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ABSTRACT

The characteristics of ice flow in rivers are not well 
understood. In order to better understand surface ice flow, 
computer model Ice_Flow_Poly has been developed. 
Ice_Flow_Poly is based on a relatively new technique called the 
Discrete Element Method (DEM). This model simulates randomly 
shaped irregular polygons flowing through a straight channel. 
Hydrodynamic, gravitational, and mechanical interparticle forces are 
all included in the simulation. Computer animation software has also 
been developed. This software allows the user to visually monitor 
progress of the simulation.
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1. INTRODUCTION

The phenomenon of ice jamming in rivers causes problems in 
many cold regions. Often, during the winter, small ice particles 
form and, in turn, combine to form larger ones. Under certain 
circumstances, these larger ice blocks form ice bridges across a river 
which then cause more blocks to become stacked up behind the 
bridge, forming an ice dam. As more ice blocks reach the dam, they 
are forced under it until the depth of the river is constricted enough 
to cause many problems. Ice jamming interferes with wintertime 
navigation and power production and causes flooding that can lead to 
economic disasters (3).

Cold Regions Hydraulics is the study of moving mass in fluids 
in cold regions of the world. In order to determine how an ice jam 
occurs, the mechanics of ice flow must be better understood, and 
means of predicting when and where an ice jam will form must be 
developed. The general objective of the research I was involved in is 
to develop a computer model which can be used to predict 
wintertime hydraulics and ice conditions. The model, when 
developed, will be able to simulate ice flows on river surfaces. A 
specific goal of the model is to predict accurately the trajectory of 
surface ice flows on river channels. The model will incorporate 
newly developed methods used for determining the behavior of 
moving materials.

This paper describes the work I did in this area during the 
summer of 1991. Specifically, I wrote parts of a computer program 
that simulates surface ice flow. Once the computer program was 
completed, I tested it to determine whether it satisfactorily 
represented natural ice flow. The program is a simplified version of 
the more sophisticated models that are sure to come.

For the past two decades work on a method for describing the 
formation of ice jams has been done mostly in laboratory studies (1). 
Comprehensive mathematical models have been developed to better 
understand how ice flows behave, including:

6



River Flow Computation using St. Venant's equations 
Temperature Computation using advection-diffusion 
equations
Frazil Ice Production and Transport
Surface Ice Formation and Transport
Ice Cover Formation, Progression, Thickening, Breakup
and Jamming or Deterioration and Melting

However, these models have weaknesses. First, free-drift models are 
typically used, but are inadequate for high concentrations. Second, 
ice jamming occurs in static models only. An alternate method for 
analyzing flow and jamming of ice in rivers is based on the 
application of the Discrete Element Method, which is the method 
used in this study (4).

2. DISCRETE ELEMENT METHOD

Many physical systems that consist of a large number of very 
small particles are often treated as single continuous bodies. For 
example, a wheelbarrow of sand, a bagful of marbles, or a truckload 
of dirt may be treated as single objects when describing their 
behavior. Systems such as these that are often characterized as 
continua can, in many cases, be more effectively described as many 
individual particles making up a larger conglomerate of the same 
material. The bagful of marbles can be treated as hundreds of 
individual marbles because each marble acts independently.
Likewise, the wheelbarrow of sand may be treated as millions of 
particles of sand because each grain of sand behaves independently.

Sand and marbles are said to be discontinuous, or discrete, 
when treated as individual particles and are said to be continuous 
when treated as a single pile, lump, bagful, or truckload.

Examining a system as if it were continuous is appropriate 
when the individual particles composing the system are much smaller 
than the system itself. An appropriate example is a concrete dam. 
Although the dam is a conglomerate of sand and concrete particles,
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these discrete particles are so small when compared to the dam that 
the dam can be treated as a continuous object.

