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Laboratory investigations of potential sanitary landfill settlement 
Travaux de recherche dans le labortoire sur tassment eventuel dans décharges sanitares

P.T.Simpson -  Research Engineer, Schenectady, New York, USA 

T.F.Zimmie -  Prolessor, Rensselaer Polytechnic Institute, Troy, New York, USA

ABSTRACT: A laboratory investigation was conducted to develop a method to evaluate sanitary landfill settlement. 
The investigation involved steps to identify settlement due to compression and biodégradation. Testing was conducted 
in a respirometer to measure oxygen demand from representative materials and biodégradation accelerated by adding 
enzymes. Materials were consolidated in a large oedometer. An initial compression ratio was defined. Results showed 
differing amounts of settlement for mechanical and biological components. Findings included: acceleration of degrada
tion can be accomplished by adding enzymes; an initial compression ratio is a useful tool for laboratory analysis; the 
coefficient of compressibility was dependent on the amount of biodégradation; laboratory compression ratios agreed 
well with many field studies; and, the ratio of the secondary compression index to the primary compression index 
was not constant.

RÉSUMÉ: Des recherches ont été faites dans le laboratoire pour Travaux de recherche dans le laboratoire sur le tassement 
eventuel dans les décharges sanitaires voluer une méthode d’analyse du tassement dans les décharges sanitaires: La recherche a 
compris une procédure pour identifier le tassement occasionné par la compression ou la biodégradation. Des essais ont été faits 
dans un respiromètre pour mesurer le besoin d’oxygène qu’avaient les matières représentatives et pour mesurer la biodégradation 
accélérée par l’addition d’enzymes. Les matières se sont consolidées dans un grand oedomètre. Une proportion de compression 
initielle a été définie. Les résultats ont révélé une différence entre les niveaux de tassement pour les éléments constitutifs 
mécaniques et biologiques: Ce qui s’est découvert c’était: l’accélération de dégradation peut se produire par l’addition d’enzymes; 
une proportion de compression initielle est très util pour l’analyse dans les travaux de laboratoire; le coefficient de compressibilité 
dépend du niveau de biodégradation; les proportions de compression utilisées dans le laboratoire s’accordent bien avec celles de 
grand nombre d’études pratiques; et finalement, la proportion de l’index de compression secondaire et de l’index de compression 
primaire n’est pas constante.

INTRODUCTION
Unlike traditional soils such as clay and sand, municipal solid 
waste is a non-homogeneous conglomerate of paper, cardboard, 
glass, rubber, plastics, food wastes, yard trimmings and con
struction and demolition debris. The settlement of such material 
is therefore not easily quantified because it does not have stan
dard moduli for shear or an easily determined Poisson’s ratio. 
Further, analysis of the compression of solid waste is made 
more difficult not only because of its heterogeneous nature, but 
also because the compression settlement is dependent on both 
the mechanical distortion of the material and the biological deg
radation of its organic components which may not only com
press, but change in physical state during the degradation proc
ess. Therefore, while many present day landfills are operating 
using “rules of thumb” for settlement estimates, a better under
standing of how the two components combine to achieve the to
tal settlement is needed. In this paper, the process of degrada
tion is studied and analyzed based on laboratory tests which 
separately identify the mechanical and biological aspects and 
thus develop a better model.

The laboratory analysis performed in the research was con
ducted in two steps: first, visual examination of various test 
tube samples of materials for signs of physical change followed 
by respirometer analysis of samples representative of the or
ganic portion of solid waste to which enzymes had been added 
to measure the oxygen demand; second, representative samples 
were subjected to a series of consolidation tests under both de
grading and non-degrading conditions.

DEGRADATION ANALYSIS

If the effects of biodégradation are to be evaluated for their im
pact on the settlement process, then a means to affect the wastes

must be established. In this research, two different sets of tests 
were used to evaluate and accelerate the degradation process: 
first, a simple test tube program using a variety of materials to 
which a proprietary enzyme substance was added; and second, 
evaluation of combinations of waste to determine which indi
vidual or mixtures of waste had the greatest potential for rapid 
degradation when used in subsequent consolidation tests. In 
the second series of tests, a respirometer was used to measure 
oxygen uptake as the sample(s) decomposed

Test Tube E va lua tions

The test tube procedure used was not designed to provide de
tailed biological and chemical detail on the decomposition when 
subjected to enzyme addition, but rather to provide only visual 
and other sensory judgments of the decaying process induced by 
bacterial enzymes.

