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The framework for a systems analysis of snow 
removal and ice control on roads is presented. 
Definition of the operating conditions, the 
principal ones of which are climate and traf-
fic, as well as the system itself, the road 
net, is required. Equipment factors involved 
in performing the basic functions of clearing, 
spreading, loading, and hauling are analyzed. 

Snow removal and ice control in the United 
States is a costly service. A survey of state 
transportation and highway departments made in 
1976 resulted in an estimate of $3314,000,000 for 
this activity on state-maintained roads only. 
Adding municipal and county expenditures the total 
is well over half a billion dollars per year. 
Snow removal on roads has not been analyzed as a 
system as is the case with airport snow removal 
and ice control (1). The potential savings in 
considering snow removal as a system requiring 
matching of all components for optimum performance 
is great. It is the purpose of this paper to 
analyze the system, as part of a larger effort 
funded by the National Science Foundation which 
treats decision-related research on technolor 
utilized by local government. 

Scope 

This paper is limited to the definitions and 
description of a snow-removal system, the factors 
affecting it, and the equipment elements that are 
appropriate to modify the system. It is the 
intent here to establish the framework for a 
systems analysis of snow removal. 

System Definition 

A system is defined by Shannon (2) "as a 
group or set of objects united by some form of 
regular interaction or interdependence to perform 
a specified function." Our system here is the 
road network and associated vehicular traffic. The 
system is perturbed by a number of input variables, 
the operating conditions, the most important of 
which are climate and traffic, as well as by the 

design of the system itself. The objective of the 
system is to keep the road network operational 
during and after periods of snow or ice accumula-
tion with acceptable delay to routine and emergency 
traffic at minimum cost. The objective is achieved 
by applying control measures such as snow clearance 
or chemical ice removal to modify the influence of 
the input variables on the system. The functional 
relationship of these system components is de-
picted in Figure 1. 

Figure 1. Snow removal system. 
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SYSTEM OBJECTIVE 

To keep the road network 
operational during and 
after pe,iod5 of snow or ice 
accumulation with accept. 
aisle delay to ,outine and 
emergency traffic at 
minimum cost 

CONTROL MEASURES 

Mechanical/chemical removal 
Application of abrasives 
Traction aids on vehicles 
Close routes Jtemporarily/seasonallyf 
SnowIest Jdo nothingf 

Obj ective 

A survey of communities indicated that those 
with less than 2 in. mean annual snowfall need 
perform essentially no snow and ice control. 
Those. with 2-10 in. mean annual snowfall expend so 
little for control measures that the cost is 
frequently not separately budgeted. However, cost 
increases as some function of mean annual snowfall, 
but it is also strongly influenced by what the 
community is willing to consider "acceptable 
delay." In broader terms, there is a range of 
adjustments to the snow hazard as shown in Figure 
2, after Baumasm and Russell (3), which ranges 
from technological towards the left, behavioral to 
the right. This study is limited to methods of 
modifying the hazard. 
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Figure 2. Range of adjustments to the snow hazard 
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Thermal pavements Chain laws 
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TECHNOLOGICAL 

Operating Conditions 

Analysis of system performance requires 
specification of the input variables, that is, the 
operating conditions, and a measure of the degree, 
intensity, or duration of the condition. They are 
listed here: 

Climatic 	 Measure 

Temperature 	 OF or °C 
Air 	 OF or °C 
Pavement 	 OF or °C 
Snow 	 OF or °C 

Snowfall 
Total annual in. or meters 
Frequency events/year 
Duration hours/event 
Maximum single 

storm in. or meters 

Snow 
Density 

33 	3 lb/ft , g/cm , Mg/rn 
Depth (ave./storm) in. or meters 

Freezing rain 
Frequency events/year 
Duration hours/event 
Solar radiation ly/min 

% cloud cover 
hours sunshine/winter 
month 

Wind 
Speed Ave. mph or km/winter 

month 
Direction frequency 
Humidity relative humidity (RH) 
Altitude ft or meters 

Road net 
Urban lane miles or lane km 
Rural area lane miles or lane Ion 
Multi-lane area lane miles or lane km 
One-way streets lane miles or lane km 
Curbed roads lane miles or lane km 
Parking lane miles or lane km 
Emergency routes lane miles or lane Ion 
Road surface lane miles or lane km 
Cul-de-sacs number 
Intersections number 
Interchanges number/t3rpe 
Access ramps number; ft, miles, or 

meters, kilometers 
Sidewalks ft, miles or meters, km 
Driveways ft, miles or meters, km 
Topography lane miles or lane km/ 

gradient range 

Traffic 
Volume Ave. daily traffic (ADT) 
Mix % truck-car-bus 
Daily variation % by hour 

BEHAVIORAL 

Environmental Parameters 

Snow is a thermodynamically unstable material 
whose properties will change with temperature. 
Surface air temperature often bears no relationship 
to the form of snow falling on a pavement since 
formation takes place in the atmosphere where a 
different thermal regime may exist. However, surface 
air temperature will influence the subsequent changes 
in a snow cover, and in addition is the most easily 
measured. The temperature of the pavement will 
affect the formation of a glaze (or glare) ice when 
cold rain is falling. Water when it freezes gives 
up 11415 Btu/lb (335 kJ/kg) of thermal energy which 
must be absorbed in the environment. Either a 
pavement below freezing, or a pavement nearly at the 
freezing point coupled with low air temperatures,, is 
required. 

