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Foreword

This Record consists of 15 papers, of which 10 are on pavement management concepts and
techniques and 5 æe on heavy vehicle classitcation, mainly weigh-in-motion systems. Of the
papers on pavement management,2 ate on systems undertaken for local government and 6 are
on the topic of pavement condition (or performance) and its relation to maintenance needs.
Presented in the remaining 2 papers on pavement management issues are a discussion on the
development of a framework and computer program for pavement management, and a roadway
information system adapted to an interactive graphics system used by the utility industry. Of the
papers on weigh-in-motion, research is presented in several on the calibration and accuracy of
weigh-in-motion systems for heavy vehicles. The results of a feasibility study on automaúcally
monitoring truck tire pressures are discussed in another paper.

Cation et al. document the development of a preventive maintenance algorithm and introduce
a new concept in determining distress density limits for the recommendation of preventive
maintenance treaÍnents.

Butt et al. describe a pavement performance and prediction model that has been developed
based on the pavement condition index and the age of the pavement. The life span of the
pavement is divided into zones, with each zone representing a period of 6 years. If the state of
any given pavement. section is known, its future condition can be predicæd efficiently from the
corresponding transition matrices. The model presented in this paper might play an integral part
in the decision-making procedure for determining optimal maintenance and repair straægies.

Described in the paper by Bottiger and Kilareski is a research project that used the utility
industry's interactive graphic data base for highway applications. As a roadway section is
similar to an electric line, many of the modeling concepts are also similar. A computer model of
tle highway system was developed that used five types of facilif.ies and a case study was
conducted to test the model.

Sharaf et al. present a network level procedure for determining the best maintenance and
repair alternative and its associated cost for different pavement categories at different pavement
condition index ranges. Data from a number of military installations in the United States were
used and the analysis was performed separately for each installation.

The applicability of three mathematical curve-fitting techniques for modeling pavement
condition deterioration behavior is presented in the paper by Shahin et al. The mathematical
models investigated are stepwise regression, B-spline approximation, and constrained least-
squares estimation. The best features of each are integrated into an interactive format capable of
operating within the PAVER pavement management system. hocedures used are said to
constitute a complete method to accurately model and predict pavement. family behavior and
pavement section behavior. The method is being integrated into the PAVER pavement manage-
ment system to improve the pavement evaluation process.

Monismith et al. describe the results of a study of pavement management practices used by 13
local government agencies in the United States and Canada. Included is a discussion of factors
to be considered in planning and developing a pavement management system based on the
experiences ofthese organizations. In the planning phase, consideration is given to resource and
information requirements, and specific considerations associated with actual development are
cited. Practices are summanzed in a series of øbles for ready reference.

An approach to allocation of funds for maintenance and rehabiliøtion of pavements has been
developed by Smith et al. The approach uses a minimum of information to make reasonable
budget analyses on maintenance and rehabiliøtion needs with unconstrained funding. Described
in this paper is the way in which funding needs are allocated when funding is less than needs.
This includes consideration of the condition of the pavement, change of condition over time,
cost of the maintenance or rehabilitation over time, and stop-gap maintenance generated by



vi

defening maintenance. This process was accomplished by making it simple for public works

personnel to visualize and use. It is pafi of a network-level microcomputer-based pavement

management system developed for San Francisco Bay Area agencies.

Flanagan and Halbach discuss expert systems as a part of pavement management. Their

structures are detned and compared with current pavement management systems. Ways in

which they can enhance pavement management systems are examined, as are fheir current

limitations.
Hudson et al. describe a computerized pavement data analysis methodology called MAP-

CON. Pavement condition daø is input and output results are said to be useful for pavement

management. The type of data analyzed by MAPCON includes friction and skid, roughness,

structural capacity, surface condition, or a combination of the last three. MAPCON is available

for implementation and use by highway agencies, although continued support for further

research and development of MAPCON is considered desirable.

Presented in the paper by Luhr and Fernando is the development of rational guidelines for the

posting of axle load limits in Pennsylvania. A performance model based on the present

serviceability index was developed that relates pavement performance to subgrade strain. A
procedure was devised that determines the subgrade strain from measurements taken with either

the Road Rater or tire falling weight deflectometer. A microcomputer program was set up to

generate information concerning predicted years to failure for different axle load limits. In
addition, simple charts were developed to allow engineers to conduct a load-limit analysis in ttre

absence of deflection measurements, and to determine pavement damage responsibility for

different axle loads.

Bell and Krukar present part of a comprehensive automatic traffic data collection made up of
weigh-in-motion, automatic vehicle classification, and automatic vehicle identiflcation systems.

V/eigh-in-motion determines axle and vehicle weight at full speed on the highway, automatic

vehicle classi{ìcation aranges the traffic into groups by identification of axle spacings, and

automatic vehicle identification acts as an electronic license plate, used with weigh-in-motion

and automatic vehicle classification to characterize individual vehicles.
Presented in the paper by Cunagin and Grubbs are the results of a study on ttre feasibility of

automatically monitoring the contact tire pressures produced by trucks while tley are in motion

by keeping track of tire footprint dimensions and weight.
Davies and Sommerville examine the problems of calibration and accuracy testing for weigh-

in-motion systems, and propose several approaches ttrat might improve the present situation.

Existing calibration techniques are described and a different approach advocated. A statisúcal

appraisal of lhe new approach is made. A new technique is also described for self-calibration of
weigh-in-motion systems. It is suggested that self-calibration offers the prospect of improved

weigh-in-motion accuracy in between conventional calibration exercises.

A study by Izadmehr and Lee of in-motion weighing of some 800 trucks selected from the

traffìc stream on I-10 near Seguin, Texas, yielded data sets that were analyzed to deflne the

attainable accuracy within which wheel, axle, axle-group, and gross-vehicle weights could be

estimated by a properly calibrated in-pavement weigh-in-motion system. The concept of use

tolerances, which allow for probable error in both the static weight measurement and weigh-in-
motion weight estimate, is presented. Tolerances for high, intermediate, and low weigh-in-
motion scales at the experimental site are tåbulated.

A second paper by Izadmehr and Lee illustrates the importance of on-site calibration for
weigh-in-motion systems by comparing weigh-in-motion weight estimates with corresponding

wheel weights measured on a special static reference scale. Various truck types were included in
the analysis, and high, intermediate, and low speeds of in-motion weighing were considered.
The variability in weigh-in-motion weight estimates was not affected appreciably by the type of
moving-vehicle loading that was used as the basis for calibration. Suggestions a¡e offered
concerning the types of úucks and the minimum number of wheel loads that should be used as

the basis for on-site calibration.
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Development of a Preventive Maintenance
Algorithm for use in Pavement
Management Systems

Kerunvru A. C,qrroN, Moualvtep Y. SHRutN, Tsovtas Scut-Llox, AND
Rossnr L. Lvrrox

A primary objective of Pavement Management Systems is to
maintain pavements in good condition at tlte lorvest possible
cost. Preventive maintenance treatments play an important
role in prolonging service life by slowing dorvn pavement dete-
rioration. This paper documents the development of a preven-
tive maintenance algorithm and introduces a new concept in
determining distress density limits for the recommendation of
preventlve maintenance treatments. A llterature search was
performed in order to evaluate preventive maintenance al-
gorithms curently in use. Common to existing preventive
maintenance algorithms is the use of the subjective judgment
of pavement engineers to determine distress density ranges.
The procedure described in this paper, which was developed at
the United States Army Construction Dngineering Research
Laboratory, relates distress density directly to the Pavement
Condition Index used in the l'}¡WBR Pavement Management
System. 'Ihe concepts presented in this paper can be used by
any âgency to fully develop a preventive maintenance al-
gorithm. The procedure described can be applied to both
asphalt concrete and portlancl cement concrete pavements, and
is flexible enough to all<¡lv for local policies and economic
factors. 'lhe initial algorithm may be expanded to include
environmental or geographic factors and adclitional preventive
maintenance treatments at a later date.

