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PREFACE 

This ITlOnograph summarizes current ideas and practice in snow 
removal and ice control as they affect means of transportation. 

Drifting snow, often considered as part of the problem of snow · 
removal, is treated as a wider subject in another monograph in this 
series. 

The writer gratefully acknowledges the advice and assistance of 
Mr. L. D. Minsk, U. S. Army Cold Regions Research and Engineering 
Laboratory ( USA CRREL) specialist in snow removal, who also made 
available much unpublished information. 

USA CRREL is an Army Materiel Command laboratory. 

Manuscript received 8 June 1964. 
Department of the Army Project IV025001A130 
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EDITOR'S FOREWORD 

"Cold Regions Science and Engineering" consists of a series of 
monographs written by specialists to summarize existing knowledge 
and provide selected references on the Cold Regions, defined here as 
those areas of the earth where the freezing and thawing of soils is an 
essential consideration in engineering. 

Sections of the work are being published as they become ready, 
not necessarily in numerical order but fitting into this plan, which 
may be amended as the work proceeds: 

I. Environment 

A. General 

1. Geology and physiography 
2. Permafrost - perennially frozen ground 
3. Climatology 

a. Arctic climatology I 
b. Arctic climatology II 
c. Antarctic climatology 

4. Vegetation 

B. Regional 

1. The Antarctic ice sheet. 
2. The Greenland ice sheet 

II. Physical Science 

A. Geophysics 

1. Heat exchange at the earth's surface 
2. Exploration geophysics 

B. Phys i cs and mechanics of snow as a material 

C. Physics and mechanics of ice 

1. Snow and ice' on the earth's surface 
2. Ice as a material 

D. Physics and mechanics of f rozen ground 

III. Engineering 

A. Snow engineering 

1. Engineering properties of snow 
2. Construction 
3. Technology 

a. E x plosions in snow 
b. Snow removal and ice control 
c. B l owing snow 
d. Avalanches 

B. Ice engineering 

C. Frozen ground engineering 

1. Site exploration and excavation 
2. Buildings, utilities and dams 
3. Roads, railroads and airfields 
4. Foundations 
5. Sanitation 

D. General (construction, etc. not covered by III C) 



Introduction 

SNOW REMOVAL AND ICE CONTROL 

by 

Malcolm Mellor 

Efficient snow removal and ice control become increasingly important as countries 
develop needs for more and more mechanization and mobility. Delays and disruptions, 
once accepted with philosophic resignation, now represent tangible economic setbacks. 

If the economic and social life of a modern community is to continue without 
interruption through snowy winter months, city streets and commercial areas must 
be kept unobstructed, highways must be cleared for safe and fast driving, railroads 
and their marshalling areas mU3t remain operative, and airports must be maintained 
free and safe for large, fast-lantling aircraft. 

The demands on snow removal capabiliti"es become more stringent as public 
tolerance of transport delay declines, and high-capacity, high- speed snow clearance 
appears as a prime necessity in industrialized areas. 

The military services have problems parallel to those of civil authorities and 
commercial undertakings, and also have to develop movement capabilities in un
developed, snow-covered country. Moderately dense snow becomes really trouble
some to wheeled vehicles when its depth exceeds about 25% of the wheel diameter, so 
clearance or compaction is almost essential when trucks have to negotiate a route 
covered with 8 in. or more of such snow. (Compacted snow roads are discussed 
elsewhere. ) 

In a military operation, some measure of improvisation and adaptation may be 
called for in snow clearing, and consideration must be given to the use of standard 
equipment of engineer troops, and to devices which can be attached to standard 4 x 4 
or 6 x 6 trucks. It is also desirable that selected personnel should have some in
struction and tra,ining in snow removal practice. 

On military airfields, very rapid snow removal is called for. The need for high
speed clearance was dramatically demonstrated during the Berlin Airlift of 1948-49. 
The U. S. Air Force subsequently levied a requirement for complete clearance of a 
300 x 10, OOO-ft runway in 30 min when snow is falling at the rate of 2 in. /hr. The 
demand was tightened still further, and clearance within 15 min called for, even though 
the previous 3D-min requirement is still outside current capabilities. 

The ever - rising demands for swift, high-capacity snow removal have been met 
chiefly by increasing the size of existing machines and supplying more powerful engines 
and tractive elements. Almost all of the machines now in use are based on long
established principles, and fundamental research on snow clearance appears to have 
been somewhat neglected. There is hope, however, that studies now being made in 
North America and Europe will lead to radical improvement of techniques and equip
ment. 

Climatologfcal aspects 

Most industrialized countries in the Northern Hemisphere are now faced by snow 
removal problems to some degree, since even occasional disruptions by snow covers 
of short duration can no longer be tolerated. The trends of global strategy since 
World War II have also tended to force military operations into hitherto unoccupied 
snow regions. 

The climatology of the Northern Hemisphere, including snow amounts and the 
distribution of snowfall with space and time, is adequately described elsewhere, but 
some indication of the relative quantities involved is given by Figures 1 and 2 and 
Table 1. Figure 1 shows average snow depth over the Northern Hemisphere at the end 
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of January; Figure 2 gives snow cover frequency diagrams for a number of cities in 
North America and Eurasia; Table I gives snowfall amounts for a number of U. S. 
cities. 

Average amounts of snowfall alone do not fully represent the magnitude of snow 
clearance problems. The rate at which snow falls, the prevalence of wind drifting, 
the duration of snow cover, and the nature of the terrain all enter into consIderation. 

Rapid snowfall is more serious than a slow accumulation, as it gives little time 
for action and may lead to aggravation of the problem by building up snow beyond plow 
capacities and by immobilizing vehicles in areas which have to be plowed. 

Drifting also affects snow clearance by creating abnormal situations. Although 
the average snow cover on an area may be slight and well within the capabilities of 
light equipment, deep drifts formed in a few places can necessitate the employment of 
heavy V-blades or rotary machines. 

In some regions the winter is characterized by a succession of snowfalls inter
spersed with r~latively warm periods which eliminate the snow cover naturally. In 
these places snow clearance practices need not be as thorough as in less favored re
gions where winter snows persist and accum·ulate. For example, windrows of snow 
thrown up at the roadsides can often be left to melt naturally, whereas complete re
moval might be necessary in colder areas of persistent snow. 

Terrain features influence snowfall, drifting, and the persistence of snow cover. 
They may also impose special standards of clearing efficiency. An icy or packed- snow 
surface which is negotiable in flat country may completely immobilize traffic on hills. 
Some stretches of road, e. g. mountain passes, may require so much effort for clearing 
that it becomes preferable to close the road for a period and reroute traffic. 

The average air temperatures of an area affect the planning of measures for snow 
removal and ice control. Ice formation occurs more frequently in places where 
temperatures close to the freezing point are common than in places where temperatures 
are consistently low; at low temperatures chemicals may actually have a deleterious 
effect. The effect of temperature on snow strength is mentioned below. . 

General princip~es 

There are three ways in which snow can be removed from a pavement: it can be 
removed mechanically in the solid state, it can be melted and drained off as water, or 
it can be evaporated directly from the solid state. Only the first two possibilities are 
of practical interest for rapid removal at the present time. . 

The energy required to push or throw a given mas s of snow IO yards or so to the 
side of a road is far less than the energy required to melt it. Where efficient mechani
cal handling can be employed, then, bulk removal should be mechanical. However, 
there are circumstances where mechanical handling becomes inefficient, and melting 
is expedient. For example, if no storage space for snow is available alongside the 
pavement and long hauls are necessary for disposal (as in city streets) it may be cheaper 
to melt the snow and drain the water through the sewer system. 

Energy sources to be considered in snow removal work include internal combustion 
engines, melting chemicals, heating devices, and solar radiation. Wind can sometimes 
be utilized for scouring pavements, and gravity will drain melt water. Artificial sources 
of radiation may become important in the future. 

Significant snow properties 

Uncompacted snow has little bearing capacity; wheeled vehicles sink into it and 
are thereby subjected to motion resistance. At the same time it has a low coefficient 
of friction, so that the traction developed by conventional tires is greatly reduced. When 
snow depth reaches 25% of the wheel diameter, vehicles are likely to be immobilized, 
even on a level road. 
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Figure 1. Average depth of snow cover in the Northern Hemisphere on January 31. 
The figures give snow depth in inches. (From ACFEL compilation, ref. 3) 
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OCT NOV DEC JAN FEB MAR APR MAY OCT NOV DEC JAN FE B MAR APR MAY 

NEW YORK, NEW YORK, U.S.A. CHICAGO, ILLINOIS t U.S.A. 

OCT NOV DEC JAN FEB MAR APR MAY OCT NOV DEC JAN FEB MAR APR MAY 

FAIRBANKS, ALASKA OTTAWA, ONTARIO, CANADA 

OCT NOV DEC JAN FEB MAR APR MAY OCT NOV DE C JAN FEB MAR APR MAY 

VIENNA, AUSTRIA MOSCOW, RU'SSIA 

Figure 2. Frequency of snow cov er for a number of Northern Hemisphere cities. 
The figures on the curves show the minimum snow depth (in inches) to which each 

curve refers. (From ACFEL compilation, ref. 3) 
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Table 1. General information on snowfall in the United States. ~:< 

Approx. 

