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PREFACE 

This is the final report for Phase I of a projected three-phase study 

being conducted for the Forest Service by the Council for Advanced Trans

portation Studies, The University of Texas at Austin. The purpose of the 

total project, FS-l, is to develop and implement a pavement design and 

management system for low-volume roads, in particular, Forest Service Roads. 

This report of Phase J is meant to summarize the problem analysis efforts 

of the project research team in addition to presenting a conceptual pavement 

management system and a discussion of its potential benefits when applied 

to a low-volume road network. 

In an effort to obtain feedback for use in this final report, a draft 

version of the report was sent to the Forest Service for their review and 

editorial comments. The ideas and comments received as a result of this 

review are sincerely appreciated and have been incorporated, as far as 

relevant, into this final report. The support and advice of Mr. Adrian 

Pelzner and others in the Forest Service is appreciated. 

August 1974 
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W. Ronald Hudson 



ABSTRACT 

The design of pavements for low-cost, low-volume roads is a complex 

procedure involving numerous variables. Because of the development of new 

information in the pavement field during the past decade, the complexity of 

the interaction of these design variables has become better understood and 

the need for a systematic approach to the problem of pavement design and 

management has become evident. This report is an attempt to apply this 

systematic approach to the design and management of low-volume Forest Service 

roads. 

The report summarizes the problem analysis efforts of the project staff, 

beginning with the identification of the problem through its recognition and 

definition. Using the FPS type of working Pavement Design System developed 

in Texas as a conceptual base, an extensive examination of the major sub

systems that make up the majority of existing pavement management systems for 

"higher type" roads was conducted. In attempting to define these basic 

components for the proposed low-volume road system, it was found that inter

action between the project research staff and Forest Service personnel was 

of great importance. This interaction was achieved in the form of an 

interagency "brainstorming session" and later an "importance rating" of the 

ideas presented at this meeting. The results of this interaction along with 

the research efforts of the project staff allowed for an initial definition 

of the major components in the proposed system. Where complete definition 

of these subsystems was not possible, relevant questions and ideas were 

formulated for consideration in their further development. Finally, an 
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example conceptual pavement management system for low-volume roads that in

corporates all the ideas and concepts developed during the past year's 

research is presented. 

It is concluded that the development of pavement management systems for 

low-volume Forest Service roads is indeed feasible and should be pursued in 

Phase II of the project. Recommendations for major areas of further research 

are also given . 
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

This report presents the results of a conceptual study of pavement design 

and management systems for low-volume roads. Such systems include the 

processes of (1) planning, (2) design, (3) construction, (4) maintenance, and 

(5) evaluation of low-volume roads. In this report an attempt is made to 

summarize the problem analysis efforts of the project research team in addi

tion to presenting a conceptual pavement management system and a discussion 

of its potential benefits when applied to a low-volume road network. 

Sponsored by the USDA Forest Service the study is primarily concerned 

with low-cost, low-volume forest roads under the jurisdiction of the Forest 

Service, although an attempt is made to develop a conceptual pavement design 

and management system flexible enough to be applicable to any road network 

consisting of low-volume facilities up to secondary highways. 

Systems Approach 

Pavements are complex structural systems influenred by many variables, 

including loads, environment, materials, construction, maintenance, perfor

mance, and various economic parameters. To facilitate the design of such a 

complex structure, existing procedures concentrate on certain important aspects 

of the design, such as structural capacity or thickness determination, but 

neglect other factors and their effects on the total pavement design. However, 

because of the tremendous increase in new information and developments of 

modern technology in the pavement field during the past decade, the complexity 

of the interaction of design variables has become better understood and the 
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need for a systematic approach to the problem of pavement design and management 

is more evident. 

A system has been described as a procedure or scheme which behaves accord-

ing to some prescribed manner in performing an operational process 

(Ref 2). Accordingly, systems engineering provides a means of organizing 

the various segments of the total problem into an understandable framework. 

When using a systematic approach to solve a problem, the entire system is 

seen as a whole and not as a collection of individual parts function-

ing by themselves. 

The advantages of using this coordinated approach towards the solution of 

pavement design and management problems are as follows (Ref 3): 

(1) The development of a complete problem description provides new 
insight and perspective into the complexity of the problem, including 
the feedbacks and interactions involved. 

(2) This insight, in turn, provides a structure for coordinating and 
utilizing research from many sources. 

(3) A system description rapidly points out the areas of weakness and, 
consequently, areas of urgently needed research. 

(4) A coordinated approach to the problem helps in understanding and 
developing the function and theories which can be used to determine 
optimal choices of design in the face of various judgment criteria 
and weighting functions. 

(5) In the process of developing an overall optimal solution, immediate 
benefits can be gained by use of current state-of-the art information 
in the system framework until better techniques of analysis are 
developed. 

The Problem 

The Forest Service presently manages over 200,000 miles of roads 

throughout the United States representing an approximate investment of $2.5 

billion. These roads are of primary importance for the protection and multiple 
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use management of the lands and resources administered by the Forest Service. 

Ranging from narrow, low-volume, rudimentary tracks to multilane asphalt con-

crete highways, these roads combined with County and State systems form a 

network serving public, commercial, and administrative needs by providing 

access to recreational and timber land areas in the National Forests. 

Population growth coupled with needs for sustenance, shelter, ser-

vices, and recreational opportunities has rapidly increased the demands on 

forest lands. Consequently, to help meet the demand for accessible forest 

land the Forest Service has plans for the construction of another 136,000 

miles of roads in the future. In addition to construction of these new roads, 

future work will also include the reconstruction of a great majority of existing 

roads. 

Because of the complexities involved in efficiently designing, maintaining 

and managing pavements in such an extensive system, the National Forest Service 

initiated this study to explore the development of a comprehensive pavement 

design and management system for this network. Such a system, if developed, 

would permit consideration of many different pavement types, performance 

levels, stage construction, and other alternatives. 

The specific objectives of this conceptual study as stated in the project's 

Detailed Study Plan (Ref 8) are 

(1) to define the parameters involved in the problem, 

(2) to assimilate the constraints with respect to (a) resource management 
objectives, (b) environmental concerns, (c) engineering skills, (d) 
engineering testing facilities, (e) on-site construction materials, and 
(f) available funds, and 

(3) to formulate a concept of pavement deSign and management which will 

(a) permit optimization of the pavement investment, and 



(b) provide pavement performance prediction methods which can be 
used in planning budgets and maintenance activities. 

For the purpose of this report, the term "pavement" is being used to 

denote the total structural component of a road used to support traffic. 

A pavement, therefore, will consist of subbase, base, and surface courses 

placed singularly or in combination on a subgrade. Using this definition, 

it can then be said that on Forest Service roads a pavement may range any-

where from a compacted natural soil to a multilayered structure with an 

asphalt-concrete surface course. 

In order to insure positive communication in developing the conceptual 

system, it will be necessary to define other terms as they are to be used 

in this report. Therefore, Appendix A of this report contains appropriate 

definitions of terms used herein. It is recognized that different usages 

of some terms does exist between various members of the Forest Service and 

among research groups and it is not likely that these differences will be 

resolved at this time. The list is offered to promote a common understanding 

of the concepts being introduced and to suggest a starting place for future 

consideration. 
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CHAPTER 2. ANALYSIS OF RESEARCH PROBLEM 

As stated in Chapter 1, the principal objective of this project is 

to examine and define a conceptual pavement design and management system for 

low-volume roads, in particula~ Forest Service roads. Tn order to accomplish 

this objective, recognition of the problem as it presently exists was an 

essential first step. This problem recognition was facilitated by acquiring 

background information and investigating the present state-of-the-art of Forest 

Service and other low-volume pavement design concepts. Following this problem 

recognition, it was essential that a definition of the problem be developed. 

This definition was to be in such terms as to facilitate an in-depth under

standing of the problem. 

Problem Recognition 

Initial work in recognizing the research problem involved a broad study 

of pavement requirements and pavement strategies for low-cost, low-volume 

roads. This was accomplished through a literature review of such topics as 

soil stabilization, road maintenance, and pavement distress. Numerous references 

(Refs 10-23) on low-volume roads reviewed by the project staff indicate that most 

pavement design practices for such roads built in the United States follow the 

same pattern as for pavements carrying larger volumes of traffic in that economic 

measures are not applied in setting design standards. Therefore, it was felt 

to be more advantageous to review reports on low-volume road research being 

carried out in the developing countries of the world, where pavement design 

practices are developed specifically for low-cost, low-volume roads, and the 
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economic aspects of design are of great importance. Also, the roads built 

in these countries more closely approximate those built by the Forest Service 

than do most other low-volume roads built in the United States. 

In addition to the literature review, problem recognition was aided by 

extensive communication and interaction between the project staff and Forest 

Service personnel. Interagency meetings provided vital information on the 

operational standards of the Forest Service along with the expression of 

various views on the need for a pavement design and management system 

within the Forest Service. Field visits to National Forests allowed the 

project staff to observe the construction and performance of numerous forest 

roads under a variety of traffic and environmental conditions. 

In addition to the gathering of background material and a review of the 

existing situation, a preliminary assessment of the Forest Service needs for 

a pavement management system was made. The synt~esis of information col

lected during the problem recognition process assisted the project research 

staff in obtaining a better understanding of the problem. 

It was evident from discussions with Forest Service personnel 

that. the basic Forest Service needs for a pavement management system 

were agreed upon, but the emphasis on these needs was different for 

the various interests involved in the project's development. Forest Service 

management emphasizes the need for a system that will optimize the total 

pavement investment in addition to providing pavement performance pre

diction methods that can be used for such purposes as planning budgets and 

scheduling maintenance activities. Emphasis is also placed by Forest Service 

management on the need for a standardized pavement management system that 

will organize and unify design efforts within the Forest Service. 



Forest Service personnel involved directly with the design of roads, 

such as the Forest Engineers and the Materials Engineers, emphasize the need 

for a system that will optimize resource management efforts, involving such 

factors as locally available construction materials, engineering skills, 

engineering testing facilities, and environmental impact. Also stressed is 

the need for a connnon IImeasuring toolll to evaluate the effectiveness of 

design methods and techniques for roads with different types of surfacings. 

The proposed system, in addition to serving the above mentioned Forest 

Service needs, is viewed by the project staff as a means of collecting and 

organizing pertinent data for use as input in future pavement designs. 

The feedback data also can be of great value in evaluating the validity of 

the existing design models and aiding in their update. 

Problem Definition 

Once the problem of developing a pavement design and management system 

for low-volume Forest Service roads is well recognized, its deeper under

standing and explicit definition become necessary before an effective 

solution can be generated. Because of the basic similarities between low

volume forest roads and higher type facilities, i. e., major highways, (the 

latter for which pavement design and management systems have already been 

developed as in Refs 1, 3, 4), we decided that problem definition could 

best be achieved by detailing the special constraints and considerations 

characteristic to the design of low-volume forest roads as compared with 

that of major highways. In this way, the problem of developing a pavement 

management system for low-volume Forest Service roads can be defined in 

such a way as to take advantage of the pavement management systems 
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previously developed for ''higher type" roads as guides in developing the 

proposed Forest Service system. 

In detailing the special constraints and considerations involved in this 

problem, it was necessary to consider two basic questions: (1) what design 

factors are different for low-volume roads as compared to other roads, and 

(2) what special constraints are characteristic only of low-volume Forest 

:::..=.::...::..=..=. roads? 

In answering the first question many factors were considered. Listed 

below are those factors which differ between low-volume and standard roads 

and which seem to have the greatest influence on the development of a pavement 

design and management system for low-volume roads. 

(1) Lower Volume of Traffic. Low-volume roads will be lightly 
travelled as compared to publiC highways. By this it is meant that 
most low-cost roads will have lower traffic volumes, generally less 
than 400 vehicles/day (Ref 10), and lower loading frequencies than 
major highways. 

(2) Use of Local Construction Material. Because the transporting of 
quality paving material over large distances involves considerable 
costs, most low-volume roads are constructed with on-site or locally 
available material. The quality of these materials are, in many 
cases, inferior to that required for the construction of most 
"higher class" roads. 

(3) Restricted Earthwork. On many low-cost, low-volume roads funds, 
and environmental factors permit only restricted earthwork. This 
not only affects the horizontal and vertical alignment of the road, 
but limits the removal and replacement of large quantities of poor 
subgrade material such as swelling clay or a fr~st susceptible silt. 

(4) Surface Types. The types of running surfaces for low-volume roads 
differ considerably with those of "higher class" roads. While most 
public highways are constructed with a minimum of 4 or 5 inches 
of either asphaltic concrete or portland cement concrete for surface 
layers, few low-volume roads will have more than two inches of 
asphaltic concrete surfacing. A large percentage of low-volume roads 
have nothing more than a gravel or a natural soil surface. 

(5) Environment. Due to the nature of the pavement surfacings, envi
ronmental conditions, namely moisture and temperature, incluence 
the performance of low-volume road pavements to a greater extent 
than the pavements of "higher class" roads. 
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(6) Types of Distress. The type and magnitude of pavement distress 
encountered on low-volume roads may be different than that found on 
public highways. This is also related to the differences in pave
ment surfacings, for example surface abrasion leading to dust 
problems and loss of surface material would be more acute on a 10w
volume gravel surfaced material than on a I1higher class" asphaltic 
concrete pavement. 

(7) Minimum Level of Acceptability. The minimum acceptable level of 
serviceability on most low-volume roads is lower than that on public 
highways. This is because the purpose of a low-cost, low-volume road 
is not so much to provide a smooth riding surface on which travellers 
will have a comfortable ride, but rather to provide an economical 
means of travelling from one point to another. 

(8) Channelized Traffic. Because low-volume roads are usually narrower 
than public highways, the traffic on them tend to be more channelized. 
This is especially true on narrow gravel or earth surfaced roads 
where extensive rutting often occurs in the wheel paths. 

To define the problem of developing a pavement design and management 

system for low-volume Forest Service roads, it was not only necessary to know 

what design factors were different for low-cost roads as compared to '~igher 

class" roads, as listed above, but also to become thoroughly familiar with 

the special constraints and considerations characteristic to Forest Service 

roads and road management. Listed below are those that would have the greatest 

influence on the conceptual pavement management system. 

(1) Road Users. The original purpose of a majority of Forest Service 
roads is to facilitate 10ghau1ing operations. Therefore, although 
the volume of traffic on these roads is light, the number of equiv
alent wheel loads are sometimes quite high as a result of the 
heavy loads carried by logging trucks. A Forest Service road 
will generally carry three classes of traffic during its lifetime: 

(8) Forest Commercial Traffic - during production years (cyclic). 

(b) Forest Visitor Traffic - during and after production years. 

(c) Forest Administrative Traffic - during and after production 
years. 

(2) Distribution of Traffic. The distribution of traffic on a Forest 
Service road varies conSiderably depending on the time of year, 
for instance, during the winter months some of the lower grade roads 
are impassable due to mud or snow, but during the drier summer months 
these same roads may carry as many as 200 vehicles or more per day. 
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(3) Forecast of Traffic. Because the Forest Service controls the size of 
its timber sales, it is in a position to predict the number and size 
of loads travelling across its timber roads. This allows reasonable 
e'stimates to be made of the total load carried over a road for a 
particular period of time. 

(4) Environmental Impact. A fundamental concept held by the Forest 
Service is that the environment must not be deteriorated as they 
build and operate their transportation system. Policies on dust 
control, surfacing rock depletion, stream pollution, mass soil 
movement, and maintenance of scenic values are all important issues 
that must be considered in the design of forest roads. 

(5) Engineering Manpower. Because of the lack of sufficient engineering 
manpower in some of the Forest Service Regions, it is not always 
possible to do a quality job on all Forest Service road projects 
(Ref 9). Collection of design input data is also hampered by this 
lack of manpower. 

(6) Prudent Q£erator Concept. Because a majority of Forest Service 
roads are built under Timber Purchaser Contracts by the timber 
purchaser himself, a "prudent operator" concept must be adhered to 
by Forest Service personnel when designing the roads. This 
concept requires that a road be constructed only to the standard 
and quality needed to remove the timber in the sale, therefore, 
the design life of the road is only for the length of the timber 
sale. However, if the road is needed beyond the timber sale period, 
the Forest Service may use either stage construction or supplemental 
funding to provide for higher standards and quality than needed for 
the timber sale. 