A variety of materials representative of the organic portion 
of municipal solid waste were selected. Some were manufac
tured products, others were either raw materials or organic 
chemical substances. Each sample was placed in its own test 
tube to which water and an enzyme product was added. Sub
stances and results are shown in Table 1.

Observation during and after the tests indicated extensive 
degradation of materials as evidenced by the odor, color 
changes, and significant gas bubble generation. Even though the 
materials were mixed with the enzyme additive, degradation 
generally proceeded from the top of the test tubes to the bottom. 
Also noted was die transformation of the tested samples from 
their original form as evidenced by the formation of gummy, 
viscous substances in some of the samples as well as strong 
odors and the almost continual generation of gas, which was 
sufficient to expel the rubber stoppers.

The reaction of the various samples to the enzyme additive 
demonstrated that the introduction of the additive was signifi-
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Table 1. Test Tube Results.

Substance Number of Days Observations

Sodium Caseinate 27 Color changes, strong 
odor, gummy appear

ance, decomposition

Lignin 27 Color change, part

icles separated by 
gas bubbles

Starch 27 Color change, odor 
from decomposition

Acrylic 26 Strong odor, gas forced 
separation of material into 
chunks

Cotton 21 Color change, material 
separation

Albumen 22 Color change strong odor, 
decomposition

Flour 20 Color change, strong odor, 
decomposition

Wheat Germ 20 Color change, odor gas

cant in material degradation and useful in determining which of 
the original substances should be further investigated. These 
tests also demonstrated that it is possible to accelerate the de
composition of organic material.

Respirometer Testing

The purpose of the respirometer tests was to evaluate the deg
radation of a variety of materials in order to determine which 
materials offered the best potential for relatively rapid degrada
tion during consolidation tests. Degradation can be measured by 
the oxygen demand of microbial respiration during decomposi
tion. The respirometer, a manometric device operated through a 
computer program, can be used to determine the oxygen uptake 
by microorganisms during their respiration. Caldena et al. 
(1988), state that, ’’Pressure or volume change may be continu
ously monitored to determine biochemical oxygen demand as a 
function of time”, and describes the reaction in the respirometer 
by the following simplified equation;

0 2 + 2KOH K2CO3 + H2O. . ( 1 )

For the respirometer tests, two proprietary enzyme releasing 
agents were tested on samples of paper because it comprises a 
large portion of municipal waste streams: one contained faculta
tive bacteria and the other fungal cellulases. Because of their 
proprietary nature, little technical detail was provided by the 
manufacturer. Four samples of paper, each 2 grams, were 
placed in the four test vessels to which 100 ml of distilled water 
was added. Two grams of the facultative bacteria were added 
to each of two test vessels and the other test vessels were sup
plemented with 2 grams each of fungal substance. Buffers were 
added to the solutions and the samples tested in the respirome
ter for 167 hours. The results showed that the facultative bacte
ria samples had a much higher rate of respiration as well as a 
faster startup time and greater total oxygen take-up. Based on 
these results, the facultative bacteria were selected for the bal
ance of respirometer testing as well as the subsequent consoli
dation tests.

Initial respirometer tests on actual samples were performed 
on paper to fine tune the process while subsequent tests were 
conducted on various materials including paper, paper sludge, 
landfill leachate, simulated garbage and various food items. In 
addition to the sample material, buffers and salts were added to 
the solutions and an operating temperature of 35° Celsius main
tained for the 5 day test run, a period similar to a BOD test. 
These tests were then used to evaluate how the various sample 
materials would degrade if aided by additional microorganisms 
designed to accelerate the process.

After twenty-five respirometer tests on a variety of materials, 
both organic and inorganic, a decision was made to conduct fi-,
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Figure 1. Respirometer Tests, Flour, Starch, Wheat Germ and Paper.

nal tests of basic food materials which comprise much of the 
municipal waste stream and which appeared to have the great
est amount and rate of oxygen uptake. The four selected items 
were flour, starch, paper and wheat germ. The results of these 
final tests in shown in Figure 1.

