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Foreword 

This Record contains seven papers on various means of identifying and evaluating the 
effectiveness and efficiency of pavement management efforts. Research on this topic is 
ongoing worldwide: three of these papers report on efforts in the United States, two on 
work in Canada, and two on projects in Egypt. This record should be of interest to any 
professionals involved in pavement management. 

The development of state pavement management systems (PMSs) from conception 
through change and adaptation to operation is the subject of the paper by Maze et al. 
The authors provide an administrative viewpoint on many of the issues that should be 
addressed in establishing or improving a PMS. Al-Suleiman et al. present the results of 
their research efforts to identify the effects of routine maintenance on pavement surface 
condition and service life in Indiana. They provide insights into the relationship between 
the level of routine maintenance expenditures and the need for pavement resurfacing 
for various types of pavements. 

The integration of life cycle cost information and pavement performance factors in a 
decision support model for the evaluation of maintenance policies is the subject of the 
paper by Azmy et al. The authors provide a detailed description of their project to 
provide the Egyptian Roads and Bridges Authority (RBA) with factual information to 
assess alternative maintenance policies. Zaghloul et al. provide a description of their 
efforts to develop a simplified pavement maintenance cost model for use by the RBA. 
The model is based on maintenance cost as a function of pavement condition. 

The relative efficiency of highway maintenance crews performing routine maintenance 
activities in Ontario is the subject of the paper by Kazakov et al. The model that they 
develop can be used to identify inefficient maintenance crews and possibly provide 
improvement . Jenkins et al. describe their development of test procedures to evaluate 
the performance characteristics of coal tar emulsion seal coats. The results were used 
to develop guidelines for determining the optimum quantities of additives, additional 
water, and sand for a given set of materials. The development of a framework for the 
selection of pavement preservation treatments is the subject of the paper by Hajek 
and Phang. Using linear programming techniques, the authors describe a means of 
optimizing project-specific strategies within funding constraints. 

v 
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Case Studies of the Administration of 
Three Statewide Pavement 
Management Systems 

T. H. MAZE, NEAL R. HAWKINS, AND }AMES K. CABLE 

This paper discusses three case studies of the pavement man
agement systems used by the sl:atc departments of transpor
tation in Iowa Arizona, and Pennsylvania. These ca e studie · 
demonstrate how existing successful systems operate from an 
administrative point of view. The original intent of the research 
was to answer a number of practical que lions rai ed by the 
manager · of a state department of transportation that was 
considering the use of a pavement management system. ome 
of the questions asked included: How much will tbe system 
cost? How wiJI a pavement management system impact current 
decision making? Should pavement management be controlled 
wiU1in the central office? Should field divisions play a major 
role in the system'/ Thi paper seeks to provide solution to 
these questions through the examples provided by other tatc . 

The purpose of the research described by thi · paper is to 
demon trate how respected statewide pavement management 
systems operate from an administrative point of view. Much 
information is available on the pavement numagement tech
nique · used by various agencies (such a the distress measures 
collected, the u. e of optimization program for allocating 
resources and decision rule C r selecting pavement trent
ments) . However , little is available reg:uding the role of the 
pavement management system within these agencies, the cost 
of planning, de igning, developing, operating, and maintain
ing a pavement management system, and how the pavement 
management system helps determine the allocation of resources. 

Originally , the re earch wa conducted for a late depart
ment of transportation that was con ·idering th ~ development 
of a statewide system (/) . At the feasibility tage top man
agement acknowledged a number of organizational and 
administrative is ues, including the following practical 
concerns: 

• How much will the system cost? 
• How will a pavement management system impact current 

deci ·ion making? 
• Should restoration, rehabilitation, and reconstruction 

programming, which use the pavement management system 
as a resource, be controlled by Lhe central office with regional 
office only reviewing the program, or sh uld the process be 
initiated at the regional level? 

Re earchers were sent to state department of tran por
talion that were respected for their pavement management 
systems. The states visited were Iowa, Arizona, and Penn
sylvania. The systems in each of these states were developed 

Iowa State University, Ames , Iowa 50011 . 

with different approaches, take different approaches to the 
pavement management process, and evolved at different paces. 

IOWA PAVEMENT MANAGEMENT 
INFORMATION SYSTEM 

The Iowa Pavement Management Information System (IP.MI ) 
wa , for the most part developed in-hou e. The Iowa Depart· 
ment of Tran portation (fDOT) has collected pavement con
ditions ( uch a roughne and structural capacity) ince the 
tare 1950 · and maintained the information in variou uncoor
dinated fonns. fn the late 1970 , IDOT decided to integrate 
its pavement condition measurement urvey and aut mate 
its condition data proces ing. The joining of these indepen
dent effort into a systematic data collection effort became 
the existing IPMIS. 

The current computer software for the IPMIS resides on 
lDOTs mainframe computer, and the individual pavement 
condi tion and pavement con tructi n hi tory files re ·ide in 
individual flat files (not a relational/hierarchical data base 
file). A new data management ystem i being installed to 
merge the pavement condition and con truction history data 
files into one relational data base system integrate data stor
age and retrieval, and permit ad hoc data querie . 

Pavement Condition Data Collection 

The IPMIS contains data that cover five pavement condition 
attributes (2): 

1. Skid resistance measured using locked wheel skid 
trailers, 

2. Structural adequacy measured u ing a Road Rater, 
3. Roughness measured using an electromechanical ride 

meter {the Iowa Johannsen and Kirk Ride Indicator), 
4. Surface distres visually measured using a crack-and

patch urvey, and 
5. Remaining pavement life measured in 18-kip equivalent 

ingle-axle loads (ESALs) until terminal pavement service
abil ity is reached. 

Pavement Section Evaluation 

IDOT uses the field-generated condition data , except the skid 
resistance data, to evaluarc pavement sections through a pave-
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Factor Value 

1 2 3 4 5 6 7 

Percent Remaining 
<-19 -19 0 10 25 45 >70 

1B Kips 

P.C.C. D-Crack 
> 4 4 3 2 1 0 

Occurrence Factor 

Relative 
0.40 0.50 0.60 0.70 0.BO 0.90 1.00 

Structural Ratio 

Maintenance Costs 

Rut Depth > .50 .40 .30 .20 .10 .05 < .05 

PSI Deduction >.BO .60 .40 .25 .15 .05 < .05 

Longitudinal Profile 
< 3.00 3.20 3.40 3.55 3.65 3.75 >3.75 

Value (l.J.K. Ride) 

P .S.I. Decrease/Year 
> .20 .20 .17 .14 .11 .OB < .05 

6 year basis 

Add factors and compute lo a 7 point scale. 

If PSl<2.0, the bs In PSI will reflect a factor value of O 

FIGURE 1 Iowa pavement management matrix. 

ment management matrix. The matrix contains values for 
eight measures of pavement condition: 

1. Percentage of remaining 18-kip ESAL life, 
2. D-cracking occurrence, 
3. Structural rating, 
4. Maintenance costs, 
5. Average rut depth, 
6. Present Serviceability Index (PSI) (3), 
7. Roughness, and 
8. PSI decrease per year. 

As shown in Figure 1, each of these eight condition mea
surements is divided into seven individual categories (factor 
. cores) where 1 is poor condition pavement and 7 i good 
condition pavement. The matrix value for a pavement section 
is determined by entering the matrix for each factor and mea
sured value and obtaining the corresponding factor value at 
the top of the appropriate column. For example, if the pave
ment has received loadings equal to its design life (0 percent 
remaining), then the pavement receives a factor score of 3 
for the remaining pavement life . To obtain an overall measure 
of the pavement condition the factor scores ot all pavement 
condition measures are added and the sum is recomputed into 
a score on a scale from 1 to 7. Summary listings in decreasing 
matrix value, by highway di trict, or by matrix factor can be 
generated to assist administrators in developing construction 
and maintenance programs for the next 1 to 5 yr. 

IDOT is developing a pavement condition rating (PCR) 
system for the condition measur ment included in the pave
ment managem nt matrix. The P R would be a composite 

score from 0 to 100, where 0 is the poorest condition pavement 
and 100 is the best condition pavement. The rating system 
will be dependent oo the pavement type, such as asphall 
concrete (AC) pavement , portland cement concrete (PCC) 
pavement, continuou ·ly reinforced PC pavement and P C 
pavement verlaid with A (composite pavement). By inde
pendently factoring the condit ion ·cores to a 100-point cale 
for each pavement type, Lhe composite ratings are cu lomized 
for each pavement type and become comparable. Therefore, 
U1e 100-point system will permit predktion and prioritization 
of pavements for rehabilitation. FurLher a 100-point . cale 
PCR will be compatible with lDOT's 1 0-1 oint scale suffi
ciency rating, \\lhich wi ll permit the tw systems to be used 
together to devel p program that meet pavement rehabili
tation and traffic capacity needs concurrently. 

Role of Pavement Management at IDOT 

The lPMTS is currently managed by IDOT' Office of Mate
rials , which is part of the Highway Division . The Office of 
Materials ha. historically been responsible for collecting pave
ment condirion Uaia auJ vcafut"1iJhig ~uwc dutll C'"·~l~~ti(!!"!. 
When the IPMIS becomes completely operational, the Plan
ning and Research Divi ion wil l a ume management re pon
sibility for the IPMI . The Highway Di vi i n will continu to 
ollect and evaluate the condition data , while the Planning 

and Research Division conducts programming activities. This 
will provide a y tem of checks and balance to improve data 
quality and encourage cooperation among IDOT units. 

The primary role top management fore ees for the TPMIS 
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FIGURE 2 Data flow diagram of the Iowa pavement management system. 

is in the programming of major pavement rehabilitation. Once 
the 100-point scale P R system is operational , then the P R 
will complement IDOT sufficiency ratiDg in the develop
ment of the highway improvement program. 

The pavement management y tern administrati.on has 
evolved from a Pavement Manag ment Ta k Force con i ting 
mo tly of top management staff to the cusrent Pavement Man
agement Committee. Becau e of the top managers ' demand
ing chedules, the ta k force met infrequently and the pave
ment management ·taff did not receive adequate direction. 
A a result the development of th IPMI lacked momentum. 
More recently, a Pavement Management Committee Task 
Force was formed of mid-level managers. These members 
1neet more frequently and administer developmental .activi
ties, while the Pavement Management Commit.tee sets poli
cies and reviews ta k force activitie . The development pace 
of Iowa' ystem has quickened since thi task force was 
established. 

System Inputs, Outputs, and Processes 

Figure 2 is a simplified diagram outline of the data flow in 
the IPMIS. The flat rectangles represent data stores (data 
files) the double-edged boxe are external entitie that begin 
or end data flows (pavement condition collector and output 
u ers) the rounded rectangles are proces e (compiling of 
data and computing), and the arrows are data flows. Some 
of the data stores have been drawn more than once to reduce 
the clutter. These data stores have a double line across their 
left-hand side. 

The current IPMIS is a relatively simple data base system 

TABLE 1 IOWA COST OF PAVEMENT CONDITION TESTS 

Evaluation Test 

IJK Ride Meter 
Skid resistance test 
Pavement deflection 
Pavement texture test 
Crack and patch survey 

Cost/2-Lane Mile ($) 

9.41 
15.06 
34.92 
86.16 

101.71 

with a series of flat files. However, the development of this 
system took roughly 5 man-years, and an estimated 2 man
years will be required to place the IPMIS on a relational data 
base management system. 

One of the largest difficultie in managing the data base 
ha been the coordination of a nonstandard pavement location 
coordinate system. Iowa s pavement management y tern 
operate l>otb on a pby ical milepost location system that 
originate at the west and outh state lines and on an irnagi1rnry 
milepoint system that originates at the west or south line of 
each county for a particular route. Other data are referenced 
in other nonstandard systems. For example, limits of con
struction projects are based on milepoints. 

Costs 

IDOT' s costs of performing pavement conditi n test per mile 
are Ii ted in Table L These figures include labor cost, depre
ciation on te l equipment, and the cost of equipment main
tenance and operation. It hould be noted that, although the 
entire tate highway sy tern condition is measured measure-
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TABLE 2 ANNUAL OPERATING AND ADMINISTRATION COSTS OF IPMIS 

Data 
Collection 

IJK Roadmeter 

Friction (not in 
Matrix) 

Road Rater 

Crack & Patch 
Survey 

Two-Lane 
Miles 

5,050 

5,000 

3,000 

800 

x 

x 

x 

x 

Cost/Mile Total 

$ 9.41 $ 47,521 

15.06 75,300 

34.92 104,760 

101. 71 81,368 

Administrati·on (2 P.E.s, 1 E.I.T., 1 Tech-4, 
1 Tech Supervisor-2, and 2 Temp. Eng. Students) 50,000 

Traffic, truck weight and class, 
18 kip ESALs 

Equipment Maintenance Costs 

Computer Program Development 

Pavement Management Task Force 
(5 people x 2 hours/week x 

52 weeks/year x $20/hour) 

Pavement Management Committee 
(8 people x 2 hours/month x 

12 month/year x $30/hour) 

ments are made only on random samples. For example, the 
crack-and-patch survey is conducted on \12-mi subsections within 
each 5-mi section. Therefore , the cost per mile of a crack
and-patch survey is actually the cost of evaluating two 5-mi 
sections. 

The costs of operating and administering the IDOT pave
ment management system are listed in Table 2. These costs 
have increased dramatically in the past few years because of 
increased pavement management activity. In 1987 it cost IDOT 
roughly $500,000 to operate and administer the IPMIS, while 
in 1985 only $225,000 was spent on the operation and admin
istration of the system. 

ARIZONA PAVEMENT MANAGEMENT 
SYSTEM 

The Arizona Department of Transportation (ADOT) began 
invr.stig::iting the development of a pavement management 
system in the mid and late J970 . At that' time, there were 
lwo primary management i ues that ADOT hoped to addr 
through the use of a pavement management sy te rn ( 4) : 

l. Estimates of preservation needs and maintenance deci 
sions were mostly. ba ed on the judgment of district engineers. 
The concern was Lhat judgme ntal decision making might lead 
to nonuniform pavement condit ions across the tale. Al · , 
!hi; :;tate government wa aware of the ·ubjec ·v · 1rn t11re of 

Est. 50,000 

Est. 30,000 

Est. 35,000 

10,400 

5,760 

$490,109 

(roughly $500,000 per year) 

these decisions and was reluctant to appropriate additional 
funds when resource allocation decisions were made in this 
manner. 

2. A method for predicting the long- and short-term effec ts 
of funding shortages on road condi tion and a systematic pro
cedure to cope with budget cuts were needed. 

ln 1978 ADOT hired a consultant to develop a pavemenl 
managemem decision-making lOol for Arizona. Th focus of 
this sy-tem is at Lhe oe1work level. T he optimiza tion u es a 
Markov chain model which forecast the prop rti n of the 
highway nelwork that will change from one condition state 
to another during a given year. A linear program is then u. ed 
to elect Lreatments and allocate re ouJces each yea r. Un fo r
tunately, the network optimization fo.recasts only-proporti ons 
of the entire highway network that will be in a specific con
dition state. In other word , the identity f each section is 
lost. 

The network optimization system forms the focal point of 
Arizona's current pavement managerm:ui :-.y:-.icfr1 . Ifov.·cvcr , 
ADOT has d veloped programs to augment the original sys
tem and collec data in its pavement evaluation that are not 
u eel by the original model. For example, one of ADOT's key 
pavement management toot· i a heuristic algorithm used to 
predict Lhe condition of a specific pavement section and auto
matically selecl rehabilitation trea tments. When results of the 
heuristic algorithm arc compared to those of the optimiza tion, 
the cost forecasts are _generally very close. 
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Pavement Condition Data Collection 

ADOT collects and maintains data files for several types of 
pavement condition data: 

• Surface distress measured through a visua l survey of the 
first 1,000 ft2 of the pavement at each milepost, 

• Skid resistance measured using a Mu-Meter, 
• Roughness measured using a Mays Ride Meter mounted 

on the rear axle of a specially equipped passenger car, and 
• Structural adequacy measured using either a Dynaflect 

unit or a Falling Weight Deft ctometer. 

Role of Pavement Management at ADOT 

ADOT's pavement management system is cmrently managed 
within the Materials ection, which is part of the Highway 
Division. The Highway Divi ion is divided into two groups: 
the Highway Development Group and the Highway Opera
tions Group. The Materials Section i part of the Highway 
Operntion Group. The Material Section contains three area : 
Geotechnical Services, Testing Services, and Pavement Ser
vices. Pavement Services include the Pavement Management 
Branch and the Pavement Design Branch. 

The Pavement Management Branch has 1L employees and 
is managed by a pavement management engineer. This branch 
is responsible for collecting pavement condition data and man
aging the pavement management data base and the pavement 
management programs. 

The primary management respon ibility of the Pavement 
Management Bra11ch i. the id ntification of pavement pres
ervation projects. In 1987, ADOT's pavement preservat ion 
budget was roughly $62,000 000. At the start of each fi cal 
year (July 1), the pavement management engineer meet with 
the district engineers to begin developing a preservation pro-

-j H·l~h"•Y Inventory Mays - Wi th, Design, Overlays 
Meter 
Roughness 
Test 

Past Pavement Curront 
Pavement Rougnnoss Mile 

Post 
Condit ion Data Pavment 

By Mile Post 
System Past Pavement 

ondltion 

Condition I Current Pavement 
Crack Condition 
Survey ' 

Present P•v"""'n j 

I .... 
'- Update 

5 

gram. In the e meetings, pavement projects and priorities are 
discussed. Over the next few months , a draft pre ervation 
program is develo1 ed and the pavement management data 
base is updated with condition data collected during the sum
mer. After the data bas i updated, the network-level models 
are run and the pavement management engineer refines the 
preservation projects based on current data. Another meeting 
is then held with the district engineers to settle on a final 
preservation program. Thi program is then presented to the 
priority planning ubcommittee at the beginning of the year, 
to be included in the 5-yr construction program which is 
forwarded to ADOT's board for final approval. 

The pa t pavement management engineer estimated that 
between 70 and 80 percent of the projects ele ted through 
the pavement management ·ystem agree with tho'e selected 
by the district engineers. These gr ups tend to agree more 
on the dollar. programmed for pre ervation and les on the 
specific miles identified for restoration . This is because more 
expensive projects (such as Interstate restoration) are more 
easily identified. 

The pavement management system was placed in the Mate
rials Section because this section has alway perform d pave
ment te ting. Pavement management wa imply con idered 
an extension of thi role. Interestingly pavement manage
ment has largely been used as a network-level pavement res
toration planning tool. Even though this planning function i 
based ou · ide of the Planning Divi ion , ADOT does not intend 
to change this structure. 

System Inputs, Outputs, and Processes 

Figure 3 is a data flow diagram of ADOT's pavement man
agement system. The network optimization is a sophisticated 
program that involves the use of Markov chains and a linear 
programming model. 

Generate 
Pavement Pavement 
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FIGURE 3 Data How diagram of the Arizona pavement management system. 
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TABLE 3 ARIZONA COST OF PAVEMENT CONDITION 
TESTS 

Evaluation Test 

Mays Meter Roughness Test 
Cracking and dist rcss visual inspection 
Mu-Meter skid resistance test 
Dynaflect deflection test 
Falling weight deflectometer test 

Costs 

Cost/2-Lane Mile ($) 

3.48 
4.85 
5.77 

21.78 
53.22 

To develop the network optimization, ADOT spent roughly 
$300,000 on consulting services in 1979. Temporary staff were 
hired for a total of about 13 man-years to work on the pave
ment management system during its development. 

The costs of performing pavement condition tests per mile 
are listed in Table 3. These figures include labor cost, vehi
cle rental rates, and employee per diem. They do not reflect 
the cost of survey equipment depreciation. The cost of vis
ual crack-and-distress tests are low because ADOT inspects 
only the first 83 ft of each mile of roadway surface (12-ft 
iane width x 83 ft = 1,000 ft2). The annual labor cost of 
operating the ADOT pavement system is roughly $275,000 
(11 staff members). 

PENNSYLVANIA'S SYSTEMATIC TECHNIQUE 
TO ANALYZE AND MANAGE PAVEMENTS 

Before 1983, the Pennsylvania Department of Transportation 
(PennDOT) made several overture toward th development 
of a pavement management ystem. Various committee · were 
appointed to inve tigate pavement management, but little 
progress was made. Finally , in 19 3, the Pennsylvania sec
retary of transportation named an eight-person task force to 
investigate the possibility of developing a pavem nt manage
ment sy tern for PennDOT. 1f the task force determined that 
a sy tern was f a ibl.e, it wou ld as ume respon ibility for the 
development. 

The task force members were all mid- to upper-level man
gers (a district engineer, assistant district engineers, and divi

sion managers). Unti l their first meeting, none of the members 
knew the identity of the others. 

Once the task force had decided that it was feasible to 
develop a pavement management sy tern the members were 
relieved of their normal duties and seque tered for the dura
tion of the project, which took 9 mo to complete. The pro
totype system took roughly 6 man-years of the cumulative 
task force members' time. 

The original pavement uianagement sy te rn designed by the 
task force was given the name "Sy tematic Techniques to 
An:ilyze and Manage Pennsylvania s Pavement ' ( TAMPP). 
The computer program used to automate STAMPP was writ
ten in BASIC and run on a microcomputer (5). During the 
development pha e , a demonstration of STAMPP was con
ducted by applying the system to a single ounty. Once 
ST AMPP was refined and te ted ii was con. idered ready or 
application to the remajning highway system. 

The PennDOT philosophy on pavement works from the 
bottom up. The pavement management system i u eel by the 
t:ou11ty m nager to ct pavement mainl"nance and bettermenl 
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pri riries within the county. An a sistant district engineer 
considers the county manager ' recommendati n when mak
ing project e lect ions for the di trict. All project- level pave
ment management analy is is conducted at the di ·trict level. 
whereas network-level pavement management analysis i c n
ducted at PennD T headquarter ·. The involvement of head
quarter in the process en ures con isten y bctwe n di tricts. 
If a district recommendation deviates from the action rec
ommended by STAMl>P, ample ju tification must be given 
for not following the program' recommendations. Becau e 
STAMPP has only been in operation a shorl time, PennDOT 
ha not yet developed performance curve to forecast future 
performance of 1he system. 

Pavement Condition Data Collection 

PennDOT has divided the state highway system into approx
imate.ly 90,000 inventory seg1.11ents that are roughly Vt mi long. 
The segment divi ion are located at phy ical h:rnges in the 
pavement or changes in th characteristiC! of the traffic load
ings (. uch as an interseclion). The beginning rmd ending of 
egment are marked by inventory posts , and the egments 

are used to identify the highway system fo.r ·ill ther inven
tories (such as accident locati n and traffic c ntrol device 
locations) . 

PennDOT collects several types of condition data: 

• An exten ive visual inspection of the pavement condition 
1 conducted by two individuaJs (a driver and an evaluator) 
in a rn ving vehicle. Five percent of the ·ection a.re re ampled 
for quality control. Each year, che enlin; pavement ection is 
rated and all ·ection ar in pected. Vi ual evaluations cost 
slightly le s than $13 per mile. 

• Roughnes j measured using Mays Ride Meters. 
• Skid resistance i measured using locked wheel skid 

trailers. 
• Structural adequacy is m.ea ured using a Falling Weight 

Deflectometer on PCC pavements and a Road Rater on AC 
pavements. These tests average around $88 per mile. 

The Role of Pavement Management at PennDOT 

In 1983, PennD was reorganized to struc.:lure the Depart
ment by function . The manag ment function of the highway 
system was placed in a new bureau ca lled the Bw·eau of Bridge 
and Roadway Technology. Thi bureau has three divi ions: 

1. The Engineering Technology Division , which i resp n
ible for electroni c data proces ing. value enp,ineering c or

dination new product evaluations experimentation and eval
uation projects, and technology transfer; 

2. The tlndge Managemem Sysic::w · Divi~;oj·, v·ihich i~ 

respon ible for bridge sy tern evaluation and bridge experi
mentation project· ; and 

3. The Roadway Management Division , which is resp n
ible for pavement management, pavement design practice, 

and pavement experimentation projects. 

Although these three management divisions control the devel
opment of roadway and bridge design and maintenance prac-
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FIGURE 4 Data flow diagram of the Pennsylvania pavement management system. 

tice, actual design and maintenance are conducted by the 
Bureau of Design and the Bureau of Maintenance and 
Operations. 

By reorganizing, PennDOT has avoided orienting the pave
ment management system toward the objectives of a func
tional area (such as maintenance, materials , de ·ign, or plan
ning) . Instead, the system is a managem nt tool available to 
all functional areas. 

System Inputs, Outputs, and Processes 

Figure 4 is a data flow diagram of ST AMPP. Although ST AMPP 
was originally designed as a standalone sy tem, it i currently 
a module of the PennDOT roadway managcmen1 sy. tern 
(RMS). RMS is a computerized information system that inte· 
grates pavement management, roadway information (data 
covering descriptions of the roadway and construction hi -
tory), special processes (traffic data, accident data, and others), 
computer-generated straight-line diagrams, and other man
agement functions. Development and testing of the RMS is 
expected to cost approximately $20 million. 

