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ABSTRACT

This report presents experimental results on the conditions
of initiation of an ice jam by a simple surface obstruction, on the
equilibrium thickness of an ice jam formed by accumulation and sub-
mergence of ice floes, and on the compression strength of floating,
fragmented ice cover.

In the study on ice jam initiation, it was found that the
minimum concentration of floes in the opening of the obstruction at
which a jam occurs is nearly independent of the ratio of width of con-
stricted passage to channel width, and is proportional to a negative
power of the ratio of floe length to width of constricted passage. The
coefficient of proportionality and the negative exponent of this power
function appear to depend upon the ratio of floe length to floe thick-
ness, and to be strongly affected by the properties of the material of
the laboratory floes, in particular by the interparticle friction or
cohesive characteristics.

From energy analysis of floe submergence, a relationship
relating the thickness of a jam formed by accumulation and submergence
of floes to the approach flow characteristics was derived and found to
fit satisfactorily the experimental data. The relationship predicts
that a stable jam cannot be formed when the approach flow velocity ex-
ceeds a certain value. This phenomenon was observed experimentally,
and the measured maximum values of approach velocity were found to be in
excellent agreement with the predicted wvalues.

In both studies on jam initiation and development, it was found
that surface tension, and therefore the wetting properties of the material
used for small laboratory floes, has a significant effect on the submerg-
ence velocity of small floes, and should be taken into consideration
when small scale laboratory investigations of ice jam phenomena are to
be conducted using floes made of artificial material.

Experiments on compression strength of floating, fragmented
ice cover were conducted for ranges of cover length and cover thickness,

using three different floe shapes and sizes. It was found that the




compressive strength is inversely proportional to compression velocity
and independent of cover length. The effect of cover thickness and
floe shape or size remains unclear partly because of the limited ranges
of thickness and floe size investigated and partly because of the ex-

perimental scatter in the results.
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jce cover, which is reported in the second section of the report. The third
section of the report presents results of experimental determination of

the compressive strength of floating fragmented ice covers, a quantity wiich
is of central importance in the prediction of the equilibrium thickness

of a jam due to the internal failure the cover undergoes when the loading

exceeds its strength.




I. INITIATION OF ICE JAMS BY PARTIAL SURFACE OBSTRUCTIONS

A. Introductory Remarks. The variety of channel obstructions

which may cause arriving ice floes to form an ice bridge or arch across
a stream channel is much too large for a single study to examine them
all. The main goal of the present investigation was to gain an improved
understanding of the initial phase of ice jam formation, and to determine
the main parameters describing the flow conditions, obstruction config-
uration, and ice conditions which bear on the phenomenon of jam initiation.
The obstruction chosen for the investigation consisted of a simple surface
constriction in a uniform rectangular channel. A similar study has been
reported by Calkins and Ashton (1974) of the Cold Regions Research and
Engineering Laboratory (CRREL), who used plastic blocks as model floes.

In the present study experiments similar to those by Calkins
and Ashton were conducted using real ice blocks as well as polyethylene
blocks of identical shape and size. One of the purposes of the investi-
gation was to determine whether the material used for the laboratory
floes affects significantly the conditions under which a jam is initiated

at a surface constriction in a uniform channel.

B. Experimental Apparatus and Procedure. The experiments on

ice jam initiation were conducted either in the 40-foot long, 2-foot wide,
1-foot deep refrigerated flume located in the Low Temperature Flow Facility
of the Iowa Institute of Hydraulic Research (IIHR) when natural ice blocks
were used, or in a 30-foot long, 2-foot wide, 1l-foot deep conventional,
glass-walled flume when artificial ice blocks were used. Most of the ex-
periments were conducted with parallelepipeds blocks of two different sizes.
The plan dimensions were either 3 in. x 2.5 in. or 1.5 in. x 1.25 in. for
both ice and plastic floes. The thickness of the floes was 3/8 in. for

the plastic blocks and 5/16 in. for the ice blocks. The ice blocks were
manufacturered in a commercial ice maker, and the plastic parallelepipeds
were made from large, commercially available sheets of low density poly-
ethylene. Additional tests were performed with paraffin parallelepipeds

of dimension 1.75 in. x 1.75 in. x 0.5 in. The floes characteristics

are summarized in the following table.




Table 1

Characteristics of the Experimental Floes

Material Length Wwidth Thickness Specific
L b ti gravity
(In.) (in.) (in.) o) |
1.5 125 (Oasds
\ 0.2
ice 3.0 2.50 053015
low density LS 125 D.375
8)te i
polyethylene S0 2,20 D375
paraffin 1.75 1L, 75 0.50 0.9

The device specifically designed and built to introduce the ice
(real oxr artificial) blocks into the flumes consisted of a 5-foot long,
7-foot wide trough equipped with a piston which was fitted into the trough-
and was driven through a SCrew by a variable speed motor. Floes were
loaded manually into the trough and uniformly distributed over the trough
to insure that the ice discharge into the flow was nearly uniform once the
piston was set in motion. Photographs of the jce-feeding apparatus in
loaded condition is shown in figure 1. As the ice was pushed by the piston
to the end of the trough, it fell onto an inclined screen, which was in-
stalled to avoid the splashing when free-falling floes hit the water surface,
and entered the flow at a nearly steady rate. The discharge rate of ice
could be adjusted by varying the piston speed and/ox the depth of ice 1in
the trough.

The surface obstruction was composed of two identical plywood
boards attached perpendicularly to the walls of the flume near the down-
stream end of the flume test section. The gap in the obstruction was
symmetric about the vertical longitudinal centerplane of the channel.
Boards of different width were used to vary the width, B, of the gap between
them. The boards were immersed by only 0.5 inch below the water surface,
so that the mean flow velocity at the obstruction was nearly equal to that
in the upstream, approach flow. A sketch of the experimental set-up 1S

given in figure 2.




a) Ice Feeding Trough-Piston Apparatus

b) Jam Thickness Measuring Probe

Figure 1. Pictures of Experimental Apparatus for Ice Jam Studies
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Figure 2. Definition Sketch for Ice Jam Initiation Study




In each run, ice floes were introduced into the flow at the
desired areal concentration and a visual determination was made of the
occurrence of arching at the obstruction. A jam was said to have been
initiated when a stable arch formed across the gap in the channel ob-
struction and did not collapse under the impact of arriving floes. Several
runs were performed for each set of experimental conditions to verify the

reproducibility of the results. A typical jam is pictured in figure 3.

C. Dimensional Analysis. In the study of ice jam initiation, the

independent variables to be taken into consideration are:

Qw = water discharge in thg flume, or Vn = mean velocity of flow
or Vs = surface velocity

Qi = Volumetric discharge of ice

hn = flow depth upstream from the obstruction

W = flume or channel width

B = gap width in the surface obstruction

L. = characteristic length of the floes

ti = thickness of the floes

g = acceleration of gravity

P = specific gravity of liquid water

p' = specific gravity of floes

Certain other properties of the material used to simulate the ice floes,
such as the friction factor between floes, surface tension characteristics,
etc., may also be important. The dependent variable is the occurrence

of a persistent arch. The nondimensional parameters obtained from the
independent variables are: L/B, ti/hn, B/W, hn/W' Fr = VH/EH;'(Froude
number of the approach flow), P'/p, and a measure of the surface concen-
tration of the floes at the surface of the stream. The surface concentra-

tion of floes was defined either as

< Dy
Q. N q

£ =(1Qw ti ¥ vV, W

in which qi = Qi/ti was the surface discharge of ice, and a was the ratio

of surface velocity to mean velocity of the approach flow and was measured

at 1.18 over a wide range of flow condition as shown in figure 4, or as
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The parameter C is the average surface concentration of floes in the
approach flow, while Cg is a measure of the areal concentration of floes
in the obstruction gap. To these parameters should be added parameters
describing the material properties of the floes.

In all experiments, the parameters ti/hn was kept constant,
as was the quantity hn/W. Since ice jam initiation is primarily a
surface phenomenon it was judged that these two depth-related parameters
have no significant influence on its occurrence. Therefore, the initiation

of a ice jam by a surface obstruction of the type investigated here can

be expressed by

J = J(C or Cg, /B, B/W, Fr,'material properties)

where J is a binary (yes or no) function. One can also define a critical

floe concentration C* or C; such that a jam will occur only when C > C*

or Cg > C;. This critical minimum floe concentration will be a function of

the other parameters

C* = Fl(L/Br B/W, Fr, material properties)

P

B = FZ(L/B' B/W, F material properties) = |

9

W=

D. Presentation of Results and Discussion. The experimental

conditions are listed in Appendix A, which presents the values of the
independent variables and of the dimensionless parameters. The last

column of each table indicates whether a stable arch formed. As will be
seen from the results and their graphical representation given in Figures 5
to 8, the results obtained with polyethylene parallelepipeds are quite
different from those obtained with ice floes. This indicates that the
material properties of the floes influence the formation of a jam. Indeed,

the jams formed by the two different materials were observed to be initiated

and to evolve in quite different manners.

1. Effect of B/W. Several experiments were performed to deter-
mine the influence of the relative width of the gap opening, reflected in

the parameter B/W, on the minimum concentration above which
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arching occurs, C* or C;. In each series of these tests, the parameter
L/B was kept constant. The floe size L was fixed, the gap width B was
held constant, and the width of the flume was varied by installation of
longitudinal partitions (internal walls) fabricated from aluminum plates.
Experiments were run with the smaller floes at a Froude number Fr = 0.06
and two values of L/B: 0.250 and 0.187. The results of these tests are
presented in figures 5a and 6a for plastic floes and in figures 5b and 6b
for natural ice floes. Figures 5a and 5b give the critical concentration
C* versus B/W, while C; is plotted versus B/W on figures 6a and 6Db.

From the results obtained with plastic floes (figures 5a and 6a)
it appears that the critical concentration C* at which an ice jam will
initiate is proportional to B/W and that the corresponding values of C*
(C; B C* W/B) is independent of B/W. The results obtained with natural
ice floes (figures 5b and 6b) are not as definitive, the variation of C*
and C; with B/W is more erratic, and only in an average sense can it be
said that C* varies linearly with B/W and that therefore C; 1s independ-
ent of 1it.

These preliminary tests show that the parameter Cg = qi/VSB,
which is a measure of the areal concentration in the opening in the ob-
struction, is a better indicator of the potential for jamming at the

opening in a symmetrical obstruction than is the upstream areal concen-

tration of the oncoming ice floes.

