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ABSTRACT

In this resear;h paper, the motion of dredged material when
dumped near the surface of deep water is formulated using the principle
of superposition. The dredged material is considered to consist of
various fractions of unlform size particles and each fraction exerts ad
influence on the total behaviour of the dredged materual _in the same
proportion as its negative buoyancy. The behaviour of uniform size
particles has been formulated using the theory of dimensions and_labor-.
atory experiments. The results of the research show that the motion of
the particles can be treated in two distinct phases, namely, the initial
"entrainment' phase and the.final 'settling'' phase. During the entrain-
ment phase, the size of the "cloud" grows due to the incorpbration of
external fluid while the vertical downward velocity diminishes. During
settling phase when the vertical downward veldcity is the same as the
fell velocity of the individual solid particles constituting the cloud,
the increase in the cloud size is solely due to ambient turbulence.

The method developed in this work permits the evaluation of
vertical height and horizontal size of the 'mound" formed due to the
deposition of‘the dredged material at the bottom of the deep water. It
also indicates how the above characteristics of the mound depend on the
volume of the dUmp, the size distribution of the dredged material and
height of the deep water, thereby, providing the guidance for the selec-
tion of optimdm dump size and the location for the disposal of the dredged

material.



RAPPORT FINAL
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LA DISPERSION DU MATERIEL DRAGUE DEVERSE
' ' EN EAU PROFONDE

, By
B. G. Krishnappan

RESUME

'Dans le présent exposé, nous expliquons, au mdyeh du principe de -
la superposition, Te mouvement qu'adopte le matériel dragué lorsqu'il est
déversé prés de la surface d'une eay profonde. On considére.que Te
matériel dragu® se compose de‘divers fragments de particules de grosseur
uniforme et que chaque fkagment influe sur le comportement intégral du
matériel dragué dans la méme proportion que sa portance négative. Nous
avons expliqué Te comportement des parficu]es de grosseur uniforme 3 1'aide
de la théorie des dimensions et les essais de 1aboratoire. D'aprés Tles
résultats dé notre recherche, on peut distinguer deux phases dans la motion
des particules, 3 savoir la phase initiale "d'entrafnement" et 1la phase
finale "de sédimentation". Durant la phase d'entrainement, le "huage"
- s'accroit par 1'intégration du fluide externe, alors qUella Vitesse de
descente verticale diminue. Durant la phase de sédimentation, alors que
la vitesse de chute verticale correspond a 1a vitesse de chute des
différentes particules solides. composant le nuage, 1'accroissement du nuage
est di exclusivement & 1a turbulence ambiante.

La méthode développée dans 1la présente recherche permet de
mesurer l1a hauteur et 1'étendue horizontale du "monticule" ainsi forme
par la sédimentation au fond de 1'eau du matériel dragué. Cette méthode
indique aussi comment ces caractéfistiques du monticule dépéndent du
volume de la décharge, des différentes dimensions du matériel dragué et
de la profondeur de 1'eau; elle peut ainsi orientef la détermination du
vo]yme idéal de la décharge’et.le choix de 1'emplacement pour le rejet

du matériel dragué.
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I. INTRODUCTION

Disposing of the dredged material by dumping it in deep water
can Be considered to be the most economical among the disposal methods.
Indeed, it has been shown by a recent study conducted for disposing of
7 million cubic meters of dredged material resulting from the Chesapeake
and Delaware Canal enlargement scheme that the method of dumping in deep
water was 50% cheaper than the next cheapest alternate and it was six
times cheaper than the method of storing'in open water areas with con-

.fining dykes.[1]. However, this method may have its own adverse.effects
on the environment of the receiving body of water, especially if the
amount of disposed material is enormous. Therefore, this method

cannot be indiscriminately adopted in spite of its obvious economic
advantage. The aQOption of this method has to be always preceded by a
proper assessment of its impact on‘the aquatic life and the quality of
the water environment. Forvsuch assessments the knowledge of the
physical behaviour of the dumped material is a preréquisite. Unfortunately,
the physical behaviour of the dumped material is not very well Kknown and
only a very few attempts have been made so far to study such an important
problem. In fact, there are only two studies made so far which would
directly deal with the problem in hand. The first one is by R.C.Y.

Koh and Y.C. Chang [2] and the second one is by B. L. Edge and B. C.
Dysart [3]. In these two studies the dumped material is éssumed to be-
have in the same manner as a denser liquid moving in a lighter liquid
medium. However, the present experiments indicated that the spreading
rate of the solid particles moving in a liquid medium is different from
an equivalent denser liquid moving in the same medium. Therefore,

the above two methods. are not adequate to describe the behaviour of the

dumped dredged material in a satisfactory manner, and hence there is a



strong need for a new method which would correctly describe the behaviour -

‘ | of the dumped dredged material. The object of the present work is to

develop such a method based on the systematic laboratory experiments,

designed on the basis of the theory of dimensions.




I'1. REVIEW OF EXISTING METHODS

1. Method of Koh and Chang:

Koh and Chang considered three possible discharge methods,

namely; a) dumping from a bottom opening, b) pumping through nozzles

and c) discharging into the barge wake._ln each of these opefations

the dumped material is assumed to underQo three differentIStages of
motion, namely, a) convective descent, b) collapse and c) Iong;term"
dispersion. They considered the motion in three different parts because
the governing mechanisms are different during the different stages of
the motion. During the initial stages of motion the dumped materiaf
moved primarily because of its negative buoyancy."During this stage

of the motion, because of the relative motion between the dumped material
"cloud' and the ambient water entrainment of the ambient fluid into the
dumped materialvcloUd takes place which in turn reduces the neéative
buoyancy and at the end .of this stage of motion the negative buoyancy

is completely zero. The authors assume that at the end of this stage
~the cloud still undergoes spreading but only in the horizontal direction
while thé vertical position of the cloud does not change‘and they term
this stage of motion the ''collapse" stage. They assume that the govern-
ing mechanism during this stage is the noh-equilibrium in the hydro-
Static pressure between the cloud and the ambient fluid. At the end

of the collapse stage when the horizontal spreading stops the cloud
undergoes what the authors call the "long-term dfspersion“ when the \
motion of the ﬁloud'is caused by the local turbulence and the ambient
icurfént.
As indicated earlier, while treating the motion of the dredged

material, the authors assume that the dredged material can be considered




as consisting of only liquid medium whose.density is‘equal to the équiv-
alent density of the dredged material. However, the present laboratory
experiments indicate that the behaviour of the solid particle cloud is
very different frbm that of the liquid particle cloud and the difference
is a function of the particle size. As the particle size decreases the
difference between the behaviour of solid and liquid particle clouds
also decreases tending to be zero in the limit. Thefefore, treating the
dredged material as liquid medium is not valid, especially if the
dredged material consists of larger size partfcles,

The assumption of treating thé dumped material as dense liquid
has further consequences. For exaﬁple,.the'need for a separate stage
as cdllapse stage is a direct consequence of the above assumption. In-
deed, the negative buoyancy of the dredged material consisting mainly
of sand particles will not become zero with any amount of entrainment
of the external fluid. The vertical movement of the cloud could be
zero depending upon the vertlcal velocity of the cloud and the vertlcal
turbulent velocities of the receiving medium. But this does not warrant
a different treatment in a separate stage. Furthermore, in the analysis
of the collapse stage, the autHors have made several assumptions without
any experimental support and it is doubtful whether they would correspond

to reality.

The treatment of the long-term dispersion is based on the mass
conservation equation and the boundary and initial conditions are pro-
vided from the results of the collapse stage. Because of this, the un-
certainties of the collapse stage will also be reflected in the long-
term dispersion results and any amount of refinement of the long-term

dispersion analysis will not bear fruit.



2, Edge and Dysart Method:

The method of Edge and Dysart is very much similar to the~meth9d]?.
of Koh and Chang. Edge and Dysart have considered 6nly one method of
discharge namely pumping through nozzles. They treat the motion in two
separate stages, namély, a) convective descent and b) settling with dis-
persion. In contrast to Koh and Chang they have not considered the
.collapse stage. In the treatment of the convective descent stage, Edgg
and Dysart also have assumed that the dredged material can be considered
as consisting of liquid medium whose density is equal to the equivalent
density of the dredged material and hence their method_a]so suffers
the same draWbacks as the method of Koh and Chang. |

Their treatment of the settling and dispersion stage is based on
the method proposed by R.C.Y. Koh [4]. According to this method, the
solid particles settle with their fall velocities while undergoing hori-
zontal spreading due to turbdlent diffusion. The vertical turbulentv
diffusion is neglected. A 4/3 power law is used for the horizontal
diffusion coefficient. The details of the treatment will be taken up
while considering the theoretical formulation of the solid particle

clouds in the next section.



I11. BEHAVIOUR OF ''SOLID PARTICLE-THERMALS''*

Even though a large number of experiments'dea]ing with a liquid
“thermal“ moving in a liquid medium are available in the literature, [5]?A
[6],[71,[8], the same cannot be said for the "Thermal" formed by the
solid.particles. Not even a single reference dealing witﬁ the solid
particle thermals could be found iﬁ the literature in spife of a thorough
séarch. Therefore, it is only logical to conduct expefjments in the
laboratory before any theoretical formulation could be attempted to deal
with the behaviour of the solid particle motion in a liquid medium whén
they were dumped as a slug;

When a slug of uniform sizeAsolid particles is released in a
homogeneous and stationary body of water without any initial ﬁomentum :
the particles moved as a cloud with distinct boundaries; The_size of the
cloud increased as it moved downwards until it attained a more or less
constant size after which the cloud simply seftled down without any
apprecfab]e change iﬁ the size. _The downward vertical velocity, on the
other hand decreased until it attained a constant value equal to the
settling velocity of the individual particles. Figure 3.1 shows
schematically the sequential motion of the solid particle cloud. Such
a behaviour of the solid particle cloud is different from the liquid
cloud in that the liquid cloud increases in its size throughout its
motion, [51, [6], [7], [8].

The behaviour of the solid particle cloud can, therefore, be
considered in two different stages, namely, the initial entrainment
stage when the size of the cloud grew due to the incorporation of the
external fluid and the settling phase when the cloud velocity attained
the value equal to the fall velocity of the individual solid particle

constituting the cloud.

* the term thermal is used to méan the cloud of liquid or solid parti-
cles moving down in a liquid medium. See Ref. [5].
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1. Entrainmeht Phase:

This phase of the particle_motion can be formulated using the
dimensional approach similar to that of G. K. Batchelor [9] who formulatéd
the entrainment phase of the liquid particle motion. Accordingly,.lét
v, be the volume of solid pafticles dumped as a slug in a medium whose l
density is p and the viscosity is u. Let Yo be the submerged specific
weight of the:SOIid particles dumped in the medium:

ie. Y, = (ps - olg ' ' 1 . (3.1) o
where Pq is the density of the so]id-particles and g is the acceleration -
due to gravity. The motion of the solid particles is caused solely
because of the excess submerged weight per unit mass of the fluid, ie.
the total negative buoyancy F given byﬁ

DS'O

F=Z0v gv

: . (3.2)

Because of the relative motion between the solid parficles and the
surrounding fluid, the entrainment of the ambient fluid into the sol(d
particle cloud occurs and the size of the solid particle cloud increases
as the cloud . moves downwards. Therefore, both the size and the vertical
downward velocity of the cloud are also a function of the position of
the cloud. In order to define the position of the cloud let us adopt
~the co-ordinate system as shown in Fig. 3.1. The vertical downward
distance is measured from the virtual origin 0 and the horizontal dis-
tances are measured from the vertical axis (007) passing through 0. |t
is assumed that the cloud is symmetrical about the vertical axis and
hence can be represented by a single length (R) measured from the verti-
cal axis 00 . If wis the vertical downward velocity of the cloud then

w and R can be expressed as follows:

w fw(F;z)

(3.3)
R = fR(F;z)

Applying the theory of dimensions the form of the functions fW and fR

8




can be evaluated and the relation (3.3) can be replaced by

1
B.F?

z - o BN

R = oz

w =

~where B and o are the dimensionless constants. In_ordér to verify the :
felation'(B.h) eXperihents wére conducted using three different values
of FAénd for each case the dimensionless coefficients B and o were
eVa]uéted. The value of F was chgnged by changing oniy VS_(see Equation .
.3.2). The gréinsfze, specific weight and thé properties of the receiving -
body of water were,una]tered. It was found that the values of a and B
remained constant irrespectfve of the value of F which iﬁdicates the
validity of the dimensional approach addpiéd to treat the motioh'of the
golfd particles.

Even though a énd B are treated as independent in the-above
dimensipnal épproach, a relationship between them can be established
as has been done by J. S. Turner [10] if the motion inéide the cloud

~can be treated as that of a sphérical vortex; The resulting re1atiqn
between a and B is as follows: |

2¢mode? = (3.5)
where m is the shape factor of the cloud which ¢ould be evaluated as
O m=um (3.6)

'Where V is the volume of the cloud, CV is the virtuai mass coefficient
which.in turn is a function of the‘shape of the cloud.

For different values of the grain size D, the submefged specific -
weight Y, and the properties of the receiving body of fluid (o and'u),v

the values of a and B8 and m in.general, would be different and they can

be expressed in terms of the above characteristic parameters as

a=f (YS;D;D;P). | | | | |
o (vg3Dsosm) | o (3.7)

Fo (rgiDspsm)




Again, using the theory of dimensions the above relations can be broqght

'ihto.the following equivalent dimensionless versions:

: *Y5903
@ = Qa C 2
H
, YSoD3 . ~
B =2, ( ) | - (3.8)
8 2
u .
YSDD3
m =-‘I)m 2 )
u

Determination of any two of the above three functions are necessary and
;ufficient to describe the motion of so}id particles of any size and
specific weight in any medium of fluid during the entrainment phase
Since o and B determlne the size and velocnty of the cloud dlrectly
only ¢ “and @B wull be taken up after the consnderatlon of the settllng
.phase of the particle motion.