In order to understand the behavior among individual particles 
in the continuum, one must study the system as a discrete collection 
of particles. A pile of boulders or ice blocks should be examined as 
a discontinuous system because the individual boulders or ice blocks 
are not small compared to the size of the pile. Describing the 
behavior of individual particles in a discontinuous system is referred 
to as the Discrete Element Method (DEM).

When applying the DEM to a system of physical materials, 
examining the many characteristics of each discrete particle in the 
system is important. Such characteristics include the particle's 
position, velocity, acceleration, rotational velocity, rotational 
acceleration, mass, density, stiffness, and roughness.

Another important characteristic includes the nature of the 
physical contacts and interfaces among elements in the system. For 
example, in a pile of boulders, one boulder is usually touching 
another either at a single point, an edge, or an interface. Every 
contact between each particle and every other particle in the system 
must be identified. Once the contacts are located, the interactions of 
the particles can be examined. The behavior of each particle in the 
system can be determined using the characteristics of the particle and 
the appropriate equations of motion. This idea is very useful because 
once the behavior of each particle in a system is determined, the 
behavior of the system itself can be determined. For example, if the 
DEM is applied to an avalanche of boulders, the behavior of the 
avalanche can be determined by examining the characteristics and 
behavior of each boulder in the avalanche.

In order to determine the behavior of a system of particles at a 
specific time, the system must be monitored per time step (i.e. every 
minute, second, or hundredth of a second). This monitoring is done 
using a computer simulation.

To begin a simulation of a moving system of particles using 
the DEM, the conditions of each particle in the system at time zero 
must first be determined. These are referred to as initial conditions. 
Initial conditions involve those characteristics previously mentioned.

8



Once the initial conditions are found, numerical parameters are 
assigned to each characteristic of each particle. Next, the exact 
trajectory of each particle in the system can be determined by 
calculating the forces acting on each particle at every time step of the 
simulation. These forces include gravity and every interparticle 
force made by contact from other particles in the system. In the case 
of the avalanche, every particle is acted on by gravity and by contact 
forces from other particles in the system. By calculating the forces 
acting on each particle at every time step and applying the proper 
equations of motion, the position of each discrete element in the 
system can be found whenever it is desired.

The DEM can be used to calculate the effects of the river on 
the ice blocks. As the river flows, the ice blocks begin to move, 
spin, and collide into one another and the river banks. Each ice 
particle is acted on by collisions with other particles, collisions with 
the boundary of the river, and hydrodynamic and gravitational 
forces. The behavior of each particle is determined by applying 
Newton's equations of motion to each element.

(1) m (d2x /dt) = Zn , F + 5?* F . + H + G 
p p q=i pq b=i pb p p

(p = l,...,n)

Equation 1 is the governing equation for ice particles flowing 
in a river.

nip = The mass of particle p

Xp = The particle's position vector

Fpq = Mechanical interparticle force between particles 
p and q
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Fpb Mechanical interaction force between particle p
and boundary particle b

Hydrodynamic force on particle p.

Gravitational force on particle p.

Applying the DEM to the study of ice jams is a very useful 
tool because the behavior of flowing ice and the phenomenon of ice 
jamming are very difficult to analyze in the laboratory or in the 
field.

In short, the DEM is a numerical procedure that approximates 
the behavior of systems of discrete, interacting bodies (2). This 
method treats systems of physical materials as discontinuous particles 
rather than as continua. The behavior of each element in a system is 
found by calculating the forces acting on each particle in the system. 
The forces acting on each particle at each time step throughout a 
simulation are calculated in order to determine the position and 
behavior of the system of particles at subsequent time steps.