(7) Maintenance Levels. The Forest Service's maintenance management 
program designates five different levels at which maintenance is 
performed, starting with a "basic custodial care" for roads not in 
use, and continuing with each level requiring greater maintenance 
effort. This program also designates that forest roads are to be 
maintained by their users, i.e., logger, commercial haulers, and 
the Forest Service. 

(8) Diverse Design Conditions. Because the Forest Service manages 
forests throughout the United States, the design for their low
volume roads must incorporate considerations for a great variety 
of climatic and topographic conditions, in addition to considera
tion of the many different types of subgrade conditions and paving 
materials found within these areas. 

As indicated above, the problem for which a solution will be attempted 

in this research project is that of developing a pavement design and manage-

ment system for the National Forest Service that will satisfy their needs in 

terms of (1) optimizing the total pavement investment, (2) providing pavement 
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performance prediction methods for planning purposes, (3) optimizing resource 

management efforts, (4) providing a tool for evaluating the effectiveness of 

specific pavement designs, and (5) unifying pavement design efforts within 

the Forest Service. 

If, because of the basic similarities between low-volume forest roads 

and public highways, the pavement management systems already developed for 

"higher type 'l roads are used to advantage in developing this proposed system, 

then the problem can best be defined by concentrating on enumeration of major 

differences between Forest Service roads and higher type facilities. With the 

identification of these differences, an attempt can be made to formulate the 

proposed conceptual system by modifying an existing pavement management system 

to account for them. 



CHAPTER 3. FORMULATING A CONCEPTUAL SYSTEM 

In the previous chapter a statement of the problem of developing a 

pavement design and management system for low-volume Forest Service roads was 

presented. On that basis it is possible to begin the definition and formulation 

of the conceptual system. In doing this, it will first be desirable to examine 

the requirements of a general pavement management system. Once the basic 

components have been established an attempt can be made to apply with them, 

the special constraints and parameters involved in this particular problem 

to arrive at a conceptual pavement management system applicable to low-volume 

Forest Service roads. 

General System Requirements 

A pavement management system, as termed by Haas and Hutchinson (Ref 5) 

consists of a coordinated set of activities used in the planning, design, 

construction, maintenance, and evaluation of pavements. Figure 1 illustrates 

this in a logical simulation of the progression of activities that could 

be used by any agency in providing pavements. In practice it is not possible 

to isolate the various components involved in pavement management, therefore, 

a pavement design and management system synthesizes these major components 

to form an integrated framework. 

In 1967 work on such a concept was begun by Hudson, Finn, et al. on 

NCHRP Project 1-10. The interim report (Ref 2) from that project provides 

a basic framework for considering pavement design and management problems 

(Fig 2) which, while only conceptual, shows the integration of the many 
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factors involved in the problem. This is a broad, encompassing framework 

that allows for considerable variation of models and details within each 

major subsystem. As can be seen in Figure 2, the main elements of the sys

tem are (1) inputs, (2) a structural design subsystem, (3) system outputs 

and responses combining to form the system output function, (4) decision 

criteria, and (5) an optimization technique for use in comparing the perfor

mance of alternative designs. Other important concepts included in the 

pavement design system are stochastic variation of variables, feedback within 

the system, and interaction between variables. 

In an attempt to apply this system concept to real world situations, 

Texas Highway Department Research Project 123, I~ Systems Analysis of 

Pavement Design and Research Implementation" (Ref 1), was initiated at The 

University of Texas and Texas A & M University by the Texas Highway Depart

ment. As a result a computerized working pavement design system was devel

oped for flexible highway pavements (Fig 3) which is now being implemented 

in the design and management of Texas highways. 

conceptual Basis 

After extensive examination of these and other works (Refs 1 to 6), we 

decided that the Flexible Pavement System type of working pavement design 

system developed in Texas offered an excellent conceptual base from which 

a pavement design and management system could be formulated for low-volume 

Forest Service roads because its flexible framework allows for considerable 

variation of models and its success is proven in real world situations. 

This Pavement Design Framework was broken down into a series of basic com

ponents for purposes of examination (inputs, structural design, output, decision 

criteria, optimization process). Each of these subsystems were then defined 

and evaluated in terms of their function in the design and management of low

volume roads. 
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Evaluation of Subsystems 

In evaluating the major components of the Flexible Pavement System 

in terms of their function in the design of low-volume roads, the project staff 

first looked at the system as a whole, studying the part each individual sub

system played in the design and management of a pavement. Using information 

and data obtained through the review of numerous references on low-volume roads 

and pavement design and management systems development, an attempt was made 

to rate each major subsystem as to (1) the current knowledge available on the 

subject and (2) the estimated difficulty expected in defining the subsystem 

for use in a pavement management system for low-volume forest roads. This 

approach gave a better idea as to which areas would require the most effort 

in developing the proposed conceptual system. Although each major subsystem 

received considerable study and evaluation, it was felt that inputs, decision 

criteria, and system outputs should receive the major portion of the research 

effort since they represent the areas of greatest uncertainty in defining 

this conceptual system. 

In evaluating the individual subsystems, the project research staff 

divided each into a series of its basic components, then each of these 

component parts was thoroughly examined and, where necessary, further broken 

down to facilitate a more complete evaluation. An attempt was then made to 

define these subsystems as they would be used in a low-volume road pavement 

management system. For example, extensive lists of input variables and 

decision criteria were developed that took into consideration the many 

special constraints and design parameters typical for low-volume roads. 
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Where definition of a subsystem was not possible, because the need 

for research was beyond the scope of this conceptual study, relevant 

questions and ideas were formulated for consideration in the eventual 

development of the subsystem definition. For example, when evaluating the 

structural design subsystem, the adequacy of a single pavement design method 

for all types of Forest Service roads was seriously questioned, and as a 

result, an idea was developed that divided this subsystem into two parts, 

allowing different structural design methods to be considered for paved 

and unpaved roads. 

"Brainstorming Session" 

In addition to the extensive literature review previously mentioned, 

an essential part of this initial evaluation of subsystems was the interaction 

and exchange of information between the research staff and Forest Service 

personnel. In an attempt to further this interaction, a "brainstorming 

session" was held at The University of Texas in Austin on March 20-22, 1974. 

At this meeting the results of the project research staff's initial evalua

tion was presented and discussed in order to obtain "field input" from the 

Forest Service. A summary of the ideas and discussions presented at this con

ference including those on (1) system input variables, (2) decision criteria, 

(3) terminology, (4) pavement performance, (5) the decision making process 

within the Forest Service, (6) pavement failure, and (7) special constraints 

and considerations for Forest Service roads, was prepared by the project staff 

and is presented in Appendix B along with revised lists of input variables 

and decision criteria developed at the brainstorming session. 



This brainstorming session not only presented an opportunity for the 

research staff to draw on the valuable experience of Forest Service field 

personnel in obtaining information in many areas of low-volume road design 

and management, but also helped familiarize Forst Service personnel with 

the project and encouraged their direct participation in its development. 

"Importance Rating" 
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Because such a large amount of subject matter was discussed at the 

brainstorming session, a comprehensive evaluation of the relative significance 

of each variable as compared with other variables was not possible in most 

cases. Therefore, the session attendees agreed that it would be advantageous 

in the further development of the project to follow up the conference with 

a rating analysis of the importance of the various items in the proposed 

pavement management system. It was felt that the information obtained from 

this "importance rating" could be used to great extent in setting priorities 

for developing the major subsystems of a pavement management system for 

low-volume Forest Service roads. 

Instructions for the Rating Analysis 

The following "Instructions for the Rating Analysis t " which was sent 

to all conference attendees by the project staff, explains what was 

included in the "importance rating" and the procedures used to rate the 

material. 
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INSTRUCTIONS FOR RATING ANALYSIS 

1. Please read the enclosed IISummary of FS-1 'Brainstonning Session I" 
written by the project staff. 

II. On sheets labeled "Comments on Summary" please comment on: 

(1) Any area of discussion in the summary that might be a 
misinterpretation of the ideas actually discussed at the 
"brainstonning session." 

(2) Any relevant ideas mentioned during the session that do not 
appear in the summary. 

(3) Any new ideas that have come to you since the session that 
might be helpful in developing the PMS for the Forest Service. 

III. On the appropriate sheets, please rate each of the input variables 
and decision criteria listed as to their importance to the proposed 
PMS, your expertise on the subject, and its relative "state of the 
art" within the Forest Service. The importance of each item to 
the proposed PMS should be rated on a 0.0 to 5.0 scale. A rating of 
0.0 would indicate that you believe the item to be of absolutely no 
importance. A rating of 5.0 would be used to express your opinion 
that the item is extremely important to the proposed PMS. Other 
degrees of perceived importance can be expressed by selecting an 
appropriate number between these extreme values using a standard 
format of two significant figures with one figure to the right of 
the decimal. In rating your expertise on the subject, a 0.0 to 5.0 
scale is also used with a 0.0 rating indicating that you strongly feel 
you know nothing whatsoever about the item in question and a 5.0 
rating indicating that you consider yourself an expert on the subject. 
When rating the "state-of-the-art" within the Forest Service of a 
particular item, please use the following two scales to indicate your 
approximate feelings. 

Scale 1 - Available Information on Item 

A - Very little or no information is available to Forest 
Service on this item. 

B - Limited information is available on this item 

C - Information on this subject is complete 

Scale 2 - Collection of Information 

1 - Major difficulty would be encountered in collecting 
data on this subject. 

2 - Minor difficulty would be encountered in collecting 
data on this subject. 

3 - No difficulty would be encountered in collecting data 
on this subject. 
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Please comment if there is any question on interpreting the meaning 
of any particular item. If there is, indicate your interpretation of 
the item. 

IV. On the sheets labeled "Rating of Special Constraints and Consider
ations," please rate on a 0.0 to 5.0 scale, as explained previously, 
your Opinion of how important to the proposed pavement management 
system are each of the seventeen items listed in this category on 
pages 5-7 of the summary. Comments would also be appreciated on 
any of the items themselves or the ratings assigned to them. 

V. On the sheet labeled "Definitions," please indicate how you would 
define each of the terms listed. 
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Analysis of Importance Rating 

In analyzing the returns of the importance rating, the project research 

staff first reviewed the comments on the '~ummary of the brainstorming session" 

written by the participants of the conference. These comments clarified a number 

of misinterpreted ideas on Forest Service operations held by the project 

staff, in addition to expressing field views on such relevant topics as pave-

ment failure, serviceability measurements, and decision criteria. 

We next evaluated the ratings received for the input variables and the 

decision criteria. This was done by first finding the 'weighted" mean 

importance rating for each variable. By 'weighted" is meant that the rating 

given each variable by a rater is adjusted by his expertise level on the sub-

ject in calculating the average importance rating. In other words, the 

importance rating of a variable by an individual who considers himself an 

authority on the subject will weigh more heavily in the computation of the 

'weighted" mean importance rating than will that by an individual who knows 

little on the subject of whieh the variable is a part. 

The 'weighted" mean importance rating was calculated using Equation (1). 

k (I x E) 
~ E 

(1) 

In this equation the product of the importance ratings (I) and the expertise 

rating (E) is summed over the number of ratings for a particular variable. 

This value is then divided by the sum of the expertise rating for that vari-

able to arrive at the 'weighted" mean importance rating. Figure 4 illustrates 

this procedure of calculating a 'weighted" mean importance rating. Hypothet-

ical data is used for the different importance and expertise ratings for this 

example. 
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Ratings for Variable X l:(I X E) 
I X E l:E 

Importance (I) Expertise (E) . 
4.5 4.0 18.00 

3.0 2.0 6.00 69.1 ~ 1 
17.0 • 

4.0 4.5 18.00 

4.2 3.5 15.70 

3.8 3.0 11.40 

:E 19.5 17.0 69.10 
Raw Mean = ~ 

Median Rating = 4.0 

Fig 4. Example calculation of a 'weighted" mean importance rating. 
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As shown in the Rating Analysis Summary for input variables and decision 

criteria, Figure 5, these 'weighted" importance ratings ranged from a high 

of 4.95, for the 'use of initial construction cost as a decision criteria," 

to a low of 1.73, for the 'use of static loads in the characterization of loads 

on pavement structure." 

While recognizing the potential significance of the 'weighted" mean 

importance ratings in the evaluation of the system variable, we felt that 

it was also important to look at the raw mean importance rating and also at 

the median importance rating for each variable. These can be used in com

parisons with the 'weighted" mean ratings to examine hidden discrepancies in 

the use of this 'weighted" rating as a representation of the potential relative 

importance of variables to a pavement management system for low-volume Forest 

Service roads. All data averages are given in Figure 5. 

In comparing the raw mean and median values with the 'weighted" mean 

importance rating for all the variables, few substantial variations were 

found. Those that were discovered received careful study by the project 

staff with the eventual observation that, in all cases, large variations were 

the result of inconsistent ratings by individuals that rated themselves 

low in expertise on the subject being rated. It was, therefore, agreed that 

the 'weighted II mean importance rating would be a sufficient representation 

of the relative importance of each variable to the low-volume road pavement 

management system, as seen by the conference attendees, and as such, were used 

to define the potential input and decision criteria subsystems of the pro

posed system. 

The state-of-the-art ratings (defined in the "Instructions for the 

Rating Analysis") that are included in the Analysis Summary, Figure 5, are 

the approximate average values of those ratings fiven by the conference 
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INPUT VARIABLES 

'Weighted" Raw 
Mean Mean Median 

Importance Importance Importance State-of-Art 
Rating Rating Rating 

Item (0.0 to 5.0) (0.0 to 5.0) (0.0 to 5.0) (A-C) (1-3) 

LOAD AND TRAFFIC VARI-
ABLES 

Total Load 4.37 4.35 5.0 B 2 

Number of Applications 4.72 4.68 5.0 B 2 

Frequency of Loads 3.17 2.85 3.0 B 2 

Speed 2.75 2.81 3.0 B 2 

Tire Pressure 3.68 3.29 4.0 C 2 

Characterization-
Distribution of Load 4.54 4.17 4.5 A 2 

Axle Spacing 3.86 3.62 3.0 B 3 

Type of Load 

(a) static 1. 73 1.85 2.0 B 2 

(b) dynamic 4.32 4.18 4.5 A 2 

Distribution of Traffic 

(a) seasonal 4.58 4.60 5.0 B 2 

(b) annual 3.58 3.46 4.0 B 2 

Surface Wear Effect-
Gravel Loss 4.23 4.14 4.5 B 1 

Lateral Distribution of 
Roadway Channelization 3.04 3.00 3.0 A 1 

ENVIRONMENTAL VARIABLES 

Rainfall 

(a) amount 3.81 3.80 3.5 B 3 

(b) intensity 3.56 3.70 3.0 B 2 

(c) seasonal distri-
bution 3.79 3.80 4.0 B 2 

Snowfall 

(a) amount 2.73 2.83 3.0 B 2 

(b) characterization 2.90 2.92 3.0 B 2 

(Continued) 

Fig. 5. Rating analysis summary for input 
variables and decision criteria. 
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INPUT VARIABLES 

'Weighted" Raw 
Mean Mean Median 

Importance Importance Importance State-of-Art 
Rating Rating Rating 

Item (0.0 to 5.0) (0.0 to 5.0) (0.0 to 5.0) (A-C) (1-3) 

