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responding to the form of the bottom section of the jam:
L, =090l Ja2¢; ~ (5.14)

(3) The arrangement of ah outlet path for water and
ice if the head reaches a value of Hm by clearing the banks
and flood plains, the making of an outlet canal with
 — - Sp = SO' With an aprropriate flood plain struc-
ture, this method may be sufficiently effective and reliable.
Thus, results of the investigation of jam formation at the
mouth region of the Nieman R., published by I. Ya. Nechai /53/
showed that rises in the water level caused by the formation
of ice jams on the basic branch of the Niemen are insignificant
due to the disperal of water from above the jam along the un-
dammed up right~bank flood plain;

(4) A reduction in the water discharge by holding the
discharge to a value(corresponding to Eq. (5.8) of less than unity,
for which an increase in the level head terminates. However,
in this case, the jam may continue to grow in length - upstream.
This method is in principle applicable to dams of all types;

(5) The crushing of blocks that enter into the jam to
a value of b « Bo and 3 < A3 with the simultaneous increase
in q and a decrease in kf or without this for the purpose of
block passage along the surface of the ice accretion jam. Other
methods examined above in the measures for jam breakdown are
also fully possible.

It is evident that for purposes of controlling, predict-

ing, and breaking down jams, a combination of the examined
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methods and measures may be applied.

5.3. Longitudinal Dimensions and Block Form

Calculating the dimensions and form of the blocks is
necessary for solving a number of problems of jam formation.
For example, the block dimensions enter into formulas of
block and jam stability loss (2.9) - (2.18), (2.20), and
(5.6), while the block form is implicitly considered by the
probability coefficients which determine the block contact
conditions (the ) coefficients, etc.).

At the same time there are as yet no andlytical methods
for calculating the dimension and form of the blocks; this
results from the insufficient study of the phenomenon. The
data from field tests, generalized in the form of probable or
approximate analytical dependences should lie at the basis
of methods for evaluating the examined values. The results
of some treatments along these linesare given below.

In examining spring ice blocks as a product of the break-
down of the ice cover (or ice fields), the following should be
noted:

1. In the general case, the ice cover on rivers is a
complex, polycrystalline aggregate of stratified structure of
nonuniform texture and strength. Four different types of layers
are characteristic. The uppermost layer, the ice-snow layer, is
characterized by the disorderly array of crystals and the low

resistance to opening /9/. Therefore, it is of little importance -
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in the block mechanics, although its thickness may reach 30%
or more of the total ice thickness.

The second layer, the "primary congealed ice" (according
to P. A. Shumskii's terminology /85/), also of an unorderly
structure, is the primary autumn formation (slush, caked ice,
etc.) of small thickness, comprising 10-1.% of the total. Be-
low this is the third layer of the secondary (orthotropic) ice
formed by the crystallization of water under the primary ice
in its transport through the river. The forced crystallization
and geometric separating here lead to the formation of an
ordered columnar structure. However, in the presence of slush
under the primary ice layer, this orderliness breaks down. The
thickness of the given layer can reach one-half or more of the
total.

The fourth and lower layer, formed by direct crystalliza-
tion of the river water, is a polycrystalline body of columnar
structure. The third and fourth layers have the greatest strength
that is almost the same in both cases /9, 19/. The ice cover in
various rivers and river sections and in different winters may
have fewer or more layers - alternate combinations of both
examined above (for example, in sections of autumn ice jams),
depending on hydrometeorological and other conditions. A
high contamination of the liquid with various impurities causes
many defects in river ice crystals, which facilitates the

development of dislocation movements.
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2. In the spring, before cpening, the ice cover is
subjected to an internal and external thawing and to an in-

creased water pressure, which is reflected on its texture and

_strength. At this time, the ice prepares for its new form of

existence as blocks. There takes place a partial breakdown of

the intercrystalline layers in the lower ice layer due to processes
of dissolution and absorption by solar radiation, which leads

to a decrease in the specific surface energy. Here, heat energy
alone suffices for the breakdown of a solid body along a de-

fect network. Therefore, the lower surface of the ice cover

and the blocks as well as the lateral surface is covered with
developing-cavities.

3. The thickness of the ice cover in rivers regularly

' decreases from the banks to the dynamic current axis and from

the reaches to sandbanks. This is associated primarily with
the nonuniform amount of heat energy, which evolves in the
process of hydraulic-resistance energy dissipation. 1In other
words, there is an inverse relationship between the thickness of
the ice and the current speed, as a measure of the energy of
hydraulic resistances. The ratio of the.ice cover thickness on
sections of the stream with different flow velocities may be
expressed according to the following equation /41/:

9, +—t,;-{_—¥ u}

h'
','";": i [ (5.15)

9: 1 Il:

7:-7::;
where ’l and )2 is the heat transfer of the bottom; c1 and C2

are the Chezy coefficients. Eq. (5.15) may be used for evaluating
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possible fluctations in h.