2, Settling Phase:

Settling phase is considered to start when the vertical down-
ward velocity w of the cloud reaches the fall velocity (terminai velocity w)
of the individual particle fofming the cloud. Now the fall velocity w .
of the individual solid particle can be obtained as follows:

Let D.be the grainsize of the solid particle and Y be the sub-

merged specific weight.
During the uniform settling motion of the solid particle the submerged .
weight (G) of the solid particle balances exactly the fluid drag (Fd)

exerted on the solid particle:

. 3_ 2 2 ' '
ie. ys.mp.D = CD.pD w (3.9)

Where mp is the shape factor of the solid pértiele and CD is the co-
efficient of drag which is a function of the Reynolds number formed by

the fall velocity of the particle:

10




fe. €= ¢(’i*’3‘l) | o (3.10)
Substitutlng (3 10) in (3.9) and rearranglng the reiation (3.9) can

'be expressed as:

SBe (b — 1
=5 ¢( ” )  where ¥ mp¢ _ | (3. )

‘Note that in Equation (3.11) the fall velocity w appears on both sides
and the-determination ef w from such a relation has to be.by trial andgk
.error, This can be overcome by ellminating w from one of the sides of
‘the Equatlon (3 1), ie. by dividing both sides of the equation (3.11)

bY (pr/u)

e.[ pw”
Ys” = : (3 12) |
wbp |2 wdf? _ | R

o . u _ v i, _

Equation (3.12) can be expressed by its equivalent form as:

» 3 ‘ B
wp _ . [¥s.P -

N
=

——

l-,i
p=a =]

u

which gives the fall velocity of the solid parficle explicitly in teims |
of the chafacteristics of the solid particle (YS;D) and the medium
(p;n). The form of the function ®, is knowﬁ only for spherical parti-
cles and can be obtained from the graph shown in Fig. (3.2).

| Note that the same parameter (YSpD3/u2) which governs the co-
efficients of the entrainment phase (ie. a and 8) also governs the fall
velocity of an individual solid particle during the settling phase.
Knowing the fall velocity, the distance from the virtual origin at
which the settling phase begins can be obtained as:

) | |
z, = B:F4 . ‘ - (3.14)

and the size of the cloud at the begining of the settling phase is

Re = a.z, ’ (3.15)

R
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There will be further increment in the size of the cloud dﬁrfng
its settlihgvphase.due to the horizontal furbu]ent diffusion in the rga]lhr
:sitUation. Such an inérement is hardly notjceéble in thé present expérff
'meﬁtél set-up since the water is quieséent. Spreadingvduring settling |

phase due to turbulent duffusuon can be easnly accounted for by adOptlngl

a turbulent dufquIon coefficient K.
2
. _d g
le. K—d—t-(r) | - . (3.]6)

wﬁere az is the variance of the concentratipn di;tribﬁtion of the sofid.
partfcles,related to fhe_size of the cloud. ,Kn0wing_tHe‘initial variance,
the variance at any time t can be obtained by equation (3.16), and heﬁée
the size of the cloud. |

A method to study the Spreadihg of the particles during settling
due to turbulent diffusion was formulated by R.C.Y. Koh [4] as indicated.
earlier. According to this method, the distributfon of.the concentration
of the solid particles is assﬁmed to be Gahssian and the turbulent‘di%-
fusion coefficient K is assumed to follow the 4/3 pbWer law commonly_
Qsed in ocean turbulence studies. Accordingly, if the initial variance
‘at the beginning of the settling phase is 002 the varianée of the distri-
‘vbutioﬁ at any time t after the beginning of the settling phése'is 6£2,

given by:
. _ 3 ,
0% =0 [l+hl'/3 ;i—z/?t]z Gan
where A is the dissipation paramet:r which appears in the 4/3 power law
for diffusion coefficient. ie:
K = A. (4) /3 (3.18)
The numerical value of A is usually taken as .006068 m2/3/sec. The

assumption of the Gaussian distribution for the concentration of the

solid particles facilitates the determination of the initial variance

13




coz,or the standard deviation 9 knowing the radius of the cloud at the

beginning of the settling phase, ie..Rf, Indeed for 99.994% of the.“ -

_particles to be within the radius'Rf the standard deviation o, has to

be 8 times smaller than Rf, ie. A
o, = Re/8 | ‘ . : (3'r9)‘ ,

Because of the same reasoning the size of the cloud at any time t after

the_Beginning of the settling phase th will be 8 timesvbigger than Oy
ie. Rey = 80t . (3.20)v

3;' ' Experimental Set-up and Procedure to Determine @é and @B:

Evén though the fall velocify of‘solid particies is a functioﬁ
of . the shape of the particle the dependence between the two are not véfy
well known at the presenf time. Several attempts have already béeh_madé;:
to establish the effect of the shape of the solid pérticle on the falin
velocity;'but without much success. Until a better method is devised |
which.wouid correctly include the efféct'of shape 6f the particle, the
curve givenvin Figure (3.2) which corresponds to the spherical particles,
wiil bé used to predict the fall velocity of the sgiid particles.
‘Therefore the quantfties which have to be determfned, in order tékpre-
dict the motion of the solid particles when dumped as a slug, are the
dimehsiqnless functions ¢, and QB and they can be determined only by
experimental measurements. In this subsection the experimental set-up
and the procedure to determipe @a and @B wiil be outlined.

a) Experimental Set-up:

The experimental set-ﬁp'consists of a large tank which
measures 3.75m x 3.75m x 3.75m and has two adjacent.transparent sides.
A dumping device is mounted on the top of the tank which facilitates
releasing, without initial momehtum, three different volumes of the

solid particles as a slug. The vertical descent of the solid particle

14




clouds were photograbhed at regular intervals of time ueing a Hasselblad
still'camera. A grid system with 5cm x 5cm openings is placed at the
outsude of the tank against the viewing side of the tank and is used to _:
measure the suze and location of the cloud. Appropriate correctlons |
.were applaed for not measur:ng at the vertical axis of the cloud and fore
the refractlons at the plexiglass wall and the water medlum A sche-
matic view of the experlmenta] set-up is shown in Fig. (3.3). Descent

- of a typical cloud of solid particles is shown in Fig. (3.4). |

b) Determination of a:

The location and the size of the cloud at various instants
of time from the release of the-perticles are measUred.ftom the sequence
of photographs similar to the ones shown in Fig. (3.4) are obtained and
are plotted as shown in Fig. (3.5). A smooth line is drawn to represent-A
the outline of the cloud. During the entrainment phase the growth Qf the
cloud is linear and hence the line representing the outline of the cloud
is extrapolated as shown in Fig. (3. 5) until it meets the‘vertical axis‘
of the cloud at the ponnt 0 Wthh |s the virtual or|g|n The Slope of

‘the line representing the outline of the cloud at the virtual orlgnn
gives the value of a. |

c) Determination of B:

B appears in the equation which gives the vertical downward

velocity w of the cloud, ie. equation (3.4) which can be written as

2dz = RFidt, . (3.21)

since

b3
1
[=X KN
[N

Integrating both sides:

5 = BFit+ C ' . | (3.22)

15
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" where C is an integration constant.

Using the condition that z = z_ when t = 0 the integration -

cdnstant C can be evaluated as

%o
C = ——

2
2

SUbstitutihg in (3.22) the relation betomes:

2* - 22 = 2pFit »_ . (3.23)

Henee,'by plotting a graph between (z2 - zoz) and t and measuring

. the slope of the line which represents the product 28F} the value of

B can be evaluated since F is known. A typical graph between (zZ'Fizéz)

and t is shown in Fig. (3.6).

d) Determination of @a and @B:

The determination of the form of the functions ¢, and @é,
involves the measurement of o and 8 for various values of the parameter
(y;pDB/uZ) as implied by the equation (3.8). The parameter (yspD3/u2)
can be varied by either'vérying the characteristics of the solid part??*
-cles and/or éhangingvfhe beperties of the receiving body of fluid. fﬁ
thg present gxperiments only the properties of the solid pértitles
(ys'and D) are varied. The range of the parameter (yspD3/u2) tested in
the present experiment is 1.25 to 5552 which would cover a majority of
the constituents of the dredged material. The various’specffic weights
and the grain sizes of the solid particles used in the present experi--
meﬁts are given in Table (3.1). This table also contains the measured
vélues of a and B. For each value of the paramgter (ySpD3/u2) at least
3 runs were mgde and the values of o and B are evaluated for each run.
The values appearing in Table (3.1) are the average values of all the
runs having.the same value of YSpD3/u2. Altogether 51 runs were

measured and all the data are given in the Appendix. The forms of the
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TABLE 3.1

Material : ,
Ottawa Sand Polystyrene: , ~Glass Beads

Properties

Submerged : 3 3 : 3 ' 3 . 3 3
Specific Weight 1.65 x 10° kg/m .05 x 107 kg/m” | . 1.50 x 10 kg/m

Grain size ‘ A '
in mm 0.700 : AO.QOO 1.400 0.235 |0.213 0.180 0.15] 0.084 f .Ohh

1c

YSpD3/u2 - 5552 1036 1346 | 238 [ 12 | 8s 51 | 8.7 [1.25

a 0.232 0.251 : d.ZhO 0.271 10.286 [0.299 | 0.310 | 0.312] 0.312

8 | 3.54 199} - 225 J1-69 [1.bs (123 1122 [ |3




functionle and ¢z are plotted in Figs. (3 7) and (3.8) respectively

It can be seen from these flgures that both the dimen5|onless constants(»
a and B do vary with the parameter Y pD3/u approachlng to constant
,values as the parameter decreases . Such a tendency can,  indeed, be
expected since as the particie sjze decreases (ie. the parameter

| pD3/u decreases) the behaviour of the solid particle cloud should ap; .

proach to that of the liquid particle cloud, thereby becomlng |ndependenf

of the particle size. - The llmltlng value of a measured in the present ":f-‘:

experiments is 0.312 WhICh is very close to the value of a for liquid
clouds measured by R. S. Scorer [5] and P. J, Sullivan [8]. They ob-
tained a value of 0.310 for the liquid clouds. The limiting value of
B is 1.10 while the same measured for the liquid cloud by the above
authors is 1.54, The difference between these two values could be due
to the difference in shape between the solid partECle-clbud and liquid

cloud.
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~ 1V. FORMULATION OF THE PRESENT METHOD

- In contrast to the solid particle cloud considered in the previdhs
vsection, the dredged material consists of solid partfcles of differéﬁt
éiies ahd the recéiVing body of water is turbulent With aﬁbient cdrrehf ‘
‘and‘dénsity gradient. ‘These complications, however, shqdld not pose any.

great difficulty for formulating the method to describe the motion»of the

' dredged material when dumped in deep water. Indeed, in this section, a
method based bn the principle of superposition will be formulated as
follows:

Let V. be the total volume of the dredged material dumped as a
slug without any initiai momentum in a deep water where the'depth'is d.
Let the dumped material consist of particles of different specific
wgights aﬁd grgin sizes, and let Vsij be the volume Qf a fraction of the
dumped materiqi whose submerged specific weight is Yei and the mean
grain éize Dj.v Since, during the éntrainment phaserof the solid particle
cloud motion, the dominant force is the negative buoyanéy, the effect of
'turbu1en§é on the entrainment phase is comparativeiy small and can be
hggle;ted.' However, turbulence is the dominant factor for spreading
_during the settliﬁg-phaSe and hence the effect of turbulence will be
' considered only during settling phase of the motion of the dredgéd
material. . |

The ambient curreﬁt ié considered as uniform and hence its effect
is simply to translafe the cloud along with it in the horizontal
directfon. ‘Let U be the magnitude of the ambient current. The effect
of the density.gradient of the receiving body. of water is not considered
in the present formulatipn sihce a majority of the dredged material is

sand and the density differential between the particles and the water
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is large compared to the variation of'density of water over the depth,
'Let'psbe the average density of the receiving body of water.

1. Entrainment Phase:

Unlike in the previous section the position of_the dump is taken

as the origin and.the verfical distance is measured from fhé level of
the.dump, and let the vertical co-ordinate be z. The horizontal distance
.ns measured from the vertical axis passing through the orugln and the

cloud is assumed.to be symmetrlcal about the vertical axis passing through_
the point.of maximum.concentration of the solid ﬁarticles. (See Fig. h.l)
If the ambient current is zero then the makimum concentration is.aloﬁg the
vertical axis passing through the orfgin. The size of the.dump i;

equated to the‘initial size of the cloud and hence the relation

between z and g becomes :
z2=C+ — ' o (4.1)

Where Ro is the radius of the dump and %, is the entrainment coefficient
@ corresponding to the mixture of different size parffcles i.e. the
drédged material.
When the mixture 6f different_spegﬁfic weight and difféfent grain
size materials are moving together as a‘cloud it is hypothesized that
each fraction exerts influence on the total behavioﬁr of the cloud in

the same proportion as its buoyancy. In other words, if Fij is the

buoyancy of the fraction (ij) and F the total buoyancy, then the

influence of the fraction (ij) on the total behaviour of the main cloud

(or on the coefficients describing the total behaviour) is proportional

to the ratio Fij/F. The ratios Fij/F are the weighfing coefficients

: . : which would determine the behaviour of the total cloud from the
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behaviour: of the individual fractions. For example if am and B
- the dimensionless coefficients governing the motlon of the total cloud

then they can” be evaluated usnng the welghtlng coeff:c:ents as follows

Foy
1}
ie a = I LI—=—aqa,. v
m T F ij : .
Fo. - - (4.2)
= _tJ S :
and o =PI 8y
where Flj = Ysl 5] |
“and F =3 3IF.,
ryoij.

alj and Bij are the dimensionless coefficients which could be

obtained from the graphs (3.7) and (3.8) correspondlng to the parameter
| S . .
Yo P Dj /u” .

The behaviour of the cloud of mixture of the partucles can therefore;

be expressed as

(o) m
and s F/7 | | (4.4)
W= M . ‘
Ro
(¢+ )
m

As the cloud of the dredged material moves down the downward vertical
velocity decreases and it might become less than the fall velocity of
one of its constituents in which case the fraction having fall velocity

greater than the cloud velocity would separate out of the main cloud and
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it wéu]d Undergo the second phase of the motion, namely, settling phase -

with spreading due to turbulent diffusion in the horizontal direction.
The main cloua, on the other hand, would still undergo.entrainment phase;, ‘
of the mot}on but now the total buoyéncy F would have been reduced by
the amount of the buoyancy of the separafed fraction, say,;F,k’l.

