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congidered sufficiently valid for accretions of small particles
(slush, ice dams, crushed ice, etc.) for which the given models
are predominantly utilized. However, for accretions of relative-
ly large (spring) ice blocks, the consideration of some indi-~
vidual properties is necessary for solving single problems.
Some characteristics can be expressed here only by the law of
distribution of random values. More developed models based on
a continual or "ideally free-flowing" concept of the medium are
ingufficient for describing specific properties and features of
the object. A more.rigid investigation based on a discrete
structure of accretion construction and based on principles of
statistical mechanics is made difficult by the insufficient
theoretical development.

Therefore, taking into consideration all of the properties
of interest of the object within the framework of classical or
statistical mechanics is practically unachievable. Here, it is
expedient to apply both the continuous and discrete methods of
investigations, as well as elementar’ methods of mechanics, in-
specting and comparing the results with natural and experimental
data in order to solve the various problems. In specific cases
it may be necessary to apply a combined method using different
rheological models, the introduction of supplementary conditions,
probability characteristics, etc. A rheological diagram of jam
formation is created from these considerations and a system of

basic initial equations and additional relationships is estab-
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to finite displacements of large-size particles (ice blocks).
/16/ Therefore, the application to this case of mechanics equations
for a continuous medium has a formally conditioned character and
is allowed mainly only to describe critical (limiting) stresses
of states,with the introduction of additional parameters that
take into consideration the special features of the processes
examined. Taking into consideration the noted features of the
behavior of a system, the degree of its study, and experience in
applying simplified diagrams, a rheological model of ice move-
ment is established for its development in stages (Pig. 2) with
increasing compressive stress - from the floating of solitary
ice blocks to the formation and destruction of the ice jam. Models
applied in rheology and designations of internal relationships are
used for this /54, 66/.
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Fig. 2. Rheological model of internal connections of ice movement
and ice jams.

Ice movement stages: I - floating of individual ice blocks;

I1 - single-layer plane accretion of ice blocks with compressive
contractions; 1IIa and IIIb - stability losses (hummocking) of
ice blocks; IV - formation of multi-layer ice-block accretion
jams; V ~ consolidation of the jams; VI - breakdown of the jam
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Equations (1.13) and (1.14) permit classifying ice move-
ment (ice transit) according to the direction of its motion:

(1) Longitudinally - forward and backward (upstream):

(2) Crosswise - through the tributary channel;

(3) Longitudinally-trangversely.

Different directional combinations yield 15 types of jams
which theoretically exhaust all possible cases. The longitudinal-
crosswise type movement is observed at the mouth of the tributary,
and the countercurrent flow downstream of large rivers in a wind
surge.

2, The dynamic equations which more fully correspond to
the object's properties are equations of the quantity and moment
of movement of deformable bodies /30/. Their application to
the objectives examined is difficult and it is hardly expedient
at the present stage; however in principle it is not promising
if we proceed from the increasing possibilities of computer
application and development of the theory of ice movement itself.

3. The law regarding a change in the ice-block energy A3
can be used in the D. Bernoulli equation form or in another form
which has been applied for this purpose by P. A. Kuznetsov /6l1/
and by Iu. A. Deev /20/:

' 43=8+$.A. (1.15)
where ? is the elastic energy of the ice block; % A is the
sum of the work of all forces including those consumed in plastic

deformation, local crumpling, thawing, etc.
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(a) The force interaction of water or air currents

(wind pressure) on a solid body can, as is known, lead to the pri-

4
z

mary vector P = ﬁi + ?3 + P° and to the primary moment. The

vector Bx corresponds to the force of the so-called head pres-

sure (resistance) of the current, which can be presented as a

sum of the force (31)x of the hydrodynamic pressure (profile and

wave) on the edge of the ice block and the force (32)x caused by

the friction of the current against the ice surface.

In investigating the interaction between the current and

ice blocks, the force of head pressure ix is usually called the
/21/ "attractive force" of the current. We will use this term in the

following. For a determination of forces (;1)x and (32)x in the

study, the general aerodynamic method is taken, in which these

forces that refer to the action area unit are expressed by the

formulas:

(1.17a)
p =kl
and
P kov3.
(1.17b)
(For convenience we w.ll omit writing the index "x" here and below.)
Por a rectangular form of ice blocks and their accretion, as

has been suggested by K. N. Korzhavin /39/, this can be written:

(1.18a)

Pra= kel

k. "kl + (0,0k,h!l).

where
(1.18b)
If the transverse component of the current speed appears,

for example in the bending of the current, the corresponding trans-
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of a solid body at a speed different from the speed of the cur-
rent it appears and is caused by a crowding of the useful cross
section, the flowing of currents under it with the formation of
whirlpool zones, the subsequent loss in energy, etc. These phenomena
reduce the pressure (evacuation) under the body, which expands
some distance from its other boundary where the flow of the cur-
rent has arisen. An evaluation of this force can be made only
approximately in the solution of applied problems.

(b) The component of ice weight, which refers to a unit
of surface, is expressed, depending on the problem to be

solved, by the angle or average velocity of the current:
I

-t (1.20)

pl=?lh‘=?l

pry™ ikl =’~Pn"—-‘ (1.21)
where C = 1/n Rl/s. Bere, for accretions of spring ice blocks,
which are characterized by a relatively great roughness and by a wide
channel with R = 0.5 H, where H is the current depth under the
ice /46, 67, 73/. The value of the coefficient r of passage from
the below-ice to the average speed of the current is a function
of the nature of the ice and hydraulic characteristics. Accord-
ing to the data of some field observations /36, 39/ in the absence
of slush under the ice,r = 0.8-0.9. The values of the coefficient
k" = £(C) are given by A. V. Karaushev /33/.

