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ABSTRACT

In order to select gravel roads for paving, the public official who makes the 

decision must consider political, qualitative and quantitative variables, and 

numerous gravel road segments. This thesis defines a process of systematically 

evaluating these variables to determine which are the most important when 

selecting gravel roads for paving. After reviewing all aspects of gravel road 

construction and paving, twenty variables were studied. These variables were 

then reduced to six decision criteria and compared. The comparisons were 

performed applying the Analytic Hierarchy Process model developed by Thomas 

L. Saaty.

Candidate gravel roads were identified, based on statutory criteria and 

public complaints, and evaluated based on suitability for paving. As a result of the 

application of the Analytic Hierarchy Process model and the evaluation of the 

gravel roads, gravel roads were prioritized for final analysis by the relevant public 

officiai(s).
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Chapter 1 

Introduction

1.1 Problem Background

A June 1992 article published in Environmental Protection magazine, 

entitled "Fugitive Emissions Add to Air Pollution," states that roughly one third 

of fugitive dust emissions in the United States were created by gravel roads. 

Jefferson County, Colorado, has an extensive gravel road network and is 

attempting to develop a means of mitigating the fugitive dust problem. At present, 

it is fair to say that the County is overwhelmed with this task, largely due to the 

number of variables involved. These variables include road construction and cost 

related issues such as the type soil, grade and road maintenance costs. In addition 

to these variables, there are in excess of 1,000 gravel separate road segments, 

many less than one-tenth of a mile long. In Chapter 3, these issues will be defined 

and discussed in detail.

In addition to the impact on air quality, the dust created by vehicles 

traveling on gravel roads poses a potential health risk. People with allergies, 

asthma, and other respiratory problems, may experience a higher incidence of 

illness when in the vicinity of untreated gravel road surfaces. Even those without 

a significant medical history may notice minor symptoms such as recurring cough, 

or constant sore throat due to irritation from the dust particles.

There are approximately 1,350 miles of County maintained roadway within 

Jefferson County, and about 430 miles of these are gravel. The gravel roads are
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spread out throughout the County, with the greatest number of roads found in the 

mountainous regions and other less populated areas. The recent growth in 

Jefferson County has brought greater attention to the dust problem, due to the 

increase in traffic volume on many of the gravel roads.

Dust control measures have been part of the Colorado Revised Statutes for 

approximately fifteen years. (Jefferson County Dust Control Publication, p. 2) 

Only in the past five years has there been any significant action taken to address 

the effects of the fugitive dust created by motor vehicle traffic on gravel roads. 

The Colorado Health Department voiced its concerns and requested that counties 

take some sort of action (any action) to mitigate the fugitive dust. Between 1991 

and 1993, Jefferson County studied the effects of different dust palliatives and 

their applications. (Jefferson County Dust Control Palliative Test Program 

Analysis, p. 1) This study's primary focus was to ascertain which dust palliatives 

were effective in treating dust on various gravel roads within the county. As a 

result of these trials, the county elected to use magnesium chloride as its principal 

dust mitigating treatment for gravel roads. Recently, there appears to be a move 

within the Colorado Health Department to mandate fugitive dust control measures 

and impose fines on violators. To date, no fines have been levied, but if fines are 

imposed they will most probably be substantial.

The most effective form of dust mitigation is the paving of gravel roads. It 

is also the most expensive method. A second, and relatively new technology, is to 

cover such roads with milling material collected from scraping asphalt roads prior 

to resurfacing. The least effective is the application of a bonding agent such as 

magnesium chloride. Repeated applications of that agent, however, depending on
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vehicle volume and traffic, are required to maintain the dust inhibiting properties. 

Jefferson County does produce its own asphalt and milling material, but does not 

have a means of determining which gravel roads to pave. The decision makers 

must review at least twenty different road features before determining which 

gravel roads to pave. This decision process is cumbersome and in many instances 

fails to serve the public's need. For this reason, the County has appeared to be 

slow to pave some of its designated problem roads.

Upon reviewing the gravel road selection process within Jefferson County, 

it became clear that the decision makers were having a difficult time comparing 

alternatives and developing priorities for the paving of gravel roads. For this 

reason, I have selected the Analytical Hierarchy Process (AHP), developed by 

Thomas L. Saaty, as an appropriate tool for solving the gravel road selection 

problem. AHP has the unique quality of reducing complex multi-variable 

problems into a simple, easy to understand structure. By decomposing problems 

into a series of paired comparisons, a priority can be established. This priority is 

then the cornerstone for further decision analysis. All twenty decision features 

will be defined and then grouped. These groups will then be compared, one 

against the other, in order to establish relative importance and then road weighting 

will be developed. The Expert Choice software will be the instrument used to 

establish relative importance and determine alternative weighting.
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1.2 Current Method for Selecting Gravel Roads for Dust Mitigation

In 1994, the County is applying magnesium chloride to 33.3 miles of 

selected gravel roads at a total cost of $36,500. The application of magnesium 

chloride acts as a binding agent to hold the dust particles together, thus reducing 

the number of small particles that become airborne as vehicles pass over the road. 

The application is effective for about four to eight months depending on the 

number and type of vehicles using the road. Treatment for road segments is based 

on last year's applications, with adjustments made for complaints and traffic 

counts. This selection of gravel roads for dust mitigation might appear to lack a 

system or process. County officials within the planning office customarily use last 

year's treatment list as the primary driver for the new list. Then they review 

complaints during the previous year to add road segments onto the list. 

Additionally, traffic counters are installed in likely problem areas. These traffic 

counters, however, are easily manipulated. For example, a dead-end road less than 

a tenth of a mile long with ten houses, was recorded having over 400 vehicles in a 

twenty-four hour period. Although this information should be suspect, this road 

was added to the treatment list. Once the planning office has developed the 

treatment list, it is presented to the maintenance office for execution; not for 

review and comment, but execution. In many cases, the maintenance workers are 

familiar with the roads in their area, and could assist in developing the treatment 

list. They also are able to determine false counts and the quality of roads, based 

on practical experience.
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Gravel roads must be properly prepared for the application of the 

magnesium chloride. Prior to application, the road surface must be wet, cut, 

shaped, and then compacted. The current rate of application is a 3% solution of 

magnesium chloride and water. Application is scheduled for the early to middle 

part of the summer. The application of the magnesium chloride is relatively costly 

and provides only a temporary solution to the dust problem. Many of the gravel 

roads treated with magnesium chloride in 1994 were also paved or overlaid with 

millings in the same season, thus wasting the magnesium chloride cost.

By determining which roads are going to be paved in a season, the County 

would save about two-thirds of its cost for magnesium chloride. According to Sam 

Nankervis, Director of the Road & Bridge Division of Jefferson County, this 

savings is enough to apply millings to one more mile of gravel road at an 

approximate cost of $ 26,000.
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Chapter 2 

Literature Review

2.1 General

The foundations of the Analytic Hierarchy Process can be traced back to 

the late 1930's when George Dantzig in his book. Number the Language of 

Science, 3rd edition, Macmillan, New York 1939, observed that the human mind 

has a sense of numbers which is primitive and predates true counting; namely, the 

ability to recognize that a small collection of objects either increased or decreased 

when things are added or subtracted. This talent is intuitive, not the same as 

counting, which is a learned skill. Between this first step and Saaty's development 

of AHP, the majority of the research into decision making was concentrated in the 

area of utility theory.

2.1.1 Utility Theory

Von Neumann and Morgenstem (Quandt, p. 52) developed a decision 

criteria whereby utility can be measured. According to this theory, in a decision 

situation, a person will choose the alternative that maximizes their expected utility. 

In economic terms we think of utility in terms of gains and losses, while Von 

Neumann and Morgenstem conceived utility as a measure of value used in the 

assessment of situations involving risk. (Hamburg, p. 577) The concept is 

measured on a cardinal scale in units referred to as utiles.



T-4654 7

2.1.2 Baysian Decision Theory

Baysian decision theory is used where subjective probabilities are applied. 

Bayes' rule is an orderly and systematic procedure of revising probabilities of 

potential states of nature based on additional information, experiments, and 

personal judgments (Lee, p.427). We use Baysian decision theory when we have 

observed an outcome and wish to determine the probability of such an outcome 

due to a particular event.

2.2 Decision Making Under Uncertainty

In the following paragraphs, I will develop a review of the many decision 

making approaches being taught at the introductory level of operations research 

(Lee p.x). From these approaches the reader will see that many assumptions are 

required to apply these methods. These assumptions tend to bias the results and 

are most applicable in a static framework, such as in a single time period.

2.2.1 Laplace Criteria

The Laplace criteria suggest that since the probabilities of future states of 

nature are unknown, it should be assumed that all states of nature are equally 

likely to occur. Thus each outcome in the expected value equation is weighted the 

same. Thus the expected value of return should be the criterion for selecting the 

alternative. Because the Laplace criteria assume all future events are equal, and 

we know same gravel roads are more equal than others this approach will not 

assist the decision maker to determine gravel road selection.
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2.2.2 Maximax Criterion

The maximax criterion is based on the assumption that decision makers are 

optimistic about future events. In the application of this criterion the decision 

maker selects the highest of the maximum payoffs. Because we are dealing with 

publicly collected funds, such an approach may not be prudent.

