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Abstract

During the drying process, dredged sludge undergoes the process of shrinkage that typically
begins at the surface, followed by the formation of three dimensional networks of planar cracks
that break the sludge into fragments (clods) of various sizes. This paper presents the description
of the crack networks by the processes of image analysis for describing the sludge response to
change in moisture content with the morphological features of the cracks and clods during the
drying process. From analysis, all crack features increased with a decrease in sludge moisture
content ; the clod features, except the number of clods, decreased with a decrease in sludge
moisture ; while the crack elongation remain fairly constant with a decreasing sludge moisture
content. At 8% d. b, the equilibrium moisture content, the crack area was 0.96 times as large as
the clod area;and the crack-clod ratio had a good logarithmic relationship with the sludge
moisture content. The crack pattern was found to depend on the sludge drying rate and the
moisture level within the sludge body.
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1. Introduction

Water quality improvement and pollution
control have been the subject of consideration
in lake Kasumigaura (Japan) in the recent
years, and dredging the lake bottom sludge has
been implemented as an important option in
the rapid improvement of the lake water qual-
ity. For environmental protection, the
dredged sludge from the lake bottom is placed
in a confined disposal yard of about 270 ha on
paddy fields borrowed from farmers. The
sludge retains high moisture for a very long
time, presents problems in mobility on the
ground surface, and makes quick reclamation
difficult, which eventually lengthen the drying
time, and ‘increase the cost of managing the

borrowed fields.

In order to accelerate the sludge drying
speed, mixing and pulverization of the dredged
sludge in situ was considered, which required
mechanical handling. To overcome the mobili-
ty and workability problems during these op-
erations, an integrated sludge handling system
(Shibusawa et al., 1996), which consists of three
main stages were planned. The stages are : (i)
surface information sensing for sludge mois-
ture prediction, (ii) trafficability and workabili-
ty studies on the soft sludge surface, and (iii)
the handling stage, which involves measures to
be taken in accelerating the sludge drying
speed.
the possibility of using the surface information

In this paper, attention is focused on

developed during the drying process to predict
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the sludge moisture condition in correspond-
ence with the relationship between the sludge
cone index and moisture content developed by
Nonaka (1997).

Two significant features are developed
during the sludge drying process: textural
variation accompanied with color changes ;
and the development of three-dimensional
crack networks on the sludge surface. Tex-
tural variation has been analyzed for sludge
moisture prediction, (Bodun, et al, 1999), but
the prediction model could only be applied at
high moisture content (above 150% d. D).
Therefore, means of predicting the sludge con-
dition to a much lower moisture content
three-
sludge

resulted in the analysis of the
crack networks. In
is considered an

because the

dimensional

drying, crack important
sludge

volume and its configuration controls the ac-

surface information,
ceptance, transmission and storage of mois-
ture, and the movement of gases within the
sludge body, thus playing an important role in
the rapid evaporation of moisture from the
sludge body.

When sludge materials is allowed to dry
through natural evaporation, in due time, an
irregularly spaced cracks tends to appear on
the surface. As evaporation continues, these
cracks gradually expand and deepen such that
regions of sludge cracks
temporally vary from separate, free standing,
irregular structures of roughly similar size and
This process of crack formation is self

between the

shape.
-generating, in the sense that once it begins,
drying and shrinkage can cause it to extend
from one side to another and some may extend
indefinitely. Scott ef al., (1986) have described
s0il crack networks in terms of its density and
orientation, and found that the distribution of
inter-crack distances appeared to be exponen-
tial. O’Callaghan et al., (1973) have developed a
quantitative means of measuring properties of
soil cracking patterns. Horgan (1998), has
used mathematical morphology to analyze soil

structure from soil images, including soil

cracking pattern, with suggestion that this
method could be used in comparing cracking
pattern in different soil types. Waller &
Wallender (1993) have made qualitative and
quantitative observations of soil cracking be-
havior, they found that crack area follows a
change in the soil bulk density, but they did
not correlate the cracking and the ped size with
the soil moisture content. Preston et al. (1997)
have also used fractal dimensions to quantify
the complex geometry of soil cracking pattern,
and they found that a significant relationship
exists between the soil clay content and the
fractal dimensions of the cracks.
Voase & Bullock (1984) have developed an auto-
matic recognition technique based on shape
factors for discriminating and measuring the
properties of pore classes. Ringrose-Voase
(1987, 1990), Ringrose-Voase & Nys (1990) have
all used image analysis technique to make
qualitative description of pores in the soil hori-
zon. The work of Murphy et al (1977) and
Moran et al. (1989) have also involved the appli-