- Therefore, the total buoyancy of the main cloud now is F' and is given

by

HEL L | (h.5)

and'hence the weighting coefficients would also be altered as follows:

=_1J _ -
i where i # kand j #1° | (4.6)
(w'ij are the symbols used for the weighting coefficients)
and
consequently the parameters defining the motion of the new cloud would
become

o -

m o ikk JAl AT

(4.7)
=, X 1 :
m i 2k J#] W ] Bij :

The level at which such a separation occurs can be calculated knowing

the fall velocity of the fraction separated, i.e. K.1° Denoting this

level by Zs k 1 it can be evaluated as:
, .

Ll Ao - 2 (4.8)
k,l m/

using equation (4.4). The size of the main cloud, which is also the

same as the size of the separated cloud can be calculated as:
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R (4.9)

i1 ™ R *om Tp g
again using equation (4.4). The time elapsed _[tf K ]].from'the'instant7,"

the material ié dumped and the instant the fractidn (k,l) separated

cén_bé'calculated using equation (4.4) as follows:

1/2
W=d_C=BmF.
dt Ro
T+ —
Ym
‘ R -
. O _ 1/2
or (c+;n:) dz —BmF Qt

Infegréting both sides and uéing_the initial condition that

4 =_ovwhen t =0, tf K1 becomes :

b

o lze ., LR o
tek,1 = Lkl + o (4.10)
. (o3
2 , m

P 4
172 f k,l
B, F
- where C¢ .1 is given by equation (4.8)

The lateral distance travelled by the cloud at the time of separatibn

due to the ambient current U is Lk 1 and is given by

ber = Ut g (b1

After the separation of the fraction (k,1) the behaviour of the main

cloud will be described by

s AN IR N L T

fof z;>';f K1

Bm' F' 1/2
w = R _ o . | N
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j Again, as can be‘seen from the eduation (4.12) the downward velocity
of the éloud decreases as the cloud méVés downwardvand it could reach
a'vaiue équal to.the fall velocity of another fraction, say, (pq). In

" that case, the fraction (pq) will settle out of the. cloud and would
.”5 undergo settllng phase while the main cloud would undergo entralnment

phase. The'new buoyancy is P given by

(sa3)

Fro=Fs Pt * Fod)
and the weighting coefficients wbuld be
W' =F. . fori#kandp | O (ho1k)
L I Y N , :
P and j # 1 and q
and o' and 8" are given as follows:
m m
" oo Sy ' [
“m T ikk,p  jE,g M5 % A
SR - (4.15)
"o > AL
Pn T ke sEe M B |
vThe.levgl at which the second separation occurs is given by:
) = al y 2 : ' ‘ . o
“fpg - B PR ~ (h.16)
w o
Pq m
i The size 6f'the cloud at the time of second separatioh”is:
_ . " - 3
Re pq Re k,1 7 %n [gf P,q cf k,l]' S (4.17)

and the time ét-which the second separation o"ccurs’tf p.q can be

’

obtained from

(e ) ] % (e
fpq  Uf Kk, qu_fkl _Q(Fqu-?fk.,l)

[0}

.
; ' .
Bm F
’ (4.18)
‘ The lateral distance travelled is qu given by
L = Ut |
~pq - f pg (4.19)
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The behavlour of the main cloud after Ze pq is given by:

; ’ " o
r=Re o * % [z~ 2, pq] for e
. . _ " 'n'lﬁ ’
Coand =By F (4.19)
Tt

m
and the process continues until all the fractions are settled out

of the cloud and/er bottom of the deep water is reached.

. - 2. - Settling Phase: Let us consider the Fractlon which is
| undergonng settllng phase and let it be denoted by the subscrlpt (IJ)
‘Thus fractlon, whlle settllng wuth the Fall velocnty of w’, J, onld also:v'
.undergo spreadlng due to turbulent diffusion. Only,the horlzontél
turbulence is considered. The effect of the vertncal turbulence is to
spread the partlcle in the vertical dlrectlon thereby slowing down the
settllng partncles and it is assumed here that the slowdown is neglnguble
'|n comparlson with the fall velocity of the particles. This is true
only when the particle size is blgger; otherwise for smaller size par-
ticles the tall'velocity will be of thelsame order of magnitude as the
<vert|cal turbulent velocities and the vertical turbulence cannot be
(neglected The |nclu5|on of the effect of the vertlcal turbulence,
however, will not pose any problem For simplicity the vertical

turbulence is not considered in the present derivation.

Let us assume that the fraction (ij) separated from the main

cloud at a distance of Ce i from the dump level and the size at the

instant of separation is Rf ij" The time at which the separation
occurs is tt‘ij' Adopting the method described in section |11 the

initlal concentration distribution of the SOIid~particles in the cloud
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2
C = cmax expi|- —-2——— : » (14.2])
: 20 .. . .
oi}
whefe _ % i is given by
9, i = Rf ij/8 (4.22)

The.concentration_distfibution of the cloud just prior to hitting the

bottom would be given by: d - \ 2
- _fij
| | {; Uitey; + —o— 9

w, . : ‘
-c - ] (4.23)
C = Cmax exp 5 — ‘ .
' - 20, :
ST J
where‘cij is given by: ‘- 3/2
fij -
_ L/3 2 A . : -
%G = i | VPR T Ty o (4.24)
o .. ij
oij
Vand the radius of the cloud at the bottom will be
R.. =8. o.. _ ' (4.25)

ij i
When the pérticlés sétfle at the bottom, they would brdduce a mound
and the distribution of the height of the mound can also be described

by a gaussian curve as has been done by R. C. Y. Koh [4].

_ v , . )
i.e. h = h .. €Xp '[- (r uz) J ‘ ' (4.26)
20 7

Where o is the standard deviation of the concentration distributfon of
‘the particles just prior to hitting the bottom and t }s the total
duration of the travel of the cloud.

For the settling fraction (ij) the distribution of the hefght of the

‘mound formed, therefore, can be given by :
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|

ij ™ Pmax 15 &P T | o (we2n)

The value of hma*ij can be computed knowing the volume of the fraction
VS'J and the porosity (n) of the mound lndeed by knownng the henght

'dastrabutlon the volume of the mound can be evaluated as:

2mrdr.h - : R 7 (4428)

<<
[}
O =N
3

and introducing Vsij = (1-n)V
the value of hmax becomes:
e V... .
'hmaxij = S"J . ' . - (l".29)
: 2 . -
(1-n) Zﬂoij

Snmular expressions can be derived for each of the fract|ons settlung out

'of the ‘main cloud and the total height formed by all the fractions can. be '

‘__obtalned by snmply add:ng them. ‘i.e.:
e EE N | | (30

When the cloud reaches the bottom even before the separation,OF any

. of the fractions which is perfectly possible, especially, if the depth

of the deep water is nor too great as in the case of Great Lakes, the

Same approach can be used to.calcu]ate the height of the mound formed

- at the bottom. In thlS case, the assumptlon of the gauss:on distribution
for the concentration of the solid particles js extended even to the |
entrafnment phase which is a perfectly valid‘assumptfon. In facf, L.M.
Brush Jr. [11] have measured the concentration distribution in a jet
ahdaconcludes that the distribution can be approximated by a gaussjon curve.

The method presehted above can be best understood by solving the
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following example:

: 3; " 1llustrative Examples;

3

Eﬂémgle 1: Let us assume that 8m” of dredged materials were dumped
‘as'é slug in:a'deep water area where the depth is 150 metrés.v Let
" the -constituents of the dump be as follows:

Grain Size in mm Specific Weigh§ in Water % by Volume

_ Kg/m
1) N 0.700 | 1650 10
2) 0.253 | 1650 | o0
3) 'o.iéo. : 1650 _' | - 30
i) 0.044 | | 1650 - 40_'

Let us assume that the vertical turbulence is negligible and there
is no ambient current.
Since the spécifiC“weight of all the constituents is the same -

the subscript i will be dropped and j varies from 1 to 4.

» EVéluation'of-the.WeightingiCoeFf{cients: FJ/F'

F = #sb' Vs/p = I)65\x 9.81 x 8 = 129. 49 mh/sec2
Flo= | 1.65 x 9.81 x 0.8 = 12.949 nt/sec?’
Fo= ' | 1.65 x 9.81 x 1.6 =  25.898 noon
(A 1.65 x 9.81.x 2.4 = 38.847 " n
#4 - 1.65 x 9.81 x 3.2 = 51.796 '
CF _ | .
. w] S ee— = 0.]
F
. Foo o
_T2=0.2
Wy =7
F
- 3 _
W3 =F = 03
F
W, = == 0.k
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: ination of a., 8. and w.
Qetermlnatlon aJ BJ i

The parameters ys p D?/gz for each fractions and the values of

a}.and'Bj obtained from the graphs (3.7) and (3.8) are as follows:
S T . » : .

Grain Si?e (mm) ys p DJ.3/u2 Ei. El _ ‘fl '
0.700 5552 0.232 3.54 10 cm/sec.
0.253 262 - . 0.272 1.52 2.8 cm/sec.

. 0.180 94.6 - 0.295 1.30
0.0kl 138 0.312 1.10

(0.1 x 0.232) + (0.2 x 0.272) +

e
.
L e Y
=
Q
]

gm0 N
(0.3 x 0.295) + (0.4 x 0.312) "
= 0.2910
I
B =12 W.B. = (0.1-x 3.54) + (0.2 x 1.52) +
m =k 3] .

(0.3 x 1.30) + (0.4 x 1.10)
1.488

The equéfionsdéscribing the behaviour of the dumped material are:

a .
[}

= 2 +0.291z (taking R, as 2 metfes)

1.488 x 129.49 1/2 = 16.93
r + 6.87 r + 6.87

b3
it

To check whether the frattion (1) would separate before the ¢loud

reaches the bottom.

The distance needed for w to become mi'is:

C’f =_‘_é:_9_3" 6.87
1 0.1
+ 169.3 - 6.87 = 162.46 metres.

Since the depth is only 150 métres fhe separation will not occur and

the whole cloud undergoes entrainment phase until it hits the bottom.
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The radius of the cloud when it hits the bottom is:

’-Rf-= 2 + 0.291 x 150 = 45.65 metres.

" The standard deviation o of the concentration or the height of the
mound formed at the bottom is, therefore:

o = RF/B'% 45.65/8 = 5.71 metres.

éhd:the maximum height of the mound formed at the bdttom.is:

v e
max (I-n)2n02 (1 -n) 204, 75

choosnng a value of 0. 33 for n, hmax becomes
max ‘===

Example 2: Let us assume that the total volume of the dump is only
3

Im? with.the'Same-proportipn'of the same constituents. As before there
is no ambient current and the effect of vertical turbulence is neglected.

:Thé‘wéightfng coefficients are: - W, = 0.1
W2 = 0.2 ,‘- o
W. = 0.3.
! 3
‘ wl} = O.L' |
and a = 0.291 and B, = 1.488 since the constituents and their

proportions are the same.

The equations describing the motion of the cloud becomes;

...‘
]

1 +0.291 ¢ (taking the initial radius as | metre)

and w

1.488 x (1.65 x 9.81 x 1) 1/2 = 5.986
A ('/0.291‘),‘ o+ 3.4

To check whether the separation of fractuon (1) will Sccur:

The depth reqU|red for separatlon is:
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4 5.986 _..
£, 5 3f44

59.86 - 3.4k

56.42 metres

.Siﬁcé £he total depth is 150 metres the separation of 0;7mm fractién
s possible; Therefore, ét.the depth of 56.&2 metres the 0.7mm
ffactiqn would settle out of the main cloud and would Undergo‘sett]ing'
léhége. |

The radius of the cloud at. the }

. © )} R =1+0.291 x 56.42
instant of separation } 1 ' )
= 17.4] metres
The'timé required for the }
' ‘ }
first separation is: }
o B s S |
® | t,= |— 2| %f (56.42 + 3.4k ) 56.42
. S . : f ) 1 —
. 1 -2 m = 2 _
8

m F 1/2 5.986

298 sec = 4.97 min.

Consider the main cloud undergoing entrainment:

FP=F-F

1.65 x 9.81 x 1 - 1.65 x 9.81 x 0.1

lﬁ.567 mh/sec2

F2 = 1.65 x 9.81 x-0.2 = 3,237 ml}/sec2
F3 ='1.65 x 9.81 x 0.3 = 4.856 ' n
F4'= I.65.x 9.81 x 0.4 = 6.475 n
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w2=_$=o.222
F
Wy =3 - 0.333
: ]
F
W, = T4 = 0.4
DR
] l* w . .
“m = 1 %j"j = (0.222 x 0.272) + (0.333 x 0.295) +
=2 - -
(0.444 x 0.312)
= 0.297
@ 4 | |
"mo= I B.W, = (0.222 x 1.52) + (0.33 x 1.30) +
j=2'J J . . )

(0.444 x 1.10)

= 1.260

. The equations describing the behaviour of the cloud becomesi"

r= 17.41 +0.297 (c-56.42) for £>56.42 metres

and w= 1.260 x (14.567) /2 - 4.809
z+3. 44 £+3. 54
To check whether the separation of the fraction (2) will occur:

The depth required for w to become mé is:

Since the depth is only 150 metres the separation of the fraction (2)
will not occur and the cloud reaches the botfom while undergoing
éﬁtrainment phase.

| The radius of the cloud when it hits the bottom is:

| ‘ | | Rf’-= 17.41 +0.297 (150-56.42)
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= 45,20 metres

The time fequifed frombthe.first'Separation_until it hits the bottom

can be evaluated as follows:

w = 4.809
T3 4%
or  dz _ 4.809
dt  7+3.h4

(;+3;44) dr = 4.809 dt.
intégrétfﬁg: _ | _
¢% + 3.hbz = 4,809 + C
| ”Whenvt ;'tfr .C = Cfi’é‘ss‘h2 

. € =352.7

2

g..+ 3.44z = 4,809t + 352.7

°r =730y E Lo+ 3 g - 3527 }.
when ¢ = 150 metres t = t

f

or  tg-= 2127 sec = 35.45 min.

The maximum height of the mound formed at the bottom due to this cloud.

hmax =V -V
. s sl .

(]‘n)ZﬂUZ

0.9 x 65
(1-n) 27 (45. 20) 2

Consider the fraction (1) undergoing settling phase:

The standard deviation o, of the initial distribution of the

settling cloud is:

o1 = Rey = 17.41/8 = 2.176 metres
B
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- ' . _ The - time Eequifed' for the settling particles to reach the bottom is

Yy given by:

f=d ey o y50 - 56.42
"U.)] A 0.]