As the infrastructure of pavcments in the Unitcd States con-
tinues to deteriorate, many agencics are using Pavemcnt Man-
agement Systcms (PMS) as an aid in maintaining pavemcnts in
good condition at the lowest possiblc cost. An effective PMS
should include

1, Data storage and report gencration;
2. Network managcmcnt tools, including prediction of pave-

ment condition, budget planning, and inspcction scheduling;
and

3. Projcct managcmcnt tools, including pavemcnt condition
history construction history and cconomic analysis for dctcr-
mining the most cost-effective maintenance and repair (M&R)
strategy.

The timing of M&R repairs can be an important factor in
maintaining pavemcnts economically. Typical pavcmcnt dctcri-
oration curves dcpict pavement lifc cycles as consisting of two

K. A. Cation and M. Y. Shahin, Unitod States Arnìy, Construction
Engineering Rescarch Laboratory, Box 4005, Champaign, Ill. 61820.
T. Scullion and R. L. Lytton, 'lbxas'Iiansportation Institute, The'Icxas
A&M Unive¡sity System, College Starion, '[ex.77843.

phascs (1). During the first phase, a 40 percent deterioration of
pavement condition gradually occurs over 75 pcrcent of the life
of the pavcment. As the second phase begins, a sharp decrease

in conilition occurs. An equivalent 40 perccnt drop in condition
takcs pìace within only 12 percent of thc life of lhe pavement.

Pavemcnt M&R costs at this point are 4 to 5 timcs as high as

those at the end of the ûrst phase. If pavement repairs are

performed while the pavement is still in the first phase, rather

than waiting until the sharp decline to a poor or failed condi-
tion, costs can be greatly reduced. A method of deterring the

onslaught of the sharp decrease in condition is to perform
appropriate preventive maintenance techniques to pavemcnts

relatively lree of surface distresses. The function of these

prcvcntivc maintenance techniques is to slow down pavement

detcrioration in order to prolong service life.
The objective of this paper is to document the developmcnt

of a preventive maintenance algorithm for use in Pavcment
Managcment Systems. The PAVER Pavcment Managcmcnt
Systcm, dcvclopcd by the U.S. Army Construction Engineering
Research Laboratory QSA-CERL), will be uscd to dcmon-
strate the applicability of the algorithm. However, thc logic
followed throughout the developmcnt is equally applicable to
any PMS. This paper will also introduce a new concept in
determining distress density limits for idcntifying appropriate
prcvcntive maintenance strategies. The concept presented is an

improvemcnt over existing subjective approachcs.

DEVELOPMENT OF THE PAVEMENT
CONDITION INDBX (PCÐ

In ordcr to prcdict future pavement conditions, a Pavement
Management System must have an objcctive, repeatable mea-
suremcnt rating. The PAVER System is based on thc Pavement
Condition Indcx (PCf. Thc dcvelopment of the PCI is wcll
documentcd (2).It is important to explain the conccprs behind
thc PCI for an understanding of the components of the preven-
¡ivc maint.cnance algorithm presented later in this papcr. The
PCI will be uscd in the dctcrmination of which pavemenrs
should bc recommendcd for preventive maintcnance, and one
of the stcps used in calculating the PCI is fundamental to a

major portion of the preventive maintenance algorithm,
Thcre wcre thrce objectives to be mct in thc <Icvelopment of

thc PCI. It was meant to provide: (a) an indcx of present
condition in terms of both structural integrity and surface
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operational condition, (ö) an objective, rational basis for deter-

mining M&R needs and priorities, and (c) a waming system for
the early identifìcation or projection of major repair require-

ments or both (3). The PCI is based on three pavement distress

characteristics: distress type, severity, andquantity. These three

characteristics are evaluated according to a standardizedrating
system, and the PCI, a numerical condition index between 0

and 100, is determined.

Because of the large number of possible distress type/sever-
itylquantity combinatiors that are possible, the major problem

was the dcvelopment of one index that would take into account

all three factors. The following equation was found to be a

comprehensive and accurate model for expressing a condition
index 6).

TRAN SP ORTATI ON RESEARCH RECORD 1 123

0.t 0.5 r 5 to 50 100

DISTRESS DENSITY - PERCENT

FIGURE I Deduct value curves for alligator cracking.

Based on the input from the field testing and evaluation pro-
cedure, accurate descriptions of distress types, severity levels,

and the corresponding deduct values were derived so that a

composite distress index (PCf could be determined. The con-
tinued ability of the PCI to represent the subjective rating of
pavement engineers was recently confirmed in a study done in
the San Francisco Bay area (4).Inthat study, inspections using

both subjective ratings and the PCI rating procedures were

performed on Bay area pavements to test the accuracy of the

deduct and multiple-distress correction curves. Results of the

regression analysis on the collected data indicated a high cor-
relation between the mean subjective rating (PCR) and PCI
(R2 = 0.86). Through years of field use, the PCI has continually
been found to be an objective, repeatable scale (within t 5

points with 95 percent confidence) of the collective judgment

of experienced pavement engineers,

PREVBNTIVE MAINTBNANCB CONCBPTS

In a study conducted for USA-CERL by the Texas Transporta-
tion Institute/Texas A&M University (TTI/A&M), a com-
prehensive literature search was done to investigate existing
strategies for the selection of M&R alternatives at various
agencies (5). Incorporated into the M&R algorithms used by
the agencies is the selection of preventive maintenance treat-
ments for pavements with little or no structural damage. Pave-
ments with signiflcant structural deficiencies must be rehabili-
tated with more appropriate M&R techniques. A summary of
the approaches used by the Califomia Department of Transpor-
tation, Texas State Department of Highways and Public Trans-
portation (SDHPT), the San Francisco Bay Area, and the
PAVER Pavement Management System is presented here.

In 1979, the California DOT implemented a PMS that fea-
tured M&R strategies based on the experience of agency engi-
ncnrs (6,7).The selection of a final repair technique for asphalt
concrete pavements involves four basic steps. First, a survey is
performed that determines the extent and sevcrity of eight
possible distress types. Each distress identified in a pavement
section is entered into a decision tree to identify all possible
solutions for the lane, as shown in Figure 2, for alligator, block,

to

0

PCI=C -

where

a I T¡, S¡, D ijl F (t, d)

PCI = pavsment condition index;
C = a constant depending on desired maximum

scale value;
a I I = deduct weighting value depending on

distress type T¡ level of severity S¡, and

density of distress D¡¡;
i = counter for distrcss types;
j = counter for sevcrity levels;
p = total number of distress types of pavement

type under consideration;
m¡ = number of severity levels on the lth type

of distress; and

F(t, d) = an adjustment factor for multiple distresses

that varies with total summed deduct value
(f) and number of deducts (d).