Temperature 

(a) average 2.65 2.65 3.0 B 3 

(b) range 3.36 3.35 3.0 B 3 

Soil Type 4.11 4.04 4.0 B 2 

Freeze-Thaw Cycle 4.21 4.23 4.0 . B 2 

Vegetation 2.41 2.31 2.0 B 2 

Area Sensitivity 3.10 3.31 3.0 B 2 

Exposure-North Side 3.15 3.12 3.0 C 3 

Topography-Drainage 

(a) surface 4.38 4.30 4.0 B 2 

(b) subsurface 4.60 4.50 5.0 B 1 

Snow Removal 3.77 3.12 4.0 B 3 

CONSTRUCTION VARIABLES 

Quality Control 

(a) thickness 4.58 4.57 5.0 B 2 

(b) smoothness 3.14 3.19 3.0 B 2 

(c) compaction 4.60 4.57 5.0 B 3 

(d) material 4.62 4.70 5.0 B 3 

(e) moisture and 
temperature 3.97 3.92 4.0 B 2 

W6rk Technique 

(a) Forest Service 
appropriated funds 3.18 3.15 3.0 C 3 

(b) timber sales 3.55 3.54 4.0 C 3 

(c) regional specs 2.45 2.50 3.0 C 3 

Equipment Availability 3.66 3.54 4.0 B 3 

Exposure 2.97 2.73 3.0 B 2 

Personnel-Skill Level 4.16 4.11 4.0 B 2 

Fig 5. Continued. 
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INPUT VARIABLES 

'Weighted If Raw 
Mean Mean Median 

Importance Importance Importance State-of-Art 
Rating Rating Rating 

Item (0.0 to 5.0) (0.0 to 5.0) (0.0 to 5.0) (A-C) (1-3) 

Construction Length 3.11 3 00 3.0 C 3 

Topography-Geometries 3.93 3.85 4.0 B 3 

Equipment 

(a) environmental 
impact 3.39 3.33 3.0 . B 2 

(b) adaptability 3.49 3.54 3.0 B 2 

Subgrade Properties 

(a) k value 4.87 4.77 5.0 B 2 

(b) permeability 4.27 4.37 4.0 B 2 

(c) gradation 4.12 4.15 4.0 B 2 

Type and Quality of 
Paving Material Available 4.58 4.30 5.0 B 2 

Testing Equipment 
Available 3.55 3.42 3.0 C 3 

Cross-Section 3.95 3.65 4.0 C 3 

Stabilization Program 4.28 4.36 4.5 B 2 
'-

Frost Design 3.82 3.92 4.0 B 2 

Layers 

(a) number 3.74 3.75 4.0 B 3 

(b) thickness 4.58 4.58 5.0 B 3 

(c) arrangement 4.34 4.25 4.5 C 3 

MAINTENANCE VARIABLES 

Level of Maintenance 4.45 4.50 4.5 C 2 

Road Users 3.79 3.80 4.0 B 2 

Available Funds 3.96 3.88 4.0 B 2 

Personnel 

(a) force account 3.33 3.33 3.5 B 2 

(b) timber purchaser 3.40 3.41 4.0 B 2 

(c) contract 3.20 3.08 3.0 B 2 

Fig 5. Continued. 
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INPUT VARIABLES 

'Weighted" Raw 
Mean Mean Median 

Importance Importance Importance State-of-Art 
Rating Rating Rating 

Item (0.0 to 5.0) (0.0 to 5.0) (0.0 to 5.0) (A-C) (1-3 ) 

Turn Over to Other 
Agency 3.39 3.23 3.0 C 3 

Rehabi li ta tion 

(a) patching 3.49 3.36 3.5 B 2 

(b) sealing 3.90 3.66 4.0 B 2 

(c) overlaying 4.11 3.91 4.0 B 2 

(d) gravelling 4.14 4.08 4.0 B 2 

Type of Equipment 
Required 3.36 3.38 3.0 C 3 

OPERATIONAL VARIABLES 

Controlled Use 4.40 4.38 4.0 B 2 

Control on 

(a) loading 4.14 4.69 5.0 B 2 

(b) speeding 2.98 3.00 3.0 B 2 

Time Lag in Funds 4.00 4.00 4.0 B 1 

Operational Planning-
Enforcement 

(a) snowplowing? 2.30 2.16 2.0 B 2 

(b) major hauling all 
allowed? 4.20 3.70 4.0 B 3 

CONSTRAINTS 

Maximum Allowable Cost 

(a) initial 
construction 4.60 4.54 5.0 B 2 

(b) total maintenance 4.17 4.23 5.0 B 2 

Minimum Layer Thickness 4.49 4.46 5.0 C 3 

Minimum Time Until 
First Major Maintenance 4.28 4.15 5.0 A 2 

Minimum Time Between 
Major Maintenance 4.23 3.92 4.0 B 2 

Fig 5. Continued. 
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INPUT VARIABLES 

''Weighted'' Raw 
Mean Mean Median 

Importance Importance Importance State-of-Art 
Rating Rating Rating 

Item (0.0 to 5.0) (0.0 to 5.0) (0.0 to 5.0) (A-C) (1-3) 

Environmental 
Constraints 4.35 4.23 4.0 A 2 

Political 4.16 4.00 4.0 B 2 

Management 4.23 4.30 4.0 C 2 

Prudent Operator 
Concept 3.56 3.62 3.0 C 3 

Design Life 4.50 4.54 5.0 C 2 

Fiscal Year 2.69 2.64 3.0 C 3 

DECISION CRITERIA 

(1) Cost 

(a) initial 4.95 4.92 5.0 C 3 

(b) maintenance 4.18 4.23 5.0 B 2 

(c) user 3.74 3.85 4.0 B 2 

(d) operational 3.83 3.69 4.0 B 2 

(2) Funds 

(a) available 4.73 4.69 5.0 B 2 

(b) probability of 
additional 4.24 4.15 4.0 A 2 

(c) type 3.61 3.08 3.0 C 3 

(3) Riding Quality 3.18 3.15 3.0 A 2 

(4) Safety 

(a) skid resistance 3.11 3.08 3.0 A 2 

(b) dist 4.42 4.08 4.0 B 2 

(c) geometric-
shoulders 3.21 3.00 3.0 A 2 

Fig 5. Continued. 
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DECISION CRITERIA 

'Weighted" Raw 
Mean Mean Median 

Importance Importance Importance State-of-Art 
Rating Rating Rating 

Item (0.0 to 5.0) (0.0 to 5.0) (0.0 to 5.0) (A-C) (1-3) 

(d) guard rail-
cross section 2.97 2.85 3.0 B 2 

(5) Administrative 
Requirements 4.00 3.92 4.0 C 3 

(6) Function of the Road 4.35 4.23 5.0 C 3 

(7) Service Requirements 3.87 3.72 4.0 B 2 

(8) Environmental Impact-
Optimize 4.42 4.38 4.5 A 2 

(9) Confidence Level 3.90 4.00 4.0 A 1 

(10) Stage Construction 4.19 4.08 4.0 B 2 

Fig 5. Continued. 
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participants for each variable. These ratings, representing the present and 

the anticipated future availability of data for inputs to the system, have 

been used in the definition of the input and decision criteria subsystems 

to evaluate the feasibility of collecting information for the various inputs 

to the operational low-volume road management system. 

For the evaluation of the special constraints and considerations ratings, 

mean and median importance ratings were calculated for each individual item, 

the results of which are presented in Figure 6. In comparing these values, 

only one item was found to have a substantial variation. This item was No. 10, 

''Keep the system simple." The mean rating for this item was 4.07, while its 

median rating was 5.0. It was found in an examination of the returns for 

this rating that, while a majority of the conference attendees felt that it 

was extremely important to I~eep the system simple," a few of the raters 

felt that this was relatively unimportant and therefore rated it low, thus 

causing a large variation in the mean and median ratings for this item. 

The results of the ratings evaluations for all the individual constraints 

and special considerations were used as an indication of the conference 

attendees feeling as to their inclusion in the conceptual pavement management 

system. 

To begin the definition and formulation of the proposed conceptual 

pavement management system for low-volume Forest Service roads, it was first 

necessary to examine the requirements of a general pavement management system. 

Once the basic components had been established as consisting of five major 

subsystems, (1) inputs, (2) a structural design subsystem, (3) system outputs, 

(4) decision criteria, (5) an optimization process, an evaluation as to their 

application in the design and management of low-volume forest roads was 

possible. This evaluation involved an initial examination and attempted 



Mean Median 
Item Importance Importance 

Number rating rating 
Page 6 - Summary (0.0 - 0.5) (0.0 - 0.5) 

(1) Unpredictable traffic 
on Forest Service Rds. 3.15 3.0 

(2) "Prudent Operator" 
Concept 2.85 3.0 

(3) Who will use PMS? 
'-\ 1 ') 4.0 

(4) Control of Timber 
traffic on F .S. Rds. 3.80 4.0 

(5) Fatigue Failure ? R"i 1 .0 

(6) Classes of traffic 
on Forest Service Rds. 3.92 4.0 

(7) Influence of surface 
type on F. S. Rds. 4.00 4.0 

(8) Does black paving on 
F.S. Rd. increase 
safety? 3.00 3.0 

(9) The PMS for F.S. Rds. 3.73 4.0 
(10) Keep the system simple 4.10 5.0 
(11) Poor regions and the PMS 2.95 3.0 
(12) Frost heave on gravel 

2.63 3.0 roads 

(13) Acceptance of PMS 
design models 4.15 4.0 

(14) Collection of input data 4.62 5.0 
(15) Separate systems for gravel 

and black paved roads 3.75 3.0 

(16) Naming of PMS 2.80 2.0 
(17) Administrative constraints 3.92 4.0 

Fig 6. Mean and median importance ratings of special 
constraints and considerations. 

32 
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definition of the subsystems by the project staff, followed by a '~rainstorming 

session" during which valuable "field input" on subsystem definitions were 

conducted. The results of the analysis of this rating, summarized in Figures 

5 and 6, will be used extensively in the further definition of the subsystem 

presented in the following chapter. 



CHAPTER 4. MAJOR SUBSYSTEMS 

Following the extensive evaluation, presented in Chapter 3, of the major 

subsystems that would be needed in a pavement management system for low

volume forest roads, it is now possible to attempt a final definition of 

the individual subsystems using the results of this evaluation as a guide to 

the requirements of the proposed system. Because of the many complex factors 

involved in the development of a low-volume road pavement management system, 

complete definition of some of the subsystems was not possible. In these 

areas reve1ant ideas and recommendations were formulated for consideration 

in the eventual development of the complete subsystem definition. 

System Inputs 

Inputs to a pavement system represent the information and tools that the 

designer should have to adequately design and manage a road pavement. These 

inputs which represent the conditions under which the pavement must function 

are transformed into outputs by the system, in light of the established goals 

and objectives. In representing a pavement design system for low-volume 

Forest Service roads, seven different categories of input variables were used, 

(1) load and traffic variab1e~, (2) environmental variables, (3) construction 

varables, (4) structural design variables, (5) maintenance variables, (6) 

operational variables, and (7) constraints. Within these categories fall the 

variables that are considered essential to the development of a system 

that will satisfy Forest Service needs for pavement design and management. 

34 
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For the definition of the system input variables, it was advantageous 

to use the results of the "importance rating" discussed in the previous 

Chapter, specifically the "weighted" mean importance ratings. In reviewing 

these "weighted" ratings, it was estimated, based on a total comparison of 

the ratings for all varibles, that a rating of less than 3.00 indicated that 

a variable was not considered essential to the proposed system, and that a 

variable with a rating between 3.00 and 3.50 was questionable as to its use

fulness in the proposed system. Those variables with a rating greater than 

3.50 were felt to be of the greatest significance and deserving of strict 

evaluation during the actual development of the system and its models. 

Therefore, the input subsystem definition for the proposed Forest Service 

pavement management system consists of the variables categorically listed 

in Table 1 in the order of their estimated importance to the system. In 

the further development of the proposed system, this list of variables should 

not be used as a limit to the program inputs, but rather as a guide to satisfy 

the need of such a system. 

An important aspect that must be considered in relation to input 

variables and their effect on the system is the variable interaction between 

and within the major categories. While some variables act independently to 

influence the system output, the effect of most variables on the output depends 

on the level of one or more other variables or parameters in the system. This 

can be illustrated by the fact that while ''number of applications" is an 

important traffic input variable its relevance to the system depends mainly 

on the "total load" of the individual applications. For example, 50 applica

tions of a 100-kip load would have a much greater influence on the system's 

output than would the same number of two-kip applications. Interactions are 
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TABLE 1. INPUT VARIABLES 

Load and Traffic Variables 

Number of Applications (4.72)* 
Distribution of Traffic 

(a) seasonal changes (4.58) 
(b) annual changes (3.53) 

Characterization-Distribution of 
Loads on Vehicles (4.54) 
Total Load (4.37) 
Type of Loading (4.32) 
Axle Spacing (3.86) 
Tire Pressure (3.68) 

Construction Variables 

Quality Control 
(a) material (4.62) 
(b) compaction (4.60) 
(c) thickness (4.58) 
(d) moisture and temperature (3.97) 

Personnel-Skill Level (4.16) 
Road Geometrics (3.93) 
Equipment 

(a) availability (3.66) 
(b) environmental impact (3.49) 

Maintenance Variables 

Level of Maintenance (4.45) 
Type of Rehabilitation 

(a) gravelling (4.14) 
(b) overlaying (4.11) 
(c) sealing (3.90) 

Available Funds (3.96) 
Road Users (3.79) 

Constraints 

Maximum Allowable Cost 
(a) initial construction (4.60) 
(b) total maintenance (4.17) 
(c) user's 

Design Life of Road (4.50) 
Minimum Layer Thickness (4.49) 
Environmental Constraints (4.35) 

Environmental Variables 

Drainage 
(a) surface drainage (4.38) 
(b) subsurface drainage (4.60) 

Freeze-Thaw Cycle (4.21) 
Soil Type (4.11) 
Topography (3.93) 
Rainfall 

(a) amoun t (3.81 ) 
(b) seasonal distribution (3.79) 
(c) intensity (3.56) 

Area Sensitivity to Lans1ides (3.50) 
Temperature Range (3.36) 

Structural Design Variables 

Sub grade Properties 
(a) strength (4.87) 
(b) permeability (4.27) 
(c) gradation (4',.12) 

Type and Quality of Paving Material 
Available (4.58) 
Layers 

(a) thickness (4.58) 
(b) arrangement (4.34) 
(c) number (3.74) 

Stabilization Policy (4.28) 
Cross-Section (3.95) 
Frost Design (3.82) 
Testing Equipment Available 

Operational Variables 

Controls on Road Use (4.40) 

(3.55 ) 

Time Lag in Obtaining Funds (4.00) 
Operational Planning and Enforcement 

(a) allowance for major 
hauling (4.20) 

(b) snow removal (3.77) 

Minimum Time Until First Major Maintenance (4.28) 
Minimum Time Between Major Maintenance (4.23) 
Constraints from Management (4.23) 
Political Constraints (4.16) 
Prudent Operator Constraints (3.56) 

*(x.xx) = 'weighted II mean importance rating 
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usually expressed in a mathematical model in the form of cross product terms. 

A typical example of this, using the above illustration, is the use of the 

cross product term, W. = 
~18 

N.e. (number of 18-kip single-axle load appli
~ ~ 

cations) in the AASHO pavement design procedure where e. 
~ 

is a function of 

"total load" and Ni represents 'number of applications" (Ref 7). 

When developing the mathematical models for the system, it must be kept 

in mind that quantification of many of these variables will be difficult. For 

example, a problem may arise in attempting to define Personnel Skill Level 

or Area Sensitivity to Landslides in terms suitable for use in a mathematical 

model or equation. 

In addition, recent studies (Ref 28) in statistical quality control of 

pavement properties have indicated that large variability exists in the 

as-constructed properties of pavement materials, along with a significant 

amount of uncertainty' in traffic forecasting. Therefore, it will ultimately 

be desirable to investigate these and other possible uncertainties in pre-

dieting input variables and to develop methods of considering them in the sys-

tem. 

