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ABSTRACT: The municipal solid waste landfill suffers from large postclosure settlement that occurs over an
extended period of time. A large differential settlement may impair foundations, utilities, and other associated
facilities constructed on top of a landfill. It may also lead to breakage of the geomembrane and damage of the
cover system in a modern municipal solid waste landfill. The waste material exhibits heterogeneous engineering
properties that vary over locations and time within a landfill. These factors, combined with the fact that a landfill
is not fully saturated, render a traditional soil mechanics approach less attractive for settlement prediction. An
empirical approach of expressing settlement rate using logarithmic and power relationships is commonly used
in conjunction with an observational procedure. In this paper, validity of these functions is reexamined based
on published settlement results from three landfill sites. A hyperbolic function is proposed as an improved tool
to simulate the settlement-time relationships, as well as to detect final settlement. The relationships between the
parameters of these empirical functions and water content are examined.

INTRODUCTION

Landfilling is one of the most economic and feasible means
of disposing municipal solid waste (MSW). Typical landfills
may occupy an area ranging from several acres to hundreds
of acres. Settlement estimation is a topic of concern in MSW
landfill management. The landfill settlement continues over an
extended period of time, with a final settlement that can be as
large as 30%—40% of the initial fill height. From the opera-
tor’s viewpoint, landfill capacity will be increased if most set-
tlement occurs during the stage of filling. A large postclosure
settlement is, however, undesirable in maintenance, since it
may lead to surface ponding, development of cracks, and fail-
ure of the cover system, including tearing of the geomem-
brane. The landfill facilities, such as gas collection and drain-
age pipes, may be damaged as a result of large postclosure
settlement.

The closed landfill is considered a viable site of land utili-
zation, such as park and recreational facilities [e.g., ASCE
(1981); Kissida and Beaton (1991)]. It is under such circum-
stances that the foundations and other utilities should be
designed to account for possible differential settlements. Fig.
1 shows a case history in which differential settlement oc-
curred between an electric pole and the ground surface on top
of a landfill (M. McLaughlin, personal communication, June
30, 1997). The pole was constructed on slabs supported by
deep pile foundation. The utility connections were later rede-
signed to accommodate for this large differential settlement.

The waste fill exhibits heterogeneous and anisotropic ma-
terial properties that are difficult to characterize. The unit
weight and void ratio vary with the types of waste, composi-
tion, depth, method of compaction, and rate of decomposition,
among other factors. The rate of decomposition is further com-
plicated by several factors, including the effects of time, tem-
perature, and environmental conditions [e.g., Jesserberger and
Kockel (1991)]. Thus, the waste properties may be considered
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site-specific. There are technical difficulties associated with
sampling of high-quality undisturbed waste materials for lab-
oratory testing. The probabilistic theory has been used to es-
timate the landfill settlement (Tang et al. 1994), mainly focus-
ing on characterizing the waste material properties.

For soft clay, consolidation contributes to a major portion
of the total settlement. The consolidation theory, proposed by
Terzaghi (1943), has been used with success in predicting such
a time-dependent settlement. However, the waste is not fully
saturated, and the difficulties associated with material-proper-
ties characterization render the consolidation theory less ap-
plicable to settlement prediction in a landfill. Modern MSW
landfills are installed with a proper cover system, and thus
moisture availability in the waste fill is less than that of the
old landfills. Waste decomposition and settlement in modern
MSW landfills are expected to vary from that of the old land-
fills, such that previous experience may no longer apply.
Therefore, settlement prediction based on monitoring and ob-
servational procedure becomes a viable tool.

The observational procedure has been used to monitor de-
formation in geotechnical construction, such as excavation and
embankment. Asaoka (1978) proposed an observational pro-
cedure to estimate the ultimate consolidation settlement of an
embankment resting on soft foundation. The method has been
widely used in projects where conventional consolidation the-
ory is less applicable due to the heterogeneous layered soils,
large deformation, and three-dimensional configuration of the
problem [e.g., Tan et al. (1991)]. MSW is to a certain extent
similar to peat that exhibits large secondary compression. The
applicability of Asaoka’s procedure to predict peat settlement
has been investigated by Edil et al. (1991), but was found to
be unreliable because secondary compression is not implicitly
considered.

In the present paper, the time-dependent settlement of MSW
is examined using some empirical relationships. The settle-
ment rate and settlement-versus-time relationships, approxi-
mated by logarithmic, power, and hyperbolic functions, are
investigated and compared. The hyperbolic function can be an
improved tool for estimating landfill settlement without re-
sorting to an additional number of parameters.