Ringrose-

cation of image analysis technique for rapid
analysis of soil pore structures. Several other
research work reported in Bronswijk (1991)
have been on the measurement of crack
with different methods,
Bronswijk himself has investigated the rela-

volume while

tionship between vertical soil movements,
cracking and water loss in the fields. He
found that the ratio of water loss to three-
dimensional volume shrinkage was as high as
0.80, without actually measuring the crack fea-
tures, only the volume of shrinkage in the
cracking soil.

Based on the morphological properties of the
crack networks, and the series of past work,
centered mainly on measuring the crack pat-
tern complexity in terms of its fractal dimen-
sions and shrinkage measurements in cracking
soil, without taking the crack and clod
morphological features into consideration.
This research work therefore focus on the
measurements and the use of the crack and

clod morphological features to describe and
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compare the crack pattern variation on differ-
ent sludge image with changes in the sludge
moisture content. The objectives of this re-
search work are therefore :

(i) Analyze the crack formation pattern, to ex-
tract the crack and clod morphological features
with changes in the sludge moisture content.
(ii) With the extracted morphological features,
to develop a regression model for the sludge

moisture prediction.
2. Materials and Methods

2.1 Experiments
Using the dredged
Kasumigaura,

sludge from Lake
two experiments were con-
ducted in a vinyl pipe house. The first exper-
iment (A) was conducted from the 7™ of May
1996 to 29" of May 1996. During this period,
the vinyl pipe house average daily dry temper-
ature was 25°C, and the average relative humid-
ity was 79%. At the commencement of the
experiment, the initial sludge moisture content
was 458% (d. b), and when there was no further
drying (only re-absorption of moisture), at
sludge moisture content of 8% (d. b), the exper-
iment was terminated. The second experi-
ment (B) was conducted from 12" of November
1997 to 16™ of January, 1998, in the vinyl pipe
house, with the initial sludge moisture content
of 398% (d. b), daily average dry temperature of
13°C, and the average relative humidity of
60.58%.
electric heater was used in the vinyl pipe house
when it was discovered that the sludge surface
became iced. When the sludge clods crumbl-
ing begins at moisture content of 67% d. b, the

At the 2" week of the experiment,

experiment was terminated. Experiments A
and B differs in the sludge batch used, and the
environmental condition in which they were
conducted. In each dredged
sludge was dried in an acrylic plastic box of
dimensions 0.5X0.5X0.15m at an initial depth
of 0.im. The depth 0.1-m was chosen partly
due to the box size, and the zone that is the
most active region where the surface informa-

experiment,

tion, crack pattern, varies rapidly with mois-

ture content. . At each time of the experiment,
the drying box was heat insulated, water
sealed on the sides. This was done to make
the temperature distribution uniform, and to
make the condition a little similar to the natu-
ral condition in the disposal yard, where sites
have sealed ridges and no sub-soil drainage
could take place, except allowing for moisture
dissipation at the top surface. At the deposi-
tion of wet sludge into the acrylic box, the
sludge initial moisture content (dry basis), dry
mass, and the initial wet mass were deter-
mined. Daily surface images of the drying
sludge were captured with digital camera
(Fujix DS 200), in an illuminated chamber.
Image capturing conditions such as height of
capturing (0.5m), position, lens aperture and
lightning were kept constant during the exper-
iments. Concurrently daily weights of the ac-
rylic plastic box and its content were measured
with electrical balance (EP 20 KA). Experi-
ment A was dried to its equilibrium moisture
content, and no crumbling of cracks was ob-
served throughout, while experiment B was
terminated when the crumbling of the surface
cracks began, it did not gets to its equilibrium
moisture content.
dry mass, and the initial moisture content data
of the sludge body, the sludge daily moisture
contents were calculated. Fig. 1 presents the
original image of one of the sludge surface
(from experiment B) showing the sludge tex-

From the daily weights,

14.11em
(400 pixels)

o
&

1326 cm (376 pixels)

Fig. 1 Original image of the sludge surface at

moisture content of 161% d.b.
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ture and the crack pattern at moisture content
of 161% (d. b).

