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ABSTRACT

PERMEABILITY AND SHEAR STRENGTH
OF
DEWATERED HIGH ASH CONTENT
PULP AND PAPERMILL SLUDGES

By

Robert W, Laza

The improved treatment of pulp and papermill waste
water for pollution control has resulted in large quantities
of settleable solids to be disposed of, These solids are
composed primarily of clay and cellulose fiber, This study
is the third stage of a program sponsored by the National
Council of the Paper Industry for Air and Stream Improvement
for the evaluation of these waste sludges in organized
landfill operations. This phase of the program consisted
of the experimental evaluation of the shear strength param-
eters, the permeability characteristics, and the resulting
effects of these properties due to a change in sludge com-
position, Two different types of sludge were evaluated
for comparative purposes.,

The shear strength study consisted of evaluation of the
two sludges in the state as received from the source mill

and with ten percent lime or flyash added., In addition, for
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the sludge most representative of the high ash variety,
sludge H-2, the organic content was altered to simulate
decomposition and the strength characteristics were re-eval-
uated, Consolidated-undrained triaxial tests with pore
pressure measurements were used for these determinations,
The results of these tests indicated that the sludge would
develop adequate shear strength, that this development
would be primarily frictional in character, and that the
addition of lime or flyash would contribute to the shear
strength, With a reduction in organic content, a decrease
in the angle of internal friction was noted which may cor-
relate to a decrease in strength with natural decomposition.
The permeability study also considered both sludges in
the state as received from the source mill, with different
solids contents, and with the addition of ten percent lime
or flyash, The different organic content samples of the
triaxial portion of the study were also evaluated, This
evaluation was by means of a falling head permeameter
modified to permit the application of a backpressure. Both
sludges had relatively low permeabilities, approaching that
of a pure clay when the solids content was approximately 60
percent, It was found that entrapped air bubbles within
the sludge significantly affected the permeability up to
heads of 60 to 120 feet of water., By pretreating the sludge
with a vacuum and/or sterilant, the effects of these air
bubbles could be essentially eliminated. Lime or flyash
were found to increase the permeability 31ight1y with the
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lime addition being more effective than the flyash, A
decrease in organic content resulted in a decrease in
permeability and a reduction in the ability of the material
to retain water., These tests indicated that the drainage
of such sludge deposits would be slow, that the entrapment
of minute air bubbles would affect the flow rate, and that

the material would retain large quantities of water.
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CHAPTER I
INTRODUCTION

With the advent of an active environmentally conscious
community, many established industrial practices have had
to be either improved, altered, or eliminated. In so try-
ing to correct a situation in one area, it has often been
the case that a new problem has been created in a different
one. Such is the case within the paper industry. There has
always been associated with the production of paper, certain
wastes resulting from both the inherent nature of the process
and inefficient operations. When the number of companies
were small and the pollution problem not the extent of what
it is today, it was an acceptable procedure to merely dis-
charge these wastes into a convenient stream or river and
let nature treat the effluent. As time went on and plants
were expanded, it was soon recognized that if the nation's
natural resources were to be maintained it would be necessary
to reduce both the biochemical oxygen demand (BOD) and the
settleable solids discharged. Systems of treatment similar
to or identical with that of municipal sewage treatment
plants have been found to do this adequately; but at the
same time, the problem has evolved of how to dispose of the

large quantities of removed solids, up to 300 cubic yards



per day at the larger plants.

The composition of these solids or sludge will vary
according to the type of paper being produced and the process
involved. They are normally grey to brown in color with
composition varying only in the percentage of the different
constituents; which are, clay, titanium oxide, starches,
dextrins, aluminum hydrates, cellulose, and other organic
and inorganic compounds. The solids content will be any-
where from 2 to 50 percent solids by weight depending upon
whether any mechanical means of dewatering has been employed,
what type, and the sludge itself. In kraft mills, where the
product is heavy paper with a low filler content, the sludge
will normally be highly organic and easily dewatered. These
sludges can usually be disposed of quite readily by incin-
eration, although for the smaller mills this may be econom-
ically unfeasible. With the secondary fiber mills and the
manufacturers of fine paper, the paper is high in mineral
filler and often treated, to achieve certain surface qual-
ities, with different mineral coatings, part of which are
lost in the process. Here the sludges are high in ash
content, up to 70 percent, and resist dewatering due to the
coating of the cellulose fibers by the mineral constituents.
Incineration is not feasible due to the large quantity of
noncombustible material and the large amount of heat that
would be needed to be expended to bring the sludge to a
burnable state. Hence, disposal to date has been accom-