2.2.3 Wald Criterion

The Wald criterion, sometimes referred to as the maximin criterion, 

developed by Abraham Wald, was based on the assumption that the decision 

maker is pessimistic, or conservative, about future events. In the application of 

this criterion, the minimum returns for each alternative are compared and the 

alternative that yields the maximum of the minimum returns is selected.

2.2.4 Hurwicz Criterion

The Hurwicz criterion, suggested by Leonid Hurwicz, is a compromise 

between the maximax and Wald criterion. In this case decision makers display a 

mixture of pessimism and optimism. Thus, Hurwicz developed a coefficient o f 

optimism (a) to measure the decision maker's degree of optimism. The scale is 

from 0 to 1, where 0 is no optimism and 1 is total optimism.

The approach then dictates that each maximum payoff is multiplied by a  

and the minimum payoff multiplied by 1 - a. The result is a set of weighted 

values, the highest of which represents the best alternative.
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2.2.5 Regret Criterion

Regret criterion, originated by L. J. Savage, is based on opportunity loss. 

The basic principle is that the decision maker experiences regret when a state of 

nature occurs that causes the selected alternative to realize less than the maximum 

payoff. The amount of regret is determined by subtracting the alternative payoffs 

from the maximum payoff. The minimum of the maximum regrets is then selected 

as the chosen alternative.

2.2.6 Decision Trees

The decision tree is a schematic diagram of a sequence of alternative 

actions that are available to the decision maker and the choices determined by 

chance. Probabilities represent states of nature and the results are expected values. 

Although a useful tool for determining expected values, the transition to qualitative 

analysis is limited.

2.3 Analytic Hierarchy Process (AHP)

Thomas L. Saaty began exploring the possibilities of AHP in 1971, while 

working on contingency planning for the Department of Defense. The origins of 

the scale, which relates judgments to numbers, dates back to mid 1972 while Saaty 

was working in Cairo, Egypt.

The most intense growth of AHP was between 1974 and 1978 where Saaty 

continued to refine and develop the process. Since these very recent beings AHP 

has been applied to a variety of problems within the private sector. Limited 

acceptance has been gained in the public sector.
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The research for this thesis revealed that, Saaty's work dominates all written 

material on the decision making using experience and judgment. In 1980, AHP 

was first introduced to the Operations Research community in Management 

Science. The article was titled "Marketing Applications of the Analytic Hierarchy 

Process". In 1986, he published "Axiomatic Foundations of the Analytic 

Hierarchy Process", again in Management Science, where the basic theory of 

AHP is developed. This article sets the foundations for the principles and method 

of computing the normalized eigenvectors and rationale for inconsistency.

During this same time period Saaty published several books on AHP and 

developed software (Expert Choice) to support the process. The primary books 

that I used as reference for this work were:

Saaty, T. L., Decision Making for Leaders. University of Pittsburgh, 1986.

Saaty, T. L., Decision Making: The Analytic Hierarchy Process, University of 

Pittsburgh, 1988.

Saaty, T. L., Fundamentals of Decision Making and Priority Theory. RWS, 1994.

These books all served different purposes. The first two are written in an 

explanatory fashion and are easily readable. Once I became familiar with the 

process and its operations, I was able to easily understand the third book, which is 

technically oriented and develops the underlying mathematical theory behind 

AHP.

Numerous articles have been written about AHP in a variety of Operations 

Research journals. The September, 1990, edition of European Journal of 

Operations Research was dedicated to AHP. Within this edition one will find a 

variety of application oriented articles about AHP, and several articles on the
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computation of the AHP matrix. A particularly interesting article in the 

application of AHP is written by Arthur P. Dubias. This article, "Designing a 

Mouse Trap Using the Analytic Hierarchy Process and Expert Choice," introduces 

the reader to the development of the decision criterion, using the construction of a 

mousetrap. This article helps the reader work through the thought process 

required to develop complicated issues. It also demonstrates how decisions in one 

model lead to the creation of other models and affect choices made in each model 

thereafter. In Luis G. Vargas article, "An Overview of the Analytic Hierarchy 

Process and its Applications," in the same Journal, the reader is provided with a 

concise explanation of AHP and the many applications in decision theory.

In the November-December, 1994, edition of Interfaces Magazine, Dr. 

Saaty demonstrates the versatility in AHP. In this article, he fully develops 

decision criteria on multiple levels. This application of AHP, is advanced beyond 

that of easy understanding, and, although useful, should not be applied to 

situations where problems can be reduced to general criteria or possible secondary 

criteria levels.
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Chapter 3 

Problem Description

3.1 Problem Features

In order to understand the many aspects of gravel road improvements, my 

first task was to fully understand all aspects of road construction. In order to do 

this, I researched all available Jefferson County documents pertaining to paving 

roads, interviewed all the personnel in the planning and execution process of 

paving and, finally, worked on a paving crew for several days. While working 

with the paving crew, we paved over a mile of gravel road, and applied overlay to 

several miles of existing road surface. Upon completion of this educational 

process, I feel that I have a greater understanding of the many aspects of road 

paving. In order to review all aspects of road construction, I have broken down the 

operation into what I believe to be separate component parts of the paving 

operation. As a result of this breakdown I have identified twenty (20) separate 

features. As these are reviewed, overlaps and similarities will become apparent. 

These overlaps and similarities will be addressed later as the features are 

developed into decision criteria.

Traffic Volume:

The traffic volume for gravel roads is determined by counting the average 

daily trips (ADT) of vehicles on a given road segment. As mandated by the Code
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of Colorado Regulations Section IE. D. 2. a, the ADT threshold is a 150 vehicle 

average over a three day period for nonattainment areas. Any road segment with 

more than 150 ADT is in violation of The Code of Colorado, and subject to a fine 

imposed by the Colorado Health Department on Jefferson County. To date, there 

have been no fines imposed on Jefferson County. The State Health Department is 

evaluating Jefferson County's dust abatement activities.

Traffic Type:

The traffic type is important in considering the amount of dust generated 

because heavier vehicles and vehicles with multiple axles clearly generate more 

dust than automobiles. The formula used to determine dust volume is based on an 

average of that produced by a 2800 pound vehicle. In areas of industry, 

commerce, and construction the weight of the vehicles can exceed ten tons. The 

increase in vehicle weight has a direct relationship to the amount of dust that is 

produced.

Traffic Speed:

The speed at which vehicles travel on gravel roads can increase the amount 

of dust produced. A slow moving vehicle will generate less dust, and in smaller 

particle sizes, than faster moving vehicles. The posted speed limit on most gravel 

roads within the County is 25 miles per hour, but on relatively flat, straight 

stretches of gravel road, vehicle speed may increase. This increase creates more 

dust and larger particles are suspended into the air.
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Soil Condition:

The types of soil in Jefferson County vary in different regions of the 

county. In the predominately mountainous regions, the soil is considered to be 

stable, and once a paved road is in place, relatively little maintenance is needed 

with regard to the soil content.

In the northern to central plains, or relatively flat regions of the county, the 

soil is considered less stable than that of the mountainous regions. Yet, with 

minimal preparation (six inch depth of gravel base), a paved road may be placed in 

anticipation that the road will require little maintenance for a period of eight (8) 

years. The time frame of eight years is based on a vast amount of experience from 

experts in paving operations in these regions. In the southern, less mountainous 

region of the county, there is a predominance of bentonite in the soil. This soil 

tends to expand and contract more readily with the changing climate. Paved roads 

on this soil often require more frequent maintenance. Because of the constant 

fluctuations of the soil beneath the road surface, the pavement cracks and bulges, 

leading to potholes and uneven surfaces (washboard effect) on the roads. Frequent 

maintenance operations lead to increased costs. In some cases, an attempt to 

alleviate the continuous maintenance problem has been achieved by digging 

bentonite out of the area, and replacing the soil, to be paved. This has been shown 

to be effective in most cases. However, an increased initial cost of paving is 

incurred. Without the removal of bentonite, roads heave causing cracks and 

increasing maintenance efforts and costs. An example is Sangre De Cristo Rd, in 

central Jefferson County, where the soil conditions have caused the resurfacing of 

the same stretch of road numerous times over the past several years. Maintenance
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costs have driven County officials to dig up the road surface and six feet of soil, 

replacing it with a more stable base.

Surface Grade:

The grade on which the graveled surface lies is an important factor in 

paving operations. If the road is on a relatively flat surface, then no significant 

problems concerning the surface grade prevent a successful paving operation. All 

normal paving machinery may be utilized. Also, application of the asphalt to the 

road surface (called laydown) will be at a fairly constant depth. A choice of the 

one-drum drive or two-drum drive roller is available. The two-drum drive roller 

weighs more than the one-drum drive roller and is more effective on flatter 

surfaces. On steeper grades the two-drum drive roller creates holes in the freshly 

spread asphalt, causing damage to the new surface. Access for large vehicles 

carrying heavy loads is safe and the possibility of vehicles rolling over is reduced. 

Wear and tear on equipment is minimized. Fuel consumption is minimized. The 

time to pave a road is primarily dependent upon the amount of pavement produced 

and how fast it can be transported to the paving location.

Grades greater than eight degrees are of concern to those involved in any 

dust mitigation application operations. The grades affect the ability of the 

applicator to maintain consistent application density while negotiating steep 

terrain. An experienced operator will be able to adjust to the terrain, but there will 

be variations in quantities of material applied.