2.2 Image Processing

The resulting digital images from the two
experiments were of a high resolution (512X
512 pixels), with each pixel equivalent to 0.35
mm. The images, which were in color, were
On the
makes

first converted to their gray level
images, certain pictorial features
recovering of the cracks very difficult, light
enters wide cracks, and sludge crumbling (es-
pecially in experiment B) disrupts their conti-
nuity. To make the processing feasible, each
of the images from the two experiments was
duplicated, with one kept as the original copy
and the other one as duplicate copy. The du-
plicate copy of each image was placed side by
side with its original copy, and was edited
manually with Adobe Photoshop™ software to
remove extraneous materials along the crack
paths. During the editing of the duplicate
copy, constant reference was made to the orig-
inal copy to minimize error in the segmenta-
tion process. To save computer running time
and avoid memory problems, each of the edited
images were then reduced into a rectangular
areas of 106Xx100 pixels (37.5mm X353 mm),
and were digitized, valued in the range 0-255
gray levels in a program coded in C"" for
further analysis.

2.2.1 Image Binarization
An approach that was felt to be more intui-
tive for extracting the crack and clod

morphological features was to consider the
regions enclosed by cracks (clods) as ground,
and the cracks as the object. A threshold
value was set for each image by using the gray
level histogram of each image matrix. Pixel
values less than the threshold value was set to
1 (clod) and level at or above the threshold was
set to 0 (crack). Fig. 2 shows the cracking pat-
tern of the sludge image at moisture content of
161% (d. b). In order to recognize the various
morphological features of each binary image,
which could be used for describing the crack
pattern, the use of pattern recognition tech-

. p—
HIEEL

Nt 3 7sem
(106 Pixels)

i ﬁiiimﬁm“m:
H il
A A,

| i,

o
;;;;g;;;;-zm“'!""‘!% Ti:!ﬂms;mtl
i
A i

|

%iirig’*m

3.53cm (100 pixels)

di

-+

Fig.2 The cracking pattern of the sludge
surface at moisture content of 161% d.
b.

nique was adopted. This involved the recog-
nition of the morphological features of each of
the image that continuously varying as the
drying progresses. The morphological pro-
perties chosen were those that are independent
of the image size and orientation (Ringrose-
voase and Bullock, 1984). Cracks area and pe-
rimeter alone are not suitable individually for
the measurement of the crack shape, because
they are size dependent, hence they were com-
bined to calculate the size independent shape
characteristic called compactness. Calculating
the crack elongation, which is also size inde-
pendent and the angle of orientation, which
depends on the image shape, carried out fur-
ther crack description. From each of the
sludge binary images, crack area, A, was es-
timated by counting the number of pixels
within the crack regions, and crack perimeter,
T, was estimated as a by-product of the crack
length along the crack boundaries (loannis,
1995) by the relationship :
T=y(X,- X, S+ ~Y ) (1)

Where : '

X; and Y, are the coordinates of the crack

boundaries pixels

The crack compactness, 7, angle of orientation,

6, and elongation, E, were estimated by the

relationships stated by Toannis (1995) as follows:
ry=T%/47A (2)

Compactness measures the complexity of the

crack shape, it increase with complicated
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shapes, and as the shape deviate from a circle.
For a disc, the value is 1. The crack angle of
orientation, 6, is the angle between the crack
major axis and the X axis. [t measures the
angle of crack displacement along the major

axis in radian as follows :

o= Lczrcmn <ﬂ> (3)
2 Lo~ Loz
While the crack elongation, E, is the square
root of the second moments along the major
and minor axes of the crack.
by the relationship :
E:/u2000529+uzosin26~ﬂ11sin29
Upe SINZ B+ 115y cOs?O—p1), cOs 20

It is estimated

Where :
Ioz is the crack variance at X axis.
I 18 the crack variance at Y axis.
u#u is the crack covariance at X and Y axes
Spherical and rectangular objects have an
elongation of 1.
2.2.2 Clods Labeling

After the calculation of the crack shape char-
acteristics on each of the binary images, clod
labeling was performed to estimate the number
of clod, and the area of each clod. Each of the
sludge binary image matrix was scanned from
left to right and from top to bottom by examin-
ing the neighboring pixels immediately to the
left, ¢, above, 7, top left diagonal, s, and top right
diagonal, ¢, to the current pixel, p, to check
their connectivity. The existence of an adja-
cent pair of pixels:

(, 1) where p=0 and t=1
indicates the boundary of a clod. A new clod
is detected by the pair of adjacent pixels :
(¢, p) where t=0 and p=1
And starting from these pairs, each of the
image matrixes was traced in a clockwise di-
rection. If p is 0, the next position is scanned, if
p is 1, and all the other four neighbors listed
above are zeros, then a new label is assigned to
p. If only one of p neighbors is 1, its label is
assigned to p, and if two or more neighbors of p
are 1, one of their label is assigned to p, and a
note of an equivalence is made. Following
this process, the equivalent label pairs were
sorted into their equivalence classes (Gonzalez
and Woods, 1993), and a unique label is
assigned to each class. Fig. 3 shows a sample
of a labeled local area of the sludge surface
image with its clods and crack features shown
in Table 1.

1.75cm (50 Pixels)

2.80cm (80 Pixels)

o

Fig.3 A labeled local area of the sludge image
at moisture content of 161% d.b.

Table 1 Statistics of the labeled sludge image in Fig. 3

Clod1 Clod2 Clod3 Clod4 Clod5 Clod6 Clod7 Clod8 Cloda Clodc Clodd Clod g
Area
(Pixel) 644 772 247 61 218 529 290 430 252 137 185 85
(cm?  0.80 0.96 0.31 0.08 0.27 0.66 0.36 0.54 0.31 0.17 0.23 0.11
Perimeter
(Pixel) 910.68 1,091.69349.28 86.26 308.27 748.06 410.09 608.06 356.35 193.73 261.61 120.20
(em) 32.15 38.54 12.33 3.06 10.88 26.41 14.48 21.46 12.58 6.84 9.23 4.24
Compactness

102.48 122.85 39.30 9.71 34.70  84.18 46.15 68.42 40.10 21.80 29.44 13.53

Crack-cold ratio=0.29 Average clod area=0.39 cm?

Total clod area=4.78cm® Crack area=1.38cm?
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Fig. 4 Thinned structures of a local area of
the sludge image at moisture content of
230% d.b.

From the labeled images, area of each clod,
number of clods, clods perimeter, compactness,
total clods area and the average clod area were
estimated. From the results obtained, the
crack-clod ratios were estimated for each of
the image, as the ratio of the total crack area to
the total clod area.

2.2.3 Cracks Thinning

Further processing of the sludge binary
images were carried out to recover a thin line
representation of the cracks in each image,
from which values for crack widths and total
crack lengths were obtained. An approach for
representing the structural pattern of the
cracks was accomplished by obtaining the
medial axis of the cracks. In carrying out this
operation, crack regions were reassigned the
value 1, while the clod regions were reassigned
value 0. Following which successive passes of
the two basic thinning algorithm
(Gonzalez and Wood, 1993) were applied to the
crack points for peeling off the border pixels.
Fig. 4is a thinned structure of a local areain an

steps

image bordered by zeros.

Total crack lengths for each image was ob-
tained by counting the number of pixels along
the thinned crack lines. The crack width was
obtained by updating the number of passes of
the algorithm steps involved in reducing the
largest crack width to a thin structure of a
single pixel width. All the above processes
were applied on all the images collected during
the two experiments to extract the total crack

lengths and widths.
3. Results and Discussion

In the two experiments, at the initial stage of
drying, and before the formation of surface
cracks, there was the initial phase of moisture
extraction from the sludge pores, thus result-
ing in the sludge consolidation and reduction
The pores which later
serves as source of weakness for crack forma-

in the sludge volume.
tion. From the results obtained in the two
experiments, experiment A, took 22 days to dry
from its initial moisture content of 458% d. b to
the equilibrium moisture content of 8% d. b,
corresponding to an average of 524.48 g of mois-
ture lost per day. - The first crack appeared on
the sludge surface 5 days after the commence-
ment of the experiment. Experiment B took
64 days to bring the sludge moisture content
from its initial value of 398% d. b to 67.24% d. b,
despite its initial lower moisture content and
the use of electric heater in the vinyl pipe
when the sludge surface
solidified, leading to an average loss of 1562.29g
of moisture content per day, with the first
crack appearing 27 days at the moisture con-
tent of 271% d. b after the commencement of
the experiment. In experiment A, high drying
rate, caused by the relatively high temperature
and humidity resulted in the earlier formation,

house became

and increase in crack properties, at high mois-
ture content of 351% (d. b), consequently affect-
ing the mean change in its compactness, 46.36
per day, and the average of total crack com-
pactness, of 371.29. Experiment B has a mean
change of 20.40 in its compactness per day, and
average of total crack compactness of 272.76.
On the other hand, the difference in the batch
of sludge used for the experiments, and the
effect of environmental conditions may have
resulted in the earlier crumbling of the sludge
clods in experiment B.