2. Effect of Froude number. The effect of the Froude number
on jam initiation can be inferred from figures 7a and 7b for plastic
floes and from figures 7c and 7d for ice floes. In these figures the

critical values Df<qifv Bare plotted versus Fr = Vn/thn. The critical

S
Froude number for submergence of the floes used in the present study was
measured to be 0.08 to 0.09 to ice blocks, and 0.1l1 to 0.12 for plastic
floes. It can be seen in figures 7a and 7b that the floe concentration

at the gate, C;, at which arching occurs is independent of the Froude
number for plastic floes as long as the Froude number is less than 1ts
critical value for submergence, as was assumed by Calkins and Ashton (1975)

in a similar study. When the Froude number is larger than this critical

value, the gate concentration at which a jam initiates is a rapidly
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increasing function of the Froude number. In fact, with the amount of
plastic floes available in the present experiments, no arching could be
observed for the highest ice discharge possible at Froude numbers larger
than 0.15, approximately, for upon impacting the surface obstruction

the floes would be underturned and be swept underneath the gate.

The results obtained with real ice blocks (figures 7c and 7d)
show variation of the critical gate concentration, C;, with Froude number,
even for values below the critical submergence Froude number of 0.08 to
0.09. This dependence is particuarly strong for the smaller ice floes,
and for the larger values of B/W in the case of the bigger ice floes inves-
tigated. At lower values of B/W the results obtained with the larger ice
floes indicate that C; is also nearly independent of the Froude number
for Fr < 0.07 approximately. It should also be noted that an estimate
of C; is even more difficult to determine with some confidence when ice
blocks are used since over a rather wide range of values of C_ = qi/VSB,
consecutive experiments performed under nominally identical conditions
could lead to either arching or no arching. As a result an extremely
large number of tests had to be performed to determine C* for each set

g
of test conditions when real ice floes were used.

The additional tests conducted with paraffin parallelepipeds
and presented in figure 7e further confirm that, for artificial ice materials,
the critical gate concentration C; is independent of Froude number as

long as F_ is less than its critical value for floe submergence.

3. Effect of L/B. The experimental data have been plotted as
Cg versus L/B in figure 8a for plastic floes and in figure 8b for ice
floes. In the latter figure only the results obtained for a value of the
Froude number of 0.06 are presented. These log-log plots indicate that
the critical gate concentration is a decreasing power function of the para-
meter L/B. Furthermore, the exponent of the function, given by the slope
of the straight lines in the log-log plots, varies with the size of the
floe; that is to say, for the same value of L/B the critical value C*

decreases with decreasing block size. No such variation of C* with block

g
size was reported by Calkins and Ashton (1975). Their equation to predict
the critical Cg
q.
1 L|-2.56
__:0 =T
5 = 0o F
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is plotted on figure 8a. It is seen that it does not conform well to the
data obtained in the present experiments.

A comparison of figures 8a and 8b, shows that for floes of the
same size but different material, the critical gate concentration obtained
with the large block size is significantly higher for ice than for plastic
parallelepipeds, while it is nearly the same for both materials for the
smaller block size. This observation cannot, of course, be generalized
to include the data obtained at Froude numbers other than 0.06 for the

small ice floes, since it has been found that C; increases rapidly with

Froude number for this size of ice floes.

4. Discussion. The difference in the results observed between
different block materials on the one hand, and between different block
sizes on the other hand, has to be attributed to the difference in the
friction forces exerted at the contact surface between adjacent blocks.
Regarding the difference observed between results obtained with floes of
same material but different sizes, since both types of blocks have the
same absolute thickness, the floes of larger plan size are comparatively
thinner than the smaller floes. Therefore, the interparticle friction force
between larger floes is comparatively smaller than that between smaller
blocks, while the shear force exerted by the flow on the under side of
the blocks are comparable. Hence, it is to be expected that, for ident-
ical flow conditions and gap opening, the concentration of floes required
to initiate a jam will increase with increasing floe size. This conjecture
needs to be verified by running tests with geometrically identical blocks
of different sizes; i.e. with same values of L/ti as well as of L/B. The

parameter L/ti should then be added to the list of parameters influencing

the formation of an ice jam by a surface obstruction.

E. Conclusions. The results from the experimental investigation

of jam initiation by a surface constriction in a uniform, rectangular

channel can be summarized as follows

1. The surface concentration of floes, Cg' in the opening
in the obstruction is a better indicator of the potential

for jamming than the upstream areal floe concentration, C

r
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since it is nearly independent of the relative flow
constriction B/W.

2. The critical gate concentration C; at which jamming occurs
is a decreasing power function of the ratio L/B

Li=-a
* = —
‘g = % [B] .

The coefficient a0 and al of the power function appear to

be functions of L/ti, ratio of floe length to floe thickness,

and of the floe material. In particular a, appears to be

1
an increasing function of L/ti. More experiments are necessary
to explicit the relationships between the coefficients a and

o)
a. and the parameter L/t.i ]

s Fiow material properties are likely to affect the interparticle
friction force and, as shown in Appendix C, can have a sig-
nificant effect on the critical submergence velocity of floes.
Therefore, small scale model studies of ice jamming conducted
with artificial floes rather than real ice floes are likely

to yield only qualitative results on the flow and ice dis-

charge conditions conducive to ice jams.

II. THICKNESS OF ICE JAMS DUE TO

ACCUMULATION AND TRANSPORT OF ICE FLOES

A. Introductory Remarks. After ice bridging occurs at a channel

obstruction, an ice jam may be initiated and progress upstream as more

ice floes accumulate at the leading edge of the ice cover. If the velocity of
the arriving floes US is less than their critical velocity, VC, the ice

cover progresses as a single layer of floes; when VS is larger than VC,
floes are submerged and deposited on the underside of the cover, as well
as at its leading edge, producing fragmented ice cover several floes thick.
The cover progresses by accumulation and deposition of ice floes until the
resulting load at some section of the cover exceeds the strength of the

cover. Internal collapse occurs and produces an increase 1n the ice jam

thickness. This study of ice jam mechanics was concerned with determination
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of the thickness that an ice jam may reach as a result of just submergence
and deposition of the arriving floes.
The independent variables, which influence the development of

an ice jam, and which are depicted in the definition sketch in figure 9,

are the following:

hn = approach flow depth
s water discharge or Vn.= mean velocity of approach flow
or Vs = surface velocity of approach flow
Qi = volumetric ice discharge
P = specific gravity of liquid water
p' = specific gravity of floes
VC = critical submergence velocity of floes
ti = ice floe thickness
g = acceleration of gravity

The dependent variable is the average thickness of a jam along its uniform
length, te' The flow depth, he' and velocity, Ve' beneath the ice cover

can be expressed in terms of te' Vn and hn as will be shown in section II-C.

B. Experimental Apparatus and Procedures. The experiments were

conducted in the flumes described in Section I-B. Polyethylene and ice
parallelepipeds of the same dimensions as those used in the jam-initiation
study were used as ice floes, and were introduced into the flow using the
ice feeding trough-and-piston mechanism described in Section I-B and shown
in figure 1. In order to insure that an ice cover would form in the flume,
a frame-mounted screen extending two-thirds of the flow depth below the
water surface was installed at the downstream end of the test section of
the experimental flume.

For specified upstream flow conditions, (i.e., given values of
depth h and flow discharge Qw), the volume of ice in the trough and the

speed of the piston of the ice-feeding apparatus were adjusted to achieve

a predetermined volumetric ice discharge, Qi. The corresponding surface

concentration of ice floes, C, in the approach flow is defined as in
Section I-C by
h
g h g

C

chw ti VS W
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where @ = Qi/ti is the surface discharge of ice, W is the width of the
flume, and therefore of the ice jam, and a is the ratio of the surface

velocity VS to mean flow velocity V

Examples of ice jams obtained with plastic floes in the unre-
frigerated flume and with natural ice floes in the refrigerated flume are
shown in figure 10. A jam length of approximately 10 feet was considered
adequate to insure that jam thickness was uniform over most of the length.
The underside profile of a jam was measured by means of a specially designed
hook gage attached to a rack-and-pinion fitted with a vernier gage. The
rack-and-pinion supports were mounted on the movable carriage of the
flumes. The hook gage, shown in figure 1, had an elongated horizontal arm
which permitted measurement of the underside of the jam along the flume
centerline while the support leg of the gage remained in proximity to one
wall of the flume. By moving the gage slowly and carefully along the flume
wall, the ice cover in the flume center was not disturbed. The sensing
head of the gage was fitted with a small horizontal plate to provide more
surface contact with the cover. In the refrigerated flume, where no
visual observation beneath the cover was possible, the gage was raised
until a resistance was felt, indicating contact between the gage and the ice
cover. The jam thickness was measured along the whole length at intervals
of approximately 1.0 inch. The profiles were plotted on graph paper and the
average thickness of the jam was calculated over the range where the profile
was more or less uniform. The picture of the profile of an ice jam obtained
in the unrefrigerated flume is presented in figure 1ll; some representative

measured cover profiles are shown in figure 12.

C. Presentation of Results. The experimental conditions and

results are summarized in Appendix B.

1. Preliminary results. The depth of immersicn of the screen
was set at two-third of the flow depth on the basis of exploratory experi-
ments conducted with wooden blocks. In these experiments, the flow depth
and flow velocity were kept constant and the depth of immersion of the
retaining screen was systematically varied. For each depth of immersion

of the screen, the average thickness of the cover formed from a fixed

average rate of block discharge was measured. From the results of these
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Figure 10. Pictures of Ice Jams 1in Experimental Flumes
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Figure 11. Picture of Jam Profile in Experimental Flume
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experiments, presented in figure 13, the ratio of screen depth to water
depth was chosen to be 2/3, a value which was judged to be sufficient to
initiate and retain a cover of any thickness attainable in the flume with-
out inducing excessive local flow acceleration 1in addition to that due to
the cover itself. The screen was important only in the initiation of

ice jam formation; after the cover had progressed some distance upstream,

the screen served only to prevent the jam from being swept along the flume

channel.