plished by some type of land fill operation, usually lacking



rationale and being only a temporary measure. The procedure
has been to purchase conveniently located waste land, such
as an abandoned gravel pit, fill this area to the elevation
of the surrounding area, then cover the sludge with a layer
of soil and move the operation to a different area. Only

in a limited number of cases has any attempt been made to
place the sludge in an embankment above ground, and then,

it has been mixed with sand and gravel. As the availability
of such conveniently located waste lands is rapidly de-
creasing and the value of land is rising sharply, an effi-
cient system of disposal is urgently needed.

The National Council of the Paper Industry for Air and
Stream Improvement has launched a three-phase program to
evaluate landfill disposal of the papermill waste solids.
The first phase involved a questionaire survey of current
land disposal practices (Gillespie, et al., 1970). This
survey showed that while many difficulties are encountered,
a land disposal metﬁod is to the best advantage of the mills.
The second phase involved a core sampling investigation of
existing deposits to measure certain soil mechanics related
properties (Mazzola, 1969). Many of these existing deposits
were shown to be very unstable, of low shear strength, and
in a state of high water content. The third phase, for
which this study is a part, seeks to provide information
relative to (1) the shear strength parameters, cohesion c
and the angle of internal friction @, (2) the change in

these parameters with a change in organic content thereby



simulating decomposition, (3) the influence of lime and
flyash additives on the strength parameters, and (4) the
variance in permeability due to entrapped air, changes in
void ratio, and the addition of lime or flyash.

Since the composition of these sludges is very similar
to that of peat or muskeg, it was assumed that the behavior
would approximate that of these high organic soils. It wau
necessary to recognize certain differences, the main one
being that the size of the organic fiber will be much
smaller than that in either peat or muskeg. It is also im-
portant to recognize that there can be a coasiderable diff-
erence in fiber length and diameter from one papermill to
another, depending on the fiber source.

The research program formulated was based on studying
two different sludges, one being a long fiber sludge from
an integrated pulp and papermill, the other being a short
fiber sludge from a secondary fiber mill. Since the major
problems of the industry exist with sludges of the secondary
fiber mill type, this was the principal sludge used. Eval-
uations of the other were made for comparative purposes.

The actual experimental program consisted of two diff-
erent phases. DPhase one consisted of determining the shear
strength parameters for each sludge and examining the influ-
ence of the sludge composition on these parameters. The
sludges were first tested in their natural state and the
angle of internal friction and cohesive value determined.

Lime or flyash, two substances readily available in the



production of paper, was then introduced and the strength
parameters re-evaluated to determine what effects these
additives would have. Since only the organic portion of
the sludge would be affected by natural decomposition,
decomposition was simulated by reducing the fiber content
of the material. In this way the role of the organic
matter could also be evaluated.

The second phase of the program consisted of examining
the permeability of the two sludges, as the results of phase
one indicated that entrapped air and gas from either
bio-degradation or mechanical dewatering equipment were
having a large effect on water movement in the material.

In this area the effects of the lime and flyash additives
and sludge decomposition were also evaluated. The water
retention characteristics of the secondary fiber mill
sludge were also included as they relate to sludge permea-

bility.



CHAPTER 1II
LITERATURE REVIEW

2.1 High Ash Primary Clarifier Sludges

Considerable literature relating to pulp and papermill
sludges is available but little has been directed toward
the engineering characteristics of this material. The
principal emphasis has been in the areas of composition,
improved dewatering techniques, improved methods of solids
removal, and recirculation of the sludge back into paper
production. By examining this work considerable insight
can be gained in understanding the engineering properties
and behavior of pulp and papermill sludges. The physical
properties relevant to shear strength and permeability
include composition, water content, consistency (Atterberg)

limits, fiber content, and admixtures.