3. DESCRIPTION OF THE MODEL

In this study, a computer model is developed that combines 
two major ideas from other computer models. The model 
Ice_Flow_Circ (Babic, 1990) is a simulator using circular 
particles to recreate surface river ice flow and jamming. 
Ice_Flow_Circ applies the DEM to its simulation, but uses only 
circular particles to represent ice particles. The model Block 
(Hopkins, 1990) has been used in Arctic research to simulate flows 
of polygonal particles of geophysical scale. Block utilizes the 
principle of representing ice particles with polygons, but doesn't use 
the DEM in its simulations. The present model, Ice_Flow_Poly, is 
a combination of both Ice_Flow_Circ and Block. This model 
simulates surface river ice flow with polygonal particles by using the
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DEM to calculate ice particle trajectories. Ice_Flow_Poly is a 
computer program written in the Fortran language.

For the sake of simplicity, the computer model is broken into 
five major parts. Figure 1 shows how the branches of the model are 
related.

1. River is the portion of the model that numerically 
represents the river flow. It determines hydrodynamic 
conditions like velocity and depth along the river.

2. Create is the portion of the simulator that produces the 
polygons that represent blocks of ice.

3. Place is the portion of the simulator which assigns the 
ice particles produced in create, a place in the river to 
begin the simulation.

4. Poly is the heart of the simulator. It calculates all the 
forces acting on the particles and assigns them new 
locations in the river accordingly.

5. Animate_Poly is a graphics program using 
SUNPHIGS libraries within Fortran binding to 
reproduce the visual (animated) record of the 
performed simulation. It allows the user to see the 
simulation.

River and Poly were written by Marijan Babic and I wrote Create 
and Place.
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Figure 1. The Model Structure
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3.1 RIVER

All of the hydrodynamic conditions of the river are 
determined in this part of the model. These conditions include the 
depth of the river, the velocity of the river, and the slope of the 
river's surface. Parameters that are read from the input file, 
river.inp, include:

Discharge per unit width
The Manning constant
The slope of the bottom of the river
Specific gravity
Downstream depth
Length of the river
Length step

Figure 2 shows a view of the type of channel assumed in this 
model. The river is assumed to be a straight channel with a 
rectangular cross section. Through techniques of open channel 
hydraulics, an output file called hydfile is created. This file 
contains three parameters for each length step of the river.

The depth of the river
The velocity of the river
The slope of the surface of the river

This file is read by the code poly in order to calculate 
hydrodynamic and gravitational forces acting on the ice blocks.

CORETTE LIBRARY 
CARROLL COLLEGE
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Figure 2
A View of the River

length
step

sO = Slope of the river bottom
q = Discharge per unit width
h = Height from a datum to the surface
y = The depth of the river
v = The velocity of the river
chlen = The length of the channel
chwid = The width of the channel
length step = The length of each division of the channel
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3.2 CREATE

All of the particles needed for the simulation are produced in 
this part of the model. For the purpose of trying to represent ice 
blocks found in nature as closely as possible, each particle is modeled 
as an irregular polygon. Each polygon is inscribed in an ellipse that 
is produced at random. The size of the ellipse has both a maximum 
and minimum limit. Four parameters are contained in the input file 
called create.inp.

The maximum length of the major axis of the ellipse 
The minimum length of the minor axis of the ellipse 
The maximum number of vertices the polygon can have 
The minimum number of vertices the polygon can have

First, the lengths of the major and minor axis of the ellipse are 
selected at random. Second, the number of vertices are selected at 
random within maximum and minimum limits. Next, each vertex is 
assigned an angle in polar coordinates along the perimeter of the 
ellipse. Since the vertices are selected in random order, they must be 
sorted in ascending order according to their polar coordinate. Once 
the vertices are ordered according to their polar angle, they are 
connected by straight lines to form an irregular polygon. An 
example of an irregular polygon inscribed in ellipse is shown in 
figure 3. One can see the randomness of the vertices' position and 
the ellipse's axes.

Once the polygon is formed, the centroid, the area, and polar 
moment of inertia around the centroid must be found. First the 
lengths of each side of the polygon must be determined. The 
coordinates of the vertices on the ellipse are known because they 
have been randomly chosen. The lengths of the sides is the distance 
between the vertices which can found using the Pythagorean 
Theorem. Figure 4 illustrates how the sides and radii of the polygon 
are labelled.