2. TIce cover profiles. As might have been expected, the profiles,
some representative examples of which are shown in figure 12, were found
to be quite irregular. The individual floes came to rest on the underside
of the cover generally in an inclined position rather than horizontally
(see figure 11), and sometimes even formed hanging dams as profile "d" in
figure 12 illustrates. In spite of these irregularities, the jam that
formed were found to have fairly uniform thickness along their length,
except near the downstream and upstream ends of the cover. At the screen
some accumulation of floes took place, especially when the jam thickness
was significantly smaller than the depth of screen immersion. During the
early stage of jam formation, the local flow contraction produced by the
screen caused the floes to submerge deeper. Some of these submerged floes
were carried below the cover and trappedagainst the screen, resulting 1in
increased cover thickness there. The nonuniform, transition section at
the upstream end of a jam was in general quite short, with a typical
length of two to four jam thicknesses. 1t was observed in the unrefrig-
erated flume, which is equipped with glass walls, that floes arriving at
the leading edge of the jam are "impacted" against the jam, submerged,
and come to rest rather abruptly beneath the arrested ice cover. It was
found that it was virtually impossible to form a jam of length sufficient
to yield a meaningful evaluation of its average equilibrium thickness,
te, when the Froude number, Ff = Vn//EE;, was greater than about 0.13,
when ice floes were used, and about 0.15 when plastic blocks were used:
at first a few floes would accumulate against the screen, but the sub-
sequent ones would submerge and be transported beneath this 1initial accumu-

lation and then under the barrier. Submerging the screen to the full
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where B is a proportionality factor, ¥ is the volume of a floe and the
other variables are defined in figure 9. The quantity Y represents the
kinetic energy equivalent to the potential energy gained by a floe when

its upper surface is level with the water surface, and "to"' that thickness

of floe below the water surface, is equal to "t." the total floe thickness.

i
The flow velocity for which "to" is equal to “ti" is the critical sub-
mergence velocity, VC, of the floes. Thus, the expression (II-1) becomes
Vez ch
-p' L o = = = = v >V
(p=p') g¥(t -t.) = Bp'¥ (= == % 3
(TI=2)
o SEL s kD & E V <V
-?r ) BB SR € n C

If the pressure distribution within the fragmented ice cover below the

water surface is hydrostatic, tO and te are related by

ot = p't (II-3)

hV =hyV (II-4)

Furthermore, if energy losses over the short reach of nonuniform thickness

near the leading edge of the jam are neglected, the energy equation gives

- 2 7 2
h +—2—=¢t +h + —— (II-5)
n 29 @ e 29
After elimination of tD and Vn between (II-3) and (II-4), (II-5) becomes
he 3 Ql_te Vn2 he 2 Vn2
— + —_= ] = + =0 I1I-6)
(h ) ( = 2gh_) H} ) 5gh (
n n n n n

Il

Since the Froude number of the approach flow, F_ Vn/?ghnr is small,

(typically between 0.08 and 0.15), the terms vnz/zghn may be neglected in
(IT-6), and the following equation for the flow depth beneath the ice

cover is reached:

— i - p_
()

(II-7)
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Introducing this expression into (II-1) yields

5 te Vnz ch
E. = _ 31 =8] - ] (IT-8)
al ik Ap o' Te 2 Ap t,
—_t. [ e T ————
i 29 o l(l 0 ) 29 gv 4
Qxr
T =B FD - FC ]

The critical velocity of submergence for the floes was found
to vary from 0.30 to 0.36 ft/sec, approximately, for ice floes and from
0.44 to 0.48 ft/sec, approximately, for the plastic blocks. Because VC
could not be determined with a high degree of precision, the experimental
data first were plotted as T versus FD as shown in figure 15. In the plot,
two straight lines were fitted by the least-squares method through the
data obtained with real ice blocks and with polyethylene parallelepipeds,

respectively. The equation of the straight lines are

T = 1.062 FD = Q.96

with a correlation coefficient of 0.92, for ice floes, and

T = 1.44 FD R 1

with a correlation coefficient of 0.89, for the plastic blocks.

From the intercepts of the straight lines with the horizontal

axis, an estimate of the critical submergence velocity for the ice floes
L]
and plastic blocks can be obtained by setting in FD %;*te equal to ti
' ti
and neglecting the term i} h which 1is usually very small compared to
In

unity. The results are Vc = 0.28 fps for ice blocks and VC = 0.48 fps
for plastic blocks. These are in excellent agreement with the values
measured experimentally.

Using the values of FC of 0.58 and 1.22 for ice andplastic blocks,
respectively, determined from figure 15, the data were replotted on figure
16 as T versus (FD-FC). The slope B of the straight line which gives the
best fit by the least-squares method with all data was computed to be equal
to 1.59, and the correlation coefficient to be 0.93.

The scatter present in figures 15 and 16 is appreciable. It

should be realized that the jam thickness is measured with a resolution
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of one floe thickness, and therefore that the values of T are known only
to within an error of + 1.

The fact that the value of B is larger than unity indicates
that the potential energy gained by a floe while submerging is larger
than the maximum kinetic energy imparted by the surrounding flow. In
the simple energy analysis which led to (II-8), the floe is implicitly
assumed to remain horizontal during submergence and to come to rest
horizontally under the ice cover. More often than not, the floes will
in fact assume an inclined position. Furthermore, as the floe is submerged
and is transported along the underside of the leading edge of the
jam, it is subjected to a drag force by the surrounding flow. The floe
may then "tumble" along the jam underside, and be carried to a larger
depth than i1ts kinetic energy would predict.

A similar energy analysis was presented by Kennedy (1975), who
equated the potential energy gained by the floe during submergence to its

oo s ; : 2 ‘ ;
initial kinetic energy p' ¥ Vn /2, and did not include the energy imparted

to the blocks by the faster flow under the ice cover.

D. Discussion. The relationship between the mean flow velocity

and the jam thickness can be rewritten as

t 1

2 Ap LI 6 R prt e 2
\V = | Gt e ) 3 P = e II-
ey - N ) . == (I11-9)
i i
te
Considering now Vn as function of n (II-9) indicates that there exists
a maximum value Vn* of Vn obtained When
te 1 - 2 ti/hn(l = BFC) .
— = Do = ) |36 II-10
h 3R/ P 3p' 2 : )
n
and given approximately by
v - vis
A C :E(t_n_—l) (II"'ll)
2 £ gt i

1k

The curves Vn versus te/h for the experimental conditions investigated
n

with real ice floes are plotted in figure 17, where the experimental

data are indicated and show good agreement withthe calculated values. The




| | 0 I 1 !
L ARGE SMALL
' ICE ICE
h,/t. FLOES FLOES
i
. A A
A 26.88
19.20 a &
{1 D2 &
I
A & 5 g gt .
06 n/1 =26.gg
I A b0 %
n/t =
VI"I INT NN : ’920
i
h =
0.4} AT 3 ® rl{__tl =152
& coe ]
0.2
0.36
I
0 ) 1 ] | Ol 0L5 016
0 0.l 0.2 0.3 4 : :
te /hp
Figure 17. ~ Relationship between V and te/hn for Present Experimental Conditions

I

(3 7




44

calculated values of the maximum V_ for the three depths of flow studied

n
are
V* = 0.39 for = 03 £t
n n
v* = 0.51 for = 0.5 £t
n n
V* = 0.60 for h = 0.7 £t
n n

The maximum velocity can be interpreted as the flow velocity beyond

which no stable jam can be formed in the channel. At velocity higher than
the maximum value a floe is carried under the ice cover and past the

screen instead of being deposited on the underside of the ice cover, there-
fore the ice jam cannot progress upstream and is limited to a few floes
accumulated against the screen. As was mentioned in Section II-C-2,

this phenomenon was observed to occur at a Froude number of about 0.13

when natural ice floes were used. This value of the Froude number

corresponds to flow velocities of

Vv = 0.40 for h = 0.3 &
n n
= 0.52 for B = 0.5 EE
n n
V = 0.62 for B = 0.7 £t
n n

which are in excellent agreement with the maximum possible values of Vn

predicted by (II-9).

E. Conclusion. Based on a simple energy analysis for floe

submergence, a relationship given by (II-8) or (II-9) was derived between
the approach velocity Vn and the thickness of the stable jam formed purely
by accumulation and transport of floes. This relationship predicts a
maximum relation thickness he/tn equal to p/3p' attained for a critical

I
mented ice jam can be formed in the channel. It is conjectured that for

velocity V; given by (II-11). When V 1is larger than V* no stable frag-
n

Vn > V: either no jam will form, or if blockage of the channel section

occurs a backwater curve will form increasing the approach flow depth and

decreasing the approach flow velocity until new stable equilibrium condi-

tions are reached.
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ITII. COMPRESSIVE STRENGTH OF FLOATING FRAGMENTED ICE COVERS

A. Introductory Remarks. It was mentioned in the Foreword that

the thickness of a jam initially is determined by the depth to which arriving

floes can be submerged, and subsequently by the internal collapse of the
jam that occurs when the loading at a section exceeds the strength of the
ice cover, either because of load increase or because the jam weakens. The
increase in loading at a section may result from increase in the length

of the jam upstream from the section, increase in water discharge, stream-
wise winds, etc. The strength of a jam will weaken as a result of partial
thawing when air temperature rises. Recently, Uzuner and Kennedy (1974)
developed an analytical model for the equilibrium thickness, t, of ice
associated with internal failure of the ice cover. Their analysis requires
an estimation of the longitudinal normal strength, Gcr' of the floating
fragmented ice cover, or equivalently of the streamwise stress coefficient,
kx' which is the ratio of © to the average vertical stress over the jam

(o} &
thickness, UZ, and which is proportional to Gcr/t. In the original tests

conducted by Uzuner for the determination of Ucr it appeared that the
covers tested were too long and that much of the compressive load applied
to the cover specimen was transferred to the walls of the experimental

tank thorugh shear, and consequently the observed failures might have been
due at least partially to shear. Furthermore, a buckling type of failure
was observed to occur at times, which was believed to be an artifact of

the laboratory test apparatus and which likely does not occur in most field
situations. Consequently, a new series of experiments was undertaken using

shorter covers and regularly shaped ice blocks of various sizes.

B. Experimental Set-up and Procedure. 1. Experimental unit.

The experiments to determine the compressive strength of fragmented ice
covers were conducted in the 20-foot long, 3-foot wide, and 2-foot deep
insulated force tank of the Institute's Low Temperature Flow Facility.

The compression apparatus consisted of a driving plate attached to a
variable speed carriage through a moment-insensitive dynamometer; the setup
is depicted schematically in figure 18. The carriage was supported by

four ball-bushings which rode on one-inch diameter rails affixed to the
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top of the walls of the force tank. It was driven by a variable speed,
one-horsepower, DC motor through a cone-pulley system, geared speed
reducer, two pinion gears at the end of the drive shaft extending across
the tank, and a rack affixed to the top of each long wall of the flume.
The motor speed was remotely controlled through a SCR drive control;

the carriage velocity could be varied from 0.004 cm/sec to 2.4 cm/sec.
The force sensing element of the dynamometer was composed of Statham
Universal load cell, Model UL4, and transducing cell, Model UC3, referred
to collectively as the force transducer. The load limit of the load cell
was 200 pounds. The voltage output of the force transducer was amplified
by and recorded on a mulitple channel Beckman Dynograph Type 504A. The
force measuring system was calibrated by applying known horizontal loads
to the driving plate and was found to be linear with calibration constants
of 11.48 1b/mv, 11.42 1lb/mv, and 11.05 1lb/mv for recorder sensitivities
of 2 mv/cm, 1 mv/cm, and 0.5 mv/cm, respectively.

The displacment of the driving plate was measured by a lO-turn
potentiometer attached to the carriage and driven by a small rubber wheel
in contact with one of the rails supporting the carriage. The potent-
iometer was calibrated, and its voltage output was recorded during each
test on a second channel of the Dynograph recorder. The carriage velocity
could be then determined accurately from the displacement-time recoxd,

and its constancy verified.