FINDINGS 

Each of the three case studies provides a distinctly different 
approach to the development and administration of a pave
ment management system. The Iowa system was developed 
in-house . It has been slow to evolve over its 9-yr history, but 
progress now seem to be more rapid . Arizona's. ystein was 
dev loped by a con ultant and late r modified in-house . In this 
highly centralized system, the pavement preservation program 

is initiated at headquarters then reviewed and critiqued by 
the field districts. The Arizona system's primary empha i i 
at the network level and it is principally used in project 
planning and programming. Penn ylvania' system was devel
oped in-house by a committee of mid- to upper-level man
agers. It i. very decentralized and begi n at the c unty level. 
T hi system focuses on the election of individual projects and 
is not currently capable of projecting pavement conditions for 
planning purposes. 

RECOMMENDATIONS 

From the case studies, general and specific recommendations 
were made for the state that originally sponsored the research. 
Many of these recommendations were unique to that state. 
For example, one critical issue was the pavement management 
process flow. Should the field divisions begin the annual and 
5-yr programming and planning proces , following the Penn
sylvania model , or should the central office tart the proces-, 
a in the Arizona model? 1n the pon or tale, the field divi
sions had enjoyed a good deal of autonomy in selecting main
tenance and restoration projects for the non-Interstate state 
highway system. Many field division personnel felt that cen
tralizing the processes would erode their ability to direct 
resources effectively using judgmental factor that could only 
be known through local experi nee. Therefore, it was rec
ommended that the project planning and programming pro
cess should start within the field divisions and that uniformity 
between these divi ion h uld be governed by that process . 

Other recommendation that involved the unique charac
teristic of the pon or state regard d whether the ystem 
shou ld be developed in-hou e r by a consultant and whether 
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the system should initially focus on the development of net
work-level capabilitie. or on identifying and prioritizing 
projects. 

The following recommendations can be applied to all 
agencies: 

• Top managers must be committed to the systematic maa
a em nl of pavements. They should be willing to commit a 
significant level of human and capital r s urce to the plan
ning design, and implementation of the system, and sy ·tern 
maintenance, operation, and improvement must receive a 
substantial and continuous flow of resources. 

• General education on the pavement management process 
should be conducted during the initial planning stages to reduce 
misconceptions by staff members and facilitate receptiveness 
to the process. 

• A committee of mid-level managers and engineers should 
be appointed to guide the planning, design and implemen
tation of the pavement management process. These individ
uals must be relieved f enough routine duties that they can 
devote a substantial level of effort to their committee assign
ments. They should attend in-depth pavement management 
traiuing programs through as many different organizations as 
possible to expose them to a variety of pavement management 
philos phies. The training should also include site visits to 
other states. 

In addition, the study identified six major issues that should 
be addressed in the management plan for a system's devel
opment, implementation, and operations. The plan must 

1. Establish clearly defined objectives with quantifiable 
measures of accomplishment. The functions of the pavement 
management system should be apparent through the objec
tives. For example , one objective might be that th ystem 
should be able to allocate fun l · budget· and program projects 
for up to 5 yr with the goal of minimizing the life-cycle costs 
of the pavement network. Implied in this objective is that the 
·ystem wilJ be able to conduct adeq uate pavement perfor
mance forecast estimate revenue establish prioritie , and 
optimize the allocation of funds. 

2. Identify output requirements for the various division f 
the department. For example, if one objective i to have the 
pavement ystem automatically estimate budgets the system 
must be able to utpul the de ired maintenance treatment for 
pavements calculated by areal measurement. 

3. Identify data requirements for the desired outputs. For 
example if the ystem is to select maintenance nctions ba ed 
on the thresholds of de teriora ting pavement conditions, then 
the appropriate conditions must be included in the data 
collected. 

4. Recommend appropriate changes or improvements to 
current data collection practices. For example, the sponsoring 
agency is likely to require better collection ot truck axle IOaci 
data. Therefore, improved data collecti n procedure are 
necessary. 
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5. Identify th nrnnagemcnl I o iti n and staffing levels 
needed l operate the pavement system . The permanent posi
cion of an engineer-manager, other professi.onals, and tech
nicians as well as temporary pavemenc condition survey labor 
represent a significant, recurring cost. 

6. Determine an oversight role for a pavement manage
ment committee. This committee should be responsible for 
the review and guidance of the permanent staff. 

It was recommended that the sponsoring agency should 
undertake a list of eight activities once the management plan 
is completed and the above issues are addressed. These activ
ities were all given deadlines and range from top management 
initiating the pavement management system development 
process to long-term system development activities. 
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Effects of Routine Maintenance 
Expenditure Level on Pavement 
Service Life 

TuRKI I. AL-SULEIMAN, KuMARES C. SINHA, AND THOMAS KuczEK 

This research was undertaken to determine how the level of 
routine maintenance expenditure affects pavement surface 
condition and pavement service life. The relationship between 
pavement roughness and pavement age was examined under 
different levels of routine maintenance expenditure. Surface 
roughness was used as a measure of pavement surface con
dition, and pavement age at terminal roughness value was 
considered as a measure of pavement service life. The effects 
of traffic loading and regional factors were included in this 
relationship. Data on a selected number of pavement sections 
from the Indiana state highway system were used to develop 
appropriate prediction models. The results of these models 
indicated that, if patching and crack-sealing expenditure 
increases from low to high levels, resurfacing can be postponed 
1 to 3.3 yr for overlaid pavements and 1.6 to 8 yr for flexible 
pavements. 

Resurfacing a highway section usually causes an immediate 
reduction in the need for pavement routine maintenance (1). 
However, past research has not revealed how long resurfacing 
can be postponed if appropriate levels of pavement surface 
maintenance are undertaken. This research effort studied the 
effects of routine maintenance expenditure level on pavement 
surface condition and resurfacing need. A relationship between 
pavement roughness as a measure of pavement surface con
dition and pavement age as a measure of pavement service 
life was introduced under different levels of routine mainte
nance expenditure. This relationship was used to relate pave
ment resurfacing needs to the level of routine maintenance. 
An assumption was made that improvements in pavement 
condition are positively related to the level of routine main
tenance expenditure. 

BASIS OF THE APPROACH 

Pavement performance is a result of the combined effects of 
traffic load, environment, age, initial design and construction, 
and past maintenance. The most widely used aggregate pave
ment performance model is the relationship between axle 
loading and pavement deterioration developed through the 
AASHO Road Test (2). An approach proposed by Fwa and 
Sinha (3), which was based on the serviceability performance 
concepts developed by the AASHO Road Test, measures 

T. I. Al-Suleiman, Jordan University of Science and Technology, 
Irbid, Jordan. K. C. Sinha and T. Kuczek, Purdue University, West 
Lafayette, Ind. 47907. 

pavement performance in terms of Present Serviceability Index
Equivalent Single-Axle Load (PSI-ESAL) loss. In the research 
documented in this paper, the following initial assumptions 
were made: 

• Pavement roughness can be used instead of PSI as a direct 
quantitative mca ure of pavement performance. This assump
tion i derived from the conclusion of several studies ( 4 5) 
that the u e of roughne s measurements is often ufficient for 
predicting the serviceability index. Roughne s data are readily 
available to most highway agencies. Also, the g neral public 
perceives pavement roughness as more critical than structural 
adequacy in determining the timing for pavement improve
ment (6) . 

• Pavement age, as measured from the most recent recon
struction or resurfacing, can be used to represent the com
bined effects of traffic and environment for a small range of 
traffic volume as well as for a small variation in climatic con
ditions. Since pavement age alone can account for about 80 
percent of the variations in damage responsibilities (3), this 
assumption is reasonably valid. Consequently, pavement age 
at terminal roughness value can be used as a measure of 
pavement service life. 

• Pavement type and highway class represent initial design 
and construction. 

CONCEPTUAL RELATIONSHIP BETWEEN 
PAVEMENT ROUGHNESS AND PAVEMENT 
AGE 

To predict the effect of routine maintenance expenditure level 
on pavement service life, pavement performance must be con
sidered over time under different levels of routine mainte
nance. Since routine maintenance expenditure level can be 
expected to represent both the quality and quantity of main
tenance work, it can be used as a measure of the level of 
routine maintenance performed on a given pavement. On the 
basis of thi assumption and the pavement performance and 
maintenance relationship developed by Fwa and Sinha (3), 
pavement roughness can be related to different expenditure 
level of rouline maintenance (L,) as shown in Figure 1. Figure 
2 shows pavement performance over time under three dif
ferent maintenance levels. Pavement ervice life (11) under 
zero-maintenance can be determined on Lhe as umption that 
when pavement roughness reaches a terminal value (RNr) 
the pavement needs to be resurfaced or reconstructed. Resur-
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FIGURE 1 Pavement roughness curves for different 
levels of routine maintenance expenditure. 

RN,L ............................ . 
L 1 • L2 ' (._,_. ~)/""". . . . . . . . 

. 
,~,,,,,,,,,,, ,, ,, . 

NO - Change Line 
. . 

n nl n2 

Time (Years) 

Li Routine Maintenance Expenditure Level 

Area ·A · Represents the Improvement in Pavement S:Jrface 
Condition if Maintenance Expenditure Level, Ll 
is applied. 

Area B Represents the Improvement in Pavement Surface 
Condition if Maintenance Expenditure Level, 
Increases from Ll to L2 

RN T Terminal Roughness Value at which Resurfacing is 
Required 

FIGURE 2 Effects of routine maintenance expenditure levels 
on pavement service life. 

facing is defined in this research as the placement of additional 
surface material over an existing pavement to improve ser
viceability or to provide additional strength. It is considered 
a first level of improvement (one that significantly affects 
serviceability) as opposed to higher levels of improvement 
such as restoration or rehabilitation (requiring improvement 
of structural support) and reconstruction (where an old pave
ment structure is removed and replaced). 

RNr is equivalent to 2.0 or 2.5 PSI, depending on pave
ments type and highway class. Area A in Figure 2 represents 
the improvement in pavement surface condition over time (n) 
if expenditure level L 1 is applied instead of zero-maintenance. 
Area A is also equivalent to the reduction in deterioration of 
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pavement urface condition if L 1 is applied. Area B represents 
the impr vement in pnvemenl urfacc condition over time (n) 
if the expenditure level is increased from L 1 to L 2 • The n, 
and n2 represent pavement age at terminal pavement rough
ness (RNr) for expenditure levels L 1 and L 2 , respectively, 
and (n 1 - n) is the increment in pavement service life due 
to the routine maintenance expenditure at level L,. For 
expenditure level L 2 , pavement service life increases by 
(n 2 - n). 

IDENTIFICATION OF TRAFFIC AND 
MAINTENANCE EXPENDITURE LEVELS 

A data base was developed for pavement routine mainte
nance, pavement condition, and pavement characteristics of 
selected sections of Indiana highways (7). On the basis of 
earlier studies, maintenance activities were identified by pave
ment contract section units, which are smaller than the high
way sections currently used by the Indiana Department of 
Highways (IDOH) (I ,3). A contract section is the portion of 
highway pavement that is assigned to one contractor for a 
specific activity, such as resurfacing. The pavement charac
teristics within these sections are generally uniform. In con
trast, a highway section may include a series of contract sec
tions, each with different pavement characteristics. 

The data base covered 10 out of 37 maintenance subdistricts 
in Indiana. It included two highway classes (Interstate and 
OLher Seate Highways), three pavement types (flexible rigid, 
and rigid with flexible overlay), and two climatic regions (n rtb 
aod south). In all, 550 contract sections were selected , includ
ing 126 secLion in Inter late am.1 424 in Other Stat I Iighways 
(OSH). The 1984 and 1985 data on P A Roadmcter rough
ness measurement (count per mile) for each contract section 
were obtained from the computer files of IDOH's Division 
of Research and Training. The amount of routine mainte
nance applied between two dates of roughness measurements 
was determined from each subdistrict's crew day cards. Data 
on average daily traffic (ADT) and percentage of trucks were 
obtained from IDOH's Division of Planning. 

Four routine maintenance activities were considered in this 
research: shallow patching, deep patching, sealing longitu
dinal cracks and joints, and sealing cracks. Pavement contract 
sections were grouped by the type of routine maintenance 
applied during the study period. It was determined that very 
few sections received only j int and crack sealing activities· 
the e procedure were usually performed along with the ther 
type of maintenance. Therefore to include implicitly the 
effect of the expenditure level of different maintenance activ
ities on pavement service life, the following two maintenance 
categories were used in the analysis: 

1. Shallow and deep patching (P), and 
2. Pacching anci joim anu ct ack ~~aiiu~ (FS). (f'c.r flc;,:ib!c 

and overlaid pavements, PS means patching and crack seal
ing.) 

The conceptual relation hip between pavement roughnes and 
pavement age, presented in Figure 2, was a urned valid for 
small variation in traffic loading. Therefore , both traffic and 
maintenance expenditure were divided into two levels-low 
and high-to examine the relationship separately for each 
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TABLE 1 CUTOFF VALUES BETWEEN LOW AND HIGH 
LEVELS OF MAINTENANCE EXPENDITURE AND 
TRAFFIC LOADING 

I Hi h 
Maintenance Expenrliture 

( S/l 11 I ) T ff i p g way avement ane-m e year I ra . c 

I I 
Cla ss 

I 
Type Pa t ching and 

ESAL I 
J t. & Cra ck Pa t ch i ng ( th ousanrls ) 

SealinP, 

Rigid 165 80 400 

Inters t a te 

Overlaid 255 90 215 

Flexible 412 122 20 

Other 

State Rigid 355 196 55 

Highways 

I Overldd 268 !(12 3~ 

I I I I 

traffic/maintenance level combination . Mean annual ESAL 
values were used as a measure of traffic loading and were 
computed on the basis of available ADT and truck percentage 
data . To represent both north and south regions in Indiana 
with adequate sample sizes, the cutoff value between the low 
and high traffic levels for each highway class/pavement type 
combination was computed as follows: 

Cutoff value = (Avg. ESAL in North 

+ Avg. ESAL in South)/2 

The same procedure was used to determine low and high 
expenditure levels for each maintenance category. The cutoff 
values between low and high levels of maintenance expen
diture and traffic loading for each highway class/pavement 
type combination are listed in Table 1. 

A preliminary analysis of pavement contract sections that 
did not receive maintenance work during the study period 
was conducted to investigate the possibility of developing zero
maintenance curves. The available information was insuffi
cient to predict the effect of zero maintenance on pavement 
service life, so these contract sections were excluded from 
further analysis. 

EFFECT OF PAVEMENT TYPE ON 
RELATIONSHIP BETWEEN PAVEMENT 
ROUGHNESS AND PAVEMENT AGE 

As shown in Figure 2, the relationship between pavement 
roughness and age was assumed to be nonlinear. Since the 
definition of pavement roughness varies depending on whether 
the measuring system is response-type or pavement profile, 
this assumption needed to be tested. Therefore, the data were 
analyzed separately by maintenance category, climatic region, 
and highway class/pavement type combination. To evaluate 
the effects of traffic and maintenance expenditure levels, the 
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data were further subdivided based on the following traffic/ 
maintenance level combinations: 

• LL-low maintenance expenditure, low traffic; 
• LH-low maintenance expenditure, high traffic; 
• HL-high maintenance expenditure, low traffic; and 
• HH-high maintenance expenditure, high traffic. 

No observations were available in some cells, especially for 
the Interstate highway class. Also, because very few contract 
sections were found , these cases were not considered in the 
analysis. Regression analysis was performed for the remaining 
traffic/maintenance level combinations using pavement 
roughness as the dependent variable and pavement age as the 
independent variable. 

In most instances, the general goodness-of-fit represented 
by the coefficient of multiple determination (R2) was used to 
select the best model. For each case, linear and nonlinear 
models were developed and the R2 values of these models 
were compared. The relationship between pavement rough
ness and age was found to be more related to pavement type 
than to region, highway class, maintenance category, or traffic/ 
maintenance level combination. Therefore, the following gen
eral regression models were adopted: 

For flexible and rigid pavements: 

RN = a + b(age) (1) 

For overlaid pavements: 

log10(RN) = c + d(age) (2) 

where 

RN = roughness measurement in 1985 (counts/mi) , 
age = pavement age since construction or resurfac

ing (yr) , and 
a, b, c, d = regression parameters. 

From Equations 1 and 2, it can be stated that the relation
ship between pavement roughness and age was found linear 
for flexible and rigid pavements and nonlinear for overlaid 
pavements. 

PREDICTION MODELS FOR EFFECTS OF 
ROUTINE MAINTENANCE EXPENDITURE 
LEVEL ON PAVEMENT SERVICE LIFE 

Two general prediction models were developed to determine 
whether pavement age or total accumulated ESAL at resur
facing is a better representation of pavement service life. In 
addition to maintenance expenditure level and climatic region, 
pavement age and ESAL were considered in the first model 
and total accumulated ESAL was considered in the second 
model. (ESAL was included in the first model to test the 
effect of variations in annual traffic loading.) Pavement rough
ness was used as the dependent variable in both models. Fur
thermore, the models were developed by routine mainte
nance category and for each highway class/pavement type 
combination . 

The two models were compared on the basis of two criteria: 

1. The coefficient of multiple determination (R2), and 
2. The level of significance of pavement age and IESAL. 
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In general, a much higher R2 was blained for the first 
model than for the second. Pavement age was more significant 
than IESAL in all cases except Interstate rigid pavements. 
In many cases, especially for OSH pavements, IESAL was 
found not significant at a level of significance of a = 0.10. 
Pavement age was therefore considered more suitable than 
IESAL to represent pavement service life. Thi. conclusion 
was confirmed by the ob ervalion made by Sch enberge r (8). 

On the basis of this finding, linear prediction models were 
developed for flexible and rigid pavements and nonlil1ear models 
for overlaid pavement . To obtain the best models , the fol
lowing steps were taken: 

1. Insignificant models were excluded on the basis of a level 
of significance, with a = 0.05. 

2. For OSH pavements, separate models were developed 
for each region because R2 values of these models were found 
not high when region was used as a dummy variable. Region 
was retained as a dummy variable in Interstate models because 
of the limited number of observations and the limited amount 
of routine maintenance work on these pavements regardless 
of region. 

3. Jf a model was found significant but the variable of 
expenditure level was not found significant at a = 0.05 , then 
the model was eliminated . 

4. The effect of patching was found not significant in all 
models. In some cases , mainly in rigid pavement models, 
patching expenditure levd was found positively correlated 
with pavement roughness. 

5. The remaining significant models in which ESAL was 
found insignificant at a = 0 .10 were reexamined after excl ud
ing this variable. 

On the basis of these steps, the following regression models 
were adopted: 

For Interstate overlaid pavements: 

log10(RN) = 2.9 - 0.002 PS + 0.19 age 

- 0.004 ESAL + 0.124 Z 

For OSH flexible pavements-north: 

RN = 1,551 - 1.23 PS + 57.1 age - 15 ESAL 

For OSH overlaid pavements-north: 

log10(RN) = 2.81 - 0.0005 PS + 0.047 age 

where 

(3) 

(4) 

(5) 

PS = patching and joint and crack sealing expenditure 
level ($/lane-mi/yr) , 

ESAL = mean annual equivalent single-axle load (thou
sands), and 

Z = dummy variable representing climatic region: 
f\ &,,... _ .... ,,,. .. .._)..,, .... ..... rl 1 f ,... ?" ~...,..nfh 
U LVl .l.lV.l L.11 UJ..l~ ..L .LVJ. ._,._,.~ ..... .._ . 

Table 2 provides a summary of the regression characteristics 
of the models presented in Equations 3 to 5. The models in 
which ESAL was found significant, Models 3 and 4, were 
further investigated. After omitting the ESAL variable from 
both models, R2 in the Interstate overlaid model decreased 
from 0.95 to 0.91 and R2 in the OSH flexible model decreased 
from 0.53 to 0.42. The decrease in R2 in the Interstate overlaid 
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TABLE 2 STATISTICAL CHARACTERISTICS OF 
PAVEMENT SERVICE LIFE PREDICTION 
MODELS (EQUATIONS 3-5) 

Criterion 

Number of Obse rvat i ons 

Coeff . of Det e rmi nation ( R
2

) 

Adj ust ed Coe ff . (adj. R
2

) 

Linearity Test 
F Value 
a Leve l 

Signif icance Tes t 
fo r Coe fficien t s 

PS 
F Value 
Cl Level 

Age 
F Va l ue 
a Leve l 

ESAL 
F Value 
c.l Level 

Region 
F Value 
a Level 

Eq . 3 

10 

0.95 

0.93 

24.32 
0.002 

15.15 
0.012 

14.81 
0.012 

4.46 
0. 090 

a.so 
0 . 410 

Eq. 4 Eq, 5 

19 19 

0 . 53 o. 77 

0.47 0.76 

5.67 26.95 
0,008 0 

5 .18 2. 89 
0 . 040 0.100 

10.98 48.55 
0 . 005 0 

3,71 -
0.070 -

- -
- -

model is so much less than that of the OSH flexible model 
because, as shown in Table 2, ESAL was found more signif
icant in Equation 4 than in Equation 3. 

On the basis of these findings, separate models were devel
oped for low and high traffic loading levels for OSH flexible 
pavements in the north. ESAL was excluded from the Inter
state overlaid model because of the limited number of obser
vations and because eliminating ESAL did not significantly 
affect R2

• The resulting models are given in Equations 6 
to 8: 

For Interstate overlaid pavements: 

log10(RN) = 2.5 - 0.001 PS 

+ 0.09 age - 0.156 Z (6) 

For OSH flexible pavements-low traffic level-north: 

RN = 1,521 - 1.24 PS + 48 age (7) 

For OSH flexible pavements-high traffic level-north: 

RN = 497 - 0.45 PS + 85 age (8) 

The statistical characteristics of the models presented in 
Equations 6 to 8 are given in Table 3. Equations 5 to 8 were 
employed to relate the time of resurfacing to routine main
tenance expenditure level. 

APPLICATION OF PAVEMENT SERVICE LIFE 
PREDICTION MODELS 

Knowledge of the effects of routine maintenance on pavement 
service life is important to the management of highway pave
ments at both network and project levels. One application of 
the prediction models developed in this research was esti-
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TABLE 3 STATISTICAL CHARACTERISTICS OF 
PAVEMENT SERVICE LIFE PREDICTION 
MODELS (EQUATIONS 6-8) 

Criterion Eq, 6 Eq, 7 Eq. 8 

Number of Observations 10 13 6 

Coeff, of Determination (R2) 0.91 0.41 0.75 

Adjusted Coeff. (adj. R2) 0.88 0.36 o. 68 

Linearity Test 
F Value 19.63 3.49 4.39 
a Level 0.002 0.01 0.13 

Significance Test 
for Coefficients 

PS 
F Value 8.31 3.34 0.29 
a Level 0.028 0.098 0.63 

Age 
F Value 29. 39 4. 77 8.48 
a Level 0.002 0.054 0.06 

Region 
F Value 8.85 - -
a Level 0.025 - -

01ation of the need for re urfocing under different routine 
maintenance expenditure level . A · shown in Figure 2, pave
ments need resurfacing when urface roughness reaches the 
terminal value. Terminal roughnes (RNT) can be defined a 
the roughnes level at which a pavement ·ection's ervice
ability i too low and h nee, the pavement i in need of 
improvement. 

Earlier studies (9,10) indicate that PSI values of 2.0 for 
sec ndary roads and 2.5 for Interstate and primary highways 
can be considered mjnimum values of acceptable pavement 
erviceability. In thi ·research. a terminal serviceabi lity index 
f 2.5 was used for Inter tate pavements and 2.2 for OSI-I 

pavements. 
Three succe sive tudie were conducted by Purdu Uni

versity and fDOH (JI , 12, 13) toe tabli ·h a comprehensive 
model of statistical correlation between Roadmet r roughne s 
numbers and PSI for the Indiana state high~ ay sy tern. The 
re ulrs of thj research are given in Equations 9 and 10: 

For flexible and overlaid pavements: 

PSI = 8.72 - 1.96633 * Log10(RN) 

r2 = 0.71 

For rigid pavement: 

PSI = 11.73 - 2.83369 • Log10(RN) 

r2 = 0.68 

where r2 equals coefficient of simple determination. 

(9) 

(10) 

The suggested terminal ervic abi li ty indices were u ·ed in 
Equations 9 a.nd 10 to determine the tenni.J1a) roughne val
ues. Tile results were 1,460 counts/mi for Inter rate overlaid 
pavement 2 070 for OSH flexible and overlaid pavement , 
1,808 for Inter tate rigid pavement , and 2,307 for 0 H rigid 
pavements. Since prediction model were n t developed for 
rigi.d pavements , only the firsl two terminal values were used 
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to determine the time of resurfacing or pavement improve
ment. 