4. The appearance of compressive, tensile, and bending
stresses in the ice cover is associated with the action of
forces that are variable with respect to time and place.

These include:

(1) The attractive force (1.18), which creates a tensile
stress on tha upper boundary of a certain ice cover section
(striving to tear the cover from the above-lying section), while
it creates a compressive stress at the lower boundary;

(2) The static ice pressure, which arises due to thermal
expansion - contractions with daily fluctuations in temperature
and those which create a uniform compression - elongation in
the longitudinal and tranQQerse directions, and the formation
of thermal cracks in the limiting case;

(3) The vertical water pressure force (from bottom to top)
on the ice cover, which arises with a raising up of the ice
(Archimedes' force) and with an increase in the hydrostatic head,
due to an increase in the water influx into the river and the
formation of a temporary head. The latter leads to the appear-
ance of bending moments with their maximum value at the shore
in places where the ice cover is fastened to it;

(4) The wind pressure force, which creates tensile and
compressive stresses in the longitudinal and transverse direc-
tions;

(5) The force of dynamic and static ice (block) pres-

sure on the upper edge of the ice ice cover in the investigated

T —
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section.

Under the action of the given forces, the ice cover may be
broken up due to: (a) its rupture or compression in the longi-
tudinal and crosswise direction; (b) bending in the crosswise
direction, including uader the action of the gravity in the
"sag" of the ice cover; (c) losses of longitudinal stability.
The separate sections which form in the breakdown of the ice
cover (ice fields, primary blocks) acquire a known mobility,
which leads to the appearance of two new forces: (1) Inertia,
and (2) Collision forces (dynamic pressure) of blocks during
their collision. The further formation and reformation of dimen-
sions and forms of the blocks, which continues up to the end of
ice movement, occur under the action of these forces.

The dimensions of the individual blocks at this time are
determined by the joint action of a large number of variable
factors and may be examined as random. The average 'imensions
of the blocks under given hydrodynamic conditions are a more
definite value, yielding to a known degree of quantitative
analysis. For sufficiently long periodsof time under conditions
of the developed dynamics of the process, i.e., when the given
forces play a leading role, it is not difficult to establisﬁ
the existence of a close, almost functional, connection of the

).

-
type 1 = £ (v, h, °i,s

The presence of such a relationship, confirmed by field
observations, permits expressing the horizontal dimensions of

blocks as a function of thickness and strength, which are assumed
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to be known. The principies of the theory of materials; resisf-
ance as well as special investigations, on the basis of which

is determined the length of the blocks, precedirig from the
condition of their not breaking down upon collision with each
other and with the banks, are used for this purpose. It is
assumed that part of the impact force Fl is consumed in the par-
tial breakdown of the block edges according to the diagram
examined in section 2.2. As a result of this, conditions of

the creeping (plunging) of one block on another are facilitated.
The blocks experience both bending and compressive stress in
which there is consumed a second basic portion of impact strength
F = v Fg + Fg, where F, is the bending force, and Fy is the
simple compressive force. Other forces will be excluded from
the examination, due to their known insignificance /61/, and

then we can write: .
my

——=F,+7F,

: . (5.16)

where m is the block mass.

Using a method similar to that for deriving Eq. (2.9),
it is established that for average forces, with a reliability
of 50%, the impact force F, = hzu s* The value FZ is found
from the relation known from materials' resistance:

antﬁldﬁlﬁl.

wzcording to investig&tions of block impact against an

inclined surface, conducted by B. V. 2Zylev /27/, the results of

which are applied to the examined case, the maximum compressive

and bending forces may be associated with the relationship
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F, = l.lrzmtan B . Substituting in Eq. (5.16) the values of

3m
mass and forces Fl' Fyo F3vdth B = 45°, 1 = b, and solving

the equation with respect to block length, we obtain:

1= o 10210 00 =S (ho 05, (5.17)
s i i -

ny AV

where A, - see Eq. (2.9).

A check of Eq. (5.17) showed that it gives the most satis-
factory results for current speeds of 0.6 - 0.8 to 1.3 - 1.5 m/s
and for ice movement of average intensity. For A = 1 and
average values of h and o, Eq. (5.17) gives average block
dimensions. As field experimental investigations have shown
(Fig. 12), the qﬁantity of such blocks within deviation limits
of + 15-20% may comprise 30-60% cf the total quantity of blocks
in a given ice movement. Substituting in Eq. (5.17) the extreme
values for Al, h, and o, the limiting dimensions of blocks
may be obtained. However, one must bear in mind that the
physically limiting block dimensions will obviously be: the
maximum lmax = BO and the minimum 1min = h. In addition, as
shown by a statistical treatment of photographs of ice movement,
the distribution of block sizes is close to asymmetric curves
for distribution of random values (with left asymmetry), while
the form of the curves, like the block dimensions, changes with
the passage of time.