2. Test materials. Three different sizes of ice blocks were
used in the experiments: commercial ice cubes (1.38 in. X1.38 1. X L.38 dnk)
and the two sizes of rectangular ice blocks made in the ITIHR ice-maker and
used in the ice-jam studies reported in Sections I and IT (1 1/2 in. X
1 1/4 in. x5/16 in., and 3 in. x2 1/2 in. x5/16 in.). The effective plan

dimension, dg, of a floe was defined by

where d and b are the larger and smaller plan dimensions of a block, respec-

tively. The values of de for the three types of ice floes used are
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de = 1.0 1n, for the ice cubes
de = 118 dn. for the smaller ice parallelepipeds
de = 2.29 in. for the larger ice parallelepipeds

3. Experimental procedure. The eXperimental procedure followed
in each compression test was as follows: The thermostat in the room was
set at 0°C and the water in the tank was allowed to reach this temperature.
The required quantity of ice blocks then was placed in front of the driving
plate in the tank to obtain the required cover length, L, and thickness,

t. The floating cover was gently agitated with a plastic rod to insure
uniform thickness throughout the cover and homogeneous distribution of the
ice blocks. The cover thickness was measured by means of a staff gage
fitted with a scale and a 3 in. by 5 in. plate attached perpendicularly

to the staff. The gate was inserted through the ice cover, whose thickness
was determined from the scale attached to the gage staff. The carriage

was set in motion at a predetermined speed and the voltage output of the
force transducer and displacement potentiometer were recorded versus

time on a Dynograph chart. Since the shape of the ice floes would be
altered by interparticle friction, chipping under compression, melting,

etc., the floes were replaced frequently during any series of tests.

C. Presentation of Results and Discussion. Typical examples

of force-time records are shown in figure 19. It is seen that the force
exerted on the driving plate initially increased almost linearly, reached
a first maximum, and then dropped abruptly; this indicated failure of the
fragmented ice cover under compression. When the compression process was
continued further, the force started increasing again until a new peak
was reached and the ice cover failed again. This indicated that after the
initial failure, the individual ice floes in the fragmented ice cover
rearranged themselves and the cover recovered its strength. The first
force maximum recorded on the force-time record was taken as the failure
strength for the initial ice cover of length L and thickness t, for the
selected speed of application of the load, VC. However, considerable
variation in the failure force was observed between nominally identical

tests (same i1ice blocks, same values of L, t, and VC). This variation in

in the cover strength is attributable to variation in
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the orientation and arrangement of the ice floes from run to run. It was
more pronounced when the larger ice parallelepipeds were used. Therefore,
at least ten runs were made for each set of experimental conditions. The

compressive strength of the fragmented ice cover was then defined as

where n 1s the number of runs performed under nominally identical conditions,
Fi is the failure force recorded in the i-th run, and W is the width of the
ice cover (3.0 feet). The experimental conditions investigated and corres-
ponding measured values of Ucr are listed in the tables of Appendix D.

Tests numbered PGl to PG24 were performed with commercial ice cubes, tests
numbered KN1 to KN43 with smaller ice parallelepipeds, and tests numbered
KN44 to KN64 with larger ice parallelepipeds.

From the force-time and displacement-time records, the longitudinal
normal stress, Gx' experienced by the ice cover at any time T, and the corres-
ponding strain, E, defined as AL/L, where AL = VcT is the distance traveled ﬁ
by the driving plate at time T, could be determined. Typical stress-
strain curves are shown in figures 20a and 20b. Each figure depicts three
representative curves corresponding to different carriage speeds for the
same ice-cover length and thickness. It can be observed that the yield
stress, Ucr' decreases with increasing plate velocity and that the strain
at the yield point decreases with increasing plate velocity. This phenomenon
has been reported by Uzuner and Kennedy (1974), who explained it in terms
of a supercooling effect. 1In short, the application of pressure on frag-
mented ice blocks leads to melting and refreezing at particle interfaces,
with the accompanying production of cohesive welds. Since lower strain
rate allows more time for refreezing and thus for cohesive bonds to develop,
the compressive strength of a fragmented ice cover will increase with de-
creasing rate of deformation. In some of the tests performed, listed as

PG-7, PG-19, KN-1, KN~7, and KN-34, the carriage speed was slow enough for

theoriginally fragmented cover to become, under compression, a solid cover,

and the yielding force exceeded the capacity of the dynamometer transducer

system (200 1lbs).

N R T Ty T, .
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The results of the compression tests are plotted for the three
floe sizes used in the experiments as compressive strength corresponding
to the first failure,{%r, versus plate velocity, Vc, in figure 21, and as
0] r/t, which is proportional to the streamwise stress coefficient, k

c X
defined by Uzuner and Kennedy (1974), versus VC in figure 22. In both

r

figures, the majority of the data points fall on or around a straight

line with slope of -1 on the log-log plots. It appears, therefore, that
the compressive strength of fragmented ice covers is inversely proportional
to the compression velocity Vc, but is independent of the cover length and
floe shape or size. Since the ice cover subjected to compression 1S
fragmented, it can be expected that the force applied by the driving plate
at the loaded end of the cover is transmitted to other sections of the
cover only after sufficient compaction of the ice floes has occurred, and
that therefore the stress experienced at sections along the cover length
decreases rapidly with distance from the plate. During the experiments

it was indeed observed that the failure zone always was located within a
short distance from the driving plate; no specific measurements of the
distance from the plate at which failure first occurred were made. The
apparent independence of O from floe size and shape 1s more unexpected.

e

All attempts at finding systematic variation of Ucr with relative jam

thickness parameters such as t/’dE or t/ti, where ti is the floe thickness,
were unsugcessful. It is possible that the ranges of floe size and jam
thickness investigated were insufficient for the effect of relative jam
thickness to be distinguished within the experimental scatter inherent

to this type of study.

D. Conclusion. The results of the study on compressive strength

of floating fragmented ice cover may be summarized as follows.

1. The failure strength, Ucr is inversely proportional to the

velocity of the driving plate VC,

|
0] = KV
cY e

2. The compressive strength of a fragmented cover is independent

of length cover L.
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3. Further experiments covering a wider range of jam thickness

and floe sizes are necessary to clarify the effect of relative jam thick-

ness and floe geometry on the compressive strength o ”
or
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Note:

APPENDIX A

Experimental Results on Ice Jam Initiation

In the following tables, the formation of a stable
arch across the channel constriction is indicated
by the symbol O. No arching is indicated by the

symbol X.

In the experiments on ice-jam initiation the approach flow
depth was kept constant, h, = 0.5 feet. When real ice
floes were used, due to partial melting the ratio

hn/ti was found to vary between 19 and 21, approximately.
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Table Al - Ice Jam Initiation Experiments with Small Ice Floes
(1% in x 1% in x 5/16 in)

EXp.
No.

IB1

O 0 N 6o s W

10
1L
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

B W 0

Bt £t cfs

.667 1.000 .0026

- 0015

.0019

.0022

. 0030

.0022

1,333 <0035
.0023

.0019

. 0025

1.600 .0026
.0031

.0027

. 0036

.0016

.0026

.0021

.0021

2.000 .0027
.0021

.0024

.500 1.433 .0024
. 0020

.0020

.0016

.0015

1.000 .0015
.0019

.0024

- 161

=498

. 241

o

Al

.241

.241

. 241

241

241

. 250

B/W

.667

. 500

417

215338

. 349

. 500

. 060

o5
.316
405
.462
.659
.491
o 103
.460
. 384
. 528
.524
1 635
i 595
s 13
331
ST 7
.440
.449
+ D33
417
.497
.645
.541
s DL
.452
.439
.408
. 504
.653

. 326

o

O D % M O O X @ 0 M 6 H W o N O O o % o Mo e o 0 MoK X
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Table Al - continued

Ei%. B3 W Qi Qw Vn L/B B/W Fr Cg C
1) i cfs cfs fps

30 .0016 -A438 219 X
2L .833 H00L7 160 .241 . 600 .460 .276 O
32 .0013 .346 .207 X
33 . 0015 .410 246 X
34 .0017 458 275 O
IEL. 333 2.00 .0085 .340 .340 .375 .167 .084 2,419 .404 0
2 .0044 1.263 =211 0
3 .0014 1.407 .068 X
4 .0019 557 093 0
5 .0034 .384 .384 .095 .868 .145 0
6 .0023 2599 ,100 X
7 .0029 LBy 120 0
8 .0019 509 .085 X
9 .0028 . 142 ;124 0
10 .0039 .425 .425 .105 .874 146 0
11 .0032 g PG 23 X
12 .0038 -.862 .144 X
13 .0044 1024 171 @
14 . 0040 S A PR 1 e O
15 .0067 .465 .465 LS L 372 S0 ®)
16 .0071 1.467 .245 O
157 . 0069 1.455 243 X
18 .0085 1.808 .302 0
19 .0046 988 165 X
20 .0105 .506 .506 125 Z2.02s 346 O
2 .0115 2.:203. .368 0
22 . 0085 L.ed?. 275 X
23 .0051 3 P67 o s RS, X
24 -0061 35 25 w203 X
25 .0082 1670 <279 O
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Exp.

No.

26
27
28
29
30
il
32
33
34
35
36
il
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

1 6

o33

2.

54 o

00

Table Al - continued

cfts

.0063
.0126
.0109
.0072
. 0094
.0098
.0064
. 0082
.0106
.0136
.0109
.0160
SONS
.0l6l
0132
.0141
0192
. 0162
.0206
.0231
.0213
20251
.0243
01 fiv s
.0261
.0010
.0005
. 0008
. 0005

cfs

« 294

.578
.578

. 600

.618

. 642

.672

. 694
. 281

61

SHall

o L8
. 578

. 600

.618

.642

. 672

.694
. 281

A

.167

131

.145
. 145

.147

AiDS

s )

.168

.170
.070

1: 287
2.269
2.000
1.347
1,695
L85
1.144
1.461
L. 760
2.287
1.868
2.587
1.856
2.683
2o
25 20
3.305
2.544
3.114
31..50.3
35227
3.850
3.455
2+o08
3l 730

« 359

.174

s 2o)

o L9

o 2diD
3
.334
223
. 283
. 298
191
. 244
. 294
s 82
55 B
.432
SIS 0,
. 448
340
.374
SISV
.425
. 220
Er s
o539
.643
« 31
.419
.623
. 060
.029

. 046

033

O M O N oM O M O MO MM M MM MO MO X O MO MO O WD K




ExXp.
No.