= 935.8 sec

‘The standard deviation of the distribution of the solid particles

just prior to reaching the bottom is:

9
]

2,176 [ 1+ 43 2 0.000068 935.8 1 15
N -3 T2.178) 2/3 '

= 2,72 metres

The radius of the cloud while hitting the bottom is:

Rey = 2.72 x 8 = 21.76 metres
g ‘ v The maximum height‘ of the m‘ouht formed dué to the settling of this |

fraction is:

‘h@axl = ysl. : . 0.1 :
(l-n)2w0]2 -%',Zn (2;72)2
= 3.2 mm

Therefore, the total height of the mound formed by dumpingAlm3 of the

dredged material dis: 6.7 + 3.2 =9.9mm =1 cm

If 8 such dumps are made then the maximum height of the mound created
would be 8 cm.

3

Note that if all 8m” of the dredged material were dumped at once the

maximum height of the mound formed would only be = 6 cm. The radius

of the cloud in both cases is more or less the same.
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Example 3
Let an amblent current.of 0.10 metre/sec be |ntroduced in
Example 2 The vertlcal turbulence is still assumed to be negllgnb]e
In this case, when the separatlon of the fractlon (l) i.e.
0.700_mm grains occurs the cloud would'have displaced in the hbriédhtai o
direction by an amount LI given by: |

L, = Ut = 0. l x 298 = 8 metres

] f1

After the first separation the main'cloud onld haye'moved

-hdriiontélly a distance of L2 before hitting the ground. 'Lz is given

by:
L2 =U [tf - t

f]] = 182.9 metres

The total horiiontai distance moved by the c]oud'undergoing eﬁtrainment
=182.9 + 29.8 = 212.7 metres.

The height distribution of the mound formed. at the bottom dueffo this

cloud isﬁ ,
3 _ )
h = hmax e (5 i]§'7;2
whére hmax = 0.0067 metres

Consider the fraction undergoing settling phase:

The lateral df;tance travelled during sgttling fvas giVen by:

L, = Ut =0.10 x 935.8 = 93.58 metres. |
The total horizénta] dfsplacement is 93.58 + 29.8 = 123.38. Thereforé,
the distribution 6f.the height of the mound Fbrmed by the fraction

undergoing settling is:

) 2
- - (r-123.38)
hy = hmax; e =G
where hméx‘=.0.0032 metres.

L2



The distrubutlon of the net helght of the mound Formed by both the

clouds is: v .
»1 h3;.h + h, - .0067 e'-iigé%égll? +.0032 & 55:%%%§%§l?
’_ﬁ2;2‘7 = .6067»+ 10032 ¢339 = 0067 metres |
h]23.38 = .0067'e-]24'95 + .0032 = .0032 metres

and hence the maximum helght formed because of such dumplng is

6. 7mm Note that the cloud in this case has been broken up into
‘two pieces and they are deposited on the bottom, far apart Ffrom each
.other.. ifltﬁere were 3 such dumps then the.maximum height formed‘
weufd be only 5.36cm and it occurs;af a‘dis;anCe of.2]3 metres from

the location of the dump.

L, .Conclusions:
. From the above examples, the following 'obser'va_tions can be mede.
First of all, it can be seen that the settling phase will occur only

if the amount of material dumped-at one time is less or the depth at the
locafion of.the dump is of the ofder of thousands of metres-ae in fhe
case of'ocean dumping. However, in the case of lake dUmbing where
the deptH is only hundreds of metres the possibility for the occurrence.
- of settllng phase is rare and the entralnment phase wull ‘predominate.
Consequent]y, methods, such as the method of Koh and Chang, whuch
devote consuderable attention for the long term dispersion phase, will
be unnecessarily elaborate. |
The present method treats the entrainment phase elaborafely_
and the input parameters'required for the entrainment phase Qere eb-
O tained from the laboratory measufements and therefore, it IS more
suitable for lake dumping problems.

Furthermore, the method is simple and it doesn't require the
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use of computers for its application.
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TEST NO: ] : ' . » : " VIRTUAL ORIGIN IS AT Y* = 362
MATERIAL: Ottawa Sand A =l.65x103kg[m3‘ ’ z, = zk* at t=0= 74 .
DUMP S|ZE: 5.72 cm D = 0.700 mm a = 0,232
-TIME INTERVAL: | sec. ' o , B = 2.98
Frame No. Apparent dimensions(cm) |Actual dimensions (cm) ' : ' 22 - 2 2
- — time t 7 z 0.
Height y |Radius R Height y Radius R | in sec. inem :
1 264 10 288 j 13 0 74 ‘ 0.
2 254 . 18 275 _ .22 1 87 - 2063
3 239 21 259 26 2 103 © 5247
b , 229 25 244 31 3 118. . 8646
5 : 218 28 231 35 4 131 ~ 11866
6 . 208 28 218 35 5 144 - 15260
7 198 28 205 - - 35 6 157 19173
11 : 188 31 - 192 38 100 170 23424
12 152 32 148 4o - ‘
13 142 32 : 135 4o
14 127 32 116 40
15 117 32 103 4o
16 107 33 91 4
19 - 81 ‘ 32 ' 59 . 40
20 71 , 32 Le 1 Lo
21 61 - - 33 33 . 4
22 60 33 27 ‘ I
23 ‘ 48 | 33 14 ’ R
!
To@.siance measuree from the ground level (cm)‘

- **. distance measured from the virtual origin (cm)
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VIRTUAL ORIGIN IS AT Y* =. 362A

TEST NO: 2
MATERIAL: Ottawa Sand Yo = 1.65x10%kg/m> z, = z*% at t=0 = g
DUMP SIZE: 5.72 cm P = 0.700 mm a =0.232
TIME INTERVAL: | sec. B =3.25
| Frame No. | Apparent dimensions(cm) [Actual dimensions (cm) 2_
~ R ' - : —1 time t z
Height y Radius R Height y Radius R in sec.. in cm:
O 269 10 294 13 0 68 0
2 259 ' 14 282 18 1 - 80 1870
3 243 18 263 23 2 99 5291 -
4 228 22 243 28 3 119 944 ]
5 218 23 231 29 b 130 12605
6 208 24 218 31 5 143 16120
7 198 27 205 - 34 6 156 19712
1 160 32 157 41 :
12 143 33 141 4
13 137 33 129 4
14 127 33 116 42
15 116 34 103 Lk
16 11 35 97 L5
19 81 [ 38 59 - 48
20 71 38 46 48
21 61 38 33 48
22 50 38 21 49

% distance measured from ‘the ground level (cm)

x¥k- dlstance measured from the virtuai or'gln

(cm)
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HEIGHT OF THE CENTRE OF THE CLOUD

~ (in ¢cm)

200

RADIUS OF THE CLOUD R
(in cm) B .
20 40 60 80

100

‘30'0 -

150

120

370{ e
N Dump size: 5.7cm

Material :Ottawa sand
Grain size : 0.700mm

® TEST NO.1
o TEST NO.2

-3

g
@

3 0-e-n—e—0 ,
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TEST NO: 3 - | S ’ ~ VIRTUAL ORIGIN IS AT Y& = 334
MATERIAL: Ottawa Sand g = 1.65x10%kg/m’ |z = z¢kat t=0= 59
DUMP SIZE: 3.8 cm D = 0.700 mm S a- = 0.232
TIME INTERVAL: 1 sec. . _ B = L4.13
Frame No. Apparent dimensions(cm) |Actual dimensions {(cm) o | ,2-,2
’ . , . i - time t z ' (e}
Height vy Radius R Height y Radius R insec. | incm
2 254 10 1 275 13 - 0 59 1 -0
3 243 : 12 . ‘ 263 16 - 1 71 © 1644
I 233 1 15 250 119 2 84 | 3628
5 223 15 237 19 3 97 5921
6 213 15 224 - 20 4 110 8535
7 203 17 212 22 5 122 . 11497
8 193 17 : 199 - .22 6 135 . - 14744
9 182 i 19 - | 186 | 2y 7 148 18423
12 157 - 20 ‘ 154 25 10 160 22119
13 147 21 B L3 ! 26 11 173 26448
14 137 21 129 27
15 129 22 119 28
16 122 22 110 1 29
17 1 23 97 ' 29
18 101 23 84 29
21 76 | 24 52 1. 30 -

* diétance measured from the ground level (Cm)r

** distance measured from the virtual origin (cm)
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© VIRTUAL ORIGIN IS AT Y% = 334

TEST NO:
MATERIAL:  Ottawa Sand Y= 165x103kg/md z, = k% at t=0 = 46
DUMP SIZE: 3.8 cm cube D = 0.700 mm _ __0‘"7__ = 0_-2‘32 .
- TIME INTERVAL: | sec. o 8= 373 .
' Frame No. -Apparent-dimensions(Cﬁ) Actﬁai d]hensions (em) | - ; :2'_ 2
- —— +— — time t oz :
Height y Radius R Height y Radius R in sec. - in cm
2 264 8 288 - " 0 46 0
3 251 : 10 272 13 1 62 1706
4 241 - 12 259 15 2 75 3432
5 231 13 - 247 17 3 87 5480
6 218 14 231 17 4 103 8520
7. 210 15 22] 19 - 5 113 - 10653
. 8 193 17 199 22 6 125 13509
9 185 | 7 189 22 7 135 16109
12 162 18 - 161 23 10 16 24453
13 152 18 148 23 :
1y 139 | 19 132 2
15 132 20 122 25
16 121 , 20 110 25 -
17 111 , 21 97 27
18 101 .22 84 28
21 73 22 4o 29
22 66 22 40 29,
23 55 C-22 27 29

* distance measured from the ground level (cm)

** distance measured from the virtual origin (cm)
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TEST’NOE' 5 » *'V[RTUAL ORIGJN.IS'AT Y* = 33§
MATERiAL: Ottawa Sand =-_l;65x]03kg/m3 z, = z&k% at t=0 = 4§ |
DUMP4SjZE: 3.8 cm cube =_0;7001mm @ = 0,232
TIME INTERVAL: 1 sec.. | B = 3.60
| Frame No. | Apparent dimeénsions (cm) AActQaJ dimensions (cm) R » 2'_ 2
: - : time t z .
Height vy Radius R Hgight y Radius R in sec. in cm
2 264 8 288 I 0 6 0
3. 254 12 275 16 1 59 1322
4 243 13 263 17 2 71- 2966
5 233 14 250 17 3 84 4950
6 223 14 237 - 18 4 97 7243
7 213 16 224 2] 5 110 9858
8 203 17 212 22 6 122 12768
9 193 17 199 22 7 135 16109
13 157 20 154 25 1 150 20384
14 147 - 21 141 25
15 137 22 129 28
16 127 22 116 29
17 119 22 . 106 29
18 106 - 22 91 29

* distance measured'froh the ground level (

cm)

** distance measured from the virtual origin (cm)
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TESTNO: 6 T 'VIRTUAL ORIGIN IS AT Y= 338
MATERIAL: Ottawa Sand S A 1.65 x JOBkQ/m3 SR ; 2**’ét't=0“= 53 B R
0.400 mm - a

DUMP SI1ZE: 7.6 mm o D

0.253
TIME INTERVAL: | sec. D R 8 = 1.88

Frame No. 'Apparent dimensions(cm) |Actual dimensions (cm) : : 2 2
‘ - - time t : z . s “o.
Height y Radius R Height y | Radius R | insec. | inem - |

261 : 1 285 ( 14
248 - 16 269 ' 21
231 : 17 247 ‘ 22
218 - 20 231 ) 26
208 . 24 218 5 30
198 27 , 205 33
193 .30 199 - 38
188 - 33 192 i
152 - b9 148 : 62
147 50 IR FY » 64

53 . o
69 1947
91 5531
107 | 8693
120 1 neo7
133 14821
139 - 16563
146 18353
190 33373
197 35850

VI 00~ VU1 £ W N —

S PFPwNOVIEWN—-O

* distance measured from the ground level (cm)

** distance measured from the virtual origin (cm):
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- TEST NoO: | VIRTUAL ORIGIN IS AT Y = 338
MATERIAL:  Ottawa.Sand y. = 1.65 x 10°kg/m’> 2, = 2%k at-ggoi=v 56 '
DUMP SIZE: 7.6 cm cube D = 0.400 mm a = 0.253
TIME INTERVAL: | sec. g = 2.10
QFréme No. Apparent dimensions(cm) Actuél dimehsions (cm) . z2 -5 2

- . time t z Yo
Height y Radius R Height y Radius R in sec. in cm ’
1 259 10 282 13 0 56 0
2 236 15 253 . 19 1 - 85 k158
3 226 20 240 25 2 98 - 6529
4 213 21 224 .27 3 My 13383
5 198 22 205 29 b 133 14760
6 193 25 199" 32. 5 139 16526
7 185 30 189 38 6 1hg 19299
11 154 38 151 48 10 187 32310
12 147 43 141 54 1 197 36031
13 142 44 135 56 12 203 38573
14 137 48 129 61 13 209 41237
15 132 49 122 62 14 216 43982
- * distance measured from the gfound'!evel (cm)

** distance measured from the virtual origin

(cm)
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TEST NO: 8 | VIRTUAL ORIGIN IS AT Y4 = 338
MATERIAL: Ottawa Sand Ys = l‘~'.65:'5< l03kg/m3 Sz = ,z**-rat t=0 = 63 ._ : |
DUMP SIZE: 7.6 cm cube | p = 0.400 mm o = »0'.5253 |

- TIME INTERVAL: | sec. | . 8 = 2.00
| Frame No. |Apparent dimensions(cm). Actual dimensions (cm) : , 2 -
. ’ e ——— — - time t z . o
Height y Radius R . Height y - Radius R in sec. incm
1 254 12 275 16 0 63 0
2 238 17 259 22 1 79 2367
3 228 17 244 22 2 94 . 5049
y 213 20 224 25 3 14 . 9055
5 203 24 212 31 4 126 12]‘07'
6 195 26 202 33 5 136 14654
13 ck2 - 38 135 48 12 203 37461
4 , 137 Lo 129 50 13 209 40067
15 S 132 43 122 - 54 14 216 42796
" 16 127 43 116 - 54 15 222 45607
#'éistaDCe:ﬁeasufed from the ground level ~ {em)

**% distance measured from the virtual origin (cm
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TEST NO: 9 ~ VIRTUAL ORIGIN IS'AT Y* = 327

MATERIAL: Ottawa Sénd m 1,65 x loukg/rﬁ3 | ‘zb =‘i*#,atlt=0,é:‘55""2‘L

DUMP SIZE: 5.7 cm cube D. = 0.400 mm | a =0.250 |

TIME INTERVAL: | sec. B =2.00

| Frame No. Apparent dimens ions (cm) Acfuél dimens ions (cm) A 2.