Acceptable distress dclìnitions and deduct values were dc-
veloped over scveral years through extensive field testing and

revisions by a group of experienced pavcment engineers. Dur-
ing field testing, a subjective pavement condition rating (PCR)

was delermined for each section of pavement in addition to a

calculated PCI. In order to calculate the PCI, deduct values

were preliminarily assigned to all distress type/severity level
combinations based on distress density [(amount of distress/
area of sample unit) x 100]. The dcduct values were meant to
serve as a type of weighting factor that indicated the size of the

effect that the particular distress type/scverity level/distress
density combination had on thc pavement condition. The de-

duct curves for alligator cracking on roads and strcets are

shown in Figure l.
Once all the dcduct values had been determined for each

distress type/scvcrity level combination identified in the pave-

ment survey, the total ¡rumber of deducts was summed. The
total deduct value was thcn corrected based on the numbcr of
deducts and subtractcd from 100, which was chosen to be
reprcsentative of a pavement in perfect condition. Many revi-
sions were made until the calculated PCI could closely corre-
late with the average PCR value.

pmitt
i=r j=l

ALLIGATOR CRACKING
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FIGURD 2 California DOT decision tree
longitudinal cracking.

or longitudinal cracking. Once altcmatives have been identi-

ñed, the second step is to compare each individual strategy and

determine the one that will correct all the existing distresses in

the lane. This strategy is referred to as the dominant strategy'

The next step is to identify a compatible strategy that takcs into

consideration the dominant strategies for the shoulder and each

pavement lane. Finally, all identifìed compatible strategies are

listed in order of priority based on ride, distress rating, and

average daily traffic (ADT).
The Texas SDHPT recently revised their PMS to include the

selection of prevcntive maintenance requircments (8,9)' Irtl-
tially, their PMS was uscd as a nctwork level tool that identilìed

pavements in nced of major M&R work and estimatcd budget

requirements,
The de¡ision on whcthcr a pavcmcnt section is selccted for

rehabilitation is based on the pavement's condition rating,

Texas uses a distress and serviccability rating consisting of
seven surface distress types' A condition rating between 0 and

100 is determined with a score of 100 representing a pavement

in perfect condition. Pavcments idcntifìed as having a condition

rating of less than 35 are flagged for rehabilitation consid-

eration.
The Department found that a Srcat deal of the work being

proposed was for pavemcnts with relatively high ratings (i.e.'

55 to 75). Because these pavements werc not identifìed as

needing structural improvements, they were treatcd as candi-

dates for preventive maintenance activities'
The preventive maintenance algorithm uscs a decision trees

procedure, such as that shown in Figure 3, which is bascd on

the following criteria:

(- Ctoss of crocking

z_ 7" Lenglh Segmenl Alligotor
\ or Block Crocked

<- z or"" 
"t 

a**nã*n"o

(- Trovel6d Woy Strotsqy

A=LONGITUDINAL CRACKING lN WHEEL PATH(S)
B = ALLIGATOR CRACKING IN WHEEL PATH (S

C = SPECIAL OR UNUSUAL ALLIGATOR CRACKING
eLota: aLbcx CnabrtNe tN MAJoRITY 0F LANE wloTH

for flexible pavement alligator/block/

1. Pavement type (7 types of flexible pavements are

defined),
2. Type and extent of pavement distress, and

3. Traffic level (4 levels are defìned)'

An appropriate maintenance strategy is identifìed for each

pavement type/distress type/distress extent/trafnc level com-

bination. The maintenance strategies used in the Texas Ph{S are

shown in Table l.
Following the selection of possible altematives, a dominant

strategy is selected that ranks the selected strategies in order of
their ability to repair multiple distresses' Once a procedure has

bcen selected, the program then makes additional checks to

identify the need for any necessary maintenance requirements.

The San Francisco Bay area PMS uses the PCI as an indica-

tor of pavement condition (4).In order to determine sections in
necd of M&R work, the most recent PCI is used with a PCI
prcdiction technique to project the condition throughout a

S-year analysis period. These values are entered into selection

criteria that specify the PCI ranges and deterioration rates for
four M&R categories: major rehabilitation, overall reha-

bilitation, light rehabilitation, and a preventive maintenance

program.

In this system, preventive maintenance is recommended for
those sections with a PCI greater than 70 or a PCI that will not

go below 70 in any of the first 3 years of the analysis program,

Once identified as a preventive maintenance candidate, the

present condition, projected condition, and any previously ap-

plied preventive maintenance treatments are all corsidered in
the recommendation about which technique to apply' A series

TRAFFIC TREAÎMENT
LEVELS (TABLE 2}

PAVE)IEN'f
TYPE

DISTRESS
TYPE

DISTRESS
EXTENT

THIN
HOT
MIX

- 

l:!i^Gilo"1=-uow-\ñlJi-
t--------+t2
2--+6
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---------------- 
6
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o

o

I.Yði
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FIGURE 3 Example of one branch of Texas decision tree.



TABLE 1 MAINTENANCE S1RATEGIES
CONSIDERED IN TI.IE TEXAS PAVEMENT
EVALUATION SYSTEM

['1å i ntenànce Stråteg i es

Number Nåme
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of treatments such as surface treatments, crack sealing, or skin
patching is t¡pically scheduled according fo a predetermined
time sequence.

A section will remain in the preventive maintenance pro-
gram until either the PCI drops below 70 or a maximum
allowable number of successive seal coats has been applied.
Table 2lists the preventive maintenance policy default values
used in the PMS for crack seal intervals and maximum allow-
able number of successive seal coats. The user has the option of
overriding the default values if, for example, a thin overlay is
determined to be more appropriate than a seal coat on a high-
volume road.

The existing PAVER PMS uses two tables, one each for
flexible and rigid pavements, in the selection of appropriate
maintcnance strategies (10). The guidelines for flexible pave-
ments, as shown in Table 3, and those for PCC pavements,
were intended to be applied to pavements with high PCI values.
Using Table 3 as a starting point, the TTUA&M study laid much
of the groundwork in the development of a proposed preventive
maintenance algorithm for the PAVER system. The selection of
appropriate preventive maintenance treatments for candidate
sections is based primarily on surface distress conditions and
pavsmant ra¡¡k, Pavement rank is used in the PAVER system as

an indication of the functional classification of a pavement.

PREVBNTIVE MAINTENANCE ALGORITHM
DEVELOPMENT

As alrcady mentioned, the objective of this paper is to ourline
thc development of an algorithm for the rccommendation of

Chip Seals SIurry Seals

l0

1e

13

11

l4

Do Nothing

Seal Cracks

Partial Patch

FulI Depth Påtch

Fog SeaI

Strip SeaÌ

Seal Coat

Asphal t-Rubber Seal

Slurry Seal

Leve I -up

Thin Overlay

RotomiLl

Spot Seal

Rotomill + Seå1. Coat

Rotomill + Thin Overl.åy

TABLE 2 SAN FRANCISCO PREVENTIVE MAINTENANCE POLICY

Number of Successive Seals
Prror to Overlày or Removal,

Surface Type/
Branch Use

Crack Seal
I nterva I

AC ART

AC COL

AC RES/LOC

AC/AC AR'T

AC/AC COL

AC/AC RES/LOC

AC/PCC ART

AC/PCC COL

AC/PCC RES/LOC

ST COL

ST RES/LOC

3 YRS

4 YRS

4 YRS

3 YRS

4 YRS

4 YRS

3 YRS

It YRS

¿t YRS

3 YRS

4 YRS

Note: AC = asphalt surfaced, ART = arterial, AC/AC = asphalt surfaced overlaid
with asphalt, COL = collector, AC/PCC = rigid pavement overlaid wirh asphalt,
ST = surface treatment (armor coat) pavement, and RESILOC = residential/local.
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TABLE 3 PAVER PROCEDURE FOR IDENTIFYINC M&R ALT!,RNATIVES FOR FLEXIBLE PAVEMENTS
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preventive maintenance strategies, The conccpts dcscribed can

be applied to both AC and PCC pavements, and can include

any prevcntive maintenance treatments used by an agency' The

initial algorithm is expandable so that environmental or geo-

graphical factors can be added at a later date.