City 

Albuquerque, N. Mex. 
Amarillo, Texas 
Boston, Mass 
Buffalo-Niagara Falls, N. Y. 
Burlington, Vt. 

Caribou-Limestone, Maine 
Cheyenne, Wyo. 
Chicago, Ill. 
Colorado Springs, Colo. 
Columbus, Ohio 

Detroit, Mich. 
Duluth, Minn. 
Falmouth, Mas s. 
Great Falls, Mont. 
Hartford, Conn. 

Linc oln, N e br . 
Memphis, Tenn. 
Minneapolis -St. Paul, Minn. 
Mountain Horne, Idaho 
New York, N. Y. 

Ogden, Utah 
Oklahoma City, Okla. 
Philadelphia, Pa. 
Pittsburgh, Pa. 
Portland, Oreg. 

Rapid City, S. Dak. 
Reno, Nev. 
St. Louis, Mo. 
Salina, Kans. 
Sault Ste. Marie, Mich. 

Seattle-Tacoma, Wash. 
Spokane, Wash. 
Washington, D. C. 

mean no. 
of days 
per year 
wll in. or 
more Mean no. of 
snow on in. per year 
ground of snowfall 

20 8.6 
15 19.2 
70 42. 5 
95 74.4 

140 65.4 

110 102.3 
100 ~6.4 

70 33.8 
40 24. 3 
50 21. 7 

85 39.8 
140 54.9 

30 21. 2 
100 53.5 

65 40. 5 

40 26. 3 
10 5.2 

110 42.2 
50 17. 7 
35 30.9 

55 88.7 
20 8.0 
35 21.5 
70 34.7 
10 12.6 

100 33.2 
30 28.4 
40 17.3 
33 17. 9 

130 83.5 

20 11. 7 
65 38. 2 
30 19.9 

Greatest 
snowfall 
in 24 hr 

(in. ) 

6.8 
20.6 
16. 5 
24.3 
24.2 

18.2 
16.5 
14.9 
23.0 
11. 9 

24.5 
23.0 
15.0 
11. 0 
19.0 

12.4 
18.0 
16.2 
13.0 
25.8 

15. 3 
11. 3 
21. 0 
17. 5 
16.0 

18. 3 
22. 5 
20.4 
12.3 
14.3 

21. 5 
13.0 
25.0 

Greatest 
depth of 
snow on 
ground 

(in. ) 

6.8 
13. 5 
23.0 
32.0 
27.0 

51. 0 
21. 0 
24.7 
32.6 
13.5 

26.0 
38.6 
18.2 
18.3 
32.8 

17. 1 
10.2 
31. 0 
18.0 
24.0 

23.0 
10.5 
26.0 
23.0 
19.0 

18.0 
30.0 
15.6 
12.0 
36.2 

29.0 
29.0 
34.2 

Mean no. 
of days 

5 

per year 
wi snowfall 
of 1 in. 
or more 

4 
6 

10 
22 
20 

31 
17 
10 
17 

6 

13 
16 
35 
20 
11 

9 
2 

12 
8 
8 

18 
3 
6 

11 
4 

34 
6 
5 
4 

29 

2 
33 

6 

~:<From Chapman, Air Conditioning, Heating and Ventilating, vol. 54, no. 8, Aug 1957. 
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The thermal and mechanical properties which affect snow removal vary consider
ably. There are initial differences of snow type controlled by the meteorological 
conditions prevailing at time of deposition. and further changes result from mechanical 
and thermal metamorphism subsequent to deposition . . 

Snow density ranges from less than O. 1 g/cm3 (6.2 lb/ft3 ) to more than 0.4 g/cm3 

(25 lb!ft3 ) when the snow is dry and undisturbed by traffic. Light and fluffy deposits 
with very low density result from falls of dry. dendritic crystals in still air. Densely 
packed deposits are the result of fragmentation and agitation by strong winds. When 
air temperatures are at. or above. the melting point. snow contains liquid water and 
high densities are common. 

Ignoring the effects of w ind. a correlation between initial density and air tempera
ture may be expected. The crystals formed at very low temperatures are small and 
of simple shape compared with the dendritic types associated with fairly high air 
temperatures. and therefore they are capable of packing to higher density. If 
temperatures are near the melting point. however. density will probably be high as a 
consequence of rapid settlement and water in the snow. 

Density is an important index of snow type. It is measured in the field by weighing 
a sample of known volume (see monograph II-Cl of this series). 

Snow strength is dependent on the grain structure and temperature. The grain 
structure is related t o the density of the deposit and the degree of bonding between 
adjacent grains. At the time of deposition the snow is cohesionless. but ice bonds 
soon form and grow at the grain contacts. After deposition the snow also compacts 
gradually to higher density under its own weight. Typical values for unconfined 
compressive strength of well- bonded snow range from about 1 kg/ cmz (14.2 psi) for 
densities less than 0.4 g/cm3 (25 lb/ft3) to about 20 kg/cmz (284 psi) for density 0.6 
g/cm3 (37.5 lb/ft3). The strength in tension or unconfined shear is commonly'less 
than half "the value for compression. 

Detailed information on snow strength is given elsewhere;15 it will suffice here 
to remember that snow strength increases as 

(a) density increases 
(b) age increases 
(c) temperature decreases. 

Field and laboratory methods for measuring snow strength are described in 
monograph III-A2. 

Energy of disaggregation is the work which must be done on a cohesive snow mass 
in order to pulverize it (by breaking intergranular bonds), and it therefore gives a 
measure of one energy requirement for a plow. There is a close correlation between 
rupture strength and energy of disaggregation for dry. bonded snow. 15 

Water content. At OC liquid water is held in the snow by surface tension. Wet 
snow tends to adhere to plows. and presents rotary plows with different demands than 
does dry snow . . For example, a rotary plow working on light fluffy snow is virtually 
blowing air; one working .on dense dry snow is milling a brittle solid and blowing a 
mixture of air and ice particles ; a plow churning very wet snow comes close to 
pumping water. Water content is usually measul ed by calorimetry in the laboratory. 
but no simple and reliable field methods are currently available. A relative indication 
is given by making and squeezing snowballs: cold dry snow will not form snowballs 
at all. while very wet snow will make snowballs from which water can be squeezed. 
When snow has such a high water content that it takes on fluid properties (e. g. flow
ing and splashing) it is referred to as slush. 

Surface friction between snow and rubber tires largely determines the braking 
capabilities of cars and aircraft. It varies vi th temperature and snow density; friction 
decreases as snow temperature rises. and also as snow is compacted and slicked to 
the density of ice . . At low temperatures, where snow is dry and resistant to compaction, 
the coefficient of friction for tires may be as high as 0.4. which gives moderately 
good braking. At temperatures of about -IOC (+14F) values between 0.2 and 0.3 are 
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more common. Snow at and near the melting point can become as slippery as ice, 
with coefficients of friction as low as 0.05. When water content becomes excessive 
and the snow turns to slush, true friction tends to increase again, although the effect 
known as "hydroplaning" may seriously reduce braking capabilities, particularly at 
h.igh speed. 

Latent heat for dry snow is that of the constituent ice grains; in round numbers, 
80 cal! g or 144 Btu/lb. If the snow is wet, there is, of cour se, a reduction in the 
amount of heat required to melt a given mass. 

Specific heat of clean dry snow is that of the ice grains. The apparent specific 
heat varies with temperature and impurity concentration, but for most practical 
purposes in snow removal a round value of 0.5 (either cal/g C or Btu/lb F) can be used. 

Thermal conductivity of dry snow varies with density. The range is from less 
than 2 x 10-4 ca1/cm ·sec C ·(0.0484 Btu/ft hr F) at density 0.1 g/cm3 (6.21b/ft3) to 
about 3 x 10- 3 cal/cm sec C (0.726 Btu/ft hr F) at density 0.6 g/cm3 (37.5 lb/ft3). 
These values appear to include the effects of vapor diffusion. Wet snow, being 
isothermal, cannot conduct heat, but heat may still be transferred through it by con
vection in the pores. 

Reflectance, or albedo for solar radiation varies chiefly with the condition of the 
snow. Clean dry snow reflects up to 90 % of the incident radiation, but wet or dirty 
snow surfaces reflect considerably less. 

Emittance for long wave radiation is close to unity, so that for practical purposes 
snow can be regarded as a black body, emitting radiation in proportion to the fourth 
power of its absolute temperature. 