The prediction models in Equations 5 to 8 were used to 
compute pavement roughness under low and high P expen
diture level and for different pavement age . Tn the e mod Is 
$200 and $300/lane-mi/yr were selected to represent low and 
high expenditure levels , respectively, for Interstate overlaid 
pavements. Becau e routine mai ntenance expenditure level 
on OSH pavements wa found higher than that on Interstate 
pavements, $300 and $600/lane-mi/yr were selected to rep
resent low and high PS expenditure level for OSH flexible 
pavements. The corresponding values for OSH overlaid pave
ment were$] 50 and $450/lane-mi/yr. The terminal rougbne · 
value were then u ed to determine the pavement service life 
or resurfacing timing under each expenditure level. 

The effects of routine maintenance expenditure level on 
pavement roughness and con equently on resurfacing deci
sion can be be t demonstrated through the graphical pre en
tation in Figure 3 to 7. These figures clearly how that pave
ment service life increase a. the maintenance expenditure 
level increases. However the amount of thi increase varies. 
For example, as shown in Figures 3 and 7, if PS expenditure 
increases from low to high, the increase in service life for 
Interstate an.cl OSH overlaid pavements is about 1 yr and 3.3 
yr, re pectively. It should be pointed out that ervice lives of 
Inter tate and OSH pavements cannot be directly compared 
because of th difference in traffic and maintenance expen
diture levels. 

The resuJts can be u ed to evaluate the effect of the region 
on re urfacing needs. It was found that pavement in the 
northern region need resurfacing earlier than pavements in 
the outbern region , poss.ibly due to the more evere weather 
in then rthern region . At a low expenditure level ($200/lane
mi/yr) fnterstate overlaid pavement n ed resurfacing after 
9. 7 yr in the north and 11.4 yr in the south (see figures 3 
and 4). 

Figures 5 and 6 demonstrate the effect of traffic loading on 
expenditure levels. If PS expenditure increases from $300 to 
$600/lane-mi/yr, the increase in service life of 0 H flexible 
pavements for low traffic loacting i approximately 8 yr, u ·ing 
Equation 7. The corresponding value for high traffic loading 
is 1.6 yr, using Equation 8. The difference indicate the aggre
gated effect of higher traffic loading on pavement surface 
condition. Consequently highly travelled 0 H pavement 
require more frequent maintenance or resurfacing than those 
wiU1 low traffic loading. 

To indicate the variability of predicted pavement service 
life values, prediction bands were developed for the effect of 
each PS expenditnre level in Figu.res 3 to 7. The prediction 
bands were obtained by adding and ubtracting one ·tirndard 
error of estimates of the model parameter . In general, the 
prediction band were wide and overlapped in the. ame figure. 
Moreover tbeir width increased as pavement age increa ed; 
in other words, the model became Jess predictable as pave
ment age iocrea ed. Consequently, the re ult cannot be treated 
as entirely conclusive. 

The results pre ented in this paper are applicable at an 
aggregated network level; they cannot be u ed in the actual 
cbeduling of individual resurfacing projects. Resurfacing 

deci ions for individual sections hould be based on a com
parison of resurfacing cost and routine maintenance cost along 
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FIGURE 3 Estimated effect of patching and crack sealing expenditure level on service life of Interstate overlaid 
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FIGURE 4 Estimated effect of patching and crack sealing expenditure level on service life of Interstate 
overlaid pavement in southern region (Equation 6). 
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FIGURE 7 Estimated effect of patching and crack sealing expenditure level on service life of OSH overlaid 
pavement in northern region (Equation 5). 

with a consideration of appropriate resurfacing design pro
cedures. The prediction models can provide guidance in the 
preliminary analysis of pavement life-cycle costing. 

To improve the prediction models developed in this research, 
the following factors should be considered: 

• Thickness of overlay, 
• Flexible pavement structural capacity, 
• Rigid pavement slab thickness, 
• Rigid pavement type (jointed plain concrete, jointed 

reinforced concrete, or continuous reinforced concrete), and 
• Resurfacing cost and resurfacing design procedures. 

SUMMARY AND CONCLUSIONS 

The effects of routine maintenance expenditure on pavement 
service Hfe were examined in this paper. The relation hip 
between pavement roughne and pavement age was inves
tigated under different traffic/maintenance expenditure level 
combination . The relationship wa found linear for flexible 
and rigid pavements and nonlinear for overlaid pavements. 
It was also determined that, for a small range of tn1ffic load
ing, pavement age was a better variable than total accumu
!~te<l ESA 1. tn explain variations in pavement roughne s. 

Prediction models were used to examine the effect of main
tenance expenditure level on pavement service life . The patching 
expenditure level was found insignificant in all models. Model 
in which mean annual ESAL was highly significant were reex
am ined and ' eparate models were developed for low and 
high traffic levels. The results demonstrated tha t resurfacing 
can be deferred or postponed by increa ing the maintenance 
expenditure level. Routine maintenance was more effective 
in increasing !he ervi 1.ife fOSH pavements than Inter tat 

pavements. Also, it was fo und that pavements in the northern 
region needed resurfacing earlier than those in the southern 
region. 

The prediction bands of the models were found to be wide, 
and their width increased as pavement ag increased. There
fore, the results of the model cannot· be treated as entirely 
conclusive. The model presented are applicable on ly to net
work-level decision making and hould not be used to make 
resurfacing deci ions for individual sections. To improve 
pavement ervice life prediction models, factors such as pav -
mcnt thickness and cost of re urfacing hould also be 
considered. 
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A Combined Life Cycle Cost and 
Performance Approach for Selection of 
Optimal Flexible Pavement Strategies 

OMAR ELFAROUK AZMY, ESSAM A. SHARAF, AND HANI L. LOTFI 

Pavement · arc complex structures subjected to diver e loading 
and environmental conditions. Pavement structural design should 
handle thjs complexity in a rational way. The evaluation pro
cedure used mu t enable the selection of a pavement design 
option lhat provides adeq uate perfonnance as well as adequate 
distribulion of life cycle cost. Th 1·esea1·ch described in this 
paper was ba ·ed on the development of an evaluation model 
that incorporated future maintenan e a livities in the initial 
design concepts to achieve structural safety l'iding comfort, 
and economical costs during the life cycle span of' llexiblc pave
ment structures, which is the predominant type of pavement 
in Egypt. Due to the complexity of the problem and the amount 
of data to be analyzed, a compnter program was developed to 
calculate Ute life cycl costs of difforent llexible pavement design 
alternatives. A second program was developed to transform 
the first program from a cost model to a decision support 
model. Thi!! program uses two decision support models to select 
the de ign option that achieves the besl combination or cost 
performance, and time for the considered maintenance policy. 
Other models are provided to help the decision maker analyze 
the information and make the optimaJ selection among all pos
sible maintenance policies. 

The road network in Egypt includes about 27 000 km of roads, 
of which approxi mately 13 000 km are paved. The Egyptian 
Road and Bridges Authority (RBA) is currently impr ving 
the road maintenance and rehabilitation standards of the paved 
roads. Due to these efforts, pavement condition has improved; 
it i estimated that about 60 percent of the network is n win 
good condi tion (including most of the dual carriageways), 
30 percem i in fair condition, and 10 percent i i11 po r 
condition (J). 

T hese improvement are a r ult of the maintenance pro
gram recommended by the Development Reseorch and Tech
nological Planning Center (DRTPC) of airo University for 
the analysis period (1982 to 1991 (2-5). To facilitate the 
improvements RBA established a project to review and eval
uate existing manpower and training facil ities so a ystematic 
approach could be developed to meet future nrnnpower and 
i.1 cii1iing dcmr.ttds (6). H is he!ie'.10d th~t 2 prartif!t1 t-r~inine 

management sy tem can have a significant impact on improved 
standard of performance increased productivity, and max
imum cost effectiveness of highway maintenance. 

Although improvements have been made, traffic volumes 
have doubled in the pa t 4 to 5 yr, which accelerates the rate 

0. E. Azmy, Engineering Consultant Group, Cairo, Egypt. 
E. A. Sharaf and H. L. Lotfi, Cairo University, Giza, Egypt. 

of pavement performan e loss. In addition, evere econ mic 
re traints have been imposed on the local highway network 
due to decreased revenues, high inflation, and an increase in 
the need for maintenance and rehabilitation on the existing 
network. Al in pite of the new program pavement-related 
activitie (design , construction, maintenance , and rehabili
tation) are still being conducted on the basis of subjective 
assessment of engineering experience . 

RESEARCH OBJECTIVES 

The primary objective of this re ·earch was to incorporate 
future maintenan e activities in initial pavement de ign con
cept to achieve structural safety, riding comfort, and eco
nomical cost during the life cycle span of flexible pavement 
structures. Ace rdingly, the second objective was to develop 
an evaluation model to help RBA evaluate and elect the 

ptimal ceimbination of pavement ·tructural de ign and main
tenance policy to produce flexible pavement structure with 
adequate performance a well as adequate di tribution of life 
cycle cost. 

DESIGN AND DETERMINATION OF LIFE 
CYCLE COST 

To achieve the research objectives, the following two tasks 
were completed: 

1. An initial designloverlay procedure that included the 
development of a model to foreca t erviceabi lit'y/ti me (traffic 
repetitions) o.n any given pavement tructure during the anal
ysis period . Thi procedure involved serviceabi li ty predictions 
a well as prediction capabilitie. for verla id sections. In the 
development of this ta k the AASHTO pavement de ign
analy is concept (7) was used as the initial meth d logy becau e 
of it broad experience base and general acceptance in Egypt. 
Some modifications were made regardmg pavement strength 
coefficients and subgrade effects on thi trength as deter
mined by the multilayerecl ela tic theory concepts . ln addi
tion, the remaining life c ncept wa u ed in association with 
the AASHTO design equation to allow serviceability/time to 
be forecast over the life of the overlaid pavement structure. 

2. The establishment of costing models to estimate the 
pavement's cost and design life. This task included the estab
lishment of the following models: 
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- A construction cost model using current unit costs of 
the selected materials; 

- An overlay cost model using current unit costs of the 
selected materials and adapted models that estimate 
leveling costs and traffic handling costs at the time of 
overlay; 

- A salvage cost estimation; 
- A routine mainteDance cost respon ive model designed 

to assist iu the maintenance management ·y tern (MMS) 
as a part of the overall pavement management sy tern 
(PMS), that can be defined a " a technique or oper
ational methodology for managing, directing and con
trolling maintenance re ources for optima.I benefits ' 
(8) by providing desired maintenance policies based 
on specific standards; 

- A user cost model to predict the added user costs 
associated with overlay construction; and 

- A u er cost model based on locally available data to 
predict the running user costs from no·rmal operation 
of specific two-lane road , in addition to other ets of 
models for other types of roads. 

LIFE CYCLE COST PROGRAM 

The mod Is de cribed above were aggregated to develop the 
required life cycle cost (L ) computer program. An origina l 
version developed for the Maryland tat.e Highway Admin
istration (9) was modified tO reflect Egyptian conditions. 

The L C program contains two ubsysterns: 

1. Structural design/overlay (based on AASHTO con
cepts), and 

2. Highway cost (ba ed on local and internationally adapted 
models developed for construction, routine maintena11ce and 
user costs). 

The program can consider an initial con trnction (and overlay) 
problem or an overlay (over an existing pavement structure) 
problem only. 
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Any combination of inflation and discount rates can b 
considered, and the equivalent single-axle load (ESAL) of 
any traffic record can be computed. Routine maintenance 
co ts can be calculated for any number of responsive main
tenance policies. Also, a single model for computing cost of 
routine maintenance can be used. User c ts are calculated 
for different area and road types and updating facilities are 
included for all models. 

DECISION SUPPORT METHODOLOGY 

As part of this re earch the benefit of the LCC program wa 
generalized from a co t model to a decision support model. 
A decision upport model not only generates the needed infor
mation but helps the deci ion maker analyze the information 
and make the optimal selection. An evaluation pr cedure 
mu t be followed to determine the desirability of the different 
alternative strategies and to provide the information to the 
decision maker in a u eful comprehen ive form. Further
more, the evaluation procedure should be tailored to the 
agency's objectives and goals. 

Selection Within One Maintenance Policy 

Optimization techniques that ensure a least cost or maximum 
benefit/cost ratio for each agency should be considered while 
meeting minimum condition management constraints. As the 
PM is used the identification of future budget needs is likely 
to be a significant step toward allocating the current years 
budget. A comparison between the agency's actual cash flow 
and the expected cash flow for each alternative will econom
ically finalize the selection of the optimal alternative. 

Figure 1 illustrates the performance curve for any given 
pavement. Costing and serviceability values are shown on the 
curve. A can be een, some costs result from constructing 
the new pavement (or rehabilitating the old pavement) and 
some from keeping the pavement in good condition. Thus, 
utility ( U) can be divided into two phases. The first phase 
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includes initial collstruction routine maintenance, and run
ning user costs. Through this phase, serviceability is decreased 
from P 12 to P (.I · Thus the utility of this phase can be pres nted 
by the sum of (ini'tial construction costs + routine mainte
nance costs + running user costs) divi.ded by the dr p in the 
level of serviceability (P,2 - P,3) for Lime T1• rn the next 
phase, several utilities may be incurred when each overlay i 
constructed at time Ti. AL th nd of the i.econd phase. ne -
ative salvage cost is considered as a negative utility. n the 
basi of Figure 1 the following model can be obtained assum
ing a linear drop in serviceabi lities and a linear relation hip 
between utility and time: 

~ = [C(/ + M + R)IT1 + ''.i1 
C;(O + M + R)IT; 

P,<kl - P,<k+1J ;~ 1 P,<kl - P,<k +1 ) 

+ (C,,(O + M + R) - SC,)IT,,] 
P,<k> - P,<k+1> J 

(1) 

where 

uj 
C(I + M + R) 

utility of alternative j; 
initial construction costs + routine 
m.Bintenance costs + running user costs, 
calculated for alternative j during the 
intercepted time ( T1); 

P,<kJ and P,<k+t) two successive serviceability levels 
measured at the beginning and end of 
the regarded intercepted time; 

C;( 0 + M + R) overlay construction costs + routine 
maintenance costs + running user costs, 
calculated for overlay i executed in alter
native j during an interceptt::J time (T;); 

C,,( 0 + M + R) = same as abc>ve but calculated for the last 
overlay (n) executed in alternative j dur
ing the intercepted time (T,,); and 

sci = salvage cost value of the analysis period, 
which may be positive, zero, or negative. 

On the basis of the LCC and cost/performance models, the 
considered number of alternatives was limited to two (or pos
sibly one): 

• One representing the least cost/time, and 
• One (which may be the same) representing the highest 

cost/performance ratio. 

If two alternatives are available, the decision maker will 
have to select one of these two options. This selection should 
be based on a technique known as time stream analysis, by 
which the second decision model is developed. 

The AASHTO performance equation (7) illustrates that 
time is an important parameter affecting the performance of 
flexible pavements. On the basis of this concept, time stream 
iuia.ly5i5 ;hould be pcrfcr!!!ed fer e2i:h ?.ltt::.>r!!~tivP. to measure 
the effect of time on the performance of the considered pave
ment, in other words, to measure how the degree of desir
ability for the given strategies varies with time. 

Because the number of performance curves may vary from 
one alternative to another, the average value of the perfor
mance/time ratio is considered for each alternative as follows: 

n 

PTj = 2, PT1)n 
i=l . 

(2) 
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where 

P~ = average performance/time value for alternative j, 
PT;.i = performance/time value for stage i of alternative j, 

and 
n = total number of stages included in alternative j. 

The term PT1.i can be determined by measuring the incli
nation of the chord of performance curve (stage), i.e., chords 
2-3, 4-5, or 6-7 in Figure l. Thus, 

PT1,j = (P,<kl - P,<k+iJ);)T;,; 

where 

(3) 

(P,<kJ - P,(k+ 1i);,j drop in serviceabi li ties with ranks k 
and k + 1 for stage i of alternative j, 
and 

T1.i intercepted time between the above 
serviceabilities, i.e., the time of stage 
i of alternative j. 

Consequently, the lower the value of PTi, the better the 
performance/time ratio. This concept can be used to choose 
between the two alternatives that were selected according to 
the minimal cost/time ratio and maximum cost/performance 
ratio. The selection of the final alternative is based on a sum
mary module in which the two strategies are ranked according 
to the number of times they have been chosen. Thus, the first 
rank is given to the strategy that has been chosen twice (a 
score of 2), while the second rank is given to the strategy that 
has been chosen once (a score of 1). 

Final Selection Among Policies 

The LCC program provides the u er with a ·et of fea ible 
strategies for one maintenance policy or for a group of sug
gested maintenance policies. Thi group can be executed con
secutively for the same ordinary data or for variou rdinary 
data. 

Maintenance policies are appl ied accord ing to the regula
tions of the agency's l'v1MS. These sy ·tern are used by agency 
directors and field manager to plan ontrol and evaluate 
road maintenance programs. The basic c mponents of an MMS 
include performance standard , inventory of maintenance fea
tures, budgeting, scheduling and a management information 
reporting pr ces . Because many factors influence th per
formance of an agency's MMS the level of certainty decrea es 
when comparing several maintenance policies. Moreover, the 
level of uDcertainty increases with the following parameters 
(10): 

• The length of the planning horizon, 
• The amount of resources committed for a given course 

of action, and 
• The difficulty of reversing a dec1s1on once impieme11[a

tion begins. 

When the decision making is done by the same u er (agency) , 
then these concepts f uncertainty can be reduced and limited. 
TI1is limitation must be directed by factors that are beyond 
the agency's conirol. Therefore, the effective measure that 
should be considered is the financial measure. 

In the life cycle cost analysis of pavement, the financial 
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FIGURE 2 Decision optimization tree. 

measure i · affected by time. Figure 2 summarizes the steps 
in the decision optimizalion tree for a et of maintenance 
policies provided by the LCC program. 

It can be concluded that the timing of various costs is an 
important element in choosing a pavement maintenance pol
icy. A policy in which the costs are evenly distributed and the 
benefits occur in an early life cycle stage may be preferable 
over one in which the initial costs constitute the bulk of the 
expenditures. Because of this, a time stream analysis com
ponent should be used to illustrate the differences in the tim
ing of costs and benefits among the available policies. The 
uniformity of expenditures can then be defined to achieve an 
adequate balance between the budget and the life cycle 
expenditure of a road. By u ing the LCC program, the life 
cycle cost of a road can be determined for the expected future 
phases of the road's anticipated useful li fe span. If the in itial 
budget can be invested at a certain intere t rate, then a uni-
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119' Dt"llllU•' 
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INDITUlllll/ 
TIMI OlltTHl 
HIT UYINot 
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form rate f return can be expected. Consequently future 
returns and expenditures will be uniformly distributed over 
the useful life of the road and budget deficiencies can be 
limited. 

When a new road is built or an exis1ing road is improved, 
three different effects can be expected (11): 

1. A redi tribution of traffi c flows between exi ti ng road 
and the new road and the generation of new traffic flow 

2. A transforma1ion of lbe production structure in the area 
crossed by the road, and 

3. Social consequences linked to the increased access to 
public facilities enjoyed by the area's population. 

In most developing countries, indirect road benefits are 
related primarily to the redistribution of traffic flows and only 
marginally to development resulting from the transformation 
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of the area's production structure. In other w rds , indirect 
road benefits can be regarded a amounting to user savings 
and r ad maintenance savings (JI) . Thes two types of saving 
consti tute a large part of total road benefits· in the evaluation 
of a road project. they can be safely assumed to account ~ r 
their entirety. 

In this paper , several maint nance p licies are evaluated 
for one pro ·eel (i.e., pr j ·1 1 vel) . Thus , the above two t pes 
of saving. are a uitable tool in the final evaluation among 
the suggested policies. To establish this concept, U1e p licy 
that contains the maximum sum of maintenance and running 
user costs should be determined first. Second, the mainte
nance and user costs for the remaining policies should be 
subtracted from the values of this policy. The relative saving/ 
cost ratios can be determined as follows: 

M 1 - MC RC, - RC 
B;1j = + 

MCi RCi 
(4) 

where 

B,1i = savings (benefits in maintenance and running user 
costs obtained when using policy i with respect to 
policy j, which represents the maximum sum of the 
two costs; 

MC; = total maintenance co ts of policy i; 
MCi = total maintenance costs of policy j; 
RC, = total running costs of po.licy i; and 
RCi = total running costs of policy j. 

The candidate policies can be ranked according to the val
ues of benefits in a descending form . onsequently, two eval
uation tools are available for each policy: the uniformity of 
expenditure and rhe savings in rouline maintenance and run
ning user co t . The optimal deci ion must consider the p l
icies of the agency and l11e circumstances of the particular 
project. Therefore, weights shou ld b a ·igned to the above 
measures o the maintenance po licies can e rated and the 
optimal pavement strategy can be selected for the project. It 
should be noted that this procedure is not arplicable when 
computing initial costs only, since in this case the least-cost 
policy would be the optimal one. 

Decision Support Program 

To tran fer the LC program from a co t model to a deci ion 
support model, a deci ion upport program (DSP) was devel
oped. The previous decision models are used in this program. 
Figure 3 hows the flow chart of the DSP. 

A shown in the figure, the DSP can compute the data 
needed to make the final election among the given mainte
nance policies. A number of items are determined and printed 
;_ •L~ T'\C'D - .... -~~t · 
.111 lll'-' A.J'UJ.. .l."-'t-''-"&"• 

• The discrete costs and the percentages of cumulative costs 
for each p iicy 

• The eq uation of the least-squares line and the equation 
of the straight line for rhe percen tage. of cumulative co ts, 

• The existed median for the first line and the ideal median 
for the second line , 

• The percentage error between the two medians, and 
• The total routine maintenance <.:usls and running user 

costs. 
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These factors can then be used to choose the optimal policy, 
as demonstrated by the following sample problem. 

SAMPLE PROBLEM 

An example was constructed t dem nstrat the method. In 
this example, it wa. a · umed that in 1987, a flexibl -pavement 
four-lane (divided) rural hi hway was to be constructed to 
accommodate traffic for a 30-year period. Using the L and 
DSP programs, the lO be t alternatives were to be selected 
for five uggested maintenance poJicie based on the initial , 
overlay, routine, maintenance, added u er, and running user 
costs. A discount rate of 24 percent and an inOati n rate f 
19 percent were u. ed in the economic <tnalysis. The prevailing 
rate of exchange during 1987 wa 2.20 £E/$. The traffic expected 
over the 30-year analysis period is as follows: 

Average daily traffic = 10,000 vpd (both directions) 
Directional split = 50 percent 
Percent trucks on road = 15 percent 
Traffic growth rate per year = 10 percent 
Traffic count base year = 1986 
ESAL/100 trucks = 0.64 

Based on 1986 rates, it was found that added user costs 
have increased by an average value of 10 percent. Running 
user costs have increased by an average value of 20 percent 
during 1987. 

T he design California Bearing atio (CBR for the ubgrade 
is 1.5, and the regional factor i 0.4. The suggested material/ 
layer combinations for the initial con ·truction are shown in 
Table l. A ll fea ible alternatives must have a minimum of 
three layer'. Table 1 also shows the suggested combinations 
for overlay construction, in which all feasible alternatives mu ··t 
have at least one overlay. 

The uggested maintenance policie, (1001, 1 2, 1003, 1004 
and 1005) are hown in Table 2. The ranges of terminal ser
viceability , the minimum times required for the overlay , and 
the minimum times required between any two successive over
lay. are provided for eacb maintenance policy. 

The DSP output show that alternative L is optimal Cor 
po.licie JOO l , l003 and I004 while alternative 9 is best for 
policy 1002. Policy 1005 was excluded because no feasible 
trategie could be btained for it. The alternatives 1 cted 

achieve the least life cycle co · t . lhe best co 1/pe rformance 
relationship, and the best performance/time relationship for 
their related maintenance policies. The values of discrete costs, 
percentage of cumulative cost . existing cost/time relation
ship, exi ting median ideal co t/time relation hip ideal median , 
p rcentage error, total routine maintenance costs and total 
running user c ts are also given for each optimal policy. 

Figures 4a a:nd 4b show l11e discrete time trcams and the 
cumulative time streams, respectively , for the five mainte
n:mce nolicies based on the results of the output. 

By ~omparing the percentag of error for the median of 
each relationship with the median of its related Unear rela
tion hip, the fiv policies can be ranked in the following 
ascending order: 

1. Policy 1003, 
2. Policy 1004, 
3. Policy 1001, 
4. Policy 1002, and 
5. Policy 1005 (excluded). 
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TABLE 1 MATERIAL/LAYER COMBINATIONS FOR INITIAL AND OVERLAY CONSTRUCTIONS (SAMPLE PROBLEM) 

Material Layer 

Construction Coefficient Allowable Thickness (mm) 
Construction ID Cost 
Type No. Name (£E/m3

) No. Name (a) (b) Minimum Maximum Increment 

Initial 10 Asphalt concrete 100.0 1 Surface course 0.45 0.00 40.0 50.0 10.0 
22 Premix 80.0 2 Binder course 0.40 0.00 100.0 100.0 10.0" 
30 Crushed stone 20.0 3 Base course 0.14 0.00 200.0 300.0 50.0 
50 Crushed stone 

(bigger size) 20.0 4 Subbase course 0.11 0.00 300.0 400.0 50.0 

Overlay 10 Asphalt concrete 100.0 1 Surface overlay 0.45 0.00 40.0 40.0 10.0" 
22 Premix 80.0 2 Base overlay 0.40 0.00 50.0 100.0 25.0 

"To be assumed greater than 0.0. 