SOIL MECHANICS APPROACH

Landfill settlement is a time-dependent issue extending over
several decades. It occurs due to several complicated mecha-
nisms, as identified by Sowers (1968, 1973). The waste is
compressed by its self-weight, overburden, and external loads,
such as that induced by compaction, leading to a reduction of
its void. In addition, because of the difference in particle size
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FIG. 1. Differential Settiement on Surface of Closed Landfill
[Courtesy of McLaughlin (Personal Communication, 1997)]

of the waste materials, smaller particles ravel into the void of
larger particles, especially during compaction. A large reduc-
tion in volume occurs due to waste decomposition, through
biological and chemical processes. The decomposition process
is complicated by many factors, such as the types of material,
moisture content, temperature, and so forth.,

Landfill settlement results have been presented by Merz and
Stone (1962), Rao et al. (1977), Sowers (1973), Dodt et al.
(1987), and Coduto and Huitric (1990), among others. Sowers
(1973) adopted a conventional soil mechanics approach to pre-
dict waste settlement. That is, the total settlement is deter-
mined as the sum of primary and secondary consolidation set-
tlements. From a limited number of data, Sowers (1973)
showed that the primary and secondary compression indexes,
C. and C,, may be correlated to the initial void ratio, e,, where
C.=0.15 ~ 0.55¢, and C, = 0.03 ~ 0.09¢,. These correlations
were, however, based on measurements up to 15 months. Mor-
ris and Woods (1990) and Fassett et al. (1994) provided ad-
ditional insights into the use of consolidation theory.

The soil mechanics approach, as discussed before, requires
precise determination of waste parameters. Uncertainty asso-
ciated with material properties renders this approach less at-
tractive for wastes when compared to soils. It is difficult to
identify the magnitude of primary consolidation settlement, as
well as the time taken. Since the wastes exhibit a highly com-
pressible skeleton, primary and secondary consolidations occur
simultaneously.

The primary settlement of waste may be completed shortly
after fill placement, within a few months. The determination
of secondary settlement is a major concern. To improve the
prediction, nonlinear secondary compression behavior in the
e-log t plot was approximated using two linear phases (Bjarn-
gard and Edgers 1990; Jesserberger and Kockel 1991; Stulgis
et al. 1995). Edgers and Noble (1992) combined the Singh-
Mitchell soil creep model (Singh and Mitchell 1968) with a
biological model to consider the two-phase delayed compres-
sion.

The rheological models were also used to predict landfill
settlement (Edil et al. 1990) based on the success Edil and his
associates achieved for the peat [e.g., Edil and Dhowian
(1979); Edil and Mochtar (1984); Edil et al. (1991)]. The
three-parameter Gibson-Lo (Gibson and Lo 1961) model was
adopted. Edil et al. (1990) compared the results of prediction
with the power law and showed that the two models give rea-
sonable agreement.

EMPIRICAL FUNCTIONS

Some empirical relationships, as discussed later, are pre-
ferred in practice. To avoid complicating the issue, only two-

parameter functions are examined in this study. Note that for
the notations used subsequently, ¢ is the difference between
time of interest and time of the start of measurement (i.e., t =
t, — tp); S and p are the settlement and the settlement rate
between the time interval (ie., S =S, — So, p = p; — po)s
respectively.

Logarithmic Function

Yen and Scanlon (1975) analyzed the settlement rate for
three waste fills, 30 m high, with the data recorded over a
period of 9 yr. The settlement rate was determined and ap-
proximated using the following relationship:

I )
pP=7 = 2

where m and n = positive empirical constants. Hereafter, this
is known as p-log ¢, or logarithmic function. They reported a
settlement rate of about 0.006 m per month in the first 6 yr.
The settlement rate increased with the depth of the fill, until
it reached a limit. Sohn and Lee (1994) showed that the set-
tlement rate is linearly proportional to the fill height.

Power Function

This function has been used by Edil et al. (1990) to relate
settlement rate with time. It may be written as

p= =0 @

where p and g = positive empirical constants. Here, p may be
defined as the settlement rate at unit time.

Since (1) and (2) express strain rate-time relationships, they
can be integrated with respect to time to yield settlement. That
is

S=[m— nlogt— DIt 3)
and
s=-L s )
l1—gq
respectively.

