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Prediction of attenuation of landfill settlement rates with time
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ABSTRACT: A new approach for predicting the attenuation o f landfill long-term settlement rates under self weight is presented. The
method is based on observations o f the actual settlement behaviour of the waste after closure. The basic assumption made is that long
term settlement under self weight can be approximated by a straight line when plotted against logarithm o f time. An attenuation equation
is introduced which expresses the attenuation o f vertical strain rates with time and reflects the settlement behaviour o f the waste. Plots of
vertical strain rates versus time are presented. Such plots are very useful as they give a clear indication o f the attenuation o f settlement
rates with time at various points within the same and at different landfills. Settlement data by other research workers from landfills in
Europe and the United States are reanalysed and discussed.
RESUME: Une nouvelle approche est presentee pour la prevision de l’attenuation des taux de tassement a long terme d ’une decharge
publique sous l’effet de son propre poids. La methode est basee sur des observations du comportement actuel des tassements des dechets
apres la fermeture du depot. II s’agit de representer les tassements a long terme sous l’effet du poids des dechets comme une progression
lineaire par rapport au temps en echelle semi-logarithmique. Une equation est egalement proposee: elle exprime l’attenuation des taux
des deformations relatives verticales en fonction du temps et met en evidence le comportement des tassements des dechets. Des diagrammes des deformations relatives verticales en fonction du temps sont egalement proposes. Ces diagrammes sont tres utiles car ils
donnent une indication des taux de tassement en fonction du temps a differents points dans la meme decharge et en comparaison avec
d’autres decharges publiques. En outre, des donnees sur les decharges publiques, en Europe et aux Etats Unis, sont exploites et commentes.

1 INTRODUCTION

ment behaviour o f landfills.
The best known models are those by Sowers (1973), the
rheological model by Gibson and Lo (1961) and the power creep
law by Edil et al (1990). All three models were developed to
predict settlements which result from both primary and secon
dary compression.
Yen and Scanlon (1975) and Sohn and Lee (1994) related
long-term settlement rates under self weight, which were ob
tained from landfills in California, with the logarithm o f time as
measured from the mid point o f the construction period. They
proposed equations o f the type m = a - b log ti, where “m” is the
settlement rate, and “a” and “b” settlement rate parameters. The
disadvantage o f this equation is that the settlement rate becomes
zero at a given time which is not true.
All research workers agree that if advantages are to be made
in order to improve our present knowledge about long-term
settlements, it is important to monitor systematically the behav
iour o f landfills after the end o f construction.
Monitoring o f settlements o f the landfill surface after comple
tion o f construction due to secondary compression, can be used
to predict the long-term behaviour o f the landfill as described in
the following paragraph.

Prediction o f the long-term settlement behaviour o f a landfill
after closure is important for the design and performance o f the
capping system and the successful future development o f the site.
The time o f installation o f the capping system and the planning o f
the development o f the site depend on settlement rates rather
than total settlements. It is important to know how settlement
rates decrease with time.
It is recognized that the settlement behaviour o f a landfill de
pends on a number o f factors, such as the initial composition o f
the waste, the initial unit weight and water content, fluctuations
of leachate levels in the fill, biogas generation and collection, the
rate of construction o f the landfill, and the time which has
elapsed since closure. It is not unusual that surface settlements of
landfills may reach 20 or even 25 percent o f the original waste
height over a period o f 15 to 20 years.
It has been observed that considerable settlement occurs dur
ing the first one or two months after closure o f the landfill. This
is due to the rapid dissipation o f pore fluid and gas from the
voids because o f the high permeability of the waste. It is custom
ary to characterize this settlement as “primary compression”.
Primary compression is followed by long-term settlement
which is due to volume reduction because o f creep phenomena,
and biodegradation processes that take place in the landfill body
during decomposition o f the waste. Decomposition depends on
temperature and moisture conditions within the landfill, chemical
processes and the prevailing aerobic or anaerobic conditions.
In the literature it is customary to associate long-term settle
ment behaviour o f waste under self weight with secondary
compression effects of soils under surcharge.
Because o f the complexity o f the processes that take place in
the landfill and the heterogeneous nature o f the waste, it has not
been possible to introduce a model which would predict settle