TABLE 2 SUGGESTED RESPONSIVE MAINTENANCE POLICIES (SAMPLE PROBLEM) 

Policy No. 

Description 2 3 4 5 

Code number 1001 1002 1003 1004 1005 
Base type" GR GR GR GR GR 
Patching of unpatched cracks ( % ) 50.0 65.0 75.0 85.0 90.0 
Maximum patched area (m") 100.UU 80.U 60.0 50.0 30.0 
Patching unit costb (£E/m2 ) 3.50 3.50 3.50 3.50 3.50 
Type of surface dressingc PR AC AC PR PR 
Percentage of cracking and patching 

in the road (%) 8.0 10.0 20.0 30.0 40.0 
Minimum years/one dressing 2.0 3.0 4.0 5.0 6.0 
Maximum years/one dressing 5.0 6.5 7.0 8.0 9.0 
Maximum analysis period/one dressing (yr) 20.0 25 .0 25.0 30.0 30.0 
Number of layers/one dressing 2 1 2 1 1 
Unit cost/dressing (£E/m2/layer) 1.25 1.50 1.50 1.25 1.25 
Unit lump sum cost of other routine 

maintenance activities (£E/km/yr)d 0.0 0.0 0.0 0.0 0.0 
Minimum time for first overlay (yr) 5.0 10.0 15.0 15.0 20.0 
Minimum time between overlays (yr) 10.0 10.0 7.5 5.0 5.0 
Pt (min.) 2.5 2.5 2.4 1.8 2.5 
Pt (max.) 3.0 3.0 3.0 2.4 3.0 
Pt (increment) 0.50 0.50 0.60 0.6 0.5 

•GR = granular base. 
bUnit cost is divided: 50% skin patching and 50% deep patching. 
cpR = premix; AC = asphalt concrete. 
d'fhis cost is considered to be negligible. 

On the other hand, on the basis of the largest amount of 
savings obtained by applying Equation 4, the policies can be 
ranked in the following descending order: 

1. Policy 1002, 
2. Policy 1001, 
3. Policy 1004, 
4. Policy 1003, and 
5. Policy 1005 (excluded) 

Tirns, puiicy 1003 givt:s iht: bt:st uniformity uf t:xpemiimres, 
while policy 1002 gives the best savings (benefits) in routine 
maintenance and running user costs. 

If, for example, the agency is interested more in the concept 
of uniformity of expenditures than in the concept of savings, 
then the second concept would have a weight of 0.4 if the 
first had a weight of 0.6. In addition, the following ratings 
can be assumed for the policies according to their ranks as 
included in the first concept: 

1. Policy 1003 = 100, 
2. Policy 1004 = 75, 
3. Policy 1001 = 50, and 
4. Policy 1002 = 25. 

The following ratings can be assumed for the policies 
according to their ranks as included in the second concept: 

1. Policy 1002 = 100, 
2. Policy 1001 = 75, 
3. Foiicy 1004 = .JU, and 
4. Policy 1003 = 25. 

Consequently, the following function can be used to provide 
a single aggregate desirability measure for the preferred 
policies (9): 

m 

U; = 2: e;,1 w1, i = 1 (1) m 
j=l 

(5) 
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TABLE 4 

Time 
(yr) 

.0 
15.1 
25.0 
30.0 

TABLE 3 DECISION-MAKING REPORTS 
AND FINANCIAL DATA (SAMPLE 
PROBLEM) POLICY 1003 

Ranking 

LCC 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Cost/Performance 

1 
2 
3 
4 
5 
6 
7 
8 
10 
9 

NOTE: Alternative 1 is optimal for Policy 1003. 

FINANCIAL DATA OF POLICY 1003 

Costs (£E/Lane-km) 

Discrete Cumulative 

539977.7 539977.7 
423133.0 963110.8 
168755.5 1131866.0 
- 5525.7 1126340.0 

Percent 

47.71 
85.09 

100.00 
100.00 

NoTE: The existing relation is Cost (%) = 51.41 1.82 • time , R' = 
.9458; existing median = 17.52 years. The ideal relation is Cost(%) = 
47.94 1.74 •time, R2 = 1.0000; ideal median = 17.56 years. Percentage 
error = - .21634%; Total routine maintenance costs = 1986.2; Total 
running user costs = 956686.2. 

where 

U; = summary score of strategy (or policy) i, 
e;,; = rating of strategy (or policy) i with respect to measure 

j, and 
wi = weight of measure j. 

Thus, 

100 * 0.6 + 25 * 0.4 70 

and 

U1002 = 25 * 0.6 + 100 * 0.4 = 55 

According to this calculation, policy 1003 is optimal. Tables 
3 and 4 show the decision made by the DSP in selecting the 
optimal alternative for policy 1003 and display the financial 
data for this policy. On the basis of Tables 5 to 7 and the 
material listed here, the useful pavement life of 30 yr will be 
composed of two successive phases (18.6 yr and 11.4 yr): 
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Responsive Maintenance Policy 1003: 
Policy Description 

Note: involved base is granular. 

1. Patching 75.00 percent of unpatched cracks, but not more 
than 60.00 m2/km/yr; and at a present unit cost of 3.500 
£E/m2 • 

2. Asphaltic concrete surface dressing is applied when 
cracking and patching exceed 20.00 percent of the roadway, 
but not less than 4.00 yr/dressing, and not more than 7.00 yr/ 
dressing, but not after analysis year 25. Required number of 
layers per one surface dressing = 2, at a present unit cost of 
1.500 £E/m2/layer. 

3. Other routine maintenance activities are also applied. 
They include drainage, vegetation, shoulders, and other mis
cellaneous activities. These activities are scheduled once per 
year and are estimated at a present (Jump sum) cost of .000 
£E/km/yr. 

4. Overlay should be done when the value of PSI is between 
2.40 and 3.00. Minimum allowable number of layers per over
lay = l. These layers are as prescribed above . 

Figure 4b indicates that 51.40 percent of the current life cycle 
cost will be assigned for the first phase and 48.52 percent for 
the second phase. A surplus amount of 0.08 percent of the 
current life cycle cost will be inflated for 30 yr and deducted 
from the next life cycle cost. Thus, excluding the added and 
running user costs, the budget needed for construction and 
maintenance activities for the next 30 yr can be developed. 
The adequate rate of return can then be determined and the 
financial strategy investigated. The performance of the opti
mal strategy is illustrated in Figure 5. 

CONCLUSIONS 

The major conclusions drawn from the research can be sum
marized as follows: 

• When studying flexible pavements for a specific time, the 
lowest life cycle cost is not the only factor . that can be used 
to evaluate alternatives at a project level. The lowest cost/ 
performance utility ratio should also be considered. 

• The final choice of a maintenance policy should be based 
on the alternative that has one of the above two ratios in 
addition to the least value of performance/time, in other words, 
the best performance for the analysis period. 

• If several maintenance policies are being evaluated, the 
optimal selection is the policy that has more uniformity of 
expenditures (i.e., an adequate investment rate) through the 

TADL1: 5 INITIAL rA"v'EiviEl.;T STRUCTURE (OFTiiviUivi ALTERi~ATiVE i--0.K. 
SAMPLE PROBLEM) 

Layer Layer 
Number ID No. Material Type Thickness (mm) Coefficient 

1 10 AC surface course 40 .45 
2 22 Premix binder course 100 .40 
3 30 Crushed stone base 300 .14 
4 50 Crushed stone subbase 300 .11 

NoTE: Optimum alternative 1. Structural number = 4.64. 



TABLE 6 OVERLAYS (OPTIMUM ALTERNATIVE FOR SAMPLE PROBLEM) 

Structural 

Overlay Layer Thickness Layer Time of· 
Serviceability Number 

Number Number ID No. Material Type (mm) Coefficient Overlay Before After Before After 

1 1 10 AC surface overlay 40 .45 15.1 2.40 4.08 3.64 5.92 
2 22 Premix base overlay 100 .40 

Wedge/leveling 27 
2 1 10 AC surface overlay 40 .45 25.0 3.00 4.16 5.48 7.76 

2 22 Premix base overlay 100 .40 
·Wedge/leveling 19 

Norn: Serviceability at 30.00 years is 3.68. 

TABLE 7 PRESENT WORTH COSTS (OPTIMUM ALTERNATIVE FOR SAMPLE PROBLEM) 

Overlay Construction 

Initial Wedge/ Traffic Routine Added Running 
Construction Leveling Overlay Handling Maintenance User User Salvage 

Initial 
construction 72461.2 1451.7 466064.9 

Overlay 1 24344.1 11329.3 1567.7 534.5 2850.1 382507.3 
Overlay 2 10980.5 6988.7 847.7 .0 41824.6 108114.0 
TOTAL 72461.2 35324.6 18318.0 2415.4 1986.2 44674.7 956686.2 -5525.7 

Norn: Total Cost = 1126340.0. All costs in £E/Jane-km. 
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FIGURE 5 Performance of the optimal strategy (sample problem). 
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analysis period, based on the financial data provided by the 
program. 

• This decision should be supported by estimating the ben
efits, as represented by the savings in routine maintenance 
costs and running user costs. 

• The agency's policies and the circumstances of the project 
must also be considered in selecting the optimal routine main
tenance policy for the PMS. Weights should be specified by 
the agency for use in the final choice among policies. 
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A Simplified Pavement Maintenance 
Cost Model 

SAMEH M. ZAGHLOUL, EssAM A. SHARAF, AND AHMED A. GADALLAH 

This paper presents a summary of an effort to develop a sim
plified pavement maintenance cost model for the Roads and 
Bridges Authority (RBA) of Egypt. The model was based pri
marily on modeling maintenance costs as a function of pave
ment condition. The study site included the highway network 
of the East-Delta district as well as several individual highways 
in the Delta region. The data collected for this study included 
information on pavement condition in terms of distress type 
and class. Pavement condition data were obtained from a pre
vious large- cale ludy conducted in Egypt. Maintenance pra ·
tices and unit costs were obtained from RBA's fiJes, as well as 
from extensive interviews with experts from highway construc
tion com1>anies. The results indicated a significant sensitivity 
of maintenance costs to pavement condition at a certain con
dition range. It was determined that substantial savings in 
maintenance costs can be obtained by keeping pavement con
dition from reaching this condition range or at least by pro
longing the period before this range is reached. In addition, 
it was recommended that the presence of such maintenance 
cost models can draw the attention of top management, par
ticularly in developing countries, to the importance of the sys
tematic monitoring of pavement condition as well as to the fact 
that maintenance budget allocation should not always follow 
the rule of "the worst is first." 

Pavement maintenance management (PMM) is the process of 
coordinating and controlling a comprehensive set of activities 
to maintain pavements. Simply stated, it enables the best use 
of available resources by minimizing costs and maximizing 
benefits (1). 

A successful PMM scheme should include a maintenance 
cost model that is sensitive and responsive to pavement con
dition. Reliable cost estimates can then be obtained based on 
actual factors affecting pavement condition (such as materials, 
design, quality control, and policies). 

In some U.S. highway departments and in Egypt, as well 
as in several other developing countries, pavement mainte
nance cost estimates are often based primarily on previous 
experience. This usually leads to a wide gap between the 
estimates and actual project costs. It is believed that the use 
of a successful cost model can reduce this gap. A cost model 
can quantify the consequences of different pavement main
tenance activities. In addition, it can specify those condition 
regions at which pavement maintenance costs are most sen
sitive to pavement condition. Policies can be set to keep pave
ments from reaching these critical regions or at least to pro
long the period before they are reached. 

This study was initiated to develop a simplified pavement 

Public Works Department, Cairo University, Giza, Egypt. 

maintenance cost model to be. used by the Egyptian Roads 
and Bridges Authority (RBA) in the development of a Main
tenance Management System (MMS). The model presented 
in this paper employs condition data (represented by the most 
common method of pavement evaluation-pavement surface 
condition assessment) and detailed costing of different main
tenance activities and practices. 

DEVELOPMENT OF MAINTENANCE COST 
MODEL 

Purpose of Model 

The main purpose of the maintenance cost model is to deter
mine the costs required to restore pavement surface condition 
to its "as-constructed state" for various levels of serviceability. 
This information is important as feedback for planning, design, 
and construction. The type and degree of maintenance can 
influence the rate of serviceability loss of pavement. The 
maintenance cost model can help pavement managers plan, 
direct, and control maintenance activities so an acceptable 
level of service, consistent with the class of pavement, can be 
achieved. In addition, it can assist in evaluating the methods 
and materials used in maintenance so that efficient, econom
ical practices can be developed. 

Network and Section Identification 

The network considered in the development of this model 
included all paved highways in the East-Delta District as well 
as a set of individual highways representing different areas of 
the overall Delta paved network. The network length was 
1592 km, of which 1547 km were managed by RBA and 45 
km by the Ministry of Reconstruction. The network was divided 
into 327 homogeneous sections on the basis of the following 
factors: 

• Pavement types and age, 
• Layer types and thicknesses, 
• Traffic volumes, 
• Geometric characteristics (such as number of lanes, lane 

width, and shoulders), and 
• Highway class. 

Table 1 shows the highway network links considered in this 
study, while Figure 1 presents a map of the study network. 
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TABLE 1 HIGHWAY NETWORK LINKS 

Highway Name Length Authority District Name 
(km) 

Cairo-Alex. 204 x 2 RBA 14611.m c. Delta Dis. 
(Agriculture) (2-Wa y) , 26km 11 . Delta Dis. 

20011.m w. Delta Dis. 

Cairo-Alex 205 RBA 90.5km c. Delta Dis. 
(Desert) 114.5kmW. Delta Dis. 

Cairo-Ism. 96 RBA 34.0km c. Delta Dis 
(Desert) 64.0km I. Delta Dis 

Cairo-Suez 116 RBA 40km c. Delta Dis. 
76km I. Delta Dis. 

Bnha-11ansoura , 49 RBA East-Delta 
Damietta 

Damietta-Dibh 45 Ministry of ---------
Reconstruction 

Dibh-Port Said 16 

eanha-Zagaz ig - 106 
Sa I eh i a 

Hawata-Sherbin- 79 
Blqas 

Talkha-Sherbin- 90 
Damietta 

Abu Hammad-Zagazig 53 
-11 it Ghamr 

Belbis-11ansoura 75 

Abu Kebir-Senbe 26 
11 awen 

Dekerness-11ansoura 26 

raqous-Hessenia 25 

Talkha-etqas 16 

Es bt Ba ta - 49 
Daher i a 

Total=1592 

Condition Data 

The data included in this study were based on a condition 
survey conducted in the Delta Study (2) in 1981. In this study, 
the most common distress types in Egypt were found to be 

• Crackmg (longitudinai, transverse, map 1.:1a1.:ks), 
• Surface damage (holes, bleeding, crumbling edge), and 
• Deformations (rutting, unevenness) . 

The distress types and their codes are shown in Table 2. 
The Texas condition survey method (3) was used in the 

Delta Study. The original Texas method defined the distress 
by its type, severity, and den ity. However, in the Delta Study 
the distress severity and the distress density were combined 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

RBA East-Delta 

and called the distress class (in other words, the distress was 
defined by its type and class only) . Pavement distress class 
ranged from 0 lo 3 where 0 meant no distress, 1 meant low 
density , 2 meant medium density , and 3 meant high density. 
Table 3 show the percentages of deteriorated areas (densi
ties) corresponding to each distress (type and class) , known 

In the research described in this paper, the 327 sections 
were evaluated separately, and a condition rating index (CRI) 
was calculated. The CRI followed the survey method used in 
the Delta Study. 

On the basis of professional judgment, the Texas "scores" 
were modified as shown in Table 4. The RI can be calculated 
by summing the score for each distress (in the same section) 
and determining a general rating for the section (see Table 
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FIGURE 1 Highway network links. 

TABLE 2 DISTRESS TYPES AND 
CODES 

Distress Code Distress Type (Name) 

Longitudinal cracks 
Transverse cracks 
Map cracks 
Potholes 
Bleeding 

1 
2 
3 
4 
5 
6 
7 
8 

Crumbling edges 
Longitudinal unevenness 
Rutting 

TABLE 3 DENSITY MATRIX 

Distress 
Density by Distress Classh 

Code" 0 2 3 

1 0 10% 15% 20% 
2 0 10% 15% 20% 
3 0 5% 15% 25% 
4 0 0.03% 0.15 % 0.3 % 
5 0 10% 17.5% 25% 
6 0 10% 20% 30% 
7 0 10% 20% 30% 
8 0 10% 20% 30% 

•Refer to Table 2. 
"!'he di trc s classes are as follows: 0 = no distress, 

1 = low density, 2 = medium density, and 3 = high 
density. 

....... -. 
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5). For example, if the condition survey results of a section 
were as follows, 

Distress Code 

1 
2 
3 
4 
5 
6 
7 
8 

Distress Class 

1 
1 
2 
1 
0 
3 
1 
3 

then, using the scores given in Table 4, the CRI is 

CRI = 10 + 7 + 15 + 15 + 0 + 10 + 5 + 7 = 69 

where the score corresponding to distress l/class 1 equals 10, 
distress 2/class 1 equals 7, and so on, as indicated in Table 4. 

The CRT core of 69 means that the section's gencraJ rating 
is fair ( ee Table 5). A high CRI core represent a poor 
condition and a low score represent a good condition. 

Maintenance Activities and Unit Costs 

Interviews with experienced highway engineers in Egypt, as 
well as results of previous studies (2,4), indicated that the 
most common maintenance activities in Egypt are 

• Sealing cracks, 
• Scarifying, 
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TABLE 4 WEIGHTING 
FACTORS FOR DIFFERENT 
DISTRESS TYPES 

Distress 
Code" 

1 
2 
3 
4 
5 
6 
7 
8 

Modified Score by 
Distress Classb 

0 

0 
0 
0 
0 
0 
0 
0 
0 

10 
7 

10 
15 
2 
5 
5 
2 

2 

15 
12 
15 
20 
5 
7 
7 
5 

"Refer to Table 2. 

3 

20 
15 
25 
25 
7 

10 
10 
7 

bThe distress classes are as follows: 
0 = no distress, 1 = low density, 2 = 
medium density, and 3 = high density . 

TABLE 5 SECTION 
RATINGS 

CRI Section Class 

s30 Very good 
30-60 Good 
60-70 Fair 
70-85 Poor 
2:85 Very poor 

TABLE 6 AVAILABLE MAINTENANCE 
ACTIVITIES 

Maintenance 
Activity Code 

Xl 
X2 
X3 
X4 

X5 
X6 

X7 
XS 

• Seal coating, 
• Skin patching, 
• Deep patching, and 

Maintenance Activity Name 

Sealing cracks 
Scarifying 
Seal coating 
Skin patching without applying 

wearing surface 
Skin patching 
Deep patching without 

applying wearing surface 
Deep patching 
Overlay 

• Overlaying (see Table 6). 

Unit cost computation approaches for each of these activ
ities are briefly described in the following sections. 

Sealing Cracks 

Cracks Less Than 3 mm in Width The common practice is 
to fill cracks less than 3 mm wide with a rapid-curing cutback 
liquid asphalt (RC-5) or with an asphalt cement (60/70 or 
80/100 penetration grades). The rate of application used is 
approximately 0.25 kg/m2 • 
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Cracks Wider Than 3 mm Two methods are commonly used 
for cracks wider than 3 mm. In the first method, a liquid 
asphalt or an asphalt cement is applied, then clean sand is 
spread over the cracked area. The second method uses a sand 
mix to fill the cracks. The unit cost calculation for this activity 
is based on an average condition; therefore , the cost is cal
culated for an application of 0.25 kg/m2 of asphalt cement 
and 0.5 cm of clean sand. 

Scarifying 

Scarifying is defined as spreading a fine aggregate (sand) dur
ing hot weather and then scarifying this aggregate using a 
scraper. The cost calculation is based on the cost of spreading 
the sand (at an average depth of 2 cm) and the cost of scar
ifying the sand. 

Seal Coating (Surface Dressing) 

Two alternatives are given for seal coating: 

1. Sand coat (1 cm sand + 1.5 kg/m2 of liquid asphalt), 
and 

2. Seal coat (1 cm crushed stone + 1.5 kg/m2) of liquid 
asphalt. 

Skin Patching 

Skin patching is defined as removing the top 5 cm of the 
deteriorated surface and replacing it with a new asphalt con
crete surface mix. Cost calculations are based on three items: 

1. Cost of removing, loading, and transporting the top 5 
cm of the old surface, 

2. Cost of tack coating the vertical sides of the cut with 
asphalt (0.5 kg/m2), and 

3. Cost of securing, placing, and compacting the new asphalt 
concrete surface mix. 

Deep Patching 

In Egypt, deep patching is defined as the removal of the full 
pavement depth (surface, binder, base course layers, and 15 
cm of the upper portion of the subgrade) and the placement 
of new courses. Cost items include the following: 

• Cost of removing, loading, and transporting the full depth 
of pavement (approximately 45 cm thick), 

• Cost of tack coating the vertical sides of the cut with 
asphalt (0.5 kg/m2), 

~ Cc~! cf seC!!!i~g, p!9.cing, !l!!d romrrnr.tine 20 cm of pit
run gravel as a base course, 

• Cost of prime coating the base course surface with a liquid 
asphalt (1.5 kg/m2), 

• Cost of securing, placing, and compacting 5 cm of an 
asphalt concrete binder course mix, 

• Cost of tack coating the binder course surface with a 
liquid asphalt (0.5 kg/m2), and 

• Cost of securing, placing, and compacting 5 cm of an 
asphalt concrete surface course mix. 
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FIGURE 2 Maintenance cost model. 

Overlaying 

The overlay includes two layers: a 5-cm premixed macadam 
and a 3-cm asphalt concrete mix for the surface. It is suitable 
for pavements that have relatively even surfaces and low traffic 
volumes. 

Maintenance Cost Model 

As mentioned earlier, the main purpose of the maintenance 
cost model (MCM) was to determine the cost (per square 
meter) required to restore pavement surface condition to its 
as-constructed state. Six steps were followed to develop this 
model (see Figure 2): 

1. The most common distresses (types and classes) in Egypt 
were identified on the basis of the results of the Delta Study 
(2) and meetings with the East-Delta district engineers (see 
the previous section on Condition Data) . 

2. For each distress (type and class), a maintenance activity 
was suggested (considering that distress as the only one in the 
section). Table 7 shows the suggested maintenance activities 
for the different distress types and classes. 

3. After identifying the suggested maintenance activities 
individually, the overlap between these activities was 
considered. 

4. To prevent any overlap between maintenance activities 
on a section, the following conditions were established: 

a. If the section required an overlay, other maintenance 
activities over this section would be specified as follows: (1) 
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TABLE 7 SUGGESTED 
MAINTENANCE ACTIVITIES FOR 
EACH DISTRESS (TYPE AND CLASS) 

Maintenance Activity Code by 

Distress 
Distress Classb 

Code" 0 2 3 

1 None Xl Xl X3 
2 None Xl Xl X3 
3 None XS XS XS 
4 None X7 X7 X7 
s None None X2 X2 
6 None None XS XS 
7 None XS XS XS 
8 None None XS XS 

"Refer lo Table 2. 
"The distress classes arc as follows: 0 = no 

distress , 1 = low density , 2 = medium density, 
and 3 = high density. 

TABLE 8 MAINTENANCE ACTIVITY 
UNIT COSTS 

Maintenance Activity 
Code" 

Xl 
X2 
X3 
X4 
XS 
X6 
X7 
X8 

"Refer to Table 6. 

Maintenance Activity 
Cost (£E/m2

) 

0.18 
0.20 
0.92 
l.lS 
S.30 
7.50 

22.SO 
6.90 

no scarifying would be conducted; (2) sealing cracks would 
replace seal coating; and (3) skin or deep patching would be 
applied without a wearing surface. 

b. The overlay would be carried over the entire section 
(density equals 1.0). 

The mathematical representation of these conditions is 
as follows: 

If there is X8, then 

X2 = 0 

X3 = Xl 

X5 X4 

X7 X6 

D8 = 1.0 

5. Tht: maimt:nanct: adivity cusis (Egyptian puumi £Eim~) 
were obtained from the East-Delta district files and were 
verified by the Arab Contractors Company engineers. Ta
ble 8 shows the unit cost (£E/m2) associated with the different 
maintenance activities. 