- , - - . - time t .z E
Height y Radius R = | Height y | Radius R in sec.. in cm

1 269 10 294 13 _
2 251 12 272 16 0 55 0
3 241 15 259 19 1 68 1548
y 231 17 247 22 2 80 3434
5 221 19 234 24 3 93 5630
6 213 22. 224 29 4 103 7504
7 203 25 212 32 5 115 10266
8 198 29 205 37 6 122 11781
9 193 33 199 4 7 128 13402
15 ' 157 38 154 48 _
16 152 Ly 148 56
17 147 Ly RE1N 56

* distance measured froh»thé ground lévef » (cm)

~ ** distance measured from the virtual origin (cm)
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TEST NO:

MATERIAL:

DUMP SIZE: 5.7 cm cube

TIME INTERVAL:

Ottawa Sand

I. sec.

1,65 x 10

~ 0.400 mm

3-'l’<_’g‘;/.m3v'j

B =1.83

z_ = z%*% at t=0 = 48

o =0.250

VIRTUAL ORIGIN IS AT Y# = 327

Frame No.

Apparentidimensjbns(cm)’

Actﬁa] dihénsicns (ecm) |

time t : z

Height y

kadiqs R

| Radius R |

in sec. | “incm

WO O~ AU W N —

256
24
. 231
221
213

205

193
188
152
76
73
71
68

10
12
15
20
21
22
26
27

30
39
40
41
43

Heighf'y

278
.-°259
247
234 .
215
205
199"
192
148
141
135
129

13

19 -
25
27
29
33
35
38.
49
51
52
54

16

by e
68 L2196
80 1 4083

102 - 8152
112 1 10188
122 | 12429
128 113999
135 1 15676

93. - 6279

* distance measured from the'ground féVei (cm)

** distance measured from the virtual origin (cm) -
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TESTNO: 11 UIRTUAL ORIGIN IS AT Y= 342

MATERIAL: Ottawa Sand . y_ = 1.65 x 10°kg/m> 2z, =z at =0 = 45

DUMP SIZE: 3.8 cm cube - D ”0.250””

0.4500 mm . - &

TIME INTERVAL: 1 sec. . . 8 =218

Frame No. f Apparent dimensions(cm) Acﬁdél dimensionsf(cuo 1 R IR 1 .2 ;_Z‘Z
, —————— - time t =~ |z T o
Height vy ‘|Radius R Height 'y Radius R | in‘se;, f inem |} ’

T2
54 935
Y - 2052

73 | 3348

89'-‘ 5896 ,
99 1 7776

271 - 8 1 297 o
264 10 | 288 13
256 15 278 19
248 15 C 269 : 20
241 16 © 259 21 -
236 17 253 22
228 19 243 25
223 . 20 | 237 25
218 21 231 ’ 26
213 21 - 224 27 -
208 22 . 218 - 28
203 23 212 . .29
198 24 205 _ 30
193 25 - 199 32

OOV EWN — O
(=)
w
P
co
£
N

FwWwNh—owooNnNOVIEWN —

boren e e e

* distance measured from the ground level (cm)

** distance measured frbm'thé~vlrtual origin (cm)
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TEST NO:

3

12 | | ~VIRTUAL ORIGIN IS AT Y& = 345 .
MATERIAL: Ottawa Sand y. = 1.65 g(*I'OBkg/m_3 . z, = zk* at t=0.= L5
DUMP SIZE: 3.8 cm cube D = "0.400 mm “a = 0.250
~ TIME INTERVAL: 1 sec. go=1.96 .
Frame No. Apparent dimensions(cm) |[Actual dimensions (cm) . - 2
- —— e -+ time t .z z z
Height y. Radius R Height y “Radius R in sec. - in cm
] 271 8 297 11 0 45 0
2 261 12 285 15 ] 57 . 1322
3 256 14 - 278 17 2 64 2110
b 248 15 269 19 3 73 3432
5 243 17 263 22 L 79 - 4424
6 236 17 - 253 22 5 89 6047 .
7 231 18 247 23 6 95 7000
-8 226 20 - 240 25 . 7 102 8379 -
9 218 21 231 26 8 111 10296
10 213 22 224 29
11 208 23 218 29 .
12 203 24 212 30
13 198 24 205 - 30
1 193 24 C 199 3]
15 188 25 192

* distance measured from the ground level:

** distance measured from fhe Virtuél origin (cm)

(cm)
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TEST NO:

_VIRTUAL ORIGIN IS AT Y& = 346~

MATERIAL: Polystyrene Y = 1.05‘x1103kg/m3 zo_é.z*#wat t=0 = 58
DUMP SIZE: 5.7 cm cube 0 = . 1.bmm a =0.240
TIME INTERVAL: 3 sec. g =1.82
Frame No. Apparent dimensions(cm) [Actual dimensions (cm) , 2 _ .,
. : - . time t z '
Height y . Radius R ~ | Height y= | Radius R in sec. in.cm
] 264 8 - 288 H 0 58 .0
2 254 11 275 14 3 71 1644
3 251 12 272 16 6 74 2109
b 246 15 266 19 9 80 3101
5 241 15 259 19 12 87 4158
6 233 15 250 19 15 96 5852
7 228 16 243 21 18 - 103 7245
8 223 17 237 22 v g 3
9 218 17 231 22
10 210 - 17 221 22
11 203 17 212 22
12 198 20 205 25
13 195 -20 202 . . 25
14 193 20 199 25
15 190 20 196 25

*‘dtstance‘measdred from the ground level ~ (cm)

%% distance measured frbmAthe virtual'origin(cm)
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TEST No: 14

MATERIAL:  Polystyrene

DUMP SIZE: 5.7 cm cube

TIME INTERVAL:

3 secs.

1.40 mm

.05 x 103kg/m3

VIRTUAL ORIGIN IS AT Y* = 346 =

‘@ =0.24o"

= ‘k* t=0) =
_zo b4 at t.O 52

| Frame No. - | Apparent dimensions(cm) |Actual dimensions (cm) . | -2
| — — — time t z ,
Height y Radius R | Height y . Radius R - in sec. - - in em-

] 269 12 294 16 .0 52 0
2 259 15 282 19 3 6L 1652
3 254 15 275 19 6 71 2537
4 246 15 266 © 20 9 80 - 4003

5 243 16 263 21 12 83 4538
) 238 17 259 22 15 87 4865
7 233 18 250 23 18 . 96 6512
8 228 20 243 25 - o

9 223 20 237 25

10 218 - 20 231 25

1 213 20 224 25

12 - 208 - 20 218 25

13 203 20 212 - 25

14 198 20 205 - 25

15 193 20 199 .25

* distance measured from the ground level

(cm)

** distance measured fromAthe-vlrtual origin (cm)
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~ TEST NO: 15 VIRTUAL ORIGIN IS AT Y¥* .= 346
MATERIAL: Polystyrene = 0.05 x 10’3,'kg/m3 zZg = z%* at t=0 = 6]
DUMP SIZE: 5.7 cm cube = 1.40mm - a = 0.240
TIME INTERVAL: 3 secs. B = 2.09"

Frame No. | Apparent dimensions{(cm) |Actual dimensions (cm) - , -2
' s - — - e - time t z B .
Height y - |Radius R = | Height y - Radius R ‘in sec. in cm

1 261 - 8 285 1 0 61 .0
2 254 12 275 16 3. 7V 1360
3 248 13 269 17 6 77 2305
b 243 15 263 19 9 83 3345
-5 236 15 253 - 20 12 93 5041
6 228 15 . 243 20 :
7 223 15 237 20 .
8 218 15 231 20
9 213 15 224 20
10 205 15 215 20
11 198 15 . 205 20
12 193 15 199 - 20
13 188 15 192 20
19 . 154 17 - 151 22
i 20 152 17 148 22
i 21 147 17 14 22
i

* distance measured from the ground'level

(cm) -

** distance measured from the virtual origin (cm)
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TEST NO: 16 o | | LVlRTUAQLORIGIN,lS AT Y = 346 .
MATERIAL: iPoly'styrene“ Ys = 0.05 x.l‘0,3'k‘g_/m3 - z, -='.z'*.*A at t=0 = 58 ' o
DUMP SIZE: 3.8 cm cube D = 1.40 mm a = 0.240
TIME INTERVAL: 4 secs. | 8 = 2.45
"Frame‘No. Apparent dimensions(cm) [Actual dimensions (cm) : . -2
, - . time t -
‘Height y Radius R " Height 'y ~Radius R in sec. in cm
] 264 10 288 12 0 58 -0
2 259 12 282 16 Y 64 8N
3 254 12 - 275 16 8 71 . 1668
A 248 12 269 16 2 77 2619
5 243 15 263 19 16 83 3635
6 238 16 259 21 20 87 4304
7 233 17 250 22
8 228 17 243 22
9 226 17 240 22
10 223 17 237 22
1 218 17 231 22
12 213 17 224 22
13 208 17 218 22
14 205 17 22

‘215

® distance_measuredvfrcm the ground level

- {cm)

** distance measured from the virtual origin ;(cm)



69

TEST NO: 17

VIRTUAL ORIGIN IS AT Y% = 346

MATERIAL: Polystyrene F‘Y~ = 0.05 x IO3kg/m3 za;:_zﬁﬁzat t=01g 61
DUMP S1ZE: 3.8 cm cube D = 1.400 mm "a- = 0.240 |
TIME INTERVAL: %4 secs. ‘g = 2.50
Frame No. Apparent dimensions (cm) Actual dimens ions (cm) : -2
: - -  time t z o
Height y Radius R Height y Radius R in sec. in cm '
I 261 0 285 13 0 3 0
2 259 11 282 14 k 64 678
3 254 15 275 19 8 71 1559
4 248 15 269; 19 12 77 2534
5 243 15 263 19 16 83 3591
6 238 16 259 21 _ 20 . 87 4712
-7 233 17 250 22
8 228 17 243 22
9 226 17 240 22
10 223 18 237 23
11 215 18 228 23
12 210 18 221 23
13 205 18 215 23
14 200 18 208 23
3
* disctance meaSu%e: vror the ground level o (cm)

** distance measured from the virtual origin _(Cm)
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TEST NO: 18

3 3

VIRTUAL ORIGIN IS AT Y* = 346

MATERIAL: ~ Polystyrene Yo = 0.05x 10%Kkg/m? oz mzthat t=0 =5y
DUMP SIZE: 3.8 cm cube "D = 1.400 mm o = 0.240
TIME INTERVAL: & secs. - B = 2.58
Frame No. |Apparent dlmensions(cm) :Actu51 dimensions»(cm) ‘ -2
- e - time t z e
Height y =~ |[Radius R " Height y Radius R | 'in sec. in cm
I 269 10 294 13 0 52 0
2 259 12 282 16 . 4 64 1515
3 254 15 275 19 8 71 2372
4 248 15 269 19 12 77 2867
5 243 15 263 19- 16 83 4339
6 238 16 259 21 - 20 . 87 4865
7 233 17 250 22
8 231 17 247 22
9 228 17 243 22
10 223 17 237 22
1 218 17 231 22
12 213 17 224 22
13 208 17 218 22
14 203 18 212 23
* distanée,méasured'from the ground levei (cm)

** distance measured from the virtual origin (cm)
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" HEIGHT OF THE CENTRE OF THE GLOUD

150+

200 |-

120

L LIS ]

‘Material : Polystyrene
, Grain'size[: 1.400mm

Dump size: 3.8cm

o TEST NO.16
© TEST NO.17
4 TEST NO.18
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TEST NO: 19

3

- VIRTUAL ORIGIN IS AT Y* = 353 .

MATERIAL: Glass Beads Ys = ], 50 x 10 kg:/mS - N zo = z%% at t=‘o_ = )10
DUMP SIZE: 7.6 cm cube D. = 0.253 mm a = 0.258
TIME INTERVAL: 2 secs. B = 1.83 L
Frame No. Apparent dimensions(cm) |Actual dimensions (cm) : . 2 _,2
' — — — time t -z ‘ o
| Height y Radius R = | Height Y Radius R in sec. jn cm-
1 269 . 12 294 16 - - ‘
2 228 15 243 19 - 0 110 0
3 203 25 - 212 - 32 2 . 141 7897
4 188 30 192 38 4 161 13651
5 172 33 173 L] 6 180 20136
6 157 33 154 41 8 199 27390
7 142 34 135 43 10 218 35337
8 132 38 . 122 48 12 231 4]025
9 121 43 110 54 14 243 47085
12 101 55 84 70 - . 20 269 60133
13 91 58 . 71 73 22 . 282 67117
14 81 61 59 76 24 294 74423

* distance measured from the ground level

(cm)

** distance measured from the virtual origin (cm)
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CTEST NO: 20 IR VIRTUAL ORIGIN IS AT Y% = 353
MATERIAL: - Glass Beads yg = 1.50 x 10°kg/m? C oz =zt at t=0 = 8 ‘
DUMP SI1ZE: 7.6 cm cube p = '0.253 mm a = 0.258
© TIME INTERVAL: 1 sec. B = 2.04
Frame No. Abparent dimensions (cm) Actual'dlmehéiéns (cm) . : - 2.2
‘ . — e ‘ +— - —_ time t Z : o
Height y . [Radius R Helght y ‘Radius R | in sec. in cm L
] 248 15 - 269 19 0 8k 0
2 238 17 259 22 T 94 1763
3 223 19 237 24 2 116 6290
4 213 20 224 25 3 129 9413
5 198 24 205 30 i 148 14683
6 188 27 192 35 5 161 - 18591
7 182 30 186 30 6 167 20682
8 175 33 177 4 7 176 23973
9 167 34 167 43 8 186 27448
10 157 34 154 43 9: 199 32329
1 152 35 148 4g 10 205 34911
12 149 38 145 48 11 208 36232
13 Thy 4bo 138 51 12 215 . 38937
14 137 43 129 54 13- 224 43103
15 132 Ly 122 56 14 231 L6011
16 127 45 116 57 15 237 49001
*»distanéeAmeasured from the ground level (cm) .