Structural Design 

The structural design subsystem is best described as a model which relates 

inputs to outputs as the pavement relates the inputs to the outputs, 

in other words, this model generates responses and outputs as a function of 

the inputs. The structural design model used in a system might be very 

simple in concept, such as an empirical index value, or it might be compara-

tively complex, for example, layer theory. Whatever model is used, though, 

must effectively predict the system outputs for the type of pavement being 

considered. For example, although Westergaard equations could be used in a 



structural design subsystem for rigid pavements, they would not be effective 

in designing a flexible layered pavement. 
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In terms of structural design, Forest Service roads can be classified into 

three categories, paved roads (includes hot-mix AC, built-up mats, and surface 

treatment), aggregate surfaced roads, and unsurfaced roads. From references 

on low-volume road design (Ref 17-21), it was found in the majority of cases 

that design variables for aggregate surfaced and unsurfaced roads were essen

tially similar, and that the pavement perfoL~ance for roads in these two 

categories were usually characterized by the same parameters. 

This was not the case for paved roads and unpaved roads (aggregate or 

unsurfaced). Design factors such as those for environmental variables are 

usually different for pavements on these two types of roads. For example, the 

amount of rainfall in the area would be a critical design factor for an unpaved 

road because of its effect on aggregate loss for gravel roads and shear strength 

or stability of natural soil roads, while f~r a well drained paved road 

rainfall quantity would only be a significant factor when expansive soils were 

also encountered in a pavement area. Type and magnitude of distress on unpaved 

roads is also quite different from those found on paved roads. On unpaved 

roads, surface abrasion (dusting) or aggregate loss is considered a critical dis

tress, but for paved roads it is seldom used as a design criteria. Maintenance 

activities, as considered in the total pavement management system, also differ 

considerably for pavements on these two types of roads. 

In evaluating the function and form of the structural design subsystem 

in the design and management of low-volume Forest Service roads pavements, it 

seemed that, because of the major differences in characteristics and behavior 

of the pavements on unpaved roads versus those on paved roads, it may be 

desirable to use separate structural design subsystems within the system for 

these two types of roads. 



Ideas for the development of these separate subsystems will be treated 

in Chapter 5 of this report. 

System Responses and Output 
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The outputs of a pavement management system are generated from measure

ments of the mechanical state of the pavement. As can be seen in Figure 2 

the structural design model is used to predict the behavior of a pavement 

when it is subjected to an environment, as represented by the system inputs. 

Pavement behavior is described by primary responses which include measurable 

quantities of deflection, stress, strain, deformation, and deterioration. 

When these primary responses reach some limiting value, distress occurs in 

the form of rupture, distortion, or disintegration. Then, as a function of 

these predicted values of distress, the pavement's "serviceability," or its 

ability to serve traffic, is determined at any point in time in terms of rid

ing quality, skid resistance, users cost, or other critical design criteria. 

The major outputs of a pavement design system can be represented by 

serviceability-age histories of the pavement as illustrated in Figure 7. The 

form of output to be used must be defined in accordance with what the various 

pavement management activities are trying to achieve as an end product. For 

example, because the objective of most higher type roads is to provide a smooth 

riding surface on which travelers will have a comfortable ride, many highway 

pavement designs incorporate the present serviceability concept developed by 

Carey and Irick (Ref 6) which uses riding quality as its major decision 

criterion. 

In evaluating the form of output to be used in the Forest Service pave

ment design system, it seems that because the purpose of most low-volume 

roads is to provide a means of serving traffic at the least cost to both 
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the user and the road builder, a function of the total cost of providing 

this service should be used as the major decision criteria. In addition, 
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it should be noted that becasue this proposed pavement management system 

will be applied to pavements on both paved and unpaved roads, its final form 

of output should be one that will be applicable to all the different types 

of pavement surfacing used by the Forest Service. This will allow for com

parisons to be readily made between the performances of pavements with 

different surfacing types. 

Because the project staff believes that the representation of system 

outputd will be one of the key problem areas in the development of the actual 

Forest Service pavement management system, a more detailed discussion of the 

ideas presented here is given in Chapter 5 of this report. 

Decision Criteria 

Decision criteria are rules defined for the purpose of choosing the best 

among alternative designs that have been proposed and analyzed in the system. 

They are used in two ways to accomplish this purpose. First, they are 

utilized in establishing a minimum acceptable level of serviceability below 

which the pavement does not satisfactorily serve its intended purpose and 

can be said to have "failed". This acceptable level of serviceability is 

shown as a horizontal dashed line in the system output functions of Figures 2 

and 3. This level of acceptability then provides a basis for comparing and 

optimizing the system output, from which decision criteria again are used, 

this time to choose the best design among those that satisfy the constraints 

of the system. 

According to Haas (Ref 27) there are four requirements that decision 

criteria should be capable of satisfying: 
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(1) It must unify competing objectives. This is pragmatically achieved 
through a functional relationship of benefits and costs. 

(2) In most planning or design problems, many outputs cannot be ex
pressed in monetary terms. The decision rule should provide for 
the inclusion of these variables. 

(3) The point-of-view stated in the objectives must be reflected in 
the decision rule. 

(4) The decision criterion must be capable of identifying that alter
native which is best or optimal in terms of the state of objectives. 

The decision criteria listed in Table 2 are those indicated by the 

results of the "importance rating" analysis as having the greatest influence 

on design decisions made by the Forest Service for their roads. As with the 

input variables, it was estimated that the decision criteria receiving a 

"weighted" mean importance rating greater than 3.50 were of the greatest sig-

nificance and should be included in the proposed system. 

Optimization Process 

The optimization phase of a pavement management system is concerned with 

quantifying the outputs that have been predicted for the various alternative 

solutions and selecting the best alternative according to the decision criteria 

defined for the system. 

There are numerous analytical techniques used to arrive at optimum 

combinations of equipment operation, material, maintenance procedures, etc., 

using the constraints of the system and an objective function such as the 

minimization of cost or time. Some widely used analytical techniques include 

linear programming, dynamic programming, and linear graphics. 

An optimization model similar to that developed under Texas Highway 

Research Project 123 and used in FPS-3 (Ref 1 ) would probably be best for 

a low-volume road pavement design and management system because of its use of 

overall cost as a basis for determining optimal designs. This model uses a 



TABLE 2. DECISION CRITERIA 

Cost 

(a) Initial (4.95)* 

(b) Maintenance (4.18) 

(c) Operational (3.83 ) 

(d) User (3.74) 

Funds 

(a) Available (4.73) 

(b) Probability of additional (4.24) 

(c) Type (3.61) 

Safety (dust) (4.42) 

Environmental Impact (4.42) 

Function of the Road (4.35) 

Stage Construction (4.19) 

Administrative Requirements (4.00) 

Confidence Level (3.90) 

* (x.xx) = 'weighted" mean importance rating 
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modified branch and bound technique with the principal that if a design is 

more expensive and at the same time has less strength than some other design 

then it cannot produce a better design and is therefore discarded. 



CHAPTER 5. A CONCEPTUAL PAVEMENT MANAGEMENT SYSTEM 

In Chapters 3 and 4 the basic requirements of a general pavement manage

ment system were presented in terms of its major subsystems. An attempt was 

then made to evaluate these basic components individually and, where possible, 

to define their composition for use in a design and management system for 

low-cost Forest Service roads. Because of the many complex factors involved 

in such a system, it was difficult to define the make-up of some of these 

major subsystems (structural design and system outputs). In these questionable 

areas recommendations are made as to how the problems might be treated. 

The intent of this chapter is to further develop these recommendations then 

combine them with the other subsystems in presenting a conceptual pavement 

management system for low-volume Forest Service roads. 

Structural Design Models 

As suggested in the previous chapter, because of the many dissimilarities 

in behavioral characteristics and design criteria between paved and unpaved 

roads, it may ultimately be advantageous to incorporate two separate structural 

design models into the low-volume road management system. Separating the struc

tural models for these two types of roads serves two main purposes. First, it 

affords more accuracy on distress predictions, and second, it allows separate 

serviceability functions to be considered for the different pavement types. 

In addition, it may make it possible to present a simpler, more useful system 

for routine use. 

45 
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A pavement structural design model consists of physical models used to 

simulate the real world load response, of a pavement throughout the 

analysis period. Three basic kinds of models are used to accomplish this for 

most pavement structures: 

(1) Traffic models consist of a traffic equation used to predict the 
amount of traffic which will have passed over a road after any 
length of time, usually in terms of a single equivalent axle load. 

(2) Structural capacity models determine the strength of the resistance 
to the environment of the different pavement structural designs 
being evaluated. 

(3) Performance models use the results of traffic and structural capac
ity models to predict the behavior of the pavement, at any time, 
in terms of its serviceability or ability to serve traffic. 

Paved Roads 

The Forest Service presently uses the "AASHO" Pavement Design Method as 

presented in Chapter 50 of their Transportation Engineering Handbook (Ref 29) 

for the structural design of their paved roads. In evaluating alternative 

structural designs under a simulated real world environment this pavement 

design method incorporates the three basic kinds of physical models described 

above. Its traffic model, equation (1), uses traffic equivalence factors 

(ei ) to convert the number of vehicles in mixed traffic (NT) by percentage 

of axles in each load group (Pi) to a total equivalent 18-kip single-axle 

load that will travel over the pavement during its analysis period. 

n 

L: 
i=l 

P.e. 
~ ~ 

(1) 

The structural capacity model used in the AASHO design method is given 

by equation (2). This model sums the products of the thickness of the individ-

ua1 pavement layers (D.) and the relative strength of the material in each 
~ 



layer, represented by layer coefficients (a.), over the total structural 
1 

depth to obtain the pavement's structural number (SN), indicating its 

capacity to resist distress. 

SN + •.• + a D 
n n 
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(2) 

The AASHO performance model (Ref 7) is based on empirical relationships 

derived from the AASHO Road Test, supplemented by theory and by data developed 

from current practices of highway construction agencies. This model, equa-

tion (3), predicts the present serviceability of a pavement as defined by 

Carey and Irick (Ref 6), in terms of riding quality. 

where: 

G 
t 

A (logm - log D) 
T 

a function of the ration of loss in serviceability at time t to 
the potential loss taken to a point where Pt = 1.5 

= a function of design and load variables that influence the shape 
of the p-versus- serviceability curve 

axle load application at end of the time t. 

(3) 

p = a function of design and load variables that denotes the expected 
number of axle load applicaltions to a serviceability index of 1.5. 

p = serviceability at end of time t. 
t 

Although the AASHO pavement design method is considered by many highway 

agencies to produce a superior structural design, as indicated by its wide 

use, it does have some deficiencies, especially when it is applied to low-volume 

Forest Service Roads. For example, the equivalence factors used in the traf-

fic model, equation (1), to convert mixed traffic loads to a common denominator 

of IS-kips were empirically developed using a function of the relationship of 

loads to pavement damage. Therefore, these equivalence fac/tors are reasonably 



48 

accurate over the range of loads applied at the Road Test, but are little more 

than guesses for extrapolations beyond this point (see Fig 8). Because many 

Forest Service roads receive loads substantially larger than those applied 

at the AASHO Road Test, the total equivalent l8-kip single axle load (W
T 

) 
18 

obtained using the traffic model may be erroneous for these roads, consider-

ing the questionable equivalence factors that must be used in its calculation. 

Another limitation of the AASHO pavement design method as applied to 

low-volume Forest Service roads is that, although this method does provide a 

Regional Factor (R) for adjusting designs to various climatic conditions, a 

more extensive characterization of the climate and its effect on the pavement 

structure should be included in the design. The reason for this being that 

moisture and temperature have a more pronounced effect on the performance 

of thin asphalt pavements, such as those built by the Forest Service, than 

on thicker pavements, as typically used for highways (Ref 11). 

After evaluating these and other deficiencies of the AASHO pavement 

design method in its application to low-cost Forest Service paved roads and 

considering other alternative structural design methods, the project research 

staff believes that the structural design models presently used by the 

Forest Service in designing their paved roads could be used in the initial 

pavement management system and would produce satisfactory results, but upon 

further development of the system this design method would require revision 

to correct some of its major deficiencies. 

Unpaved Roads 

For design of their unpaved roads the Forest Service presently uses a 

modified AASHO procedure. The modifications are based on data accumulated 

by the U.S. Army Engineer Waterways Experiment Station. In this design 
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method the required subgrade structural number (SN) is calculated using the 

AASHO traffic and performance models, then inputing this structural number 

into a "gravel equivalency" chart, developed by the Corps of Engineers, a 

total equivalent aggregate thickness is calculated that will protect against 

a rut in excess of two inches. 

In evaluating this design procedure for use in the Forest Service pave

ment management system, major deficiencies were found in a number of areas. 

As was the case for paved roads, this unpaved road design method is weak in 

the areas of total load predictions, because of its application of the AASHO 

traffic equivalency factor concept to loads in excess of those applied at 

the Road Test, and characterization of climatic conditions and their effect 

on pavement performance. 

In addition to these limitations, this structural design method, with its 

use of the AASHO performance equation to calculate the required subgrade struc

tural number (SN), quantifies pavement serviceability in terms of PSI or, in 

other words, riding quality. As stated in the previous chapter on system require

ments, the purpose of most low-volume Forest Service roads, especially those that 

are unpaved, is to provide a means of moving traffic at the least cost to both 

the road user and the road builder. The use of riding quality as a measure of 

performance does not take into account what, considering the purpose of Forest 

Service roads, should be a major decision criteria, that being the t of the 

pavement structure. This deficiency was shown in the results of the "importance 

rating" by the fact that as a decision criteria, riding quality received a 

relatively low importance rating when compared to that of pavement cost. 

Although this modified AASHO design procedure could be incorporated into 

the structural design subsystem of the Forest Service pavement design and 
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management system, an alternative design model that would better represent 

critical design criteria for unpaved roads should be seriously considered in 

its place. 

When evaluating alternative design methods for this purpose some major 

points that should be considered are: 

(1) The models should accurately characterize the external forces which 
act on the pavement, namely the loads and the environment. 

(2) The input variables used by the model should be relatively easy to 
obtain and should represent those factors that are critical to 
the design of unpaved roads. 

(3) Distress modes predicted by the model should be those character
istic to unpaved roads, for example, pot holes, rutting, gravel 
loss, looseness of gravel, loss of cross-sectional shape, 
corrugations, and dust. 

System Output Function 

In evaluating the form of system output function to be used in the low-

volume pavement management system, it is important to keep in mind that we 

are dealing with two different types of roads, paved and unpaved, and that 

the distress modes and magnitudes of distress found on them may not be the 

same under similar conditions of load and environment. For example, critical 

distresses on a paved road may show up as cracking, rutting, and surface 

disintegration, while those on an unpaved road may be found to be gravel loss, 

pot holing, rutting, and excessive dusting. Therefore, since a pavement's 

wear-out function or serviceability must be expressed as a function of these 

measurable distresses, the wear-out functions for paved and unpaved Forest 

Service roads will necessarily be different. 

In such a system as will be developed for the Forest Service, it is 

essential that a means be provided for comparing the relative performance 
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of pavements on different types of roads. This means that it will be neces

sary to find a common denominator to which the wear-out functions for both 

paved and unpaved roads can be related. It should be stressed that this 

common denominator must be defined in accordance with what the various pave

ment management activities are 'trying to achieve as an end product. For 

low-volume Forest Service roads, this means that the common denominator 

should be relatable to the optimum cost of serving traffic needs, since this 

is the objective in providing most Forest Service roads. Once this common 

denominator has been decided upon, it will be necessary to develop relation

ships that equate it to the different wear-out functions for paved and unpaved 

roads. 

To represent pavement failure in this system using a function of the 

cost of serving traffic needs as the common denominator, a maximum cost level 

could be designated above which it is felt that the pavement would no longer 

adequately serve its intended purpose. This maximum acceptable cost level 

could then be converted to its corresponding levels of distress on the wear

out functions for both paved and unpaved roads assuming that a relationship 

based on previously observed data could be developed for this purpose. When 

the distress measurements for a road reach this level on its corresponding 

wear-out function, the pavement can be said to have failed and would require 

some type of maintenance to lower its distress to a level corresponding to an 

acceptable cost of serving traffic needs. This pavement failure concept is 

illustrated in Figure 9. 

The following is a discussion of an idea developed by the project staff 

as to how a function for the cost of serving traffic needs on a Forest Ser

vice road might be defined and how a model relating it to a distress wear-out 

function could be developed. This idea is a result of information obtained 
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through interaction with Forest Service personnel and the review of litera

ture on low-volume road research being carried out in some of the developing 

countries of the world. 