(c) The force of shoreresistance, which corresponds to

the equilibrium level (1.9) can be expressed according to the

relatively we.l confirmed diagram of K. Yansen /5, 15/. However,
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6. Active and passive pressure (internal resistance) of
the ice accretion is determined according to the known /15/
dependences:

Fimpdh’ =’ (1 =07/} (/4 —612) 1;-}': (1.25)
r.=u.h'1=p'u—wmntg'&/ue/m—'f_,il. (1.26)

7. We divided ice’blocks into three groups according to degree
of rigidity in bending upon collision for convenience in this
investigation. The idea for this classification is borrowed
from the theory of beams on an elastic base /75/ with a certain
change in the calculation method and substituting plate rigidity for
cylindrical beam stability.

Short ice blocks in which the buckling due to bending is
negligibly small in comparison to the sagging of the base. These
are "rigid" ice blocks, the length of which complies to the
condition:

<O8(ES[K)s,

(k = shoréﬁ.‘ {(1.27)

where I = bh3/12 - the smallest main moment of inertia; E - is
the elasticity modulus of the ice, and k = yb - the coefficient
of the foundation bed; at y = 0.001 kg/cm>:

I, < 2,6(ERY ., (1.27a)

5

For E = 1-10> kg/cm® and h = 100 cm, 1, = 14.5 m, while

k
with h = 20 cm, lk < 4.0 m.
Long ice blocks comply to the condition gy, < O+ where
a9y is the critical compressive stress, which causes a loss in

the longitudinal stability of the block. By applying the formula
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losses in block stability were studied both under the nondestruc-
tive condition (suberging and tightening of short and average size
blocks) and under the breakdown state - long blocks model "ice
fields" and the breaking open (loss of longitudinal stability)

of the ice cover on sandbanks.

(5) The channel model was a hydraulic trough with a vary-
ing bottom slope (rigid channel of rectangular prismatic form) with a
depth scale distortion of 5-15 times that usually observed in rivers.
Various obstacles, which reduce the channel throughput were modelled
in the trough (see section 3.2).

(6) The dynamic pattern of the current was modelled by two
basic forces: gravity and water pressure, observing the equality
and the compatability of the Froude and Euler numbers. The fric-
tional force was considered in separate problems observing the
compatability of the Reynolds' numbers.

(7) The stressed state of the blocks under a load was
assumed planar described by the known egquation of M. Levi /4/,
while the connection between stresses and deformations was taken
according to the rheological diagrams II-IV-VI (see Fig. 2).

(8) A dependence is determined from the Levi equation for
converting the critical stresées O’ which determine the step-
wige development of the jam formation (according to diagrams II-IV:

,.._E%(:—:-)'o._‘,, (1.30)
where 1 and 1 are the linear dimensions of the model and the field.
The critical stresses are expressed by the strength limits

with respect to o = ki oy where ki < 1 is the proportionality
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block accretion to a critical value (static form). More than
60 tests were conducted under various hydraulic conditions, ice-
block forms and dimensions.

(3) The study of the process of ice-cover buckling and
breakdown with an increased water flow rate, keeping it in a
stretch of water® (see Fig. 1l); 15 tests were conducted.

(4) A study of the breakdown of ice jams of various
types with water influx; 15 tests were conducted.

In the investigation of jams on a smxnaﬂbdnadxchmuuﬂ section.
the Lottom stretch of the trough was raised on the sandbank and had
a large slope, The models of the ice cover and ice fields were
made of paraffin, while the stylized models of obstacles for
Bo < b and H < h were made of modelling clay or solid materials.
In order to established the coupling moments of the examined proc-
esses, scale photographs were taken, which were then used in the
treatment of the results.

The conducting of model investigations has a known limit-
ing character with respect to possibilities, volume, and detail,
which permits only clarifying the qualitative nature of the
investigated phenomena and processes. However, their results
permitted confirming the earlier formulated basic theoretical
aspects /18-20/, and also defining somewhat more accurately and
detailing the mechanism of the jam formation. In particular,
we were successful in establishing a gradation of jams according
to the extent of their development (see Section 3.1) clarifying

the form of the jam body and the regularity of ice-block distribu-

*the "reaches"--Trans.
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in an immobile accretion found in the stressed state. This
phenomenon is particularly characteristic for "narrow rivers®,
where the ice-block dimensions are relatively large. Thus,

in modelling ice-jam formations for b = (0.10 - 0,25) BO in the
rear section of jams, due to the formation of arches upstreanm,
sections free of ice blocks emerge. These break down with an
increase in pressure or a change in the level of discharge [of
water]. It may be assumed that the -paces free of ice observed in
the Oniester River within the jam limits are associated with

this phenomenon /31/.

The block accretion/shore interaction coefficient { n, ¢1)
is a variable, as noted above, dependent on the velocity of ice
movement, the nonpr ismatic form of the shore, etc. /57/. 1In the
current level of study of this phenomenon, it can also be approximately
considered by introducing into the shore interaction force Po the
channel nonprismatic coefficient established empirically, [ 2 1.0
(see Section 1.3).

The general expression of ice throughput through a river
section was obtained earlier /20/ proceeding from the following
reasons. The moving accretion of contacting ice blocks bounded
by the locking lines can be examined with known approximation as
a material system of mass M and all forces may be related to its
center of mass. Taking Eq. (1.14) for this case and the theorem

of a change in kinetic energy of a material system, we obtain:

z):‘,A,+c,.-; " (2.3)
Sy=hB, | 4, "_'T_ e
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(4) A packing (piling up) of the ice blocks on the
obstacle and on each other;

(5) A sinking (flatwise) of the blocks in the water due
to their loss of buoyancy.