Equipment for mechanical snow removal 

The most widespread method for clearing snow mechanically is plowing, using 
either displacement blades or rotary devices. Brushes are sometimes employed, 
usually in conjunction with plows. In certain circumstances show may be cleared by 
blowing it aside with a blast of air or exhaust gas. A wide range of commercial and 
military equipment is discussed by Minsk in another report. 18 

The production of snow removal equipment is on a relatively small scale, with 
numerous manufacturers offering products of their own design. Differences between 
plows of various manufacturers are generally differences of detail only, and therefore 
no attempt is made here to discuss particular machines. The type classification of 
snow and ice removal equipment~:c given below embraces all machines currently in 
common use. 

Type classification of machines for snow removal and ice control. 

I. Blade or displacement plows 

A. Front mounted 
1. V-blade 
2. One-way blade 

a. Fixed position (right or left cast) 
b. Reversible (swivel and roll-over) 

B. Underbody 
1. Truck-mounted 
2. Road grader 

C. Side-mounted (wings) 
D. Towed (drags) 

II. Rotary plows 

A. Two- element (impeller) type 
1. Auger 

a. Horizontal axis 

~:cDrawn up by L. D. Minsk of USA CRREL. 
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b. Vertical axis 
c. Swept- back axis 

2. Cutters 
a. Helical 
b. Horizontal breaker s (rakes) 

B. Single - element (no impeller) type 
1. Scoop wheel 
2. Drum 

III. Pure blower s 

1. Compressor fed (compressed air jet) 
2. Combustion jet (pure jet aircraft engine) 

IV. Power brooms 

V. Hybrid machines 

1. Combination blade and impeller 
2. Combination blade and cutter 
3. Combination broom and blower 

VI. Specialized ice -removal devices 

1. Pressure cutting edges 
a. Wobble wheel 
b. Spiral rolls 
c. Scarifier (serrated blade) 

2. Flame throwers 
3. Hammers 

Snow plow de sign 

For design purposes three types of snow plow can be recognized: "pushers," 
high- speed displacement plows, and rotary plows (Fig. 3 to 8). Under the label of 
"pushers" can be grouped all the low- speed blade types which work like angle- blade 
bulldozer s. They are designed for simplicity and mechanical convenience and will 
not be discussed further. 

Figure 3. Typical reversible plow (rollover type) 
for truck attachment. The surface is conical. 
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Figure 4. Front-mounted, right-cast, displacement plow. This truck 
is also fitted with a wing plow. (CRREL photo by L. D. Minsk) 

Figure 5. Truck-mounted underbody blade fitted to a Corps of 
Engineer s rotary plow car rier. 

9 
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.' Figure 6. Track-propelled Peter snow miller (impellerless rotary). 
(CRREL photo by M. Mellor) 

Figure 7. Truck-mounted two-element rotary plow. This machine has three 
horizontal augers and a single impeller. (CRREL photo_ by L. D. Minsk) 



Figure 8. Power broom with 12, OOO-cfm blower cleaner for moving 
residual snow and ice. (U. S. A. F. photo) 
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High- speed displacement plows. High- speed blades have evolved from pusher 
types. Some railroad plows developed from simple wedges to hydrodynamically 
desirable forms, but road plows have been slower to adapt and the best existing one
way plows have conical surfaces. In high-speed plowing it seems probable that inertial 
effects become dominant, and a hydrodynamic approach to design seems to have merit. 
Thinking of a plow as a turbine, or pump, element in which the blade takes the form of 
a screw impeller it can be shown that, with certain simplifying assumptions, the 
components of force!:.. on the blade are 

Direction of travel: F = B H P V 2
f 

(1 - C cos a cos (3) 

Transverse: 

Vertical: 

where B 
H 

P 
V

f 
a 

x v 
F B H p C v V 2

f cos a sin (3 
y 

F BHp C V 2 sin a 
z v f 

- width of the plow ' s swath 
- plowing depth (,...., snow depth) 
- snow density 
- forward speed of the plow 
- elevation angle of the ej ection guide, measured 

from the horizontal 
- deflection angle of the ejection guide (measured from 

the reverse travel direction in the horizontal plane) 

( 1 ) 

(2) 

(3) 

C 
v 

- a velocity coefficient for the blade, probably a function 
of a and (3. 

With the same assumptions the power expended on the snow (P) is given by 

P = B H P 
2 

V 3
f 

(1 + C 2 - 2 C cos a cos (3). 
v v 

( 4) 

The casting range in a direction at right angles to the line of travel (L ) can be 
roughly estimated by neglecting air resistance: y 

L = 
Y 

sin 2a sin (3 . (5 ) 

Practical tests6 with a = 45° gave average trajectories for which L was about 20% 
shorter than would be expected from eq 5 for values of (C v V f) up to 40 ftl sec. The 

optimum values for a and (3 may be strongly influenced by the dependence of C on 
v 

these angles. 

Rotary plows. Rotary plows show to best advantage when working in deep, compact 
snow. The essential part of a rotary plow is a set of rotating blades, which comminute 
the deposited snow and impart momentum to the fragments. The blades are set 
(helically on a transverse axis type) so that fragments are ejected in line with the exit 
ducting when fre'ed from radial restraints in the volute chamber of the plow. Ejection 
may be boosted by an axial flow impeller fan in the exit ducting. 

The power (P) expended on the snow by a transverse axis rotary plow may be 
expressed as --

P = B H V f K W d + t B H P V f w
2 R 2 ( 6) 

where W . 
d 

K 

w 

R 
and other 

- work of disaggregation for the particular snow type (i. e. the energy 
required to break unit volume of snow into its constituent grains) 

- a coefficient expressing the degree of disaggregation and the efficiency 
of the breaking process 

- angular velocity of the rotor 
- rotor radius to the cutter edge 
symbols retain the meanings listed previously. 
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The direct ITleasureITlents o f w ork o f disaggregation for snow seeITl sOITlewhat 
dubious, but e stiITlates can be ITlade froITl o ther strength ITleasureITlents. FroITl the se 
indirect estiITlates it appears that the energy expended in breaking up high-density 
snow is of cOITlparable ITlagnitude to that involved in inertial effects. Fresh studies 
of work of disaggregation are planned. 

The casting abilities of a rotary plow are affected by the size of the ejected frag
ITlents; for a typical range of fragITlent sizes and typical ejection velocity, the decelera
tion caused by air drag in the initial stages of the trajectory is inversely proportional 
to fragITlent size, i. e. big chunks are likely to travel further than fine particles. It 
therefore seeITlS desirable to cut large fragITlents and to avoid further cOITlITlinution in 
the exit ducting by exposed booster fan blades. 

The size of fragITlents will be related to the depth of bite ITlade by a suitably angled 
cutter blade. For a plow with one horizontal and transver se rotor axis, the radial 
depth of bite z varies with position on the cutting face and is dependent on rotor speed 
w, plow speed V f' and the nUITlber of cutter s on the rotor :r'l 

z = nw 

where e is the angular elevation of a point on the cutting face (Fig. 9). 

The voluITle of snow cut by a blade should not exceed the carrying capacity of 
that blade. The voluITle cut by unit width of a single blade J5!.L is given by 

q = nw 

Typical plowing practices 

The ITlethods eITlployed for clear
ing snow vary endlessly in detail, 
since no two places have identical 
probleITls and re.sources. There is, 
however, one broad principle govern
ing the efficient use of ITlechanical 
equipITlent: operation ITlust be such 
as to keep rehandling o f the snow t o a 
ITllnlITlUITl. In the note s below, typical 
practices for ITlechanical clearance arE 
outlined; treatITlent of paveITlents with 
cheITlicals ,and abrasives is discussed 
separately. More practical detail is 
given by Minsk. 18 

Open highways. On open high
ways high- speed clearance is probably 
best achieved by blade plows attached 
to powerful trucks pos si bly equipped 
with four-wheel drive and tire chains. 
In good conditions such plows can reach 
speeds of 40 ITlph, the high speed giving 

1 

Figure 9. Rotary plow scheITlatic. 

(7) 

(8) 

an additional bonus in the length of cast iITlparted to the snow. Speeds are restricted 
by poor visibility when snow is falling or blowing, by stalled vehicles or other 
obstructions, and by excessive snow depth (plowing should start when snow depth 
reaches 2 in. ) . 

A guide to good practice for clearing divided highways is provided by procedures 
laid down for clearance on the New York State Thruway:19 

Plowing always proceeds in the direction of traffic and the center or passing lane 
is always cleared first (see Fig. 10). The plows all carry a rear sign indicating the 
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LARGE REVERSIBLE PLOW WITH LEFT -WING LARGE PLOW . WITH RIGHT WING 

OR TWO SMALLER LEFT-CAST PLOWS OR 
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WITH LEFT WING 

Figure 10. Plowing scheme for high- speed clearance on divided 
highways. (From New York State Thruway manual, ref. 19) 
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side on which traffic should overtake. Snow is pushed onto the ITledian strip and the 
shoulder as shown in the diagraITls. The two groups of plows are spaced so that 
traffic can overtake the plowing force. Shoulders are cleared of snow by winging back 
as soon as possible. Flashing warning lights on the plows are operated at all tiITles, 
da y or night. 