Selection of the machinery must be made based on terrain, since only some 

equipment is capable of operating in a steep grade area. A one-drum roller must
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still be utilized rather than the two-drum roller. The two drum roller can only 

propel itself on relatively flat terrain. The nine wheeled rubber roller may not be 

used because it may actually tear up the road surface while trying to maintain 

traction, and it requires increased power to go up a grade. Thus, rather than 

helping smooth and compact the hot pavement, it creates ruts, and damages the 

new road surface.

A steeper grade may also have an effect on the vehicles transporting the 

pavement. A safety concern is apparent. The larger vehicles are more susceptible 

to roll-overs or jack-knifing. Under normal procedures, a truck carrying pavement 

may pass the paver, pull ahead, and then back up to fill the paver. Refilling the 

paver on a steeper grade is a more difficult task for the truck drivers since proper 

braking and acceleration while filling the paver is imperative. If the paver is 

disturbed in any way while laying pavement, it could affect how the pavement is 

laid. If the paver is pulled forward by the refilling truck, bumped backwards, or 

shifted from its designated position, spaces or increased amounts of pavement laid 

may result. When this occurs manual labor must repair the problem, thus slowing 

down the paving process. More fuel is expended by all equipment traversing 

steeper grades and transportation time for vehicles hauling pavement is slowed.

The entire paving process is slowed due to increased attention to safety. 

More precise operations are needed to maintain a consistent level of pavement and 

road quality, necessary manual repairs, and transportation time.

Costs to pave a road with a steeper grade may be more than for a road on a 

flatter surface, because labor, time, and fuel costs are greater. The amount of 

pavement needed is usually increased due to inconsistencies in the pavement as it
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is laid down. The potential for equipment damage, and injury to working crew 

members is increased.

Road Status:

For this project, we have divided the condition of gravel roads into three 

categories. These categories have been designated in order that we may develop 

some general cost data about the gravel roads within the County. Historic data 

was used in developing these category levels.

Category A is a gravel road that would require little or no preparation to 
pave; approximate cost of $1500 per mile.

Category B is a gravel road requiring some improvement before paving; 
cost ranges from $1501 to $25,000 per mile.

Category C is a gravel road that would require extensive preparation prior 
to paving; cost at over $25000 per mile.

* Costs are in 1994 dollars

These categories will be used if it is determined that road condition is the 

significant priority for the paving of gravel roads. It is important to note that 

approximately 25% of the gravel roads within Jefferson County are in the 

category 'A' level, 40% fall into the category 'B' level, and the remaining 35% fall 

into category 'C. These percentages apply to the 430 miles of gravel road in 

Jefferson County.
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Table 1

Gravel Road Status Category Table

Road
Category

Minimum Cost *
Improvement before paving

Maximum Cost *
Improvement before 

paving

A No Improvement $1500
B $1501 $25,000
C $25,000 Major Repairs **

*Cost values are measured in center line miles.
**Major repairs are those requiring; significant shoulder and culvert construction, right-of-way 
purchase, or base road construction.

Road Width:

State and local regulations (Land Development Requirements) specify that a 

safe two-lane road must be at least twenty-four (24) paved feet in width, with a 

shoulder of at least three feet on each side so that users do not run unnecessary 

risks. The standard width of twenty-four feet may be waived if there is a strong 

desire to pave the road, traffic volume is low, weather conditions are not extreme, 

speeds are maintained at a safe level for the conditions, or improvements to widen 

the road are too costly or not possible.

Those involved in the paving operations need a road at least wide enough 

so that vehicles can safely pass one another while transporting pavement. Since 

large vehicles and trailers with a limited turning radius are involved, the standard 

for safe passage is approximately twenty feet. As trucks re-supply the paver, they 

generally must pass the paver in order to back up into position. If a road is not
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wide enough to pave using normal procedures, plans must be made so that trucks 

transporting pavement can be positioned forward of the paver and back-up to refill 

the paver. In some previous projects, trucks have had to travel different routes, 

due to road width, to place themselves in front of the paver; then travel in reverse 

for sometimes as many as three miles, refill the paver, then leave the area in the 

same direction they came to clear the way for another truck waiting with another 

load of asphalt.

Additional requirements are placed on the road painting and sign crew.

With decreased road width, the striping crew will have to modify, and get approval 

for modifications to, specified guidelines. Signs cautioning drivers of unusual 

driving conditions will be required. The additional required modifications, 

increased number of signs, and labor costs will increase the costs of paving the 

road segment. Potential liability can also be incurred by the County when 

constructing roads that do not meet specified width guidelines.

Road Length:

Some may assume that it is more desirable to pave a shorter road segment 

(a road segment less than two tenths of a mile) than a longer one. By doing so, a 

project would be finished in a relatively short amount of time. However, the 

mobilization of equipment must be considered. Each project requires the same 

type and amount of equipment to pave a road. Thus, transportation costs will still 

be incurred. If shorter road segments are paved, mobilization costs will increase, 

due to the amount of equipment relocation. Crews would spend more time moving 

equipment and less time paving. Paving operations should be scheduled to take
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advantage of area work. In short, set-up time is a major cost factor in paving roads 

and must be carefully considered.

Improvements Needed:

As previously discussed, paved roads must meet certain construction 

specifications. The qualities of an existing gravel road may or may not meet all of 

the paved road specifications. A road width of twenty-four feet and shoulders of 

at least three feet, a secure gravel base, and proper drainage are some of the more 

significant requirements. Road width and gravel depth have been previously 

addressed. Proper drainage of a road is critical for several reasons. First, proper 

road drainage contributes to the integrity of the road surface (referred to as the 

mat) which, if maintained, currently allows eight to twelve years between major 

repairs. The best way to achieve this is to avoid excessive water collection. As a 

road is prepared for paving, and as the road is being paved, a crowned effect of the 

road surface is desired, so that water will flow to the sides and off the road. To 

collect the water run-off, it may be necessary to dig ditches on the sides of the 

road shoulders. It may also be necessary to install cross culverts to channel the 

flowing road wash in certain directions based on the terrain. It is particularly 

important to identify the need for culverts prior to any paving operation. The 

installation of culverts requires digging, the acquisition of piping, the digging of 

surrounding areas, and additional gravel or fill material. If roadways are not 

properly drained, or the water flow not properly directed, the road may become 

eroded and wash away, thus requiring more repair after just a few seasons of 

precipitation. Water collection during the winter months will also increase the
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potential for potholes and cracks as the water/ice contracts and expands with 

varied freezing and thawing temperatures. Proper drainage also has an effect on 

the safety of a paved road. If water collects easily on a road, the surface may 

become slippery and dangerous with minimal amounts of rain. In the winter 

months, collected water may freeze creating patches of ice, and black ice, while 

other portions of the roadway are dry, causing additional hazardous conditions.

To improve the existing road qualities, additional equipment, materials, 

manpower, and time may increase the cost to pave the road.

Gravel Depth:

The depth and stability of the gravel is important to establish a firm base 

beneath the paved surface. Pavement laid on a weak gravel base may shift and 

break up, causing potholes or an uneven surface such as that which produces the 

washboard effect. At least a six inch depth of gravel is preferred in most areas. 

Areas with a heavy concentrate of bentonite in the soil may require a greater depth 

of stabilizing material (i.e., pit run), while the mountainous regions may require 

less. If it is identified that less than the necessary depth exists, improvements may 

be required to achieve the desired depth. The process of paving the road becomes 

more involved. More time, additional equipment, and more manpower will be 

required to complete the project. This will lead to increased costs.

Right-of-Way:

Within Jefferson County, it is estimated by the Highways and 

Transportation Department that greater than ninety-five (95) percent of the gravel
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roads within the County are within the County's right-of-way. However, the 

County continues to be responsible for the maintenance of all the roads. Jefferson 

County may or may not have full land rights to the road, which could be a critical 

factor in the event that the road is to be paved. One of the greatest concerns 

involves a situation where the road actually touches the edge of a private home or 

porch extension of a home. It is undesirable to pave such a location, since 

additional work and construction is necessary. Also, if such a gravel road is 

paved, the increase in traffic will increase the potential for accidents involving 

home owners.

Often, when the County does not have right-of-way on a specific road, the 

road integrity has been infringed upon by property such as fence lines, power 

poles, or permanent mail boxes. Additional costs would be incurred by home 

owners to move these items. Purchase of the right-of-way may be needed in order 

to perform paving operations on an existing gravel road.

Since only a very small number of roads are affected by right-of-way 

problems, and most have been maintained by the County for over twenty years, 

prescriptive rights are enacted. I have chosen not to use right-of-way as a major 

factor in the development of the decision criteria.

Desire to Pave:

If average daily traffic counts within a certain area are above 150, the 

County must not be placed in a position to require the pavement of roads when 

citizens do not wish to have their roads paved. Paving a road under these 

circumstances would be a waste of money, and does not promote good will
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between these citizens and the county. Other measures can be taken to comply 

with state health statutes, such as the application of magnesium chloride or 

restricting traffic. All alternatives should be reviewed since the County must act in 

the best interests of all of its citizens.

Citizen Input:

The community has a decisive voice in determining whether a road should 

be paved or not. The degree of public concern is measured by the number of 

citizen complaints which are received on a given gravel road segment. The greater 

the number of complaints concerning a given gravel road segment, the greater the 

interest by Jefferson County's Highways and Transportation Department.