The individual forms of block stability loss have already
been subjected to a special analysis and theoretical study:
The tightening of blocks - L. G. Latyshenkov /42/, V. K. Troinin
/76/, G. FP. Kennedy and M. S. Uzuner /77/; the plunging - V. I.
Sinotin /72/4 buoyancy losses - E. Pariset, R. Hausser /89/; the
plunging and creeping of blocks - Iu. A. Deev /19/, and others.
Establishing qualitative dependences of the various forms of
stability loss is done on the hbasis of agsumptions in the
present study for the initial conditions and models given in
Chapter 1. Analyzing the examined phenomenon permitted us to
draw the following conclusions:

(1) The breakdown form of block stability in collision
with an obstacle is basically a function of:

(a) The relative kinetic energy of the blocks 3,
determined by the block approach speed and block dimensions;

({b) The block form;

(c) The nature of the obstacle;

(@) The state of the current.

(2) Three cases for the breakdown mechanism (form) of
block stability are established:

(1) The kinetic energy of the blocks » is directly con-

verted to the energy of mechanical pressure on obstacle T; hum-
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culation for the phenomenon, the reasoning behind it and assumptions
for this method may be prezented as follows.

1. #hen the block collides with the edge (or with another
block) and there is a sufficient approach velocity, the edge of
the impacting ice moves out to the border (or under it) as a
function of the direction of torque, which arises due to the
nongniform thickness of the blocks /19/, the nonuniform strength
and form of the edge of the blocks along the vertical, the tan-
gential stress due to water friction against the lower surface
of the ice, the drop in pressure under the rear portion of the
block; the curve or decline of the movement in water under the
ice-cover edge.

2. In the block's advance, its center of mass effects a
forward motion, while the impacting edge effects a plane-paral-
lel rotation in the xoz plane. The kinetic energy of the block
is consumed for this work, i.e.

n‘3-=1p|-;|v (2.8a)
where n' is the coefficient that consfdera the additional pres-
sure of ice masses approaching from above; A!,- the work expended

in the forward motion of the center of block mass; A, - the same

v
for rotation.

3. It is assumed that a projection of the block hits at
angle o, against the plane face of the cover without slipping,
but with the partial breakdown of the contacting sections. This
process, on the one hand, is similar to tle phenomenon of fric-

tion with dispersal, and on the other hand, it is analogous to
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where a; = n2 Ai; ns= 0.6n1: Al is a coefficient which
considers the probable nature of the value n and tan a,.

In guaranteeing p < 103, the value Ay = 0.5-0.6; for
P = 50%, the value A =1 (n; = 0.8, tan a, = 1), and with P

> 90%, the value ), = 1.5-1.6. The coefficient n, = (1/n')2

with sparse ice movement is taken equal to 1.0, for average move-
ment - 0.8, and for dense movement - 0.6-0.7.

The approach velocities of the block for which there occurs
its plunging (vz) or creep (v,) are obtained from considering
the values of work loss on these processes:

vy == (v} 4 0,6h)°%; (2.10)

= (ot 4 10h)"S.
= (vl 4 104) (2.11)

A confirmation of these equations under field cond.tions
in the Prut River (5 surveys) and on models (30 tests) gave
satisfactory results. The mean-square deviation of experimental
values from those calculated was 12-15%.

Assuming a connection between the pressure force p and the
values h, Oy which correspond to the strength of an elastic
plate, in the form p = 3.5 S (h/l)z, the value vy (for p = 0.094
t-szlm‘ and 1b = 12) is attained in the form:

=120 Vk. (2.12)
Eq. (2.12) is similar to the dependence of Pariset /89/

obtained by another method:

w125 VF, (2.12a)
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phenomenon is the appearance of the hydrodynamic inflow force
ppz, also directed downward. This force is determined by a
decrease in pressure under the bluck in its back section for
a certain length 11.

In addition to this, a wave pressure force causes a braking
of the jets along the length of the current (next to the block)
with a change in the form of free water surface in the wave form
with a corresponding decrease in Bp and Up. The force which
arises as a consequence of a formation of whirlpools along the
gside surfaces of the block is related to the same category. And
finally, in the case of an increase in the block thickness toward
the front surface, which creates an "attack angle® (see Section 1.3),
there arises a force th of the hydrodynamic head directed upward.

If a gsudden stopping (collision) of the block does not
cause a complete or partial destruction of the obstacle or the
edge of the block (which causes its plunging or creeping), and
algso a slipping of the block in the vertical plane (loss of bouyancy)
then the front edge of the blocks under the pressure of the current links
up with the obstacle by propping against it. In this casgse, the
forces named above as well as the force of gravity ng and Archi-
medes' force P.2 form, relative to the supports, the total for
force moments acting in the vertical plane. If the total of force
moments directed upward is more than the main resistance force

moment, than the ice block begins to sink by its rear edge under

water with increasing speed as a consequence of the increase
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calculations according to Kennedy's and Pariset's equation
show that Eq. (2.14) provides a close similarity of results,
but the Trainin formula gives higher velocities. We note that
due to the introduction of the probability coefficient Agr

Eq. (2.14) is more flexible for practical application.

The theoretical analysis and the experiment show that
the form of stabllity loss of ice blocks upon collision with an
obstacle is a function of the kinetic energy and the velocity of
block approach, as well as the relative depths h/H and dimensions
h/l. With large > and v values and a small h/H value, there is
observed (or there prevails) a plunging and creep of the blocks.
The tightening process here either does not arise or it develops
with a retardation with respect to plunging. With small energy
values, insufficient for a partial destruction (cleaving) of
the edge of the blocks, and also with small relative depths,
the tightening of the blocks prevails.

The phenomenon of flat dropping under the water is char-
acteristic of ice blocks with small h/1l values (according to
Kennedy's data, for ice blocks with h/l < 0.l). The process
of plunging or tightening (see Fig. 4) can arige, as was shown
by the experiment, with a relatively high approach velocity even
in these cases. 1In general, the principle of minimum energy con-
sumption can be followed in the calculations and the loss of
stability can be taken in the form which requires the least

energy consumption (smallest u).
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for - from the conditions of equilibrium of the

Yv.p
force moments with respect to the axis lying at the intersection

between the front edge surface and the lower ice -actretion sur-

face : u’- a['t.l'llf.g .
B8 kay+{Ajl cos B4 Agay) ay °
¥ = 0,5 Anghlaghs
sn [y [}
k (7+o.s IB6)+A,I. (1 +1";‘) gc0s 8+ 4¢ (o.m+-:'-me) . (2:17)
(2.18)

where

ay = sio @ 4 ©4c08.0; a, = co3s O — @, sin O; a,—siu.a +
+ @4 cos &; d.-i'i--:-s!ne. ’
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Fig. 5. Formation of a jam core.