Mountain pas ses and deeply drifted sections. When deep, high-density snow 
collects on roads, ordinary one-way blade plows are unable to c"ope with the situation. 
V-blade plows are capable of cutting drifts of ITloderate depth and hardness so long as 
there is clearance space to the sides of the road, and they can also be used if plowing 
begins before the snow accuITlulates to any great depth. When snow builds up to con
siderable height and age-hardens, only rotary plows can ITlake any real iITlpression. 
Rotary plows, with their long casting capabilities (Fig. 11), are also necessary for 
clearing cuttings which have no storage space alongside the paveITlent, and for other 
road sections obstructed at the edges. 

On ITlountain roads rotary plows, sOITletiITles with tracked propUlsion, cut sheer
walled trenches through very deep drifts and blow the pulverized snow far froITl the 
road. The road, when finally opened, ITla y run between vertical walls 10- 20 ft high. 

City streets. In clearing city streets, high-speed plowing cannot be carried out 
safely because of the close ITlaneuvering requireITlents, the presence of obstacles, and 
the danger of property daITlage by violent casting. 

For ITlost purposes, truck-ITlounted right-cast blades are adequate. Present 
rotary units are designed mainly for cutting wide swaths, and they cannot be eITlployed 
to full advantage in confined areas. The windrows pushed up by a plow along the edges 
of streets must be cleared if further snowfalls are expected. In urban areas snow ITlay 
be plowed into a windrow along the centerline of a street to facilitate parking and traffic 
flow ; this windrow ITlust be loaded for disposal without delay because of the dartger of 
age -hardening or freezing of wet snow. " 

Dis.posal of plowed snow is essential in .cities which have a long and continuous 
snow season. The ITlost widespread method for disposal is hauling in trucks to 
dUITlping areas, such as beaches and rivers. The trucks are loaded by ITlaneuverable 
rotary plows or by front-end loaders. In some situations it is ITlore econoITlical to 
load the snow into ITlelting pits or mobile ITlelters, flushing the "ITlelt water into the 
sewer systeITl. 

Power brooITls ITlay be useful ; they can be eITlployed to sweep away snow in the 
early stages of a fall before any appreciable accumulation or cOITlpaction has occurred, 
to move snow which is too light for effective plowing, or to clean away slush. 

Parked cars are exceedingly troublesome during the plowing of streets. Extended 
parking during heavy snowfall is usually prohibited by city ordinances. 

Railroads. In plow ing railroads, both V - blade plows and rotary plows are used. 
Clearing operations are usually facilitated by aITlple storage space alongside the tracks 
and availability .of great ITlotive power. A V - blade plow mounted on a locoITlotive can 
" buck" sizable snowdrifts, but rotary units are used for very deep snow and high 
drifts. In some European countries subject to light snow, ITliniature nose plows ITlay 
be fitted under the fr ont buffer beaITl of locoITlotives working in the area. 

A special railroad problem is the need to keep the running rails free; for this 
purpose a flanger is used. A flanger is a V-scoop blade fitted beneath a car and ad
justed pneuITlatically or hydraulically to cut about 2 in. below the rail top. A flanger 
car is attached to the rear of passenger or fast freight trains, and at 35 ITlph it throws 
the cut snow about 40 ft outward. . 

Clearing freight yards of snow raises special probleITls. A straightforward method 
is to eITlploy men w ith shovels and brooITls to clear tracks, switches, platforITls, and 
loading bays. This archaic procedure is expensive and inconvenient. A ITlore mechan
ized solution inv ol"yes the use of small, easily maneuvered rotary plows, either hand
controlle d or mounted on small tractors. Mobile air cOITlpressors are sometimes used 



Figure 11. Rotary plow clearing a IT10untain highway. The picture illustrates the 
need for a IT1achine capable of IT1aking long casts, since storage space is available 

on one side of road only. (Photo by AIT1erican Snowblast Corporation) 
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to blow new snow from tracks and switches and several attempts have been made to 
scale up this method by using an aircraft jet engine. The results of jet tests in England 
and Germany were apparently judged to be unencouraging, but a jet snow blower 
assembled by the New York Central Railroad in 1960 was thought to be a useful tool for 
clearing fresh snow in marshalling yards, and in particular for keeping switches clear 
during a snowfall (A. Assur, personal communication). Jets have a number of short
comings: they are inefficient when stationary, reaction is a problem, compact snow 
resists jet blast, and tracks may be damaged. Furthermore, there is little directional 
control , so that the snow blowing becomes somewhat akin to a housewife 's " dusting " 
procedure. One favorable point is the low cost of military surplus jet engines. 

Airfields. On major airfields the runways must be thoroughly cleaned as rapidly 
as possible, and wide safety s trips alongside the runways must be freed from windrows 
and deep snow. Lights and o ther markers must also be kept clear. To achieve these 
ends high- speed e quipment is operated in a manner which keeps rehandling to a minimum. 

Displacement plows are used for primary movement of snow towards the sides of 
the runways; truck-mounted rotary plows clear the swales when these become too deep 
for the displacement plows, and they also work along the runway edges clearing marker 
lights. The governing principle is clearance with minimum handling of the snow. 

Power brooms may be used to clean away light, fluffy snow and slush. They are 
also put to work at the beginning of a snowfall or when snow is falling lightly; they 
keep the centerline of the runway clean and visible, and push snow to the sides so that 
it rapidly reaches plowable depth. 

Wind has to be considered when planning a clearing operation. With no wind, or 
wind straight down the runway, maximum efficiency is achieved by clearing to both 
sides, working outwards from the runway centerline. With an appreciable crosswind it 
may be better to work progressiv ely from the upwind edge to the downwind edge, so 
that the pavement remains clean after the plow has pas sed. 

Some operating schemes are shown diagrammatically in FIgures 12 and 13. In 
one -way clearing (strong cros swind) rever sible displacement plows are required if 
dead-heading " is to be avoided. 

Ice control 

Ice coating s are caused by freezing rain (glaze), hoarfrost and rime, and by 
compression of snow. The different types of ice, with their distinct strength and 
adhesion characteristics, may require different technique s for most efficient removal 
or c ontrol. 

Mechanical contr ol. The most common device used specifically for mechanical 
ice removal from pavement s is an underbody blade. This is a hydraulically operated 
scraping blade fitted beneath a heavy truck; it can be hydraulic ally loaded to give 
vertical pressure, and the blade's angles of attack and sweep -back can both be var ied. 
Attempts to use ordinary road grader s for the same purpose are usually unsuccessful 
because of their inability to exert adequate vertical pressure. Scraping blades are 
effective under some conditions ( thick ice or compressed snow with an irregular 
surface), but they are usuall y incapable of removing thin ice slicks or residual ice 
without dam~ging themselves and the pavement. 

Serrated blades are sometimes used. They are useful in grooving thick ice or 
compressed snow to improve traction, but wear on both the blade and the pavement is 
excessive if they are used in an attempt to c lear ice completely. 

Another class of equipment, still largely in the development stage, is being used 
in some places. This group consists of various types of roller crushers which apply 
intense vertical pressure at a number of point s across the width of the roller, and 
supplement this action with shear or vibration. These effects are produced by roller 
drums made up with skewed circumferential ribs, or by wobble-wheels. 
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Figure 12. Multiple plow operation for high- speed clearance on 
airfields. Stage (1) show s right-cast displacement plows (head
ed by a pilot car) moving snow from the centerline to the edge of 
the runway. The displacement plows are followed by rotaries 
which clear the w indrow s from the edge of the runway and from 
around the runw ay lights. Stage (2) is an identical procedure on 
the opposite side of the centerline. In stages (3) and (8) displace
ment and rotary plow s are used in conjunction to clear safety 
strips on both sides of the runway. (Adapted from TM5-624, 
ref. 2. 7) 

WIN D DIR ECTION WIND DIR E CTION 

• 
a. b. 

Figure 13. Suggested plowing procedures for runways when 
wind is a consideration. (a) Calm conditions or wind along 
the runway: plow starts from the centerline and works out to 
both sides to minimize handling. (b) Strong crosswind: plow 
starts from the upwind edge and works across the runway 
towards the downwind edge, using the wind to carry cast snow 
in the direction of working (the scheme shown calls for a re
versible blade). (c) Moderate crosswind: this combines the 
ideas of (a) and (.b), the upwind half of the runway being plow
ed as in (a), and the downwind half similar to (b). 
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Aggressive scarifiers have generally been found to be unsatisfactory because of 
rapid wear and damage to pavements. 
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Power broom s might also be included amongst mechanical equipment for ice 
control, although they are normally used in conjunction with chemicals . . Rotary brushes, 
wHh either steel or palmyra bristles, are u s ed to clear wet snow and slush before ice 
can form, and they are also used to sweep as ide ice which has been melted and fragmented 
by application of c hlorides. Some electric railways use special cars fitted with wire 
brushes for cleaning rails, p ar ticularly c onductor rails. 