2.1.1 Composition

Gillespie, Gellman, and Janes (1970) define "high ash
sludges" as those which have a fixed solids content of 60
percent or greater. This fixed solids portion is mainly
clay with small amounts of aluminum hydrate, titanium oxide,
lime, and iron. The remaining portion is composed of cellu-

lose, starches, dextrins, and minute amounts of other



organic compounds (Mazzola, 1969). The proportion of each
is dependent upon the type of paper being produced and the
internal methods being used to recover the fiber. The
result is that the physical properties of these sludges
show a wide variation.

Mazzola (1969) examined the sludge deposited from
eight different mills for various physical properties in-
cluding water content, Atterberg limits, ash content, and
vane shear strength. In addition microscopic and visual
inspections were used as a basis to evaluate decomposition.
This decomposition study was minimal since only one deposit
was examined and only a visual evaluation was made. Photo-
micrographs were made of two samples, representing ages of
1 and 12 years, taken from a single deposit. Visually, no
difference could be detected. This lack of decomposition
was primarily attributed to three factors; (1) the nature
of the cellulose fiber, (2) the absence of available nitro-
gen in the material, and (3) the lignin content of the
fiber. Compared to other organic materials cellulose is
highly resistant to decomposition and, in the absence of
oxygen, anaerobic decomposition is mainly confined to the
mesophilic and thermophilic spore forming bacteria. The
major factors affecting the rate of breakdown are the avail-
able nitrogen, temperature, pH, and proportion of lignin.
Decomposition of cellulose becomes inactive when the avail-
able nitrogen becomes less than 1.2 percent (Umbreit, 1962).

Mazzola estimated the available nitrogen for the sludges



examined at 0.0002 to 0.0005 percent. 1In addition the
lignin content was high which would retard breakdown of the
material.

In other investigations of cellulose decomposition
(Blosser, 1963) it has been reported that slow decomposition
of cellulose has been found in sludges piled on land.
Analysis of a deinking sludge which had been on the ground
for only four years showed a reduction of about one-third
the volatiles. Waksman (1960) investigated the decomposition
of cellulose in soill on a laboratory program. His results
also showed that cellulose decomposition could be expected
providing a favorable carbon-nitrogen ratio was mailntained.
In samples composed of a garden soll, small amounts of a
sand cellulose mixture, and one percent sludge, he observed
90 percent cellulose decomposition in 45, 50, and 80 days
with carbon to available nitrogen ratios of 5:1, 10:1,
and 550:1, respectively. Thus it can be concluded that
cellulose decomposition will occur if available nitrogen
is present, supplied through direct application, or made

avallable by mixing the sludge with soll mixtures.

2.1.2 Water Content

The water found in pulp and papermill sludges exists in
three different phases (Gehm, 1959); (1) free water, (2)
interstitial water, and (3) water of imbibition. The free
water 1s readily removed. Interstitial water is held by

adsorption and can only be removed with difficulty, while
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water of imbibition cannot be removed at all by present
mechanical methods. The suspended solids ‘in the sludge
also fall in three classes; (1) fibrous solids, (2) fillers,
and (3) colloidal sols. The amount of each will vary de-
pending on the source mill and the type of process employed.
Of the three, the first two are easily separated from the
liquid phase of the material but the sols are not. These
sols consist of highly hydrated wood dust, fibrous debris,
ray cells, aluminum hydrate, starches, dextrins, resins, and
proteins. As their percentage increases, the amount of water
held interstitially by adsorption on the hydrogel surfaces
and on the surfaces of the enmeshed fibers and particles also
increases. This, in turn, increases the difficulty in con-
centrating the solids and causes the resulting mass to be
thixotropic and gelatinous in nature. It has been found that
a very small proportion of sols added to a relatively free
mass will appreciably increase the water holding properties
of the entire mass (NCASI Tech. Bull. No. 190). The diff-
erence in the amount of these materials is the principal
explanation offered for the variability between sludges in
dewaterability. One of the keys to increasing the percentage
of solids thus lies in finding a means to free the water
from the sols. Chemical treatment, heating, or freezing has
not been found effective for pulp and papermill sludges
(Gehm, 1959).