2 THE AUTHORS’ APPROACH
A different approach for predicting the attenuation o f landfill
long-term settlement rates under self weight is presented herebelow.
It is based on the observation that a landfill which is placed
rapidly would yield higher settlement rates than a landfill with a
longer construction period. This is illustrated in Figure 1 which
shows schematically the time-settlement curves after closure of
the surface o f two waste columns A and B at the same landfill
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t and tj are elapsed times on the secondary settlement curve after
closure.
NOTE: In the literature it is customary to use the symbol Ca for
long term compression o f solid waste under self weight,
at the moment the same symbol is being used tradition
ally for secondary compression of soils under surcharge.
It is the Authors’ view that a new symbol should be in
troduced and agreed upon.
The vertical strain rate due to long-term compression is the
slope o f the curve expressed by Equation (1). Thus:
d (A H / H ) = 0.434 C a
dt

t

Substituting the vertical strain rate d(AH/H) / dt by “ y ”,
Equation (2) becomes:

C o n s tru c tio n
p erio d for B

Figure 1. Tim e - settlem ent curves o f tw o similar w aste
colum ns with different construction periods.

Equation (3) is a branch o f a rectangular hyperbola with as
ymptote the time axis.
Equation (3) expresses the attenuation o f vertical strain rates
with time and reflects the settlement behaviour o f the waste. It
can be used to compute settlement rates o f a given waste col
umn.
Figure 2 shows the attenuation curves o f vertical strain rates
o f waste columns A and B o f Figure 1. Times tAi and tai are
elapsed times on the secondary compression curves after closure
(in Figure 2 it was taken tAi = tsi).
The use o f vertical strain rates has the advantage that settle
ment data from various points o f a landfill can be grouped
together and compared. Strain rates were used also by Grisolia et
al (1993) and by Gasparini et al (1995).
Diagrams similar to that o f Figure 2 are very useful as they
give a clear indication o f the attenuation o f settlement rates with
time at various points within the same landfill. They can be used
also to compare settlement data from different landfills.
In view o f the fact that settlements in a landfill continue to
take place for considerably long periods o f time, the Authors
suggest to express vertical strain rates as percentages o f the
height o f the waste column per month. For extended periods of
time after closure or for old landfills, vertical strain rates can be
expressed per year.

Figure 2. A ttenuation curves o f vertical strain rates
o f w aste colum ns A and B o f Figure 1.

with different construction periods. For the sake o f simplicity it is
assumed that the bottom of the landfill is rigid and therefore no
additional settlements occur. As expected, the settlement rates of
waste column A with the shorter construction period are higher
than those o f waste column B with the longer construction
period.
It is o f interest to study the slopes o f the settlement curves.
The basic assumption made is that long-term settlement o f
solid waste under self weight can be approximated by a straight
line when plotted against logarithm o f time.
If this assumption holds, then the vertical strain due to secon
dary compression under self weight, can be expressed by the well
established equation in geotechnical engineering:

H

= C a log (-^-)
t]

t . o

»,

( 1)

where:
AH
H
Ca

denotes the settlement o f the waste column which occurs
between t and ti,
is the height o f the waste column,

Figure 3. Explanatory notes in support o f attenuation
equations (5a) and (5b).

is the coefficient o f secondary compression o f the waste;
it is expressed as vertical strain per cycle o f log time.
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t2

be determined from the following system o f attenuation equa
tions:

2.1 Applications o f the attenuation equation (3)
The accuracy o f predictions o f the attenuation o f vertical strain
rates depends on the accuracy o f the coefficient o f secondary

0.434 C ,

(5a)

yi =

compression Ca. The value o f Ca is characteristic for each waste
column and depends on previous history o f the landfill and the
factors listed in paragraph 1. It should be determined on the basis
of observations o f the actual behaviour o f the waste column
under consideration.

0 .4 3 4 Ca
y

The dependence o f Ca on the previous history o f the waste
column and in particular on the duration o f construction can be
seen from the settlement curves o f Figure 2. Column A with the

2

=

(5b)

t?