Application of chemicals and abrasives. Chemicals are frequently spread on icy 
surfaces to melt and break up the ice. They are sometimes spread on dry pavements 
before snow or ice collects in order to prevent adhesion. Their action is based on the 
freezing point depre ss ion they produce when added to water or ice. Abrasives, such 
as s and, cinders, or other cheap gritty materials are spread on icy pavements to im
prove traction and braking. They are often mixed with the melting chemicals. 

Liquid antifreeze is sometimes coated on the conductor rail of electric railways 
by placing antifreez e baths in such a way that the current pick..,up shoe of a, train will 
spread the liquid. 

Melting chemicals have been mixed in with pavement material during road con
struction, in an attempt to provide permanent protection, but they cease to be effective 
after a short period of use. 

Melting chemicals and a brasives 

In general the vapor pressure, and hence the freezing point, of a solution is lower 
than the freezing point of the solvent. The degree of depression for a given solvent 
depends on the number of molecules or ions of solute dispersed through the solution, 
and thus the most effective chemicals for this purpose are those which have low 
molecular weight and which ionize in the solvent. 

When suitable chemicals are spread on snow or ice, a surface film of solution is 
formed at contacts between the chemical and the ice crystal. If the concentration of 
the solution exceeds the equilibrium concentration for the prevailing temperature, 
melting proceeds,; the action finally halts when enough ice has been melted to reduce 
the concentration of the solution to the equilibrium level. The lowest temperature at 
which melting is possible, irrespective of spreading rate, is the eutecti c temperature 
for an aqueous solution of the particular chemical. 

The freezing point of water is substantially depressed by a number of highly 
soluble salts and inorganic substances . In practice the range of choice for chemica~s 
to melt snow from pavements is limited by additional factors: the material must be . 
cheap and easy to handle, it must act quickly, and it should not be unduly harmful to 
building materials, machinery, or plants. It is also desirable that the specific gravity 
should be greater than unity. Several possible melting agents are discussed below. 

Sodium chloride. Sodium chloride is by far the most common chemical used for 
snow melting and deicing pavements; its outstanding advantage is low cost. In the rock 
salt form it is readily obtainable and does not deteriorate with storage. It remains 
quite cohesionless and can be distributed from trucks through spreading devices basic
ally similar .to agricu,lturallime spreaders. Spreaders may be fed by hand, by gravity, 
or by augers or conveyers . Aqueous solutions are occasionally sprayed from tank 
trucks. 

The minimum concentr ation for melting at various temperatures can be estimated 
from a phase-equilibrium diagram (Fig. 14), although no indication of the reaction 
time is provided. In practice it is not usually necessary to melt snow completely, but 
it is desirable to have rapid action. These two factors work in opposition when 
considering salt requirements, but it is found that quantities calculated from the phase
equilibrium diagram are extravagant. Figure 15 gives salt spreading rates recommended 
for British roads; minimum rate of spread is given as a function of snow depth (assumed 
density 0.06 g/cm3 , or 3.7 lb/ft3 ) for a range of temperatures. The salt quantities 
covered by the graph are much greater than the concentrations normally used in North 
America, where snow more than 2 in. deep is generally moved by plowing, and 
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application rates in excess of 1000 
lb/mile of two -lane pavement are 
rar e. In Figure 16 the data o f Brohm 
and Edwards12 for melting tests wi th 
I-hour and IS-min reaction times 
have been used to prepare graphs 
comparab le to Figure 15, but for snow 
depths in the range of 0 to 1. 6 in. 
( snow density again being t aken as 
O. 0 6 g / c m 3 , 0 r 3 . 7 1 b / ft3 ). Th e 
spreading rates recommended in 
practice, 300 -600 lb/mile of two-
lane pavement, ar e not completely 
covered by the data of Figure 16, 
although the curve s can be extra
polated down to 300 lb/mile with 
reasona ble confidenc e. 

The spreading r ate chosen will 
depend to some extent on the speed 
of a ction required. Figure 17 shows 
the Inelt yield obtained in laboratory 
tests, as a function of temperature, 
f o r various reaction times; it also 
shows the melt yield which w ould be 
obtained after unlimited time. On 
the highway the rate of melting is 
also affected by traffic agitation, 
mode of applicatio n, s olar radiation, 
and by the grain size of the salt. 
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Figure 14. Phase-equilibrium diagrams 
for aqueous solutions of sodium chloride 
calcium chloride, and magnesium chloride. 

( Data from ref. 14) 

There is believed to be an optimum grain size for salt used in snow melting and 
deicing on pavements, although Schneider24 recommends the finest possible grain size. 
A desirable grading for coarse crushed r ock salt seems to be 100 % passing a ~ -in. 
sieve, 95% pas sing i in., 80% pas sing no. 4, 45% pas s ing no. 8 , 15% pas sing no. 16, 
0% passing no. 30 (U. S. standard sieves ). 

Common salt causes corrosion on vehicles , and is therefore unsuitable for use on 
airports. Corrosion on cars is reduced by protective coatings-the paint and primer, 
and undercoatings of bituminous o r o ily substances. Frequent w ashing also helps . 
Corrosion rates incr ease with temperature, and are particularly high at points where 
dissimilar metals are in contact. Inhibitors (e. g. sodium dichromate) mixed with the 
salt have not proved successful. 

Salt has a detrimenta l effect on conc rete pavements . There is a tendency for sur
face spalling to occur when brine- soaked c~:mcrete i s exposed to cycles of low tempera
ture, concrete less than 3 months old being particularly susceptible to damage. H~gh 

compacti on, low water / cement ratio, and air entr a inment all help to improve the 
resistance of concrete to salt damage. Surface coatings of special oil compound s or 
resins are available for protecting pavements, but they have not yet found w ide accept
ance. 

According to certain suppliers and users, the effects of s ait on roadside veg etation 
are not severe at ordinary conc entrations, but this is hard to believe . There is a need 
for data on the matter. In rural areas, water wells are sometimes contaminated by 
road salt. 

To sum up, sodium chloride is cheap (l¢/lb) and easy to handle. It is ve ry effective 
at temperatures above 20F, but at temperatures below 10F it is not very efficient. Its 
effects on metals and concrete are o bjectionable . Current practice c alls for normal 
spreading at rates of 300 -800 lb/mile along the centerline of a two -lane pavement::~, 
with rates up to 100 lb/mile in c ity streets and at danger spots. 

::~The w riter suspects that actual concentrations are often considerably higher. 
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Figure 15. Salt spreading rates recommended for use 
on roads in Britain . Rates greater than half a ton per 
mile of 2 - lane highway are considered excessive in the 
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Figure 18. Effect of temperature on the 
ice melting ability of calcium chloride. 

(pata from ref. 4 ) 

Calcium chloride. Calcium chloride is the closest competitor to sodium chloride 
in terms of price, being about 70% more expensive. It has the advantage of greater 
effectiveness at low temperature. 

Figure 14 compares the phase equilibrium diagram of calcium chloride with that 
of sodium chloride. The eutectic point of calcium chloride, -SIC at 32% concentration, 
is much lower than that of sodium chloride, -2lC at 23% concentration. Figure 18 
gives the maximum weight of ice melted by unit weight of flake calcium chloride in the 
temperature range -30F to +30F. 

In contrast to sodium chloride, calcium chloride has a positive heat of solution: 
which is advantageous in initiating the melting process. The heat of solution (determined 
at l8C) for calcium chloride dihydrate (flake) is 10,040 cal/mole, or 123 Btu/lb. 

Calcium chloride is sometimes used alone in the same way as common salt, 
spreading rates ranging from 300 to 600 lb/mile of two-lane pavement. Its advantages 
become a pparent at temperatures below 20F. Figure 19 gives application rate as a 
function of snow depth for a range of temperatures; this graph is directly comparable 
with Figure· 16 for sodium chloride. After 1 hour the effects of equal concentrations 
of flake calcium chloride and coar se crushed rock salt are about the same for a tempera
ture of 30F; calcium chloride at 20F is roughly equivalent to sodium chloride at 27F, 
and at lOF it is equivalent to sodium chloride at about 24F. Calcium chloride at OF has 
the same effect as an equal weight of sodium chloride at a bout 21 F. 

A more common way of using calcium chloride is in a mixture with sodium chloride; 
the weight ratio usually adopted is 1 part calcium chloride to 3 parts sodium chloride 
(this 1:3 weight ratio is roughly equivalent to a 1:2 volume ratio). In Figure 20 the 
melt yields of flake calcium chloride, coar se crushed rock salt, and a l: 2. S mixture 
of the two are compared for temperatures of OF and +lOF. While local conditions, particul
arly temperature, determine whether calcium chloride is necessary, many highway 
engineers in northern states consider that a 1:3 mixture with sodium chloride is· desirable 
and economically justified when temperatures below +lSF are experienced. 
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Figure 19. RecoITlITlended application rates 
for Hake calciuITl chloride, allowing a re
action tiITle of 1 hour. (Data by BrohITl and 
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calciuITl chloride to 2. 5 parts sodiuITl chloride; in practice a 1:3 ITlixture is usually 
eITlployed. (a) refers to ITleasureITlents ITlade at a teITlperature of OF after a re
action tiITle of 1 hour, (b) is for teITlperature +lOF and a reaction time of 1 hour. 