With respect to dewaterability, four methods have been

extensively investigated; (1) natural settling, (2) vacuum
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filtering, (3) centrifugation, and (4) mechanical press-
ing. The effectiveness of the different methods has been
consistently in the same range for numerous studies; 2-5
percent for natural settling, 20-45 percent for vacuum
filtering and centrifugation, and up to 65 percent for
mechanical pressing. The variability is dependent on the
composition of the sludge. The real significance of these
studies then lies in relating them to the expected drainage
behavior or water retention properties.

Of the nine sites examined by Mazzola (1969), the
material at three had been deposited without prior mechani-
cal dewatering; at the remaining six the material had been
subjected to either vacuum filtering or centrifugation be-
fore deposition. At four of the sites, other materials in-
cluding mill waste, sand, and gravel had been placed with
the sludge to form a layered structure. The age of the de-
posits ranged from three months to twenty years. In looking
at the water content of these deposits, he found variations
ranging from 46 to 740 percent, representing solids contents
of 68 to 12 percent, respectively. None of the samples re-
presented material from an elevation below the ground water
table. The data presented shows that the sludge that had
not been dewatered by mechanical means was, in general, rep-
resented by the higher water content values. One of the
deposits filled with a dewatered sludge did exhibit water
contents up to 711 percent. The data also shows that the

water content cannot be related to age since some of the
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older deposits showed higher values than more recent ones
placed with approximately the same initial percentage of
solids.

In examining the water content variation within a
single deposit, Mazzola found a larger variation in the
vertical direction than in the horizontal. In attempting
to relate this variation to depth and thus overburden
pressure, he found the variation was inconsistent with the
values fluctuating from high to low, back to high, etc.
This result is not surprising in that the material studied
was placed over a period of years. During that time, the
type of paper produced and the processes employed varied,
causing the deposits to be stratified.

In comparing the amount of ash per sample with the
water content, he did find an inverse linear relationship
could be written between the two. His results are given in
Figure 2.1. From these findings it was concluded that the
more ash present, the more readily a sludge would drain and

the more stable it would be.

2.1.3 Consistency Limits

The consistency or Atterberg limits indicate the range
of water contents in which a soil or sludge may be considered
as a fluid, plastic, or solid. The liquid limit is the water
content at which the soil or sludge has such a small shear
strength that it will flow and close a groove of standard
width when jarred in a specified manner. The plastic limit

is the water content at which the soil or sludge begins to
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crumble when rolled into threads of a specified size. The
difference in water content between the liquid limit and
plastic limit is an indication of the plasticity of the
material. Organic materials containing fibers do not lend
themselves to the standard consistency tests (Lambe, 1951).
Mazzola (1969) states that in running the liquid limit test,
the fibrous nature of the sludge sample interfered with
making the required groove cross section. The fibers also
altered the shear strength of the sludge next to the groove
which in turn affected the results.

Mazzola (1969) examined the Atterberg limits of the
previously described sites to determine if they could be
related to the ash content. Of the 63 samples examined,
the values of both the liquid limit and plastic limit were
found to be high. When the liquid limit was plotted against
the percent ash in the sample, it was observed that the
point representation of the samples fell within a narrow
band that established an inverse relationship. A similar
relationship was found when the plastic limit was plotted
against the ash content. From these results, plotted in
Figures 2.2 and 2.3, it was concluded that the liquid limit
and plastic limit are dependent on the ash content. A plot
of the liquid limit versus the plastic limit gives a near
one to one relationship indicating that these sludge mate-
rials have a low plasticity (Figure 2.4). Since it was
known that the material contained a large fraction of clay,

he concluded that the fiber must be affecting the behavior
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of the total mass in a manner that reduced the plasticity.
Since this relationship was somewhat less than one to one,
it appeared that the effect was greater on the plastic limit
than on the liquid limit. These findings are identical to
those found in examining peat, muck, and similar highly
organic materials (Baver, 1966).