Qualitative view of the sludge surface image
shows that the crack pattern differs at differ-
ent moisture level in the two experiments.
The number of crack appearing per unit area,
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Fig.5 The graph of crack and clod areas against the sludge moisture content.
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Fig. 6 The graph of crack and clod compactness against the sludge moisture

content.

which is the crack density increased with a
decrease in the sludge moisture content, which
consequently affects the values of the crack
and clod morphological features at different
moisture content.

The pattern of cracks at the surface of a
uniformly drying sludge appears as shown in
Fig. 1. A set of polygons of roughly similar
size and shape are formed as a result of clod
displacement and further separation by the
Qualitative observations
of the sludge surface shows that there were

shrinkage process.

two distinct types of crack, the deep, straight,
wide, and coarse cracks, extending from the
sludge surface to the bottom of the drying box,
and encompassing the sludge clods ; and the

thinning, shallow cracks on the clods surface
The coarse cracks begins
as a small fracture or micro cracks with shal-
low depths on the sludge clods, and gradually
expands and increase in length and depth with
a decrease in the sludge moisture content.
The crack pattern, especially the clods size and
shapes are the basic characteristics that are

called micro cracks.

determined by the amount of clay (Preston et
al., 1997), the sludge moisture content, and the
sludge drying rate.

Results of the analysis of all the images col-
lected in the experiments are as shown in Fig.
5 for the cracks and clods area, and in Fig. 6 for
Cracks

area increased with a decrease in the sludge

the clods and cracks compactness.
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Table 2 Equations and the coefficient of determination of the crack area, compactness, length ; and
clod area, and compactness against the sludge moisture content for experiment A and B

Experiment A Experiment B
Crack Clod Crack Clod
Area Y=-0.020X+6.50 Y=0.020X+7.37 Y=—0.024X +6.67 Y=0.023X+6.73
R*=0.953 R?=0.953 R?*=0.976 R*=0.988
Compactness | Y=—2.496X+830.29 Y=2.497X+940.74| Y=-—3.133X+848.59 Y=3.158X 1833
R?=0.953 R%=0.953 R*=0.974 R*=0.976
Length Y =—26.907In (X)+159.53+- R*=0.934 Y= —17.3651n (X)+ 103,81+ R?=0.781

X is the sludge moisture content (%) in the respective equations.
Y is the value of area, compactness, and length of cracks and clods in the respective equation.
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Fig.7 The graph of crack length and width against the sludge moisturc

content.

content, while the clods

decreased with a decrease in the sludge mois-

moisture area
ture content, at very low moisture contents,
they both converge towards each other. In Fig.
6, the crack compactness increased with a de-
crease in the sludge moisture content, while
the clod compactness decreased with a de-
crease in the sludge moisture content. During
sludge drying, shrinkage, which is caused by
the constant extraction of moisture from the
sludge body, caused the formation of new
cracks. Gradual, and horizontal displacement
of the sludge clods resulted in the deepening
and enlargement of the existing cracks, hence
increasing the cracks area, their perimeters,
and compactness, while causing a reduction in

the clods area, perimeter, as well as their com-
pactness value because of the consolidation
process. Table 2 shows the equations and the
coefficient of determination of the crack area,
compactness, length, and clod area, and com-
pactness against the sludge moisture content
for experiment A and B.

Figure 7 and Fig. 8 shows the graphs of the
crack length and width, and the plot of number
of clods against the sludge moisture content
respectively. The cracks length and width in-
creased with a decrease in the sludge moisture
content, but the increase in the crack width
was negligible compared to the total crack
lengths. Cracks length become unstable at
low moisture contents because (i) during the
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Fig. 9 The graph of crack angle of
content.

digitization process, micro cracks are some-
times disconnected. (ii) large difference in crack
widths, especially between the coarse and the
micro cracks, and the difference in crack
widths at the crack junctions caused discon-
nection and sometimes deletion of the micro
cracks after successive passes of the thinning
algorithm. (iii) at low moisture contents, there
is the difficulty in the separation of cracks from
clods due to light that enters the wide cracks,
crumbling of clod particles, and the develop-
ment of micro cracks. In Fig. 8, constant deg-
radation of the sludge structure as a result of
moisture extraction led to the increase in the
number of clods with a decrease in the sludge
moisture content. Although experiment A
and B were conducted using the same box size,
there were fewer number of clods in experi-

orientation against the sludge moisture

ment A compared to those in experiment B.
On the clod geometry, individual clod vary in
sizes, and they all show polygonal shapes with
their edges rough or jagged.