Egs. (2.17) and (2.18) may be simplified to the form:

Ankf

u%g;.’ -
-] * ! ’
ot (1) (2.17a)
u? Gl‘ ?ﬂlh' .
v.p 141, (' - 'j"_') +2h (ky+&q)

{2.18a)
For an examination of Egs. (2.17) and (2.18), it can be

seen that the form of block motion under the ice, i.e., the slip-
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2.4. The Stressed State and Losses of Stability of a Single-Layer
Ice-Block Accretion

The analysis of the stressed state of an immobile current-
racked plane-layer accretion of ice blocks is conducted according
to the diagram of K. Yansen, which has already been applied for
this purpose (see Section 1.2). As in the derivation of Eq. (2.5),
transverse components of attractive current force and gravity are
introduced into the number of active forces, while coefficients
which consider the arch effect and the non-prismatic form of
the channel are included in the "side thrust" in agreement with
Eq. (1.22). The equilibrium equation is set up for the elementary
transverse strip of the accretion with length dx. The integration
of this equation is made from x = 0 to x = L.

We will assume, as proposed by A. Gan'on et al. /15/ that for
x = 0, the normal stress is equal to the hydrodynamic pressure on
the rear edge of the accretion. Solving the obtained equation

with respect to the longitudinal stress ¢ , we find:

(2.19)

Bap fAgp O
o=—8" _ - - !
( e p‘)esp (p, T.—)'

- 2.{;3?.,,':’;',_4""3 Po=olps—pl; pi=U—9,)p: pom

where

The stress in Eq. (2.19) reaches a limiting value:

O ==-L22 (2.19a)
P
for L = aBo, where a = 4-10 is a coefficient taken as a function
of the formula used for Pg /6, 15, 42, 88/,
It is seen from Eq. (2.19) that for P, = Bop/o0 the second

term is converted to 0 and the pressure 0 in the given line re-
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the ice, like the resistance of a free-flowing body. This
resistance depends on hl and ¢ , but does not depend on 1,
Por a single-layer accretion o spring ice blocks with 1 >> h
the basic factor determining the conditions of stability loss

is the longitudinal dimension of the blocks.
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taining the ice cover there, etc.

3.2. General Conditions of Jam Formation. Jam Classifications.
According to the causes enumerated in 3.1, a reduction in
303 for various types of ice transit can be classified into
more than 50 types of jams. Most of these were found in rivers
of the USSR, USA, Canada and other countries. Disregarding the
many factors involved in the many types of ice jams, their forma-~
tion is subject to certain general conditions. An analysis of
these conditions permits establishing general regularities and
concrete features of the mechanism of jam formation and the
classification of their basic form.
Jams arise in segments with an insufficient ice transit
throughput (see Sections 1.2-1.4, 3.1) in the case of a loss
of block stability there upon collision (dynamic formation
form), and with an increase in the longitudinal compression

in the accretion of blocks to a critical value o, (static

k
form) .

The possibility of jam formation on a flow section with
ice movement Sp with a certain probability (with respect to
quantity and dimensions of ice blocks) is determined by the
general criterion for jam formation:

k=1—845. (3.1)

For k < O, the jam cannot form. The relationship

0 < k < 1 corresponds to a "jam~-risk” section (line).

The smallest value k = 1 for sp > 0 will be in the case where

S0 = 0 and the jam may form only directly at line SO' Criterion
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on the ice blocks.

In the general case, forces act on the ice blocks in

the formed jam that have a geometrical sum equal to:

Gt iGLP L P+ Pk Py Nk Ny P P 1 =0, (3.3)
where iG and in are components of ice weight, directed along
inclines i and 1y' respectively: ;1 and 32 are forces of hydro-
dynamic and aerodynamic pressure (resistance) on the blocks:
F, and F, are internal forces of elastic and non-elastic de-
formation of the ice; N, and N, are the side and vertical
components of elastic compression and the weight of the ice
caused by ice friction against ice, the bed, and the shore;*
3; is the force expended on thermodynamic and physical chemical
processes; ;a is Archimedes' force; I is inertia,

The resultant of these forces can be indicated by the dif-
ference in the energy of pressure acting in the direction of
ice-block movement in éhe forming jam, and the work of forces
opposing this movement, i.e.: T - A, , = f (x, vy, z, t). The
value and sign of this difference are determined by parameters
that characterize the hydraulic and ice movement regime of
the current, which has been examined in detail earlier /20/.
Then, bearing in mind that T - A2_4 > 0 and Sp > 0, the
value s, 2 0, with the given inclination 10, the following

can be written:

[AS
—R=i(g. Dy Se.m I k. Rou. (3.4)

where Hn is the value of the variable head, which arises due

to the inflows of tributaries or of impounds and jams situated below,

*Including the movement resistant rforce from transverse obstacles
{bridge supports, wedged ice fields, etc.).
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ined in Section 3.4 and 3.5.

3.4. Pormation of the Jam Core

After the jam is consolidated, its core is formed, which
is a relatively compact piling up of ice directly on that
section where the blocks are stopped or their movement is
slowed down as a consequence of insufficient throughput
(Fig. 5, 8a, 9a).

With a large value for the initial pressure energy of
the blocks ( 3 and T > A3,4), which is characteristic for
developed jams, the core formation proceeds as a consequénce
of the reqularly alternating processes of accumulation (piling
up), submerging, tightening and pushing through of the blocks
into the depths of the jam section., This alternation is caused
by a change in the values of 53, T, A2_4 and the ratio between
then and the growth of the water level rise and dimensions of
the core.