Attention should be given to the type of complaint and the number of complaints 

received. A single complainant could make it appear that a specific gravel road 

was a greater problem then it was in reality. In some cases, a citizen may want a 

particular gravel road paved, thereby reducing dust emissions, aiding those with 

previously mentioned respiratory problems, and decreasing dust collection on 

personal property. Roadway noise and gravel run-off onto private property will 

also be decreased. All complaints should be investigated, and data collected on the 

gravel roads before any action is taken to insure individual preferences are 

weighed against the public good. The following is a compilation of official gravel 

road complaints registered with Jefferson County over a two year period. Many 

citizens call directly to regional maintenance personnel who address the problem, 

but fail to record the complaint in the County's official complaint management 

system. In some regions several calls are received daily.
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Table 2
List of all Dust complaints in Jefferson County, 1992-1993 

Dust Complaints in Jefferson County

Date Zip Street Control # Name

1 2/10/92 80439 676000  Juniper Ln CHT1529 Owens
2 3/19/92 80439 710100  Blue Creek Rd CHT1565 HOA
3 4/23/92 80401 CPW1109 Simms
4 6/30/92 80439 S. Soda Creek Rd CPW1225 Lynch
5 7/7/92 Deer Creek Mesa CPW1228 Nordheim
6 8/4/92 80123 Deer Creek Canyon Rd CPW1255 Nordheim
7 10/2/92 80439 Blue Creek Rd CPW1298 Antweiler
8 3/22/93 80433 Oehlmann Park CPW1418 Raiter
9 6/4/93 80465 CPW1461 Schmidt

10 6/9/93 80439 Niawaka CPW1464 Hatch
11 6/9/93 80439 Niawaka CPW1465 Hatch
12 6/11/93 80439 Blue Creek Rd CPW1470 Livonius
13 6/16/93 80401 Rainbow Hill CPW1472 Roeer
14 6/21/93 80401 Lillis PI CPW1479 Sweggardt
15 6/29/93 Brook Forest Dr IPW1487 Hahn
16 7/1/93 80433 Timothy Rd, Conifer Mtn Rd-Dr CPW1490 Grayson
17 7/12/93 80433 Oelhmann Park Dr CPW1492 Lewis
18 7/1 3/93 IPW1493 Peterson
19 7/14/93 80401 Rainbow Hill CPW1496 Romer
20 7/19/93 80470 S. Elk Creek CPW1 500 Russell
21 7/23/93 80401 Panorama Dr CPW1505 Mclean
22 7/30/93 80433 Ohlman Park Rd CPW1516 Broadright
23 7/30/93 80433 Ohlman Park Rd CPW1517 Back
24 7/30/93 80433 Ohlman Park Rd CPW1519 Artax
25 8/17/93 80123 408400  Kipling Pkwy CHT2213 Schroyer
26 8/18/93 80433 Oehlmann Rd CPW1531 Radner
27 8/19/93 80433 Black Mtn Dr CPW1538 Doty
28 9/1 5/93 80439 691100  Niakwa Rd CHT2297 Hatch
29 11/22/93 80401 Panorama Dr CHT2468 Mclean
30 11 /22Z93 80470 Elk Creek CHT2469 Russell
31 11 /22Z93 80123 Black Mtn Rd CHT2470 Katzenweier
32 11 /22Z93 80433 Black Mtn Rd CHT2471 Doty
33 12/15/93 Rainbow Hills Rd CHT2503 Romer
34 12/15/93 Access Rd Mt Falcon Park CHT2504 Olmsted
35 1/21/94 80454 Nambe Rd CPW1613 Doyle

* Gaps exsist where data is unavailable
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If the demand is perceived to be sufficient, the citizens will be more apt to 

participate in the County CO-OP agreement program. A typical CO-OP agreement 

may be one in which the citizens purchase all required materials, and the County 

paves the gravel road utilizing County manpower and equipment.

Other considerations, such as increased traffic volume and safety hazards, 

may deter a local community from paving a road. It has been noted that speeds 

may increase, and the potential hazards to property or personal injury may 

increase. Traffic which once avoided the area, due to the gravel surface, may 

utilize the newly paved road as a thoroughfare. This potential increase could 

generate debris discarded from vehicles by non-citizens of the community, and 

make the area more easily accessible to unwanted visitors. Aesthetically, the 

gravel road may be desired to enhance a "country" atmosphere, while the paved 

surface may be less desirable.

Safety:

Safety has been briefly mentioned throughout the discussions of other 

criteria. It is recognized that a government office such as the Jefferson County's 

Department of Highways and Transportation must act in the public's best interest 

regarding safety. Though proper drainage reduces the hazardous conditions of the 

road surface, the speeds at which vehicles travel must also be addressed. Once a 

road is converted from a gravel surface, drivers will typically increase their driving 

speed. With a paved surface, detractors such as concern for damage done to cars 

by flying gravel, or impaired vision caused by dust, no longer exist and drivers 

may tend to increase speed. Though the paved road surface may encourage
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increased speeds, other conditions may also exist which do not support increases 

in speed. Mountainous terrain may have frequent turns as well as severe 

conditions where the speed established on the gravel road is sufficient. In some 

places, a gravel road may assist in road traction and a paved road may have the 

opposite effect.

Planned Future Development:

The eastern two-thirds of Jefferson County is virtually saturated with roads 

and development. Therefore, growth within Jefferson County will be centralized 

within the mountain areas. The Planning Division has indicated the middle 

portion of the mountain region will be fully developed within the next several 

years. (Planning Office Interview) The southern portion is being developed 

currently, and the northern portion of the mountains will show extensive 

development within the next two decades. The northern mountain area currently 

consists of farms and ranches. It is believed that as they grow older, their land will 

become available for development.

Due to extended development within the southern and middle portions of 

the county, using future development as a criterion would isolate the northern 

mountain area. But, because there are numerous gravel roads within the area, this 

isolation would adversely effect the mitigation of dust control in northern regions 

of the county.

Although regional discrimination may occur, it is beneficial to evaluate the 

potential for growth in and around the County. Gravel roads may lead to sites of 

future population growth. It may be possible to divert some traffic from paved
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roads congested beyond their expected capacity. In some cases, a gravel road may 

provide a shorter distance to another major road. A gravel road may lead to a 

desirable location for future growth in a neighboring county. Creating access 

through the county may be beneficial in that travelers may purchase items as they 

pass through, though they are not Jefferson County residents. Though this is not 

necessarily viewed as the highest priority in deciding whether or not a road should 

be paved, it significantly aids in the planning of future projects and allocation of 

resources.

Cost to Maintain Gravel Roads:

Prior to paving a road, maintenance cost data should be available. If a 

gravel road segment is in relatively good shape, little attention must be given to the 

improvement of the road surface and a minimal amount of maintenance is 

required, then the cost is fairly low. If a gravel road requires a great deal of 

maintenance, then the costs may be significantly higher. These costs would be 

primarily in the form of manpower and equipment, materials, special operations, 

and time involved in improving the road surface. Material would include tons of 

gravel, and gallons of magnesium chloride. Special operations include the 

preparation of ditches and culverts. A gravel road that requires a significant 

amount of time and money may be a better candidate to pave than one that 

requires minimal maintenance and repair costs.
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Road Maintenance Frequency:

A gravel road that requires frequent maintenance, or has numerous public 

complaints, is a road that might be a good candidate for paving. Complaints 

require road crew reaction and are burdens on the maintenance system, detract 

from the County's image, and increase maintenance costs. The amount of required 

maintenance is based on wear and tear of the gravel surfaces. Factors contributing 

to the deterioration of the road base include the type and amount of traffic, 

existing terrain and weather, and success of previous treatments. Costs incurred 

by frequent maintenance may be decreased if the road is paved.

Equipment Costs to Pave:

Prior to initiating a paving operation an evaluation of the equipment 

required is needed. If the road does not have desirable qualities and does not meet 

required specifications, then particular equipment may be necessary to improve the 

surface, and special or additional materials may be needed. If the road has 

desirable qualities and does meet required specifications, then minimal equipment 

and materials may be needed to complete the project. As previously mentioned, 

increased equipment, manpower, materials, and time incur greater costs.

Distance From Asphalt Plant:

The distance a project is located from the asphalt plant is a concern 

regarding the cost to pave a road. Greater distances mean more time for travel, 

more gas, and increased vehicle usage. The potential for accidents is increased, 

because drivers spend more time on the roads under a variety of adverse weather
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and terrain conditions. The job itself may take longer if materials and equipment 

are limited due to other ongoing projects. With the additional time, manpower is 

employed longer, often collecting pay for idle time as workers wait for delivery of 

materials. A well planned and coordinated effort may enable workers to complete 

the project in less time if all county paving resources are utilized. A steady flow 

of asphalt delivered at the project site minimizes paving crew idle time. Though 

the project would be done in less time, significant costs are incurred by utilizing 

more manpower and equipment. Projects further from the asphalt plant may incur 

significantly greater costs than those closely located to the asphalt plant, as 

measured by increased transportation time, expenditure of gas, and possible 

increases in manpower and equipment.