Summarizing the respirometer tests, the most effective addi
tive for degrading the food samples was the facultative bacterial 
substance. Paper, it was found, was the slowest to degrade be
cause of the high cellulose content. Stepping of the oxygen 
utilization curves showed that the metabolism of the samples 
changed as the microorganisms first attacked the more easily 
degradable material followed by a lag, and then an upturn as the 
next sample was metabolized. Tests with aluminum in the sam
ple mix had a deleterious effect on the biological process, sug
gesting that such physical-chemical reactions in a landfill may 
inhibit or retard ultimate stabilization of the landfill. The more 
easily cleaved molecules of starch and flour degraded more 
quickly than combination items such as wheat germ and paper. 
Given the difference in composition of the two examined addi
tives, the bacterial additive proved more effective than the fun
gal in the oxygen rich environment of the respirometer.

CONSOLIDATION ANALYSIS

A series of consolidation tests were performed under a variety 
of conditions in an attempt to identify the separate components 
of settlement due to mechanical compression and biodégrada
tion. The materials selected from the respirometer tests were 
flour, starch, paper and wheat germ to which bit pieces of rub
ber and ground glass were added to provide a representation of 
the inorganic component of municipal solid waste.

Due to the nature of the materials to be tested, a special over
sized oedometer was designed and mounted on a structural steel 
frame for consolidation load testing. The oedometer was 20.3 
cm in diameter, 21 cm in height and 1.3 cm thick. It was 
mounted on a rectangular base plate 22.9 x 22.9 x 1.9 cm. The 
oedometer was machined for drainage grooves at the bottom of 
the shell with holes drilled to permit bottom drainage. The cap, 
to which the load was transferred, was 20 .1 cm in diameter and
1.3 cm thick. All of the components were made of stainless 
steel. For testing, porous stones and filter paper were placed in 
the oedometer together with the sample and the oedometer 
placed into a loading frame. Prior to use with simulated garbage 
samples, a baseline test was conducted on a clay sample to 
evaluate the effectiveness of the device on a material whose 
general performance was known. Compliance tests were con
ducted for each load increment and accounted for in the tabula
tion of results of each subsequent test.

Consolidation Testing

Once the oedometer and frame were tested, a series of consoli
dation tests were conducted on the samples of simulated gar
bage. Samples consisted of a mix of the following proportions;
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Table2. Summary of Test Parameters

Test 3 4 5 6 7 8 11

Fac

tor

Clay A B C D D E

wr 28.91 95.36 98.65 96.4 82.76 80.68 68.38
Unit

Mass

■ 788 779 913 1,146 933 933

e» 1.12 0.84 1.22 1.11 0.76 1.19 1.6

er 0.77 0.41 0.54 0.51 0.38 0.59 0.55

a» 0.03 0.01 0.02 0.03 0.01 0.03 0.04

Ce 0.24 0.21 0.28 0.29 0.2 0.42 0.54

C’c 0.11 0.1 1 . 0.12 0.13 0.11 0.17 0.2

Ccu 0.03 0.07 0.07 0.09 0.06 0.11 0.11

c, 0.17 0.28 0.28 0.3 0.24 0.25 0.28

ca 0.004 0.017 0.020 0.022 0.019 0.019 .026

avg.

C Æ 0.018 0.084 0.073 0.077 0.093 0.046 0.069
S.G. 2.8 1.66 1.81 1.63 1.99 1.86 1.62

200 grams of paper; 50 grams of starch; 100 grams of wheat 
germ; 75 grams of flour; 25 grams of rubber chips; and, 50 
grams of glass. To those tests with bacterial augmentation, 100 
grams of the facultative bacterial agent was added. The sub
stances were mixed together, water added, a portion of the 
sample removed for initial water content and specific gravity, a 
quantity of the remainder placed in three tamped layers to pro
duce a sample thickness of 4.45 cm in the oedometer, and con
solidation loading begun.

Pressure increments were applied for 24 hours. Pressure in
crements began at 6 kPa with loading doubled each 24 hours up 
to a maximum of 766 kPa. Results of the testing program are 
displayed in Table 2.