55
56
>
58
59
60
61
62
63
64
65
66
67
68
69
70
Tl
12
73
74
7i1S)
76
7
78
79
80
81
82
83

B W
Ee ft
500 2.100
.500 2.000
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Table Al - continued

i

cts

. 0004
. 0054
.0038
.0024
. 0024
.0034
. 0047
.0061
. 0051
.0054
. 0057
.0062
. 0096
.0093
.0071
. 0091
.0126
.0143
« DS
.0083
.0092
.0142
= 02057
.0277
0251
. 0254
.0178

.0246
.0293

Q

w

cfs

. 200
. 345

.384

.419

. 419

. 454

. 489

- 524

. 200
. 345

.384

.419

.419

. 454

. 489

.524

. 250

- 250

. 050

0.250 .098

.250

.110

.120

.120

- 1130

. 140

«1.50

1088

W W W N o e

B

= LS

920

. 668
.428
. 448
. 652
. 132
. 940

7192

. 840
. 900

. 856
1.348
. 332

028

328

. 620
. 864
. 480

. 100

232

. 704

. 688

. 540

. 008
. 092

-

B
O
(60)

2.744
3.264

.33
. 230
167
.107
= 10 i
LGS
LTS
$ 23D
.198
« 210
. 2D
.214
o 3 BH
. 333
=29
e 332
. 405
. 466
370
w275
. 308
. 426

.672

. 885
. 152

7 A 6
JB5Z
. 686
.816

MMRODMM%MMOOOOKOONOONONOND'COCJO




63

Table Al - continued

Ei?. B W Qi Qw Vn L/B B/W Fr Cg B
1y o ft cfs cfs fps
84 .0308 3.448 .862 X
g8 667 2.000 .0064 .323 ;323 187 333 Q82 .936 312 O
86 .0057 .852 284 @
87 .0049 . /744 248 )
88 .0039 618 206 O
89 . 0026 » 396 5132 X
90 .0036 .558 2186 0
91 .0034 534 5178 X
92 .0032 AU W X
93 JO037 370 310 M0 Yo O L (T B X
94 .0064 S22 RS O
95 .0049 .642 214 X
96 .0059 o (2SN 285 X
97 . 0069 930 o310 O
98 .0067 924 . 308 O
99 .0023 .400 .400 =098 2.763 1,921 0
100 . 0020 2:532 5844 O
101 .0146 1.827 .609 O
102 .0102 1.302 .434 0
103 .667 2.00 ,ODEB: .398 .388 187333 L099 C7T08 & 936 0
104 .0068 B28 =276 O
105 .0039 LT e S H X
106 .0049 .498 166 X
107 .0054 069 51 223 X
108 .0078 <969 323 0
109 .0053 972 224 X
110 .0061 < {es 255 0O
111 .0119 .440 .440 L0 L 308E 43S ®
112 . 0083 909 5303 X
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Table Al - continued

ﬁz?. B W Qi Qw | Vn L/B B/W Fr Cg &
ft B cfs cfs fps
1 I .0102 1.134 378 X
114 .0130 1.449 483 0
Ld5 0151 1L.689 .563 0
116 .0060 .654 218 X
110167 .0071 . 7192 .264 X
118 . 0104 1.185 395 O
119 .0104 1.218 .406 O
120 .0084 1.002 .334 X
121 .0108 .483 .483 <120 L0835 w36 O
122 .0106 1.098 .366 X
123 .0134 1.431 .477 X
124 .0189 2.082 .694 X
125 . 0199 1.986 .662 0
126 0150 1.509 503 O
124 .0160 1.629" 543 X
128 0121, 5267 526 +130 lolder ¥372 X
129 .0154 1.455 .485 X
130 .0204 1.986 662 X
131 D217 2.163 Li21 X
132 .0224 2.058 .686 X
133 . 0258 2.424 ,808 X
134 U013 5281 281 . 070 .228 .076 X
135 . 0020 357 LIS X
136 .0034 .612 .204 0
1377  Jee7 2.00 .0026 w18 edd3 2070 . 268 155 O
138 .0018 .201 .201 . 050 .444 148 0
139 ‘ .0017 JELY. L A8Y O
140 .0008 .207 .069 @)
141 . 0004 ' 108 086 X
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Table Al - continued

Ez?. B W Qi Qw Vn L/B B/W Fr Cg C
ft ft cfs cfs fps
142 . 0007 .192 064 O
143 L0066 (1200 120 .030 ;258 LDB5 O
144 .0003 .144 ,048 0
145 .833 2.00 L0053, 342 345 150 Rdi7 091 . D08 © 237 0
- 146 .0039 2427 278 X
147 .0050 w9E w23l X
148 = Q057 .628 262 O
149 .0049 249 279 X
150 .0054 wall .255 0
151 B0 f oy £2 MRS 3 | SRENOIC J .100 il eaod O
152 .0066 657 .274 X
153 .0078 « 182 326 X
154 . 0093 949 .396 O
155 .0083 856 357 0
156 .0100 .412 .412 e 962 401 @
157 .0085 o103l X
158 .0095 .873 .364 X
159 .0101 .940 .392 X
160 .0142 L3330 563 X
161 .0114 1.017 .424 0
162 .0120 1.082 451 O
163 . 0095 . Bo .85 X
164 .0107 .453 .A453 . 120 LS Y o8EE X
165 .0147 1.195 498 X
166 .0180 1.457 .607 O
167 .0254 2.059 .B58 X
168 .0174 1,389 2579 X
169 .0200 .490 .490 130 1.536 640 X
170 .0234 1. 725k 132 X
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Table Al - continued

Ei?. B W Qi Qw Vn L/B B/W Fr Cg 125
ft ft cfs cfs fps

L 833 2.00 .0286 .490 .490 .150 .417 .130 2.148 .B895 X
172 .0179 1.344 .560 X
173 .0222 .484 .484 « 120 LHT6 Sadd0 X
174 .0202 L0620 675 X
hS .0010 .201 .201 . 050 < 18D 07T X
176 .0023 .446 , 186 ®
177 . 0019 . 374 .156 )
178 .0013 w200 LA X
179 .0042 .281 .281 .070 oDl <240 O
180 . 0019 s20l 209 X
181 .0024 F a0 WD X
182 .0032 .465 ,194 X
183 . 0047 .093 289 0
184 120117 R 0, SO 1344 .08 =030 117 M= T X
185 . 0053 « 655 WHIN3 0
186 .0043 B2 226 X
187 . 0056 . 4D 300 @)
188 . 0058 S8 e O
189 1333 2.00 1010 151 10 DR 5 2 ST 7 S-S 0 | I RS 3 o7 AR § 1 77 .804 _536 0O
190 .0070 . 418 279 X
191 .0096 . 2 ol X
192 D125 937 625 X
193 .0126 .940 .e27 O
194 .0100 . /56 504 O
195 .0082 630 .420 %
196 0099 .,389 389 «0933 J630 2420 X
197 | .0119 .760 .507 X
198 .0162 1050 el X
199 .0187 1,282 HEls R




67

Table Al - continued

52%. B W 0, Q v_ L/B  B/W F_ C, C
Bt 1 cfs cfs fps

200 .0203 1.344 .896 X
201 .0130 .360 .360 .086 888 592 0
202 .0079 .547 <385 X
203 .0102 .702 ,468 X
204 .0169 1.168 779 O
206 1,33 2.00 123 SB88 572 X
206 .0147 1,026 .6B4 X
207 0108 339 .3839 . 086 159 506 0
208 .0102 . 723 .482 X
209 .0121 .874 .583 X
210 - DLET L.213 .80S X
i i LOLLS: 373 <373 .094 733 =489 X
212 .0184 L.1838 .789 X
213 L0101 .299 299 .075 808 539 0
214 .0084 679 453 O
215 . 0068 St B T X
216 .0084 .690 .460 0
217 .0070 580 387 X
218 .0079 .630 .420 X
219 .0057 .264 .264 . 066 O30k 304 X
220 .0071 .670 .447 @
221 .0063 .600 .400 0
222 -g022 201 .20k . 050 .267 .178 X
223 .0050 .601 .401 0
224 .0044 538 359 X
225 . 0054 .669 .446 O
226 .0056 .160 .160 .040 .844 563 ®

227 . 0043 .649 .433

O
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Table Al - continued

EXp. B W _ \% L/B
P Ql Qw s / B/W Fr Cg ¢
NoO.
£t ft GES cfs fps
228 . 0028

25 .&B2 O
~Sl8 212

229 .0021




Table A2 - Ice Jam Initiation Experiments with Large Ice Floes

EXp.

No.

IF230
231
232
233
234
235
236
237
238
239
240
241
2472
243
244
245
246
247
248
249
250
251
252
253
254
255
256
2517
258

B

=

.667

.833

W

‘4=

2.000

2.00

69

(3 1 x 2.5 1In x 5/16 in)

Q.

1

cfts

. 0017
.0025
. 0047
.0039
.0048
. 0078
.0107
<0133
.0141
. 0007
. 0008
. 0007
.0012
. 0013
.0010
. 0024
. 0021
.0012
. 0029
.0088
. 0053
. 0072
.0078
. 0064
.0123
.0147
. 0158
.0118
. 0065

Qw vn
cfs fps
320 340
.400 .400
.480 .480
.160 .160
.240 .240
920  3EY
.400 .400
.480 .,480

.3 I

. 300

L/B B/W 1) @

v g

.333 .080 . 2176

.100 . 300
- DB
.489
. 606
.120 . 7183
1.174
L3953
1.455
.040 G A0
. 249
222
.06 .242
. 267
a2l
.363
.318
195

213

.08

.417 .100
.842

s L3

.693

. 749

.616

.120 8 Wik
L3173
1.266
. 940

. 080 . /182

.092
.100
.194
163
10 )
. 261
s 308
.451
.485
.072
. 083
. 074
. 081
. 089
075
oL 2L
.106
. 065
.114
e G
.214
. 289
A=t
« 257
. 408

. 528
. 392
. 320

O 5 0 MM M O 0 MM OO oM O O ¥ O B OO O KOO E P K O R G e Be
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Table A2 - continued

Ez?. B W Q. o v L/B  B/W F Cq @
ft ft cfs cfs fps

259 .0032 379 L158 O
260 .0019 ses w088 X
261 . 0023 276 115 X
262 .0013 .240 .240 . 060 w2y JURE SR
263 .0020 Aok o135 0
264 ,833 2.00 .0017 .240 .240 .300 .417 .060 i =113 X
265 .0014 .160 .160 . 040 w333 139 ©
266 .0011 273 <114 ©
267 .0009 201 088" X
268 1,33 2.00 .0026 .160 .160 .187 .667 .040 390 260 X
269 . 0044 .672 .448 0O
270 . 0032 <4896 331 X
2L .0041 <639 426 O
272 .0039 .624 .416 O
273 0062 .240 .240 . 060 622 415 0
274 .0046 .465 .310 X
Zi b .0043 .441 .294 X
276 .0062 .643 .429 X
AT . QO3 w89 213 ©
278 .0052 .516 .344 O
279 . 0050 JoLT 2345 X
280 . 0056 594 .396 X
281 .0044 484 .323 X
282 .0038 +388 256 X
283 . 0053 .544 .363 X
284 . 0056 3B G287 X
285 | . 0037 2D1D  w2a@ X
286 . 0081 .673 .449 X
287 . 0062 .0l16 .411 X
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Table A2 - continued