** distance measured from the virtual origin (cm)



TEST NO: 21 VIRTUAL ORIGIN IS AT Y¥'= 353~

L 1A

MATERIAL: Glass Beads Y_ = 1.50 x 103kg/m> z, = 2% at t=0 = 8]
DUMP SIZE: 7.6 cm cube D = 0.253 mm . a = 0.258
TIME INTERVAL: 1 sec. .;3 §= 1.74
Frame No. Apparent dimensions{cm) |Actual dimensions (cm) 22 - 5
. ‘ - -+ time t z o
Height y  |Radius R Height y | Radius R | in sec. in cm
] 269 12 294 16 :
2 251 17 272 22 0 81 0
3 238 20 259 25 1 94 2162
4_ 221 .25 234 32 2 110 7410
5 213 . 26 224 33 3 129 - 9771
6 - 203 26 © 212 33 4 141 13179
7 195 27 202. 35 -5 151 .15969
8 190 27 196 35 6 - 15 17900
9 182 - 29 186 37 7 167 - 20995
10 180 30 183 38 8 170 22067
1 167 35 167 L5 9 186 ~ 27701
12 162 38 161 48 10 192 30111
13 157 43 154 54 1 199 32603
14 152 L3 148. 54 12 205 35177
15 147 48 14 61 13 212 37791
16 144 48 138 61 . 14 215 39064
* distance measured from the ground level (Cm)

** distance measured from the virtual origin (cm)




" RADIUS OF THE CLOUD R

0

(in cm)
20 40 60 80 100

o    3_5.0§_

Yy

HEIGHT OF THE CENTRE OF THE CLOUD

160 -

120

200 -

T T T T T T T T

Dump size: 7.6cm

Material : Glass beads |

Gr’ain' size : 0.253mm

o TEST NO.19

o TEST NO.20
a TEST NO.21
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TEST NO: 22

K

VIRTUAL ORIGIN.IS AT Y& = 365 -

MATERIAL: Glass Beéds s = 1.50" x° l:()3kg/m_3 _z_c; = z*f" 'a't t=0 = 106
DUMP SIZE: 5.7 cm cube D = 0.253mm a =0.288
TIME INTERVAL: 2 secs. | B = 1.45 3
Frame No. Apparent dimensions(cm) ,Aétuaikdimensions.(Cm) : 2 -
‘ - - . — ‘ —t time t oz z -z
| Height y ‘Radius R - Height .y | Radius R [ ‘in:sec. in cm
1 299 12 332 6 | |
2 241 20 - 259 25 - 0 106 -0
3 228 29 243 37 2 122 3079
4 218 33 231 LY 4 134 6315
5 208 38 218 48 6 147 9849
6 200 Lo 208 51 8 157 12735
7 195 43 202 54 10 163 14761
8 185 4 189 56 12 S 176 19025
9 - 180 48 183 61 14 182 21295
* distance measured frqm‘ﬁﬁe!ground levet ~ (cm)

- ** distance measured from .the virtual origin (cm)




TEST NO: 23 | T _ VIRTUAL ORIGIN IS AT Y*.= 365 . . .

1.50 x 10%kg/m> |z = 2tk at t=0 = 96

<
]

MATERIAL: Glass Beads: o

DUMP SIZE: 5.7 cm cube

o
“n

0.253 ‘mm . o 0.288 .

1.72

TIME INTERVAL: 2 secs. . S 8

Frame No. |Apparent dimensions(cm) |Actual dimensions (cm) B ' L | 2 2.
, , ' ‘time t |z ST %
Height y Radius R Height y Radius R | insec. |. 1inecm :

266 S | 291 b
248 20 | 269 - 25.
236 | 27 253 | 35
223 | 33 237 -
210 38 221 48
203 39 212 - b
198 39 - 205 49
188 40 192 51
| 178 43 180 54
14 1 55 - 138 70
15 137 58 129 | 73
16 134 6l 126 - S 76
17. 132 61 | 122 76

- 96 ' 0-
12 ' 3264
128 | 7765
i | 12180
153 - 15059
160 1. 17100
173 : - 21430
185 26049.

LL

W O~ AW W N —
T ENOORSENO

# distance measured from the gfound level (cm)

** distance measured from the virtual origin (cm)
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TEST NO: 24 S . VIRTUAL ORIGIN IS AT Y& = 365 . ©

MATERIAL: Glass Beads - . f = i.SO”xvlogkg/m3 B 2°,='?**Laf-t*°'= 87 ; S

DUMP SIZE: 5.7 cm cube D = 0.253 mm . a =0.288

TIME INTERVAL: | sec. - I B = 1.53

‘Frame No. Apparent,dimensions(cm) 'Actual-diménsiOns_(cm) | . - 2 2
» ~ — —e time t 1. z )T o]
| Height y° Radius R | Height y Radius R in.sec. | incm

266 ) 12 . 291 16
256 - 19 L 278 : 24
248 22 269 29
243 24 263 t 30
238 .25 ‘ 259 . 32
233 26 250 33
228 ‘ 27 243 - 35
223 - 29 237 37
218 30 . 231 .- 38
213 33 © 224 L 142 ] 12458
208 ' 33 218 42 , 1 148 14312
203 35 212 45 10 154 16249
198 36 205 Lg 11 161 - 18235
195 4o 202 : 51 12 : 164 19275
193 4o 199 51 13 167 20335
190 - 'Y o196 . - 53 14 170 21415
188 43 192 .. 544 ' : '
185 45 189 - 57
182 47 ’ 186 ‘ 59
180 48 ‘ 183 - 61
177 48 : 180 - 61
172 ‘ kg 1 w3 62
167 - 50 | 67 | . 64

- 87 : 0
96 1865
102 3091
106 © 3892
15 5904
122 | 7809
129 9019
135 10712

WONOVMI EFWN —O |

N o s e i i

N NN
W N —

*vdistance,measured‘from the ground level (cm)

** distance measured from the virtual origin (em)



 RADIUS OF THE CLOUD R
~ (in cm)
. .0 .20 40 60 80 100

. 350 1\ | ; Dump size: 5.7cm
R T Material : Glass beads
\  Grainsize : 0.253mm |
\ O - B TEST NO.22
\  ©° TESTNO.23 |
AU 4 TEST NO.24 |

300\

In cm
N
T -
>
» B/O

200}

HEIGHT OF THE CENTRE OF THE CLOUD y

o 1s0F

120

79




TEST NO: 25

VIRTUAL ORIGIN IS AT YA w 325 -
MATERIAL: Glass beads ’Ys'- 1;50x103kg/m3 z, = Zh* at t=0 s 37.
DUMP SIZE: 3.8 cm cube ‘D = 0.253 mm a = 0.268
TIME INTERVAL: | sec. S , B = .41
Frame No. Apparent dimensions(cm) |Actual dimensions (cm) C ‘_ 22 - g 2
- ' - time t | z ' - o
Height y Radius R "Height y ~Radius R in sec. - incm
] 274 7 301 10 - - -
2 264 10 288 13 0 37 -0
3 259 10 282 13 1 43 4907
L 251 12 272 16 2 53 1400
5 246 13 266 - 17 3 59 L2116
6. . 243 15 263 19 4 62 2505
7. 238 15 259 19 5 66 2993
- 8 233 17 250 22 6 75 4249
X 9 228 18 243 23 7 82 5233
10 226 18 240 23 8 . 85 5764 -
11 223 20 237 25 9 88 6315
12 218 21 231 27 10 94 7478
13 213 22 224 29 AF 101 8724
14 210 22 221 29 12 . 104 | 9357
15 208 23 218 29 13 107 10030
16 . 205 25 215 ~32 14 110 10724
17 203 25 212 32 15 -113 11438
18 198 27 205 35
19 1193 27 199 - 35
20 188 27 192 35
21 182 28 186 36

® di§tance measured from the ground level (cm)

** distance measured from the virtual origin (cm)




TEST NO: . 26 VIRTUAL ORIGIN IS AT Y&'=s 355
MATERIAL: - - Glass Beads - Yg = 1.50x103kg/m3 Sz, = z&% at t=0 = g6
DUMP SIZE: 3.8 cm cube D = 0.253 mm a = .0.268
. TIME INTERVAL: 1 sec. B = 1.67 :
Frame No. |Apparent dimensions(cm) [Actual dimens ions (cm) : ‘ ' :22 - 2
, , — time t z -
"Height y Radius R Height y Radius R in sec. in.cm
1 248 10 269 13 - - -
2 238 12 " 259 16 0 66 0
3 233 15 250 19 1 75 _'1'2'29
4 228 16 243 21 2 B2 . 2214
5 223 17 237 22 3 88 | 3296 |
6 221 19 234 2 4 91 3885
7 218 20 231 25 5 94 4440
o 8 213 21 224 26 6 101 5684
- 9 208 21 218 26 7 107 7011
10 205 21 215 26 8 110 7704
1 200 21 208 26 9 7 9153
12 198 22 205 29 10 120 9884
13 195 23 202 29 11 123 10660
‘ 14 193 25 199 32 : |
' 15 188 27 192 35 .
i 16 182 27 186 35
i 24 160 - 38 157 48
ﬂ 25 157 38 154 48
¥ 26 155. 38 151 L8
)
1
1

* distance measured from the ground level (cm)

** distance measured from the virtual origin (cm)
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MATERIAL : Glass Beads oy = 1.50x10”kg/m”" S zg =M at t=0= gg

DUMP SIZE: 3.8 cm cube D 0.253 mm - _ e -=‘”0-268

TIME INTERVAL: 2 sec. - ) B = 1.8

Frame No. Apparent dimensions(cm) |Actual dimensions (cm) = : ' 2 -2
. — —_ —+  time t ‘ z . - ‘o
Height vy Radius R’ Height y Radius R in sec. | incm.

259 | 8 - 282 A 10 = _
248 10 269 13 0 56 0
236 13 - 253 16 2 , 88 4608
226 15 240 19 ok 101 - 7065
215 18 228 , 22 ' 6 14 9860
208 20 218 26 8 123 11993
200 23 : 208 29 10 133 14553
198 24 205 30 12 136 15360
1 191 24 196 © 30 14 143 17313
15 155 33 151 L .
16 150 33 . 145 4
17 : 145 _ 34 138 "

8

W 0O~ VU1 W N —

* distance measured from the ground levei  (cm)

** distance measured from the virtual origin (cm)




RADIUS OF THE CLOUD R

. (in cm)

0O . 20 40 60 80 100

B T (O e e MR S s Es e e RS |
Dumpsize: 3.8cm

- 350

vy

(in cm)

'HEIGHT OF THE CENTRE OF THE CLOUD

300\

250

200}

160

120

Material : Glass beads
Gram size : 0.253 mm

o TEST NO. 25
o TEST NO.26 |
& TEST NO. 27

- 83
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TEST NO: 58

VIRTUAL ORIGIN IS AT Y% = 349

MATERIAL: Glass Beads Yo = 1.50 x 10%kg/m® z_ = 2% at t=0 = 48
DUMP SIZE: 7.6 cm cube D = -0.213 mm a =.0.288
TIME INTERVAL: 1 sec.’ 8 = 1.024
Frame No. | Apparent dimensions(cm) [Actual dimensions (cm) o 2.,
. — —— ~ time t _ . z .
Height y ‘Radius R Height vy | Radius R in sec. in cm
1 274 10 301 13- - = -
2 259 18 282 22 0] 48 0
3 249 20 269 : 26 ] 61 1417
b 239 27 259 33 2 71 2737
5 234 28 250 35 3 80 4096
6 224 30 237 38. 4 93 6345
7 218 30 231 - 38 5 99 7497
8 211 31 221 1 39 6 109 9577
9 203 33 212 LY 7 118 11620
10 201 f 36 208 ' 45 8 122 12580
11 198 ) 36 205 45 . 9 125° 13321
12 196 ‘ 37 202 ’ it 10 128 |h080
13 193 ; 38 199 ' 48 11 131 14857
14 191 38 196 58 12 134 15652
15 185 . 4] 189 - 51 13 L 17577
16 178 42 180 - | 53 B 150 20196
17 175 . 43 177 : 54 15 153 21105
18 168 . 48 167 Y 16 163 24265
19 163 48 161 : 61 :
20 157 51 154 64
21 152 53 148 1 67
* Cistance measured from the grouad level - (cm)

** distance measured from the . virtual origin (Cm)
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TEST NO: 29 B S _VIRTUAL ORIGIN. IS AT Y¥'= 349 . =
'z’*:*.‘at t=b = 80 )

 MATERIAL: Glass Beads E Yo = 1.50 x 10%ke/m® .z

DUMP SIZE: ‘7.6 cm cube

o
1]

0.2i3 mm | o = 0;288;

TIME INTERVAL: - 1 sec. R B =1.540

Frame No. ‘Apparent dimensions(cm) Actual dimensions (cm) . : 2: 2
_ : — time t | =z o
‘Height y Radius R | Height y Radius R insec. | incm

264 13 1 - 288 16
249 18 1 269 22
239 20 | 259 26
227 ' 26 244 : 32
224 ! 28 - 237, 35
213 30 S 224 - 38
203 36 212 . hs
193 38 -+ 199 48
188 . 38 193 48
183 43 186 54
178 . b6 180 _ 57
173 51 . 173. : . 64

80 0

90 1700
105 4625
112 6144
125 9225
137 12369
150 1 16100
156 1 17936
163 ' 20169
169 22161
176 1 24576

QW oSNNI W N —O I

N —=0OwWwWoo~NNOVVTITWN —

* distance measured from the ground level ~ (cm)

*% dlstance measqred from the virtual orlgin (cm)




COTESTNO: 30 o Lo L yIRTUAL ORIGIN IS.AT Ye= 349

MATERIAL: Glass Beads  y_= 1.50'x 10%kg/m> .z = zitat t=0 = 86

. 0:273 rm e - o0.288

Q.
(]

DUMP SIZE: 7.6 cm cube

P

Frame No. |Apparent dimensions(cm) |Actual dimensions (cm) | = = I N N
‘ . e —— — . time t - : z o To
Height y Radius R Height y Radius R insec.. | incm o