Many factors are likely to influcnce the dcvelopmcnt of a

preventive maintenance algorithm. Each agcncy must make

decisions about appropriate strategies that conform to local
policies and minimum pavcmcnt condition levels, Some of the

factors that inlluenced the developlnent of the algorithm uscd

in this paper are presented here.

1. Agencies requiro a llcxible algorithn- -.at allows them to

tailor the selcction criteria accordìng to local needs and

policies.
2. It was found that most agencics will not typically apply

seal coats and slurry scals to high-volume pavements, Often,

A : hos only one 3everily levsl.

crack seals and thin overlays are the only strategies recom-

mcnded for this type of pavement. This assumption was

adopted in the development of the algorithm.

3. Little information was available concem which preven-

tive maintenance techniques work wcll under various environ-

mental conditions.

4. Different climatic zones affect pavement deterioration

rates in different ways. Factors such as amount of rainfall, type

of subgrade, and number of freeze-thaw cycles influence the

pavement deterioration rate if preventive maintenance is de-

ferred, Average conditions were assumed in the development of
thc algorithm because insufficient information was available

regarding the incorporation of climatic factors into the system.

The proposed algorithm is flexible enough to allow for the

addition of climatic factors as more data becomc available.
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5. A trigger value should be set to indicate the lower bound-
ary in the selection of candidate sections for preventive mainte-
nance. A PCI default value of 70 was used as the trigger value
in the development of this algorithm. Agencies will have the
option of overriding the default value,

6. It was felt that small amounts of severe distress should
not preclude a section from being selected for preventive main-
tenance. For that reason, patching was included as a repair
procedure that could be recommended before the application of
preventive maintenance activities.

7. All distress types identified in a section should be consid-
ered so that large amounts of severe distress, where restorative
procedures may be more appropriate, are identiñed.

An effective preventive maintenance algorithm should con-
sider certain fundamental steps. The flowchart shown in Figure
4 traces the logic used in the developed procedure. The con-
cepts on which each step is based are outlined below.

Step 1: Define Parameters

The fust step in the proposed algorithm is for the agency to
def,ne the paramefers for the selcction of candidate sections
eligible for preventive maintenance and the strategies that
should be included in the strategy selection tables. The agency
would have the option of selecting preventive maintenance
activities from the default strategy tables stored in the data
base, or modifying these tables to fìt local needs and policies.
The default strategy tables may include preventive mainte-
nance treatments such as crack sealing, patching, slurry seals,
chip seals, and thin overlays. If strategy tables are developed
for various pavement functional classifications, any restrictions
on the use of certain activities on particular pavement ranks can
be incorporated into the decision proccss.

Included in the development of strategy sclection tables is
the identification of upgrading strategies for any altemative
excluded from consideration. The default upgrade strategy
would permit slurry seals to be upgradecl to chip seals, chip
seals to be upgraded to thin overlays, and thin overlays to be
upgraded to no preventive treatment (i.e., major rehabilitation)
if the former treatment is excluded. Any modifications to the
upgrading-strategy process should be made by the agency. This
step ensures that only eligible treatments be considered
throughout the remaining portion of the algorithm.

TRANSP ORTATION RESEARCH RECORD 1 123

Another parameter that needs to be defined includes the
minimum PCI above which a preventive maintena¡rce strategy
is recommended. Any sections with a PCI above the default
value should be considered eligible for preventive mainte-
nance. The recommended default value is a PCI of 70. Below
this value, more corrective or structural types of M&R ac-
tivities would normally be required.

Finally, unit costs for each of the possiblé preventive mainte-
nance treatments should be entered. Generally, costs are en-
tered in terms of dollars per square foot, with the exception of
some activities (e.g., crack sealing) that would be more appro-
priate in units of dollars per linear foot.

Step 2: Check Eligibility

Once the parameters have been defined, the data base is
searched to determine which sections fall within the established
parameters. In addition to checking the defined pa¡ameters, the
suitability of applying preventive maintenance treatments to
each section should be examined by asking questions that may
alert the agency to any unusual conditions. Typical questions
could include the following:

1. Does the latest PCI of the section fall outside the spec-
ified (or default) PCI range?

2. Is the required AC overlay thickness needed for the
section greater than 2.5 in.?

3. Does the pavemenl have a high deterioration rate?

Ifthe answer to any ofthese questions is yes, the section should
no longer be considered for preventive maintenance and project
level investigations should be performed.

Step 3: Generate Density/Severity
Classifications

After the candidate sections have been identifìed, density/se-
verity classifications should be determined. Unlike other pre-
ventive maintenance algorithms, which base density ranges on
the subjective judgment of a few engineers, this procedure,
developed at USA-CERL, relates distress density ranges di-
rectly to PCI deduct values. Three ranges of PCI deduct points
corresponding to an âcceptable amount of distress should be

PARATúETER
DEFINITION

GEf\JERAIE
PR EVENTI VE
IVIAINTENANC E

STRATEGIES

CH ECK
E L IG IBIL ITY

G E N ERATE
DENSITY/SEVERITY
CLASSI FICATIONS

G EN E R,ATÊ
OUTPUTS

CALCU LATE
cosrs

PR IOR ITIZ E

STRATEG I ES

DETERMINE
DOMINANT
STRATEGI ES

FIGURB 4 Preventive maintenance algorithm flowchart.
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establishcd for each of the thrce density lcvels: loW, medium,
and high. To accomplish this, the densities corresponding to
each of the deduct r¿mges must be dctermincd for all distress

type/severity lcvel combinations. The advantage to this ap-

proach is that the amount of dcterioration that each distress

type/severity level combination causes on the pavement is
derived from an objective rating scale that was used to deter-

mine PCI deduct values.

Because deduct valucs scrve as a type of wcighting factor
that indicates the size of the cffect that thc particular distress
type/severity level has on pavement condition, they can be used
as a quantifiablc indication of the amount of damage allowed
within each of the threc dcnsity rangcs for cach defìned distress
type and severity level, Through extcnsive use of the PCI, the
reliability of the deduct curves to represent the subjective rating
of expcrienced pavemcnt engincers has bcen accepted.

To demonstrate the use of this concept in a preventive
maintenance algorithm, polynomial curve-fitting techniques
developed at USA-CERL wcre used to derivc equations for the

PAVER PCI dcduct curyes. A total of lM curves were lìtted for
each of the defìned distress type/scvcrity lcvcl combinations for
asphalt concrete (AC) and PCC pavements. As an example,

Figure 5 shows a fourth-orclcr fìt for low-scverity alligator
cracking. If fourth-ordcr curves were not found to be accept-
able, fifth- and sixth-order curves were gcnerated to procure
the bcst possiblc fìt. After thc bcst lìt curves were found,
equations were written for each curve. As can be seen in the
figure, this technique resulted in excellcnt curve fìts.