A certain level head caused by the formation of the base
reduces the work value for the accumulation of blocks A,y and
at 3 > Ay < BR,, the blocks that have not pushed through
earlier, upon stopping, pile against them. This piling in turn
increases the crowding of the channel and the rise in the water
level, decreasing the frictional force between the blocks (and
consequently also work A4) and again guzranteeing the process
of the pushing forward deep into the section of thelblocka
piled up on the base, which occurs at T > A, < Aj;. Thus a

second layer of blocks forms for the specific length of which
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is given in Section 4.3.

_ The core formation for a turbulent current condition-with

an initial depth of B < H, (where Hy is the critical depth)

is characterized by the emergence of an hydraulic "jumg’ above

the core, after the level head reaches the value Hp > H

with an increase in the ground current velocity and turbulent

flux. As a model investigation has shown, this leads to a more

intense packing of the blocks in the submerged portion of the

front core inclination. Consequently, d¢ is reduced, Hp in-

creases, and sc doespressure T on the core, which is experiencing

in this case greater shifts and the packing of the ice with

an increase in tan a up to a limiting value of ¢ (see Fig. 9b).

The core formation under the initial condition

A3'4 >y > A, (which is characteristic of undeveloped jams)

begins with the stopping (or hummocking) of the first blocks

in front of the jam section. The subsequent blocks push under

them, creating a rise in the head and decreasing the work

value A3,4. For T > A, the upper layer of blocks pushes

into the jam section, forming a core base. Then the base

forms by the repeating pattern: submerging (tightenirng), head [water level]
/62/ 1increase, and pushing of the blocks along the core suirface into

the depth of the jam section. 1In this case the core dimensions

and the bottom slope angle havesmaller values (Fig. 10a and 11),

than in developed jams. The core is formed analcgously in jams

which form according to the static diagram with %m > LR
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of the blocks pushing under those that have stopped earlier.

Jams with a pinched base and supported against an obstacle

form primarily due to the piling up of blocks one on top of

the other. The pushing under of blocks here can develop sub-
sequently if the upper layers of the block pilings are not
choked. 1In the contrary case, a continuously increasing water
level head will cause the rise of the core, which creates condi-
tions for the piling up of new blocks and their movements against
the obstacle. The formation of the head section will proceed

continuously until the ice movement terminates.

3.5. Formatior and Packing of the Jam Body

In the formed core, the slope, as noted, has a minimum
value corresponding to the head curve type a, while for
H < Hy, it corresponds to type a,. In front of the
jam core, with u = uk’there is formed a single-layer accretion
of blocks, which in developed jams and transitional-type jams
is further transformed into a multi-layer accretion - the jam
body.

It follows from the determination of the developed jam
that these are formed in flows with relatively large channel
slopes. Under these conditions, the level head decreases rela-
tively rapidly with distance upstream from the core, and the
current speed increases, and also at a certain line Cl with
u > u., the tightening and submerging of the blocks increases

with their movement toward the core under the upper layer of
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sections. Having a high hydrodyaamic pressure, these flows

/68/ may change their direction, breaking open a path in the direction
of least resistance to the movement, including bursting open of
the jam surface. Ye. I. Ioganson described sguch a phenomenon
on the Volkhov R. /29/.

Deev observed pressure currents within a pile-up of
ice and slush covered at the top by a continuous jice cover in
the Angara R. in 1947-48, Their direction was clearly followed
by the strong noise of the blocks carried along by the water and
striking against each other. The breakthrough of the current
onto the surface found here had an explosive nature; blocks with
an area of several square meters and a thickness of more than 0.5 m
were heaved up and thrown several tens of meters from the place of
breakthrough. According to calculations, the maximum current
velocity in the breakthrough was on the order of 10-12 m/s. With
a further growth of the jam "head"”, continuous sub-ice flows,
shrinking and dividing, can be converted to filtration flows.
However, an increase in water discharge with an intensity high-
er than the critical intensity, i.e. at q > Qg which causes a
jam rise, may lead to a partial floating of the ice and formation
of new sub-ice currents,

Sub-ice flows are not characteristic of freely filtering
jams which arise for H <« h, i.e. due to the mechanical contact
between the blocks and the bottom. They are formed only in
longitudinal recesses of the bed, and also in the rise and break-

through of water in some section of the core ("head") of the jam
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bility) of the blocks in the jam body. In section L;, this

velocity Uy =u oo is determined by EBqs. (2.17) and (2,18),

’
and at the uppér boundary of the section for Ly = 0, where the
multi~layer accretion is transformed into a single layer = up,
is calculated according to Eg. (2.14). The average depth Ry is
established by the latter condition on the upper boundary, as

it follows from Eq. (3.10);

(5) Forces are considered:pl, Py, P3s Pyr Pgs Py which
act in the direction of the x axis, and the resultant of the
crosswise forces pzy, p3y' p.y, which create an additional
resistance to friction against the shore. The force Pg’ directed
to the negative side of the x axis is taken according to
Eq. (1.22) without considering coupling, while forces p, and p,
under the ice accretion are taken according to Eq. (2.15). 1In
addition to this, the relatively small value of the slopes per-
mits taking tan a=xsin ao .

Taking into consideration the above assumptions and condi-

tions, the equilibrium eguation for the strip dx takes the form:
—ok.dkl‘r [adst pdT—g, (T’I_Pl.ltl")ld"—'p'%dz-o (4.1)

or
oM s,

dv tia,

(4.1a)

where M = py— p;B=2¢,plol — v,B (i — @.!)); A = Bp/M; p =
Prg + P pi ;

o'kls the transverse force, determined by the active pressure of

the accretion on the bank; p'y = (1 - ol) Py’ Pg is the filtra-

tion pressure approximately determined according to the depend-
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Two cases result under the conditions that M > 0 and
A > h:

(1) hm > Hl and 13 < il’ where Hl and i1 are the level
head and slope for the formed jam core, which are determined
according to Egs. (3.8)and (3.9). 1In this case, the jam body
is formed with an increase in the thickness of the ice accre-
tion in the core and a continuous decrease of slope therein,
which takes place due to shifts, ramming, and packing of the ice
mass in the body and head of the jam. 1In this case, the jam
section L, is formed (see Figs. 6b, 7, 8c);

(2) hy, < Hy. The formation of the jam takes place smooth-
ly without packing and shifting of the ice.