The settlement may be expressed directly using log ¢ and
power functions, as follows:

S=m' +n'-logt (5
S=p' ©)

where m, n, p, and g = positive empirical constants. Note that
p' may be considered as the settlement at unit time. Eqs. (5)
and (6) may offer great advantages, because integration does
not have to be conducted as in the case of (1) and (2). From
(4) and (6), itisseenthat g’ =1 — g and p’' = p/q’.

Limitations

When ¢ becomes large, (1) indicates that p will be negative.
It implies that a landfill will undergo expansion, which is phys-
ically impossible. Thus, in practice, ¢ should be limited to
when p = 0 or t,,, = m/n, where the final settlement is cal-
culated from (3) as S, = n-10°™*,

Eq. (4) shows that g cannot be equal to 1, because the set-
tlement would be infinitely large. Also, since p is positive, g
cannot be greater than 1 to avoid physically impossible neg-
ative settlement. The logarithmic function does not allow a
maximum time to be defined such that the final settlement will
be determined when the settlement rate approaches zero.

Both (5) and (6) will produce infinitely large settlement as
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t becomes extremely large. the solution does not exist for a
settlement rate equal to zero. The settlement should be less
than, say 40%, the waste fill thickness.

Hyperbolic Function

The hyperbolic function has been used with success in ap-
proximating deformation of some geotechnical problems, such
as the settlement of embankment on soft ground (Tan et al.
1991) and the simulation of triaxial test results (Kondner and
Zelasko 1963). For the MSW landfill settlement, the following
expression relating settlement and time is used in the present
study:

t
§= 1/po + tSu

where t = difference between time of interest and time of start
of measurement (i.e., t = 7, — 1,); S = difference between set-
tlement at time ¢; and that measured at time % (i.e., S =8, —
So); po = initial rate of settlement (at ¢ = #,); and S, = ultimate
settlement (i.e., as ¢ — ), The parameters p, and S,, may be
determined by transforming (7) through #S versus ¢ relation-
ships and conducting a linear regression analysis

™

®

%R A

1 t
=— 4+ —

pO Sult
where the reciprocals of intercept and slope give p, and S,
respectively.

It is likely that the final settlement will be between 80%—
95% of this ultimate value. The time taken to reach 95% of
this ultimate value is calculated as 7, = 195,,/p,. Notation & is
preferred to be at ¢+ = 0, but the hyperbolic function offers
flexibility for it to be started at any time of interest. It is par-
ticularly useful if there is a change in loading conditions, such
as waste surcharging, so that the analysis may be restarted.

CASE STUDY

A total of nine cases of settlement or settlement rate mea-
surements were used to examine the accuracy of the previously
presented functions. The measurements reported for three
landfill sites were used because of their relatively long-term
results: Southeastern Wisconsin (Edil et al. 1991); Meruelo
landfill, Spain (Sanchez-Alciturri et al. 1995); and Spadra
landfill, California (Merz and Stone 1962).

The site reported by Edil et al. (1991) is located in the
southeastern (SE) part of Wisconsin. This landfill started ac-
cepting waste in the early 1970s. For the platform whose re-
sults were used in this study, the settlement has been primarily
due to self-weight loading; i.e., there was no additional place-
ment of waste above the platform during the measurement
period. The measurements were taken for a period of 1.5 yr,
between 1984 and 1986. The platform was embedded under a
waste of about 27 m, with the age of the waste estimated to
be between O and 4 yr old. Edil et al. (1991) estimated the
bulk unit weight of the waste to be 10.7 kN/m®, The moisture
content was not reported.

Meruelo landfill is located in a valley in Meruelo, in the north-
ern part of Spain. The results presented by Sanchez-Alciturri
(1995) covered a three-year period of monitoring conducted by
surveying. The filling started in late 1988 and finished in early
1992. It consists of cells compacted using a sheep-foot roller,
having a daily cover of 20 cm. The main compositions of waste
in this landfill are organic materials and papers. The three mea-
surement points used in this paper are points 26, 27, and 28,
which cover a longer period of measurement than other points.
The waste thickness was about 15 m at these three locations.
The mean unit weight of the combined waste and soil was 12
kN/m®, and the water content was 48%.

Spadra landfill number 2 (Merz and Stone 1962) is located
near the city of Pomona in Walnut, Calif. This landfill was con-
structed as part of a research project. It provided one of the
earliest measurements on landfill settlement. The results of sur-
face settlement of five cells, each of area 4.65 m® (50 ft), are
analyzed in the present paper. The wastes were primarily gar-
bage, papers, and grass. The dry unit weight of the waste was
between 3 and 6.8 kN/m’. The average depth of the waste in
these cells was 6.7 m. Each cell had a different moisture content,
ranging from 30% to 90%. The largest settlement was reported
to have occurred during the first month of measurement.