In attempting to define a cost function that can be used as a common 

denominator for comparing the relative performance of pavements on Forest 

Service paved and unpaved roads, it will first be necessary to look at the 

total cost of a pavement design. For Forest Service roads, this total cost 

can be divided into four basic cost factors, (1) an initial construction 

cost, which includes the cost of planning, designing, and constructing the 

pavement; (2) a maintenance cost, which includes the cost of routine main

tenance and the cost of resurfacing or overlaying excessively worn pavements; 

(3) a user's cost, which involves the cost to the user in terms of fuel, lost 

time, wear on vehicles, and damage to cargo due to a decrease in service

ability of the pavement, in addition to a factor for comfort, convenience, 

and safety; and (4) an environmental cost including the effect of such factors 

as dust, mud, and erosion on the environment. 

In deciding which of these cost factors should be used in the cost 

function, it must be kept in mind that, by definition, this cost function, 

or common denominator, is to be relatable to the wear-out functions of 

pavement and unpaved roads; therefore, it should vary as a function of varying 

distress in a pavement. In other words, changes in the level of distress 

in a pavement must be accompanied by changes in the cost function for that 

pavement. As illustrated in Figure 10, initial construction cost is a con

stant for a given pavement regardless of increasing distress and therefore 

can not be expressed as a function of distress. Similarly, while the cost 

of maintaining a pavement to a desired distress level does increase with 

increasing distress, it may, in reality, be constant over certain ranges 
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of distress, as illustrated in Figure 11. Therefore, it would also be dif

ficult to express maintenance cost usefully as a function of distress. It has 

been demonstrated by members of the British Transportation Road Research 

Laboratory in recent research carried out on low-volume roads in Kenya (Ref 21), 

that user's cost does vary with varying distress in a pavement structure, and, 

therefore, can be related to the wear-out function of a pavement as illustrated 

in Figure 12. Although research has not been done to support any conclusions, 

it was pointed out by Forest Service personnel that from field observations 

made, it was found that environmental cost also varies as a function of dis

tress, and therefore, should be used in the cost function. 

From this evaluation of the cost factors involved in pavement design of 

low-volume Forest Service roads, it seems that a combination of user's cost 

and environmental cost might best be used to define the cost function 

common denominator for comparing the performance of paved forest roads to 

that of unpaved forest roads. 

In developing a model that would equate this cost function to a distress 

wear-out function, a procedure similar to that used by the Road Research 

Laboratory in Kenya (Ref 21) to develop a similar relationship could be 

used. In this Kenya study, two separate areas of field work were under

taken in the research to determine,vehicle operating costs (essentially 

user's cost) as a function of road characteristics. First, experimental 

studies were conducted in which numerous measurements of fuel consumption 

and vehicle speed were taken at different distress levels on a number of 

pavement types. Then, using a multiple regression analysis technique, 

empirical relationships were derived that permitted the calculation of 

speed and fuel consumption as a function of pavement distress. In addition 

to these experimental test studies, a survey of road users was conducted 
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to obtain data by other cost inputs such as tires, vehicle maintenance and 

depreciation. As with the data for the experimental studies, a series of 

relationshps was also developed which would permit the calculation of the 

wear, maintenance, and depreciation as a function of the pavement charac

teristics. 

An experiment and survey similar to that described above seems to 
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be a feasible alternative to developing relationships between a cost function 

consisting of user's costs and environmental costs and the wear-out functions 

for paved and unpaved Forest Service roads. 

A Conceptual System 

The combination of these ideas for structural design models and 

output representation and evaluation with the previously defined major 

components of a pavement management system for low-volume Forest Service 

roads could result in a system similar to that structured in Figure 13. 

As can be seen in the diagram, the first step in the systems design 

process is the collection of all necessary input data. Once this is completed 

a summation of the predicted traffic and loads that will travel over the pro

posed road during the analysis period is calculated using the traffic model 

with pertinent input data. Depending on what type of surfacing is specified, 

a structural strength for a design of given materials and layered thickness 

values will be calculated by one of the two strength models. All this infor

mation will then be utilized in one of the performance models, again depending 

on surfacing type specified, to first determine, as an intermediate step, the 

wear-out function of the structure in terms of either a distress index for 

unpaved roads or a present serviceability index for paved roads, and finally 

to determine the performance of the structure in relation to a cost function 
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of serving traffic needs. 

When the measurable distress on a road reaches a level corresponding 

to a maximum acceptable cost level as determined by the decision criteria, 

some form of maintenance will be required to return the structure to an 

acceptable distress level. The structure is then re-evaluated according to 

the type of maintenance designated, and the extended life of the pavement 

is determined. This re-evaluation process is indicated by the dotted line from 

the serviceability-age history to the strength models in Figure 13. This 

process of extending the life of the pavement through maintenance activities 

is continued for the predesignated design life of the road structure. 

The total design and management evaluation process can be carried out for 

many different design and maintenance strategies, each one going through the 

optimization process where they are evaluated, compared and arrayed for the 

final decision. 

While only conceptual, the system described above does illustrate the 

basic requirements of a pavement management system for low-volume Forest 

Service roads. Development of a working system for such a situation is indeed 

feasible, but because of the lack of past research in the area of low-volume 

road design, considerable effort on the part of both the project research 

staff and the Forest Service will be required in future work towards its 

complete development. 

As an example of what the printout for a computerized version of the 

proposed low-volume pavement management system could be made to resemble, 

some sample problems using the FPS-3 computer program developed at The 

University of Texas are presented in Appendix C. 
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Future Development 

The actual development of the Pavement Management System will be a staged 

process. The first step will be to pull together the existing models and 

methods used by the Forest Service and to synthesize a simple working method 

which not only accounts for structural design and traffic, but which gives 

some consideration to user's costs and maintenance. 

In addition, of course, some type of decision criteria are needed and 

hopefully some type of optimization routine will be developed as soon as 

feasible. In a sense we will have therefore, a stepwise development of the 

low-cost road system. At some early date it will be desirable to start 

implementation of the system and to provide interaction between the devel-

opment and upgrading of the concept and its use in the field. Ultimately, 

the Forest Service will provide most of the improvements that will be so 

vital to the system development. 

The concept can perhaps be summarized in Figures 14 and 15. As indicateri 

in Figure 14, the basic building blocks or new and future developments involve 

the basic knowledge and methods currently used by the Service. While they are 

not perfect, they do synthesize some of the historical experience of the 

Forest Service and thus provide needed knowledge. 

Likewise, the available operating systems for pavement management (Item 

B, Fig 14) provide another major building block since the experience of develop

ing, using, and modifying these systems will be invaluable in the future 

development of the Low-Volume Road Management Systems (LOVORS). Item C represents 

the basic conceptual application of PMS to low-cost roads which has synthesized 

over the past three years among persons such as Pelzner, Taylor et al of the 

Forest Service and Hudson et al of the pavement research field. 
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Continued interaction and input into the problem from the field (Item D) 

as typified by the Project brainstorming session held in Austin in March 1974 

and discussed in detail herein, has provided the last basic foundation block 

needed for the initial conceptual system outlined herein. 

The Conceptual Low-Volume Road Management System presented herein (Item E) 

is the synthesis of the major foregoing items with of course, significant 

input from other sources and references. We feel that this basic foundation 

document provides the perspective and direction needed to develop the initial 

working system which we have tentatively dubbed LOVORS I, indicating it is the 

first in a series of improved versions which may some day be developed. 

It is anticipated that LOVORS I would result from Phase II of the current 

research activity between The University of Texas and the U. S. Forest Service. 

Figure 17 outlines in detail how these developments might proceed. Future 

improved elements in LOVORS are hypothesized in dotted lines in Figure 9. 



CHAPTER 6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

Because of the development of new information in the pavements field 

during the past decade, the complexity of the interaction of design variables 

has become better understood and the need for a systematic approach to the 

problem of pavement design and management has become evident. Thus, through 

the application of systems engineering to pavement design, a number of 

conceptual and working pavement management systems have been developed in 

recent years. This report presents the results of a study to examine and 

define a conceptual pavement design and management system for low-volume roads, 

in particular Forest Service roads. 

Summary 

As presented in Chapter 2, an essential first step in the development of 

the conceptual system was an identification of the problem through its rec

ognition and definition. Problem recognition was facilitated by acquiring 

background information and investigating the present state-of-the-art of Forest 

Service and other low-volume pavement design concepts. An assessment of the 

Forest Service needs for a pavement management system found that emphasis 

was placed on the needs of (1) optimizing the total pavement investment, 

(2) providing pavement performance prediction methods for planning purposes, 

(3) optimizing resource management efforts, (4) providing a tool for 

evaluating the effectiveness of specific pavement designs, and (5) unifying 

design efforts within the Forest Service. Problem definition was achieved 

by detailing the special constraints and considerations characteristic to 

the design of low-volume forest roads as compared with that of '~igher type" roads. 
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Following the identification of the problem, it was possible to begin the 

actual work of formulating the conceptual system. After an extensive examin

ation of pavement management systems that had been previously developed for 

"higher type" roads, it was decided that the FPS type of working Pavement Design 

System developed in Texas offered an exc~llent conceptual base from which a 

pavement design and management system could be formulated for low-volume Forest 

Service roads. In evaluating FPS, the project staff first divided it into its 

major components: inputs, a structural design subsystem, system outputs, deci

sion criteria, and an optimization process. An attempt was then made to define 

each of these subsystems as they would be used in a low-volume road pavement man

agement system. Where definition of a subsystem was not possible because of the 

need for further research, relevant questions and ideas were formulated for 

consideration in the eventual development of the subsystem definition. 

An essential part of the initial evaluation of subsystems was the 

interaction and exchange of information between the research staff and Forest 

Service personnel that took place during the March 20-24 "brainstorming 

session. II Many ideas and discussions were presented at this meeting including 

those on (1) system input variables, (2) decision criteria, (3) terminology, 

(4) pavement performance, (5) the decision making process within the Forest 

Service, (6) pavement failure, and (7) special constraints and considerations 

for Forest Service roads. 

In order to help comprehend the relative significance of the variables 

discussed at this session a rating of the pertinent ideas discussed therein 

as to their importance to the proposed pavement management system was com

pleted by the conference attendees. The results of this "importance rating" 

were then analyzed by the project staff and the information obtained was 

used to great extent in further defining and detailing the major components 

of the proposed system. 
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The intent of Chapter 5 is to further develop the ideas presented in 

Chapter 4 on structural design and system outputs, and then to combine these 

ideas with the other subsystems in presenting a conceptual pavement management 

system for low-volume Forest Service roads. Here it was suggested that 

because of the many dissimilarities in behavioral characteristics and design 

criteria between paved and unpaved roads, it may be advantageous to incor

porate two separate structural design models into the proposed system. This 

would afford more accuaracy on pavement distress predictions and allow 

separate serviceability functions to be considered for the different pavement 

types. 

When developing a serviceability function for representing the system 

output, the purpose of the roads designed and managed by the system must be 

accounted for. This means that for low-volume Forest Service roads serviceability 

should be relatable to the optimum cost of serving traffic needs. This 

optimum cost function can be represented as a function of user's cost and 

environmental cost. The development of relationships between the cost function 

and the serviceability wear-out functions of both paved and unpaved roads 

will allow for comparisons to be made of the performance of pavements on 

different types of roads. 

A combination of the ideas for structural design models and output 

representation with the other subsystems defined in Chapter 4 could result in 

a conceptual system similar to the one structured in Figure 15. 

Conclusions and Recommendations for Future Research 

The general conclusion of this report, based on the past year's research, 

is that the development of a pavement design and management system for low

cost, low-volume Forest Service roads is indeed feasible. However, it must be 

kept in mind that because of the lack of past research in the area of 



68 

low-volume road design, considerable effort will be required in future work 

towards the system's complete development. As in this initial phase, phase II 

of this project, the actual development of the pavement design and management 

system including mathematical models and other information needed for opti-

mization, will rely heavily on the interaction and experience of Forest 

Service personnel. 

Major areas of research recommended for Phase II are: 

(1) In order to insure positive communication, a set of definitions for 
the terms and concepts used in the project's development should 
be agreed upon and used by all those involved with the project. 

(2) A further evaluation of system input variables and decision criteria 
should be conducted. This evaluation should include a study of the 
feasibility of quantifying and collecting data for certain variables, 
in addition to an examination of variable interaction and its effect 
on system models. 

(3) In developing the system's mathematical models, special attention 
should be given to the performance prediction model for unpaved roads. 
The distress modes predicted by this model should be those charac
teristic to unpaved roads, i.e., potholes, rutting, gravel loss, 
looseness of gravel, etc. 

(4) In order to facilitate the defining of pavement failure for an 
unpaved road, it will be necessary to develop a scale by which the 
condition of such a road may be measured. Because this "service
ability index" should be defined in accordance with the objective 
of providing the road, serious thought should be given to the uses 
of some type of cost function for this purpose. Such a function 
could use such costs as environmental cost and user's cost as its 
parameters. 

(5) Once a useable serviceability index has been developed, it will be 
necessary to define minimum levels of acceptability for the differ
ent types and classes of Forest Service roads. One way this could 
be done is by questioning the road users for their opinions on what 
is an acceptable level of serviceability. 

(6) It is recommended that because of the large variability that exists 
in the as-constructed properties of pavement materials and the con
siderable amount of uncertainty in traffic forecasting, an exam
ination of the statistical reliability of input variables and system 
models be conducted. The results of such a study should indicate 
whether or not these stochastic variations should be considered in 
the pavement management system. 



(7) Once the models for the system have been developed, a sensitivity 
analysis should be performed on them by evaluating the amount of 
response in a model due to a unit change in the parameters. This 
sensitivity analysis should establish the relative significance 

69 

of the input variables and promote confidence and reliability in the 
models. 

In addition to these areas of needed research, it is recommended 

that, because of the many variables that would be included in a pavement 

management system for low-volume Forest Service roads, a computer program be 

developed to analyze the design problems and to generate feasible design 

alternatives, or in other words, to implement the system. The use of a com-

puter would expand the number of possible designs by generating a large num-

ber of alternatives, and also, permit the storage of a large amount of pave-

ment behavior data that could be used to modify and improve the existing 

design models. 
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APPENDIX A. DEFINITIONS 

1. Pavements are structures that use subbase, base and surface courses placed 
singly or in combination on a subgrade to support the traffic and distri
bute the loads to the road bed. 

2. A paved road has a pavement structure that uses a bituminous surface course. 
This bituminous surfacing may range anywhere from a chip seal to an 
asphaltic concrete. 

3. An unpaved road is a road that does not use bitumin in its surface course. 
Two basic types of unpaved roads are gravel roads and natural earth roads. 

4. Performance is a measure of the accumulated service provided by a 
facility, i.e., the adequacy with which a pavement fulfills its purpose. 

5. Serviceability is the ability of a specific section of pavement to serve 
traffic in its existing condition. 

6. A system is something which accomplishes an operational process; that is, 
something is operated on in some way to produce something. That which is 
operated on is usually input; that which is produced is called output, 
and the operating entity is called the system. 

7. Behavior is the immediate reaction or response of a pavement to load, 
environment, and other inputs. Such response is usually a function of the 
mechanical state, i.e., the stress, strain, or deflection, which occurs 
in response to the input. 

8. Distress is the visable consequences or the pavement responses when carried 
out to their limiting values. 

9. Maintenance is the act of attempting to keep something in its present 
condition. For unpaved roads maintenance may take the form of regravelling 
or moto-grading. For paved roads patching, sealing, and overlaying may 
be included in the maintenance routine. 

10. Model is a system of postulates, data, and inferences presented as a mathe
matical description of a conceptual reality. 