Ez?. B W Qi Qw Vn L/B B/W Fr Cg C
RE £ cfs cfs fps

288 .0100 1.002 .668 O
289 .0065 .320 .320 . 080 .483 .322 X
290 . 0081 .613 .409 X
291 . 0082 .624 .416 X
292 10 5e B .900 ,600 O
293 . 0108 .843 .562 O
294 .0141 .400 .400 .100 .841 .561 X
295 .0169 1.020 .680 X
296 .0181 1187 7138 X
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Table A3 - Ice Jam Initiation Experiments with Small Plastic Blocks
(1% in x 1% in x 3/8 in)

Eﬁ?' B W Q. Q. v L/B B/W F_ C, C
£t g o cfs cfs fps
BBl .500 1.433 .0010 .200 .281 .250 .349 07 198 067 O
2 . 0007 w129 045 X
3 1.000 .0007 .140 .281 .500 127 .063 X
4 .0017 L32%, 160 0
5 .0010 .183 .091 O
6 .0008 .161 .080 O
7 <833 L0013 117 .28] .600 w23l 152 0
8 . 0007 .134 .081 X
9 .0011 .204 .122 @)
10 .0006 +AL18 OV X
11 . 0009 .163 .098 X
12 2.00 .0026 .281 .281 o250 .494 123 0
13 . 0009 .174 ,043 X
14 .0011 220 ,055 ]
15 . 0009 .181 ,045 O
16 .667 1.00 .0010 .140 .281 .187 .667 .145 ,096 X
17 .0014 203 J137 X
18 .0034 ~aBY LIPS O
19 .0021 -« SO U2 O
20 .0023 330 220 X
21 .0026 373 .249 @)
22 .0023 3R 224 0
23 .0018 283" A Yh 0O
24 .0014 200 138 X
25 1.333 .0024 .187 .281 . 500 <336 1bB O
26 .0012 .176 .088 X
27 « QOIS .240 .120 X
28 . 0024 M 7 7 A ] O
29 1.60 L00Le: .225. .281 417 S 18 TR [ [ 0O




Exp.

No.

30
3.1
32
33
34
35
36
37
38
39
40
41
42
43
4
45

PRl

O O 9~ O U e W N

S
w N = O

£t

.667

. 667

.00
.00

.00

"33

.00
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Table A3 - continued

.0018
.0031
.0023
. 0016
. 0019
.0015
.0023
.0016
.0013
.0019
. 0023
.0026
.0020
.0025
.0018
.0018

.0018
.0026
.0021
. 0016
.0013
. 0026
.0024
.0018
. 0026
. 0020
. 0046
. 0031
.0030

. 281
. 281

. 140

187

. 281

. 361

.441

: 281
. 281

. 281

s Al

. 281

o0

.441

L/B

.187

L8

B/W

s 333
1333

.667

. 500

. 333

. 06

0%

+ 09

S 0

s BIZ
.442
. 334
s Bl
.270
s 2l
. 334
. 234
. 180
. 268
. 324
.378
. 280
. 360
+ 256
. 260

.258
. 376
. 294
.228
«LBD
. 366
. 266
.. 199
. 288
: 225
.417
. 281
5 i

« 10D
.184
39
. 095
. 090
67 6
¢ b i
.156
. L20
7 BFLE
. 216
;189
. 140
. 180
.128
2. 30

. 086
L35
. 098
. 076
.061
« L22
. 090
. 066
.098
« 075

. 140

. 094

. 090

2 0 O +y8 O D B 0 B O TeR R2RE TN

» O X X O O O O W

© © O 6




No.

14
15
16
17
18
19
20
2%
22
23
24
25
26
LA
28
29
30
31
32
33
34
35
36
37
38
39
40
41

42

LE

. 500

. 500

.833

W

ELE

2.00

i

00

14

Table A3 - continued

Q. Q

1 w

cfs cfs

. 0018
. 0024
L0034 522
.0031
.0036
. 0046
.0034
.0052
. 0055
.0026 .281
. 0009
. 0011
. 0009
0017 .. 361
.0014
.0012
.0011
.0015 .441
.0013
<0007 522

.0016
.0020 .522
.0022
J00LS 281
.0027
.0022
.0026
.0033
.0030 .361

e DL

. 281

. 361

.441

322

.522

.281

s DL

L/B

. 290

. 250

120

B/W

o230

230

.417

ki3

. 07

.09

e

G

2]

07

.163
.217
. 261
. 240
SR
. 354
. 264
. 345
. 369
.493
.174
. 209
.181
52l
. 207
177
.162
.181
o LS
. L6
.168
. 208
220
e R
. 307
. 250
. 296

. 376
. 266

.054
.073
. 087
. 080
. 091
.118
. 088
w11
«123
s L23
.044
. 055
.045
.064
. 051
.044
.043
. 046
. 039
.044
. 042
52
@55
2 QT
129
.105
w23
- L56

= JL12
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Table A3 - continued

Ez?. B W g, g v Rwssniem W e e
ft £ cfs cfs fps

43 .0039 a4 Liks ©

? 44 .0033 293 ,122 O
a5 0038 .441 .44l 11 .97 15 X
46 .0049 356 .149 O
47 .0047 341 Y143 @
a8 0048 .522 .522 13 .294 123 O

' 49 .0052 321 .134 X
50 .0061 a73 A58 %
51 .0063 388 Wiz 6
52 1.333 .200 .0054 .281 .281 .093 .667 .07 .387 .258 X
53 .0092 658 .439 X
54 .0115 822 .548 X
55 .0158 1.123 .749 X
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Table A4 - Ice Jam Initiation Experiments with Large Plastic Blocks
(Z 2h & 2.5 AN % 3/8 1)

Ez?. B W Qi Qﬁ Vn L/B B/W Fr Cg C
It 5 cfs cfs fps
PESG:. 833 2.00 <0021 .336 336 .300 417 083 (206 R08hH O
517 .0011 .110 .046 X
58 .0015 .144 . 060 X
58 .0019 vk 8B  GOF7 X
60 .0020 .194 081 O
61 .0027 .386 .386 095 223 093 O
62 .0024 .204 085 0
63 .0024 .204 .085 X
64 . 0024 .204 .085 X
65 .0029 242 101 0
66 .0033 .447 447 .110 .240 .100 0
67 . 0030 .213 L0895 O
68 .0032 233 097 0
69 .0029 .206 .086 O
70 .0027 .197 .082 X
71 . 0026 .187 .078 X
72 .0030 .221 .092 0
73 .0034 .487 .487 120 225 094 O
74 .0032 ~2LE  .088 0
75 L0035 B28 L OHE8 130 203 089 0
76 .0034 .206 .086 @)
747 .0023 441 059 0
78 .0016 .096 ,040 X
79 .0020 320 ~050 X
80 .0021 12D b2 X
81 . 0028 .168 .070 X
82 - .0029 LS w073 X
83 .0034 2086 U886 O
84 w0036 .B73 573 .140 .206 .086 @)
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Table A4 - continued

Exp. B W v L/B B/W F e s
o Qi Qw n / / 15 g
No.
EE ft cfs cfs fps
85 .0037 203 LO89
86 .0035 197 082
87 . 0036 204 085
88 . 0041 .235 098
89 .0042 <240 100

90 5883, 2.00 0048 573 573 .30 4l7 1480 203 JL14

91 . 0046 «2081 JI09
92 .0069 .614 .614 120 364 (152
93 .0078 S 31 16 RS 17 il |
94 .0102 .642 .642 160 506 .ZLL
95 . 0061 .086 .036
96 . 0096 LALR 200
97 = DAEED .595 .248
98 .0130 .647 .270
99 . 0089 ~443 . 188
100 .0074 372 1S5
101 . 0186 .780 4780 98 slied [ 3E8

P02 1,333 2.00 L0046 360 G361 =187 Triehilt <080 2855 L6

g O O O O » W XK 8O 0 XK 0 0 O & X K &£ O 6 @ 8 @ M »x M B K

103 .0077 .428 285
104 .0076 .418 .279
105 .0058 w324 216
106 . 0066 .366 .244
107 .0081 .441 .441 <110 369 246
108 .0110 .498 _332
109 . 0094 .427 .285
110 .0098 .448 299
111 . 0084 . 3820 255
112 .0128 .481 .481 L1205 531 354




78

Table A4 - continued

ﬁz%. B W Qi Qw Vn L/B B/W Fr Cg 0
ft i 7 cfs cfs fps

113 .0094 .388 259 0
114 . 0099 .414 .276 X
LS .0092 .38l 25l 0
116 .0088 . 307 245 X
117 FOl3l. o522 522 . E30 502 2885 O
118 .0104 I =265 O
119 <0113 .432 288 X
120 .0108 .414 .276 0
121 .0101 . 387 258 ®
122 .0094 : .360 240 X
123 0185 (562 .562 .140 .694 ,463 O
12a 1333 2.500 0116 .562 .562 .187 3667 .140 474 DSIs @)
125 <13 .402 ,268 X
126 .0108 382 255 X
127 0119 .642 .642 160 370 247 X
128 .0154 .481 321 X
129 .0193 .601 .401 0
130 yO220 0 W22 S22 +LBO. 6L0 40F X
131 .667 2.00 0008 L3361 w361 375 L3833 090 093 SOSI 0
132 .0010 B 1 3 (O 0 7 X
133 .0008 .096 .032 X
134 .0012 .138 .046 o
135 .0012 .138 .046 O
136 .0022 .441 .441 LG 195 JNeS 0
1.37 .0014 .126 .042 X
138 .0018 165 085 0]
IS5 - 0015 .138 .046 O
140 .0013 . 123 041 X




ExXp.

No.

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

79

Table A4 - continued

.0018 .522 .522
. 0016
.0015
.0021
LA (562 5B
.0026
.0043
.0032
.0031
. 0021
.0032 .602 .602
.0054
.0050
. 0035
.0109 .682 .682
.0l6l

B/W

.130

. 140

.150

.138
. 120
L
L2
. 126
.183
309
PP
AR
.144
. 216
.363

.046
. 040
. 039
. 054
.042
. 061
103
.075
.073
. 048
.072
bt
110
.078

i

. 314

>x X 0O x x O

KM MK XM O O X XM O O O
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Table A5 - Ice Jam Initiation Experiments with Paraffin Blocks
(1 3/4 in x 1 3/4 in x % in)

No.