(Data froITl Brohm and Edwards, ref. 12) 



SNOW REMOVAL AND ICE CONTROL 25 

The grading of regular flake calcium chloride is such that 100% passes a j-in. 
sieve, SO% passes a no. 4 sieve, and 10% passes a no. 20 sieve. . 

Calcium chloride is deliquescent, and therefore it must be handled and stored with 
care. A further disadvantage occasioned by this property is that treated pavements 
remain wet. 

Magnesium chloride. Magnesium chloride has been used occasiona11y in the same 
way as calcium chloride, and it can be seen from Figure 14 that it has favorable melt
ing properties. However, the current U. S. price is 2.7 times that of sodium chloride, 
so that it is not a serious contender for highway use. 

Lithium chloride. Lithium chloride has an extremely low eutectic temperature 
(below -77C), but under present circumstances it is ruled out for normal use by its 
price -SO times the price of sodium chloride. 

Urea. Urea has the attraction of being non-corrosive, and is therefore a possibility 
for runway use. However, its eutectic temperature is relatively high (-II. 5C) and its 
reaction rate is rathp.r low. For practical purposes it has been deemed effective for 
temperatures above +14F, but its cost is quite high-about five times the price of 
common salt. 

Formamide. Formamide does not seem to adversely affect metals, rubber, or 
pavements. The eutectic point of an aqueous solution is low, -4S. 5C at 61% volumetric 
concentration, and it has a rapid reaction rate (somewhat faster than rock salt at +14F). 
The price is high-II ¢ to l3¢ lIb in the U. S. in January, 1964. A further disadvantage 
is the freezing point of formamide itself; it changes from liquid to solid at roughly the 
same temperature as water does (there is some variation with the commercial grade). 
This last point has led to tests of mixtures containing formamide and urea, the urea 
acting as a freezing point depressant for the formamide. 

Urea-formamide mixtures. The most promising mixture tested9 appears to be one 
containing 75% formamide, 20% urea, and 5% water. It is effective at temperatures 
down to OF (-lSC), and it remains liquid (for spraying) in this range. At +14F (":" 10C) 
the melting rate is similar to that of rock salt. 

Other chemicals. There are other chemicals which melt ice, but their properties 
or costs are such as to make them unsuitable for normal use on pavements. Examples 
are ethylene glycol (14¢ to l7¢/lb) and ammonium acetate (35¢ to 53¢/lb). 

Proprietary materials. Several proprietary materials for melting snow and ice· 
are on the market, but there is no evidence that they offer significant advantages over 
simple mixtures of the chemicals listed above. 

Abrasives. Abrasives spread on icy pavements to improve traction and braking 
include sand, cinders, stone screenings, slag screenings, and other cheap local 
materials. The abrasive material should not have an excessive amount of fines; one 
recommendation for sand and wa,shed stone screeningsll ca11s for 100% to pas s a i-in. 
sieve, not less than 45% to pass ano. 16 sieve, and not more than 30% to pass a no. 50 
sieve. A n o ther specification that is recommended and has merit in a better control of 
fines is: 

Sieve size 

4 
10 
20 
40 

100 
200 

% Finer by weight 

100 
60-95 
30-S0 
10-50 
0-15 
0-5 

A melting chemical is frequently added to abrasives; this serves the dual purpose 
of keeping the abrasive free-running (by preventing the grains from freezing together 
in the stockpile) and providing a means of grit retention on the ice. If fine sand alone 
is laid on ice at low temperatures it is easily blown off by wind or by traffic. The 



26 SNOW REMOVAL AND ICE CONTROL 

following quantities of cheITlical have been recoITlITlended for treatITlent with abrasives: 

SodiuITl chloridell - 50 to 100 lb of salt per cubic yard of abrasive. 
CalciuITl chloride4 - 50 lb of calciuITl chloride per cubic yard of sand, crushed 

stone, or slag. 
CalciuITl chloride4 - 75 lb of calciuITl chloride per cubic yard of cinder s. 

The cheITlical should be ITlixed-in as efficiently as is practicable. Moisture in the 
abrasive aids the absorption and dispersion of the cheITlical. It has been suggested that 
sand, stone, and slag should contain 3 to 6% ITloisture, and cinders 8 to 15% ITloistnre4 • 

Abrasives spread on cOITlpacted snow lower the albedo, so that a greater proportion 
of the incident solar radiation is absorbed and ITlelting is possible with sub-freezing 
air teITlperatures, even in the absence of cheITlicals. 

Abrasives are spread froITl trucks and hoppers in the saITle way as cheITlicals. The 
recoITlITlended rate of application in the U. S. is 2 to 3 yd3 per ITlile of two-lane highway, 
with a possible increase to 3 to 4 yd3 per ITlile on packed snow or on bad bends and 
hills. , These values seeITl to be higher than the spreading rates adopted in Europe. 

If abrasives are spread heavily and frequently there will be a need for clean-up 
operations at the end of the snow season; sewers ITlay be clogged, and dust storITlS ITlay 
be a nuisance in spring. For these reasons SOITle authorities are sparing in the use 
of abrasives. 

Techniques for bonding sand to pav eITlents by freezing have been developed in 
Canada and Sweden. As sand is spread, water is sprayed onto the paveITlent at the 
saITle tiITle. The water filITl freezes the sand down without covering it and gives a 
"sandpaper " surface. In a variation of this ITlethod, water is sprayed first and sand is 
spread on top. Sand can also be bonded to an ice surface by passage of a flaITle thrower 
or other heating device, though this is usually not thorough or econoITlical. Spreading 
pre-heated sand has not proved to be a success . 

For bulk storage of abrasives, bins, sheds, and cove red stockpiles are used, 
although both salt and abrasives are sOITletiITles stored in the open. Loading is by 
gravity discharge, conveyer, or bucket-loader. Boxes or druITls ITlay be provided at 
intervals along the highways for roadside storage. 

TherITlal ITlethods 

TherITlal ITlethods for ,snow and ice control include snow ITlelting for disposal 
following plowing, direct ITlelting by heaters built into the paveITlent, and heating the 
paveITlent froITl above. The ' energy requireITlents for melting ice are high, so therITlal 
ITlethods are adopted only in 'places of considerable econoITlic iITlportance, and where 
traffic would be seriously iITlpeded by ITlore conventional clearing ITlethods. 

Snow ITlelting ITlachines. In urban a reas where plowed snow ITlust be reITloved 
froITl the streets there are two possibilities for disposal: trucking and dUITlping, or 
ITlelting into sewers. In the past ITlechanical reITlov al has been the favore9. ITlethod, but 
there is now a realization that ITlelting is ITlore econoITlical in certain circuITlstances 
(str eet ITlelter s have been us ed in Rus sia for SOITle tiITle). 

Snow ITlelting ITlachines are of two ITlain type s: stationary equipITlent (ITlelting 
pits), usually fed by short-haul truc king , and ITlobile ITlelters which load directly 
froITl the street by conveyer or blower. The basic designs of each are siITlilar, snow 
being agitated with water heated directly by a burner. The COITlITlon fuel is oil, 
although stationary equipment can u~e city gas. Melt water, often retaining up to 15% 
of unITlelted snow, runs out thr o ugh an overflow . Pr ovision is ITlade for reITloving 
detritus froITl the ITlelt. MaxiITluITl capacities of large ITlelters are in the range 75 to 
100 tons /hour, while sITlaller units have capacitie s from 25 to 40 tons /hour. TherITlal 
efficiencies better than 90 % are claiITled, but this seeITlS optiITlistic. Direct operating 
costs, excluding labor and aITlo rtization, are about 25¢ to 30¢/ton. 

Heating paveITlents and tracks froITl above. I ce can be ITlelted froITl pave'ITlents and 
tracks by ITlobile devlces which play flame or hot gases onto the surface . Various 
pieces of equipITlent utilizing this principle have been built in different parts of 
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the world. The melting element must be closely followed by a water-removal device, 
such as a suction collector (vacuum cleaner) or squeegee-sponge. In practice it is 
found that, to clear ice of appreciable thickness, such machines as these must have a 
very great heat output and can only travel slowly (1 to 2 mph). They have not found 
wide acceptance so far. 

Some limited areas, such as s tore fronts and sidewalks, are kept ice-free by 
radiation equipment (energy concentrated in the infrared). The lamps are highly 
efficient, and the method is effective, but costs are too great for wide application. 

Weed burners, flame throwers and stearn lances have been used on railroads, 
particularly in marshalling yards. Switches are sometimes fitted with special heaters; 
one satisfactory type has an oil or gas flame inside a ceramic block, which radiates 
heat to the rail. Direct application of flame may damage ties and electrical cables. 