6. The section maintenance cost (£E/m2) was then calcu
lated as follows: 
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where 

Cr = total unit cost (£E/m2
) of the entire section, 

D; density of the ith distress type class (from Table 3), 
and 

c, maintenance unit cost corresponding to the ith dis
tress type class (from Table 8). 

Application of the MCM 

The application of the MCM can be best illustrated through 
examples. The two examples provided below include actual 
condition cases. In each example, the distress data (type and 
class) are presented first. The steps described above are applied 
in a systematic manner to determine the section maintenance 
unit cost. 

Example 1, Highway 5, Station 38.6 

Distress Code 

1 
2 
3 
4 
s 
6 
7 
8 

Distress Class 

3 
3 
3 
1 
2 
2 
2 
1 

The maintenance cost was calculated as in Table 9. Because 
there was an X8 maintenance activity code , X2 = 0, X3 = 
Xl, X5 = X4, and X7 = X6, and the density of X8 = 1.0 
(overlap condition). 

Example 2, Highway 50, Station 159 

The distress class was 1 for all distress codes. The maintenance 
cost was calculated as shown in Table 10. There was no X8 
maintenance activity code (overlap condition) . 

RELATIONSHIP BETWEEN PAVEMENT 
CONDITION AND MAINTENANCE COST 

Although a pavement condition rating can provide the deci
sion maker with a clear picture of how the network is behav
ing, it does not indicate how much it will cost to repair the 
network . Without a clear model of the relationship between 
pavement condition and repair cost, the ultimate goal of pave
ment condition assessment cannot be achieved. 

The purpose of this study, therefore, was to develop the 
n >:IMinnship hP.tWP.P.n the CRT and the corresoondin!! reoair 
and maintenance cost based on the MCM. Th~ following pro
cedure was used to develop this relationship: 

1. Each of the samples stored in the condition data base 
was considered. 

2. The existing distresses and their corresponding classes 
were identified, and the CRI was calculated. 

3. The identified distresses were processed through the 
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TABLE 9 CALCULATION OF MAINTENANCE COST FOR EXAMPLE 1: XS (OVERLAP) 
CONDITION PRESENT 

Distress Code 

2 3 4 s 6 7 s 
Class 3 3 3 1 2 2 2 1 
Density (from Table 3) 20% 20% 2S% 0.03 % 17.S% 20% 20% 10% 
Maintenance activity 

(from Table 7) X3 X3 XS X7 X2 XS XS 
Modified density 

(according to 
overlap condition) 0.20 0.20 1.0 0.0003 0.17S 0.2 0.2 0.1 

Modified maintenance 
activity (according to 
overlap condition) Xl Xl XS X6 X4 X4 

Modified maintenance 
activity unit cost 
(according to 
overlap condition) O.lS O.lS 6.9 7.S l.lS l.lS 

Modified density • 
modified 
maintenance activity 
unit cost 0.036 0.036 6.9 0.002 0.23 0.23 

NOTE: All costs £Elm2
. Because there is XB, X2 = 0, X3 = Xl , XS = X4, X7 = X6, and the density of X8 = 

1.0. Total maintenance cost = 0.036 + 0.036 + 6.9 + 0.002 + 0.23 + 0.23 or 7.434 £Elm2 (CRI for this section 
= 96). 

TABLE 10 CALCULATION OF MAINTENANCE COST FOR EXAMPLE 2: NO XS 
(OVERLAP) CONDITION 

Distress Code 

2 3 4 s 6 7 s 
Class 1 1 1 l 1 1 1 
Density (from Table 3) 10% 10% S% 0.03 % 10% 10% 10% 10% 
Maintenance activity 

(from Table 7) Xl Xl XS X7 XS 
Modified density 

(according to 
overlap condition) 0.1 0.1 o.os 0.0003 0.1 0.1 0.1 0.1 

Modified maintenance 
activity (according to 
overlap condition) Xl Xl XS X7 XS 

Modified maintenance 
activity unit cost O.lS O.lS S.3 22 .S S.3 

Modified density • 
modified 
maintenance activity 
unit cost O.DlS O.Dl S 0.26S 0.007 O.S3 

NOTE: All costs £Elm2 • Total maintenance cost = 0.018 + 0.018 + 0.265 + 0.007 + 0.53, or = 0.84 £Elm2• 

( CRI for this section = S6). 

MCM, and the most suitable maintenance action was iden
tified. 

4. The cost of applying the selected maintenance activity 
was determined. 

5. The maintenance cost for a particular sample with a 
known CRI was determined. 

6. By repeating the first five steps for all samples in the 
condition data base, a set of observations was obtained, 
containing CRI values and their corresponding maintenance 
costs . 

7. The average maintenance cost for each CRI class (as 
indicated in Table 11) was calculated. 

Figure 3 is a graphical representation of the maintenance 
cost versus CRI relationship developed on the basis of the 
results presented in Table 11. This figure indicates several 
important results: 

1. The cost versus CRI relationship can be divided into 
three basic regions with respect to the rate of the cost increase. 
In the first region (CRI < 60-good condition), the main
tenance cost increases very slowly as the CRI increases (i.e. , 
gets worse) . In the second region (60 < CRI < 95-medium 
condition), the maintenance cost increases sharply as the CRI 
increases. Finally, in the third region (CRI > 95-bad con-
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TABLE 11 PAVEMENT CRI GROUPS AND 
CORRESPONDING MAINTENANCE COSTS 

Condition Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Cosl (LE/sq. m) 

CRI 
Range 

< 10 
10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-100 

100-120 

Average Maintenance 
Cost (£E/m2

) 

0.67 
0.68 
0.71 
0.88 
1.16 
2.03 
3.53 
5.79 
7.65 
7.86 

10 ,....-~~~~~~~~.~~~~~~~~~~-

8 
7 .65 7.86 

6 

4 

2 

0 
5 15 25 35 45 55 65 75 85 95 >100 

Condition 

FIGURE 3 Relationship between maintenance costs and 
pavement CRI groups. 

dition), the rate of the maintenance cost increase becomes 
small again. Mathematically, these three rate.s can be consid
ered as follows: 

(£E/m2/CRI point) 

where 

R = rate of maintenance cost increase due to 1-point 
increase in CRI, 

C1 = required maintenance cost at the first stage, 
CR/1 = CRI at the first stage, 

C2 = required maintenance cost at the second stage, and 
CR/2 = CRI at the second stage. 
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Thus, the rate of the maintenance cost increase in the 
first region is equal to 

( R = l.lG - 0·67) = 0 012 
I 55 - 15 , £E/m2/CRI point 

Similarly, the corresponding rates of increase in the sec
ond and third regions are R2 = 0.162 and R3 = 0.014, respec
tively. These rates are graphically displayed in Figure 4. 

2. According to the rates described above, the following 
can be used as a guide when developing a maintenance program: 

• To avoid a sharp increase in maintenance cost, pave
ments should not be allowed to reach the second stage 
of deterioration, if possible . This emphasizes the impor
tance of conducting preventive maintenance to prolong 
the period before the pavement reaches the critical stage. 
• If the pavement CRI does reach the second stage , the 
appropriate maintenance must be carried out immedi
ately, because any delay in maintenance causes a sharp 
increase in the corresponding maintenance cost. 
• Maintenance of pavements in the third stage can be 
delayed, particularly for roads carrying low volumes or 
having low strategic importance , without a considerable 
maintenance cost increase. 

3. The highway maintenance priority (from a maintenance 
cost point of view) can be ranked as follows (see Figure 5): 

• 1st-Highways at the end of the first stage or in the 
second stage, 
• 2nd-Highways in the first stage, and 
e 3rd-Highways in the third stage. 

CONCLUSIONS 

On the basis of the research described in this paper, it was 
concluded that a successful maintenance program cannot be 
applied without a pavement monitoring program, at least for 
pavement surface condition. This is particularly important in 
developing countries, where maintenance programs usually 
follow an ad hoc approach and the predominant rule in prior
ity setting is "the worst is first." The results of this study 
indicate that this rule is not always valid. 

In addition, the results strongly suggest the use of a network 
ranking approach rather than a section-by-section approach. 
This can be illustrated through a very simple example. If the 
section-by-section approach is followed, then a section in the 
third (worst) stage may be selected for repair with approxi
mately 7 £E/m2 • If, however, a network ranking approach is 
used, the repair of these sections might be deferred and otht!r 
sections just approaching the critical stage (stage 2) might be 
sP.lP.rtP.cl Tn this rase, the avernge cost to repair the selected 
sections would be about 1 £E/m2 • In other words, with the 
same budget as that allocated to the badly deteriorated sec
tion, seven other sections (each with the same area as the 
badly deteriorated one) can be repaired, their condition can 
be preserved, and the period before they reach the critical 
stage can be delayed. Undoubtedly, this would lead to a better 
network condition. 
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Measurement of Highway Maintenance 
Patrol Efficiency: Model and Factors 

ALEX KAZAKOV I w ADE D. COOK, AND y. ROLL 

A model for evaluating the relative efficiency of a set of highway 
maintenance patrols is discussed. The particular model struc
ture used, the data envelopment analysis (DEA) method, is 
currently being implemented in Ontario. The paper concen
trates primarily on the factors (inputs and outputs) that are 
appropriate for use in evaluating maintenance patrols. Sample 
results from the pilot study are discussed. 

This paper investigates the problem of evaluating the effi
ciency of highway maintenance patrols and discusses a tool 
for performing such an evaluation. 

Efficiency evaluation has considerable benefit for highway 
departments and maintenance units. From the perspective of 
top management, this tool provides a means of distinguishing 
good managers from less effective ones. Moreover, it can 
provide an understanding of the impact of such factors as 
climatic condition, pavement health, and degree of privat
ization on maintenance effectiveness. In this manner, an effi
ciency monitoring tool can aid in budget planning and in the 
design of maintenance policies and practices. From the point 
of view of the decision-making unit (the maintenance patrol), 
particularly the maintenance engineer, routine efficiency eval
uation facilitates a closer monitoring of how the patrol is 
conducting its business. The engineer receives an annual sta
tus report showing the patrol's standing relative to other patrols. 
Furthermore, the model provides an efficient subset (peer 
group) of patrols for comparison. Thus the engineer has a 
barometer for evaluating the patrol's current status and for 
choosing a direction for future changes. 

Because of the need to consider qualitative factors such as 
climatic condition, road condition, and extent of privatization, 
"production" standards are difficult, if not impossible, to 
establish. This being the case, the usual industrial engineering 
approaches to productivity do not apply. The model that has 
been adopted for examining patrol maintenance in Ontario 
is referred to as the data envelopment analysis (DEA) approach. 
The DEA model was developed by Charnes et al. (J) spe
cifically for evaluating the relative efficiency of a set of deci
sion-making units. In particular, the technique has been applied 
to hospitals, schools, courts, airforce maintenance units, and 
so on. The ideal setting for this model occurs when there are 
similar decision-making units (such as maintenance patrols) 
with multiple inputs and outputs, where qualitative (non
economic) factors need to be considered. 

Because the model has been discussed at length in the lit-
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erature, only brief mention of its structure is made here. The 
primary thrust of this paper is a discussion of the factors 
(inputs and outputs) that are appropriate for the maintenance 
area. In addition, the difficulties surrounding the quantifi
cation of some factors and the associated problem of col
lapsing subfactors into overall composite factors for use in the 
DEA model are addressed. Some preliminary results from 
the Ontario study are given. 

PATROL OPERATION 

Most of the routine maintenance activities on Ontario's high
ways fall under the responsibility of the 244 patrols scattered 
through the province. Each patrol is responsible for a fixed 
number of highway lane-kilometers and oversees the activities 
associated with that portion of the network. More than 100 
different categories of operations/activities exist. They are 
divided into five areas: surface, shoulder, right of way, median, 
and winter operations. 

The current system for monitoring patrol activities within 
the Ontario Ministry of Transportation is known as the main
tenance management system (MMS). The MMS is a com
puterized recordkeeping system that keeps track of total work 
accomplished by type of operation, patrol, and highway class. 
This system is similar to those used in other Canadian prov
inces and in the United States. 

METHODS FOR MEASURING EFFICIENCY 

The productivity, or efficiency level, of any decision-making 
unit (DMU) (such as a factory, government department, or 
maintenance patrol) is a measure of the extent to which that 
DMU makes the best possible use of a given set of inputs 
(resources) to produce some set of outputs. In this context, 
"best possible use" loosely means getting the most out of 
available resources within a given set of circumstances. 

In an industrial setting, efficiency or productivity is usually 
approached from an engineering perspective on the basis of 
on production standards. In this case, the productivity of a 
DMU is the ratio of standard or required inputs (needed to 
create the current level of output) to the actual inputs used. 

An alternative to these absolute measures of efficiency is 
a measure that evaluates a DMU relative to some comparison 
group. Such an approach is not only realistic but may be the 
only one applicable in many not-for-profit environments. This 
is the principle on which the DEA approach is based. DEA 
is capable of handling a variety of factors, such as number of 
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accidents, maintenance dollars, cars per day, average age of 
pavement, and so on, and allows for measurement of these 
factors on different scales. This approach seems particularly 
suited to the maintenance area because factors such as traffic 
intensity, safety parameters, and average age of pavements 
are an important part of the picture. Formally, the DEA 
method is defined as follows: 

Given a set of J DMUs, the model determines for each DMU0 

the best set of input weights { v;o>f~ 1 

and output weights {µrti}~_ 1 

such that the ratio of total weighted outputs to total weighted 
inputs is maximized. This is done subject to two constraints: 
that the corresponding ratio for each DMUi (including the 
one in question) does not exceed 1, and that the weights µrti 
and v,0 fall within reasonable bounds. The ratio e0 is the rel
ative efficiency rating for DMU0 . Let the following notation 
be adopted: 

Y,i = value of output factor r for DMUi, 
Xii = value of input factor i for DMUi, 

µrti, v;0 , "weights" for the corresponding 
factor, 

Ql ,, Q2,, Pl ,; P21 bounds imposed on weights , and 
T = transformation factor. 

In mathematical terms, the DEA model involves solving 
the J fractional programming problems: 

Max 

Subject to: 

L,µ.,oY,, ~ 1 for all DMUs 
L 1vn)(11 

j = 1, 2, . . . ' J 

Q2, ~ µ.rti ~ Ql, V r = 1, 2, . . . , R 

P'2; ~ V;o ~ Pl; Vi = 1, 2, . . . , I 

It can be shown that this ratio model reduces to a linear 
programming problem. Details can be found in the work of 
Charnes et al. (J) and Cook et al. (2). 

In choosing weights for any patrol, the DEA model tries 
to present the patrol's position in the most favorable light. In 
this setting, then, if a patrol can be shown to be efficient (a 
ratio of 1) by some reasonable set of weights, it should be 
efficient in reality. A patrol will only be declared inefficient 
if it is dominated by other patrols or combinations of patrols. 
Thus, DEA should be viewed as a technique for identifying 
inefficiency. 

SELECT!Ol'! OF FACTORS 

The process of selecting factors in a DEA model should con
centrate on finding effects of maintenance activities together 
with a set of explanatory, or causal, factors that allow these 
effects to be created. Outputs should measure the effective
ness of the patrols' actions. Potential candidates would be 
number of vehicles served, accidents (or reduction thereof), 
level of pavement quality, and so on. Inputs are of two types: 
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1. Controllable factors , such as the size of the budget and 
the percentage of work done under private contract ; and 

2. Factors not under the control of the patrol or district, 
such as environmental measures (for example, inches of snow
fall) and average age of pavements. 

These latter factors describe the circumstances under which 
a patrol is forced to operate and may have a strong effect on 
the outputs. In the Ontario study, maintenance staff have 
aided in the selection of factors. 

After choosing the factors to be used in describing cause 
and effect for patrol activities, the issue of quantification must 
be addressed. While the DEA structure does not require that 
factors be reducible to a common unit, they must be quantified 
on some scale. For example, if safety is a principal consid
eration with regard to maintenance effort, some reasonable 
method of capturing safety (such as skid resistance, number 
of accidents, or number of fatal accidents) must be found. 
Severity of the environment is likely to be an important deter
minant of the extent to which patrol efforts are effective. Yet 
there is no obvious single measure of environmental impact. 
Again, quantification is a pressing issue in the selection of 
factors. 

For the analysis of relative efficiency of maintenance patrols 
in Ontario, the following set of factors was chosen: 

Outputs 

Size of System 

This factor is intended to capture the size of the task facing 
patrol crews. It considers the amount of road surface to be 
tended, the shoulder and right-of-way area, and winter main
tenance requirements . Specifically , the assignment size factor 
(ASF) is the sum over all road sections serviced by the patrol 
of 

Length · Two Lane Equivalents (TLE) · Coefficient for Road 
Type 
+ Length · TLE · Coefficient for Winter Operations 
+ Length · Shoulder Width · Coefficient for Shoulder Type 
+ Length · Coefficient for Other Operations (right of way, 
median, etc.) 

Components of the assignment size were weighted as fol
lows: 

• For surfaces, per 1000 km TLE: 

Type Coefficient 

1 1.97 
2, 3 1.72 
4 .92 
5 .59 
6. 7 .31 

• For winter operations, a coefficient of 3.14 per 1000 km 
TLE; 

• For shoulders, per 100 m2 of shoulder: 

Type Coefficient 

2 .18 
4 .12 
6 .14 
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TABLE 1 ACCIDENT FACTORS 

Road State Pavement Markings Surface Condition 

c:: 

~ 
~~ ·~ ~ i 'lJ _gi (]) 8 ~·u c: ~ .a 

'lJ ~ ~ 
'lJ 'lJ :::J ~ 

District :g~ 0 0 <D iii 
0 'lJ ~~ 0 'lJ .0 0 & Patrol c:: § CJ so <.J) ::> <.J) u. 0 z 

Kingston (8) 1 2 1.5 1 1 1.2 1.5 1.5 

#1 79 78 - - 1 0 63 4 3 8 

#2 15 14 - - 1 0 14 1 - -
#3 134 134 - - - 0 113 2 2 15 

#4 83 83 - - 0 63 5 3 11 

#5 52 52 - - - 0 43 2 3 3 

• For rights of way, medians, and so on, a coefficient of 
2.30 per 1000 km of road. 

The types are those used in the highway inventory data, 
and the coefficients were determined from the corresponding 
expenditures in fiscal year 1986-87. Coefficients represent 
the relative proportions of the total maintenance expenditure 
on the various components. For example, surface type 4 work 
cost approximately three times as much as work on surface 
types 6 and 7 (.92 versus .31). 

Average Traffic Serviced 

This factor recognizes that greater maintenance efforts may 
be required on roads with higher traffic. This is true for two 
reasons. First, larger crew sizes are needed for multilane roads 
than for lower volume roads . Second, a higher standard of 
serviceability is often needed on the higher traffic roads. The 
average traffic serviced (ATS) factor is the sum over all road 
sections of 

Length· AADT · 10-4 

Accidents 

Maintenance crews are primarily occupied with the removal 
of problem areas that could result in accidents (such as wash
outs or potholes) or with work that results from accidents 
(such as repairs to damaged guardrails) . One difficulty 
encountered with this factor is that accidents fall into different 
categories. In the model, therefore, accidents in a patrol are 
separated according to three groupings (see Table 1). The 
first group, Road State, includes four headings: 

1. Good, 
2. Under repair, 
3. Under construction, and 
4. Other. 

~ 
:g 
~ 
0 z 

2 

1 

-
2 

1 

1 

~ 
(]) 

3 ~ ~ :g CJ) 5.12 1: 3 g -g 1: 
~ 

0 (/) z~ <D c:: 

~ ~ 
(/) 

~ ~ 
91 Nu 

§ .><. 91 !JU 
0 'C' ~ ~ 0 u <D -g s ~ u< .9 CJ z <( 0 u; Q. .S! ~ <o 

1 1 .8 .7 .7 2 .5 .8 1 

- + 7.3 46 12 7 5 2 7 - - -10.1 76.2 

- + .2 7 5 1 - - 2 - - - 2.3 12.9 

+10.9 63 38 7 4 3 19 - - -21 .3 123.6 

- + 9 44 20 7 4 1 7 - - -11 .1 80.9 

- +4.4 31 10 4 2 0 5 - - - 6.3 50.1 

For example, if there were 100 accidents in a patrol, it may 
turn out that SO were on good roads, 20 on roads under repair, 
20 on roads under construction, and 10 on other types of 
roads. 

The second group, Pavement Markings, contains six head
ings: 

1. Good, 
2. Faded, 
3. Obscured, 
4. Not visible, 
S. No markings, and 
6. Not applicable. 

The third group, Surface Condition, is divided into eight 
headings: 

1. Dry, 
2. Wet, 
3. Loose snow, 
4. Slush, 
S. Packed snow, 
6. Ice, 
7. Mud, and 
8. Loose sand gravel. 

To obtain an accident statistic for a patrol, a set of impor
tance weights were assigned to each heading under each of 
the three groups. The overall accident statistics (A) is then 
given as 

3 

A = no. of accidents + L (adjustments) 
i = l 

where 

k 

adjustment L (no. of events) x (Factor-1) 
j~I 

Here, i = 1,2,3 are the three groupings and j = 1,2,. . .,k are the 
headings under any given grouping. 
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Table 1 shows all factors and weights and illustrates a typical 
calculation. 

Change in Pavement Condition 

Because both maintenance and rehabilitation expenditures 
are inputs (discussed below), one of their major observable 
effects is the resulting change in the condition of the pave
ment. Specifically, the model uses the change in a patrol's 
average pavement condition rating from its level in the pre
vious year to its current level. 

Inputs 

Maintenance Expenditures 

This factor is divided into two different inputs: expenses incurred 
in-house and those arising from work done by private con
tractors. This distinction is made because the proportion of 
privatized work may greatly influence a patrol's productivity 
standing. It is also pointed out that, if efficiency is being 
examined in terms of winter maintenance, fo1 exarnpie, only 
that portion of the expenditure figures relating to winter work 
is used. 

Rehabilitation Expenditures 

Because rehabilitation and maintenance expenditures go hand 
in hand, the total expenditure on rehabilitation (capital) is an 
important input. One problem with this factor has to do with 
when the rehabilitation was conducted. If, for example, main
tenance expenditures for the year 1986 are used, the need for 
these expenditures is, to an extent, a function of the capital 
work done not 0nly in 1986 but in several years preceding 
1986. This being the case, capital expenditures for 5 yr (1982-
1986) were taken in total and used as the rehabilitation budget 
input. Technically, a weighted total should be used (for ex:im
ple, capital expenditures in 1982 may have less influence than 
those of 1985) . In this study, however , the simple sum was 
applied . 

Climatic Input 

There is unanimous agreement that climatic conditions influ
ence the need for maintenance. Not only do frost heaves 
necessitate surface work but snowfall clearly influences winter 
maintenance activities (such as snow removal and salting). 

Subfactors 

Although no clear relationship has been established between 
pavement damage and such factors as frost depth, depth of 
water table, and number of freeze/thaw cycles, it is believed 
that these and other factors do influence the extent of damage. 
For the Ontario study, four subfactors were combined to arrive 
at an overall climatic impact parameter: 
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1. Number of major freeze/thaw cycles , 
2. Number of minor freeze/thaw cycles, 
3. Number of days where rainfall exceeded 10 mm, and 
4. Total snowfall. 

Standard definitions have been adopted within the Ministry 
of Transportation concerning freeze/thaw cycles. A major cycle 
occurs when there is significant thawing followed by full freez
ing. This phenomenon leads to water being trapped in the 
base and subbase of the pavement, causing volume shifts and 
pavement blow-ups. A threshold number of degree days for 
each thaw and freeze portion was chosen. A minor cycle is a 
similar phenomenon but with fewer degree days, meaning that 
the freeze/thaw is nearer the surface. This leads to chipping 
and separation of t:1e asphalt. 

Rainfall has two effects . First , precipitation during a freeze/ 
thaw cycle can contribute to the severity of that cycle . Second, 
rain washes away unpaved shoulders, necessitating mainte
nance work. 

Finally, snowfall is believed to have only a winter main
tenance impact. The important statistic is the number of plow
ings. On the basis of Ontario experience, the total snowfall 
was divided by 2.5 cm to determine the number of times snow 
removal equipment would need to pass over the road. 

The raw data used to compute the above parameters were 
obtained from Environment Canada. The information came 
from several hundred weather stations located throughout the 
province. 

Scaling the Input Factors 

To combine the four subfactors into one overall climatic fac
tor , it is necessary to take some form of weighted total factor 
value. One potential problem of combining the input factors 
is the scale difference in the numbers. Cycles, for example, 
may number 1, 2, or 3 per year. Sn wfa ll , however, may be 
200 or 300 cm per year. In a linear programming franP\~ork 
(used in DEA), vast scale differences can cause roundoff 
problems and lead to erroneous results. It is desirable, there
fore, for the scales of numbers to be relatively similar. 