Snow near the melting point may have a high 
water content and therefore a high density. 
Liquid fiUn covering each snow grain acts as a 
lubricant and permits ready flow of one particle 
past another. A liquid water content of up to 15% 
permits the grains to achieve maximum packing 
under tire loads (14),  and subsequent cooling will 
freeze the compacted snow to the pavement with an 
exceedingly tight bond (greater than the tensile 
strength of concrete, 275 psi (1895 kPa) is 
possible). Liquid water content between 15 and 30% 
permits the wet snow to remain in a loose, uncon-
solidated state under tire action. A content 
greater than about 30% results in. a slush which is 
readily splashed off a pavement (14). 

The snowfall rate has two principal effects: 
it will 'influence the 'accumulation on a pavement, 
and it will affect plow capabilities and the 
resulting route cycle times. Wind will have a 
two-fold effect also: the most prominent is the 
snow drifting potential, but also of some impor-
tance is the cooling of a wet surface with its 
influence on freezing of wet snow or melt to the 
pavement. Humidity will also influence evapora-
tion rates, and therefore the cooling rate. Solar 
radiation is an extremely important factor in its 
action on either a bare pavement or on the approxi-
mately 1/2 in. of snow in contact with a pavement. 
Absorption of solar energy and its conversion into 
thermal energy may be sufficient to melt completely 
the residue from plowing operations. The'time of 
day when snow removal is performed will therefore 
greatly affect the actions that need be taken, e.g. 
clearance in the late afternoon cannot depend upon 
solar energy to dissipate plow residue, and 
chemical treatment may be necessary as a follow-up 
if it was not done earlier.' 

Traffic/Road Parameters 

kverage daily traffic (APT) is the most 
important traffic factor for reasons to be dis-
cussed below under maintenance level analysis. 
The type of road surface will influence plowing 
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speed and the plowing residue that may be required 
or may be an uhdesired consequence; a blade cutting 
edge can be run in contact with a portland cement 
concrete or asphaltic concrete. pavement, but a 
blade must be run above a macadam road to avoid 
gouging. The smoothness of a pavement will affect 
the plowing residue even when a blade edge contacts 
the pavement. 

Topography, that is, the variation in elevation 
of a road surface about some arbitrary datum caused 
by hills, valleys, and rivers, will influence 
snowplow truck horsepower/weight ratio, speed, and 
removal strategy. As an example of the latter, in 
one hilly city a snowplow is sent to the top of a 
hill prior to the onset of snow in order to plow 
downhill because it has been found difficult if 
not impossible with their equipment to negotiate 
the route uphill with snow on the pavement. Snow 
depth will influence plowing speed, number of 
passes required to plow a road completely, and 
therefore route cycle time. 

Maintenance Level Analysis 

A road network generally consists of a hier-
archy of routes from the heavily traveled arterial 
to the low volume road in sparsely populated rural 
or uninhabited regions. The demands for snow and 
ice control may therefore be distributed according 
to a priority scheme generally based on ADT, which 
reflects the importance of the route. However, 
significant bottlenecks which affect access to or 
egress from a high priority route must themselves 
be given high priority. A typical maintenance 
level hierarchy is given in Table 1. 

Community Service Demand 

The degree to which a community is willing to 
be taxes to provide public services will affect 
the level of response to snow and ice on the road 
network. A community generally budgets expenses 
well before the winter on the basis of.historical 
experience (understandably on the low side), but a 
more severe winter than usual may result in a high 
level of maintenance in the beginning of winter 
giving way to reduced levels as winter continues 
and equipment breaks down, funds are exhausted, 
and personnel are not replaced. 

Cost Analysis 

The selection of the appropriate technolor 
for achieving a specified service objective must 
consider social, environmental, and equipment 
aspects as acted upon by the constraints developed 
above. These relationships are shown in Figure 3. 

Equipment Characteristics 

Four basic activities are involved in snow 
removal and ice control: clearing snow accumulation 
from the pavement surface, spreading chemicals to 
melt snow residue or ice or spreading abrasives to 
improve the coefficient of friction between rubber 
and the ice-covered pavement, loading snow into 
trucks where there is insufficient storage space 
for displaced snow, and hauling this snow to a 
disposal area. Mobile equipment to perform these 
basic functions must also meet necessary mobility 
criteria. These requirements are related as shown 
in Figure 4where the activity involved is shown 
above the horizontal lines in the box, and the 
measure of performance of this activity is below 
the line. 

The four basic activities are achieved by the 
action of well-defined functions performed by the 
equipment; each function has a measure for estab-
lishing performance in the system, and. a set of 
influencing factors. These are tabulated in Tables 
2-6. 