PAl

W 0 &4 600 b W N

N ONON N HE
Ww N F O VW O N0 U e W N H O

24

B

1

.667

v 853

W

ft

2

2%

00

00

cfs

.0033
.0018
.0024
.0021
.0018
.0012
.0014
. 0033
. 0019
. 0025
.0028
.0041
.0033
.0036
.0032
.0027
.0031
.0041
.0036
.0058
. 0045
. 0029
. 0035
. 0040

« 32

.401

.241

.2l

2.

.401

. 241

w321

soikilies

B/W

x 533

.417

e
r

. 060

. 080

.100

. 060

. 080

Cg C
;41 837
.228 .076
303 101
.261 .087
. 222 074
.147 .049
.174 .058
.306 .102
.180 .060
- 23k SOT
. 267 .089
«306 103
.246 .082
.267 .089
.237 .079
3~ NS
«387 129
k9l S
453 151
.540 .180
ALl w139
« 2B 082
.324 .108
318 126
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Table Bl = Eguilibrium Jam Thickness = Experimentg with
Small Ice Floes (1% in x 1% in x 5/16 in)

(p'/o= 0.92, F, = 0.58)

EXp. h, Vn C te i Yo EL By WEy TEE IS

No. (ft)  (cfs) (ft) hp Pt

SI1 .31 .41 A3 oL - 13 A6 4.09 353 2.95
2 il .41 L2814 13 L 3E 3.04 2569 e
3 o ) .41 <91 068 .13 .22 1.39 179wl 2
4 .31 .41 65" JO96 - .13. 3% 2.39 2.24 1.66
5 .31 .28 w2k - 055 209 _1B 0.96 0.81 0.23
6 32 .27 .14 ,045 .09 .14 0.59 0.68 0.10
7 .33 .35 w0 G058 4 o 1.07 1.24 0.66
8 333 .35 5 LR o s S T 0.95 121, .63
9 251 .59 2210 S - b SO [T 7 7~ 7122 7.05 6.47
10 =51 .59 =23  llgy Seasasieg 5.96 5.74 5,16
11 il .59 24 216 15 42 6.64 6.39 5,81
12 . 51 .59 p82 0 L1BT L LTS 37 5.96 5.42 4.84
13 .50 +52 N - - I [ SR i+ 5.46 4.18 3.60
14 .50 .52 L8l 182 Q8 .36 5.44 4.13 3.55
15 .51 .52 81 RS L 7 R o IR { 5,27 4.00 3.42
16 .51 .52 s24. . 165, 13« .33 4,84 3.76. ¥ 318
17 .49 .52 29 187 .13 .38 5.61 4.37 3.79
18 .49 .52 i b7 AR N J: TR [ AR 5.04 4,01  3.43
19 .49 .52 w27 142 .18 .29 4.00 3.45% 2.87
20 .49 wE 210 MERNINE Aoy ERSEN 1 T | 4.34 .61 - 5,03
21 .50 .61 X0 197 .15 .39 5.96 6.21 '5.63
22 .50 .44 13 142 11 .98 4.03 2.46  1.88
23 .50 .44 34 133 i1l <327 3.69 2.385 .77
24 .50 .44 .68 115 11 a3 367 2.16 < 1.58
25 .50 .44 42 1 R [ S ) [ 4.16 2.50 1.92
26 .71 .62 50 DAL | - SN [ S 6.52 5.11 4.53
27 .71 .62 238 2080 A8 225 6.19 4.94 4.36
28 o 70 .62 .72 .204 .13 .29 6.22 4.96 4.38
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Table Bl - continued

<l (?2) (cn) ; o ¥ ;ﬁ' %%'Ef"'l B e
2 53 A3 sy THE g5 “Ma75e 3.30  2.72
1 65 G128 el NeAT . Budb 276 12,18
Sl a5 85 138 &Il .20  3.89 2,89 . 2.51
5B B aiE: A JE  <B0B 0% 505 2480 178 ¢ 1:25

33 2 .43 o7 .074 09 <10 loa2 1 6L 1.0
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Table B2 - Equilibrium Jam Thickness - Experiments with
Large Ice Floes (3 in x 2.5 in x 5/16 in)
(p'/p= 0.92, F_. = 0.58)

%
o (22) <§?s) ¥ (E?} x Eﬁ’ %?'%?"'1 T e
LIl S52 ' .47 0 i L "URE o Ak 3.29 2.71
y 0 LuS2 Wl 60 olze "y 3R . iEs 2.62 2.04
3 1 58 el e Sy YA oz - S 2.43 1.85
4 2 AT L7 .e8e .11 a7 28 2:19 | .61
& .81 .39 35 .075 .10 .15  1.65 1.45 0.87
6 51 39 .58 .065 .10 .13  1.30 1.40 0.82
7 LBl a3 .72 .058 .10 .11  1.04 1.36  0.78
§ LBl .39 1.03 .048 .10 o oS 1.30  0.72
9 .50 .53 20 169 .13 E1 497 4.09 3.51
10 .50 53 .49  .164 .13 .30  4.81 4.00 3.42
11 .50 53 77 .08d .13 .15 1.86 2.73  2.15
12 .80 @ B3 99 .082 .13 .15 1.91 2.71 2.13
13 70 62 A7 303 .13 .43  9.74 7.22  6.64
14 70 .62 46 .266 .13 .38  8.40 6.19 3.69
15 .70 .62 % .86 .13 .26 5.59 4.62 4.04
16 .70 @ .B2 89 JiEs 15 31 s.68 4.66 4.08
i 71 -9 .18 . 292 o L .41 9.31 o | 4.73
18 7L .58 J81 72 1 .24 5.9 3.43  2.85
18 .71 .58 R TOET O (R N 3.44  2.86
g0 .74 JES 11 wiBE 0 L o2 deEd 3.28  2.70
21 .71 .49 .20 .162 .10 .23  4.75 2.66 2.08
22 .71 .49 54 135 .10 JlB 3.43 2.37  1.79
23 i | .49 .90 - 02 .10 .14 #2261 2,20 1.62
o4 70 A8 L2E  JALL .10 a3 - 2.8 2.26 1.68
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Table B3 - Equilibrium Jam Thickness - Experiments with
Small Plastic Blocks (1% in x 1% in x 3/8 in)

(p' /o= 0.91, FC = 1,22

EXp. hp, Vn z £ P Bn.  plfe o B S

No. (£t) (cfs) (ft) h, p' Es

SP1 S .47 .14 .044 e .14 0.28 1.43 0.21
2 S .47 .67 035 A B e . 0.03 1:35  0.13
3 SRk .47 1.45 35 .15 .44 2.92 2.96 1.74
4 .50 .61 2163 +094 (15 15 1. 73 23901 (SRR g 7
5 .50 .61 =98 L0615 LD 1.22 1.83 0.6L
6 .50 .61 1.23 P £ R L .26 279 3,05  1.83
7 « 5L . 66 L .142 - 16 .28 3.14 3.80 2.58
8 <9k .66 63 075" Jle s | B 2.83 1.6l
9 Sia | .66 1.26 .126 .16 b 2.68 353 L 2y
10 .50 g a8 .055 13 s11 0.61 1.64 0.42
11 « 930 - 52 .58 .048 .13 .10 0.40 1.59  0.37
12 20 {57 1= 30 i L 13 23 2.36 2,12, 0.90
13 .69 o PAL i IS, .124 LD . 18 2.60 3.44 2.22
14 .69 il +5D 085  oib ERE 1.47 3.06 1.84
15 .69 . £ .26 .196 o i .28 4.70 4.35 3.13
16 .69 .61 ik .074 LD .11 1 EIES 2,25  1.0%
17 .69 61 i) .074 o 3 S 116 2425  1.03
18 69 .61 L.17 . k33 .13 8e) 2.88 2.69 1.47
19 .70 .52 « 11 051 .11 o)y 0.48 1.:53 0431
20 48, .52 .54 .048 .11 @7 0.40 162 0.30
21 .70 S8 1.41 A he o AL s 2.85 1.94 O, 72
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Table B4 - Equilibrium Jam Thickness - Experiments with
Large Plastic Blocks (3 in x 2.5 in x 3/8 in)

(p'H = 0.91, FC = 1,22)

. .

5y (}flrtl) (:?s) . (;i) - %i“ Eb" %?“ R

LP1 s il .46 .13 . 064 il Ji .21 .87 155 0.31
2 -l .46 S . 052 .15 . 1 « DL 1471 0.19
R e i .46 1 . 040 2 +: L3 .16 129 0.07
4 = 50 .60 s did = A8, i [ . 24 2.49 2.84 1.62
5 e 50 .60 .60 . 130 ool IE .26 2. 19 2.97 1.75
6 .50 .60 1.09 L3 ol .26 2.83 3.00 1.78
7 .50 .60 Lo 1S .116 ol LE2 .24 2.39 2.9 1.57
8 .50 sl .08 e o solas a2l 2.10 1.98 0.76
9 . 50 o | .63 . 059 a3 o 1 0,73 1.60 0. 38
10 .50 e b 12l .107 e diS P2 e [ 1.99 Ot d
11 . 50 .49 =10 . 069 i i =i i =la )il 1. 54 0. 32
12 s 50 .49 .60 SUO TS =i 1 S 11, =4 27 1ie 5 0. 35
165! .50 .49 1.41 . 149 Ak .30 3433 Al 0.99
14 sl adil, - &7 .208 Sl ) e 5.04 4.50 3.28
1 a7 sodill 1.18 . 206 oSy .29 5.01 4.48 3.26
16 o VPR s Bl .07 . 144 o LS .20 3.20 2.69 L.47
17 o ] .61 .62 . 083 .13 2412, 1.40 2,23 3. 00
18 o L 0l 1.24 el .13 .16 2..29 2.45 I
19 .69 ol 5 1 S1H0] .074 W L2 9 4] U ces 2 D 1.03
20 .69 « 60 =32 . 058 o3 .08 0.67 2105 0.93
21 . 69 .61 .91 « 0L .3 el i O, 2.24 06 7
22 e .53 e .067 Sl | 230 0.94 1.63 0.41
23 .70 LS .65 .075 o 1 el | LB 1.67 0.45
24 . 7.0 .53 1.36 161 sl 23 35 70 2.18 0.96
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APPENDIX C

Effect of Surface Tension on Submergence

Velocity of Ice Blocks

In the course of the study of ice jam initiation and develop-
ment the velocities for incipient submergence of the plastic blocks were
measured and found to be forty to fifty percent higher than that for ice
blocks of nearly identical thickness. Since the specific mass of the
polyethylene is nearly equal to that of fresh-water ice (0.91 as compared
to 0.92 for ice), all of the formulas proposed in the literature for com-
puting the critical submergence velocity would predict nearly the same
value of the critical submergence velocity for both the ice blocks and

the plastic blocks used in the present study. For example, Ashton's
(1974) formula

VC 2(l-ti/hn)
A o ST (Al)
[gqjl--;ﬂ] [5= 3 1=¢ Jn )]
predicts for a depthlﬁlcf flow of 0.5 feet:
VC = 0.32 fps for ice blocks (ti ="0:026, Et, " = 1.785 slug/ftB), gnd
VC = 0.37 fps for plastic blocks (ti = 0.031 £t, p' = 1.765 slug/ft )

while the measured values of Vc were 0.32 to 0.36 fps and 0.44 to 0.48
fps, respectively. The measured value is correctly predicted by the
theory for ice blocks, but it is some thirty percent higher than the theor-
etical one for plastic blocks.