The next task is to locate the centroid of the polygon, which is 
a process best initiated by first dividing the polygon into triangles.
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Figure 3
A polygon inscribed in an ellipse

a = Major axis 
b = Minor axis

£
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Figure 4
Radii and sides of the polygon

17



*

Figure 5 demonstrates how each polygon is divided into triangles and 
indicates the centroids of each triangle as well as the centroid of the 
polygon. Once the centroids of the triangles have been determined, 
the centroid of the polygon can be determined by using equation 2.

V Nv(i) 
^>1 A.x. 

J j
(i=l,...,n)

y Nv(i) A.
J

X- = 1

Likewise, once the area of each triangle has been determined, the 
area of the polygon can be calculated by summing the area of each 
triangle.

Next, the inscribed polygon's area is compared to the area of 
the ellipse in which it is inscribed. In order to avoid time consuming 
problems in the simulation process, small polygons are not desired; 
thus the smallest polygons are discarded. In this model, if the 
polygon has less than 50% of the area of the ellipse, then it is 
scrapped and another polygon is produced at random. Of course the 
percent of area that is required of the polygon can be changed to any 
percentage that is desired.

Next, the radius length and polar angle, and Cartesian 
coordinates of each vertex with respect to the centroid must be 
determined. This determination can be made by finding the 
difference between the center of the ellipse (which lies on the origin 
of the x-y axis in Figure 6) and the centroid of the polygon (lying on 
the origin of the x'-y’ axis in Figure 6). The lengths of the radii of 
each vertex can be determined again by using the Pythagorean 
Theorem. And the polar angle of each vertex can be found by using 
the law of cosines. Figure 6 illustrates the polar angles and radii of 
each vertex with respect to the centroid of the polygon.

The final calculation in the create code is the polar moment 
of area for each particle. This calculation is done by first dividing 
the polygon into triangles with respect to the centroid of the 
polygon, and then by further dividing each triangle into two right 
triangles along the altitude of each triangle as shown in Figure 7a.
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Figure 5
Finding the centroid of the polygon
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Figure 6
Finding the polar coordinate of each vertex
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The polar moment of area of a right triangle can be found by using 
equation 3.

(3) JQ = bh(b2 + 3h2)/l2 (b = base, h = height)
The polar moment of each triangle is obtained by summing the polar 
moments of each right triangle, labeled J1 and J2 in Figure 7b. 
Likewise, the polar moment of the polygon is found by summing the 
polar moment of each triangle.

Once the particles are produced, information about each 
polygon is written to a database which stores information needed by 
the simulator.

3.3 PLACE

The initial conditions of ice particles in the simulation must be 
similar to those for ice blocks in a real river. This part of the model 
places the initial particles in the river so that the simulation may 
start. For this simulation, the river is a straight channel. The first 
part of the channel, where all the ice particles are placed at the 
beginning of the simulation, is called the feeder.

The code place determines the number of particles needed to 
begin the simulation and positions them into the feeder. Several 
parameters are read from the input file, place.inp, including:

the width of the river 
the length of the channel 
the length of the feeder 
the normal stiffness 
the shear stiffness 
ice strength 
normal damping 
the friction coefficient 
the drag coefficient 
the density of ice 
the initial mean velocity
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Figure 7a
Finding the Polar Moment of Inertia of the Polygon

Figure 7b 
The breakdown of 
Triangle 1base 1
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the initial fluctuation velocity
the initial angular fluctuation velocity

The size of the boundary particles, which are ice particles with 
the same properties as all particles in the model, must be determined 
in this code. The boundary particle's width is an arbitrary fraction 
of the channel width; in this case, we'll use 5%. For simplicity, all 
boundary particles are rectangles. After the boundary particles are 
given dimensions, they are placed along the length of the river. 
Figure 8 illustrates the feeder as the beginning of the river and 
indicates the positioning and shape of the boundary particles.