The first case, in agreement with the classification used
in this study corresponds to the formation of the developed jam,
while the second is of the transitional type.

Therefore section L2 is formed in the developed jam after
the thickness of the ice accretion in front of the core exceeds
its height and brings about a packing of the ice under the jam
body, a compressing of the ice mass, and shifting to the core
side. The respective increase in the level head at the core for
some value Ah in turn creates a supplemental volume of ice
AhB.

accretion within the limits of the jam body: W, = L

1 0
Since the thickness of the ice accretion h1 decreases upstream,
only a portion of this volume goes into the formation of the
jam body, while the remaining portion in the volume W, = LzhmB,
obtained on the basis of very simple geometrical considerations,
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4.2, Conditions of Static Equilibrium of Jams

The relationships A > h, i.e., B > Py - pP3B) h/p, and
A < h in Eq. (4.2) together with the inequalities obtained
from Eq. (2.19), correspond to the concepts of a wide and a
narrow river, respectively, introduced by Canadian researchers
/15/, but are more general, determining the possibility of an
increase along the length of the current of both stress and
ice thickness, and also the type of jam, if in parameter A the
value i is determined according to Eq. (3.9).

The equilibrium cunditions of non-filtering ice accretions
of a constant thickness of the front edge and at a cistance
from it have already been subjected to analysis /5, 15, 49, 50/.
The equilibrium condition of jams as uniform formations of
specific, size, structure, and properties comprised of indi-
vidual units ~ blocks - is examined below. In this connection,
the equilibrium conditions of a free-flowing body (1.6) - (1.12)
are supplemented by regularities and special features of the
properties ot the investigated object, reflected in Eqs. (2.9) -
(2.11), (2.14), (2.19), (4.2), etc. In this case, the condi-
tions of static equilibrium of the jam will include the follow-
ing reguirements:

1. In each cross section of the jam, in agreement with
Eq. (2.4), the condition M > 0 is fulfilled, where the pres-
sure on the shore is determined according to the dependences:
(a) o kK = ulh1 for developed jams; (b) O = na Ay 1,

for undeveloped jams; so that for iy = 0, we have the expressions:
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The slope of the water surface at the jam and the
longitudinal dimensions of the core may be determined from
the dependences given in 2.4 and the equilibrium conditions
(4.11). |

Freely filtering, developed jams under equilibrium condi-
tions comply with Eqs. (4.6) - (4.10). The maximum value of
the level head here will correspond to the maximum thickness hm
of the submerged section of the ice accretion in the jam, which is
situated at the boundary of sections LO and L2' For determining
this value, we have the basic equation (4.2) in agreement with
which: .

U=l =l =57~ = 1 (4.15)

and also Eq. (4.7), and with a breakdown in the equilibrium condi-
tions (4.10) - the relationship (4.13). For purposes of ob-
taining a closed system of equations for given hydraulic and
ice-movement characteristics, it is necessary to have an equa-
tion for determining the filtration pressure. However, due to
the insufficient study of this phenomenon, its. value can be
established only empirically or semi-empirically. The results
of our tests show that in a first approximation, the filtration
pressure can be evaluated according to the equation Ps = k'oufz,
where it is assumed that the resistance coefficientlvo = ko is

determined according to Eq. (1.18), and the average filtration

velocity Uy = eq/hm.



/176/

125,

The dimensions of the jam sections LO and L, are deter-
mined according to Bgs. (4.3), {(4.5), and (4.7), established
for the case of prismatic channels with constant bottom slopes
and roughness. In natural channels, changes in the morphological
and hydraulic characteristics along the length of the river caused
corresponding deviations of the dependence hl = £(L) from an
exponential type curve described by Eq. (4.2), creating local
increases and decreases of the accretion. These latter may be
called secondary cores. Such deviations were clearly traced in
the investigation of jam formation in channel models with a
variable depth, slope, and roughness.

In jam sections Ll and L,, the hydraulic slope 1 increases,
forming a depression curve. The value of this slope in freely
filtering jams should assure surmounting hydraulic resistance
to the passage of the filtration discharge Qf = Q. With an in-
crease in the length of the L, section, the filtration path
increases and evidently there exists a limiting length of this
section which corresponds to the given values hm and L,, at
which a sufficient filtration through the jam is still assured.
The precise determination of this value is difficult for a
nunber of reasons, even for jams with constant hydraulic and
filtration characteristics. The approximate limiting value of
section L, can be shown by the equation:

Lozt H: (4.16)

ia rl, ‘n

where I0 is the averaged hydraulic slope.
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assumed that in the head section of the jam, the blocks are
distributed at a density that quanantees the filtration
of the entire water discharge for a given accretion thickness
h'm and“section length Ll + L,. Then the value of the level
head is determined from the equation:

u.-}.._ﬂb {4.17)

The value h'm is based on the following arguments. The
head section of the jam L, + L, may be examined from the view-
point of hydraulic engineering as a filtering dam with a vertical
upper slope and an acute-angled bottom slope - with angle a of
slope to the bed, Filtration through the jam headhas a turbulent
nature and Chezy's formula may be taken in the following generalized

form for determining u_ with some degree of approximation, as is

£
found in the caliculation of filtration through a stone talus:

“f‘*cob“/m' (4.17a)
where cob is the generalized Chezy coefficient which is a function
of the dimensions of the block, the form, structure and density
of their packing; I is the hydraulic gradient.