A computer program that back-calculates distress densities
for any dcduct valuc was devclopcd using thc AC deduct curve
equationS. Densities werc determined for all AC distress type/
severity level combinations at various dcduct values. An exam-
ple of a portion of the output from thc program is shown in
Table 4.

Initial density ranges bascd on thc deduct value concepts
presentcd above were developcd based on input from several
pavement enginccrs. A low-dersity rangs was defincd for dis-
tress type/sevcrity levcl combinations corrcsponding to a dc-
duct value less than or equal to 10 points. Distress type/severity
level combinatioru with a range of deduct values bctween 10

and 20 points made up the medium-dcnsity classilìcation range,
and distress combìnations that resulted in decluct values greater
than or cqual to 20 points were assigned to the high-dcnsity

TABLE 4 PAVER DISTRESS DENSITY/DEDUCT VALUES

Distress Type Sever i ty LeveI Density (%)

Alligator Cracking

Bleeding

Bìeeding

Bleeding

Block Cracking

BIock Cracking

Block Cracking

Bumps and Sags

Corruqat ion

Corrugat ion

Depressi on

Edge Crack ing

Edge Crack ing

Jt Reflection Cråcking

Jt Ref lection Cracki.ng

Jt Reflection Cracking

Low

LoH

Hed i um

High

Low

Hed i um

High

Low

Low

lfedium

Lor

Low

Hed i um

Low

lled i um

High

0.e8913

r6.91303

e .031 l8

O . 9¿ie¿r I

5 .493e4

l. 96740

0.867?8

0. 69500

e.8517?

0.10000

1 . B58rt7

e.80141

0. e7844

?.?a6??

0 . ?3506

o. eo6e5

Note: Distress densities correspond to a deduct value of 5.00.

classifìcation range. The resulting low-, medium-, and high-
dcnsity ranges are shown in Tables 5, 6, and 7 for low-,
medium-, and high-severity asphalt concrete distress types,
respectively. Future research should include obtaining the opin-
ions of additional pavement engineers for modificatiorn to the
initial density ranges. In areas where PCI deterioration rates
vary from the average rate because of climatic or other condi-
tions, the dcnsity range tables can easily be designed to suit
local conditions.

To use the tables, each disress typc/severity level identifìed in
the condition survey is located in the appropriate severity level
table. From these tables, corresponding density classifications

!
f)
s
tso
l
Õ
Uô

r0000

75 00

50 00

25 00

0.25 050 t25 200
OE NSITY

FIGURE 5 Fourth-order fit curve for low-severity alligator
crack¡ng.
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TABLE 5 DENSITY RANGES FOR LOW-SEVERITY
DISTRESSES

Low l'îed i urn

Densi ty Densi ty
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TABLE 6 DENSITY RANGES FOR MEDIUM-SEVI]RITY
DISTRESSES

Hiqh
Density

Low Iled I Um

Dens i ty Oens i ty
High
DensityDistress Type

Alligator Cracking

Bleeding

Blotrk Cracking

Bumps and Sags

Corrugation

Depress i on

Edge Cracking

Jt, Reflection Cr

Lane/Shoulder Dropoff

L/T Cràck i ng

Patch/lltility Cut

Po I ished Aggregate

Po tho I eç

RR Crossing

Rutting

Shov i ng

SÌippage Cracking

Swel I

l.leather i, ng & Rave I i ng

< 1 1-3

< 38 >38

< l¿t 14 - qB

<? ?-4

<7 7-e0

< 5 5 - 1l

<9 >9

<6 6-18

<8 >Ê

< 5 5 - 14

< 5 5 - 15

< 40 >40

< 0.05 0.05 - 0.10

<8 8-50

<t 1-5

< 3 3 - 10

<e e-ó

<7 7-30

< 32 >3e

>3

No Data

>48

>4

>e0

> 11

No Data

> l8

No Data

> llr

> 15

No Data

> 0.10

>50

>5

> 10

>6

>30

No Data

Note: Low severity distress (7o distress density). Jt Reflection C¡ =
joint reflection cracking; I-lT Cracking = longitudinavtransverse
cracking; RR = railroad.

are assigned bascd on the total quantity of the particular dis-
tress type/severity level combination tabulated for the section.

Each density classification is then locatcd in a density/severity
classification code table such as thc one shown in Table 8. This
table assigns a numbcr from I to 9, which coÍesponds to a

possible preventive maintenancc stratcgy, as explained in thc
next step.

For example, if a distress survcy on one section indicates
that there is 5 percent low-severity alligator cracking and 3
percent medium-severity edge cracking prcsent, density classi-
flcations of high and medium would be assigned from Tables 5

and 6, respectively. Entering Table 8 for the alligator cracking
with a high-density classifìcation and low-severity levcl, gives
a density/severity classifìcation code of 3. Repeating the pro-
cedure for the medium-severity edge cracking with a medium-
density classification gives a density/scverity classification
code of 5. Thcse values will be used in thc next step to
determine appropriate prcventive maintenance stratcgies.

Step 4: Generate Preventive Maintenance Strategies

The distress dcnsity/severity classification code identifìed in
the previous step for each distress type is entered into an

Distress Type

Alligator Cracking ( 0.e0

Bleeding < 6

Elock Crackinq < 5

Bumps and Sags < 0.e0

Corrugation < 0.50

Depression < ?

Edge Cracking < e

Jt Reflection Cr < e

Lane/Shoulder Dropoff < 5

L/T Cracking < 1

Patch/Utility Cut ( I

Poiished Aggregate < q0

Potholes < 0,0e

RR Crossing < Ê

Rutting < 0.3

Shoving ( 1

Sl ippage Crack ing < 1

Swel I No Datð

l.¡eather ing & Ravel ing < e

0.e0 - 1.0 > I

6-?q >e4

5 - 16 > 16

0.e0-0.70 >0.70

0.50 - e.0 > e

2-6 >6

?-6 >6

?-4 >4

5 - t0 > 10

1-4 >4

1-4 >¿t

> 40 No Data

0.04-o.04 >0.04

?-4 >4

0.30 - 1.0 > I

1-3 > 3

l-e >e

<3 >3

e-le >le

Note: Medium severity distresses (7o distress density).

appropriate strategy-selection table. An excerpt from a typical
table for primary and secondary roads is shown in Table 9.

These tables should be developed for various pavemcnt func-
tional classifìcations and should include lcgitimate preventive

maintenance strategies. Commonly used strategies for AC
pavcments typically include crack scaling, chip seals, slurry
seals, patching, thin overlays, do nothing, and no appropriate
preventive maintenance strategy. The default table is modifìed
according to the parameters established in Step I so that a

customized recommendation can be made. The altematives
shown in Table 9 were selected by combining the existing
proccdures for identifying M&R altematives in the PAVER

system (Table 3) with the experienced judgment of pavement

engineers,

As a result of this step, appropriate preventivc maintenance
strategies are specified for each distress type/severity levcl
identifìed in the latest condition survey. If the selcctcd treat-
ment was excluded from consideration in Step 1, it should now
be upgraded to a treatmenr dcfìned within the esrablished pa-
rameters. If, for example, a chip seal is identified as the recom-
mended strategy for a particular distress type on a high-volume
pavement but local policy prevents the use of this type of
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TABLE 7 DENSITY RANGE,S FOR I-IICTI-SEVE,RITY DISTRESSES

Distress ïype Low Density llediuß Density High Density

Aì I igàtor Crack ing

Bleeding

Block Crack ihg

Bumps and Sags

Corrugat ion

Depress i on

Edge Cracking

Jt Reflection Cr

Låne/Shoulder Dropoff

L/T Cracking

Patch/Utility Cut

Pol ished Aggregate

Po tho I es

RR Crossing

Rutting

Shov i ng

Sl ippage Cracking

Swel I

l.leatherinq & Ravel inq

No Data

<3

No Dåta

< 0.I

No Data

< 0.6

< 0.5

<?