Pressure increments were applied for 24 hours. Pressure incre
ments began at 6 kPa with loading doubled each 24 hours up to 
a maximum of 766 kPa. Results of the testing program are dis
played in Table 2
Sample A-Simulated garbage, no additive
Sample B-Simulated garbage, with additive
Sample C-Simulated garbage with anaerobic sludge
Sample D-Simulated Garbage with microorganisms inhibited
Sample E-Simulated garbage with additive
wr is in per cent
Unit mass is grams
S.G. is Specific Gravity

Initial settlements for the tests were, respectively, 0.02, 0.05,
0.06, 0.05, 0.04, 0.06 and 0.07 cm. As can be seen from the ini
tial settlements, the garbage samples varied from twice to al
most four times that of the clay sample, indicating the high 
compressibility of the material.

A summary strain vs. log pressure graph of all the tests is 
shown in Figure 2. In this graph, clear distinctions can be made 
between the tests which were augmented with enzymes and 
those which were conducted without the additive (see test de
scriptions in Table 2). Figure 3 is a strain vs. log pressure graph 
of the last two tests, 8 and 11. In this graph, a comparison of 
Test 8 (no additive) with Test 11 (with additive) shows much 
larger strains for the test with the additive.

Two long - term loading tests were also performed to evalu
ate the effects of long - term settlement under a sustained load. 
Load increments were the same with the exception that the 
maximum pressure was held at 383 kPa for a period of 3 weeks. 
To further enhance the degradation of the two tests samples, 
Test No. 12 was performed in the oedometer which was 
wrapped in a heating tape with calcium peroxide, an oxidizer, 
added immediately prior to placing the sample in the testing 
device. The result was an increased difference in strain of 30% 
as compared to Test No. 14, the bacterially inhibited sample. 
The results are shown in Figure 4.

Comparative Results

A search of the literature allows comparisons with similar re
search. One of the most studied indices is Cc, and a number of 
researchers have developed relationships in terms of the void 
ratio. The relationship developed by this research (Simpson, 
1998) was;

Cc = 0.36eo-0.11. (2)

Secondary compression was also investigated and compared 
to other laboratory and field data. As an example, the secondary 
compression index for this research using simulated garbage 
ranged from 0.0173 to 0.0261: Zoino (1971) landfill -0.0240: 
Goldberg and Zoino (1971) rubbish landfill - 0.0210; Sowers 
(1968) landfill - 0.007 - 0.015; Goldberg and Zoino (1971) typi
cal peat - 0.015 - 0.035.

Defined in the course of research as the ratio of the first few 
seconds of compression divided by the total over 24 hours, C. 
the initial compression ratio ranged from 0.1739 to 0.3031, 
while the ratio found by Bjamdgard (1989), working with pa
per, ranged from 0.20 to 0.48 depending on the moisture con
tent

One additional parameter is worth noting - the ratio of 
C ff/Q . Mesri and Castro (1987) state that this ratio is con
stant for a given soil. This was not found to be true for the 
simulated garbage samples (Table 2). The secondary compres
sion index was found to vary within each test and thus the ratio 
varied.

CONCLUSIONS

Among the findings were: the respirometer can be a usefvd ana
lytical tool for investigating and developing degradation rates 
for solid waste samples; laboratory acceleration of degradation 
of solid waste samples can be accomplished by adding the nec
essary bacterial agents (enzymes); because of large compression 
from placement and compaction at sanitary landfills, an initial 
compression ratio is a useful tool for laboratory analysis of the 
total settlement; the coefficient of compressibility was depend
ent on the amount of biodégradation; laboratory compression ra
tios agreed well with values obtained from many of the landfill 
field studies cited; and, the ratio of the secondary compression 
index to the primary compression index was not constant for 
solid waste.
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Figure 2. Summary Graph, Strain vs. Pressure.

DEFINITIONS

Wf Final Water Content of Simulated Garbage
e0 Initial Void Ratio
e/ Final Void Ratio
av Coefficient of Compressibility
Q  Compression Index
Cc Compression Ratio
C cu Unloading Compression Ratio
Ccu Unloading Compression Index
CfX Secondary Compression Index
Crtp Secondary Compression Ratio
Ci Initial Compression Ratio
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Figure 3. Comparison Tests 8 & 11, Strain vs. Pressure.
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Figure 4. Strain Comparison Graph, Sustained Loading,
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