The form of the individual blocks and their size may be examined
as random values. In averaging these values, a known regularity,
which has a theoretical basis, may also be examined. As has

already been mentioned, the thickness of the ice cover in rivers
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usually decreases from the banks to the middle of the stream
and from the reaches to the tandbanks. By applying in this

case the tenets of the theory of plate deformatior, it can be
shown that with pressure on the ice cover, choked ice fields

and, in general, formations of low mobility on the lower sur-
face and upstream of the edge have the most probable breakdown:
(a) parallel to the banks and (b) at an acute angle to it, along
the diagonal. It follows from this that the most probable form of
the blocks in a plane is close to an irregular trajectory with
more acute angles for large gradients of ice thickness varia-
tion along the width of the stream. The nonuniform ice thick-
ness along the length of rivers and various local abnormalities
finally complicate the picture, but the general regular nature

is evidently maintained.

Along I-I

Along II-II

%&EE @@ s
KA ol 1

Fig. 12. Stylized diagram of the formation of blocks with a
rapid (dynamic) breakdown of the ice cover due to
longitudinal compression and crosswise bending.
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Thus, the results of our investigations of more than
1500 average-size and large blocks (according to photographs)
at the beginning of ice movement on rivers with flow velocities
of 0.7 - 0.3 m/s showed the following:

/101/ (1) 50-75% of the blocks have a form in the plain that
is close to an irregular trajectory, 15-25% are triangular,
and 10-20% are rectangular, polyhedral, etc.;

(2) The acute angles of the blocks in 75-80% of the

cases lie within limits of 40-60°; 10-15% have angles of 20-40°

and 5-10%, greater than 60°. For obtuse angles, 75% of the blocks
have 90-1200, 20% have angles of 120—1400, and 10% - greater than
140°.

The results of field investigations (observations) agree
with the data of certain experimental investigations on the
breakdown of the ice cover of natural ice in a long hydraulic
trough. The noted features are examined in Fig. 12, where a
stylized diagram of the distribution of form and relative block
dimensions is shown; these are forms in the trough with a suf-
ficiently rapid dynamic breakdown of the ice cover with the
simultaneous action of compressive and bending forces.

The given data may be utilized for probability evalua-
tion of block forms. It should be borne in mind that these
relate to "young" blocks (at the beginning of ice movement).

As time goes by, the dimensions and form of the blocks change.
As a rule, blocks acquire a more curvilinear profile, gradually

approximating circular and ellipse forms with curvilinear angles
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of 90° and more. We can conclude that it is in principle pos-
sible to construct in future the calculation dependences
for determining the dimensions and form of blocks for specific
mechanical properties of the ice and conditions of block forma-
tion. Such a structure may be conducted along lines of elastic
and plastic theory, introducing probability characteristics.
Such constructions require a rather large number of special

field-experimental and theoretical investigations.

CONCLUSION

Investigations of ice jams, based on prin-
ciples of general physical laws of mechanics and rheology of
both continuous and discrete media, indicates on the one hand
the fruitfulness and the many possibilities of this method, which
allows the solution of a number of important problems examined
here, while on the other hand, indicates the urgent need of
studying many new complex problems derived from actually combat-
ting jams and controlling them.

While the regularities established here permit conducting
a more or less reliable state of analysis of jam formation under
stationary water conditions and known characteristics of ice
movement, the question regarding calculations of jams under condi-
tions of sharply expressed unstable conditions remains to a great
extent unsolved. The same may be said of determining gquantita-
tive characteristics of ice movements, the conditions of its

development, and changes over time, etc.
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In order to solve such problems, it is necessary to con-
solidate the methods and laws of mechanics of continuous and
discrete media with the methods and procedures of hydrology,
meteorology, and also special divisions of the sciences, such
as physical chemistry, ice technology, etc. This complex
approach to methods of investigating ice jams should also
apply to solving problems of controlling them.

It is obvious that future studies should be directed to
improving and detailing mathematical models of ice jams, field
and experimental methods of investigation, the treatment of
methods for solving various applied problems, as well as to
checking the accuracy of certain hypotheses and calcula-
tion models.

In conclusion, we think it necessary to again state that
the present study is not exhaustive. The authorg viewed their
task only with respect to the possibility of characterizing
the most important questions of the examined problem from the
point of view of general physical laws, mechanics, and rheology
of discrete media, comprised of individual particles - ice
blocks. We note also that in following through with this
concept, the particular biases and opinions of the authors

have appeared to a certain extent.
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