Built-in pavement heaters. Heated pavements are used to melt snow (without need 
for plowing) ·or for dispelling ice coatings. Two types of heaters are used: pipe coils 
circulating hot fluids, and electrical resistance mats. The hot fluid type is employed 
mainly in the vicinity of buildings where furnace equipment can be housed and tended 
(e. g. sidewalks, driveways, ramps, streets). Electrical heaters are convenient for 
more remote locations on highways, such as bridge decks, steep hills, and dangerous 
curves. 

A pavement heater must be capable of supplying "useful l l heat to the snow or ice 
while compensating for a number of non-useful losses. The useful heat employed in 
melting snow is the sum of the latent heat of fusion and the sensible heat. The latent 
heat requirement is dominant, since sensible heat only amounts to 10% of the latent heat 
when the snow falls at a temperature as low as +3F(-16C}. After sensible heat require
ments for the slab have been satisfied (start-up), the heat losses include conduction 
to the ground, convection to the air (both sensible and latent heat) from bare patches, 
long wave radiation, and convection through the pores of the lying snow. Of these, 
convection losses from bare patches of the pavement are most significant if the bare 
patches .represent a substantial fraction of the total heated area; when the slab is 
completely snow-covered, direct convection loss is absent. 

The required heat output for a system is determined by local weather conditions; 
the system must supply sufficient heat to satisfy losses and melt snow at some 
specified rate. Air temperature, windspeed and humidity largely determine the 
magnitude of losses, while rate of snowfall sets limits for the melting rate. The 
actual melting rate can be specified; in some locations it may be desirable to melt snow 
as fast as it falls, while there will be other places where some delay can be tolerated. 

The weather factors which determine heat output requirements have been analyzed 
for a wide area of the U. S. by Chapman 5 , who is thus able to give design data for 
three classes of systems: Class I (residential), Class II (commercial), and Class III 
(industrial). These design data are given in Figure 21; the method of analyzing weather 
factors for a specific location and designing for heating load is outlined in the ASHRAE 
Guide and Data Book (1962). 

Circulating fluid systems generally consist of a pipe coil carrying a low freezing 
point liquid. The fluid in the heating coil, usually ethylene glycol solution or a mineral 
oil is commonly maintained at a temperature of 120 to 160F by circulation through an 
oil-fired furnace. The temperature and circulation rate are such as to keep the pave
ment surface 1 to 2F (lC) above the freezing point. Design outputs are usually in the 
range 50 to 150 Btu/hr ftz for residential systems and"in the range 80 to 450 Btu/hr ftz 
for Class II and Class III systems. The pipes may be steel, wrought iron or copper, 
and they are generally set in a concrete slab. To minimize thermal stresses and 
achieve uniformity- of heating, small pipes closely spaced are preferred. There has 
been wide use of 4"-in. pipe at 12-in. centers, but 1 or It-in. pipe may be used to 
reduce friction losses (the spacing might increase to 15 or 18 in.). The structural 
strength of the slab must not be impaired, and heater coils are usually set above a 
thickness of concre~e which is structurally adequate. A minimum cover of 2 in. above 
and below is maintained. Data for the calculation of hydraulic losses and pump 
capacities are given in ref. 2. 
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( a ) Class I (minimum)" systems. 

Figure 21. Design data for snow melting systems . The figures give design output in Btu/hr ftz . 
(From Chapman, ref.5) 
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(b) Class II (intermediate) systems. 

Figure 21 (Cont'd). Design data for snow melting systems. The figures give design output in Btu/hr ft2 . 

(From Chapman, ref.5) 
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(c) Class III (maximum) systems. 

Figure 21 (Cont'd). Design data for snow melting systems. The figures give design output in Btu/hr ftl . 

(From Chapman, ref. 5) 
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A ITlelting systeITl eITlploling high teITlperature liquids (up to 330F) was tested by the 
USAF at Loring AFB, Maine . It proved expensive to operate and caused severe 
cracking in concrete and bituITlinous paveITlents where coils were installed, so that the 
experiITlent was abandoned. 

Electrical paveITlent heater s ar e of thr ee ITlain type s: high (ITlains) voltage s ysteITls 
utilizing insulated cable, low voltage systeITls using uninsulated ITletal ITlesh, and 
systeITls in which the paveITlent itself is rendered conductive by additives (e. g. graphite) 
in the paving ITlaterial. A ITlains voltage systeITl requires no special transforITler but the 
insulated cables are susceptible to daITlage. A low voltage systeITl ITlay use a ITletal 
ITlesh, e. g. expanded ITletal, or it ITlay utilize a conducting wearing course. The power 
levels adopted for electrical systeITls have been in the range 5 to 50 watts / ftl (equivalent 
to 17 to 170 Btu/hr ftl ). In Britain, where electrical heating is becoITling popular~:~, 
power levels of 8 to 20 watts/ftl are used. These are lower outputs than the ones 
cOITlITlonl y eITlployed in hot fluid systeITls, but ITlO s t electrical systeITls have been de signed 
to dispel thin ice layers rather than deep snow. 

Electrical heating of the conductor rail on electric railways is sOITletiITles adopted 
to clear ic e. 

Snow clearing costs 

Reliable cost estiITlates for snow clearance and ice control are surprisingly difficult 
to obtain. One of the ITlain reasons for this is that costs incurred in snow control are 
not accounted for separately by ITlany authorities. While it is obvious that expenses 
will vary a good deal froITl place to place, it is desirable to have SOITle approxiITlate 
figures in order to ITlake broad estiITlates and evaluate various factors. The following 
values have been obtained by critical consideration of the literature. 

Clearin streets and hi hways. In the northeast the cost of clearing (plowing, 
salting an sanding open highways is of the order of $1000 per ITlile per season. The 
seasonal cost naturally varies with the total aITlount of snow, and it appears that a rate 
of ~O per ITlile per inch of snow provides a reasonable base for approxiITlate estiITlates. 

In cities, the size of the population provides a reasonably consistent index-about 
$2 per head per season (ITlore in heavy snow areas, less in ITlilder areas). Costs of 
clearing city streets in the northern U. S. and Canada were found to be in the range 
$10- $20 per ITlile per inch of snow in a survey sponsored by the AITlerican Public Works 
Association;l this seeITlS low cOITlpared with highway costs, but costs are perhaps de
creased as a result of traffic dissipating ITlinor snowfalls. 

Airfields. Little inforITlation is available for costs of plowing and sweeping the 
runways of ITlajor airfields. Data published for plowing at Canadian airportst give 
costs that seeITl rather low in cOITlparison with highway costs. However, the expense 
of repeated handling on runways ITlay be ITlore than cOITlpensated by the absence of 
salting and gritting and the sITlall aITlount of dead-heading. The Canadian costs suggest 
that a 200 -ft wide runway can be cleared for i¢ to 1 i¢ per foot of runway per inch of 
snow. Seasonal costs are in the range $0.50 to $2.00 per foot of runway. 

Cos ts of cheITlical and abrasive treatITlent. The costs incurred in treating roads with 
salts and a brasives vary greatly; differences in delivery charges for ITlaterials account 
for part of the variation, but differences in handling ITlethods are probably of greater 
significance. SOITle rough figures are given as an aid for analyzing and cOITlparing cost 
reports froITl different sources. 

Present costs of cheITlicals at source are: rock salt-$l /100 lb; calciuITl chloride 
flake - $l.70/100 lb. 

Local variations in the price of abrasives are. considerable, but for rough estiITlating 
a figure of $1 /yd3 ITlight be taken as the price at the pit (loaded). Delivery to a 
ITlaintenance depot ITlight add about another $1 /yd3 • 

~:~One novel application involves burial of heating cable in a football field. 

tAt ITlany ITlinor airports in Canada, snow cOITlpaction is adopted as an effective and 
econoITlical alternat~ yel , to . pl~wing. 
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C ost of operating a 10- yd3 truck with 2 men may be about $16/hour (more if ove r
time rates are applicable). The true spreading cost will depend largely on the length 
of dead-haul involved. 

Total seasonal cost for chemi c als and abrasives depends on the number of appli
cations, the concentration, and the travel distances. Judging from various reports on 
heavy snow areas in the northeast, total seasonal costs are of the order of $700/mile. 

Cost of pavement heating. The cost of installing pavement heaters varies with the 
type, the size and complexity of the job, and the amount of reconstruction involved. 
For installation during new construction, rough estimates sugge st that medium- size 
hot fluid .systems can be installed for between $1 and $2/ft2. This includes cost of 
fabricated pipe (including supply and return lines), extra slab thickness, furnace, fuel 
tank and pump, antifreeze liquid, and labor . Electrical systems installed in new work 
should be appreciably cheaper-perhaps in the region of $1/ft2 where a mains supply 
is close at hand. 