Knowing c and Ca it is then possible to trace the branch o f the
rectangular hyperbola and obtain a picture o f the attenuation o f
vertical strain rates, and hence the attenuation o f settlement rates
with time.
The remaining part o f the Paper will be devoted to the analy
sis o f settlement data by other research workers, and to the
discussion o f published values o f the coefficient o f secondary

shorter construction time would yield a higher value o f Ca than
that of waste column B.
If time-settlement data are available and the date o f closure is
known, then Ca can be determined from the secondary compres
sion part o f the settlement curve.
If the date o f closure is not known, as it happens with old
landfills, the general attenuation equation would be:

compression Ca.
2.2 Analysis o f published settlement data

0.434 C ,

y=

(4)

c+ t

Figure 4 shows reanalysed settlement data from landfills in
Europe and the United States, plotted in terms o f vertical strain
rates versus elapsed time since closure. The original data were
obtained from the publications listed in Table 1.
All data refer to settlement behaviour o f the waste under self
weight. Table 1 contains information about the height o f the
waste column under consideration, and the duration o f construc
tion. With the exception of the data by Gasparini et al (1995)
which were originally presented in terms o f vertical strain rates,
all other data had to be reanalysed. Plotted points in Figure 4

Both parameters c and Ca can be determined on the basis o f at
least three sets o f settlement readings at two different time
intervals.
This is illustrated in Figure 3 which shows part o f a settlement
curve, o f which only the differences AH, and AH2 o f three
settlement readings at three arbitrary times t=0, ti and t2 are
known. With reference to Figure 3, the parameters c and Ca can
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Figure 4. Published settlement data plotted in terms o f vertical strain rates vs. elapsed time since closure.
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were connected with straight lines which do not extend beyond
the period o f monitoring.
Figure 4 shows also the attenuation curves which correspond
to values o f coefficients o f secondary compression equal to
0.02, 0.07 and 0.25. All three curves were traced with the aid o f
attenuation equation (3).
The following conclusions can be drawn from Figure 4:
1. The plotted settlement data demonstrate clearly the at
tenuation effect o f vertical strain rates with time.
2. The majority o f the plotted points are close to the attenua

the coefficient o f secondary compression Ca .

tion curve which corresponds to Ca = 0.07, with the exception o f
the data by Gasparini et al (1995) from the Novellara Sites 3 and
7, and the data by Coduto and Huitric (1990) from the Mission
Canyon Landfill.

Higher values o f Ca, equal to 0.10 and 0.23 were calculated
by Watts & Charles (1990) on the basis o f settlement records of
recently placed domestic refuse landfill.

Reported values o f Ca o f waste under self weight and under
surcharge were tabulated by Phillips et al (1993) and Druschel &
Wardwell (1991). Walker and Kurzeme (1984) have shown the
effect o f surcharge on Ca, which increases with the thickness of
the surcharge fill.
The majority o f the reported values o f Ca under self weight
fluctuate between 0.02 and 0.07. The relevant attenuation curves
are shown traced in Figure 4.

Considerably high values o f Ca ranging between 0.14 and
0.95, with a mean value equal to 0.39, were reported by
Druschel & Wardwell (1991) from a landfill in Central New
England, which was in operation for over 30 years.
Figure 4 shows an attenuation curve which corresponds to a

3. Points which are below the attenuation curve for which Ca
= 0.07, lie between this curve and the attenuation curve which
corresponds to Ca = 0.02.
4. The high vertical strain rates from Site 7 o f the Novellara
landfill may be attributed to the rather rapid construction at this
site. As shown in Table 1, the construction period for this site
was 17 months, whereas construction periods for Sites 3 and 6
were 22 and 23 months respectively.
5. No explanation could be given about the high vertical strain
rates at the Mission Canyon landfill, the construction o f which
lasted 4 years.
It should be noted that the plots of Figure 4 were compiled on
the basis o f limited information about the rate o f construction
and the previous history of the waste columns. No records were
available in most cases about other important factors such as the
initial composition of the waste, the initial unit weight after
placement, leachate levels and temperature variations. Such
information will improve considerably our present knowledge
about the long-term settlement behaviour o f the waste.