Cost to Prepare a Road for Paving:

All district supervisors strive to maintain all gravel roads within Jefferson 

County in a condition that would allow for immediate paving. This is a goal, but 

in some cases it is unachievable for a variety of reasons, such as a) mountainous 

terrain, b) soil composition, and c) traffic volume. Therefore, preparation costs are 

included as a criterion. Because some gravel roads fall into category B or C, there 

is expected to be a greater cost to prepare them for paving. In most cases, these 

roads have been identified.
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3.2 Decision Criteria

The twenty previously identified features are precise descriptions of gravel 

road improvement requirements and have many similar aspects. I have chosen to 

group them into several decision criteria. These groups are created for several 

reasons. The first reason, already stated, is because of similarities in the features. 

The second is because it would be very difficult to compare twenty separate 

elements and achieve some form of consistency in responses. Saaty says that the 

optimum number of decision criteria is about seven (Saaty 1994, p. 85). There are 

two explanations for this; the first is based on the pairwise comparison 

calculations. Errors are made based on inconsistency in judgment. These 

inconsistencies are distributed proportionally among the alternatives. If the 

number of criteria is small, their relative priority would be large. If the number of 

criteria is large, the relative priority of each would be small, and would be greatly 

affected by inconsistency. Still the number should be large enough to enable one 

to make redundant judgments to improve the validity of the outcome. The second 

explanation has to do with the brain's limit on the identification of simultaneous 

events. The most common duration time estimate for short term memory is 750 

milliseconds, and item integration time is about 100 milliseconds. Thus the ratio 

is about seven (Saaty 1994, p. 56). Therefore, based on the twenty features, I 

developed six groups. Others individuals familiar with this project may feel 

different groupings are more appropriate, and from their perspective this may be 

true. Other groupings can be formulated and compared, as I will do with the 

groups I have developed.
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The six groupings for the twenty features related to the decision regarding 

which gravel roads to pave, taking into account overlapping definitions and 

similarities within features, are shown below:

1. Traffic: Defined as the amount of dust that is generated by vehicle movement 

on a particular road segment (averaged over a three day period). (Three day 

average is required by State Code to smooth out peaks for one day events.)

Elements: Traffic Type

Traffic Speed 

Traffic Volume

2. Terrain: Defined as the area in which the road is located and the environment 

in the area.

Elements: Soil Condition

Surface Grade

3. Road Condition: Defined as the overall quality of the road. This includes 

physical characteristics of the road and construction quality.

Elements: Road Status

Road Length 

Road Width 

Depth of Gravel Base 

Needed Improvements 

Right-of-way
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4. Public Concerns: Defined as citizen input into road selection, public safety 

issues, and future growth and development within Jefferson County.

Elements: Safety

Desire to Pave 

Citizen Input 

Future plans

5. Maintenance Costs: Defined as the long term cost and frequency of gravel road 

upkeep.

Elements: Cost to Maintain Existing Gravel Road

Road Maintenance Frequency

6. Cost to Pave: Defined as the long term funds required to convert a gravel road 

to a paved surface.

Elements: Distance From Asphalt Plant

Cost to Prepare Road for Paving 

Equipment cost for Paving

These six decision criteria will now be compared using Saaty's Analytic 

Hierarchy Process model to determine which are the most important when 

deciding which gravel roads to pave.
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3.3 Analytic Hierarchy Process

With the decision criteria identified and thoroughly understood, we may 

now move to the next step in the process. But before doing so, it is important to 

review why AHP was selected to assist in the decision making process. Man has 

struggled to develop the powers of deductive thinking for centuries. This thinking 

is not natural and must be practiced. During World War II, Churchill, Stalin, 

Roosevelt, and Hitler made almost as many mistakes as correct decisions in their 

designs. (Sidney, p.29) Analytic decision making is a sought after science 

because of its complexities and the impacts it has on so many people. Individual 

knowledge and experience are not enough when making decisions concerning the 

welfare and quality of life for a group. Saaty states that to make a decision one 

needs various kinds of knowledge, information and technical data. These concern:

• details about the problem

• the people or actors involved

• their objectives and policies

. the influences affecting the outcomes, and

. the time horizons, scenarios and constraints. (Saaty 1994, p.4)

In determining which gravel road to pave, careless and haphazard decisions 

could result in lawsuits, and the possible political demise of elected officials. 

Since, the County was seeking a systematic and robust decision making tool that 

was impartial and defensible, I selected the AHP model for this problem.

The Analytic Hierarchy Process (AHP) was developed by Thomas L. Saaty 

in the fall of 1971, while he was working on contingency planning problems for
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the Department of Defense. He advanced the process in 1973, while working on 

the Sudan Transportation Study. Since that time Saaty's AHP has had many 

applications, ranging from Arms Control and Disarmament, to priority-based 

resource allocation for large private, governmental, domestic and international 

concerns. Some of these can be found in Chapter 2 of this thesis and a list of over 

900 applications can be found in the Bibliography of Saaty's newest book. 

Fundamentals of Decision Making published in 1994.

Saaty describes the AHP as a model of how the human mind conceptualizes 

and structures complicated problems. In practice, it is often most difficult for 

individuals and committees to determine and agree upon which objectives 

outweigh others. This is particularly true when committees are faced with 

complex issues involving diverse opinions and a multitude of data, a situation 

particularly appropriate for AHP.

A major benefit of using AHP is that it simplifies the decision making 

process by enabling one to view complex problems in an organized framework. 

Saaty says, (1986, p. 5)

AHP is a method of breaking down a complex, unstructured situation 
into its component parts; arranging these parts, or variables, into a 
hierarchic order; assigning numerical values to subjective judgments 
on the relative importance of each variable; and synthesizing the 
judgments to determine which variables have the highest priority and 
should be acted upon to influence the outcome of the situation.

The AHP is well suited for solving problems characterized by limited 

structure, and numerous qualitative and intangible socio-economic and political
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factors. It is commonly said that one cannot compare apples and oranges. Saaty 

points out in his book. Decision Making: The Analytic Hierarchy Process (1988, 

p.xi), that you can. He reasons that apples and oranges have common features 

such as taste, size, shape, and aroma. While oranges may be preferred for some 

features, apples are preferred for others. The strength of preferences for certain 

features tends to vary. Individuals may be indifferent to size and color, but may 

have a strong taste preference. It can be concluded from this that comparison 

based on common features is the only valid basis for comparison. The fact that 

various aspects of road construction have common features such as paving cost, 

maintenance costs, terrain, traffic, road condition, and public concern, makes AHP 

a valid tool for facilitating comparisons.

There are various applications for AHP. These include integrating data 

with subjective judgments, incorporating the judgments of several people, 

resolving conflict, and performing sensitivity analysis. Additionally, AHP can be 

used as a complement to other methods for selecting projects or activities, for 

projecting the future and protecting against risk and uncertainty, and for 

monitoring and guiding organizational performance toward a dynamic set of goals. 

It is important to note that when using AHP, a participant who tends to be actively 

involved in or knowledgeable about given situations may find that the process 

captures his intuitive understanding of the problem. AHP is mathematically 

founded, and widely recognized as a valid method for ranking decision criteria and 

alternatives based on "expert" opinion. In Appendix A, I have developed an 

example of an AHP problem, so that the computations can be better understood.
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There are five different ways of developing the priority values. I will only address 

the Eigenvalue Method, Normalization, and the use of Matlab.

The AHP model used in this study is designed to rank qualitative aspects of 

a decision in order to allow the decision maker (either Highways and 

Transportation Division or Road and Bridge Division) to determine which gravel 

roads within the County should be paved during the following paving season. The 

AHP begins by asking the expert (defined by Saaty as the interested participant) to 

rank the decision criteria. For each decision criteria pair, select the most important 

decision criterion and underline it. Using the Scale of Relative Importance (Table 

3), assign a value to the underlined decision criterion, indicating its importance 

over the other decision criteria. The pair comparison is in random order and each 

pair is addressed only once. The Expert Choice software will generate reciprocal 

comparisons.
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Table 3 
Scale of Relative Importance

Intensity of Relative 
Importance Definition Explanation

1 Equal importance Two activities contribute 
equally to the objective

3
Moderate importance of 

one over another
Experience & judgment 

slightly favor one activity 
over another

5
Essential or strong 

importance
Experience & judgment 

strongly favor one 
activity over another

7
Demonstrated

importance
An activity is strongly 

favored & its dominance 
is demonstrated in 

practice

9
Extreme importance The evidence favoring 

one activity over another 
is of the highest possible 

order of affirmation
* 2,4,6,8 are intermediate values between the two adjacent judgments.

The decision maker, in this case the Director of the Road and Bridge Division, 

asked his six subordinate regional supervisors to complete the pairwise 

comparisons (Table 4) through consensus and then approved the results. The list 

of comparisons are in random order, and the order has no impact on establishing 

relative weights. [I recognize that other groups could have different results.] 

Currently, the Road & Bridge Division is determining which gravel roads to pave, 

therefore, they were asked to conduct the comparisons.
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Table 4

Pairwise Comparisons

Which decision criterion is more important to you when deciding which gravel 

road to pave?

Traffic
Traffic
Traffic
Traffic
Traffic

vs. Terrain
vs. Road Condition
vs. Public Concerns
vs. Maint Costs
vs. Cost to Pave

How much? 
How much? 
How much? 
How much? 
How much?

Terrain vs. Road Condition
Terrain vs. Public Concern
Terrain vs. Maint Costs
Terrain vs. Cost to Pave

How Much? 
How Much? 
How Much? 
How Much?