Polyethylene is a non-wetting material; therefore, along the
sides of a floating block, the water meniscus 1s convex upward. As a
result, at a flow velocity nearly equal to the critical submergence
velocity, the edge of the block is slightly below the water surface as
is shown by figure 23 and is depicted in figure 24, The water surface
displacement § due to this surface tension effect can be calculated

theoretically when the surface tension factor c at the air-water interfaces

is known as

2
e R ) (A2)
0g
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Figure 23. Photograph of Polyethylene Block in a Stream

Showing Effect of Surface Tension
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Figure 24. Definition Sketch for Determination of Submergence Velocity Including

Surface Tension Effects
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and 0 1s the contact angle at the air-water-plastic interface, and was
calculated by Wu (1971) to be 102°. Taking c equal to 76 dynes/cm
the corresponding value of 8 is calculated as 0.06 cm.

The effect of surface tension has been recognized by B. Michel
(1957), who had incorporated it in his analysis. He pointed out that
the effect of surface tension can become very significant when small
blocks of material other than ice are used in laboratory experiments
to simulate ice floes. When real ice blocks are used, because of the
film of water which is present at the interface of ice and water, this
surface tension effect 1s not present or at least greatly reduced. This
writer is not aware of any author besides Michel who took surface tension
into consideration in his analysis for the determination of the critical
submergence velocity.

Ashton's (1974) analysis can be easily modified to include

surface tension effects. His moment-equilibrium analysis remains valid

and leads to the equation

V2 Vz : t ;
5 u _ _p' o 2L sina (A3)
2gti 2gti P ti 3ti

where the various terms are defined in Figure 24. The surface tension

effect is introduced into the no-spill condition for stability of the

block, which becomes

V2

t +—+ L sin o = k. o (A4)
(o] 29 31

Substituting for L sin a in A3 from A4 results in

5V \Y , t

\ . 2 i < bt
Al 11 1 1

The assumption to tip'/p and introduction of continuity by the relation-

ship

v V.1 '= . /h)
u u B g |

lead to




——r

e

S

' 2(=t/h )
. 1N

o i | By (A5)
/gt [5—3(1—ti/hn)2]!’ / Pk

1

(8§ >0 for non wetting material and <0 for a wetting material)
If the value of 8 calculated above is used in the computations,
the critical submergence velocity for the polyethylene blocks used in
the present experiments is found to be

= 0. ¥
Vc 0.48 fps

This result is very close to the experimentally measured values of 0.44
to 0.48 fps.

As can be seen from A5, the effect of surface tension becomes
important when very small scale blocks, and therefore very thin blocks,
are used in model studies to simulate real ice floes, and can lead to
misleading results if the submergence velocity of the ice floes is an
important parameter in the phenomenon under investigation.

The effect of surface tension was further confirmed by the
following experiment. Polyethylene parallelepipeds were immersed in a
chemical "cleaning" solution composed of 5 mg of sodium dychromate dis-
solved in 5 ml of water per 100 ml of concentrated H2504, and heated to
a temperature of 60°C to 70°C. The resulting surface oxydation of the
polyethylene modified its chemical composition and the material became
wetting instead of nonwetting. The critical submergence velocity of
the treated blocks was measured to be equal to 0.33 to 0.35 fps, similar
to that of the real ice blocks and close to that predicted by Al. The
oxidized film on the surface of the plastic block is very fragile and
rubs off very easily. It was therefore impossible to perform the experi-
ments on equilibrium jam thickness and ice jam initiation with oxidized
plastic floes and determine whether the results would have been significantly
altered and become similar to those obtained with ice floes.

In conclusion, when a phenomenon, in which the critical submerg-
ence velocity is an important parameter, is to he investigated in a model
study and the ice floes are to be modeled using an artificial material,

the scale of the model should be large enough to render the effects of




(_} 2

surface tension negligible, or, if no other considerations intervene,

the thickness of the medel floes should be adjusted such that their

submergence velocity, including surface tension effect, is properly scaled.




APPENDIX D

Experimental Results on Compressive Strength

of Fragmented Ice Cover




94

Table D1 - Summary of Compression Tests

(d:cbjcti =" 1.378 1n. X L.3E801n. =% L.378 1in.)
Test L - Ve V./L Jor To
No. (ft) (ft) (cm/s) (1/sec) (1bs/ft2) (sec)
% 1=

PG-1 3.0 O3 0.037 4.0 52 39 Missing
PG-3 240 U3 0.037 6.1 65.82 .
PG-4 2.0 03 0.043 Tk 18 A B .
PG-5 (EEE @ [k 0.037 8.2 53.29 .
PG-6 1% 0.3 0.043 9.6 43.88 v
PG-7 1.0 0.3 0.010 p > 200 1bs 3
PG-8 1.0 83 0.020 6.6 128.07 "
PG-9 1.0 0.3 0.040 13k 64.48 .
PG—10 =it 0.3 0.060 1977 41.64 .y
PG-11 1.0 0.3 0.080 16.1 Tl b "
PG-12 1.0 0.3 0.100 32.8 25, 19 4
PG-13 20 0.3 0.010 1.6 168.81 =
PG-14 2.0 0.3 0.020 a3 2 :
PG=15 250 ) 3 0.040 6.6 51.05 2
PG-16 2.0 0.3 0.060 9.8 39..85 k
PG-17 2.0 0.3 0.080 I 30.45 M
PG-18 2.0 0.3 0.100 16.4 21,035 3
PG-19 2 1] 6 Q.3 0.010 P - 200 1bs =
PG-20 3] Q.3 0.020 Doaiid 1:.28.96 4
PG-21 3.0 0.3 0.040 4.4 64.03 !
PG-22 i) 0 0.060 6.6 40.75 o
PG=-23 3.0 G 0.080 8.7 3179 P
PG-24 310 QoS 0.100 L0 O 21.94 »
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Table D2 - Summary of Compression Tests
(d}{bicti = 150 in. ¥ 1L.25 10 ¥ 0.313 in:)

Test L t Vi Ve/L Oar $
No. (ft) (ft) (cm/s) (1/sec) (1bs/ft?) (sec)
L e
et 3.6 0.2 0.020 F > 200 1bs
KN-2 3.6 0.2 0.040 3, 7 52. 80 59.8
KNS%e 3.6 0.2 0.070 6.4 55.17 Missing
KN-4 3.6 0.2 0.090 8. 2 31.58 25,2
KN-5 3.6 0.2 0.150 13.7 11.88 8.6
KN-6 3.6 0.2 0.200 18. 2 10.04 6.8
KN~-7 246 0.4 0.030 P > 200 1bs
KN-8 2.6 0.4 0.054 6.8 47.56 40.0
KN-9 2.6 0.4 0.084 10.6 36. 64 26,2
KN-10 2.6 0.4 0.120 15.1 22.62 16.8
KN-11 2.6 0.4 0.180 227 15.41 10.0
KN-12 3.0 0.4 0.030 3.3 99.55 110.2
KN-13 3.0 0.4 0.065 Tl 26.30 28.6
KN-14 3.0 0.4 0.095 10.4 20.13 18.0
KN-15 3.0 0.4 0.140 15. 3 14.48 10.6
KN-16 3.0 0.4 0.190 20.7 12.51 7.3
KN=17 = 2.0 0.2 0.035 5.8 72,97 49.6
KN-18 2.0 0.2 0.052 8.5 43.61 Skl
KN-19 2.0 0.2 0.078 12.8 23. 80 15.1
KN-20 2.0 0.2 0.130 21.3 12.85 7.0
KN-21 2.0 0.2 0.170 27.4 10.73 6.2
KN-31 2.0 0.6 0.200 32.8 22.90 8.8
KN-32 2.0 0.6 0.160 26.2 26.74 10. 2
¥=33 2.0 0.6 0.110 18.1 54.16 20.9
KN-34 2.0 0.6 0.076 F > 200 1bs
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Table D2 - continued

Test L t Ve Vo/L O Tes
NO . (EL) (ft) (em/s) (1/sec) (lbs/ft2) (sec)
x 10~4

KN-37 6.0 0.2 0.18 9.8 7.95 9.8
KN-38 6.0 0.2 0.13 751 11.35 16.1
KN-39 6.0 0.2 0.10 5.5 15.81 25.7
KN-40 6.0 0 2 0.08 4.4 29.83 43.6
KN-41 6.0 0.2 0.06 3.3 28.08 55.3
KN-42 6.0 0.2 0.03 1.6 48.48 117.6
KN-43 6.0 0, 2 0.02 e, 62.73 159.7
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Table D3 - Summary of Compression Tests
[d}(b){ti = 3 dm. e 2.5 Mndex 0.87% amne)
Test L F VC Ve/L Ocy i1
NG . (Et) (ft) (cm/s) (1/sec) (lbs/£t<) (sec)
x 1074
KIN= < A0 0.2 0.200 32.8 15,98 41 .1
KN=-15 20 0, 2 0..150 24.6 13.89 23.4
KN-46 2.0 () 2 Q1S 18.9 16,27 33.4
KN-47 2.0 0.2 Q070 11.5 15 .89 s o3
KI—44 2.0 0.2 0.050 O« 2 1951 104 = et
KN-49 2.0 Qv 0.038 6. 2 o A 24.1
KN=-50 2.0 0.2 0.025 4.1 32.54 38.8
KN-51 30 02 0.190 20.8 16.08 16. 2
KN=-52 3l Qi 0.140 i[5 £ 15.80 Sy L
KN-53 el 0. 2 0.110 1i2:5.0 L85 Bl
KN-54 3,0 0 2 0.075 8.2 26.64 14.7
KN-55 S0 0.2 0.055 6.0 37.43 24.4
KN-56 3.0 0.2 0.035 33 64.11 46.4
KN-57 3.0 )2 0.024 2.6 86.41 70277
KN-58 2.0 0.4 0.190 31.2 1S 28 33k
KN-59 Z20 0.4 0.140 23.0 10.46 8.8
KN-60 2.0 0.4 0.110 1.8 ¥ 13.51 1152
KN-61 2.0 0.4 0.075 123 16.42 14.8
KN-62 2.0 0.4 0 BOY5E 9.0 20,36 17.4
KN-63 2.0 0.4 0.035 ST 46.37 40.5
KN-64 2.0 0.4 0.024 3.9 54.15 46.6
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