267 - 13 : 291 . - 16
244 15 . 263 0 b 9
231 20 247 : 26
221 25 234 32
211 27 221 33 .
198 30 , 205 _ .38 .
193 33 - 199 . 41
188 36 193 45
180 36 . 183 45
175 - 37 1 177 46
168 38 167 48
157 39 : 154 TR
155 . L 151 51 -
152 43 148 1 L
150 b3 : 145 - 54
147 L3 | B Y 54
142 43 : 135 54
137 - b6 129 - 57
132 48 | 122 C6l
122 5] 110 ' 64

- 86 0
102 3008
115" | 5829
128 . 8988
144, 13340
150 | 15104
156 16940
166 20160
172 22188
182 25728
195 30629
198 31808

98

—OWEONOVIEWN—O |

#,distance.measured from,the,gfodnd level _(cm)

** distance measured from the virtual origfn (cm)



RADIUS OF THE CLOUD R
(incm)

20 40 60 80 100

370

Yy

(in"cm)

200 -

HEIGHT OF THE CENTRE OF THE CLOUD

150

300}

T T 1 T Y

- Dump size : 7.6cm |
Material : Glass beads |
 Grain size : 0.213mm |
o TEST NO. 28

o TEST NO.29 |

a TEST NO.30 |

120
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TEST NO:

g

B -

VIRTUAL ORIGIN IS AT Y& = 340

MATERIAL: Glass Beads Y, = 1.50 107kg/m’ z, = z¢* at t=0 = 58
DUMP SIZE: 3.8 cm cube D = 0.213 mm o = 0.283
© TIME INTERVAL: 2 secs. g = 1.313
| Frame No. Apparent dimensions(cm) Actual'dimehsioﬁs (cm) 2 -2
— ' — - Ctime t oz o
Height y Radius R* .| Height y Radius R . in sec. in cm

1 272 10 298 | 3 | - - -
2 259 13 282 16 0 58 0
3 249 15 269 : 19 2 71 1677
4 241 18 259 22 l 81 3197
5 234 20 250 26 6 90 4736
6 229 23 244 29 8 96 5852
7 226 24 240 {30 10 - 100. 6636
8 218 25 231 32 12 109 - 8517
9 213 28 224 35 14 116 10092
10 208 29 218 - 37 16 122 11520 .
11 203 30 212 38 18 128 13020
12 196 33 1202 : 4) 20 138 15680
13 191 34 196 | - 43 ‘ :
14 185 34 189 . b3
15 178 36 - 180 - L5
16 175 36 177 L5
17 170 37 170 b6

B ';

i !

E_

i.

'! .

! i

‘% aistance measured from the grounc fevéf (cm)

** distance measured from the virtual origin (cm)
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CTEST NO:. 32

MATERIAL:

DUMP S1ZE: 3.8 cm cube

Glass Beads

~ TIME INTERVAL: 2 secs.

| ~ _VIRTUAL ORIGIN IS AT Y¥.= 3h0.

= 1,50 x 1o

3

0.213 mm .

z. = zkk at t=0 = 62
o . i .
o H'= .0, 283

j;é; = 1.570

Frame No. |Apparent dimensions(cm) |Actual dimensions (cm) - 2 .,
- —— time t z
Height y Radius R Height y ~ Radius R in sec. in cm

] 269 10 294 13 - - -
2 257 13- - 278 16 0 62 0
3 2k6 15 266 19 2 74 1632
4 239 16 259 20 4 81 - 2717
5 226 20 . 240 - 26 6 100 6156
6 224 .20 237 26 8 103 - 6765
7 218 23 231 24 10 109 8037
8 211, 25 221 32 12 119 10317
"9 203 30 212 38 14 128 12540
10 198 32 - 205 i 40 16. 135 14381
11 196 33 202 - 4 18 138 . 15200
12 191 36 196 4g - 20. 144 16892
13 178 38 180 48 . 22 160 T 21756

* distance measured from the ground level (cm)

** distance measured from the virtual origin (cm)



06

TEST NO: 33

MATERIAL: Glass Beads Cvgm bsox 0k’ oz = zmwat t=0 = 58

DUMP SIZE: 3.8 cm cube S 0.213 o = 0.283

" TIME INTERVAL: 2 secs. o g = 1.k60

~ VIRTUAL ORIGIN IS AT Y& = 340

Apparent dimensioné(cm) :Actuai dfménﬁiéns (cm). j : o . 1 2

' Frame No.

Height vy

Radius R

" Height Yy

Radius R

time t

in sec.

in cm

269 o | 294 | a3
259 oo o282 | ah

, 58 j 0
246 15 266 1 - 19

74 I 2112

234 23 . 250 ! - 29 . :
226 ; 24 240 ' 30 8 . 100 . 6636

10092
11520

213 28 ©o224 .. 35 12 , 116
208 30 218 38 T 14 ‘ 122
201 32 1 208 . bo 16 1 132
198 33 205 , b 18 1 135
193 1 33 199 | W ' :
183 1 33 . 186 b
178 | 36 | - 180 . 4y
173 . 38 -1 - 173 | 48
168 . ho I 167 51
163 43 1 61 . 54,
157 46 {15 57

O\W ON O W N —

— o — — — —
QO OV W o —

0
2 g

239 20 259 26 4 _ 81 3197
6 90 4736

218 25 - 231 b 32 10 - 109 - 8517

14060
14861

* distance measured from the ground levélk (cm) -

**% distance measured from the virtual origin (cm)
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HEIGHT OF THE CENTRE OF THE CLOUD vy

(in cm)

370

300

N
o
©

200

150

120

RADIUS OF THE CLOUD R
(in cm) - -

20 40 60 80 100

i I I 1 I I 1

Dump size: 3.8cm
Material : Glass beads
Grain size: 0.213mm
.o TEST NO.31
o TESTNO.32 |
a TEST NO.33 -

g>°

_ (D«
'.98"’ _

4"

(]

91
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TEST NO:  3h S VIRTUAL-ORIGIN IS AT Y* = 359

1.50 x 103kg/m3 ' -‘i

-< .
]

MATERIAL: Glass Beads

o " T at §=0-é 7

DUMP SIZE: 7.6 cm cube D 0.180 mm - | @ =0.298

TIME INTERVAL: 1 sec. o o 8 =1.133

e

Frame No. Apparent dimenéions(cm)' Acfual dimensfons (cm) 3 - ]2 2
: — — time t 'z ) "o
Height y Radius R ~ Height y - Radius R "in sec. in cm

272 ‘ 10 - 298 13 -
259 ' 18 282 : .22
254 23 ‘ 275 29
239 25 . 259 32
231 .30 247 38
224 - 36 237 _ . 45
221 : 39 - 234 ' 49
216 42 228 - 53
211 46 - 221 57
206 46 215 57

77 0
84 | 27
100 4071
112 6615
122 8955
125 9696
13) 11232
138 13115
144 : 14807

NI OV EWN —O )

OWONOVMIEWN —

- * distance measured from the ground ievel (cm)

*% distance measured from the virtual origin (cm)
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TEST NO: VIRTUAL ORIGIN IS AT Y% = 359

MATERIAL: Glass Beads Yo =T 1.50 x 103kg/m3‘ z = z*% at t=0 = 84 |

DUMP SIZE: 7.6 cm cube D = 0.180 mm o = 0.298

TIME INTERVAL: I sec. B = 1,290.

Frame No. Apparent dimensions(cm) [Actual dimensions (cm) 2 _,
. time t z o
Height y Radius R | Height y Radius R in sec. in cm

] 272 13 298 16 - = -
2 254 17 275 21 0 84 0
3 244 ‘ 22 263 27 1 96 2160
4 234 J 23 - 250 29 2 . 109 4825
5 224 27 237 33 3 122 7828
6 218 29 231 37 4 128 19328
7 - 213 32 224 4o 5 135 11169
8 203 33 212 4 6 147 14553
9 198 36 205 45 7 154 16660
10 193 38 199 48 8 160 18544
11 191 39 196 49 9 166 20500
12 188 43 193 CL! 10 169 21505
13 183 46 186 57 11 176 123920
14 180 47 183 59 12 183 26433

* distance measured from the ground leve] (cm)

** distance measured from the virtual origin (cm)



RADIUS OF THE CLOUD R
. ' (in cm) _

HEIGHT OF THE CENTRE OF THE CLOUD

0 20 40 60 80 100
370 | S | | T T T 1 ‘
JR R Dump size: 76 cm
350 K\ Material : Glass beads
\ Grain size : 0.180 mm
10\ ® TEST NO.34
\\ o TEST NO. 35
Y .
, v
> \
\
\
300_ OD\
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a
E
© 250
£
200 |
150
120

94
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TEST NO: 36

VIRTUAL ORIGIN IS AT Y* = 337

MATERIAL: . Glass Beads Y. = 1.50 x 103kg/m3 z°‘='2** at t=0 = 78
DUMP SIZE: 5.7 cm cube D = 0.180 mm a = 0.300
TIME INTERVAL: 2 secs. B = 1.000
Frame No. Apparent dimensions(cm) |[Actual dimensions (cm) 2. 2
time t z
Height y Radius R 'Height y Radfus R in sec. in cm
i 269 10 294 13 - - -
2 239 14 259 18 0 78 0
3 234 18 250 22 2 87 1485,
4 226 23 240 29 4 97 3325
5 213 28 224 35 6 113 6685
6 206 30 215 38 8 122 8800
7 198 30 205 38 10 132 11340
-8 196 30 202 38 12 I35 12141
9 193 36 199 45 14 138 12960
10 183 37 186 46 16 151 16717
11 178 39 180 L9 18 157 18565
12 173 43 173 54 20 164 20812
13 168 Le 167 57 22 170 22816
14 157 48 154 61 24 183 27405
15 152 51 . 148 64 26 189 29637
* distance measured from the ground leve] (cm)

** distance measured from the virtual origin (cm)
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TEST NO:

37 VIRTUAL ORIGIN IS AT Y# = 337
MATERIAL: Glass Beads Y. = 1.50 x 103kg/m3 z = zk* at t=0 = ¢
DUMP SIZE: 5.7 cm cube D = -.180 mm a = 0.300
TIME INTERVAL: 2 secs. B = 0.980
Frame No. Apparent dimensions(cm) |Actual dimensions (cm) 2.,
. time t z o
Height y ‘Radius R Height y Radius R in sec. in cm
! 274 S 301 11 - - -
2 254 15 275 19 0 62 0
3 239 20 259 26 2 78 2240
4 224 21 237 26 4 100 6156
5 213 23 224 29 6 113 8925
6 208 28 218 35 8 119 10317
7 201 30 208 38 10 129 12797
8 196 33 202 4 12 135 143813
9 191 36 196 45 14 141 16037
10 185 38 189 48 16 148 18060
I'l 180 4] 183 51 18 T54 19872
12 175 43 177 54 20 160 21756
|
] i
i
* distance mezsured from the ground levei . (cm)

** distance measurec from the virtual origin (;m)



370

350

300

(in cm)
n
O,
o

200

HEIGHT OF THE CENTRE OF THE CLOUD vy

150

120

" RADIUS OF THE CLOUD R

100

| (in cm) |
0] 20 40 60 80
| I I ) | 1 T T 1
Dump size: 5.7cm
i Material : Glass beads
& Grain size : 0.180 mm
\

e TEST NO.36
o TEST NO.37

97
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TEST NO: 38

VIRTUAL ORIGIN IS AT Y* = 337

** distance measured from the virtual origin (cm)

MATERIAL: Glass Beads v, = 1.50 x 107 Kkg/m’ z, = 2% at t=0 = 65
DUMP SIZE: 3.8 cm cube D = 0.180 mm a = 0.300
TIME INTERVAL: 2 secs. B = 1.360
Frame No. Apparent dimensions(cm) [Actual dimensions (cm) 2 _,
time t z ‘
1 Height vy Radius R Height y Radius R in sec. in cm
] 262 10 284 13 - - -
2 251 15 272 19 0 65 0
3 241 20 259 26 2 78 1859
4 234 24 250 30 4 87 3344
5 229 28 - 244 35 6 93 LL24
6 224 28 237 35 8 100 5775
7 216 30 228 38 10 - 109 7656
8 211 30 221 38 12 116 9231
9 203 33 212 4 14 125 11400
10 198 33 205 4 ' »
11 193 34 199 43
12 191 34 196 - 43
13 185 36 189 45
14 180 37 183 L6
15 175 38 177 48
16 170 39 170 49
17 165 4 164 51
18 157 42 154 53
19 155 43 151 54
20 152 Ly 148 56
21 150 L 145 . 56
. * distance measured from the ground level (cm)
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TEST NO: VIRTUAL ORIGIN IS AT Y* = 337
MATERIAL: Glass Beads Y, = 1.50 x 10%kg/m’ z = 2% at t=0 = 65
CUMP SIZE: 3.8 cm cube D = 0.180 mm e = 0.300
TIME INTERVAL: 2 secs. B =1.393
Frame No. -|Apparent dimensions(cm) [Actual dimensions (cm) z2 -5
- time t 2
‘Height y Radius R Height vy - Radius R in sec. in cm..
! 262 13 285 16 - - -
2 251 16 272 20 0] - 65 0
3 241 19 259 24 2 78 1859
4 236 20 253 26 4 84 2831
5 229 25 244 32 6 93 L2 4
6 221 28 234 35 8 103 6384
7 216 29 228 36 10 109 7656
8 211 30 221 38 12 116 . 9231
9 203 33 212 41 14 125 11400
10 198 34 205 43 16 132 13199
11 196 36 202 4s 18 135 . 14000
12 191 36 196 4g .
13 185 37 189 46
14 180 37 183 L6
15 175 38 177 48
16 165 - 39 164 4g
17 160 | 1 157 51
18 157 Uy 154 51
19 152 4 148 51
20 150 43 145 54
21 147 §3 142 54
22 145 Lo 138 57
23 142 47 135 59
* distance measured from the ground level (cm)