One important feature of the DEA model structure is its 
scale variance characteristic. For example, if snowfall is 100.5, 
173.2, and 98.4 cm, the same efficiency measures would arise 
if the numbers 1005, 1732, and 984 were used. Therefore, 
regardless of the size of the raw data numbers , they can be 
adjusted (by a factor of 10, for example) up or down without 
destroying the meaning of the final results. 

This being the case, all input factors can be expressed in 
roughly the same scale terms. No information is lost, and 
computational difficulties with the optimization procedure are 
avuiJeu. 

To transform the four inputs to similar scales, four weights 
(transformation parameters) were chosen: 

a= 50 f3 = 300 '{ = 20,000 5 = 1,000 

In choosing these values , an attempt was made to reflect 
the perceived degree of importance of each parameter. Main
tenance staff, for example, feel that major cycles have an 
important impact on spring road conditions while minor cycles 
have significantly less importance. 



Kazakov et al. 

Beyond these two considerations (scale difference and per
ceived importance), the choice of tran formation parameters 
was arbitrary for this phase of the study. The next section of 
this paper describes a more structured procedure for deriving 
parameters. 

Rather than taking a weighted sum of the four climatic 
ubfactors, a reciprocal model was u ed in this study. Spe

cifically, the station factor Fis computed as follows: 

F=~+l+1+~ 
M1 M 2 S R 

where 

M 1 and M 2 = number of major and minor cycles, respec
tively, 

S = number of snow plowings, 
R number of heavy rain days, and 

a, i3, -y, o = weights. 

The rationale for using reciprocals of the four data param
eters is that, since Fis to be an input, it should become smaller 
as the climate becomes more severe. 

A typical calculation for a ration is M 1 = 1, M2 = 2, 
S = 54.6, and R = 16. Therefore, 

F = SO 300 20,000 l 000 = 
629 1 + 2 + 54.6 + 16 

To get a patrol factor, those stations within and near the 
patrol boundaries were combined. In some instance , only 
one tation could reasonably be u ed to represenl a patrol. 
In those ca es, the climatic factor for that station became the 
patrol factor. When more than one station was used for a 
patrol, a weighted average of the va!Ues for those stations 
was applied, and the stati n weights were taken as propor
tional to their distances fro m the center of the patrol. 

WEIGHTING SUBFACTORS: A STRUCTURED 
APPROACH 

One difficulty enc unterecl in determining factor va lues, par
ticularly accident and climatic factors is that of arrivi ng at 
appropriate weights for subfactor combinations. In the case 
of accidents, for example, a weight must be supplied to each 
of the stated surface conditions. Because there is no reliable 
data comparing the chances for an accident on ice and one 
on packed snow, weights must be primarily subjective. 

One framework that can be used to obtain weights for a 
series of choices, options, or criteria is based on pairwise 
comparisons. In trying to determine the likelihood of an acci
dent on each of the surface conditions, the only opli n may 
be to solicit expert opinions (for example, maintenance staff 
or police). The most convenient form in which to capture 
these opinions is by comparing pairs of option using a ratio 
scale. Specifically, the expert would be requested to upply 
a value a,i where a,i is the extent to which option i dominate 
optionj. If, for example, i =packed snow andj =slush, then 
if a,i = 3.5, an accident is 3.5 times as likely to occur on 
packed snow as on slush. Of course, if a,i = 3.5, then 

1 1 
a .. =- = -
'' a,i 3.5 
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Thus, it can be argued that it is easier to supply such ratio
scalc val ue as a;i than to actually provide a numerical weight 
W, (probability of an accident occurring on surface type i, for 
example). 

A possible matrix A. for all surface conditions might be 

A 2 3 4 5 6 7 

1 1 2 .5 .4 .3 .8 2 
2 8 1 3 2 4 6 7 
3 2 .33 2 .8 2 4 
4 2.5 .5 .5 1 .8 3 
5 3.3 .25 1.25 1.25 2 3 
6 1.25 .17 .5 .33 .5 
7 .5 .14 .25 .33 .33 .5 

One property that a rational set of comparisons should 
possess is transitivity. Specifically, if option 2 is four times as 
likely as opti.o n 5 (a25 = 4) and option 5 is two times as likely 
a. option 6 (t156 = 2), then it h ulcl be true that option 2 is 
eight lime as likely as opl'ion 6 (that i , a2s x a,, hould 
equal a26). However, a26 = 6. Thus, the results are intran
sitive. This phenomenon is very common, since inconsisten
cies in reasoning are bound to happen in any situation. 

To arrive at a set of consistent results that will lead to 
weights, various approaches can be taken. One of the sim
plest, as suggested by Barzilai et al. (3) and Crawford and 
Williams (4), is to use the geometric mean of row i to get 
weight W1• 

That is, 

( 

7 ) 117 

w, = TI a,i 
1 ~ 1 

So, for the example, 

WI (1 x 2 x .5 x .4 x .3 x .8 x 2) 117 

.56 

Similarly, 

W2 = 3.61 
W3 1.36 
w4 = i.24 
Ws = 1.34 
w6 = 0.62 
W1 = 0.37 

Note that these are relative weights. If they must add to 1 
(for example, if they are to represent probabilities), then they 
would need to be normalized. 

The above process gives a logical framework for deriving 
importance weights when subjective information must be con
sidered. 

The next section provides the results of a pilot study con
ducted in Ontario. 

PILOT STUDY OF EFFICIENCY 

The general structure of the DEA model was presented ear
lier. To illustrate how the model works, an example is pro
vided of one patrol from district 2 in Ontario (the province 
is divided into 18 geographica l districts) . In the pilot study, 
the following output and input value. were used for the patrol: 
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FIGURE 1 Efficient frontier . 

Outputs: 

1. Size of system = 404, 
2. Traffic served = 267, 
3. Condition rating factor = 184, and 
4. Accident factor = 331. 

Inputs : 

1. Maintenance budget = 585, 
2. Capital budget = 264, and 
3. Climatic factor = 715. 

4 

" 

The DEA model tries to determine the set of seven factor 
weights or multipliers (M 1 , M 2 , M 3 , M 4 on outputs and N 1 , 

N2 , N3 on inputs) that makes this patrol's efficiency ratio as 
large as possible, while ensuring that the corresponding ratio 
for all other patrols does not exceed 1.0. This restriction limits 
the possible values that the multipliers M; and Ni can assume. 
The patrol's efficiency ratio is as follows: 

404M1 + 267M2 + 184M3 + 331M4 

585N1 + 264N2 + 715N3 

The DEA model finds the set of multipliers that maximizes 
this ratio. For this particular patrol, the values of the seven 
multipliers are M, = 206, M 2 = 308, M3 = 1,747, M4 = 720, 
N, = 209, N 2 = 103, and N 3 = 1,190. The efficiency ratio 
is then 

404 x 206 + 267 x 308 + 184 x 1,747 + 331 x 720 
e= 

585 x 209 + 264 x 103 + 715 x 1,190 

= .725 

Therefore, the best that can be said of this patrol is that 
its efficiency does not exceed 72.5 percent, compared with 
other patrols. That is, in the process of searching for multi-

6 
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pliers M; and Ni, no better set than the ones shown above 
can be found. In fact, some patrols must have a ratio of 1.0 
relative to this set since this was the constraint imposed in 
deriving the multipliers. 

Geometrically, this process can be illustrated as follows. 
Suppose there is only a single output (number of lane
kilometers serviced) and two inputs (maintenance budget and 
climatic conditions). Further, assume the patrols all service 
exactly 100 lane-km of road. On a two-dimensional graph, 
the pair of inputs for each patrol might be plotted as shown 
in Figure 1. Those points (patrols) closest to the origin are 
the most efficient since they involve the least amounts of 
inputs for the same level of output. Patrol Eis, for example, 
less efficient than patrol B since B is using less of each input 
than E (to service the same size network). Patrols A, B, C, 
and D are considered efficient since there are no others closer 
to the origin that "dominate" them. However, patrol E is 
dominated by B while patrol Fis dominated, in a sense, by 
patrols B and C. At least, a hypothetical patrol K could be 
defined whose inputs were linear combinations of those of B 
and C, then F would be dominated by K. 

In summary, the DEA model would compute a ratio of 1.0 
for patrols A, B, C, and D . The ratio of F would equal OKI 
OF. Thus, the "efficient frontier" made up of the line seg
ments joining A, B, C, and D defines the highest level of 
efficiency obtainable. Anything on this frontier would have 
a ratio of 1.0 and would be considered efficient. Any patrol 
behind the frontier (E, F, and G) would have a ratio less than 
.. ,.... • • 1 1 • 1 _, . __ _,ci:: _! __ _ .... 
1.U auu WUUIU Ut; 1.:UllMUC:lC:U 11n;1u1,,1c;1n. 

In the process of finding the best set of multipliers for patrol 
F(suppose Fis patrol 1 in the above numerical example), the 
ratios for Band C would have been driven to 1.0, which would 
have limited the possible choice of multipliers for F. Thus , B 
and C are said to constitute the "peer group" for patrol F 
because they are the efficient patrols that are most like patrol 
Fin terms of resource consumption (input values) . 

As an example of the likely results from a DEA of patrol 
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TABLE 2 RESULTS OF DEA 

Efficiency Peer 
Patrol Rating Group 

I 1.00 

2 .99 1,4 

3 .80 4,8 

4 1.00 4 

5 .86 1,4 

6 .93 8 

7 .89 4,8 

8 1.00 8 

9 .91 1,4 

JO .72 1,4 

JI .87 1,4,12 

12 I.DO 12 

13 1.00 13 

14 .62 1,4,12 

efficiency, Table 2 displays the ratings and peer groups tor 
the 14 patrols in the pilot district chosen for the Ontario study. 
This indicates that patrols 1, 4, 8, 12, and 13 are efficient 
(have a ratio of 1.0). The others are considered inefficient; 
some to greater degrees than others. For example, compared 
to the others, patrol 14 cannot be rated any higher than 62 
percent. One interpretation of this number is that patrol 14 
should be able to do better-either by servicing a larger net
work with the same resources or by consuming fewer resources. 
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CONCLUSIONS 

In this paper , a model for examining maintenance patrol effi
ciency was presented, and relevant factors upon which to base 
this model were discussed. The model provides a way to cal
ibrate the impact of various factors and gain a better under
standing of the circumstances within which patrols operate. 

This approach offers a framework for further investigation 
of a patrol's operations if the patrol appears inefficient. In 
addition, it can provide possible explanations for that inef
ficiency. 
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Criteria for Selecting Desirable 
Quantities of Coal Tar Emulsion 
Seal Coat Components 

SHAWN W. JENKINS, M. STROUP-GARDINER, AND DAVIDE. NEWCOMB 

The use of coal tar seal coats often creates difficulties in the 
field. In the research described by this paper, tests were devel
oped or modified to measure workabilit (Brookfield viscosity), 
cure time (scuff resistance), skjd resistance (scuff resistanc ), 
cracking (cyclic freeze-thaw contlilioning) dcbonding (adhe-
ion) and fuel resistance. Guidelines were establi hed for 

determining the preliminary optimum quantities of' additive 
11ddifionr1I waler, and sand for a given set of materials. These 
procedures arc applicable to a wide variety of coal ta1· sources 
and types of addilives. T he procedure may also be used to 
refine optimum quantities after the pr liminary analysi by 
reducing the range ol' variables. The reliability of these pro
cednr s will be tested on various field section · at the general 
aviation airport in Stead, Nevada. 

Coal tar emulsion sealers have historically been used to pro
tect asphalt concrete pavements from fuel, oil, water intru
sion, and weathering. Because of the sealers' ability to resist 
fuel, they have been used extensively on airport taxiways and 
fueling areas. They are also used on automobile parking lots 
to resist motor oil drippage, which can soften asphalt concrete 
pavement. The sealers provide an impermeable surface to 
prevent water intrusion which can lead to rave ling and strip
ping of the p~1vcment. They alsb prevent weathering .by pro
tecting the pavement from sunlight and oxidation. 

Sand is used with coal tar emul ions to enhanc skid resis
tance. The level of skid resistance is influenced by the gra
dation and shape of the sand; therefore, a large, coarse sand 
is typically used. Sand loadings (i.e., quantities) have been 
increased in recent years in an attempt to provide an even 
rougher surface. However, the higher quantities of sand are 
difficult to keep suspended in the coal tar emulsions. Also, 
the sand-sealer interface has provided a path for petroleum 
products to penetrate the sealer. 

Previous experimentation has shown that the use of latex 
polymeric additives in the coal tar emulsion can increase its 
abi lity to hold the and in suspension (J). The latex al. o 
increases the sealer's flexibility. This flexibility allows the sealer 
to move with the underlying pavement as it contracts and 
expands due to thermal changes and traffic loads. 

Although coal tar sealers have been used for many years, 
they have created some difficulties. Interviews with manu
facturers, suppliers, contractors, and owners have identified 
several problems, including 

• Workability (the ability to place the material), 

Civil Engineering Department, University of Nevada-Reno, Reno, 
Nev. 89557. 

• Cure time (when to open a new surface to traffic), 
• Skid resistance, 
• Cracking of the surface, 
• Debonding of the sealer with the underlying pavement, 

and 
• Fuel resistance. 

METHODOLOGY 

A review of the literature revealed a limited amount of research 
on the testing of coal tar emulsions used as seal coats on 
asphalt concrete pavements. The objective of this research 
was to evaluate and develop test procedures to define desir
able properties of coal tar emulsions. This was accomplished 
by 

• Identifying industries that use test methods relating to 
seal coat performance, 

• Developing or modifying the identified test methods, and 
• Evaluating the potential of the selected tests to define 

desirable properties of coal tar seal coats. 

In addition to the coal tar industry, the paint, asphalt cement, 
asphalt concrete, and slurry seal industries were identified as 
having applicable or adaptable test methods. Tests chosen for 
evaluation or modification from these industries were 

• Brookfield viscosity, 
• Thomas-Stormer viscosity, 
• Scuff resistance (ASTM D3910-84 and International Slurry 

Seal Association (ISSA) TB139 (2)), 
• Cyclic freeze-thaw (3), 
• Flexibility (ASTM D2939-78), 
•Wet flow (shrinkage) (ASTM D2939-78), 
• Measuring adhesion by tape test, Method A (ASTM 

D3359-83), 
• Kerosene resistance (ASTM D3320-79), and 
• Fuei cirip ioiiuweu by lilt: wt:l Lldl-k itbrasiuii proccdui"C 

(4). 

INITIAL FIELD TEST SECTIONS 

Before starting the lab rat ry te ting prograrn , major coal tar 
uppliers were invited to place field test ection n the ni

versity of Nevada-Reno UNR) campu . The test ecti n · 
were placed on a parking lot that experienced I w traffic 
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TABLE 1 FIELD TEST SECTION FORMULATIONS 

Section 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Prime 
Coat 

No 

No 

Poly oil 
& water 

Yes 

No 

No 

No 

No 

Water 

J220 

No 

No 

No 

No 

No 

Yes 

Yes 

No. of 
Base 
Coats 

2 

1 

2 

2 

2 

2 

2&3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

* - Coal Tar Emulsion 

Top Coat 
w/out 
sand 

Yes 

Yes 

Yes 

No 

No 

No 

No 

Yes 
Top Coat 

Yes 
Top Coat 

No 

No 

Yes 

Yes 

Yes 

Yes 

No 

No 

volume so that weathering effects could be monitored without 
the influence of traffic loads. The parking lot, which was 
approximately 8 mo old, provided a large, uniform surface 
for the application of the test sections. 

Field samples were collected for laboratory cyclic freeze
thaw analysis by taping asphalt roofing shingles to the pave
ment prior to test section application. The samples were 
removed and returned to the laboratory after 24 hr of field 
curing. 

Seventeen field test sections of varying sizes were placed 
by four suppliers between September 9th and 30th, 1986. The 
mix formulations of these test sections can be found in 
Table 1. 

The test sections were visually monitored once a month for 
crack development. The following scale was developed to rate 
cracking: 

0 = No cracking, 

1 = Hairline cracking, 

2 = Slight cracking, 

Quant. Quant. Quant. 
Coal Tar,Additive, Water, 

gal. gal. gal. 

100 

100 

100 

80 

8.2 

8.2 

8.2 

80 

80 

80 

20 

Quant. 
Sand, 

lb/g CT* 

13 

13 

13 

4 

asphalt emulsion (20% cut) 

15% coal tar, 85% asphalt emulsion 

100 
100 

100 
100 

100 

100 

100 

100 

100 

100 

100 

100 

Fass - Dri 

25 
10 

10 
10 

10 

10 

4 

6 

5 

7 

15 

10 

25 
25 

20 
25 

20 

20 

40 

50 

40 

50 

45 

90 

3 = Moderate cracking, and 

4 = Severe cracking. 

5.4 

10 

5 

5 

5 

2 

6 

4 

8 

7 

6.2 

47 

Examples of these ratings are shown in Figure 1. This was 
the only testing performed at the field test site. 

LABORATORY TESTING 

Laboratory testing was conducted in two phases. Phase 1 
included preliminary test method evaluation, while phase 2 
consisted of modifying or refining the test procedures. 

Phase 1 

Phase 1 included the following three test stages: 

1. Coal tar emulsion; 
2. Coal tar emulsion, water, and additive; and 
3. Coal tar emulsion, water, additive, and sand. 
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FIGURE 1 Crack rating scale developed for cyclic freeze-thaw 
conditioning test. 

The variables considered during testing were 

• Coal tar source, 
• Additive content, 
• Water content, 
• Sand content , 
• Sand gradation , and 
• Sand shape. 

In stage 1 testing, coal tar somr.e w;is the only variable 
considered. The tests performed in this stage are shown in 
Figure 2. 

The testing m stages '2. and j was performed according to 
designed experimental plans. The plan used in stage 2 was a 
three-factor, full factorial experiment with three levels for 
each factor. Source, additive quantity, and water quantity 
were the three factors investigated. Each factor consisted of 
low, medium, and high levels. The low and high limits were 
determined from the absolute lowest and highest manufac
turer-recommended limits on the variables. The medium limit 
was the average between the low and high limits. Due to the 
large number of formulations that would result if the testing 

Cool Tor 
Emulsion 
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Viscosity (Brookflold) H floxlbiUly 

l( s~- Oenslly H. -~ Size 

FIGURE 2 Test sequence for stage 1 of phase 1 testing. 

of stage 3 were conducted from a full factorial design, this 
plan was reduced to a partial factorial experiment with two 
levels for each factor. Sand gradation, sand shape, additive 
content, water content, and sand content were the variables 
considered. The two levels considered were low and high , and 
they were selected as described above. 

The tests performed in stages 2 and 3 are shown in Fig
ure 3. 

Phase 2 

Phase 2 was conducted by following a four-factor, full factorial 
experiment with three levels for each factor except sand load
ing, which had two levels (see Table 2). The variables, or 
factors, that were considered included 

• Coal tar source, 
• Additive content, 
• Water content, and 
• Sand content. 

The tests performed in this phase are shown in Figure 4. 
Several tests were eliminated after the phase 2 results were 

reviewed. The wet track abrasion procedure was dropped 
because it did not provide reliable results and did not indicate 
mix component changes. The Thomas-Stormer Viscometer, 
which was used to indicate settling, was also rejected. Because 
of the higher sand loadings, the results from the settling test 
were limited. After addition of the large quantity of sand, the 
Thomas-Stormer paddle, which is driven by weights, was un
able to rotate in the mixture with the maximum weight applied. 
In addition, the tile fuel resistance test was eliminated. Test 
results indicated that, although this method could possibly 
discern overall fuel resistant mixtures, it was not sensitive to 
changes in the components of the mixtures. If this method is 
included in further testing, it should only be used as a final 
pass/fail step. 

TEST METHODS AND RESULTS 

All of the test methods used coal tar emulsion with sand, 
which is referred to as the composite system in this paper. 
Only the viscosity test was used for both the composite system 
and the coal tar emulsion, additive, and addition water (total 
liquids), combination. Desirable limits were established for 
each test method on the basis of a review of the results and 
extensive visual observation. 

Viscosity 

Test Method 

Viscosity was measured using the Brookfield Viscometer DY 
II (see Figure 5). The Brookfield was chosen because of its 
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t.41x Coal Tar Emul•ion, --4 ViacoOlfy (Brookiloid) H nex1blllty ~ 
Additive, and Water ~ 

1 
I Paitfole six• I 

t.41x0~1~!ds1;1ll;,n•dach 
Variables (high or low 

content, round or 
angular shape, 0001110 

or nno gradation) 

--1 Vlocoslfy (Brooklleid) H F1axlb111fy I 

••• 
FIGURE 3 Test sequence for stages 2 and 3 of phase 1 testing. 

TABLE 2 VARIABLE LEVELS USED IN EXPERIMENT 

Variable Code Quantity or Description 

Additive L 4.0 g/100 g coal tar emulsion 
M 14.5 g/100 g coal tar emulsion 
H 25.0 g/100 g coal tar emulsion 

Water L 20.0 g/100 g coal tar emulsion 
M 55.0 g/100 g coal tar emulsion 
H 90.0 g/100 g coal tar emulsion 

Sand L 2 lbs/g coal tar emulsion 
H 13 lbs/g coal tar emulsion 

t.4ix Coal Tar _J V.ocasily l_r:.::;;:::i.r.:;;:::=i 
Emulsion, IL.. __,(.::;Br:..:a~Ok;;..;f:..:;••;:;:ld,_) ____,~~ 

Additive, and 
Water 

t.4ix Liquid• with 
One Type of 

Sand 

FIGURE 4 Test sequence for phase 2 testing. 

Scuff 
Resislonca 

ease of use and wide range of measuring capabilities. After 
initial testing, it was found that coal tar emulsion mixtures 
exhibited shear thinning characteristics (5). Therefore, the 
testing procedure was controlled as follows. 

The coal tar emulsion and water were mixed with 50 strokes 
of a large laboratory mixing spoon. A Brookfield spindle was 
then inserted into the material and allowed to rotate for 5 sec 
at a shear rate of 50 r/min before a viscosity measurement 
was taken. The additive was then introduced and stirred with 
an additional 50 strokes, and the viscosity was measured 
as before. This procedure was repeated for the addition of 
sand. 

Repeatability 

An examination of the standard deviations versus the viscosity 
in poises indicated a nonlinear relationship. Therefore, the 
coefficient of variation (CV) was chosen to represent repeat
ability. This statistical parameter is actually an expression of 
the standard deviation as a percentage of the mean viscosity. 
Three replicates of six materials were used to determine the 
CV for both the total liquids and the composite system. The 
CV was 3. 7 percent for the total liquids and 8.0 percent for 
the composite system. 

To find the standard deviation for any viscosity, the vis
cosity is multiplied by the CV (with the percentage expressed 
in decimal form). For example, if the testing of three samples 

FIGURE 5 Brookfield Viscometer . 

of total liquids yields an average viscosity of 50.0 poises, then 
the standard deviation is 50.0 x .037 = 1.9 poises. 

Desirable Test Limits 

Desirable viscosity limit were established by evaluating the 
laboratory tests, a visual ob ·ervation of ease of mixing, the 
consistency of the material, and the ability of a technician to 
prepare samples (5). When preparing samples, materials with 
viscosities of less than 10 poises were found to be too fluid; 
sands rarely stayed in suspension. These materials would tend 
to run off the pavement if used in the field. On the other 
hand, viscosities of greater than 90 poises were accompanied 
by one or more of the following: 

• Obvious coagulation, 
• Lumping, 
• Inability to spread material, and 
• A thick layer at the bottom of the container, indicating 

that the additive or the sand was thickening or settling out. 

Thus, these materials would cause an uneven surface tex
ture if squeegied and would clog spray nozzles. 

Scuff Test 

Test Method 

The procedures and equipment for the scuff test were devel
oped from the asphalt concrete and slurry seal industries ( ASTM 
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FIGURE 6 Scuff test apparatus. 

D3910-84 and (2)). The equipment applied a constant pres
sure to the test specimen, then rotated a rubber abrasion foot 
on the specimen. The torque required to turn the foot was 
then measured (see Figure 6). 

The sample medmm used was asphalt roofing shingles, cut 
into 6-in. x 6-in. squares; three samples were needed for 
each test. A uniform film thickness of the composite system 
was applied using a 16-gauge sheet metal mask: a 6-in. x 6-
in . square with a 4-in. x 4-in. section removed from the 
center. A straightedge was used to apply the material evenly 
within the cut-out section. 

All prepared samples were allowed to cure at ambient tem
perature (77°F) until they were tested. One sample was tested 
at 4 hr, the second at 8 hr, and the last at 24 hr. 

During testing, samples were held in place on the platen 
with "C" clamps. The platen was raised upward to the rubber 
abrasion head, and a normal load of 28 psi was applied . The 
torque wrench was then pulled through an arc of 180°, and a 
torque reading was taken in inch-pounds. A torque wrench 
with a capacity of 300 in .-lb provided an adequate range for 
all testing. 