Figure 9 and Fig. 10 are the graphs of the
crack angle of orientation and elongation re-
spectively. The relationship between the
crack angle of orientation and the sludge mois-
ture content exhibits a parabolic shape, and at
a single value of the angle of orientation, there
were two values of the sludge moisture content
at moisture content below 200% d. b, and the R?
are generally low in the two experiments.
The angle of orientation increased from a neg-
ative value to a maximum positive value,
remain constant for a short range of moisture
contents, before gradually reducing to a lower

values at low moisture contents. Crack elon-
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Fig. 11 The graph of crack —clod ratio against the sludge moisture content.

gation was virtually constant throughout the
sludge drying period, except at the initial stage
of the crack formation where little variation
occurs. This result shows that the increase in
the cracks length and width were gradual, with
newly formed cracks following a repetitive
pattern of the existing cracks.

The crack-clod ratio shown in Fig. 11 defines
the changing rate of the total cracks area to the
total clods area, and it increased with a
decreasing sludge moisture content. It meas-
ures the degree of shrinkage in the sludge clods
to the cracks. At the equilibrium moisture
content of 8% dry basis, the total crack area
was about 0.96 times the total clod area, which
showed that the crack area was almost equal to

the clods area when fully dried to it equilibri-
um moisture content. The crack-clod ratio
had a good logarithmic correlation with the
sludge moisture content, and high coefficient
of determination.

Sludge drying rate encouraged earlier forma-
tion of cracks on the sludge surface, and rapid
increase in the crack morphological features
such as the total crack length, width, crack
compactness, and decreased the sludge clod
All the

crack and clod morphological features, except

features except the number of clods.

the crack elongation exhibited a significant
change in value with changes in the sludge
moisture content.

One of the main goal of this research work is
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to investigate the relationship between the
crack pattern morphological features and the
sludge moisture content, and the possibility of
using these features for the sludge moisture
prediction.
crack were analyzed quantitatively and qual-
The morphological features extra-

To achieve this, the sludge surface

itatively.
cted from the images were used in formulating
several sludge moisture prediction regression
models, from which the most appropriate
model was selected after validation. The de-
pendent variable was the sludge moisture con-
tent, and the independent variables were the
crack and clod morphological features with
high R? that is, crack compactness, crack-clod
ratio, clod compactness and number of clods.
Stepwise regression selection of the statistical
package, Minitab, was then applied to select
the best features for the sludge moisture pre-
diction.

The basic problem encountered in regression
model selection is to find the model which has
a good fit. In this way, model with high R?is
desired, because it gives the amount of varia-
bility in the model.
fidence intervals, and accurate estimates of pre-
diction-moisture content, the mean squared
error (MSE) should be small (Dale, et al., 1991).
Based on the above criteria, the model
developed from experiment B data set (equa-
tion 7) was selected for the sludge moisture
prediction. With any statistical model, there
is usually error involved.

To achieve narrow con-

In validating its ac-
curacy, validation data was obtained from ex-
periment A data set and cross validation
method was applied, by comparing the mean
squared error (MSE) obtained from the
developed regression model with the mean
squared prediction error (MSPR) estimated
from the validation data set. From the work
of Dale, et al. (1991), MSPR was estimated by
the relationship :

S (YR
MSPR:—‘—]T— (5)

Where Y;=the value of the response variable

in the i*" case of the validation data set.
YP;=the prediction value for the i case, based
on the substitution of the validation data set in
the developed model.
n=the number of data points in the validation
data set.
While the MSE value was obtained directly
from the regression model fitting by the rela-
tionship :
(Yi—YP)’

MSE== 1 ©)
Y., YP, and n are as stated above, and K is the
number of independent variables in the model
If the MSPR of the validation data is fairly
closed to the MSE obtained from the regression
fitting, then the MSE for the selected model is
not seriously biased, and gives an appropriate
indication of the predictive ability of the model
(Dale et al, 1991).
model is thus :