11. Feedback is the collection and reversion of the pavement distress or lim
iting response data to the data bank for use in analysis, maintenance 
studies, rehabilitation scheduling, etc. 
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APPENDIX B. SUMMARY OF FS-1 '~RAINSTORMING SESSION" 

Summary of 
FS-1 I~rainstorming Session" 

Joe C. Thompson Conference Center 
Austin, Texas 

March 20-22, 1974 

On March 20-22, 1974, a conference was held at the University of Texas 

between research Project FS-I staff members and the U. S. Forest Service 

personnel. The purpose of this meeting was two-fold: (1) to familiarize 

Forest Service field personnel with Project FS-l in hopes that their 

background, experience and interest in the project would stimulate future 

input on their part, and (2) to discuss the potential problem areas in the 

conceptual pavement management system as seen by both the project staff 

and the Forest Service. 

RUNDOWN OF EVENTS 

Introduction to Pavement Management Systems 

The conference began with welcoming presentations by Dr. W. R. Hudson, 

Director of Research, for the Council for Advanced Transportation Studies, 

and Mr. Hudson Matlock, Chairman of the Civil Engineering Department of the 

University of Texas. Dr. Hudson then gave a general presentation on Pavement 

Management Systems (PMS). 

Gerald Peck, Engineer of Roadway Design with the Texas Highway Department, 

followed with a discussion of the uses of PMS on highways in Texas. Mr. Peck 

described the three main elements of the THO's PMS as: (1) design analysis 

process, (2) pavement feedback data, (3) personnel and equipment. He also 
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emphasized the fact that the PMS provides information on all stages of pave

ment management including: (1) programming, (2) design, (3) construction, 

(4) operation, and (5) retirement. Mr. Peck also stated that although the 

THO's PMS is now being used, it is only being used to a limited extent on low 

cost state roads. In the future, it will be used more and more on the Farm 

to Market Road system which is composed of relatively low cost roads. 

Following this presentation, Dr. McCullough talked about the application 

of the PMS and how it could be used by the Forest Service to design and 

maintain their road system. A short discussion among the group on the PMS 

in general followed this presentation. The major point brought out in this 

discussion was that most people have different ideas as to what constitutes 

"failure" of a pavement. It was agreed that developing a definition for 

"failure" is an important work item in the conceptual study of the PMS for 

the Forest Service roads. 

Inputs 

The workshop continued with a discussion of the variables necessary to 

input into the PMS. Six categories of input variables as seen by the Project 

staff were presented: (1) load and traffic, (2) environmental, (3) construction, 

(4) structural design, (5) maintenance, and (6) constraints. It was then 

agreed that a seventh category of inputs was required, that of operational 

variables. A comprehensive discussion of each category of inputs was then 

conducted which resulted in the addition of several variables to the lists 

already prepared by the project staff for each category. (See Table B.l) 

Throughout the discussion of these input variables, concern was expressed 

about their variability. The fact was brought up that subgrade materials and, 

therefore, subgrade properties, will vary considerably over the length of a 



78 

forest road. The actual uniformity of construction materials was also ques

tioned. It soon became evident that in this PMS it will be necessary to inves

tigate these and other possible variations and to develop methods for con

sidering them in the design. 

While discussing these input variables, the fact was brought up that it 

would be difficult to quantify a number of them; for example the skill level 

of personnel as construction variables, or area sensitivity as an environmen

tal variable. An idea for solving this problem was suggested by Haywood Taylor. 

He cited an article on Semantic Differentials, with the idea of quantifying 

all factors by three variables: (1) good or bad, (2) frequency, and 

(3) potency, as an example. The reference for this article is Psychology 

Today, "Semantic Differential,1I p. 58, November 1973. 

Definition of Pavement 

Also while discussing the input variables concern was expressed for the 

definition used by the project staff of the term "pavement." A great majority 

of the Forest Service personnel used different names for what the project 

staff called the "pavement." Some of these terms were pavement structure, 

structural section, and structural element. It was therefore decided that a 

term for "pavement" should be phrased and used by both the project staff and 

Forest Service personnel consistently. It was agreed also that there was a 

need to coordinate other key word definitions that may be in conflict. 

Decision Criteria 

A discussion of decision criteria pertinent to the Forest Service PMS 

followed that of the input variables. Revisions to the list developed by 

the project staff were made, although no feelings as to the importance of the 

individual items to the decision making process was expressed at this time. 
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(See Table B.2). 

Performance 

Following this discussion of decision criteria, Dr. Hudson conducted a 

discussion on distress, failure, and performance of pavements as applied to 

the PMS. Here he presented an idea for defining failure of a Forest Service 

road. This idea is illustrated as follows: 

"Failure" 

/ 
/ 

Maximum Funds for 
Maintenance 

Distress 
Index 

Cost of / 
Maintenance / 

/ Level of Acceptability 

Time 

In this concept, failure of the pavement is a function of the total cost of 

maintenance for a particular road. As this total cost of maintaining the 

pavement above a minimum serviceability or distress level increases it will 

eventually reach a predesignated maximum level of fund available for mainte-

nance of that road. At this point, the pavement is said to have failed, and 

it would be necessary to either close or reconstruct the road. 

During this discussion, a question was raised about who would determine 

the minimum distress level. Should the Forest Service determine this for a 
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particular type of road or should it be decided separately for each road by 

the intended user of the road? It was mentioned that Oglesby at Stanford 

University has determined a consensus of the level of maintenance preferred 
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by low cost road uses. Questions also were brought up as to how a road's 

serviceability level could be measured. If a mechanical rater was used, such 

as a profilometer or a Mays Meter, at what speed could it be run to insure con

sistency of measurement on the different types of forest roads? Many other 

ideas were suggested for determining serviceability and failure of Forest Ser

vice roads. These are presented later under "Ideas for 'Pavement Failure' 

on Forest Service Roads." 

Decision Process 

The conference continued with a discussion of the present decision 

making process within the Forest Service. The way the process works is 

that if a Forest Ranger feels a road should be built from one place to another 

he submits his idea to the Forest Engineer (FE). The FE then decides which 

of the requested roads actually needs to be built, and then puts them into 

his general improvement program. The FE also decides the type of roads to 

be built and what type of surfacing they are to have. He need not okay his 

decisions with the Supervisor unless extra money is needed to construct the 

roads. Therefore, the decision to build roads is made at the Forest Engineer 

level. Once a decision to construct a road has been made the FE prepares an 

agreement document with a timber purchaser. While the timber purchaser is 

building the road, an Engineering Representative (ER) of the Forest Service 

inspects and controls the quality of construction being done. This ER 

usually reports to the FE although sometimes he reports to the Chief Ranger. 

For roads built under public works contracts, the ER is replaced by a Con

tracting Organization Representative (COR), who has the same duties as the ER 
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does on a timber purchaser road, although it was generally agreed that the COR 

must follow the specifications more closely than an ER probably would be 

required to. Therefore, the quality of work is usually better on a road built 

under a public works contract. 

As for decisions about road maintenance, the Ranger makes the decision 

to do minor maintenance, but for a major maintenance project the same process 

is followed as for the construction of a new road. The funds for maintenance 

are limited to a certain amount each year as opposed to those for new 

construction which are a function of the amount of timber sold during the 

year. 

Special Constraints and Considerations 

Throughout the meeting Forest Service personnel brought up a number 

of ideas as to special constraints and considerations that must be kept in 

mind when developing a PMS for the National Forest Service. A short presen

tation of each of these important ideas follows. 

(1) Unpredictable Traffic on Forest Service Roads. When designing a road, 

it is necessary for the designer to know the kind and amount of 

traffic the road will be expected to carry. Because Forest Service 

roads have a variety of users, i.e., loggers, hunters, and recrea

tionalists, the exact use of the road is difficult to predict over 

its entire life. Therefore, the type and values of design input 

variables to be put into the system may be difficult to determine, 

leading to an inadequate road. 

(2) "Prudent Operator ll Concept. Although timber purchasers build a 

majority of the forest roads, the Forest Service can to a certain 

extent dictate the type and quality of road to be constructed. This 

is done through the use of the "prudent operator" concept which allows 



the Forest Service Engineer to require a timber purchaser to build 

a road to the quality that a prudent operator would construct the 

road, therefore enabling the Forest Service to maintain a higher 

quality of roads. 
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(3) Who Will Use PMS? There may be some problem in considering the 

quality of people that will use the PMS. GS-4 and GS-5 technicians 

will be collecting the necessary data. but will they actually be 

inputting it into the system and designing the road? Who will 

make the decisions, as to what design will be implemented for a 

particular road? Will the Forest Engineer use the PMS to predict 

future maintenance and plan budgets? 

(4) Control of Timber Traffic on Forest Service Roads. Because the 

Forest Service controls the size of the timber sale, it is in a 

position to control the number and size of loads travelling across 

its timber roads. 

(5) Fatigue Failure. Because of the small number of loads carried across 

timber roads, it is nearly impossible for any of them to experience 

failure caused by excess fatigue. 

(6) Classes of Traffic on Forest Service Roads. A forest road will 

generally carry three classes of traffic during its lifetime: 

(a) logging trucks -- during production years, 

(b) recreational -- after production years, and 

(c) Forest Service personnel during and after production years. 

The type of traffic on a road is a function of the time and rate at 

which the timber purchaser chooses to harvest. 

(7) The Influence of Surface Type on Traffic. The number of vehicles 

travelling across a road is influenced to a great extent by the 



type of surfacing on the road. A road will probably receive more 

traffic if it is paved with asphalt than if it were left unpaved. 

(8) Does Black Paving a Forest Service Road Increase Safety? The 

question of safety comes up when considering whether or not 
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to black pave a road that was originally gravel. If a gravel road, 

whose geometric design was determined by the speeds attainable on 

such a pavement, were to be black paved, its accident rate would 

probably increase due to the higher speeds allowed by smoother 

pavement. 

(9) The PMS for Forest Service Roads. Mr. Haywood Taylor suggested 

three questions that must be asked when planning a road: 

(a) Is it economically sound? 

(b) Is it socially acceptable? 

(c) Is it politically acceptable? 

Questions that must be kept in mind when considering the PMS for 

the Forest Service are: 

(a) Will it work? 

(b) What are implementation costs? 

(c) What are the benefits? 

(d) Who will want to use it? 

(e) Who will accept it? 

(10) It is important to keep the system simple. If the PMS is too 

complex for the average Forest Engineer to use, then it is of no 

value to the Forest Service. It was suggested that the PMS be 

implemented in stages, in order to make its total comprehension 

easier. 
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TABLE 1. INPUT VARIABLES 

Load and Traffic Variables 

Number of Applications (4.72)* 
Distribution of Traffic 

(a) seasonal changes (4.58) 
(b) annual changes (3.53) 

Characterization-Distribution of 
Loads on Vehicles (4.54) 
Total Load (4.37) 
Type of Loading (4.32) 
Axle Spacing (3.86) 
Tire Pressure (3.68) 

Construction Variables 

Quality Control 
(a) material (4.62) 
(b) compaction (4.60) 
(c) thickness (4.58) 
(d) moisture and temperature (3.97) 

Personnel-Skill Level (4.16) 
Road Geometrics (3.93) 
Equipment 

(a) availability (3.66) 
(b) environmental impact (3.49) 

Maintenance Variables 

Level of Maintenance (4.45) 
Type of Rehabilitation 

(a) gravelling (4.14) 
(b) overlaying (4.11) 
(c) sealing (3.90) 

Available Funds (3.96) 
Road Users (3.79) 

Constraints 

Maximum Allowable Cost 
(a) initial construction (4.60) 
(b) total maintenance (4.17) 
(c) user's 

Design Life of Road (4.50) 
Minimum Layer Thickness (4.49) 
Environmental Constraints (4.35) 

Environmental Variables 

Drainage 
(a) surface drainage (4.38) 
(b) subsurface drainage (4.60) 

Freeze-Thaw Cycle (4.21) 
Soil Type (4.11) 
Topography (3.93) 
Rainfall 

(a) amoun t (3.81 ) 
(b) seasonal distribution (3.79) 
(c) intensity (3.56) 

Area Sensitivity to Lans1ides (3.50) 
Temperature Range (3.36) 

Structural Design Variables 

Sub grade Properties 
(a) strength (4.87) 
(b) permeability (4.27) 
(c) gradation (4',.12) 

Type and Quality of Paving Material 
Available (4.58) 
Layers 

(a) thickness (4.58) 
(b) arrangement (4.34) 
(c) number (3.74) 

Stabilization Policy (4.28) 
Cross-Section (3.95) 
Frost Design (3.82) 
Testing Equipment Available 

Operational Variables 

Controls on Road Use (4.40) 

(3.55 ) 

Time Lag in Obtaining Funds (4.00) 
Operational Planning and Enforcement 

(a) allowance for major 
hauling (4.20) 

(b) snow removal (3.77) 

Minimum Time Until First Major Maintenance (4.28) 
Minimum Time Between Major Maintenance (4.23) 
Constraints from Management (4.23) 
Political Constraints (4.16) 
Prudent Operator Constraints (3.56) 

*(x.xx) = 'weighted II mean importance rating 
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(11) Poor Regions and the PMS. Poor regions that have little timber 

and, therefore, build only very low cost unpaved roads must be 

considered in the PMS. 

(12) Frost Heave on Gravel Roads. Frost heave is not a problem on 

gravel roads although it does create a problem on the thin 

asphalt surfaced pavements in some of the northern regions. 

(13) Acceptance of PMS Design Models. Will proposed users of the PMS 

use it if the structural design model is not one that they like or 

are similar with? 
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(14) Collection of Input Data. It may be difficult to obtain input data. 

Historically, the Forest Service has had problems collecting data, 

i.e., conditions studies, etc. 

(15) Separate Systems for Gravel and Black Paved Roads. Because of the 

vast differences in characteristics and behavior of gravel versus 

black paved roads, it may be necessary to use two separate systems 

in designing these two kinds of pavement, although there should be 

a method to compare the two different designs so that the optimum 

design can be used. 

(16) Naming of PMS. The name of the PMS should be one that would promote 

favorable support for the system. Some suggestions by Mr. Haywood 

Taylor included: 

(a) "A Management System for Improving Forest Road Surfaces,tt 

(b) "An Engineering System for Enhancing the Riding Surface of 

Forest Roads," 

(c) "An Engineering System for Improving Traffic Flow on Forest 

Roads," and 



(d) "A Procedure for Improving Surfacing Systems on National 

Forest Roads." 

(17) Administrative Constraints. It may be difficult to develop a 

PMS that will cover the many different types of administrative 

constraints found in the various regions. 

Ideas for "Pavement Failure" on Forest Service Roads 
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One of the major concerns expresses at the "brainstorming session" was 

that of developing an acceptable definition for "pavement failure" or. in 

other words, defining the point at which a pavement is no longer acceptable 

to its users. Previous definitions of failure have concerned themselves only 

with "high quality" pavements such as those constructed wHh asphalt concrete 

or portland cement. Because of the fact that the major portion of Forest 

Service roads are unsurfaced or aggregate surfaced, it will be necessary 

to develop a new definition of pavement failure that will take into account 

these "lower quality" pavements. 

In addition to the idea of defining failure as a function of the total 

cost of maintaining the pavement above a minimum distress level, as mentioned 

previously, there were a number of other ideas suggested for measuring ser

viceability and defining failure of pavements on Forest Service roads. 

When an aggregare road is accepted after its initial construction it has 

a definite template cross-section shape in conformance with its plans and 

specifications. It should also have. within reasonable limits, the specified 

thickness of aggregates. As time goes by aggregate loss takes place as 

well as loss of original template shape. These are two measurable parameters 

that could be used to determine present serviceability levels. Failure of 

the aggregate road will occur when a predesignated unacceptable point of 

aggregate loss and loss of shape is reached. 
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Serviceability or failure of an aggregate road can also be expressed in 

terms of the speed at which a logger can get across the road. If the road 

is at a distress level for which it takes "too long" for a logger to get 

across it, so that he does not make the breakeven point with his costs, then 

the pavement has failed. 

Other ideas for measuring serviceability and defining failure of an 

aggregate road include (1) evaluation of aggregate gradation, (2) measuring 

road roughness or riding quality, and (3) evaluation of ton-mile costs of 

hauling. 

Follow-Up Rating Analysis 

On the last day of the meeting it was agreed that it would be advan

tageous to follow up the session with a rating analysis of the pertinent 

ideas that were discussed. The information received by this analysis would 

be of great importance in developing the conceptual PMS for the Forest Service. 