By comparing Eqg. (4.17a) with the linear filtration formula

Ug = kfI, by introducing the conditional concept of a "nonlinear
filtration cocefficient”

ke CHVRaIT, {4.17b)
it is possible to formally arrive at the Darcy law in the form
ue = k'fI for a quasi-constant value kf. By substituting
Eq. (4.17b) for kf in the formula for determing d¢ through an

earth dam with a vertical front slope /79/, we obtain the
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dependence for estimating h' in the form:

Vi) = """“"“’?“’ | ey RTRTY

where h is the depth in the tapering of the depression curve on
the bottom slope, which is determined according to known
hydraulic methods /79/.

In a first approximation it is possible to take ha =
(1.2 - 1.5) H'b, vhere H'b is the actual depth below the jam.
The coefficient Cob in the assumed structure k'e and hm > 0.2 m
depends primarily on the block formsand their packing method
/28, 79/.

We obtained a value of g}b from 1.5 for free filtration
to 0.4 - 0.5 for slight filtration with paraffin plates. Such
values should be somewhat higher for the field tests.

In developed non-filtering jams, the sub-ice flows (or
flow) are retained, as has been mentioned, sufficient for passage of
the entire water discharge at the current velocity under the
ice accretion uy whigh assures the condition of its strength
(4.8) Uy, which assures the condition of its strength (4.8).
With a wide rectangular channel, the sub-ice flow in the jam
section L, is characterized hydraulically as pressure head movement.
The depth of the current downstream is reduced as a consequence
of the increase in the ice accretion thickness in section Lo.
while the velocity increases (see Fig. 6c). The possibility
of an increase in the velocity u, = Ug v while observing Eq. (4.8)
is assured in agreement with Eqs. (2.17a) and (2.182) by an in-~

crease in the slope angle O of the blocks and the density of
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their packing.
To sum up, on the upper boundary of a non-filtering jam,
there is established a maximum sub-ice average flow depth Ho,
determined according to Eq. (2.10) for 0 = 0°, as in the case
of filtering jams. The minimum value of this depth H'o is
established in the line with h

1= hm' i.e., on the lower

boundary of section L It is possible to distinguish two

0°
cases here:

(1) 1In transitional-type jams, formed without shifts
and packing down, i.e., for hm < Hl, this depth is deter-
mined according to Eq., (3.8) at a critical current velocity,
calculated for the block slope angle equal to the angle of
internal friction (rupture) of the ice accretion under water,
i.e. for tan g = ¢ ; .

(2) 1In the formation of developed jams as a conseguence
of the shifting and packing of the ice mass, the blocks in the
head section of the jam can assume almost a vertical position,
densely pushing against each other. The strength of the accre-
tion considerably increases and may exceed the internal resist-
ance determined according to the law of free-flowing bodies
(1.26), and the stability of the lower surface of the accretion
increases and may oppose current velocities considerably
larger than the critical one for tan ¢ = ¢ . Corresponding-
ly, the depth of the sub-ice flow decreases. According to
thecretical investigations /43, 50, 73/, the maximum degree of

filling with ice of the useful cross section is diverse; from
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4.4. Jams with a Limited Pormation and Jams under Nonatationary
Conditions

The jam characteristics examined above refer to jams Qith
a complete (unlimited) formation (see Section 3.2) under sta-
tionary conditions of the water/ice-movement regime. Under
natural coaditions, the jam formation may terminate earlier
than would follow from the examined regularities, for a number
of reasons; these include:

1. The termination of ice movement or in the general
case the reduction of its intensity to S, < S,, as a conse-
quence of which, the jam devglopment may terminate at any inter-
mediate stage. For the given function Sp = £(t), the value h,
may be determined according to the formulas given above, from
the ice volume going into the jam formation.

2. The insufficient length L'1 of the jam section, when

L', < Ly» where L, corresponds to conditions of a jam unlimited

in length. Such jams can arise in shallow sandbanks, in ice fields,

etc. The value hm for jams with a bottom slope in this case is
determined by the equation:

hia= L35+, (4.22)
where a, is the same as in Eq. (4.11).

3. The insufficient length of the flow section for posi-
tioning the developed jam body. For example, this length may be
found in the presence of large channel turns directly above the
jam section with §, > S§_.. In such a case, the maximum possible

P 0
jam body length (L0 + Lz) will be equal to the length of the rec-
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the jam section according to the condition 8p < Sg-

2. PFor dg/dt < 0 an acceleration in the jam development
will occur with smaller level rise and ice volume in the jam.
The effect of the following conditions:

" dindt 50, di;f/d:,c.fr. -dSp/dt 50,

on the jam formation can be examined in a similar way.

With a wind surge (or intensifying) downstream, the
energy of block pressure T increases and the jam is formed for
large values of level rise and ice volume, while with a reversal

of its direction - slowly with smaller values of H, and W, and

P
with a large u, value, the sign of T can change to the negative,
/82/ which causes the breakdown of the jam with the emergence of a
reverse ice transit . upstream.
With a decrease in the filtration coefficient as a conse-
quence of freezing and fluidity of the ice, the level rise in-
- creases at the jam, the work A2'3'4 is reduced, and the through-
put of the jam increases or its rise increases. For So > sP
or T > A2'3'4, the jam breaks down. An increase in the filtra-
tion coefficient due to ice thawing and other phenomena causes a
reduction in Hp' which increases A2'3'4 ard leads to an accelerated

formation of the jam with small level rise and ice volume (see also

section 4.3).
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The measures used for controlling jam formation and for
counteracting the harmful consequences of various types of jams
under diverse conditions cannot be identical. The drawback to
this position is that unsatisfactory and even contradictory re-
sults tend to appear, such as has been shown, for example, by
F. I. Bydin /12/ applicable to the case of poor human intervention of
the ice cover at bridges without taking into consideration the
action on the dynamics of ice movement under the actual condi-
tions of the given object.