Evaluation of the water-plasticity ratio for these
samples (Mazzola, 1969) established values ranging from one
to in excess of 1000, with most of the deposits in a fluid
state. Sands, silts, and clays will normally be found with
a water-plasticity ratio of less than one and usually less
than zero. Since a high ratio indicates material which,
when loaded, will experience a large degree of consolidation,
the consolidation potential for these deposits was high. In
general, it was found that the lower values were assoéiated
with deposits containing a large proportion of ash or with
deposits where a load had been imposed on the material.

The higher values were generally associated with deposits
that had a high fiber content. No relationship could be
found based on ash content alone. In that even the older
samples, which had been subjected to a load, still had a
water-plasticity ratio in excess of one, the drainage char-
acteristics of the material must be such that the material

will retain a large portion of the water.

2.1.4 Fiber Content
Several studies have been carried out for the purpose

of evaluating the effects of fiber on sludge behavior.
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These studies have examined both the length of fiber present
and the relative proportion of fiber in comparison to the
remaining composition. In reporting on mechanical pressing
methods (NCASI Tech. Bull. No. 174) it became apparent that
the amount of fiber had a strong influence on the effective-
ness of the method. Two types of sludge were examined, a
boardmill sludge and a deinking sludge. The characteristics
for each are given in Table 2.1. These sludges were sub-
jected to various pressures ranging from O to 900 psi. The
results are given in Figure 2.5 for pressures applied at
five minute durations. Mechanical pressing was found to be
considerably more effective with the deinking sludge than
with the boardmill sludge. The difference was attributed

to the higher inorganic content of the former. Approxi-
mately 25 to 50 percent more water was removed from this
sludge for the same pressure and pressing time. To further
substantiate this conclusion, samples of both sludges were
prepared with fiber contents of 5, 10, 15, 20, and 25 per-
cent. It was found that the addition of fiber caused a
reduction in solids content and this reduction was propor-
tional to the amount of fiber present. These results are
given graphically in Figure 2.6.‘ These findings did sub-
stantiate the previous conclusions. Not only is the

amount of fiber important, but so is the length of fiber
(NCASI Tech. Bull. No. 136). In a study on the filter-
ability of pulp and papermill sludges, it was found that a

definite relationship existed between the length of fiber
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Table 2.1 Sludge Properties of Fiber Content Studies
(after NCASI Tech. Bull. No. 174)

Sludge Boardmill Deinking
Solids content 21 % 30 %
Combustible fraction 74 % 53 %
Ash content 26 % 47 %

and drainability. In that this relationship proved to be
nonlinear, a small percentage of long fiber will appreci-
ably increase the drainability. This fact is shown in

Figure 2.7.

2.1.5 Admixtures

Efforts to improve the dewaterability of pulp and
papermill sludges have considered the addition of flyash
from boiler operations to the material. In a laboratory
study conducted in 1962 (NCASI Tech. Bull. No. 158) several
aspects of such procedures were examined in connection with
vacuum filtration. One of the first observations made was
that there is a considerable difference in flyash as
collected from various mills. Hence, an additional project
phase was necessary to consider the effects of different
flyash. In all, twelve different samples of flyash were
used in the evaluation. A summary of the pertinent results

are given below (NCASI Tech. Bull. No. 158).

1. For the sludge materials examined, the precoat
using any of the twelve flyash samples increased
the filter loadings.
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2. For those sludges high in organic materials, the
precoat of flyash considerably increased the
drainability.

3. For those sludges low in organic materials, the
precoat of flyash decreased the drainability.

4, Sludges not dewaterable by ordinary vacuum filtra-
tion could be handled with the addition of flyash.