Repeatability 

Testing to determine the repeatability of this method indi
cated that the standard deviation between any two tests was 
13.1 in .-lb. This value was rounded up to 15 in.-lb because 
the torque wrench measured in increments of 5 in .-lb. The 
standard deviation was consistent for any test time or range 
of torque values. 

Desirable Test Limits 

Torque readings below 50 in .-lb caused material to be pushed 
in front of the rubber abrasion head. Values of 80 in.-lb or 
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FIGURE 7 Asphalt roofing shingle and mask for cyclic freeze
thaw conditioning test. 

greater at 4 hr with a reduction in values at 8 hr also indicated 
that the material was moving on the shingle. The high initial 
readings were the result of testing the shingle and not the seal 
coat; as the material set (8 hr), the test began to evaluate the 
seal coat instead of the shingle. 

Torque readings between 50 and lUU in.-lb were equated 
with material shearing under the abrasion head. Some of the 
seal coat remained adhered to the shingle, but the surface of 
the seal coat tended to push in front of the abrasion head . 

On the basis of these observations. 8- and 24-hr limits were 
set as follows: 

• A torque of a minimum of 100 in.-lb at 8 hr, and 
• A torque greater than the 8-hr reading at 24 hr. 

The limit on the 24-hr reading ensured that the 8-hr reading 
was actually measuring the seal coat and not the shingle. 

Cracking Tendencies 

Test Method 

The temperatures used for the freeze-thaw cycles were derived 
from typical asphalt concrete testing procedures. This testing 
was based on typical northern pavement temperatures of 140°F 
or above during the summer and l0°F during the winter. 

Composite systems were applied to a 12-in. x 12-in. section 
of asphalt roofing shingles. One layer of sealer was applied 
in a uniform film thickness using a 16-gauge sheet metal mask, 
which was 12-in. x 12-in. with a 10-in. x 10-in. section removed 
from the center (see Figure 7). After the sample was prepared, 
it was cured at 77°F and at a relative humidity of less than 20 
percent fur 24 hr. Samples were then exposed to a 140°F oven 
for 24 hr and a l0°F freezer for 24 hr. Samples were condi
tioned for 10 cycles. each consisting of one treatment of both 
temperatures. Cracking was monitored after the completion 
of each cycle. The same scale was used for these evaluations 
as for the field test sections (see Figure 1) . 

Repeatability 

Various materials with diverse cracking tendencies were eval
uated to determine the repeatability of this test. In all but a 
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Field Crack Rating at 1 2 Months 

+ Slight Cracking 
(1J 

3 

Laboratory 
Crack Rating 2 
at 10 Cycles 

1t Hairline 
Cracking (2) 

-- r-: 2 

I "'=·-.I I 

o Moderate 
Cracking (3) 

x Severe 
Cracking ( 4) 

0 2 Number of Qccu,,....,.. 

• 2 0 

* 2 

o.i-~--''--~-+~~~~~+--~~~~4-~~~~--1 

0 2 

Laboratory Crack 
Rating at 5 Cycles 

3 

FIGURE 8 Relationship between laboratory freeze-thaw cracking and field test section 
cracking. 

few cases, the ratings for replicates of the same material were 
identical. A calculation of the standard deviation for this test 
method was 0.29. 

Desirable Test Limits 

Using a comparison between field cracking of test sections 
and freeze-thaw cracking of laboratory samples as a basis, 
rating limits were chosen as follows: 

• A rating of 1 or less at the end of S cycles, and 
• A rating of 3 or less at the end of 10 cycles. 

The relationship used to select these ratings is shown in 
Figure 8. This figure shows laboratory cracking at 10 cycles 
versus laboratory cracking at S cycles, with the symbols indi
cating the results of the field crack rating at 12 mo for each 
sample. These limits were based on field evaluations to date 
and have produced a crack rating of 1 or less after 1 yr in the 
field. Comparisons of 11 test sections comprising a wide range 
of coal tar sources, additives, and sand gradations and shapes 
were the basis for these ratings. Typical relationships between 
field cracking and laboratory conditioning are shown in Fig
ures 9 and 10. It should be noted that the same crack rating 
system was used for both the laboratory and the field 
evaluations. 

Adhesion 

Test Method 

ASTM D33S9-83 describes the detailed use of the adhesion 
test procedure. Basically, one thickness of the composite sys
tem was placed on an aluminum panel, and the sample was 
cured at 77°F for 24 hr. After curing, an "X" was cut in the 

seal coat so that the panel was visible. A length of pressure
sensitive tape was applied so that the center of the X was 
covered, the tape was peeled back, and the adhesion between 
the sealer and the panel was rated. The ASTM rating scale, 
was modified for this research as follows: 

SA = No peeling, 
4A = Trace peeling or removal along the incision, 
3A = Jagged removal along most of the incision up to 1/16 

in. on either side, 
2A = Jagged removal along most of the incision up to Vs 

in. on either side, 
lA = Removal from most of the area of the X under tape, 

and 
OA = Removal beyond the area of the X. 

A plus sign ( + ) was added to indicate that sand was retained 
on the tape. 

Repeatability 

Repeatability was not established for this test method . 

Desirable Test Limits 

Most products tested indicated no peeling; however, at the 
higher sand contents, most samples demonstrated a loss of 
sand retention. Therefore, limits were set at a rating of SA 
with no sand being retained on the tape. 

USE OF DESIRABLE PROPERTIES TO DEFINE 
OPTIMUM COMPONENT QUANTITIES 

Preliminary optimum component quantities were defined by 
a process of elimination based on the limits set for each test 
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FIGURE 9 Typical relationship for field cracking versus laboratory cracking (test section 12). 

(see Table 3). An example for coal tar source 2 is shown in 
Figure 11. Five steps were used for this process of elimination. 

from the matrix for the next step. Figure 11 shows that all 
mixtures except the low water/low additive and low water/ 
medium additive were eliminated. 

Step 1 

In this step, incompatibilities were identified between the 
components making up the liquid portion of the sealers. The 
following criterion was considered: 

• Viscosities between 10 and 90 poises are acceptable. 

Any mixtures not meeting this requirement were eliminated 

Step 2 

This step checked the workability of the mix by identifying 
any new incompatibilities created by the introduction of sand. 
The composite material could neither run off the pavement 
nor clog spray bars. The following limit was used: 

• Viscosities between 10 and 90 poises are acceptable . 
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FIGURE 10 Typical relationship for field cracking versus laboratory cracking (test section 16). 
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TABLE 3 DEVELOPMENT OF PRELIMINARY OPTIMUM COMPONENT QUANTITIES 

Step 

l 

2 

3 

4 

5 

Test Method 

Brookfield 
Viscosity 
@ 77°F 

Brookfield 
Viscosity 
@ 77°F 

Scuff 
Resistance 

Cyclic Freeze
Thaw 
Conditioning 

Tape Test 

Performance Item 

Incompatibility 
between additive 
and coal tar 

Workability 
of mix 

Rate of set 

Final scuff 
resistance 

Cracking 

Adhesion 

Criterion 

Viscosity between 
10 and 90 poises 

Viscosity between 
10 and 90 poises 

8 hour torque 
?-100 in-lbs 

24 hour torque 
~ 8 hour torque 

Repeatability 

CV = 3. 7% 

CV ~ 8.0% 

Std Dev c 15 in-lbs 

Std Dev • 15 in-lbs 

Rating~!@ 5 cycles Std Dev 0.29 
Rating~ 3 @ 10 cycles 

Rating = SA 
No sand loss 

N/A 

····-···········---------···-----------------------------·-·-----·----···--------------------·-=a:;·--·····-··=·---------
Any mixtures not meeting this requirement were eliminated 

in the step 3 matrix. 

Step 3 

In this step, the initial set and final scuff resi tance were 
checked. The seal coat was allowed to set for a maximum of 
8 hr. The torque value was checked at 24 hr to ensure the 
best final scuff resi tance for the materials used. The limits 
for this step were as follows: 

• Torque ~ 100 in.-lb at hr, and 
• Torque ~ the 8-hr v.alue at 24 hr (a small difference in 

numbers was tolerated as long as il remained within the realm 
of repeatability error). 

The results from this step usually narrowed the acceptable 
combinations of components to approximately four to six mix
tures. Those not meeting the requirements were eliminated 
from the step 4 matrix. 

Figure 11 shows the 8-hr torque value in the upper left
hand corner of lhe cell and the 24-hr cure in the lower right
hand corner. It should be noted that the 8-hr torque value 
(85 in.-lb) for the medium additive, low water, and low sand 
mixture was left in the test matrix. Any cuff test result that 
was within the repeatability error was given a chance to pass 
the remainder of the requirements. 

Step 4 

The purpo e of step 4 was to optimize long-term performance 
by limiting both the 5- and 10-cyclc cracking. The following 
criteria were used: 

• A rating of 1 or less at 5 cycles, and 
• A rating of 3 or less at 10 cycles. 

Figure 11 shows that only the medium additive, low water, 
and high sand mixture met these criteria. 

Step 5 

This step was used as a pas /fail test for adhes.ion and sand 
retention. Sand had to be retained by the seal coat after 
curing. The following limits were considered: 

• No sand can adhere to the tape , and 
• No debonding of the seal coat and the test medium is 

allowed (adhesion rating of SA). 

The only selection that met the freeze-thaw requirement 
also met the adhesion/sand retention check. 

In general, this methodology indicated that the optimum 
combination of the variables investigated was coal tar source 
2: a medium additive with low additional water and a high 
sand loading. 

COMPARISON OF DESIRABLE LIMITS FOR 
TEST RESULTS AND SUPPLIERS' SUlilJMl'hU 
OPTIMUM MIXTURES 

Table 4 provides a com1 arison of the optimum component 
quantities a defined by desirable test resul.ts. bef re and after 
the sand retention che k and the corre ponding supplie r$' 
suggestions. The quantities were compared before and after 
the sand retention check because of the wide range between 
the high and low sand loadings. In other words, a mix might 
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TOTAL LIQUIDS 
Step 1 - Check mix for incompatibility between coal tar and 

additive Additive 
Low Med. HIQh Viscosity 

between 10 and 
90 J:>oises 

Low 29.1 30.4 4.9 
\.lo.ter Med. 7 .3 3.2 2.7 

High 2.2 2.0 low 

COMPOSITE MIX 
Step 2 - Check workability of mix 

Acld1t1ve 
Low 

\.lo. ter 
L M H L 

iso.ndl 
L 35.1 x x 35.6 
H 60.6 x x 43.4 

MedluM 
\.lo. ter 

M H L 
x x x 
x x x 

High 
Yo. ter 

M 
x 
x 

H 
x 
x 

Viscosity 
between 10 and 
90 poises 

Step 3 - Check initial set and final scuff resistance 

Additive 
Low MedluM 

\.lo. ter \.Io. ter 
L M H L M 

lso.ndl 
L 1'.Duc x x llsm x 
H 1'D12S x x lOOus x 

Step 4 - Limit crack development 

Additive 
Low MedluM 

Vo.ter Vo.ter 
L M H L M 

/so.n~ L x x x 3 4 x 
H x x x 0 1 x 

High 
Yo.ter 

H L M 
x x x 
x x x 

Hti:ih 
Vo.ter 

H L M 
x x x 
x x x 

H 
x 
x 

H 
x 
x 

8 hour torque 
>,. 100 in-lbs. 

24 hour torque 
> 8 hour torque 

Rating .{. 1 @ 
.5 cycles 

Rating ~ 3 @ 
10 cycles 

Step 5 - Check adhesion, between mix and substrate and between 
s tvl and ' '' _,,,,~ 

Additive 
Low MeciluM 

Yo. ter \./ o. ter 
L M H L M 

jso.nd: 
L x x x x x 
H x x x SA,N x 

Hli:ih 
\Jo. ter 

H L M 
x x x 
x x x 

H 
x 
x 

Adhesion rating 
= SA 

Loss of 
sand ·(Y/N) 

FIGURE 11 Selection of desirable properties for coal tar source 2. 

perform well in all of the tests but fail to retain sand because 
of the high sand loading. 

Table 4 shows that the procedure developed in this research 
raised the additive content compared with the suppliers' rec
ommendations for all sources . The water content remained 
constant for two sources, was increased for one source, and 
was decreased for one source. In general , the sand content 
was increased before the sand retention check and decreased 
afterward. 

It should be noted that UNR component quantities were 
chosen from the limits used to define desirable test results . 
No interpolation was made between low, medium , and high 
component quantities. 

The process developed is only a preliminary estimation of 
component quantities based on a wide range of component 
levels. After the preliminary quantities have been found, 
another estimate of component quantities should be per
formed to refine the optimum quantities . This process would 
be identical to the preliminary analysis but would consider a 
narrower range of variables . Due to limited time and money, 
only the general practicality of this methodology was assessed 
in this study. 

SUMMARY 

On the basis of previous difficulties experienced with coal tar 
seal coats, tests were developed or modified to measure 

• Workability (Brookfield viscosity), 
• Cure time (scuff resistance) , 
• Skid resistance (scuff resistance), 
• Cracking (cyclic freeze-thaw conditioning), 
• Debonding (adhesion) , and 
• Fuel resistance. 

Viscosity was selected to detect two initial problems. The 
first was an incompatibility between the components, which 
causes coagulation and an inordinate amount of thickening 
of the emulsion. Both of these create an increase in viscosity. 
Second, viscosity was used to measure the ease with which 
the material could be squeegied or sprayed. 

A scuff test , adapted from the slurry seal and asphalt con
crete industry, was designed by the University of Nevada
Reno. Limits for scuff values were set at 8 hr to provide a 
substantially scuff-resistant surface 8 hr after placing mate-



56 TRANSPORTA TION RESEA RCH RECORD 1216 

TABLE 4 COMPARISON OF OPTIMUM QUANTITIES DETERMINED FROM 
LABORATORY TESTING AND SUPPLIERS' RECOMMENDATIONS 

Source/Components 

Source 1: 
Water* 
Additive* 
Sand** 

Source 2: 
Water 
Additive 
Sand 

Source 3: 
Wate.r 
Additive 
Sand 

Source 4: 
Water 
Additive 
Sand 

Source 6: 
Water 
Additive 
Sand 

Before Sand 
Retention 
Check 
(Steps 1-4) 

55 
14.5 
13 

20 
14.5 
13 

20 
25 
13 

90 
25 
13 

90 
4 
2 

After Sand 
Retention 
Check 
(Steps 1-5) 

20 
14.5 
2 

20 
14.5 
13 

20 
25 
13 

90 
25 
'l. 

90 
4 
2 

Supplier's 
Recommended 
Quantities 

80 
8.2 
13 

20 
10 
5 

50 
6 
6 

90 
6 
6.2 

60 
3 
8 

* - Quantity measured in gal/100 gal coal tar emulsion 
** - Quantity measured in lbs/gal coal tar emulsion 

------------------~----------~---------------------------------

rials. A minimum scuff value was established at 24 hr to 
indicate optimum scuff resistance for any given set of 
components. 

Cracking was evaluated by applying coal tar emulsions to 
roofing shingles, then subjecting the prepared samples to mul
tiple cycles of freezing and thawing. Limits on cracking were 
set for this testing at 5 and 10 cycles of freeze-thaw . These 
limits were linked to field performance. 

The cross-hatch test was used to identify debonding of the 
sealer from the test medium as well as loss of sand retention 
by the sealer. 

Guidelines were established for determining the prelimi
nary optimum quantities of additive, additional water, and 
sand fur a given sel of materials. These procedures are appli
cable to a wide variety of coal tar sources and types of addi
tives. The procedure may also be used to refine optimum 
quantities after the preliminary analysis by reducing the range 
of variables. 

FUTURE RESEARCH 

The tests and limits developed in this study will be used to 
define the quantities of composite system components for field 
test sections at the general aviation airport in Stead, Nevada, 

which is located several miles outside Reno city limits. The 
materials used for these test sections will be similar to those 
supplied for the original field test on the UNR parking lot. 
Because the test methods and limits were refined with these 
specific materials , continuity between the initial field work, 
preliminary and final laboratory testing, and the final test 
sections will be maintained . Materials will include 

• Six sources of coal tar emulsions; 
• Various additives, including acrylonitrile-butadiene latex 

and proprietary products; and 
• One sand source and gradation. 

Sand source and gradation were held constant to reduce 
the variables in the laboratory portion of this research. Because 
the optimization steps did not account for various sand sources 
and gradations, the field mixtures will also be restricted to 
this sand and gradation. 
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Prioritization and Optimization of 
Pavement Preservation Treatments 

J. J. HAJEK AND W. A. PHANG 

This paper describes a framework for selecting the best pave
ment preservation treatments for an available pavement pres
ervation budget. It includes formulation of project-specific 
strategies, evaluation of funding requirements, and setting of 
priorities. The technology is illustrated using data for 75 sec
tions from the Stratford district. The key component of this 
framework is an action plan that recommends preferred and 
fall-back pavement preservation strategies for all individual 
pavement management sections. The task of preparing action 
plans is assigned to experienced regional staff. The action plan 
documents the existing pavement condition, integrates all major 
pavement maintenance and rehabilitation efforts into a unified 
preservation plan, and coordinates pavement preservation 
functions of different offices within the Ontario Ministry of 
Transportation. Linear programming is used to allocate pave
ment investments in a manner that yields maximum benefits 
to the total pavement network. The linear programming solu
tion considers all section-specific strategies listed in the action 
plans. Sensitivity analyses are used to evaluate the effect on 
the linear programming solution of using different optimiza
tion goals and different budget constraints. While the objective 
function used only maximizes the technical benefits of pave
ment investments, it can be modified to include societal benefits. 

The pavement management process can be roughly divided 
into three related phases: 

1. A data gathering phase, in which the data required to 
make pavement preservation decisions are collected and stored; 

2. A decision phase, in which pavement inventory data are 
used to make recommendations regarding pavement preser
vation actions; and 

3. A feedback phase, in which the consequences of pave
ment investments are evaluated. 

This paper is mainly concerned with the second phase. Its 
objective is to describe the methodology for recommending 
pavement preservation actions that was developed for the 
Ontario Ministry of Transportation's pavement management 
system. This methodology consists of the following steps: 

1. Development of a preferred pavement preservation 
•tr:itl"gy, "' wPll "' "ltPrn:<tivP fall-h::ick str::itegies , for every 
pavement management section; 

2. Aggregation of funding requirements for individual 
pavement sections and their evaluation on district, regional, 
or provincial levels; and 

Research and Development Branch, Ministry of Transportation of 
Ontario, 1201 Wilson Avenue, Downsview, Ontario, Canada. 

3. Selection of pavement preservation strategies that would 
best use the available budget. 

Step 1 represents project-level evaluation, while steps 2 and 
3 represent network-level evaluation and prioritization. The 
application of the methodology is illustrated using recent data 
obtained for the Stratford district. 

Any methodology for recommending pavement preserva
tion actions depends on the amount and quality of inventory 
data. For this reason, the current method of gathering and 
storing pavement inventory data is briefly described. 

DATA REQUIRED FOR PAVEMENT 
PRESERVATION DECISIONS 

To facilitate planning of pavement rehabilitation actions, the 
Ministry of Transportation has been systematically rating 
pavement deterioration since the mid-1960s. The original rat
ing scheme was based on a subjectively assigned pavement 
condition rating (1). It was realized in the 1970s that pavement 
deterioration should be evaluated using a more objective and 
consistent measure. This led to the development and recent 
introduction of the Pavement Condition Index (PCI) (2). 

The PCI is measured on a scale of 0 to 100. Newly con
structed pavements have a PCI of about 95, and rehabilitation 
is usually done when the PCI is between 60 and 40. The PCI 
comprises two different physical parameters: 

1. The riding quality of the pavement surface measured by 
a response-type pavement roughness meter, and 

2. The extent and severity of 15 pavement surface distresses 
evaluated against well-defined measurement scales. 

These two parameters are combined using a mathematical 
formula. 

The basic pavement management unit is a pavement man
agement section. Pavement management sections have rela
tively uniform pavement structure and traffic loadings, and 
exhibit relatively uniform pavement deterioration. The typical 
length of pavement management sections is approximately 
10 ~!'?'? . 

The pavement condition surveys used to determine the PCI 
are done every 2 yr, and all data obtained during these surveys 
are stored as historical records in a pavement management 
data base. These include roughness data, the severity and 
density of 15 pavement surface distresses, and the PCI. The 
data base operates under the FOCUS data base management 
system (3) and contains data for approximately 2,000 pave-
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ment sections. The data base was designed to store and retrieve 
all basic data needed to plan specific pavement preservation 
treatments for individual sections. 

Examples of data that can be readily retrieved from the 
pavement management data base are shown in Tables 1 and 
2. Table 1 is an example of a pavement performance record, 
which summarizes past pavement deterioration data , for a 
section in the Stratford district. 

Table 2 shows an action plan fact sheet for the same section. 
This fact sheet consists of two parts . The first part summarizes 
pavement inventory data, such as pavement structural data, 
functional class, and past performance. The second part lists 
two key estimates: 

1. The expected change in PCI during the next 3 yr ( 6.PC/3). 

This estimate provides a systematic measure of the expected 
rate of pavement deterioration. It is based on the assumption 
that no preservation action , other than routine maintenance , 
will be taken during the 3-yr period. 6.PCI3 is used for the 
section-specific pavement deterioration prediction to estimate 
when the pavement performance will reach the minimum 
acceptable level and when a pavement preservation action 
will be needed. 

2. The action plan , which lists all pavement preservation 
actions planned within a 5-yr planning period. 

The action plan is prepared for all sections. It is the key 
pavement management tool that documents the existing pave
ment condition, integrates all major pavement maintenance 
and rehabilitation efforts into a unified preservation plan, and 
coordinates pavement preservation functions of different offices 
within the ministry (such as district maintenance, regional 
rehabilitation, and Head Office policy and funding functions). 

PROJECT-LEVEL PRIORITIZATION 

The tasks of predicting the expected rate of pavement dete
rioration and recommending pavement preservation strate
gies for action plans are assigned to experienced regional staff. 
These individuals are in constant contact with the portion of 
the highway network over which they have responsibility and 
can fully exercise their engineering judgment and knowledge 
of local conditions . They also work closely with district staff, 
who are in charge of pavement maintenance, to coordinate 
and plan pavement maintenance. To help the regional staff, 
detailed guidelines have been prepared for these tasks ( 4). 
Salient features of the guidelines for recommending pavement 
preservation strategies are briefly described below. 

These guidelines provide a structured procedure on how to 
identify, for each section: 

• A preferred pavement preservation strategy, and 
• Its alternative , fall-back (or contingency) strategies. 

The preferred pavement preservation strategy is defined as 
the one that addresses in the most cost-effective way the prob
lem of keeping the pavement in an adequate state of pavement 
preservation. It encompasses both major maintenance treat
ments (such as patching) and rehabilitation treatments (such 
as overlays), taken singly or in combination with each other. 
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The preferred strategy must take into account existing resources 
and procedures and is usually based on life-cycle economic 
analysis. Preferred strategies are usually recommended for 
implementation before the pavement reaches a minimum 
acceptable serviceability level. 

The fall-back strategies provide recommendations of what 
to do if a postponement or rescheduling of expenditures is 
required for the preferred strategy. Compared with the pre
ferred strategy, the fall-back strategies would likely result in 
lower pavement performance or higher construction costs. 

The fall-back strategies should provide "substantial" alter
natives to the preferred strategy. Small variations in the pre
ferred strategy, such as a change in overlay thickness by 20 
percent or a postponement of the overlay by only 1 yr, do 
not usually constitute substantial alternatives. 

Fall-back strategies should be developed that 

• Provide a substantial postponement of expenditures , 
• Enable a systematic assessment of the consequences of 

not implementing the recommended preferred strategies on 
time, and 

• Enable comparisons of these consequences among dif
ferent sections. 

Using a structured format, two types of fall-back strategies 
are developed: holding strategies and deferred strategies. 

A holding strategy is designed to hold the pavement for at 
least 2 or 3 yr until the preferred strategy can be undertaken. 
For example, according to the action plan given in Table 2, 
the preferred strategy calls for a 90 mm overlay in 1989. The 
corresponding holding strategy recommends patching in 1988 
and the same 90 mm overlay in 1991. The patching component 
of the holding strategy is intended to hold the pavement until 
1991 and to postpone the major part of the expenditure from 
1989 to 1991. 

A deferred strategy assumes that it is necessary to defer all 
expenditures associated with the preferred strategy by at least 
3 yr if the preferred strategy is a rehabilitation treatment. If 
the preferred strategy only recommends a maintenance treat
ment, the deferral may be just 1 or 2 yr. Returning to the 
example in Table 2, the deferred strategy assumes that no 
funds (other than those for routine maintenance) are available 
until 1992 and , based on this constraint, recommends defer
ring padding and resurfacing until that time. The deferred 
strategy should address the new situation in the most cost
effective manner. The expected pavement performance curves 
for all strategies listed in Table 2 are shown in Figure 1. 