Evaluation of Meeting 

In the opinion of the project staff this I~rainstorming session" was 

very successful in accomplishing the objectives set forth. A large portion 

of the credit for this must go to the Forest Service Personnel attending 

the meeting. The tremendous amount of input from them along with their 

concern for the development of the proposed system will enable us to better 

evaluate the needs of the Forest Service while preparing this pavement design 

and management system concept. 

It is hope that further interaction between the Forest Service and the 

project staff will be possible, especially with regard to the follow-up 

rating analysis to be performed by attendees of the conference. 



TABLE Bl. INPUT VARIABLES 

Load and Traffic Variables 

Primary Variables 

(1) Total Load 

(2) Number of Applications 

(3) Frequency of Loads 

(4) Speed 

(5) Tire Pressure 

(6) Characterization-Distribution of Load 

(7) Axle Spacing 

(8) Type of Load 

(a) static 

(b) dynamic 

Major Interaction Variables 

(1) Distribution of Traffic 

(a) seasonal 

(b) annual 

(2) Surface Wear Effect-Gravel Loss 

(3) Lateral Distribution of Roadway Channelization 

Environmental Variables 

Primary Variables 

(1) Rainfall 

(a) amount 

(b) intensity 

(c) seasonal distribution 

(continued) 
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TABLE BI. Continued 

(2) Snowfall 

(a) amount 

(b) characterization 

(3) Temperature 

(a) average 

(b) range 

(4) Soil Type 

(5) Freeze-Thaw Cycle 

(6) Vegetation 

(7) Area Sensitivity 

(8) Exposure-North Side 

Major Interaction Variables 

(1) Topography-Drainage 

(a) surface 

(b) subsurface 

(2) Snow Removal 

Construction Variables 

Primary Variables 

(1) Quality Control 

(a) thickness 

(b) smoothness 

(c) compaction 

(d) material 

(e) moisture and temperature 
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(continued) 



TABLE Bl. Continued 

(2) Work Technique 

(a) Forest Service appropriated funds 

(b) timber sales 

(c) regional specs 

(3) Equipment Availability 

(4) Exposure 

(5) Personnel-Skill level 

(6) Construction length 

Major Interaction Variables 

(1) Topography-Geometrics 

(2) Equipment 

(a) environmental impact 

(b) adaptability 

Structural Design Variables 

Primary Variables 

(1) Subgrade properties 

(a) k value 

(b) ppermeability 

(c) gradation 

(2) Type and Quality of Paving Material Available 

(3) Testing Equipment Available 

(4) Cross-Section 

Major Interaction Variables 

(1) Stabilization Program 

(2) Frost Design 

(continued) 
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TABLE Bl. Continued 

(3) Layers 

(a) number 

(b) thickness 

(c) arrangement 

Maintenance Variables 

Primary Variables 

(1) Level of Maintenance 

(2) Road Users 

(3) Available Funds 

(4) Personnel 

(a) force account 

(b) timber purchaser 

(c) contract 

(5) Turn Over to Other 

Major Interaction Variables 

(1) Rehabilitation 

(a) patching 

(b) sealing 

(c) overlaying 

(d) gravelling 

(2) Type of Equipment 

Operational Variables 

Primary Variables 

(1) controlled use 

Agency 

Required 
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(continued) 



(2) control on 

(a) loading 

(b) speed 

TABLE Bl. Continued 

(3) Time Lag in Funds 

Major Interaction Variables 

(1) Operational Planning-Enforcement 

(a) snowplowing? 

(b) major hauling allowed? 

Constraints 

(1) Maximum Allowable Cost 

(a) initial construction 

(b) total maintenance 

(2) Minimum Layer Thickness 

(3) Minimum Time Until First Major Maintenance 

(4) Minimum Time Between Major Maintenance 

(5) Environmental Constraints 

(6) Political 

(7) Management 

(8) Prudent Operator Concept 

(9) Design Life 

(10) Fiscal Year 

(continued) 
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TABLE B2. DECISION CRITERIA 

Decision Criteria 

(1) Cost 

(a) initial cost 

(b) maintenance cost 

(c) user cost 

(i) timber purchaser 

(ii) recreation 

(d) operational cost 

(2) Funds 

(a) available funds 

(b) probability of additional funds 

(c) type of funds 

(3) Riding Quality 

(4) Safety 

(a) skid resistance 

(b) dust 

(c) geometric - shoulders 

(d) guard rail - cross section 

(5) Administrative Requirements 

(6) Function of the Road 

(7) Service Requirements 

(8) Environmental Impact - Optimize 

(9) Confidence Level 

(10) Stage Construction 
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APPENIDX C. SAMPLE OUTPUTS FOR A PAVEMENT MANAGEMENT SYSTEM 



APPENDIX C. SAMPLE OUTPUTS FOR A PAVEMENT MANAGEMENT SYSTEM 

As an example of what the printout for a computerized version of the 

proposed low-volume road pavement management system could be made to resemble, 

some sample problems using the FPS-3 computer program developed at the Univer

sity of Texas are presented here for illustrations. The FPS-3 program was devel

oped specifically for 'bigher type" roads, i.e. major highways, therefore the 

inputs used in the program are not necessarily those that would be used to 

simulate conditions surrounding the design of a low-cost, low-volume road. 

However, where applicable in these sample problems, values for inputs to the 

program were chosen to typify the conditions that might be found on a low-

volume forest road. 

The sample outputs presented here represent alternative designs for 

two separate forest roads with different environments. Most of the input 

variables used to describe the design conditions for the two roads were 

held constant. Those that were varied include: (1) district temperature 

constant, (2) swelling clay parameter, (3) ADT at beginning of analysis period, 

(4) ADT at the end of the analysis period, (5) 10-year accumulated number of 

equivalent 18-kip axles, (6) routine maintenance cost, and (7) salvage 

value. Printouts of the input data used in the FPS model for the two roads 

are shown in Figures 16 and 17. 

For each of the two different roads, two sample outputs are presented; 

the difference being a variance of one of the program inputs. For Road 1 

the two outputs, Figures 18 and 19, represent a change in the "service

ability index of the initial structure" from 3.5 psi for output l(a) to 4.5 
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PROd F"OI<lt:.S T St.KV let.:: 1 

THE CONSTHutTION MAT!:.RIALS UNUER ~UNSIOERArION ARE 

1"1/.1 TEk lAL 
~SPHALTtC CONCRETE 
CHUSHt:.U CINDERS 
Sut3GR AuE 

COST/t.y. 
:>.ou 
1.vO 

-o.ou 

s/.coU .. M! 1\1. ~I:.PTH 
.72 0;)0 

• .:J5 2.UiJ 
.22 -u.oo 

NUM~ER Of OUTPUT PMbES Dt:.srREDI~ UESI6~S/P~bE) 
NUM~f:.R OF INPUT MATlHIAL TYPES 

MA)( .1)EPTrl 
4.:'U 

l'+.OU 
-u.uo 

MAX ~UNUS AVAILAAL~ PER SY.YD. ~OH INITIqL ~ESIGN (wOLLARS) 
LENbTH OF THE ANALY5lS PERIOD (Yf:.AkSI 
INTt:.~EST RATE OR TIME VALUE OF ~ONEY (PEHCf:.NT) 
ASPHALTIC CONCRETt:. PHOUUCTInN RATE (TU~S/HOJ~) 
ASPHALTIC CONCRETE LO~PACTEn OE.N5ITy (TO~S/(.Y.) 
MAAIMUM ALLOwED THICKNESS OF INITIAL CONSTR0cTION (INCHf:.S) 

DISTRICT TEMPEHATUK!::. CONSTANT 
SERVIcEA81LITY INUtA UF THE INITIAL STQUCfUHE 
SERVICEA~ILITY !NUtA PI AFTf:.R A~ OVERLAy 
MINI"llJM SERVICEABILITY INDEl( p2 
SWELLING CLAY PARAMET!:.HS •• Pi PRIME 
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SALV.?CT. 
2v.Ou 
=>u.oo 
"v.Uf) 

ONE-UIIU .. CTION AOT 1011 tSEGINNING OF ANALVSb PE,Hou (vEHICl.ES/vAYI 
ON~-DIRECTION AOT AT lNU Uf ANALYSIS PERIUU (vEHICLt:.S/OAY) 
ONE-OIRE.CTION In-HI ACCUMIJI.ATFv NU. OF t:.1.Ii\J.lVALI:r-.Jf H,-KIP AXLt:.S 
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'1 

:> 
3.1)0 
Il'l.n 

7.1'1 

.In.o 
1.4(1 
21'1.1) 

3~./'\ 
1. ~ 

'1.1 

t • r:; 

l."'t; 
• UQ'lO 

7r;, 

110 
::loOo")o 

MINIMUM TIME TO FI~ST OV~RLAY (Yf:.A~S) ?~ 
MINiMUM TIME ~ET~!:.tN OVEHLAYS (YEARS) ~.'" 
MIN TIME TO FIRST SEAL COAT AFTE~ OvEHL~Y u~ INITIAL CO~ST.(Yt:.AHS) 1.0 
MINIMuM TIME HETWEEN SE4L COATS (YtAHS) 1.n 
NUM~f:.R UF OPEN LANt~ IN ~t:.STRICrt:.U lONE IN J.~. 1 
~UMt:SER OF OPEN LAN!:.S IN HEST~ICr~o ZONE 11~ ~.u.u. 

C.L. OISTANCE OVEH wHICH rHAFFI~ IS SLOWEU !~ THE o.U. (MILES) .~n 
C.L- DIST~NCE OVEH wHICH TRAFfIC IS SLDw~U ,~ THE N.O.D. (~lLlS) .~n 
PROPORTION OF AUT AHRIVIN~ EA~H HOUR OF CUN~I~JCTION (PERCENT) 10.0 
OVEHLAY CONST~UCTlUN TIM!:. (HOURS/UAY) - -.. !1I.0 

THE ROAO IS IN A RURAL AHEA. 

PROPORTION OF VEHlCLES STOPPED rh' HOAU EwUltJ'1f:.I\lT IN 0.0. (PE~<';ENrl 1.n 
PROPORTlON OF VEHICLES STOPP!:.U dY HOAU E~UI~~ENT IN N.V.O. (Pt:.~CENT) '.0 
AVERAGE. TIME SToPPtu Uy MUAU EQUIPMENT IN U;J. (HOUHS) .1?n 
AVERAGE TIME STOPPt:.U UY HUAD EQUIPMENT I~ N;O,D. (HUU~S) .1'0 
AVER~GE APPROACrl SPEED TU TH~ O~ERLAY ZO~f:. i~PH) j~.n 
AVE.MAGe: SPEED THROUGH OVI:.RLA Y ZiJNE IN O. iJ. (I4PH) ~n. n 
AVEHAGI:. SPEED THROUGH OVEHLAY ZUNE IN ~.u.u! (MPH) ~".n 
TRAfFIC MODEL UsEU IN THE ANALYSIS , 

FIRST YEAR COST OF HourIN!:. MAINTENANCf:. (UULLARS/LANI:. MILE) 
IN~HEMbNTAL INCREASE IN MAINT. COST P~R YtAri (DOLLAkS/LANE MILE) 
COST OF A SEAL COAT (UOLLARS/LANE MILE) 
wIDTH Of EACH LANE (FEET) 
MINl~UM OvERLAY THICKNESS CINCHES) 
ACCUMULATED MAAIMUM uEPTH 0F ALL OVERLAYS ('~CHES) 

Fig 16.. Input data for Road 1 .. 
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PRO~ FOI-lE.ST SERVICE 1 

THE CONSTRUCTION MATERIALS UNDER CUNSIDERATION ARE 

MATERIAL 
ASPHALTIC CONCRETE 
CRUSHI:.D CINDERS 
SlJI:iG~Al.)E 

COST/C.y. 
5.1)0 
1.00 

-0.00 

ST.COE". 
.72 
.JS 
.Z2 

.:;,u 
e.OO 

-0.00 

NUM~ER OF OUTPUT PAGES D~StRED(~ DE.sIG~S/PA~E) 
NUMdER OF INPUT ~ATE.RIAL TYPES 

1t.!:JO 
is.no 
-O.Ou 

MA~ FUNDS AVAILABLE PER SQ.vD. FOR INITIAL UESI&N (UOLLARS) 
LENuTH OF THE ANALYSIS PE.RIOD (YEARS) -
INTeREST RATE OR TIME VALUE OF MON~Y (PERCENT) 
ASPHALTIC CONCRETE PRODUCTION R~TE (TO~S/HO~R) 
ASPHALTIC CONCRETE COMPACTEO DENSITy (TO~S/~.Y.) 
MA~IMUM ALLOWED THICKNESS OF INITIAL CON~TR9cTION (INCHES) 

DISTRICT TEMPERATUkE. CONSTANT 
SERVIcEABILITY INDE~ OF THE INITIAL ST~UCTUHE 
SERVICEABILITY INDEX P1 AFTER AN OVERLA~ 
MINI~uM SERVICEAAILITY INDEX P2 
SWELLINu CLAY PARAMETERS -- P2 PRIME 
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SALV.PCT. 
u.oo 
0.00 

-0.00 

ONE-DIRE.CTION ADT AT BEGINNtNG Of ANALYSIS ~ERIOO (VEHICLES/UAY) 
ONE-DIRECTION ADT AT END OF ANALYSIS PERIOD (VEHICLES/UAY) 
ONE-DIRECTION lO-YR ACCUMULATED NO. OF, E.YUIVALENT 18 .. KIP AXI.ES 
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':I 

::> 
3.no 
! 1'\ • n 

7.n 
In.n 
1.Qn 
In.o 

2Q.fl 

'l.e:. 
1.1 
, • c:; 

1. I R 
.04(')0 

"'0 
t;;n 

1r.,0000 

MINIMUM TIME TO FIRST OVERLAY (YEARS) ~.n 

MINIMUM TIME BETWEEN OVERLAYS (YEARS) ?n 
~IN TIME TO FIRST SEAL COAT AFTER Ovi:.RI.AY O~ INITIAL CONST.(YEARS) 1.0 
MINIMUM TIME BETWEEN SEA~ COATS (YEAHS) 1.1' 
NUM~ER OF OPEN LANES IN RESTRICTED ZONE IN 0.0. , 
NUM~ER OF OPEN LANES IN RESTRICTED ZONE IN N.O.D. , 

C.L. DISTANCE OVER INHICH TRAFFIC IS SLOw~D l\j THE 0.0. PlIL.ES) .C;jn 
C.L. DISTANCE OVER wHICH TRAFFIC IS SLOwED l~ THE N.O.D. (MII.ES) .~n 
PROPORTION OF AOT ARRIVING EACH HOUR O~, CON?TRIJCTION (PERCENT) 1n.o 
OVERLAY CONSTRUCTION TIME (HOURS/DAY) ~o.n 
THE ROAD IS IN A RURAL A~~A. 