5. Flyash samples having a uniform particle size dis-
- tribution yielded more favorable results with re-
spect to the quantity required than those well
graded. However, if the flyash had a large propor-
tion of fines, the drainability would decrease.
Field experience has shown similar results (NCASI Tech. Bull.
No. 37) in that an increase in ash content from 5 to 20
percent of the sludge solids increased the filter loading
by 20 percent and an increase of ash to 75 percent caused a
200 percent increase in loading.
A second additive that has been widely investigated
and used is lime (Ca0). Acting as a flocculating agent, a
5 percent addition of lime has been found to increase the
filter loading an average of 28 percent (NCASI Tech. Bull.
No. 37). Increasing the lime to 10 percent showed little
additional benefit. Other studies (NCASI Tech. Bull. Nos.
136, 190) report similar results with respect to both

loading and drainability.

2.2 Conditions of Failure for Sludges

Sludges, like soil materials, fail either in tension or
shear, Tensile stresses may cause opening of cracks which
are undesirable or detrimental. In the majority of the
engineering problems only the resistance to failure by shear

requires consideration. Shear starts at a point in a mass
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of sludge when, on some surface passing through the point,
a critical combination of shearing and normal stresses is
reached. This section deals with shear strength theory,
similarity of sludges to organic soils, and vane shear

strength.

2.2.1 Shear Strength Theory

Experience has shown that the Mohr-Coulomb theory of
failure has been very successful for defining failure in
soil materials (Terzaghi and Peck, 1948; Wu, 1966). This
theory, represented in the usual form

Z}f = ¢ + Ufftan¢ (2.1)

states that the shear stress, fo, on a failure surface at
failure is a function of the normal stress on that plane at
failure, Opps and the material properties, cohesion ¢ and
the angle of internal friction g. In this form the soil
skeleton must carry all the normal stress, that is, the
soil must be free draining.

For cohesive materials that are not free draining,
such as pulp and papermill sludges, the pore fluid will
carry part of the normal stress. This portion cannot con-
tribute to the frictional resistance and strength. Hence,
for these materials, the stress carried by the fluid must
be subtracted from the total normal stress and the shear
strength based only on that portion of the normal stress
carried by the soil skeleton. This can be done by meas-
uring the pore pressure during triaxial testing and present-

ing the results in terms of effective stresses. So
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represented, equation 2.1 becomes

'fo= T o+ (off - u)tang (2.2)
where u is the pore pressure, ¢ is the cohesion intercept
based on effective stresses, and § is the frictional angle
based on effective stresses., The equation then represents
a straight line with the intercept on the shear stress
axis equal to ¢ and the slope angle equal to g. The shear
strength so defined is the maximum shear stress that can be
sustained on any plane in a given so0il of sludge material.
Determination of truly representative values for the mate-
rial properties of the sample is essential in order to
reflect field behavior.

Experience has shown that the values determined by
consolidated-undrained triaxial tests with pore pressure
measurements (Bishop and Henkel, 1962) correlate well with
the actual field behavior. For these tests, a soil sample,
usually 14 inches in diameter by 3 inches high, is subjected
to an all around pressure 03 and allowed to consolidate
under drained conditions. The vertical stress 9y is next
increased under undrained conditions until the sample fails.
During the loading period, measurements are taken of the
pore water pressure, axial deformation, and axial load.
Results from each test represent an effective stress circle
at failure. If several triaxial tests are performed with
different all around pressures and the measured stresses
corresponding to failure are plotted, the points represent-

ing failure are given by the envelope of the stress circles
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as shown in Figure 2.8. This envelope is known as the
rupture line; and, although it is not perfectly straight,
it can be represented by a straight line with sufficient
accuracy that the resulting material properties adequately
reflect field behavior for soils. In normal laboratory
evaluation, three to five tests are made and the rupture
line drawn tangent to the observed failure circles as shown
in Figure 2.9. Since this method of evaluation depends on
visual determination of the tangent points, it is desirable
to adopt a representation that uses the points of maximum
shear stress at failure. Lambe and Whitman (1969) represents
these points as

e = 3(3, +35),  ap= (5, - T3
These points are unambiguous and precisely determined,
allowing curve fitting methods to determine the line of
best fit. This method gives the kf failure line and results
in a y intercept a and a slope angle o, which, with the
proper geometric transformations, give the desired values c

and g, respectively, as shown in Figure 2.10.