Road Condition vs.
Road Condition vs.
Road Condition vs.

Public Concern 
Maint Costs 
Cost to Pave

How Much? 
How Much? 
How Much?

Public Concern vs.
Public Concern vs.

Maint Costs 
Cost to Pave

How Much? 
How Much?

Maint Costs vs. Cost to Pave How Much? 1

Table 5 depicts the completed matrix.
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Table 5

AHP Weighted Matrix

Traffic Terrain Conditions Concern Maint $ $ Pave
Traffic 1 7 3 4 1/2 1/4
Terrain 1/7 1 1/3 1/4 1/5 1/5
Conditions 1/3 3 1 1/2 1/4 1/5
Concern 1/4 4 2 1 1/4 1/4
Maint $ 2 5 4 4 1 1
$ Pave 4 5 5 4 1 1

**Note the matrix is symmetric about the diagonal

Upon inspection, it is clear that our matrix is both positive and irreducible. 

Because of these characteristics we can apply the basic theorem of Perron, which 

states:

Let A = (ay) be an n x n matrix with all ajj > 0. Then A has a 
positive eigenvalue p, of multiplicity one, with p > | Lj I for all other 
eigenvalues of A. The eigenvalue p has an eigenvector u, all of 
whose components are positive. (Franklin, p. 178)

This theorem indicates that when we determine the eigenvalues of the 

matrix we are assured that at least one will be positive. Infact, the eigenvalue is of 

the maximum modulus and unique and will yield an eigenvector with all positive 

components. This result, after normalization, is our priority vector.
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Table 6

AHP Priority Vector
The results of the AHP model, are as follows;

Traffic: 18.8%
Terrain: 03.6%
Road Condition: 06.5%
Public Concerns: 08.8%
Maintenance Costs: 27.8%
Cost to Pave: 34.6%

The results are prioritized as follows;

Cost to Pave: 34.6%
Maintenance Costs: 27.8%
Traffic: 18.8%
Public Concerns: 08.8%
Road Condition: 06.5%
Terrain: 03.6%

These priorities were generated by using the AHP software. In Appendix 

A, the same computations will be presented using Matlab software and in long 

hand.

The inconsistency ratio is also determined using the AHP software. The 

inconsistency ratio is important because it assists the 'expert' in determining the 

randomness of responses. The inconsistency level may be thought of as an
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adjustment needed to improve the consistency of the comparisons. But the 

adjustments should not be as large as the judgment itself, nor so small that it is 

trivial. Thus inconsistency should be one order of magnitude smaller than the 

whole. On a zero - one scale, that is 10% or 0.1 (Saaty 1994, p. 84). As 

comparisons are made, a high level of inconsistency (above 0.1) indicates 

disagreement among responses. If the inconsistency ratio is above 0.1, all 

responses should be reviewed. Expert Choice can advise the 'expert' on how to 

reduce the inconsistency ratio. It is important to remember that Expert Choice 

provides recommendations only. If the 'expert' does not agree with the 

recommendations, no changes should be made.

In the comparison example used above, the inconsistency ratio was 0.07.

This ratio indicates that there is acceptable consistency among the

responses within our model.

Based on the above information, we now know that the Cost to Pave, and 

Maintenance Costs are the two most important criterion in determining whether a 

road should be paved. Terrain, Road Conditions, Public Concerns and Traffic all 

impact on the decision, but to a lesser degree. This is consistent with interviews 

with personnel within Road and Bridge Division. This model also has applications 

within many other departments of Jefferson County.
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Figure 1

Expert Choice Output
JUDGMENTS WITH RESPECT TO 

GOAL

TRAFFIC
TRAFFIC 
TERRAIN 
CONDITIO 
CONCERN 
MAINT $
$ PAVE

TERRAIN
7.0

CONDITIO 
3.0 

( 3.0)
CONCERN
4.0
4.0)
2 . 0 )

MAINT 
( 2 .0 )
( 5.0)
( 4.0)
( 4.0)

$ PAVE 
( 4.0)
( 5.0)
( 5.0)
( 4.0) 
1.0

Matrix entry indicates that ROW element is ___
1 EQUALLY 3 MODERATELY 5 STRONGLY 7 VERY STRONGLY 9 EXTREMELY 

more IMPORTANT than COLUMN element unless enclosed in parenthesis.

GOAL: Select Gravel Roads for Paving
$ PAVE --  All inclusive - costs to pave the road
CONCERN --  Dust level approaching level of concern
CONDITIO --  Physical characteristics of the road
MAINT $ --  Long term cost to maintain road
TERRAIN --  Area in which road is constructed
TRAFFIC --  Vehicle volume and type

Figure 2

Expert Choice Priority Output

PRIORITIES
0.188 _____________________________________
TRAFFIC ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■
0.036 
TERRAIN
0.065 
CONDITIO
0.088 
CONCERN 
0.278 
MAINT $
0.346 
$ PAVE

INCONSISTENCY RATIO = 0.070.
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3.4 Determining Candidate Gravel Roads

There are over 1,000 segments of gravel roads in Jefferson County. This 

extremely high number of roads forced me to develop a screening system that 

would reduce the total number of roads to something manageable. This project 

was initiated because of concern over fugitive dust. Thus, I decided to use the 

Colorado Health Departments criteria of 150 average daily trips (ADT) as my 

initial screening level. Recognizing that other factors impact on fugitive dust, the 

150 ADT level was the first cut. Input from citizens and County officials could 

increase the number of roads considered, but would not decrease it. All the roads 

within the County were reviewed for vehicle average daily trips. Then I added 

roads that the citizens of the County were concerned with, and roads that County 

officials thought should be included. These were the roads used in this year's 

model. New roads should be added next year. The following flow chart provides 

a graphic depiction of the process.
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Figure 3

Gravel Road Candidate Selection Flowchart

NoYes Traffic C o u n t  
\  > 1 6 0  /

Yes
Publ ic  Inpu t

No

Monitor

No ac t ion

A p p ly  Criteria  
( AHP )

S c h e d u le
A pp l ica t ion

All Gravel Roads 
within Jefferson County

Based on the screening criteria, the following (Table 7) is the list of gravel 

roads that were considered for paving in 1994.



T-4654 45

Table 7

Candidate Gravel Road List for 1994

Candidate Gravel Road List
Distance

Name From To (Miles)
1 Crawford Gulch Rd Golden Gate Canyon North 3.9
2 Blue Mtn Subdivision entrance Ute Dr 0.9
3 Brook Forest Dr Brook Forest Rd Hemlock Ln 0.6
4 82d Ave (Leyden Rd) .9 miles westof end asphalt w est 0 .4
5 Robinson Hill Rd Camino Perdido Rd Douglas Mtn 1.2
6 Mt. Falcon Park Parmalee Gulch 4373  Nambee Rd 1.1
7 96th Ave Wadsworth 98th Ave 0.5
8 98th Ave Wadsworth 96th Ave 0.5
9 Dover St 106th Ave 108th Ave 0.3
10 106th Ave Yukon St Dover St 0.6
11 Glen Dr U.S. 285 Sioux Trail 0.1
12 Sioux Trail Glen Dr Omaha St 0.1
13 Omaha St Sioux Trail Iroquois 0 .3
14 Forest Estates Rd Black Mtn Dr .1 m e of Aspen Wy 1.4
1 5 Kerr Gulch Rd Pinedale Ranch east 2.5
16 Oehlmann Park Pleasant Park Rd Oehlmann Ave 0.8
17 Soda Creek Rd Highway 74 Humphrey Dr 1.2
18 Spruce Canyon Dr Crescent Park Dr Butte Dr 0.7
19 Blue Creek Rd Highway 73 Brook Forest Rd 3
20 Black Hawk Rd Cochise Circle Foxton Rd 1.4
21 96th Av Wadsworth Teller St 0.2
22 Teller St 96th Ave 94th PI 0.2
23 Oehlmann Park Rd Pavement Indian Springs 1.5
24 Brook Forest Hemlock Ln Elk Run 0.5
25 Black Mountain Dr Arapaho Nat'l Forest Lila Dr 0.5
26 Lillis Lane Sylvan Rd S end Lillis Dr 0.3
27 Rainbow Hills Rd Skyhill Dr Spring Ranch 1.1
28 Elaine Rd S Columbine Rd Lora Lane 0.5
29 Niawaka Rd Snowshoe Rd Middleton Rd 1.9
30 Lee Rd Merrian Dr Dorothy Rd 0.1
31 Nova Rd County Line Parker Ave 0.9
32 Conifer Mtn Dr Christophor Dr Kennedy Gulch Rd 0.6
33 South Elk Creek Rd 0.4
34 Wagon Wheel Rd Spring Gulch Surry Dr 0.5
35 Pine Rd Cedar Rd Rd 0.4
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36 Camel Heights Cir
37 Vance St
38 Parker Ave
39 Rand Rd

Camel Heights Rd
119th PI
End
King Valley Dr

Camel Heights Rd 
County Line 
Nova Rd 
Holdiman Dr

0.6
0.2
0.8
0.6

33.3

3.5 Road Evaluation

In order to determine the individual weights for the roads we wished to 

evaluate for paving or milling, it was first necessary to find several individuals 

within the county who were familiar with these roads. They also had to 

understand the procedures required in preparing a gravel road for paving and 

paving it. For this task, I found the individual responsible for the application of 

the magnesium chloride (a district supervisor) and the supervisor for Trucking and 

Asphalt. Both men were very familiar with the road requirements to pave, and had 

traveled all of the candidate roads within the past several months. In this case, 

these two men were probably the only people in the County who could meet these 

criteria. The grades were based on subjective qualitative criteria and although 

their grades may not always have been correct, they were consistent and therefore 

usable.
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Table 8

Evaluation Range for Criterion

Traffic: Amount of dust that is generated by vehicle movement on a particular 
road segment (averaged over a three day period).