Y=—116—4X10"*X 24306 X2+ 0.226 X;

............ R2=0.993 )

The selected regression

Where :

Y =Sludge moisture content (% d. b)
X,=Crack compactness

X,=Crack-clod ratio

X;=Clod compactness

The selected model has MSE value of 34.15,
with R?=0.993, while from the validation,
MSPR was 37.06, for the range of 80-2560% mois-
Table 3 shows the MSE, R? and
MSPR, estimated for each of the regression
model. The large variation between the MSE
and the MSPR of the selected model is due to
the significant difference in the residuals at
different moisture content ranges, especially at

ture content.

very high or very low moisture contents.
Fewer cracks developed at extreme high mois-
ture contents, and there was the difficulty in
segmentation of cracks from the clods at very
low moisture contents ; where crack patterns
were very complex and with large number of
micro-cracks. Fig. 12. shows the comparison
between the predicted and experimental mois-
ture contents.

The agreement between the predicted and
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Table 3 The MSE, R? MSPR, estimated for each of the regression models

Data for mode formulation Formulated model MSE MSPR R? n
Exp. B data Y=—116—4X10"*X*-+306X,*+0.226X, 34.15 - 0.993 30
Validation with date of exp. A — 42.16 — 13
Validation with data of exp. A (80-250%) — 37.06 - 7
Exp. A data Y=-—886-4X10"*X,*—58X,*+0.708X; 190.12 - 0.988 13
Validation with date of exp. B - 246.52 — 30
Validation with data of exp. B (80-250%) - 256.86 — 26
Exp. B (80-250%) data Y=—147—-3X10 X2 +201X,*+0.245X 3 46.88 — 0.986 26
Validation with date of exp. A (80-250%) — 266.15 — 7
Validation with whole of Experiment A Data - 233.66 — 13
Exp. A (80-250%) data Y=—300—6X10"1X*+721X,*+0.351X; 400.90 - 0.958 7
Validation with date of exp. B (80-250%) — 211.24 — 26
Validation by using the whole data of Exp. B — 230.08 — 30
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Fig. 12 Comparison between

contents.

the experimental data wusing this model
appears very good for evaluating the sludge
moisture content within the range of 80% to
250% (d. b) moisture contents, as can be seen in
Fig. 12.
sludge
studies on the sludge surface.
rent studies, at moisture content of 250%, the
moisture suction, PF, at 10cm depth of the
sludge surface is 1.30, the average cone resist-
ance, and the average dry bulk density of the
depth 0 to 40 cm are 84.71 kPa and 369.28 kg/m?
respectively. At moisture content of 150%,
the PF value is 2.77, average cone resistance,

This range, is very important for
strengths and traction parameters
From the cur-

the predicted and experimental

moisture

and average dry bulk density of the depth 0 to
40cm are 843.40kPa and 486.08 kg/m?® respec-
tively.

With the developed regression model, the
sludge moisture contents can be predicted to a
good accuracy within the stated range, but
field validation of the model is required for its
efficient use in the sludge integrated handling
system.

4. Conclusion

The sludge surface crack pattern was
analyzed by the technique of image processing
at varying sludge moisture content, to extract



A

the crack and clod morphological features.
The features, which were later used in develop-
ing a regression model for evaluating the
sludge moisture content. From the results of
the experiments and the model validation, it
shows that the crack and the clod morpholog-
ical properties can be used to predict the sludge
moisture content to a good accuracy within the
range of 250% (d. b) to 80% (d. b) moisture
content, using the features crack compactness,
crack-clod ratio and the clod compactness.
The crack features increased with a decrease in
the sludge moisture content ; and the clod fea-
tures, except for the number of clods, decreased
with a decrease in sludge moisture content.
The crack-clod ratioc which measures the
degree of shrinkage in the drying sludge in-
creased with a decrease in the sludge moisture
content, and as the drying progresses to a
lower moisture content, the cracks area was
almost equal to the clods area. Crack elonga-
tion remains fairly constant with decreasing
sludge moisture content, while the crack angle
of orientation exhibited a parabolic shape.
The crack pattern on the sludge surface was
found to depend on the sludge drying rate and
moisture content, and the developed regression
model performed moderately well under labo-
ratory test, but field validation of the model is
required for its efficient use in the sludge in-
tegrated handling system.
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