Figure 3. Important factors in designing a snow 
and ice control system. 
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I Maintenance level analysis I 

Operating conditions 
Road 
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Table 1. Maintenance levels (typical). 

Road Class Priority Starting Time Max. Depth Permitted Clearing Requirements 

Arterial 1 When depth 1 in. Clear to bare pavement 
reaches 1/2 in. within 2 hr after 

snowfall ends 

Feeder 2 When depth 2 in. Clear to bare pavement 
reaches 1 in. within 6 hr after 

snowfall ends 

Local 3 When depth 6 in. Residue permitted, but 
reaches 2 in. passable 8 hr after 

snowfall ends 

Rural 14 When depth No restrictions Open roads within 214 hr after 
reaches 14 in. snowfall ends; 

residue permitted 



Figure it. Functional classification of snow and ice 
control equipment. 
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Table 2. Clearing (displacement). 

Function Measure Equipment Factors Other Factors 
Shear snow Force/unit blade length Plow weight Snow shear strength 

Blade (vertical) angle Snow hardness 
Blade material Snow/pavement ad- 

he 5 ion 
Blade condition Water content 
Cutting/total length Pavement type 
ratio 

Truck speed Pavement condition 
Truck power 

Lift snow Energy or power/unit Blade geometry Snow density 
mass Blade dimensions Snow depth 

Blade surface 
characteristics 

Truck speed 
Truck power 

Transfer snow Energy or power/unit Blade geometry Snow density 
mass Blade dimensions Snow volume 

Cast distance (to Blade (horizontal) Wind speed 
center of mass) angle 

Truck speed Wind direction 
Dispersion Truck power 

Protection Obstacle clearance Blade trip mechanism Pavement condition 
without damage Blade/pavement 

clearance 
Blade vertical loading 
Shoe or blade contact 

resistance 
Truck speed 
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Table 3. Clearing (rotary). 

Function Measure Equipment Factors 
Shear snow Force/unit cutter length Cutter angle 

Cutter velocity 
Truck speed 
Truck power 
Cutter power 

Gather snow Power/unit mass Volumetric capacity 
Cutter dimensions 
Truck speed 
Truck power 
Cutter power 

Cast snow Power/unit mass Rotating element 
velocity 

Rotating element 
dimensions 

Chute dimensions 
Truck speed 
Truck power 
Cutter power 

Protection Overload prior to Shear pin location 
power disengage Shear pin capacity 

Truck speed 
Truck power 
Cutter power 

Other Factors 
Snow shear strength 

Snow density 

Snow density 

Debris in snow 

Table 4. Spreading. 

Function 	Measure 
Load 	 Time to load capacity 

Mass/unit area/ 
unit time 

Equipment Factors Other Factors 
Feed opening dimensions Density of material 
Chassis/hopper dimen- Legal load limits 
sions 

Height of opening 
above ground 

GVWR 

Truck dimensions Legal speed limits 
Truck power/weight 

Conveyor dimensions Material form 
Conveyor speed (liquid or solid) 
Body elevation Material water 

content 
Material grain size 
Material uniformity 

Distributor location 
Distributor dimensions 
Distributor rotation 

speed 
Control mechanisms 
Number of jets and 

placement 
Jet pressure 
Truck speed 

Transport 	Road speed 

Distribute 	Feed rate to distri- 
butor 



Table 5. Loading. 

Function Measure Equipment Factors Other Factors 

Shear snow Force/unit cutter length Cutter angle Snow shear strength 
Cutter velocity 

Lift snow Energy or power/unit Conveyor speed Snow density 
mass Conveyor dimensions 

Load snow Mass/unit time Discharge capacity Snow density 
Directional control 

Table 6. Hauling 

Function Measure Equipment Factors Other Factors 

Load snow Time Volumetric capacity Snow density 
Truck creep speed Snow volume 
Axle loads 
Turning radius 

Transport Road speed Truck power/weight Road grade 
Legal speed 
limits 

Unload Time . 	Tailgate opening Snow cohesion 
dimensions 

Cargo box elevation 
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Summary 

Snow removal is primarily a materials handling 
problem with the problem compounded by the highly 
variable properties of the material being handled. 
Ice control by chemical methods is ma sense 
materials handling also, but in this case it is the 
delivery of a chemical onto the ice-covered pave-
ment in the most efficacious manner. The types of 
equipment used and the method of operating them in 
the system to achieve the service Objective are 
interacting, i.e. capabilities and numbers will in-
fluence the choice of control strategy such as 
routing, and the inverse is equally true. A computer 
simulation of snow removal, reported by Tucker at 
this symposium, has been used to perform the 
analysis of many combinations of routes, equipment 
types and numbers, and strategies. Further re-
search remains to be done to translate these 
analyses into a form that will be directly usable 
by a jurisdiction in making the pioper choice of 
equipment, and in the development of performance 
specifications and methods, of evaluating performance. 
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