2.2.2 Similarity to Organic Soils

Although considerable work has been reported in the 1lit-
erature on the consolidation properties of highly organic
soils, that regarding the shear strength has been limited
since these types of materials have been avoided in engi-
neering practice. Hanrahan (1954) points out that one of
the biggest handicaps in the testing of peat is the aniso-

tropic nature of the material. The probability of obtaining
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representative undisturbed samples is minute. On the other
hand, recompacted samples are unlikely to be representative
because the structure will be destroyed in remolding.
Hanrahan chose to use undisturbed samples that were obtained
and prepared with extraordinary care. Consolidated triaxial
tests were found difficult to carry out due to the large
volume change associated with the peat and the nonuniformity
of this volume change. To make calculations possible, it
was necessary to assume that the peat was equally compress-
ible horizontally and vertically. In reality, this is not
true; but, even with this assumption, the results of several
tests were consistent. It was found that the shape of the
curve relating water content to the deviator stress at fail-
ure was characterized by a decreasing slope for decreasing
water content. This result indicated that the water re-
moved in later stages of consolidation results in consid-
erably greater increases in strength than the same quantity
removed during early stages. Consolidation was permitted
under three different chamber pressures; 15, 25, and 35

psi. TFor one series of tests the undrained shear strength
was evaluated after a consolidation period of 24 hours and
with no decrease in lateral pressure. The results showed
that no increase in strength resulted from the increased
lateral pressure and at failure the pore pressure was
approximately equal to the chamber pressure. For a second
series of tests the undrained shear strength was evaluated

after the consolidated test specimens were allowed to swell
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for at least one-half hour. The results of these tests led
to strengths 20 to 40 percent less than the previous group
with pore pressures at failure only 30 to 50 percent of the
chamber pressure. The g angle for the swollen samples was
only about 5o leading Hanrahan to conclude that the strength
of peat is exclusively cohesive in character. The rate of
deformation was normally 0.001 in/sec. A comparison of
strength was made to that determined when a rate of defor-
mation of 0.01 in/sec was used. The faster rate resulted
in an increase in strength of approximately 5 percent. No
other evaluations or conclusions were made on testing rates.

Adams (1961), in conducting consolidated-undrained
triaxial tests on peat, found @ angles of approximately 50
degrees. These results were obtained from samples 1.9
inches in diameter by 4.5 inches high, consolidated under
confining pressures of 2, 10, 20, and 30 psi. In each test
the pore water pressure build up was rapid and, at failure,
essentially equal to the lateral pressure. Two drained tests
were also carried out, running for a period of three months.
The observed results were almost identical to the consoli-
dated-undrained tests, giving a @ value of 510. A compar-
ison of the results from the two types of tests is given in
Figure 2.11. The cohesive value determined in both types
of tests was essentially zero.

Investigations undertaken at University College, Dublin,
(Hanrahan, et el., 1967) have shown similar results.

Remolded samples of an organic peat were examined by means
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of consolidated-undrained triaxial tests. The values
observed for ¢ varied from 0.7 to 1.0 psi and @ varied from
approximately 35 to 44 degrees. These studies showed that
¢ was affected by the water content, decreasing at higher
values. The strain rate used was established by a separate
series of tests in which the pore pressure was measured
simultaneously at midheight and at the base of the sample.
Determination of the most satisfactory testing rate was
based on the difference in the pore water pressure between
the two points and on the resulting time required to com-
plete a triaxial test. A rate of 0.0024 in/min was deter-
mined to be the most satisfactory with respect to both the
results and time required. The pore pressure coefficient

B was found invariably to be one for the soft peats with no
evidence exhibited to suggest a value greater than unity,
i.e., the loss of effective stress due to instability of
the so0lid structure. The applicability of the A coefficient
for peat was questioned because the pore pressure for all
the samples increased during shear, becoming equal to the
confining pressure for the samples with a water content in
excess of 400 percent. For drier samples the pore pressure
attained values of only 90 to 100 percent of the cell

pressure, then fell off slightly.