A haphazard, not reasonably thought out action directly
on the jam using explosives and bombing may not cause a break-
down, but rather a strengthening of the jam due to packing and
subsequent ice filling, an increase in the total area of crushed .
ice coupling with the bed, and a decrease in filtration through
the jam. This in turn may cause an additional level rise, which
decreages work A2'3’4 and facillitates the piling up of new blocks.
To sum up, the strength and dimensions of the jam increase accord-
ing to Eq. (1.9).

Correctly placed explosives, primarily at the jam head
may be very effective under certain conditions /3, 12, 68/. For
example, if there is a sharp decrease in filtration through the
jam with the use of explosives, then it can break down as a conse-
quence of the rise and loss of stability of the bottom slope for
tan a > ¢ or of its entire head section in the breakdown of

Eq. (4.11).
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sibilities.

There is now available a relatively large number of pub-
lications concerning questions with regard to testing, effective-
ness, and principles of various engineering measures for counter-
acting jams.

The established guantitative regularities of jam formation
allow some generalizations to be made and hydromechanical
principles for the examined measures to be given as a part of
the theory for managinglice jams. The problem is solved by work-
ing out a system of hydromechanical criteria that determine the
condition§ of the emergence, development, and termination of
jam formation properties. The fully controlled change in the
ratio between values entering into the criteria may permit
controlling the process in the desired direction.

Three gfoups of criteria have been developed, which deter-
mine the conditions of emergence (I), the degree of development
(II) and the jam size (III), as well as the conditions of their
limitation and breakdown.

I. The emergence (prevention) of jams in accord with the
rheological equations (1.1) - (1.2) and equilibrium conditions
(1.2) - (1.12), is determined by the ratios between the values
entering into Egqs. (3.2a, b, c¢). They are expressed in developed
form in the following three criteria subgroups.

(1) Criteria of flow section throughput with respect to
Egqs. (1.12), (2.12), (3.2) and the requirements given in

Chapters 2 and 3:
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2P, x5,
lh +.I)C'.lln k’
{(5.2a)

(b) In the absence of a connection with the shore,
with the investigation of the equilibrium conditions for
Py ™ 0 angd Py = 0: .
PR Gl Tl = (5.2b)
or in asimpler approximate form, the calculation according to

which for the DniesterR, gave a satisfactory correspondence

with field data: &+0,02 =1,

(— urat )i (5.2c)
where Lpr is the length of the straight section of the river
above the place of jam formation.

(3) The criteria of emergence (prevention) of a jam under
dynamic conditions (due to lotsses in block stability in collision)
for the cases:

(a) Plunging and piling up of blocks - accogding to
Egs. (2.9) and (2.10): .
hs.cogphpp L

v Cillni = L (5.3a)

(b) The tightening of the blocks - according to Egq. (2.14):

2001
73 (A 1y — iqn} C3li

=1. (5. 3b)

Therefore, for the emergence of a jﬁm with the arresting of
blocks that is expressed by certain ratios according to criterion
(5.1), it is necessary that one of the criteria (5.2) or (5.3)
be less than unity. With the corresponding values of some of
these criteria, the jam is formed according to that diagram which

corresponds to the least value for the criterion.
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corresponding to the jam regime under linitlng or given (cal-
culated) dimensions.for it .

§ Sl p'—Fu? \o47 . -

e fu—( = Y=t 5us)
where S, is the jam throughput (SOZ' > U "for an incomplete

retardation of the blocks in the jam, while the index "z"
corresponds to the characteristics of the forming jam. For
SOz/SP > 1, the jam dimensions decrease; SOz/sp = 1 cor-
responds to the equilibrium state of the jam, while for SOz/SP < 1,
the jam may increase, grow upstream, or remain unchanged. For
Sp = 0, the jam formation terminates.

(2) The criterion of hydromechanical stability (equi-

librium) of the upper boundaries - "the tail section” - of the

jam with respect to Eq. (4.9):

LAV, g, (5.6)
where a, = 2¢,néza; for a and 1, - see Eq. (2.20).

(3) The criterion of jam body stability in each cross-
gection obtained from Eq. (4.6a):

J_"'-"-',?--:i!. (5.7)

For values of Egs. (5.l1la), (5.5), (5.7) of less than
unity, the stability breaks dowr. and the jam force increases.
In this case, an undeveloped jam may acquire the character
of a transitional jam, and a transitional jam, that of a
developed one. If Eg. (5.5) ies greater than unity, a pack-
ing of ice will occur (shift) with a decrease in the length of
the jam body, the piling up of ice in the head section and the

/88/ possible breakdown of the jam for the corresponding values of
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movement of the ice in the direction of its kead.

Of the developed jams, those possessing the greatest
stability are those formed at H < h and dg/dt < 0 as a conse-
quence of the expanse of section L2 (see Fig. 6) over the chan-
nel clogged with ice and the stability of the bottom inclina-
tion, which has a slope of tan a < ¢ . On the other hand,
jams that form at dq/dt > 0, > and T > A2'3’4 have less stability due to a
shorter L2 section and the limiting value tan a = ¢ .

With a fall in the head level, caused by a decrease in
the discharge under water or an increase in the filtration
coefficient kf, jams, by settling at the bottom, possess a
high stability. Correspondingly, an increase in the water level
above the jam, due to a change in the water discharge and filtra-
tion decreases its stability, which at 350n/3 Hp < BSOZ/bq
leads to its breakdown. The same causes may provoke the breakdown
of jam stability due to ice floating or an increase in the jam
throughput.

The nonuniform distribution of the current speed and depth,
as well as the special features of the bed relief and other
causes create a nonuniform distribution of pressure and the de-
gree of stability, and, in a number of cases the cross sectional
jam strength. Therefore, in the head section of jams found
completely under conditions of stable equilibrium, there are
often local sections with a stressed state that is limiting or
close to it where, in agreement with Egs. (1.8) - (1.12),

g = Ok for T = ¢o or To = ¢loand T = k. u k °F o = Uk'
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