Low Concern High

Terrain: Area in which the road is located and the environment in the area.
Very Poor Poor Good Very Good

Road Conditions: Defined as the overall quality of the road.
Category A Category B Category C

Public Concern: Citizen input into road selection, public safety issues, and growth 
and development within the County.

Low High

Maintenance Costs: Long term cost and frequency of gravel road upkeep.
Low Medium High

Cost to Pave: Long term funds required to convert a gravel road to a paved road. 
High Medium Low

Using these weightings, both men again completed a pairwise comparison 
for each criterion. The results are depicted in Figure 4.
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Figure 4
Expert Choice Second Stage Output

Goal
1.000

$ Pave Maint $ Traffic Concern Condition
0.346 0.278 0.188 0.088 0.065

High - 
.063/.085

Low - 
.060/.085

- Low 
.056/.080

Low - 
250/.333

Cat A - 
.743/1.0

Med - 
194/.261

Med - 
.231/.326

Concern
.2437.347

High - 
.750/1.0

Low - 
.743/1.0

High-
.709/1.0

High - 
.701/1.0

Cat B - 
.1947.261

Cat C - 
.0637.085

Terrain
0.036

Very Poor- 
.0447.072

Poor - 
.0937.152

Good - 
.249/486

Very Good- 
.614/1.0

* The second number in each set represents the normalized weight for the second level criterion. 
This number is used to compute the overall weight.

Presented with a list of the gravel roads to be evaluated, the men developed 

a consensus with regard to road weights. The following is the result of the road 

weights they were asked to prepare, and the computation of the total road segment 

weight.
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Table 9

Gravel Road Weights and Application of AHP Computation

AHP results 0 .188 0 .036 0 .065 0 .088
Public

0 .278
Maint

0 .346
Cost

Alternative Traffic Terrain Condition Concern Costs Pave Total

1 Blue Mtn concern v good A high high low .877
2 Crawford Gulch concern v good A high high low .877
3 Oehlmann Park concern v good A high high low .877
4 96th Ave concern v good A high high low .877
5 98th Ave concern v good A high high low .877
6 Blue Creek concern good A high high low .856
7 Oehlmann Park Dr concern good C high high high .797
8 Black Hawk Rd concern good A high med low .669
9 Parker Ave concern good A high med low .669
10 Lillis Ln concern v good A low med low .632
11 Teller St concern v good A low med low .632
12 Conifer Mtn low v good A high med low .582
13 82nd Ave (Leyden) low v good A high med low .582
14 Black Mtn Dr low good A low med low .560
15 Spruce Canyon Dr concern poor B high high med .543
16 Lee Rd low v good A high high low .511
17 Niawaka Rd low v good A high high low .511
18 Elaine Rd low good A high high low .489
19 Robinson Hill concern v good A high med med .434
20 Camel Heights Rd low poor C low low high .425
21 96th Av concern v good B high med med .386
22 Brook Forest concern good B high med med .365
23 Brook Forest Dr concern good B high med med .365
24 Forest Estates concern good B high med med .365
25 Pine Rd low poor C low low high .362
26 So Elk Creek Dr low v poor C low low high .360
27 Mt Falcon concern v poor C high med high .281
28 Nova Rd low good B low med med .257
29 Rainbow Hills Rd low good B low med med .257
30 Dover St low good B low med high .196
31 Glen Dr low good B low med high .196
32 Kerr Gulch low good B low med high .196
33 Omaha St low good B low med high .196
34 Sioux Trail low good B low med high .196
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35 Soda Creek Rd low good B low med high .196
36 106th Ave low good B low med high .196
37 Rand Rd low good B low low med .190
38 Vance St low good B low low med .190
39 Wagon Wheel Rd low good A low low low .177

The total in the last column on the right of the table for each road is 

developed using AHP. Each qualitative weight is given a numerical value (based 

on the pairwise comparisons previously completed within each criterion) and 

normalized. This normalized weight is then multiplied by its respective priority 

vector value. These products are then summed to produce a total weight.

The overall road weights can be used to establish the priority for road 

paving. The decision maker, after reviewing the total score, would simply select 

the greatest number road weight as the first road for paving and continue in 

descending order until all resources for the time period have been used. If new 

resources become available, simply continue from the point where the decision 

maker ended.

3.5 Recommended Approach

Based on the results of the AHP model, Jefferson County may proceed with 

one of several different approaches. The first, using only the data presented, 

implies that Jefferson County officials may now select gravel roads for paving 

with the highest total weight until resources have been exhausted. The same list 

could then be used again the following year with additional resources. Or the list
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could be updated, new decision criteria weights established and gravel roads paved 

until resources are exhausted.

Mike Goodridge (T-4670) developed a variation of this problem using 

constrained resources. Using the individual gravel road weights as objective 

coefficients, Mike developed an integer program that determined the maximum 

number of miles of gravel road to be paved. The constraints were: available time 

to pave, available funds, and available asphalt. This integer programming model 

would enable the decision maker to maximize the number of roads to be paved, 

using all available resources in a systemic manner. Either of these approaches can 

provide an excellent planning tool that can be easily executed. Additionally, either 

approach can easily be defended against bias by letting any critic develop their 

own hierarchy or duplicating the results provided.
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Chapter 4 

Conclusions and Recommendations

4.1 Conclusions

The AHP model is a tool to assist decision makers in determining the most 

important aspects of their decision. Often, decision makers are not able to make 

good decisions or haphazard decisions are made. Over the past several years, 

Jefferson County has concentrated on determining which dust mitigating treatment 

would best reduce fugitive dust, rather than developing a process for selecting 

gravel roads for paving. Instead of testing different short term chemical 

applications, the County could instead have paved several miles of gravel roads, 

thus reducing the overall fugitive dust problem. With the use of AHP, the County 

may now concentrate on directing resources toward the application of asphalt to 

gravel roads. By determining which gravel roads are next requiring asphalt, the 

decision maker can allocate the required funds and material to address the 

requirements. Thus, in a short period of time, the County should be able to stay 

ahead of its fugitive dust problem. In order to determine resource requirements for 

all the listed projects, AHP, coupled with a Capital Budgeting model will be a very 

strong decision making tool for County decision makers.

As we review the results of the AHP model for grading of the gravel roads, 

a follow-on step is apparent. This step is to incorporate the constraints within the 

system to determine the magnitude of effort that can be completed in a season of 

paving. The application of an integer programming model would lend itself to
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such a follow-on effort. In the development of this project for Jefferson County, 

Mike Goodridge has succeeded in developing a second step for this analysis. He 

has incorporated the results from the AHP and gravel road grading process into an 

integer programming model that uses time available, asphalt produced, and 

budgetary constraints to assist Jefferson County in getting the greatest number of 

roads paved for their dollar.

4.2 Contributions

The first contribution made by this work is the identification of the many 

features used in determining which gravel roads to pave. Prior to this work, 

Jefferson County did not have a structured or defined set of features or criteria for 

deciding which gravel roads to pave. The director of Road & Bridge, with the 

assistance of his regional supervisors was using 'gut feel' to determine paving plans 

and schedules. These 'gut feels' were haphazard and not defensible to community 

scrutiny. Using the AHP model, the County decision makers are free from bias 

and their decisions are perceived as no longer subjective.

The second contribution was the complete mapping of all the gravel roads 

within Jefferson County. Up to this point, the County did not have a complete 

mapping of all the gravel roads. The map provides a visual depiction of the 

distribution of gravel roads within the County.

The introduction of a quantitative tool into Jefferson County's decision 

making process has greatly improved County officials' ability to analyze problems
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and make decisions. The AHP model can be used in a variety of areas throughout 

the County.

The research done in determining the requirements for paving roads has 

saved Jefferson County the cost of magnesium chloride treatments on gravel roads 

which are subsequently paved. It has also provided County officials with a 

direction in terms of fugitive dust treatment and gravel road policies.

4.3 Further Research

1) Within county budgetary structure, the public works departments are 

seen as a financial drain on resources. Because the public works departments 

spend a vast amount of county funds, the identification of all costs related to 

paving roads are required in order that cost savings measures can be applied. A 

thorough understanding of all these costs needs to be developed.

2) The integration of public mapping and paving operations needs to be 

initiated. Counties where GIS (Geographic Information System) is used should 

develop an information sharing system where maintenance management can access 

mapping software. This information will ease the planning burden.