< 0.4

< 0.3

< ¿t0

No Data

No Dat¿

( 
^?

< 0.4

< o.4

No Datà

< 0.e

< 0.5

3-8

< 0.1

0.1 - 0.e

(c

0.6 - e.0

0.5 - 2.0

0.4 - 1.O

0.3 - 1.0

>40

No Datð

(l

0.a - 0.5

0.¿ - 1.0

0.¿r - 1.0

No Dåta

0.e - e.0

> 0.5

>8

> 0.1

> 0.e

>e

>a

>e

>5

>1

>l
No Data

> o.0l

>1

> o.5

> |.0

> 1.O

DISTR ESS

SEVER ITY

treatment, the recommended strategy should be upgradod to a

thin overlay (or to the appropriate treatrìent, as identified in
Step 1).

Using the same example as in the previous step, and apply-

ing the recommcndations found in Table 9, the suggested strat-

egy for the alligator cracking would be Thin Overlay. Similar
strategy tables would exist for all othcr dislress types'

Step 5: Determine Dominant Strategies

After all possible preventive ntaintenance altematives have

been identified for a section, one dominant strategy needs to be

selected. This step should include the formation of a fìow chart,

Note: High severity distresses (7o distress density).

TABLE S DENSTTY/SEVERITY
CLASSIFICATION CODES

DISTRESS DENSITY

TABLE 9 EXCERPT FROM STRATEGY SELECTION
TABLE: PRIMARY AND SECONDARY ROADS

DISTRESS TYPÊ: ALLIGATOR CRACKING

Classification Code Preventrve Marntenance Strateey

DO NOTHING

Ã1 PATCH I NG

2,3,5,6 THIN OVERLAY

8.9 NONE PREVENTATIVE

which includes all possible combinations that could be selected

for a section identilìed as a preventive maintenance candidate,

The flowch¿rt must distinguish which altematives override
others and which combinations give an indication that preven-

tive maintenance may not be appropriate, and a projeÆt level
investigation should be performed. An example of a flowchart
is shown in Figure 6.

The dominant strategy selected should also include any lo-
calized corrective treatments such as crack sealing or patching,
which nced to be applied before the recommendcd altemative
is applicd. Quantities of work should also be determined for the

calculation of costs as described in a later step.
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FIGURE 7 Preventive mâintenânce
prioritization scheme.

Step 6: Prioritize Strategies

Once the fìnal decision has becn made about the appropriate
dominant strategf the agency must devise a ranking scheme so
that the most crucial projects are ftmded fìrst. Typically, param-
eters used in the decision process include some indicator of
condition and functional classilìcation of the pavement. A
sample prioritization scheme is shown in Figure 7. This scheme
places the emphasis on applying proventive maintenance treat-
ments to eligible sections with the highest functional classifìca-
tion (primary) and worst condition (70 < PCI < 80). Any re-

maining money is then allocated to candidate sections on
primary roads with PCIs between 80 and 90. Additional proj-
ects continue to be scheduled in ordcr of priority until all
prevenl.ive maintenance funding is depletcd.

Step 7: Calculate Costs

Based on the costs' input in Step 1, an optimal preventive
maintenance budget should be prcpared that determines the
costs associated with applying the selected treatmcnt to each
candidate section. These costs will be used in the ncxt stsp to
determine actual preventive maintenance projects.

Step 8: Generate Outputs

The results of the previous seven steps are summarized and
presented in the form of a prevcntive maintenance report out-
lining work to be performed and budget estimates. By combin-
ing the prioritized work list obtaincd in Step 6 and the cost
figures obtaincd in Step 7 with the actual amount of dollars
available, a list of actual preventive maintenance projects will
be obtained.

SUMMARY

A Pavement Management Systcm is an important tool for
pavement engineers in maintaining pavements in the best pos-
sible condition for the lowest cost. By performing pavement
repairs while thc pavements are still in good condition, costs
can be reduced by a factor of 4 to 5. The applicarion of
prcventive maintenance treatments can play an important role
in prolonging pavement service life by deterring pavement
deterioration. This paper presentcd the development of a pre-
ventive maintenance algorithm for use in Pavemcnt Manage-
ment SystenÌs and introduced a new concept in determining
distress density limits for the recommendation of preventive
maintenance treatments.

The preventive maintenance algorithm outlined in this paper
consists of several fundamental steps, First, parameters are

l1

defined. This includes identifying which treatments are to be

considered and the unit costs associated with these activities, in
addition to the minimum pavement condition above which a

preventive maintenance strategy is recommended. Eligible sec-

tions are identified, and distress density classifications are

determined.

Unlike other preventive maintenance algorithms, which base

density ranges on subjective judgments, a procedure is de-
scribed in this paper that was developed at USA-CERL that
relates distress density directly to PCI deduct values. The
advantage to this approach is that the amount of deterioration
that each distress type/severity level combination causes on the

pavement is derived from an objective rating scale that was

used to determine PCI deduct values,

After candidate sections have been identified and density
classifications have been assigned, preventive maintenance
treatments are recornmended, A dominant strategy is selected
from all possible treatments for a section, and costs are calcu-
lated. Based on the agcncy prioritization scheme and the bud-
get available, actual preventive maintenance projects can be

identilìcd.
The preventive maintenance concepts outlined in this paper

are applicable to both AC and PCC pavements. They are

designed to be flexible enough to allow for local policies and
conditions. In addition, they can be easily expanded to include
environmental or geographical factors and additional preven-
tive maintenance treatments at a later date,
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condition of a pavement section. When suflìcient data are

available, it is found that the shape of the deterioration curve is
generally curvilinear rather than the straight line that results

from straight-line extrapolation.
In other attempts the regression techniques have been used to

model the pavement condition deterioration over time (3-5).
These regression techniques are valid only if the predictive
variables can be found that are related to pavement condition
deterioration. The regression techniques are applicable only to
specific climatic conditions, materials, construction techniques,

and others.

Recently, researchers at U.S. Army Construction Engineer-
ing Research Laboratory (USA-CERL) have investigated two
other mathematical techniques for curve fitting (ó): the con-
strained least-squares and the B-spline. The constrained least-

squares model fìts a polynomial curve to the data that mini-
mizes the squared distance between the predicted and the actual

data points. At the same time the technique applies a constraint
that ensures a monotonically decreasing slope of the predicted
conditioil versus age curve.

The B-spline method is based on the original mechanical

splines used in drafting and it assumes that the curve takes on a

shapc that minimizes its potential energy. A B-spline of degree

k is a coutinuous function having its first k-1 derivatives contin-
uous, Because of the complex nature of selecting the numbcr
and the position of interior knots and the possibility of the

occurrence of a positive slope in the function, the B-spiine
technique is not deemed suitable as a pavement condition
prediction-modeling technique. The constrained least-squares

curves, unlike B-spline curves, never exhibit a positive slope;

i.e., the PCI values are not allowed to ìncrease with age.