By default, all sections also have do-nothing strategies, which 
assume that no pavement preservation expenditures (other 
than those for routine maintenance) will be made during the 
5-yr planning period. The consequences of do-nothing strat
egies can be judged by the t..PCI3 estimates. 

Not all sections require the full palette of preservation strat
egies for the 5-yr planning period. For example, 

• Many sections do not require any specific preservation 
treatment other than routine maintenance, which is not included 
on the action plans; 

• Some preferred strategies, particularly those scheduled 
for the beginning of the planning period , are already approved 
and do not require any fall-back strategies; and 



TABLE 1 PAVEMENT PERFORMANCE RECORD, SECTION 22, STRATFORD DISTRICT 

P A Y E H E N I P E R F O R H A N C E R E C O R D DlSTRICJI 3 
HIGHMAY :a 

LllRS OFFSET LEHGl II DIRECTION FACILITY CLASS LAtlES AADI TRUCK X FROH: FREEPORT DR. 
15870 ....L1!! ...!..:..! !! A ~ ~ 32600 10.8 

IO : FAIRHAY RD. IIHERCHAllGe 

RVERALL PAVEHENT PERFORllANCE HISTORY 

VEllR 78 79 80 81 82 83 8'i 85 86 87 88 &<J• 90 <J1 92 93 94 95 
AGE 16 21 22 23 
PCR 80 6ll 60 68 
PCI 78 71 66 66 
RCR 7.0 7.0 5.9 7.0 5.7 
DHI 22.8 40.0 40.0 38.5 38.!" 

RETAILED PAVEHENT PERfORllAHCE lllS'TORY 
SEVERllY OF DISTRESS 

19711 l<JU l<J8'i 1985 1'86 19 19 CODES 
SEV.=~EYFRllYt UEH.=DEHSllV SEY. DEN. SEY. DEN. SEY. DEN. SEY. DEN. SEY. DEN. SEV. DEN. SEY. DEtl. 

C. AGG. LOSS & RAV. 
HUSlllllG 
nIPPLl llG AllD !:llOVlllG 
WllEEL TRACK RUil me 
DISIORI IOll 
I OllGil UOJllAL SING. & MULT. 
I WHEEL 1 RACK I AUIGAIOR 
CEIHRE LJllE SJN1;. & MUll. 

ALU GATOR 
PAVEHEIU EDGE lHllG. & HULT. 

All.JGATllR 
IRAHSVERSE llALF ,FULL & HULi. 

llLLIGlllOR 
llEllllDER AND lflDLAtlE 
llAllDOH 

l!AJOR MAINTENANCE HISTORY 

VEAR> 
ITEM 
TYPECCDIJEI 
EXIENT % 
cosr 

1986 
II 

0 0 
.o .o 

• DISTRESS COHHENISI 

OfllER COHHENT'S 

[11\JE: AUGUST 26, 19117 

2 

2 

2 

2 

Ill 

0 
.o 

5 3 
3 

2 2 

1 3 

2 

5 2 

2 

1. VERY SLIGHT 
2. SLIGIU 
3. llODERAlE 

5 3 5 3 5 4. SEVERE 
2 3 2 3 1 S. VERY SEVERE 
4 2 4 2 4 

2 3 2 3 2 DEtlSITY (EXIENTI CODES 

2 2 2 2 2 1. <10% 

' 2. 10-20 
5 2 5 2 5 3. 20-50 

4. 50-80 
1 2 1 2 1 5. 80-100 

SHOULDER COHDIIION FOR GRAVEL SHOULDERS 

YEAR> 1986 
SEY. DEN. 

.EXIEIH Of HAIN!ENANCE JREAIHEN! IN 1986 ICODEl 

PAYEHENf SHOULDER 
HAHllAL PAIClllNG 0 0 
HAClll NE PA I CHING 0 0 
SPRAY PAIClllNG 0 
ROllT & SEAL CRACKS 0 0 
CHIP SEAL 0 0 



TABLE 2 ACTION PLAN FACT SHEET, SECTION 22, STRATFORD DISTRICT 

A C T I 0 N p l A N F A C T S H E E T DISTRICTI 3 
lllGHNAY I 8 

LMRS OFFSET LEllGTff DIRECTION FACILITY CLASS LANES lAOT TRUCK % 
1so10 ~ J..:.!i D A ~ ! 32600 !.!!.....!! 

COJITRACT 110. 
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TUTAL SllRfACE TllJCl<llESS, tlll 
Aum:D OVERLAY llllCkllESS. '"' 
Hill I llEllOVE TlllCkllESS, 1111 

DASE TYPE ICOIJF.I 
BASE llllCKHESS, tlll 

100 

90 • 

STRUCTURE 
REHAOILITATIOHS 

1 2 3 4 

HISTORY OF PAVEtlENl PERFORMANCE 
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TO : FAIRWAY IW, llHERCHANGE 

5 
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SEC Tl OH LIHITS HAY BE CHANGED. 

URBAN SECTION, ?. 0 

PAVEHEIH HIUTll,H : 14 .6 
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G 
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1906 ~ 5.7 38.5 

ESTIHATED CHANGE IN PCI AflER 3 YEARS > 6 < 

PllEFERREU, HOLDJ!IG AllD DEFERRED STRATIGIES 

PART I DESCRIPTION CODE I PROG I EXJEtlT I COST/KH I PCI I LIFE I S 

-------------------------!------!'~' ?. I 1$1000) I AFTER I YEARS I 
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I __l__ _l_ . I _ L_ I I I I 

STRAIEGY COllHENJSI PREPARED ey: 
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62 

100 

90 

(3 
0... 

~ 
c 80 
~ 

s 
Ci 
z 
8 70 
tz 
w 
::E 
w 
~ 

p 

Past 
Performance P 

H
D-

TRANSPORTATION RESEARCH RECORD 1216 

Preferred Strategy 
Holding Strategy 
Deferred Strategy 

Minimum Acceptable 
Level of PCI 

0... 60 -~~--t-----i...l""" ~~~~~~~-'.______,.........,~~~~~~-

I 
3years 

P H D 

~ Disbenefits of Do-Nothing Strategy fo; Objective Function 4 

so 
1985 1990 1995 2000 2005 2010 Year 

FIGURE 1 Performance curves for section 22, Stratford district. 

• For some sections, no feasible holding strategies exist. 

Each strategy must be fully described using the parameters 
listed in Table 2. These include type of treatment (Description 
in Table 2), its timing (Program Year), and its consequences 
(PCJ After-PCI predicted immediately after the treatment 
is applied; and Life Years-predicted lifespan of the treat
ment in years) . Predictions of l:l.PC/3 , PCI After , and Life 
Years are based mainly on the engineering judgment of expe
rienced regional staff who are familiar with local conditions. 
This situation occurs because of the unavailability or poor doc
umentation of the many models required for predicting the per
formance of various pavement preservation treatments. 

EVALUATION OF FUNDING REQUIREMENTS 

The costs of all pavement preservation strategies can be sum
marized from individual action plans to obtain the total fund
ing requirements for a district, region, or province ; these costs 
can then he compared with available budgets. This process is 
illustrated using data for the Stratford district, which has 134 
pavement management sections comprising about 1100 km of 
two-iane highways . Of the i34 sections , /j requireu sume 
pavement preservation funding during the 5-yr planning period. 
It must be emphasized that all data in this paper are provided 
for illustration only; any other interpretation of the data is 
incorrect. 

Table 3 lists action plan strategies, in terms of their cost 
and timing, for the first five sections requiring funding in the 
Stratford district. This table also shows the results of linear 

programming, which will be discussed later. The funding 
requirements for all sections in the Stratford district are sum
marized in Table 4, which was obtained by retrieving data 
from the data base. The distribution of costs required to fund 
the preferred, holding, and deferred strategies is plotted in 
Figures 2a to 2c. It can be noted that the total cost of the 
preferred strategies ($26.73 million in Table 4) is not evenly 
distributed during the planning period. Also , $7.69 million 
worth of the preferred strategies do not have any fall-back 
strategies. 

OPTIMIZATION ON NETWORK LEVEL 

From the viewpoint of individual sections, the aggregated 
cost of all preferred strategies constitutes the most effective 
overall funding level. If this level exceeds the available yearly 
budget, either during one or more specific years of the plan
ning period or during the entire planning period , not all pre
ferred strategies can be implemented as recommended. 
Some must be replaced by holding, deferred, or do-nothing 
alternatives. Because there are usually multiple investment 
objectives and many sections involved, it is difficult to select 
the investmem alternatives that wuuiu uesi use the avaiiauie 
budget. 

Any practical solution of this problem must take into account 
technical as well as societal investment objectives. For exam
ple, a technical investment objective may be to obtain the 
highest possible pavement performance, while a societal 
investment objective may be to achieve an equitable distri
bution of construction jobs in the province. An ideal situation 
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TABLE 3 DETAILED RESULTS OF LINEAR PROGRAMMING 

Decision Variable, Xlja) 

Total Objective Function Used 
Section Strategy Cost In Year (yearly budget $5,000,000) 
Number $1000's 

1 1 
Int. Real 2 3 

1 2 3 4 5 6 7 8 

1 Preferred 367 89 1 1 1 1 
Holding 
Deferred 464 92 
Do-NotJli.ng 

Preferred 237 90 1 
2 Holding 392 88/92 1 1 1 

Deferred 459 93 
Do-Nothing 

Preferred 43 88 1 
3 Holding 

Deferred 211 93 1 1 1 
Do-Nothing 

Preferred 273 89 1 
4 Holding 383 89/92 1 1 1 

Deferred 
Do-Notlting 

Preferred 273 89 1 
5 Holding 383 89/92 1 1 1 

Deferred 
Do-NotJting 

a) Xij are defined by Equation 3. Zero values are not listed. 
"1" means that the strategy will be done in its entirety." 

4 

9 

1 

0.2 
0.8 

1 

1 

1 

TABLE 4 SUMMARY OF FUNDING REQUIREMENTS FOR STRATFORD DISTRICT 

Strategy Year 

Strategy Type 1987 1988 1989 1990 1991 

All preferred strategies 5,458 10,767 5,914 1,330 
Preferred strategies lacking fall-back strategies 2,820 2,190 526 830 
Preferred strategies having fall-back strategies 2,638 8,577 5,387 500 
All preferred strategies having holding strategies 1,533 7,359 4,861 500 
All holding strategies 462 1,931 647 3,702 5,457 
All preferred strategies having deferred strategies 2,638 6,153 4,333 
All deferred strategies 57 

NOTE : Figures are in thousands of dollars. 

Yearly Budget Constraint 
Using Objective 
Function 4 (In $1000's) 

4000 3000 2000 1000 

10 11 12 13 

1 1 1 0.2 

0.8 

1 1 1 1 

1 1 1 1 

1 

1 1 1 

1 

1 1 1 

1992 1993 1994 

3,147 114 
1,210 114 
1,937 
1,937 
5,307 305 2,090 

6,131 11,908 1,783 

63 

Total 

26,730 
7,690 

19,039 
16,190 
19,901 
13,124 
19,879 

occurs when the selected investment alternatives fully satisfy 
both technical and societal objectives. 

words, preservation dollars can be allocated in a manner that 
yields the maximum benefit to the given pavement network 
(5). The LP problem was formulated as follows: 

Linear Programming 

Given a limited budget , the selection of investment strategies 
can be optimized using linear programming. A linear pro
gramming (LP) technique can maximize (or minimize) an 
aggregate consequence of individual actions (i.e., an objective 
function) given a set of limitations or constraints. In other 

Maximize expression 

n m 

L L X,j B,j 
i = l i=l 

subject to 

n 

2: x,j :s 1 j = 1 to n 
i=l 

(1) 

(2) 
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HOLDING 

88 89 90 91 92 

b/ Distribution of Holding Strategy Costs 

88 89 90 91 92 

cl Distribution of Deferred Strategy Costs 

COMBINATION 

93 

93 

93 

94 
YEAR 

94 
YEAR 

94 
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88 89 90 91 92 93 94 

YEAR 
d/ Distribution of Costs Obtained by Linear Programming 

FIGURE 2 Cost composition for linear programming solution, 
objective function 4, Stratford district. 

and 

" m 2: 2: xij cij, ~ B, 
i = l j= l 

t = each year within the planning period (3) 

where 

B;i = benefit associated with implementing strategy i for 
section j; 

X;i = a decision variable (for mixed integer program
ming model, X;i = l 1t strategy 1 1s selected and U 
otherwise); 

C;i, = cost of strategy i for section j in year t; 
n = number of strategies for a given section (four maxi

mum: preferred, holding, deferred, and do-nothing); 
m = number of sections requiring funding during the 5-

yr period (75 for the Stratford district); and 
B, = budget available in year t. 
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Equation 1 is called the objective function and represents 
the sum of benefits that can be obtained by implementing all 
selected strategies. Its goal is to maximize the value of the 
objective function subject to the constraints (Equations 2 and 
3). Equation 2 ensures that only one strategy "unit" is selected 
per section, while Equation 3 makes sure available yearly 
budgets are not exceeded. The investment alternatives con
sidered by LP are the strategies listed on the action plan fact 
sheets. They are practical, feasible alternatives with system
atically evaluated costs and consequences. 

To explore different ways of measuring pavement invest
ment benefits and the consequences of different benefits on 
the LP solution, the benefits were measured in four different 
ways and the resulting LP solutions were obtained and com
pared. The following objective functions were evaluated using 
nonmonetary benefits. 

Objective Function 1 

The benefits used to calculate the value of objective function 
1 (B1 ) were expressed as the time in years at which pavement 
performance will be above the acceptable level (y), multiplied 
by the section length (L): 

" m 

81 = LL Yij Lj (4) 
i=l j = l 

For example, considering data given in Table 2 and Fig
ure 1, the benefit of the preferred strategy is the product of 
14 yr (the strategy is expected to last from 1989 to 2003) and 
the length of2.4 km. The benefit of the do-nothing alternative 
for the same section was calculated as the ratio of the section's 
tJ.PC/3 (six PCI units in Table 2) and the average tJ.PC/3 for 
all sections in the Stratford district (6.3), multiplied by 5 (years). 
Given a limited budget, this formulation maximizes the number 
of sections with an acceptable level of pavement performance. 

Objective Function 2 

The benefits used to calculate the value of objective function 
2 (B2) were similar to those of objective function 1 but were 
also factored to include the influence of traffic: 

" m 

B2 = L L Y;i Lj ~ (5) 
i=1 }=1 

where 

Ti = log (AADT of cars + 3 AADT of trucks), and 
AADT = annual average daily traffic. 

This formulation increases benefits for sections with high 
traffic volumes, particularly truck volumes. Truck volumes 
were multiplied by three because user savings attributed to 
the improved pavement performance have been estimated to 
be roughly three times greater for trucks than for cars (6). 

Objective Function 3 

The benefits used for objective function 3 were the same as 
those of objective function 2 and were expressed as a benefit/ 
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TABLE 5 EVALUATION OF OBJECTIVE FUNCTIONS FOR YEARLY BUDGET OF $5 MILLION 

Type of Objective Function 

Evaluation Parameter 

Total benefits 
Strategy 

Preferred 
Coste 
Number 

Holding 
Cost 
Number 

Deferred 
Cost 
Number 

Do Nothing 
Number 

Total 
Cost 
Number 

Number of split strategy solutions 

•Nonmonetary benefits. 
•Not applicable for comparison . 
ccosts are in thousands of dollars. 

Integer 
Solution 

7,493.6" 

12,357.0 
39 

15,013.0 
30 

2,633.0 
6 

0 

30,003.0 
75 
0 

cost ratio. The costs were the estimated strategy costs given 
on the action plan fact sheets . No penalty was included for 
do-nothing alternatives. 

Objective Function 4 

Objective Function 4 attempted to max1m1ze user benefits 
(B4 ) by using the area underneath the performance curve 
(PCI-time curves in Figure 1) rather than the length of the 
expected lifespan as in objective functions 1, 2, and 3: 

n m 

B4 = L L Aij Li Ti (6) 
i=l j = 1 

where A;i equals the area under the performance curve of 
strategy i for section j. 

For simplicity, all pavement performance curves used to 
calculate B4 were assumed to be straight lines, even though 
the performance curves for individual pavement sections in 
Ontario can also show an increasing or decreasing rate of 
pavement deterioration with time (7). The linear rate is a 
compromise; there is some evidence from the AASHO Road 
Test that the rate of pavement deterioration due to traffic 
loadings is linear when results are plotted against a roughness
dominated measure such as the PCI (8) . It should also be 
noted that performance curves established for groups of sim
ilar pavements in Ontario are approximately linear (9). 

The objective functions evaluated in this paper were based 
on technical considerations alone. While the LP model can 
optimize the value of only one objective function, it is possible 
to construct a single objective function that incorporates both 
technical and societal objectives. For example, the technically 
calculated benefits, such as objective function 4, can be adjusted 
according to their geographical area . However, the funds that 
can be saved by using optimization instead of ranking are 
substantial and should be considered seriously (10). 

The linear programming solution was obtained by LP83/ 

Real Solution 

2 3 4 

7,520.2" NI Ab NIA NIA 

13,324.8 13,470.3 16,015.0 15 ,134.2 
38 38 51 45 

14,322.3 14,111.2 10,581.6 8,784.9 
31 32 21 20 

2,356.0 2,329.2 1,071.4 6,110.0 
6 5 2 10 

0 0 0 

30,003 .1 29.910.7 27 ,668 .0 30,029. I 
75 75 75 75 

5 5 4 4 

MIP83 microcomputer software (11), which can provide both 
real number linear programming (RNLP) and mixed integer 
linear programming (MILP) solutions. The MILP solution 
ensures that X;i of Equation 1 is either 1 or 0, while the RNLP 
solution allows X;i to be real numbers, which may result in 
"split" strategy solutions. For example, a split strategy solu
tion may recommend implementing 20 percent of the pre
ferred strategy and 80 percent of the do-nothing strategy (see 
section 1, column 13, in Table 3) . 

The differences between the RNLP and MILP solutions 
were evaluated for the 75 sections in the Stratford district 
using objective function 1. The computation time required 
for the MILP solution using an IBM-AT microcomputer was 
about 24 hr, while the time for the RNLP solution was only 
5 min. Despite the large difference in the computation time, 
the solutions were quite similar in terms of total benefits 
(7493.6 versus 7520.2, as shown in Table 5) and in terms of 
the strategies selected for individual pavement sections. The 
number of split strategy solutions allowed by RNLP (five) 
represented only 7 percent of the 75 sections. Furthermore, 
it can be shown that the number of split strategy solutions 
cannot exceed the number of constraints defined by Equa
tion 3 (that is, the number of years in the planning period). 
After considering the computation time savings and the intended 
use of the LP solution as a management decision support tool, 
RNLP was used for all subsequent analyses. 

Sensitivity Analysis of the Objective Function 

The example results of a sensitivity analysis of the four objective 
functions using data from the Stratford district are listed in Table 
3, columns 5 to 9, and in Table 5. The analysis assumed a yearly 
budget of $5 million for 7 consecutive years. The total yearly 
cost of the preferred strategies during this period reached a 
maximum of $10.8 million in 1989 (see Table 4 and Figure 2a). 

The linear programming solution keeps the total yearly cost 
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FIGURE 3 Influence of budget constraints on investment benefits. 

of the selected strategies below the $5 million constraint. This 
was done by selecting the fall-back strategies (holding, deferred, 
and do-nothing strategies) instead of the preferred strategies 
for some sections, while maximizing the total benefit. The 
composition of the resulting LP solutions for objective func
tions 1 through 4 is given in Table 5. The composition for 
objective function 4 is also illustrated in Figure 2d. No do
nothing alternatives were selected for the relatively high yearly 
budget of $5 million. 

The results of the sensitivity analyses given in Tables 3 and 
5 indicate that the linear programming solution is sensitive to 
the formulation of the objective function. For example, the 
LP solution for objective function 2 recommends the imple
mentation of holding strategies on 32 pavement sections, while 
the solution for objective function 4 recommends holding 
strategies for only 20 sections. Objective function 2 maximizes 
the total length of pavement sections above the minimum 
acceptable PCI level. Because holding strategies usually include 
patching, and patching can keep pavement performance just 
above the minimum acceptable level at relatively low cost, 
many holding strategies were selected for objective function 2. 
Objective function 4 takes into account that the benefit to 
road users varies with the level of PCI above the minimum 
acceptable level. Therefore , holding strategies become less 
attractive because of patching and low pavement serviceabil
ity. These results underline the need for careful and clear 
identification of pavement investment objectives, in other 
words, an unequivocal declaration of what the investments 
are supposed to achieve. 

Sensitivity Analysis of the Yearly Budget 
Constraints 

A sensitivity analysis of the effect of changing the yearly budget 
constraints was done by reducing the yearly budget from $5 
million to $1 million in four equal steps. This analysis was 

conducted using data from the Stratford district for objective 
function 4 only. Its purpose was to determine the effect of 
budget reduction on strategy selection and on the value of 
the objective function. 

Fall-back strategies were chosen during initial budget 
reductions, which allowed for the deferral of expenditures to 
later years. With further reductions, the budgets did not per
mit expenditures on an increasing number of sections, which 
resulted in an increasing number of do-nothing recommen
dations. While there were no do-nothing strategies for the $5 
million budget, there were 7 for the $4 million budget and 55 
for the $1 million budget. 

The do-nothing strategies, like other alternatives, were 
selected to maximize total investment benefits. These strat
egies were characterized by negative benefits (disbenefits) 
since they allowed the PCI to drop below the minimum accept
able level (see Figure 1). The LP solution selected do-nothing 
strategies for those sections where the drop below the minimum 
acceptable level created the smallest number of disbenefits. 

With the reduction in yearly budgets, the value of the cor
responding objective function summarizing the total invest
ment benefits was also reduced. Figure 3 shows that this rela
tionship was not linear. As the budget was reduced, the LP 
solution first eliminated those strategies that provided the 
least amount of benefits. 

FUNDING DECISIONS AND THEIR 
CONSEQUENCES 

The action plan strategies clearly identify the most cost-effec
tive funding requirements for individual pavement sections as 
well as the consequences of not providing the required funding 
on time. These project-level strategies are determined by indi
viduals who are responsible for pavement design and familiar 
with local conditions. 

On the network level, the funding requirements for indi-
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TABLE 6 EXAMPLE OF AN OPTIMIZED PAVEMENT PRESERVATION PLAN 

Section Identification 
Section 
Number Hwy ILHRS !Offset I Length !Dir. 

I I (km) I I 
I I I I 

l 4 12880 5.6 10.8 B 

2 4 12890 1.9 8.2 B 

3 4 12900 1.9 7.3 B 

4 6 13605 0 3.7 N 

5 6 13605 0 3.7 s 

• NOTE: (R) means Recycled Hot Mix 

vidual sections can be summarized and prioritized to provide 
authoritative overall funding recommendations. For a given 
budget, the selection of specific sections (and treatments) to 
be funded can be optimized by linear programming. Conse
quences of any restrictive funding decisions can be readily 
identified in terms of section-specific consequences. 

Table 6 lists recommended strategies for the first five sec
tions of the Stratford district assuming a $4 million yearly 
budget and objective function 4. This is an example of an 
optimized pavement preservation plan that can be used as a 
basis for considering prior commitments and other constraints 
during the formulation of an actual pavement preservation 
program. 

CONCLUSIONS AND RECOMMENDATIONS 

• The prioritization framework described in this paper 
reflects the distributive nature of the decision-making process 
for pavement maintenance and rehabilitation planning and 
programming in the Ontario Ministry of Transportation. The 
concerns and inputs of the experienced field staff in the Min
istry's five regions and 18 districts are accommodated within 
the framework. Also, funding and planning decisions made 
on the network level can be easily translated into project
specific actions and consequences. 

• Action plans prepared for individual pavement sections 
provide sufficient information for prioritizing and optimizing 
pavement preservation strategies on both project and network 
levels. They enable an estimation of the overall health of the 
network at the end of the planning period. 

• The aggregate cost of all preferred strategies, obtained 
for individual pavement sections by life-cycle economic anal
ysis, constitutes the most effective overall funding level. 

Recommended Strategy 

Type I Description I Year I Cost 
I I I xlOOO 
I I I 

Preferred Mill 35 mm," 1989 $367 
Padding IO % & 
H.M. SO mm (R) 

Preferred Mill 35 mm & 1990 $237 
H.M. SO mm (R) 

Deferred Mill 25 mm, 1993 $211 
Padding S % & 
H.M. 50 mm (R) 

Preferred Padding& 1989 $273 
H.M. 50+40 mm 

Holding 1. Mill 40 mm & 1989 $110 
H.M. 40 mm 

2 Padding & 1992 $273 
H.M. 80 mm 

• Linear programming is a very useful management tool 
that can help allocate pavement investments to yield the max
imum benefit for the entire pavement network. 

• The way in which pavement investment benefits are 
measured must be carefully considered. Ideally, the benefits 
should reflect both technical and societal investment objec
tives. Objective function 4, which considers road user bene
fits, is recommended for addressing technical investment 
objectives. 
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