Many of the variables read from the place.inp file are not 
used in place, but only are carried through for use in the poly code. 
Information necessary for contact search techniques used in the poly 
code is determined in this code. This information includes the area 
of the smallest polygon, the largest vertex radius of all the polygons, 
and the smallest vertex radius of all the polygons. One of the most 
important parts of the simulation is searching for particles that are in 
contact. In order to do that, the river is divided into many small 
search cells that are determined by the length of the minimum vertex 
radius. If the search cells are equal to (1/^2) times the length of the 
smallest radius, no contact will be overlooked. Each ice block will 
go through a search routine that will search around it a distance that 
is determined by the maximum radius. If this distance is equal to 
twice the maximum radius, no possible contact will be overlooked. 
An example of contacts and search cells is shown in Figure 9.

The feeder is divided into blocks whose size is determined by 
the maximum radius. The feeder forms a grid where exactly one 
particle is placed in each block. Because not every particle is as big 
as the block it will be placed in, each particle has a tolerance to 
where it may be placed inside the block. This tolerance depends on 
the largest radius of the polygon to be placed in the block. The 
position within this tolerance is chosen at random. Figure 10 shows 
how the feeder is divided into grid squares and an example of a 
polygon placed in a grid square.
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Figure 8
The feeder and channel

Boundary Panicles I bw = 0.05 x chwid-V

1 1 III
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chlen = length of the channel 
bw = the boundary width 
chwid = the channel width 
feeder = the length of the feeder
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Figure 9
Determining cell size and search size

number of cells in the search distance = 2 x maximum radius
*
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Figure 10
Panicle Placement in the Feeder

centroid of the polygon

tolerance for random placement 
(depends on maximum radius)
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Each polygon is then assigned a random linear and angular 
velocity. Each polygon is completely different, each with a unique 
design. Once all of the placement parameters are calculated, they are 
all written into the initial condition file to be read by the poly code.

3.4 POLY

The poly code is the heart of the simulation. In this part of 
the model, the DEM is applied to the ice flow. Equation 1 is applied 
to each particle to determine its position for the next time step. In 
order to begin the simulation, three input files must be read. They 
are poly.inp, the initial condition file, and the particle database file. 
As poly is executed, a datafile log is kept on the progress of the 
flow; a datafile is written at every specified interval. Poly.inp 
contains information pertaining to when datafiles should be read and 
written. Parameters from this file include:

The intervals at which the program should search for 
contact among particles
The intervals at which the program should update output 
files.
The names of the input files to read.
The names of the output files to write.

Once all the input files have been read, the code starts the 
simulation. During the simulation, equations of motion are 
integrated over and over again in a giant loop. The code recalculates 
the position of each discrete element by calculating interparticle 
force, gravitational force, and hydrodynamic force. The simulation 
process is very time-consuming. Depending on the number of 
particles being simulated, the code could run for hours, or even 
days.

Program Poly is broken down into several subroutines.

INITVARS initializes variables
CPUT records the starting time of the simulation (istep)
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INITIAL reads the input files
POUR randomly places particles in the feeder as they 
are needed
GRIDFILL fills grid arrays 
SEARCH searches for close contacts 
CHECKCONTACT checks the current validity of 
neighbor lists
FORCE computes forces between particles 
MOVEBLOCKS integrates equations of motion and 
advances particle positions and velocities 
OUTPUT updates the configuration file 
FRAME writes "snapshots" in the frame file 
CPUT records the ending time of the simulation

Figure 11 is a flowchart of poly.
The code poly begins by initializing all its variables and 

setting a starting time step. Once the initial conditions are in place, 
the action begins with subroutine POUR, which is responsible for 
reloading the feeder after ice particles flow out of the feeder. Every 
time one particle moves out of the feeder, POUR places another one 
at random in the feeder to take its spot. Figure 12 portrays 
replacement particles being placed into the feeder. During this 
subroutine, searching the feeder for an empty spot large enough to 
place a new particle is necessary.