From this initial evaluation, the constrained least-squares

estimation approach was selected to model the relationship
between PCI and age. Figure I shows the curve-fitting results

with constrained least-squares estimation and ß-spline approx-
imation. The B-spline curve shows a positive slope, whercas

the constrained least-squares curve more accurately predicts
the normal pavement deterioration bchavior.

The probability-bascd Markov model was fìrst developed for
the Arizona PMS (2) to dcscribe pavement condition changes.

Intuitively, thc behavior of pavements is not deterministic but is
probabilistic. Consequently, the selection of an appropriate

repair strategy is also an uncertain procedure. Because of the
probabìlistìc nature of pavemcnts, it was decided to develop a

probability-based prediction model, as outlined in the next
section,

Pavement Performance Predíction Model
Using the Markov Process

Annas A. Burr, MoHavt¡o Y. SHaHIN, KIERAN J. FEtcH,LN/ AND
Savrupr- H. CenpENTER

A good pavement-management system requires an accurate
and efficient pavement performance and prediction model. A
pavement performance and prediction model based on the
Pavement Condition Index and ure age of the pavement has

been developed. The Pavement Condition Index ranging from
0 to 100 has been divided into ten equal condition states. A
combination of homogeneous and nonhomogeneous Markov
chains has been used in the development of the model. The life
span of the pavement is divided into zones, with each zone
representlng a perlod of 6 years. The transition matrix of each

zone is determined using nonlinear programming. If the state
of any given pavement section is known, its future condition
can be predicted efficiently from the corresponding transition
matrices. The model presented in this paper will play an
lntegral part in the decision-making procedure for determin-
ing optimal maintenance and repair strategies. A comparison
betrveen the Ma¡'kov model and the constrained least'squares
model is presented.

The pcrformance of existing pavements and the prediction of
their futurc conditions is a matter of great concem to pavcment

engineers, In recent years there has been a rapid growth in the

technology ofpavement evaluation and rchabilitation. A corre-

sponding growth has occurred in the development of Pavement

Managcment Systems (PMS), which arc based on the perfor-
mance of the existing pavements, These dcvelopments necessi-

tate more reliable pavement performance and prediction mod-
els. Knowledge about the future condition of the pavemcnt is

required for inspection sche<Iuling, life cycle costing, benelìt
analysis, and budget optimization. A pavement performance
and prediction model based on Pavement Condition Index
(PCI) and age has bcen developed. The PCI ranging from 0 to
100 has been divided into ten equal states and a combination of
homogeneous and nonhomogeneous Markov chains has been

used. This prediction model has thc potential to be an integral
part in the decision-making procedure for determining optimal
maintenance and repair stratcgy,

CURRBNT PREDICTION MODELS

The prcdiction models currently in use vary in complexity froln
simplc straight-line extrapolation (1) to probability-based
models (2). Straight-line extrapolation is used to predict the

A. A. Buu, M. Y. Shahin, and K. J. Feighan, United States Army
Construction Enginecring Research Laboratory, P. O. Box 4005,
Champaign, nl. 61820-1305. S. II. Carpenter, University of Illinois,
1203 NCEL. 208 North Romine Sneet. Urbana nl. 61801.
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ADVANTAGES OF PROBABILITY.BASBD
PRDDICTION MODBLS

Kulkami (7) outlined several advantages in using a Markov
probability decision process in pavement managemenl These

include the following:

1. Futwe decisions on preservation actions are not fixed but
depend on how the pavements actually perform.

2. Actions to be taken now can be identified; also, likely
actions to be taken in the next few years can be identified with a

high degree of probability.
3. It is possible to compare the expected proportions in

given condition states with the actual proportiors observed in
the field, and in this way possible defects in construction,
materials, quality control, and so on, can be identifled.

4. A dynamic decision model has the potential for signifi-
cant cost savings by sele,oting less conseryative rehabilita-
tion actions that will still satisfy the prescribed performance
standards,

Straight-line extrapolation techniques are deterministic and

do not attempt to explain the variability among the data points;
they mereiy fit a best line to the data. Regression techniques are

powerful tools, but in many cases the models are chosen for the
best fit without regard to the suitability or intrinsic relevance of
the variables selected. Polynomials of different degrees and
mathematical functions can be manipulated to fit the data; but
when these functions are projected beyond the bounds of the

data the results can be totally misleading.
It is known that the rate of deterioration is uncertain. There-

fore, the predictive model should portray this rate of deteriora-
tion as uncertain, rather than using the erroneous assumption of
deterministic behavior. The Markov process imposes a rational
structure on the deterioration model. This form of predictive
model has the further advantage of ensuring that projections
beyond the limits of the data will continue to have the classic
pattem of worsening condition with age, something that the
regression models cannot guarantee,

Another advantage of probability-based models is the ease

with which they can be integrated into optimization processes.

The Markov process is a natural tool to use in alliance with

100

75

50

25

76573819

AGE (YEARS)
FIGURE I Constrained least squares versus B-spline approximation.

dynamic programming to produce optimal solutions. It is be-

lieved that the application of the Markov process in conjunc-
tion wi¡h dynamic programming will produce optimal mainte-
nance and rehabilitation (M&R) strategies for selected pave-

ment sections quickly and efficiently.

CONCEPTS UTILIZED

Pavement Condition Index

The procedure used to measure the performance of the existing
pavements is the PCI, developed by USA-CERL (8). PCI is a
composite index of the pavement's structural integrity and

operating condition. The PCI of a pavement is determined from
a detailed survey that measures distress type, severity, and
quantity to produce a numerical index ranging from 0 to 100,

with 100 being excellent.

Pave¡nent Family Classification

The PAVER data base was used for the development of the

prediction model (/). Every pavement section stored in the
PAVER data base is identified by the location, the pavement
type, the pavement use, and the pavement rank or functional
classification. The family concept of grouping similar pave-
ment sections, as shown in Figure 2, is used to account for the
variety of factors afïecting the pavement performance. A pave-
ment family is defined as the group of pavement sections with
the same pavement type, the pavement use, and the pavement
rank,

The desired (ideal) form of data for dctermining the rate of
detcrioration is shown in Figure 3. In this form, all the pave-
ment sections are put into use at the same time, Unfortunately,
there arc very few pavement sections for which complete
pavement condition history data are available. Therefore, the
approach taken was to survey all pavement sections ofvarious
ages of a family at the same time, as shown in Figure 4a.

An assumption was made that these sections represent the
condi¡ion of a pavement section at the various ages as shown in
Figure 4b. Of course, when sufficient information is available
over time for each pavement section, there will be more confl-
dence in the predicted curves.
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PAVEMENT TYPE PAVEMENT RANK

PRIMARY

SELECT
PAVEMENT USE

ASPHALT CONCREfE SECONDARY

TERIIARY

PRI NlARY

SECONOARY

TERTIARY

PRIMARY

SECONDARY

TERTIARY

PRIMARY

SECONDARY

fERTIARY

greater than 100, and unrealistic PCI values. The user has the

option of examining the erroneous data file and making adjust-

ments to the filter boundaries,

Outliers Identification

An outlier analysis program developed at USA-CERL (6) is
used to remove the extreme observations, The extreme data
points have substantial impact on modeling the family be-

havior. The outlier program ûts a constrained least-squares

curve to the filtered family data file and sets confidence limits
for the residuals of given observations; e.g., 95 percent, to be

established by the user for removal of extreme cases,

MODELING APPROACH

The model development process is made up of the following
steps:

. Data retrieval by pavement family
r Data errors screening (ñltering)
r Outliers identiflcation
r Development of Markov model

TIME

(o.)
AGE

(u,)

IIGURE 4 Relationship betrveen PCI and age of all pavement
sections of a family surveyed at the same time.