3) As fugitive dust becomes more of an impact on the quality of air, the 

determination of actual dust volume created by passenger vehicles should be 

reviewed. Policies are being developed by local and state governments based on 

the amount of dust produced by vehicles traveling on gravel roads. These policies 

are based on calculations that often appear to have no objective basis.
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4) Because of the surprisingly large number of gravel roads throughout the 

United States, and the amount of fugitive dust that is created from these roads, this 

model can be applied to all cities and counties nationwide to reduce the overall 

fugitive dust problem within the United States. Within a 3-5 years a significant 

reduction in fugitive dust would result in cleaner air for all to breathe.
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Appendix A 

Computations of AHP

This appendix is written to provide the reader with an understanding of the 

calculations behind the AHP procedures. There are numerous methods of 

computing the priority vector. I have discovered six methods (Eigenvalue method 

(Saaty 1990, p. 156), Logarithmic Least Squares (Saaty 1990, p. 156), Least 

Squares (Saaty 1986, p. 85), Geometric Mean (Saaty 1986, p.79), Normalization 

(Saaty 1986, p. 80) and Power (Saaty conversation) that could be used, but in this 

section I will discuss only the Eigenvalue method, normalization and the use of 

Matlab software.

The Eigenvalue Method.

Priorities are found by computing the eigenvalues of the matrix, then taking 

the largest eigenvalue and computing the eigenvector. The eigenvector when 

normalized is the priority weight. The matrix below is the result of the County 

official's use of AHP mentioned on page 37 of Chapter 3.

Traffic Terrain Conditions Concern Maint $ $ Pave
Traffic 1 7 3 4 1/2 1/4
Terrain 1/7 1 1/3 1/4 1/5 1/5
Conditions 1/3 3 1 1/2 1/4 1/5
Concern 1/4 4 2 1 1/4 1/4
Maint $ 2 5 4 4 1 1
$ Pave 4 5 5 4 1 1
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Because this is a 6 by 6 matrix, we know there are 6 eigenvalues. 

They are computed in the following manner:

det(A-XI) = 0, (Goldberg, p. 221)

where A is the AHP matrix.

Thus the determinant is as follows;

1— A 7 3 4 1/2 1/4
1/7 1— A 1/3 1/4 1/5 1/5
1/3 3 1 — A 1/2 1/4 1/5
1/4 4 2 1-A 1/4 1/4
2 5 4 4 1 — A 1
4 5 5 4 1 1 — A

We see that there are 6 eigenvalues. They are:
Xi= 6.43861760940 
^2= .004474047639+1.57835275205i 
%-3= .004474047639-1.578352752051 
^4= -.221095427614+. 5344927945181 
^5= -.221095427614-. 5344927945181 
^6= .0125213411

For the calculation of the eigenvector, use X^ax (in this case X]). Complex 

solutions should not be considered.

And the resulting eigenvector is:
r.188"
.036
.065
.088
.278
.346
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This eigenvector represents the weighted priorities produced by the Expert Choice 

software.

The Normalization Method.

The normalization method is the easiest way to calculate the priority vector, 

but it is not recommended because it can be misleading. In some cases the 

creation of a matrix, using numbers from an arbitrary set, when normalized appear 

comparable. To most the results appear similar to probabilities and go 

unchallenged, even though the outcomes could misrepresent actual results.

I have provided this method in case the reader is in a position to apply 

AHP, but does not have a calculator, computer or software. I am sensitive to this 

type of predicament because, as a soldier, I have been in many such positions.

Traffic Terrain Conditions Concern Maint $ $ Pave
Traffic 1 7 3 4 1/2 1/4
Terrain 1/7 1 1/3 1/4 1/5 1/5
Conditions 1/3 3 1 1/2 1/4 1/5
Concern 1/4 4 2 1 1/4 1/4
Maint $ 2 5 4 4 1 1
$ Pave 4 5 ' 5 4 1 1

1) Sum the individual columns

2) Normalize each column

3) Sum the rows

4) Normalize the summed column

5) Resultant column is the weighted priority



T-4654 63

Step 1. Sum the individual columns

Traffic Terrain Conditions Concern Maint $ $ Pave
Traffic 1 7 3 4 1/2 1/4
Terrain 1/7 1 1/3 1/4 1/5 1/5
Conditions 1/3 3 1 1/2 1/4 1/5
Concern 1/4 4 2 1 1/4 1/4
Maint $ 2 5 4 4 1 1
$ Pave 4 5 5 4 1 1

7 17/28 25 

Step 2. Normalize each row

15 1/3 13 3/4 3 1/5 2 9/10

Traffic Terrain Conditions Concern Maint $ $ Pave
Traffic .13145 .28 .19565 .29091 .15625 .08620
Terrain .01878 .04 .02174 .01818 .0625 .06896
Conditions .04382 .12 .06522 .03636 .078125 .06896
Concern .03286 .16 .13043 .07272 .078125 .08620
Maint $ .26291 .2 .26086 .29091 .3125 .34483
$ Pave .52582 .2 .32608 .29091 .3125 .34483

Step 3. Sum the rows 

Traffic Terrain Conditions Concern Maint $ $ Pave Sum
Traffic .13145 .28 .19565 .29091 .15625 .08620 1.14046
Terrain .01878 .04 .02174 .01818 .0625 .06896 .23016
Conditions .04382 .12 .06522 .03636 .078125 .06896 .411248
Concern .03286 .16 .13043 .07272 .078125 .08620 .560335
Maint $ .26291 .2 .26086 .29091 .3125 .34483 1.67201
$ Pave .52582 .2 .32608 .29091 .3125 .34483 2.00014
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Step 4. Sum the column

Traffic Terrain Conditions Concern Maint $ $ Pave Sum
Traffic .13145 .28 .19565 .29091 .15625 .08620 1.14046
Terrain .01878 .04 .02174 .01818 .0625 .06896 .23016
Conditions .04382 .12 .06522 .03636 .078125 .06896 .411248
Concern .03286 .16 .13043 .07272 .078125 .08620 .560335
Maint $ .26291 .2 .26086 .29091 .3125 .34483 1.67201
$ Pave .52582 .2 .32608 .29091 .3125 .34483 2.00014
Sum 6.01435

Step 5. Normalize the column summed

Sum
Traffic .1896
Terrain .03827
Conditions .06837
Concern .09316
Maint $ .278
$ Pave .33256

Comparing these results with Table 5 on page {46} we see the weighted priorities 

are very similar.

Matlab.

I used Matlab, version 4.1, developed in August of 1992, by MathWorks 

Inc., Natick Massachusetts, to evaluate the results obtained by Expert Choice. The 

results were consistent. The priority vector was as follows:
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Traffic .1878
Terrain .0359
Conditions .0648
Concern .0875
Maint $ .2778
$ Pave .3462

Any of the three methods for finding the priority vector can be used. 

Additionally, the other methods mentioned will yield the same result.
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Appendix B 

Determining Inconsistency

An approximation for the inconsistency ratio can be determined as follows. 

This technique compares the approximated inconsistency to a table look up value. 

The table is based on taking random numerical judgments from the scale 1/9,

1/8,..., 1/2,1,2,...,9. Then using a reciprocal matrix, we have the following average 

consistencies for different-order random matrices (Saaty, 1986, p. 84). (The 

method used below can be found on page 82, of Saaty's book Decision Making for 

Leaders.)

Table 10

Consistency Table

Matrix Size (square) 1 2 3 4 5  6 7 8 9 10

Random Consistency 0 0 .52 .89 1.11 1.25 1.35 1.40 1.45 1.49

In order to calculate the inconsistency, we begin with the initial n x n

matrix.

Step 1. Multiply the respective column by the calculated weighted priorities 

Step 2. Sum the rows

Step 3. Divide the new sum for each row by the initial weighted priority 

Step 4. Sum the results and divide by the number of rows
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Step 5. Subtract from the results in step 4 the number of rows and divide by (n-1)

Step 6. Divide the result by the random value from Table 10 corresponding to the

size of the matrix.
We start with our 6 x 6  matrix

Traffic Terrain Conditions Concern Maint $ $ Pav<
Priority
Vector

.188 .036 .065 .088 .278 .346

Traffic '  1 7 3 4 1/2 1/4
Terrain 1/7 1 1/3 1/4 1/5 1/5
Conditions 1/3 3 1 1/2 1/4 1/5
Concern 1/4 4 2 1 1/4 1/4
Maint $ 2 5 4 4 1 1
$ Pave 4 5 5 4 1 1

Step 1. Multiply the respective column by the calculated weighted priorities 

Step 2. Sum the rows

Traffic Terrain Conditions Concern Maint $ $ Pave Sum
Traffic .188 .252 .195 .352 .139 .0865 1.2125
Terrain .0268 .036 .0216 .022 .0556 .0692 .2312
Conditions .0626 .108 .065 .044 .0695 .0692 .4183
Concern .047 .144 .13 .088 .0695 .0865 .565
Maint $ .376 .18 .26 .352 .278 .346 1.792
$ Pave .752 .18 .325 .352 .278 .346 2.233
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Step 3. Divide the new sum for each row by the initial weighted priority

Traffic 1.2125 .188 = 6.449
Terrain .2312 .036 6.422
Conditions .4183 .065 6.435
Concern .565 .088 6.420
Maint $ 1.792 .278 6.446
$ Pave 2.233 .346 6.453

Step 4. Sum the results and divide by the number of rows

(6.449+6.422+6.43 5+6.420+6.446+6.453)76 = 6.4386 

Step 5. Subtract from the results in step 4 the number of rows and divide by 5 

(6.4375-6)75 = .0877 

Step 6. Divide the result by the random value from Table 10, corresponding to the 

size of the matrix.

.21875/1.25 = .0701

We see the result is 0.07, which was computed by the Expert Choice 

Software.