Next, the subroutine GRIDFILL and SEARCH are called. The 
subroutine SEARCH performs a search for pairs of particles that 
may be in contact with each other. The search strategy consists of a 
global search of the river to determine which particles have a chance 
of being in contact. Searching for contacts is done by observing a 
grid of columns and rows "placed" on the river surface. Figure 13 
shows ice particles with a grid "placed" over the top. Each cell in 
the grid is designed so that only one particle centroid can occupy the 
cell at any given time (4)(exemplified in Figure 9). Once the global 
search is accomplished, the subroutine CONTACT does a local 
search of the river for any contacts. The subroutine 
CHECKCONTACT validates the information determined by

28



Figure 11. Flowchart of POLY
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CONTACT. The technique of searching for close contact between 
two particles is described in detail by Hopkins (4).

Next, the subroutine FORCE is called to calculate the 
interparticle forces. The force has normal and tangential 
components. The normal force has an elastic component 
proportional to the area of overlap. The magnitude of the normal 
force is not allowed to exceed a limit value equal to the product of 
the compressive strength of the material and the breadth of the 
contact surface. The tangential force is incrementally increasing. 
These increments are proportional to the tangential velocity at the 
point of contact. The tangential force must be less than p, times the 
normal force (Babic, 1991). Once the interparticle forces have been 
calculated, their new accelerations, velocities, and positions can be 
found. The new variables replace their old counterparts for the next 
step in the simulation.

The subroutine MOVEBLOCKS is responsible for keeping the 
particles flowing smoothly. In MOVEBLOCKS, the particles are 
prevented from being pushed upriver and re-entering the feeder. 
Also, in this subroutine, the number of particles that leave the feeder 
are counted as well as the number of particles that leave the end of 
the channel. MOVEBLOCKS also takes particles that leave the end 
of the channel and restarts them in the feeder which allows for a 
recycling of the particles. It is like the traffic cop of the simulator.

The last part of polyjam deals with the output files. At 
requested intervals, the subroutine OUTPUT writes all variables into 
a file that can be used to restart the simulation at a particular 
moment. This is an important time-saving strategy for starting 
simulations at desirable points in time. In the subroutine FRAME, 
particle coordinates are written into a file so that the simulation may 
be animated by a graphics program. FRAME'S output is also written 
at every requested interval. The subroutine CPUT simply records 
the starting and ending time of the simulation.

While the simulation is running, it is necessary to have output 
files to measure the progress of the simulation. This simulator uses 
four output files.
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The final configuration of the simulation 
A datafile containing wanted information of the 
simulation
An output file telling how long the simulation took 
Output files that can be used for visual aids

The final configuration file saves what the last step of the simulation 
produced in order to restart a new simulation where the an old one 
left off. The datafile can contain any information that is felt 
pertinent to observe for study of the progress of the ice flow. Visual 
aid output files are very practical. These files are meant to be 
written at every certain interval of the simulation so that progress of 
the flow can be closely observed. With sophisticated equipment, the 
simulation can be transferred onto video tape for demonstrative 
purposes.

4. SIMULATIONS PERFORMED

The following parameters were used to perform three runs 
(Runl, Run2, Run3) of the IceFlowPoly model. All three 
runs tested used the same parameters except channel width (see 
place.inp).