Ca value equal to 0.25. No settlement data appears to exist to the
right o f this attenuation curve.
On the basis o f the above discussion and the factors which
were presented in paragraph 2 .1, it is important to determine the
coefficient o f secondary compression Ca on the basis o f observa
tions o f the actual behaviour o f the waste column under consid
eration. Published values o f Ca should be used with precaution.

3 SETTLEMENT MEASUREMENTS
The Authors developed a technique for measuring surface and
internal settlements at various depths using measuring tapes
which are fixed at the bottom of boreholes as shown in Figure 5.
Readings are taken always at the same datum at the top, i.e. at
the level o f the protection cover o f each borehole by pulling the
tape with a constant tension o f 4 kg with the aid o f a dynamome
ter. The differences in readings o f the length HA between top
and bottom o f the landfill yield the settlements o f the surface,

2 .3 Comment about the coefficient o f secondary compression C a
As mentioned in paragraph 2.1, the accuracy o f predictions of
the attenuation o f vertical strain rates depends on the accuracy of

Table 1.______ Settlement data presented in Figure 1.
Author(s)

Landfill

Coduto & Huitric (1990)

Mission Canyon, Los Angeles County
Monument 113
Novellara, Province Peggio Emillia, Italy
Site No3, Points 9, 10, 11
Site No7, Points 21, 22, 23, 24
Site No6, Points 27, 28
Rio Vigne, Province Reggio Emilia, Italy
Point 12
Point 18
Anton, Andenne, Belgium
Points 48, 81
Monterey Park, South California
Inclinometer 1-2
Central landfill o f Hannover
Section A-A
Meruelo, North Spain
Point 28
Point 12
Main Athens landfill, Greece
Borehole 6

Gasparini et al (1995)

Grisolia et al (1993)

Hilde & Reginster (1995)
Siegel et al (1990)
Reuter & Nolte (1995)
Sanchez - Alciturri et al (1995)

Coumoulos et al (1995)
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Height o f waste column
(m)

Period o f disposal

18

1960 to 1964

9
8
8.5

04.88 to 02.90
02.90 to 07.91
07.91 to 06.93

19
17

07.83 to 10.88
07.83 to 10.88

48

07.81 to 05.85

24

1948 to 1984

60

1936 to 1981

15
16

Not known
Not known

33

1974 to 1988
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Figure 5. L a y o u t fo r m easu rin g su rface and
in tern al settlem en ts.

whereas from the differences in the readings o f HB and H e,
internal settlements can be derived.
The boreholes are cased with hard PVC pipes which facilitate
sliding of the surrounding waste as it settles without friction.
When the free length o f pipe above the landfill surface increases,
it is cut with the aid o f a saw.
This method has considerable advantages when compared
with topographic survey methods because it is quick, simple and
does not require specialized personnel. In addition, internal
settlements can be measured. The accuracy o f these settlement
measurements is o f the order o f one millimeter.
It has the additional advantage that boreholes can be used for
monitoring fluctuations o f leachate levels, sampling o f leachate
and taking temperature readings.
Further details are given by Coumoulos et al (1995).

4 CONCLUSIONS
Plots o f vertical strain rates with time are useful to predict the
attenuation o f landfill long-term settlement rates with time with
the aid o f the attenuation equation (3). The approach presented is
based on observations o f the settlement behaviour o f the waste
under self weight after closure. The basic assumption made is
that long-term settlements under self weight can be approximated
by a straight line when plotted against logarithm o f time.
Diagrams similar to that o f Figure 4 give a clear indication o f
settlement rates with time at various points within the same
landfill They can be used also to compare settlement data from
different landfills.
Such diagrams would be improved considerably if detailed
records are kept on the previous history o f the waste and the
factors which affect the settlement behaviour o f the waste, such
as the initial composition, the initial unit weight and water con
tent, fluctuations o f leachate level and temperature variations.
In addition to these records, for a better understanding o f the
settlement behaviour o f the waste, it is important to take and
anlyse internal settlement data.
The approach presented can be extended for estimating at
tenuation o f settlement rates under surcharge of waste or soft
soils in cases o f preloading.
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