The direct operating cost of an oil - fired fluid system can be estimated by taking 
the cost of fuel as 2¢/lb, calorific v alue of the fuel as 20,000 Btu/lb, and assuming 
a thermal efficiency of 400/0. The cost of 100 Btu delivered to the slab is O. 025¢; with 
an output of 100 Btu/hr ft2 the operating cost is O. 025¢/hr ft2 . 

O ne hundred Btu is equivalent to 0.0293 kilowatt-hours. The cost of electrical 
power v aries greatly from place to place, but a rough comparison with the cost of oil 
heating can be made by assuming a price of 2¢/kwhr. At this rate 100 Btu costs 
O. 0586¢-nearly 2t times as much as the oil heat cost. Costs of oil and electrical 
heating become comparable where the price of electrical power is approximately l¢/ 
kwhr. 

The total seasonal operating cost is determined by the output rate and the running 
time, which are determined by the total snowfall and length of idling time . . Some idea 
of total seasonal outputs is given by Table II, which gives the heat supplied for melting 
only (idling time is not included) . The values in Table II permit seasonal melting costs 
to be estimated: taking the cost of 10,000 Btu as 2. 5¢ with oil heat, costs of running a 
Class II system for melting alone range from about 1¢/ft2 to 9¢/ft2 in the northern 
states (excluding Alaska). 

Organization and planning 

At the present state of the art, s uccessful snow removal and ice contro l depend 
as much on effective organization as on techniques and equipment. In fact, it is 
possible that operational research might be more rewarding than technical research in 
the field of snow clearance. Planning must always be based on local conditions and 
capabilities, but a few general points are mentioned below. 

Requirements and priorities. In order to plan operations , realistic requirements 
must be formulated. It must be decided which areas have to be cleared and in what 
order, what degree of clearance is t o be maintained, and what length of time can be 
allowed for the ~ork . The standards laid down must be commensurate with the man
power and equipment a vailable and must be economically feasible. 

Responsibility. There should b e a clear understanding of which areas and functions 
fall within the province of each maintenance body, and prior planning for cooperation 
should be made w here responsibiliti es ove rlap. Executive authority should be clearly 
defined and an effective chain of c ommand set up so that rapid action can be taken. 

Operational planning. Operational planning calls for study of the local problems 
and for the most effective utilization of available equipment. The acquisition of suitable 
new equipment has also to be considered with care. Operating procedures should be 
drawn up and perso:pnel should receive some instruction and training. Preparations 
for the snow season must be made we ll before the first snowfall. Drift control measures, 
such as fence erection, must be taken; posts, v alve s, hydrants, edges, etc. should be 
marked with long stakes ; stockpiles of chemicals and abrasives should be provided at 
key points; and equipment should be put in good condition. 
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Ta ble II. Total seas onal output for melting snow. 

City Time hr / yr Clas s 

Albuquerque, N. Mex. 22 I 
II 

III 
Amarillo, Tex. 33 I 

II 
III 

Boston, Mas s. 145 I 
II 

III 
Buffalo - Niagara Falls, N. Y. 240 I 

II 
III 

Burlington, Vt. 236 I 
II 

III 
Caribou-Limestone, Maine 290- I 

II 
III 

Cheyenne, Wyo. 138 I 
II 

III 
Chicago, Ill. 134 I 

II 
III 

Colorado Spring s, Colo. 76 I 
II 

III 
Columbus, Ohio 105 I 

II 
III 

Detroit, Mich.. 134 I 
II 

III 
Duluth, Minn. 250 I 

II 
III 

Falmouth, Mas s. 73 I 
II 

III 
Great Falls, Mont. 174 I 

II 
III 

Hartfor d, Conn. 171 I 
II 

III 
Lincoln, Neb. 91 I 

II 
III 

Memphis, Tenn. 11 I 
II 

III 
Minneapolis-St. Paul, Minn. 203 I 

II 
III 

Mountain Horne, Idaho 40 I 
II 

III 

~:(Based on idling rate rather than design rate. 

(From ref. 2) 

Btu/ ftz -yr 

908 
969 

1150 
2150 
2520 
2770 
8000 
9080 
9100 

11,800 
14,600 
14,900 
11,800 
13,50C 
13,800 
17, 800~:< 
20,600 
22, 500 

9730 
13,200 
20,200 

7200 
8390 
8700 
3960~:< 

3960 
7390 
3590 
4180 
5350 
5540 
6850 
7070 

33, 200~:< 
38,100 
39, 500 

3830 
4250 
4290 

13, 700':< 
15,400 
19,100 

9830 
10,800 
10,810 

4 7 50~:< 
8350 
8520 

702 
721 
792 

14, 200~:< 
17,600 
18,400 

1260 
1530 
1590 

33 



34 SNOW REMOVAL AND ICE CONTROL 

Table II (Cont'd). 

City 

New York, N. Y. 

Ogden, Utah 

Oklahoma City, Okla. 

Philadelphia, Pa. 

Pittsburgh, Pa. 

Portland, Oreg. 

Rapid City, S. Dak. 

Reno, Nev. 

St. Louis, Mo. 

Salina, Kans. 

Sault Ste. Marie, Mich. 

,.-Seattle - Tacoma, Wash. 

Spokane, Wash. 

Washington, D. C. 

Total seasonal output for melting snow. 

Time hr / yr Clas s 

76 

160 

44 

58 

182 

36 

116 

87 

33 

54 

345 

44 

196 

33 

I 
II 

III 
I 

II 
III 

I 
II 

III 
I 

II 
III 

I 
II 

III 
I 

II 
III 

I 
II 

III 
I 

II 
III 

I 
II 

III 
I 

II 
III 

I 
II 

III 
I 

II 
III 

I 
II 

III 
I 

II 
III 

~:' Based on idling rate rather than design rate. 

(From ref. 2) 

Btu/ftz -yr 

4180 
4690 
4710 
7050 
7370 
7370 
2380 
2800 
5400 
2710 
3100 
3110 
9050 

10,700 
11, 100 

1300 
1330 
1360 
7 450~:' 
8250 

13,400 
2970 
3030 
3030 
2190 
2290 
2380 
2920 
3370 
3810 

17, 600~:' 
22, 200 
23, 200 

1410 
1430 
1430 
8650 
9350 
9560 
1650 
1660 
1690 

Forecasts and patrols. E fficient snow clearing depends largely on getting crews 
<l'lerted and working a'S quickly as possible when heavy snowfall begins. Early warning 
is facHitated by constant observation of meteorological trends through detailed fore
casts, subscribing to specialized weathe r services, and the dispatch of road patrols 
when storms threaten. In a large- scale road clearing operation, mobile patrols equip
ped with two-way radio can dire c t plows to critical areas and thus prevent complete 
traffic 'immobilization or the development o f unmanageable drifts. 

Operating schedules. Ideally, crews and equipment should turn out immediately 
when snow accumulates to plowable depth (2in.) or when dangerous icing develops. 
Delay usually aggravates the problems. However, a 24-hr alert is economically 
unfeasible t o many authorities. A reasonable compromise is to have supervisors and 
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maintenace staff reporting ahead of the operators so that equipment can be dispatched 
without delay. Maintenance should be arranged so that equipment operates continuously 
during normal working hours, and chemical stockpiles sh ould be strategically placed, 
perhaps at a number of points, to avoid unproductive journeys. Radio control can 
sp've time and mileage. After unusually severe storms, construction contractors and 
their equipment are sometimes hired to supplement the 'snow clearing force. 

Accounting. Clear cost accounting plays a useful part in achieving efficient and 
economical operation, as well as providing valuable data for future planning. The 
accounting systems of many authorities do not adequately distinguish snow removal 
costs from the general expenses of highway maintenance. 

Procedures for military air bases. Policies and procedures for snow removal and 
ice control at U. S. Air Force installations are laid down in Air Force Regulation 
90-6, which may be revised from time to time. Responsibilities are defined, planning 
requirements are outlined, and methods and materials are specified. The Strategic 
Air Command gives further details in "Standing Operating Procedures for Snow 
RelTIoval, "·SAC Manual 90-1. 

Highway design considerations 

Snow problems can often be alleviated by care in the design of a new highway. The 
major difficulties in many areas arise from d :dfting; these troubles can be minimized 
by attention to grade elevations, cut and bank profiles, and boundary obstructions. 
Details are given in the section on drifting snow. A necessary feature for efficient 
snow removal is a wide, unobstructed shnulder to permit snow storage well clear of 
the pavement. Snow should not be piled close to a pavement, since periodic thaws 
supply water to the subgrade, thus tending to aggravate frost heave. In the thaw 
season, water delays recovery of subgrade strength, which depends on drainage. 

In some areas bridges have been insulated on the underside with layers of foamed 
plastics in an attempt to minimize the dangers and damage of icing on the deck. 
Although this procedure reduces the number of freeze-thaw cycles and thus tends to 
increase deck life, recent tests showed that insulation increased the probability of 
freezing, and removal of all insulation was recommended (Graham et al., 1965). 
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