Data file river.inp:
0.88 Discharge per unit width
0.0025 The slope of the bottom of the river
0.03 The Manning constant
9.81 Specific gravity (m/s^)
10 Downstream Depth
1000 Length of the river (m)
10 Length step (m)
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Data file create.inp
1000 Number of particles to be produced
8 Minimum width of ellipse
12 Maximum length of ellipse
5 Minimum number of vertices of the

polygon
8 Maximum number of vertices of the

polygon

Data file place.inp
80,50,40 Channel width (Runl, Run2, Run3, 

respectively)
1000 Channel length
100 Feeder length
4E6 The normal stiffness
1E6 The shear stiffness
3E5 Ice strength
4E3 Normal damping
0.25 Friction coefficient
1.0 The drag coefficient
910 The density of ice
1.165 The initial mean velocity
0.1 The initial fluctuation velocity
0.1 The angular fluctuation velocity

Data file poly.inp
200000 Number of time steps the program will run
10 The intervals at which the program should

search for contact among particles 
10000 The intervals at which the program will

update output files
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Figures 14a, 14b, and 14c show Runl at intervals of 50000, 
100000, and 200000 time steps, respectively. One can see the 
differences between each interval. The numbering of each particle 
allows for easy identification of the ice blocks. Figure 14a shows 
how the model treats particle #289 at the front of the progression, 
approximately 530 m downstream, in Figure 14a. By the time the 
particle has reached 880 m (see figure 14b), it has rotated and has 
more contacts than just 50000 time steps ago.

5. MODELING CONCLUSIONS

In this study, by producing randomly shaped, irregular 
polygons to represent ice particles, the model Ice_Flow_Poly has 
successfully represented ice particles found in natural flows. By 
applying the DEM to the ice polygons, the model accomplishes the 
goal of developing a means of predicting the exact trajectory of each 
particle in the flow. Ice_Flow_Poly has been executed several 
times to simulate ice flows similar to a natural process. The model 
satisfies most of the conditions that are found in surface ice flows. 
For every length step, the river can be preset to different depths, 
velocities, and slopes, and the computer program takes into account 
all hydrodynamic conditions. The model represents ice particles 
well because it uses an array of randomly shaped irregular polygons. 
Never before has the DEM been applied to any shape other than 
circles, spheres, or regular polygons. To keep the river full, the 
feeder does an excellent job of replacing particles at the head of the 
channel, and the heart of the model ably applies the DEM to the ice 
particles. The ingenious ability of the program to search for particle 
contacts, adopted from Hopkins (1990), allows simulations to operate 
smoothly. One convenient feature is that the simulations have been 
transferred from the computer monitor onto standard video tape to 
allow for easy observation of ice flows.

This model can be developed further by taking into account 
many other natural characteristics not included here. Boundary 
particles in the simulator are perfect rectangles, whereas boundaries 
of rivers are usually jagged and irregular. Many river channels have

35



Figure 14a

Runl at 50000 Time Steps
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Figure 14b
Runl at 100000 Time Steps
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Figure 14c
Runl at 200000 Time Steps
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curves, vary in width, and contain other irregularities that interfere 
with flow. The most significant shortcoming of this model is the 
ability to represent ice particles in three dimensions. The addition of 
the third dimension would give the model the ability to simulate 
three-dimensional blocks. The addition of 3-D also allows for 
simulation of ice particles rolling under ice jams which constrict 
rivers by clogging them depthwise.

Although the model was never executed long enough to 
observe the formation of an ice jam, it has proved capable of 
simulating the flow and collisions of surface ice. A means of 
predicting the behavior of surface ice flows in river channels is now 
available.

6. SUMMARY

Ice jamming often occurs in rivers in cold regions all over the 
globe. Many of the jams are severe enough to cause flooding, 
navigation problems, and hydro-electric dam problems. Why ice 
jamming occurs is not well known. The flow of ice particles also is 
not well understood. In order to understand ice jamming, the 
behavior of surface ice flows on river channels must be studied in 
depth.

A means of predicting the behavior of ice flows must be found 
in order to prevent ice jamming. Once we have an understanding of 
how this natural phenomenon occurs, we may be able to apply our 
theories in such a way as to prevent ice jams.

Computer simulation using the Discrete Element Method of 
the ice jamming process is a step in the right direction. Because the 
behavior of flowing ice and the phenomenon of ice jamming are 
difficult to analyze in the laboratory or in the field, computer 
simulation is a very convenient means for studying this complicated 
process.
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