** distance measured from the virtual origin (cm)
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TEST NO: = 40 VIRTUAL ORIGIN IS AT Y* = 337
MATERIAL: Glass Beads Yo = 1.50 x 10°kg/m’ z, = z¢* at t=0 = 7}
DUMP SIZE: 3.8 cm cube D = 0.18 mm . a = 0.300
TIME INTERVAL: 2 secs. B = 1.487
Frame No. Apparent dimensions(cm) [Actual dimensions (cm) 2 _ 2
time t z ,
Height y Radius R Height y Radius R in sec. in cm
1 254 14 275 18 - - -
2 244 18 263 22 0 - 74 0
3 236 23 253 29 2 84 1580
4 231 24 247 30 4 90 2624 .
-5 224 25 237 32 6 100 Ls24
6 213 26 224 33 8 113 7293
7 211 28 221 35 10 116 7980
8 206 29 215 37 12 122 9408
-9 198 30 205 . 38 14 132 11948
10 193 31 199 39 16 - 138 13568
11 188 33 193 41 18 144 15260
12 183 33 186 I ‘
13 180 34 183 43
14 - 178 36 180 45
15 170 39 170 49
16 168 Ly 167 51
17 165 43 164 54
18 157 43 154 54
19 155 L6 151 57
i 20 150 46 145 57

* distance measured. from the ground leveij

(cm)

** distance measured from the virtual origin (cm)
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Dump size:  3.8cm

Material : Glass beads

Grain size : 0.180 mm
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0 TEST NO.39

\ A TEST NO.40

101




A0

'y

VIRTUAL ORIGIN IS AT Y+ = 356

TEST NO: 4]

MATERIAL: Glass Beads v, = 150 x 10%kg/m’ 2, = 2% at t=0 = 93

DUMP SI1ZE: 7.6 cm cube D = 0.151 mm a = 0.310

TIME INTERVAL: I sec. B = 1.320

 Frame No. Apparent dimensions(cm) |[Actual dimensions (cm) 22 -,

time t z
Helight y Radius R Height y Radius R in sec. in cm

! 257 17 278 21 - - -
2 244 19 "263 24 0 93 0
3 234 23 250 29 1 106 2587
4 229 23 244 29 . 2 112 3895
5 221 25 234 32 3 122 6235
6 213 27 224 33 4 132 8775

i -7 208 30 218 38 5 138 10395

i 8 203 33 212 4 6 144 12087
9 198 37 205 ke 7 151 14152
10 191 38 196 48 8 160 16951
11 183 4] 186 51 9 170 20251
12 180 43 183 54 10 173 21280

* distance measured from the ground levei

- ** distance ‘measured from the virtual origin (cm)

- (cm)
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TEST NO: 42

= 1.50 x 103kg/m3

VIRTUAL ORIGIN IS AT Y* = 356

MATERIAL: Glass Beads Ys z, = z¥% at t=0 = gy

DUMP SIZE: 7.6 cm cube D = 0.151 mm ¢ = 0.310
TIME INTERVAL: I sec. B = 1.306

Frame No. Apparent dimensions(cm) [Actual dimensions (cm) 22 . 2

. time t z
Height y Radius R Height y Radius R in sec. in cm
1 259 19 282 24 - - -

2 249 23 269 29 0 87 0

3 239 25 259 32 1 97 1840

4 229 29 244 37 2 112" 4975

5 224 30 237 38 3 119 6592 -

6 218 36 231 4g 4 125 8056

-7 213 38 224 48 5 132 9855

8 203 39 212 - k9 6 144 13167

9 198 43 205 . 54 7 151 15232

10 193 L6 199 57 8 157 17080

11 188 48 193 61 9 163 19000

12 183 48 186 61 10 169 20992

* distance measured from the ground leve!

(cm)

** distance measured from the virtual origin (cm)
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TEST NO: VIRTUAL ORIGIN 1S AT Y* = 328
MATERIAL: Glass Beads Yg = I.5Q X lO3kg/m3 z, = z** at t=0 = ‘69
DUMP SIZE: 5.7 cm cube D = 0.151 mm G = 0.310
TIME INTERVAL: 2 secs. B = 1.299
Frame No. Apparent dimensions(cm) Actdal dimensions (cm) : . 2 _,
time t : z
Height vy Radius R Height y Radius R in sec. in cm
I 274 10 301 13 - - -
2 239 13 259 16 0 69 0
3 224 18 237 . 22 2 91 3520
4 218 23 231 29 4 97 4648
5 198 25 205 32 6 123 10368
6 193 28 199 35 8 129 11880
7 188 30 193 38 . 10 135 13464
8 178 32 180 Lo 12 148 17143
9 168 33 167 Ly 14 161 21160
10 157 33 154 4 16 174 25515
11 147 36 142 45 18 186 29835
12 142 36 135 4g 20 193 32488

e i v )
® distanre

(p

measurec from the grousd leve)

(cm)

** distance measured from the virtual orlgln(cm)
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TEST NO:

VIRTUAL ORIGIN IS AT Y* = 3,9

MATER!AL: Glass Beads Yo = 1.50 x 10%kg/m’ ’zo = z¢* at t=0 = 59

DUMP SIZE: 5.7 cm cube D = 0.151 mm a = 0.310

TIME INTERVAL: 2 secs. B = 0.864

Frame No. Apparent dimensions(cm) |Actual dimensions (cm) 2 -,

time t 2
Height y Radius R Height y Radius R in sec. in cm

] 274 10 301 13 - - -
2 249 13 - 269 16 0 59 0
3 234 20 250 26 2 78 2603
4 229 25 244 32 4 84 3575
5 218 28 231 35 6 97 5928
6 211 30 221 38. 8 107 7968
7 203 33 212 4 10 116 9975
8 198 36 205 45 12 123 11648
9 196 4 202 51 14 126 12395
10 188 43 193 54 16 135 14744
11 183 4o 186 57 18 142 16688
12 178 Y 180 59 20 148 18423 .
13 173 51 173 64 ‘ 22 155 20544

* distance measured from the ground level

** distance measured from the virtual origin (cm)

(cm)
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TEST NO: VIRTUAL ORIGIN IS AT Y* = 328
MATERIAL: Glass Beads y. = 1.50 x IO3kg/m3 z, = z%* at t=0 = 69
DUMP SIZE: 5.7 cm cube D = O0.15]1 mm a = 0.310
TIME INTERVAL: 2 secs. g = 1.330
Frame No. Apparent dimensions(cm) |Actual dimensions (cm) 2 -,
time t z
Height vy Radius R Height y Radius R in sec. in cm
] 274 10 301 13 - - -
2 241 13 259 16 0 69 0
3 226 20 240 . 26 2 88 2983
4 213 23 224 29 4 104" 6055
5 201 28 208 35 6 120 9639
6 196 33 202 U 8 126, 11115
7 188 36 193 L5 10 135 13464
8 178 38 180 L8 12 148 17143
o] 170 38 - 170 L8 14 158 20203
10 163 38 161 L8
11 157 38 154 48
12 152 43 148 54
13 147 Lo 142 57
4 142 L8 135 61
15 135 51 126 64

* distance measurec from the ground leve!l

** distance measured from the Virtual'origin (cm)

(cm)
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TEST NO: 46 VIRTUAL ORIGIN IS AT Y* = 328

3

MATERIAL: Glass Beads Y, = .50 x 107kg/m oz, = z¥% at t=0 = 43
DUMP SI1ZE: 3.8 cm cube D = 0.084 mm a = 0.312
TIME INTERVAL: 2 secs. _ : . B = 0.900
Frame No. Apparent dimensions(cm) |Actual dimensions (cm) : ) _ 221_ 2 2
; . ' — time t z Ke)
Height vy Radius R Height y Radius R | in sec. in cm '
1 272 -8 298 10 - - -
2 262 13 285 16 0 43 0
3 251 ' 18 272 22 2 56' 1287
4 246 21 266 26 4 62 1995
5 241 23 259 29 ) 69 - 2912
6 234 24 250 30 .8 78 4235
- 7 229 25 244 32 10 84 5207
g 8 226 28 240 35 - 12 - 88 5895
9 224 28 237 35 14 91 6432
10 213 30 224 38 16 104 ‘ 8967
11 208 30 - 218 38 18 110 102571
12 203 32 212 4 : .
13 198 ‘33 205 41
14 193 34 199 42
15 188 34 193 43
16 183 36 186 Ly
17 180 1 36 183 45
* distance measured from the ground level (cm)

** distance measured from the virtual origin (cm)
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TEST NO: 47 VIERTUAL ORIGIN S AT Y*‘=‘:328

MATERIAL: Glass Beads = 1.50 x_103kg/m3 z, = Z¥% at t=0 = 46

DUMP S1ZE: 3.8 cm cube = 0.084 mm a = 0.312

TIME INTERVAL: 2 secs. B = 1.050

Frame No. Apparent dimensions(cm) |Actual dimensions (cm) 22 -
, - time t z
Height y |Radius R: Height vy Radius R in sec. in cm

1 274 8 301 10 - - -
2 259 10 282 13 0 L6 0
3 246 13 266 16 2 62 1728
4 236 13 253 16 L 75 3509
5 231 15 247 19 6 81 44@5
6 226 18 240 22 8 88 5628
-7 22] 23 234 29 10 9L . 6720
8 216 23 228 29 12 100 - 7884
9 211 25 221 32 14 107 9334
10 208 28 218 35 16 110 9984
1 203 29 212 36 18 116 11340
12 198 30 205 37 20 123 13013
13 196 30 202 38
14 191 30 196 38
15 185 33 189 n
16 183 36 186 ks
17 180 36 183 45

* distance measured'from_the ground level (cm)

** distance measured from the virtual origin (cm)
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TEST NO: VIRTUAL ORIGIN IS AT Y* =
MATERIAL: Glass Beads y = 1.50 x 10°kg/m> z_ = z¥% at t=0 = 50
DUMP SI1ZE: 3.8 cm cube D = 0.084 mm a =0.312
TIME INTERVAL: 2 secs. B = 1.394
Frame No. Apparent dimensions(cm) [Actual dimensions (cm) 22 -,
' time t z
| Height vy Radius R Height y Radius R in sec. in cm
1 272 9 298 11 - - - '
2 257. 10 - 278 13 0 50 0
3 249 13 269 16 2 59 - 981
b 239 15 259 19 4 69 2261
5 231 16 247 20 6 81 4061
6 224 18 237 22 8 91 5781
7 216 21 228 26 10 100 7500
8 211 23 221 29 12 107 8949
9 206 23 215 .29 14 113 10269
10 201 28 .208 35 16 120 11900
11 193 29 199 36 18 129 1414
12. 188 30 193 38
13 185 30 189 38
14 183 33 186 i
15 180 34 183 43
16 178 36 180 by
17 173 36 173 Ly

* distance measured from the ground level

(cm)

%% distance measured from the virtual origin (cm)
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‘Dump size : 3.8cm |
Material : Glass beads
Grain size: 0.084mm
0 TEST NO.46
© TEST NO.47

& TEST NO.48

120

12




et

VIRTUAL ORIGIN IS AT Y* = '334

TEST NO: 49

~MATERIAL: Glass Beads Yy = 1.50 x 103kg/m3 z, = z%% at t=0 = 46

DUMP SIZE: 5.7 cm cube D = 0.044 mm ¢ = 0;3]2

TIME INTERVAL: 2 secs. B = 1.023

Frame No. Apparent dimensions({cm) |Actual dimensions (cm) z2 -5
‘ time t z
Height y Radius R ~ Height y Radius R in sec. in cm

1 279 8 307 10 - - -
2 264 15 288 19 0 46 0
3 254 17 275 21 2 59 1365
4 244 20 263 26 L 71" 2925
5 234 22 250 28 -6 84 Laolko
6 226 23 240 29 8 9k 6720
7 218 23 231 29 10 103 8493
8 211 25 221 32 12 113 10653
9 203 28 212 35 14 122 12768
10 198 29 205 37 16 129 14525
11 188 - 29 193" 37 18 14 17765
12 178 30 180 38 20 154 21600
13 163 32 161 4o
14 152 33 148 41
15 147 36 142 Ly
16 142 36 135 Ly
17 137 - 36 129 L4

* distance measured from the ground level (cm)

%% distance measured from the virtual origin (cm)
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VIRTUAL ORIGIN 1S AT Y* = 33

TEST NO:
MATERIAL: Glass Beads Yo = 1.50 x 10°kg/m’ z = z¢% at t=0 = ¢
DUMP SIZE: 5.7 cm cube D= 0.044 mm | a = 0.312
TIME INTERVAL: 2 secs. | B = 1.280
'Frame No. Apparent‘dimensions(cm) Actual dimensions (cm) z2 -2
’ , time t z
Height y Radius R Height y Radius R in sec. in cm
1 262 15 285 19 - - -
2 249 15 269 19 0. 65 0
3 239 19 259 2k 2 75 1400
4 229 20 244 26 L 90 3875
5 218 23 231 29 6 103 6384
6 208 25 218 32 8 116 9231
7 203 25 212 32 10 122 10659
8 198 28 205 35 12 129 12416
9 188 32 193 Lo 14 141 15656
10 178 32 180 Lo
11 163 33 161 4]
12 157 33 154 4
13 152 36 148 45

* distance measured from the ground level

** distance measured from the virtual origin (cm)

(cm)
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TEST NO: 51 VIRTUAL ORIGIN IS AT Y* = 334

"MATERIAL: Glass Beads Yo = 1.50 x IOBkg/m3 z, = zZhk af t=0 = 59
DUMP SiZE: 5.7 cm cube D = O0.044 mm | o = 0.312
TIME INTERVAL: 2 secs. g =1.100
Frame No. Apparent dimensions(cm) [Actual dimensions (cm) : 22,2
time t z
Height y Radius R Height .y Radius R in sec. in cm
1 264 14 288 18 - - -
2 254 15 275 19 0 59 0
3 244 20 263 26 2 71 1560
4 236 22 253 28 4 81 . 3080
5 231 23 247 23 6 87 4088
6 224 23 237 29 8 97 5928
7 213 23 224 29 10 110 8619
— 8 201 23 208 29 12 126 12395
- 9 193 25 199 32 14 135 14744
10 188 27 193 33 ‘
N 178 28 180 35
12 168 33 167 b1
13 157 38 154 48
14 152 39 148 4qg
1 i
g ]
i
* distance measured from the ground level (cm)

** distance measured from the virtual origin (cm)
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