PROPORTION OF VEHICLES STOPPED BY HOAD E~UI~~ENT IN 0.0. (PERCENT) 
PROPORTION OF VEHICLES STOPPED ~Y ROAD E~UI~~ENT IN N.O.D. (PERCENT) 
AVERAGE TIME STOPPED BY HOAO EQUIpMENT IN O;~. (HOURS) 
AVERAGE TIME STOPPED BY HOAD EQUIPMENT IN N!O.O. (HOURS) 
AVERAGE APPROACH SPEEU TO THE OVERLAY ZONI:. (~PH) 
AVERAGE SpEED THROUGH OVERLAY ZONE IN O~U. (~PH) 
AVERAGE SPEED THROUuH OVERLAY lONE IN ~~U.D. (MPH) 
TRAFFtC MoDEL USED IN THE ANAL.YSIS 

FIRST YEAR COST OF ROUTINE MAINTENANCE (DOL~ARS/LANE MILE) 
INCREMENTAL. INCREASE IN MAINT. COST PER, Y~AK (DOLLARS/LANE MILE) 
COST OF A SEAL COAT (UOL~ARS/LANE MILE) 
WIDTH OF EACH LANE (FEET) 
MINIMUM OVERLAY THICKNESS (INCHES) 
ACCUMULATED MAXIMUM DEPTH OF ALL OVERLAYS (!\jCHES) 

Fig 17. Input data for Road 2. 
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PROts FU"'~ST SI:.HVICE 1 

SUMMARy OF THE MOST u~Tl~AL OESluNS 
IN ORnER of INC~EASINGTuTAL CUST 

1 2 
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6 1 
**~******************************************;*********it***************~ 
U~5IGN NUM~ER 2 2 ~ ~ ~ 2 2 
INIT, CONST. COST .3b l .31~ .~31 .~~7 .~~~ .5~~ .403 
OVERLAY CONST. COST .411 .4J3 ,2&9 ,~~4 .~01 .2Jl .331 
usER CosT .ol~ .013 ,OUH .Ul~ .vUy .OUI .OOq 
SEAL COAT cnST 1.4~4 1.4JU 1.b34 !.~~4 1.b~4 1.b4~ 1.674 
HOUTIN~ MAINT. CUST .10~ .1uQ .1!1 ~!u~ .LIH .1~~ .11n 
SALVAbE VALUE -.0~8 -.lu9 -.11u -_109 -.l~l -.1~~ -.11n 
***********************************************************************, 
****************** ••• *******.******************************0***********, 
TOTAL COST i.2~! 2.2~1 2.~42 ~.jI1 2.~81 2.42~ ~.~22 
****.****.*.*.*.*.**~***_*****.****.***.***.*******.*.*~***.**.**** ••• *t 
*u****-.************.****.***************.*** ••• ***.*.**.***~*******u**, 
I\lUMHFH OF 1.1\ YERS 2 2 2 ~ ~ 2 2 
****************.****.******* ••• ******.*******.****.*.*********** •• **, •• , 
LAYER DEPTH (INCHES) 

U ( 1) 

U ( 2) 
.5 

10.5 
.::. 

lu.o ll.~ 

.*.* ••• *.*.**** •• *.**** •• *****.*** •• ***.0***.***.*** •• ************* •• **, 
•• 0*******0.*** •••• * ••• *.*0 •••••• * •• * ••• 0** ••• ** •••• *** ••••••• * •• ** •• 00, 
NO.oF PERF,pEW!oUs 4 4 ~ ~ J 3 3 
••••••• *.* ••••••• * •• *.** •• *.*.* ••• ** •••• * •••• 0** •••••••••• * •••• ** ••••• u~ 
PERF. TIME (YEARS) 

T ( 11 i:!.5Y4 2.11)1 3.b56 ~.'+ub 1-'70n 4.7!~ J.21Q 
T ( 2) ~.lij8 S.6~b 1.~3a :;'.j/~ tj.:>b3 9.b~~ T.nol 
T ( 3) tl.l!:lb 9.:'UO 11 • :'~4 ~.j,+~ 1-,./:'0 15.0'7~ 11 •. 31" 
T ( 4) 11.1+0" 13.7I:H 0.000 l~.~{:' o.uou O.OOu u.nDO 

OVEf<L~Y PULICy (INCH) 
(EXCLUDING LEvEL-UP) 

U ( 1) .4 .4 .1+ .ot .'1 .4 .y 
UI ~) .4 .9 .4 .~ .4- .4 .4 
IJ ( 3) .4 .4 O.u .4 0.0 O.U v.o 

NUMBEH Of SEAL COATS 7 7 tJ tJ e B 
.*.*.* ••••••• * •••••• * •••••• ** •• ** ••••••••••• *.* •• * •• ****.* •• *.·**·*0.*0, 
SE-AL COAT SCHEDULE 

(yEARS) 
SC( 11 1.0UIl 1.00U 1.UOU l.OuO 1.000 1.Ouu .L.flUD 
SCI 2) l.ooo 2.000 2.000 ~.OUU 2.UOO 2.0uo l.OOO 
SC( 3) J.5'Jl4 3.7tH 3.000 ~.~Ob :3.000 3.000 J.OOO 
SCI 4) 4.594 4.7 tH 4.656 ~.i+Ub 4.~06 4.000 1+.219 
SC( 5) b.ldb 6.6:;b 5.b:'6 b.375 5.'1106 5.71'7 S.219 
SCI b) 7.1/;8 1.h')6 6.b!:lb ,. j 1 !:I 6."Ob 6.71'11 b.219 
se( 7) '7. 1 !::I 6 8,6!::tb 8.438 d.nS 1.'lIOb 1.11'71 H.ob3 
SC( A) O.OuO 0.000 9.~38 u.UOO 9.~b3 8. 7.1. 'j '7.063 

.** •• , •• ****.* ••••• *.*** •• *.* •• ** •••••• * •••• *.*** •••• * ••• *.* ••••• * •••• *0 

Fig 18. Output l(a). 
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PRot; F'OHEST SE.RVICE 1 

SU~MARY OF THE MUST UPT'~AL DESIGNS 
IN ORDER Of INCR~ASING TOTAL COST 

1 2 .; 
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1 
*oo*****oo*o**o*********** •• *****************~*********************it*** 
DESIuN NUMBER 2 2 ~ , l 2 2 
INIT • CON~T. COST .340 ,40J .J82 .4~4 .~44 ,40::> .319 
OvERLAy CONST, COST ,4!:)3 ,2b2 ,280 .t!54 .13~ .1JO .430 
USE.R COST ,013 ,008 ,008 .OUB .004 ,001t .012 
SEAL COAT COST 1.404 1.634 1,074 1.b96 1.793 1.80b 1.64R 
HOUTINE MAINT, COST .106 . .113 .110 ·118 eJ. 25 .1~d el 01 
SAL,.VAuE VALUE -.100 -.103 -.098 -.!08 -.108 -.l1j -.n88 
*******0******0****************0******************0******************** 
*******************00*******************0**0*************************** 
TOT~L COST l.2~b 2.316 2.356 l,J~l 2.~97 2.4cv ~.423 
*********************************************************************** 
****************************************~****************************** 
NUMBER OF LAYERS 2 2 2 ~ l 2 2 
*********************************************************************** 
LAYER DEPTH (INCHES) 

UI 1) .5.5.!l.:'.5.5.':) 
U( 2) 6.5 8.0 7.:' a.:, 9.u 9.5 6.0 

**********************************************************************~} 
*********************************************************************** 
NO.OF PERf.pERIODs 4 3 3 ~ ~ 2 '+ 
**********~************************************************************ 
PERF. TIME (YEARS) 

T( 1) 2.594 3.906 3.~06 4.40b 4.~69 5,~';1 2.~81 
T( 2) 5.313 8.003 7.003 ~.!~~ lO.~.4 11.681 ~.688 
T( 3) 9.219 12.844 11.250 14.b~5 0,000 o.oou 7.4b9 
T( 4) 1J.7S0 0.000 0.000 u.ooo 0.000 0.000 lu.~56 

***********************0**********************************************it 
OVER~Ay POLICY(INCH) . 
(EXCLUUING LEVEL-UP) 

O( 1> .4.4.4.4.1t.4.'!-
O( 2) .9.4.4.4 0.0 0.0 ,4 
O( 3) .4 0,0 0.0 0.0 0.0 0.0 .~ 

*********************************************************************** 
NUM~Ek of SEAL COATS 7 ~ 8 ~ 9 9 ~ 

******************************************~**************************** 
SEAL COAT SCHEDULE 

(yE.ARS) 
SCC 1) 1.000 1.000 1.000 1.000 1.uOO 1.00U 1.000 
SCI 2) 2.000 2.000 2.000 l.OuO 2,000 2.0UO 2.000 
SCI 3) 3.594 3.000 3.000 3.000 3.000 3.00U J.eRl 
SCI 4) ~.594 4.906 4.406 4.000 4.000 4.00U 4.281 
SCI 5) b.313 5.906 5.406 :,.1t06 5.909 5.000 5.688 
Se( 6) 7.313 6.906 6.406 o.iOb 6.969 6.531 6.h88 
sct 7) 8.31J 7,900 B.0~3 7,406 7.969 7.531 8.46Q 
SCI 8) 0.000 9.063 9.063 8.1t06 8.~6q 8.5';1 9.469 

**********************************************************************~ 

Fig 19. Output l(b). 
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psi for output l(b). For Road 2 the outputs, Figures 20 and 21, are for 

two different types of base material; crushed cinder is used in output 2(a), 

while bank run gravel is used in 2(b). Figure 22 compares the serviceability

age histories of the second most optimal design for outputs l(a) and l(b), 

while Figure 23 does the same for outputs 2(a) and 2(b). 
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SUMMARY OF THE MOST U~r'~AL D~SlGNS 
IN ORDER OF INCHEASINb TOTAL CUST 

1 2 J 
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6 7 
~*****************~*******o******************o***********~************* 
DESI~N NUM~fR 2 2 ~ ~ ~ 2 2 
INIT. CONST. COST .319 .306 ,J75 ,Jbl ,J4, .29~ .Zb4 
OVER~AY CONST. COST .288 ,3~5 .262 .J07 .~80 ,40J .43n 
USER COST .005 ,006 ,0~4 .005 .uOS .Ouf .007 
SEAL COAT COST 1.619 1.619 1,634 1.6~~ l.b74 1.bO~ 1,n4A 
ROUTINE MAINT. COST .Ob~ ,065 ,061 ,070 ,Obb .06J ,061 
SALVAGE VALuE O.ouO 0.000 0.000 u,OuO O.uOO 0,000 o,ouo 
*********************************************************************** 
*********************************************************************** 
TOTAL COST 2.2~7 l.340 2.J'l ~.Jb7 2,371 2.374 ~,41n 
*********************************************************************** 
*********************************************************************** 
NUM~EH OF LAYERS 2 2 ~ c 2 2 2 
*********************************************************************** 
LAYEH DEPTH (INC~ESI 

l) ( 1) 

l) C 21 
• !::I 

11.0 
.:) 

10.0 
.5 

B,O 
*********************************************************************** 
*********************************************************************** 
NO.OF PERF.pERIODS j 3 ~ 3 3 4 4 

*******************************~*************************************** 
PERF. TIME (YEARS) 

T ( 1> 
r ( .2) 
T ( 3) 
T ( 4) 

2.9b~ 
b.21~ 

10.1 81 
O.OUO 

2,1tH 
b.4J8 

10.906 
0.000 

3.969 
8.~69 

14.000 
0.000 

j.71'J 
!j.be:> 

ltt.ti .. 4 
0.000 

3.~69 

7.313 
12.000 

0.1I00 

2.:'31 
5.3lJ 
8.6:'& 

12,687 

2.156 
'+.500 
7.~81 

10,b87 
********************u************************************************** 
OVER~AY POLICY(INCHI 
(EXCLUDING LEVEL~uP) 

Oc 11 .'+ ,9 ,4 .'1 .~ .ft. ,4 
O( 21 .4.4 ,. .It ,4 .' .4 
O( 31 u.O 0.0 0.0 U.O O.U ,ft. .4 

*********************************************************************** 
NUMBFR OF SEAL COATS 8 8 8 ~ 8 8 ~ 
*********************************************************************** 
SEA~ COAT SC~EOULE 

('(t:.ARS) 
SCI 1) 1.000 1.000 1.000 1.000 1.000 1,00U 1.000 
SCI 2) 2.000 2.000 2.000 c.OOO 2.000 2,000 ~.OOO 
SCC 3) 3.969 3.181 3.000 3.000 3.000 3.531 J.15b 
SCC 4) 4,9&9 4,181 4.969 ."19 4,tt69 4.531 '+.156 
SCC 5) 5.969 5,181 5,~69 5.719 5,4&9 6.313 ~.~OO 
SCC 0) 7.219 1.4J8 6.~69 &,719 6.469 7,313 b.SOO 
SCI 1) 8.219 8.438 1.969 1!719 8.313 A.313 8.281 
SCI 8) 9.219 9.438 9.469 9.6c5 9.313 9,656 '1.2 8 1 

**************************.*************~****************************** 

Fig 20. Output 2(a). 
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FOMEST SE~vIC£ 1 

OE~,y,",I'l NUM8ER 
INlT • CONST. COST 
OVERLAY CONST. COST 
USER \,;OsT 
SEAL tOAT COST 
HOUTINE MAINT. COST 
SALVAliIE VALUE 

SUMMARV OF THE MUST uPT!~.L DESIGNS 
IN OHOER OF INC~EASING TOTAL CUST 

2 2 e c 2 
.2..30 .20t:! .J33 oJl" .elt; 
.467 .564 .c.1t4 .,,:,2 .324 
.0OIj .OO~ .OU4 ;OU4 .005 

1.4::'4 1.4..31.1 1. b3B 1.b4!j l.bJ4 
.Ob2 .003 .1.170 .. Ubt; .Ob7 

U.OUO O.llOO 0.000 U.OOO 0.000 

2 2 
.2cc. dbl 
.4bl .130 
.00t:! .002 

1.5'itJ 1.H06 
.Obe .075 

0.001.1 0.000 
*~****************************************************0****_*********** 
*************************.**********.*****************************.***-
TOTAL COST 2.2~b 2.214 2.~90 ~.c.~~ 2.J08 2.3~1 ~.j74 
**************.***********************************0*******************it 
**********00*******.********.****.** ••• *********** •• *.******0*.**.0** •• 
NUMBE~ OF LAYERS 2 2 C C. 2 2 2 
*********0***.*.** •••• ****.** ••• *.*.**.*** •• ******************.*.****** 
LAVER DEPTH (INCHES) 

Li ( 11 
L){ 2) 

.5 
5.0 

.::1 

~.tl 

.!l .5 
5.5 

•• *.*********.*******.*.* •••• **************.**.**.* •• ***.**.*****.0** •• 
*******.***********.*· ••• *·.********.**~**i.~*************************** 
NO.Of PERf.pERIOOS 4 J 

Pt:.RF. TIME (YEARS) 
T ( 1) ~.9b9 2.5"i4 4.lf69 ,+.b,:)b 3.71'l 2.11:;1 ~.b56 
r ( ii:::) :'.3'+4 5.SbJ 8.b25 i:).ObJ 6.cSO 5.000 10.l131 
T ( 3) 8.2:20 9.219 13.094 .l~ • .l::>b 10.ub2 7.;'':;'+ 0.000 
T ( 4) U.7~1 13.t;12 o·OUO U.UuU o.UOO lO.7~1.I u.uoo 

******00 •• 00****.**.***************** •• ******.*************.t*********** 
OvERL:~Y POLICY (INCH) 
(fllCLUDING LEVEL-UP) 

IJ ( 11 .9 1.9 ."t .4 .ot .'i ... 
o( 2) .4 .4 ."t ,,+ .'1 .'+ u.t) 
U ( J) .4 .4 0.0 u.u O.U .4 0.0) 

*****.***.***********.*~*********.************O****************.*~***** 
NUMtjFR OF SEAL COATS 7 ( ~ d t; " --

. - -
**.**********.***.*** •• *0*************.*.****.*********.*******~***~**~ 
SlAL COAT SCHEOULE 

(YEARS) 
SC( 1> 1.01.10 1.000 1.000 1.000 1.\100 1.000 1.000 
SCI 2) ~.ouo 2.000 2.000 t:.Uuo 2.1100 2.00U t!..ooo 
SCI 31 J.9bli J.S~4 3.000 .hOOO .~.OOO 3.7tH J.OOO 
SC( 4) 4.9b9 4.5'14 4.000 4.000 4./19 4.7tU '+.000 
SCI 51 b.3'+4 6.5b3 5.~&9 ~;btib 5.(19 6.000 5.000 
SC( 6) 7.344 7.5b3 6."t)9 b.b:)o 7.~50 7.UOO b.65b 
SCI 7) 'i.2:)0 8.5bJ 7."09 7~b56 8.~50 8.:''1'+ 7.b56 
sCI S) 0.01.10 0.000 9.b25 If.Ob3 9.c.50 9.5'l"t d.65t. 

0***.****.*0***********.*****.***** •• *******.**********************~.*** 

Fig 21. Output 2(b). 
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