RESULTS OF SIMULATION

Table 1 summarizes the best-fit parameters for several dif-
ferent functions used: logarithmic, power, and hyperbolic
functions. Note that r is the coefficient of correlation. In the
table and figures, the settlement is given in meters; the time
is given in days. Although the point of measurement for the
SE Wisconsin landfill was located at a certain depth in the
waste fill, the results are useful for verification of empirical
functions. The predictions are further elaborated in the text to
follow.

Simulation Based on Settlement Rate, p

The results of settlement rate, p, versus log r are shown in
Figs. 2(a)-2(c) for the SE Wisconsin, Meruelo, and Spadra
landfills, respectively. The settlement rate was 1-10 mm/d for
the SE Wisconsin and Meruelo landfills, whereas it was 10—
100 mm/d for the Spadra landfill. A large scattering of results
is seen. Thus, all measurement points in the Meruelo and
Spadra landfills are fitted using a single line. The best line of
fit for (1) is included. The correlation coefficient was less than
0.6 for the three landfills.

Figs. 2(a)-2(c) also show the settlement that was integrated
from the settlement rate based on (3), using the best-fit param-
eters. In the Spadra landfill, the earlier portion of results was
excluded in fitting in order to improve the settlement predic-

TABLE 1. Best-Fit Parameters for Empirical Functions

Functions | Parameters | Wisconsin Meruelo* Spadra*
(1) (2) (3) (4) (5)
p=m-—n m 0.002 0.003 0.039
-log t n 0.004 0.0008 0.013
r -0.36 -0.59% —-0.513
p=plt? p 0.0033 0.009 0.348
q 0.318 0.538 0.695
r —0.388 0.562 —0.557
S=m + m -0.927 —0.478, —0.403, [0.082, 0.312,
n'-log ¢ —0.365 0.408, 0.647,
0.294
n 0.468 0.331, 0.287, 0.242{0.14, 0.115, 0.111,
0.095, 0.142
r 0.995 0.994, 0.992, 0.982(0.993, 0.998,
0.995, 0.996,
0.977
S=p'tv P 0.002 0.013, 0.018, 0.01 |0.170, 0.357,
0.445, 0.667,
0.356
q 0.844 0.558, 0.483, 0.537]0.162, 0.091,
0.075, 0.049,
0.104
r 0.998 |0.853, 0.986, 0.996 10.997, 0.999,
0.997, 0.996,
0.984
S = t/(1/p, Po 0.001 0.003, 0.002, 0.001 |0.015, 0.04, 0.054,
+ t/Su) 0.102, 0.036
Sute 1.14 0.62, 0.58, 0.51 0.48, 0.63, 0.72,
0.91, 0.69
r 0.961 |0.998, 0.992, 0.988 |0.998, 0.9997,
0.9997, 0.9298,
0.9998

Note: r is correlation coefficient; units are S (m), ¢ (d), and p (m/d).
*Average value of parameters for p.
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FIG. 2(a). Settlement Rate and Settlement Estimation Based
on p-log t Relationships: SE Wisconsin Landfill
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FIG. 2(b). Settlement Rate and Settlement Estimation Based
on p-log t Relationships: Meruelo Landfill
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FIG. 2(c). Settlement Rate and Settlement Estimation Based

on p-log t Relationships: Spadra Landfill

tion. The settlements obtained by integration are significantly
larger than the measured values. Apparently, a single line is
inadequate to simulate the nonlinear settlement rate, which
was significantly large in the beginning of settlement and de-
creased gradually with time. The maximum applicable time
tmax [(5)] is calculated as 10,000; 1,778; and 1,199 d (final

settlement = 4, 3.3, and 15.2 m) for the Wisconsin, Meruelo,
and Spadra landfills, respectively. However, the result for the
Spadra landfill is considered unrealistic because it is greater
than the fill thickness.

The settlement rate fitted using the power function [(2)] is
shown in Figs. 3(a)-3(c). The corresponding settlements in-
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FIG. 3(a). Settlement Rate and Settlement Estimation Based
on Power Function: SE Wisconsin Landfill
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FIG. 3(b). Settlement Rate and Settlement Estimation Based
on Power Function: Meruelo Landfill
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