario for estimation of settlement versus time
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1.4 Reliability Index Formulation

The reliability index b for the independent variables in n-dimensional space is

given as:

gðXÞ ¼ c0 þ
Xn
i¼1

cixi (11)

mg ¼ c0 þ c1mx1 þ c2mx2 þ � � � � � � þ cnmxn (12)

sg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

c2i s2xi

s
(13)

b ¼
m
g
�

s
g
�

(14)

In the present study, using deterministic analysis, with mean values given in

Table 2, an ultimate settlement of 9.3 m for 30 years is obtained using the proposed

Table 3 Regression equation in natural variables

(a) One-sigma deviation

COV 10% 1:90bþ 12:29cþ 303:96d þ 8:13d þ 203:26l� 1:70

COV 14% � 11:38bþ 16:76cþ 426:07d þ 11:38d þ 284:67l� 6:10

COV 18% � 30:35bþ 21:78cþ 549:94d þ 14:62d þ 36:20l� 10:50

COV 20% � 41:73bþ 24:57cþ 612:32d þ 16:24d þ 407l� 12:70

(b) Two-sigma deviations

COV 10% � 41:73bþ 25:13cþ 613:24d þ 16:24d þ 407l� 12:70

COV 14% � 108:11bþ 35:20cþ 866:20d þ 22:67d þ 570:6l� 21:51

COV 18% � 201:10bþ 47:47cþ 1132:40d þ 28:98d þ 734:94l� 30:33

COV 20% � 257:94bþ 53:62cþ 1273:83d þ 32:10d þ 817:41l� 34:74

(c) Three-sigma deviations

COV 10% � 127bþ 38:54cþ 932:10d þ 24:26d þ 611:62l� 23:71

COV 14% � 290:18bþ 56:41cþ 1346:75d þ 33:61d þ 858:71l� 36:95

COV 18% � 515:88bþ 77:63cþ 1847:50d þ 42:26d þ 1107:40l� 50:22

COV 20% � 652:44bþ 88:80cþ 2167:27d þ 46:03d þ 1231:83l� 56:84

Table 4 Coefficients of regression (R2) and R2
adj for 1s, 2s, and 3s for different COVs

COV % R2 (1s) R2
adj(1s) R2 (2s) R2

adj (2s) R2(3s) R2
adj(3s)

10 0.999 0.998 0.999 0.999 0.998 0.998

14 0.998 0.998 0.999 0.998 0.996 0.996

18 0.998 0.997 0.998 0.997 0.994 0.993

20 0.997 0.996 0.997 0.996 0.993 0.992
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model as well as the response surface equations. To ascertain the probability of

ultimate settlement reaching this value, the limit state function is defined as

g xið Þ ¼ 9:3� yi (15)

2 Methodology

In order to evaluate the reliability index or probability of failure considering

variability of different parameters in the calculation of MSW settlement, the

settlement given by the model is converted into Eq. (9) to using the procedure

described earlier. In this chapter, settlement is evaluated for the one, two, and

three standard deviations. Using the mean and standard deviation given in Table 2

and with “+” and “�” or maximum or minimum, values are calculated for all

the variables. Table 1 shows the generation of sample points for the one standard

deviation considering the normal distribution. These values are used to evaluate

performance function based on the multilinear regression analysis as discussed

previously for one, two, and three standard deviations at all the percentages of

COV. Table 3 present the performance functions for the one, two, and three

standard deviation at different percentages (10, 14, 18, and 20%) of COV. The

performance functions are in the form of multilinear equations that include all

the contributing variables used for the prediction of MSW settlement in the form

of natural variables b; c; d;Edg; l
� 	

. Equations (12) and (13) are used to calculate

mean and standard deviation of the approximated limit state function. Knowing

approximated mean (mg) and standard deviation (sg), reliability index is calculated

using relation given in Eq. (14). Table 5 presents the summary of variation of

reliability index values for the one, two, and three standard deviations at different

COV. It is observed from Table 5 that the reliability index is inversely proportional

to the COV of design variables decreases with increase in percentage of COVs of

the design variables and also with increase in standard deviations.

3 Results and Discussion

Using RSM, multilinear equations are developed and these equations are considered

as performance functions for the calculation of reliability index using Eqs. (12), (13),

and (14) for MSW settlement. It is noted that the reliability index of MSW

settlement is inversely related to the coefficient of variation of design variable

Table 5 Variation of

reliability index with COVs at

one-, two-, and three-sigma

deviations

COV % One sigma (b) Two sigma (b) Three sigma (b)

10 9.71 2.43 0.81

14 4.96 1.24 0.56

18 2.99 0.75 0.33

20 2.42 0.61 0.28
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parameters. The results clearly depict that with increase in percentages of COV,

reliability index decreases and probability of failure increases. For example, in case

of 10% COV reliability index is calculated 9.71, whereas for the 20% COV this

reliability index reduced to 2.42, which is reduction in 75% for one standard

deviation. Similar results are observed for other cases. This indicates that prob-

ability of failure or reliability index is highly dependent upon COV of variable

parameters. It is well-known that the MSW composition is highly heterogenous in

nature which leads to higher percentages of COV, and hence, the chance of failure

is very high. On the other hand, reliability index of MSW is highly dependent on

sampling variations. It is observed that reliability index for 10% COV is 9.71 for

one standard deviation, 2.42 for two standard deviations and 0.8078 for the three

standard deviations. From one standard deviation to two standard deviation 75%

reduction and for three standard deviations approximately 91% reduction in reli-

ability index was observed. These results clearly point out the significance of

sampling in the landfilling design for longer time periods.

4 Conclusions

The objective of this chapter is to demonstrate the influence of variability in the

estimation of MSW settlement. Settlement is calculated based on the response

surface method for the five design variables. Sample points are generated using

“+” and “�” method for the one, two, and three standard deviations. Using these

sample points, multilinear equations are developed for the estimation of MSW

settlement. Based on these equations, reliability index is calculated for all percen-

tages of COV. The results indicate that reliability index is highly dependent upon

variability of the design variables and sample variations.
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