2.2.% Vane Shear Strength
When undrained conditions are expected to prevail in
deposits of saturated clay in the field, vane shear tests

(Terzaghi and Peck, 1967) are often used advantageously in
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evaluating the cohesion c¢. In the simplest form, the mech-
anism for evaluation consists of a four-bladed vane fastened
to the bottom of a vertical rod. The vane and rod can be
pushed into the soil without appreciable disturbance. This
assembly is then rotated and from the measured torque the
shear strength determined. Field measurements on the
shearing strength of peat (muskeg) have shown a variation
from 100 to 1700 psf (Hardy, 1964). Results show that high
shear strengths for peat can be mobilized but they will be
accompanied by abnormally high deformations. These results
are based on extensive vane shear strength tests conducted
under the supervision of Hardy at the University of Alberta.
In examining the vane shear strength of the sludge
deposits described by Mazzola (1969) in situ values ranged
from 0.12 to 0.37 kg/cmz. Variations in sludge properties
with depth were such that little correlation existed
between depth and water content or depth and vane shear
strength., Where sludges of similar physical properties
were found, as shown by similar consistency limits, the
water content did decrease with depth and the vane shear
strength increase. This behavior is similar to that found

for soft marine clays.

2.3 Water Flow in Sludge

The physical nature and the arrangement of constituent
particles in sludge greatly affect the size and continuity
of pores and/or capillaries. Such differences plus incom-

plete saturation result in a wide range in permeability for
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pulp and papermill sludges. Sludges containing a high pro-
portion of sols tend to discourage permeability by water
while the open meshed fibrous sludges are initially quite
permeable. This section reviews the permeability theory

and the factors which affect flow through a material.

2.3.1 Permeability Theory

The importance of the permeability of soil is reflected
by the number of properties which are dependent on flow, e.g.
drainage, consolidation, and shear strength on an effective
stress basis. The most widely used representation of flow
is given by Darcy's law (Terzaghi and Peck, 1967; Lambe and
Whitman, 1969). Darcy's law is usually written in the form

V="%—=k Af = ki (203)

where the rate of flow, Q, is dependent upon a permeability

constant, k, the hydraulic gradient i = %? , and the cross
sectional area A. The accuracy of the equation is generally
dependent on the permeability k. For the permeability to
be truly constant certain conditions must be satisfied or
accounted for including (1) a completely saturated medium,
(2) an incompressible fluid, (3) no change of void ratio
in the porous medium, (4) low flow velocities, (5) a homo-
geneous porous media, (6) a homogeneous fluid, (7) contin-
uous flow, and (8) steady state flow (Leonards, 1962;
De Wiest, 1969).

Examination of the above conditions in terms of the

usual engineering problems reveals that items five through
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eight are insignificant since the laboratory determination
of the permeability adequately takes them into account. 1In
addition, the void size and configuration in ordinary soils
is such that the flow velocities are normally small. A
change in void ratio may be due to solid material going
into solution and can be accounted for by altering the per-
meability value in accordance with the different stages.
Most investigators assume that the absence of conditions
one or two, i.e., an unsaturated material or a compressible
fluid, will result in a considerable variance in permea-
bility (Leonards, 1962; Scott, 1963; De Wiest, 1969). Both
of these conditions introduce the factor of air (gas)

occupying part of the pore space and restricting flow.

2.3.2 Factors Which Alter Flow Rate

Richards (1967) reported on the work of several inves-
tigators in examining soils which are normally unsaturated.
No theory to date has been proposed that fully reflects the
flow behavior through these soils. Most attempts to rep-
resent unsaturated flow have been based on modifications of
Darcy's law. The main modification necessary is one to
reflect the negative pore pressures possible when air is
introduced into the media. Many investigators have taken
this factor into account by combining Darcy's law with the
law of continuity and basing k on the volumetric water
content. When these changes are made the following equation
results:

v = -k(e)ii- (2.4)
X
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where v = velocity of flow
k(0) = permeability as a function of the
volumetric water content, ©
%%f = gradient of potential or total head, |,
in the x direction
Y:Z"‘u
z = elevation head
u = pore pressure in height of water

In this modified form certain assumptions must <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>