RUNWAY

TAXIWAY

APRON

HELIPAD

ROAOS

PARKING LOTS

MOTOR POOLS

STORAGE AREAS

PORTLAND CEMENT CONCRETE

ASPHALT CONCRETE OVERLAY

OVER PCC

ASPHALT CONCRETE OVERLAY

OVER ASPHALT CONCREIE

FIGURE 2 f,'amily definition from PAVER data base.

TIME

FIGURE 3 Desired (ideal) form of data.

Data Brrors Screenlng (Filtering)

There are errors in the family data retrieved from the PAVER
data base, These errors might have originated during data
collection, coding, or entering the data into the data base. A
computerized filtering program, developed at USA-CERL, is
used to identify obviously erroneous data such as duplicate
records, same age and different PCI for a given section, PCI

I

I
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DEVELOPMBNT OF MARKOV MODBL

A pavement begins its life in nearly perfe.ct condition and is
then subjected to a sequence of duty cycles that cause the
pavement condition to deteriorate. In this study the state of a

pavement is defined in terms of PCI rating, The PCI ranging
from 0 to 100 has been divided into ten equal states, each state

being 10 PCI points wide. A duty cycle for a pavement is
defined as one year's duration of weather and t¡affìc. A state

vector indicates the probability of a pavement section being in
each of the ten states in any givcn year. Figure 5 is the
schematic representation of state, state vector, and duty cycle.

After filtering and outlier analysis, all the surveyed pave-

ment sections of a family are categorized into one of the ten
states at any age. It is assumed that all the pavement sections
are in State I (PCI of 90 to 100) at an age of 0 yr. Thus, the
state vector in duty cycle 0 (age = 0) is given by (1, 0, 0, 0, 0,
0, 0, 0, 0, 0), as it is known (with probability of 1.0) that the
pavement sections must lie in State 1 at an age of 0 yr.

To model the way in which the pavement deteriorates with
time, it is necessary to identify the Markov probability transi-
tion matrix. In the present case, the assumption is made that the
pavement condition will not drop by more than one state (10

PCI points) in a single year. Thus, the pavement will either stay
in its current state or transit to the next lower state in one year.

Consequently, the probability transition matrix has the form:

p(1)s(1) 0 0 0 0 0 0 0 0
o p(2)q(2) 0 0 0 0 0 0 0

D-

where p (7 ) is thc probability of a road staying in statc j during
one duty cycle, and eÇ) = | - p0) is the probability of a road
trarsiting down to the next state (7 + 1) during one duty cycle.

The entry of I in the last row of the transition matrix
conesponding to State 10 (PCI of 0 to 10) indicates a holding
or trapping statc. The pavement condition cannot transit from
this state unless repair action is performed.

The state vector for any duty cycle, f, is obtained by multi-
plying the initial state vector l(0) by the transition matrix P
raised to the power of f . Thus,

Po{l)= ProbobrhlY

of berng in

Slole I ol

DTJTY CYCLE = O

p(l) = ¡í(0) x P

p(t) = p(t - l) x P = þ(0) x P'

ïVith this procedure, if the transition matrix probabilities can
be estimated, the future state of the road at any duty cycle, t,
can be predicted.

To estimate the transition matrix probabilities, the Fletcher-
Powell algorithm (9), a nonlinear programming approach, is
used. The objective of the search is to determine values of the
nine parameters, p(1) through p(9), that would minimize the
absolute distance between the actual PCI versus age data
points, and the expected (predicted) pavement condition for the
corresponding age generated by the Markov chain using these
nine parameters.

The objective function has the following form:

N M(t)
MIN =

,=1 j=l

where

N = roral number of duty cycles (age) for
which PCI versus age data are

available within each family;
M(t) = total number of data points recorded at

a duty cycle (age) f;
Y(t, i) = PCI rating for each sample taken at a

duty cycle (age) t; and
E[X(t, p)] = expected value in PCI at a duty cycle

(age) t, as predicted by the current
Markov values.

ORIGINAL MARKOV MODEL

The original Markov model for pavement deterioration was
developedunder a contract to USA-CERL by Keane and Keane
(10).In the initial investigation, the objective was to make the
model as simple as possible, Therefore, the number of states

t5

0123456
DUTY CYCLE (AGE IN YEARS)

FIGURE 5 Schematic representation of state, state vector, and duty cycle.
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FIGURE 6 Pavement condition
Markov model.

was chosen to be eight and only one state transition was

allowed during a duty cycle. Also, the Markov chain was

assumed to be homogeneous or stationary; that is, the duty
cycle was taken to be constant over time,

VALIDITY OF THE ORIGINAL
MARKOV MODEL

The validity of the original Markov model was checked using a
test data file representing actual PCI data points over a 30-year
life of the pavement. The final results frôm the original model
are shown in Figure 6. A significant difference between the
predicted PCI values and the actual values is noticeable in this

figure, It was concluded from this experiment that the original
model was not capable of accurately matching the actual deteri-
oration curve of the pavemcnt,

This discrepancy in the original model is attributed to the
incorrect assumption of a constant duty cycle over the life of
fhe pavement. Traffic loads generally increase over time, which
means that the duty cycle will have become successively more
destructive each year. It should be noted here that the Markov
prediction curves are developed for the family data flles only.
Therefore, the pavement type, traffìc, and climate are already
taken into account in family deflnition. The increase in the
traffic loads, as already mentioned, is the gradual increase
within a given traffic category; i.e., primary, secondary or
tertiary. In the development of the original model it was as-

sumed that the pavement condition would not decrease more
than l0 PCI points in a single year, and only one state transition
was allowed. The additional assumption of eight states' divi-
sion contradicts the assumption that thc pavement condition
would not decrcase more than 10 PCI points in a single year
bccause the last two states were made up of 20 PCI points each.

NBW MARKOV MODEL

In the new moclel a morc refìned delìnition of the states has
been used. The numbcr of states has been increased from cight
to ten, each state covering l0 points on the PCI scale. To allow
for changes in traffìc loads and maintenance policies ovcr the
pavement life, different duty cycles have been introduced in the

TRANSPORTATION RESEARCH RECORD 1 12 3

( YEARS )

prediction curve using original

new model. An ideal approach for the model is to have a

different duty cycle for each year. Because of the limited
availability of yearly PCI data, this was not feasible. To achieve
the result of having different duty cycles, a zoning scheme has

been developed in which the life of the pavement has been

divided into zones, each zone representing a period of 6 years.

It is assumed that each zone has a constant rate of deterioration;
hence a constant duty cycle has been assumed within each

zone. The rate of deterioration is assumed to vary from one
zone to ånother; therefore, different duty cycles have been

assigned to different zones. The 6-year period of a zone is a
realistic assumption as a PCI survey is performed every 3

years, on the average. This sequence provides two section-level
PCI condition survey points within each zone.

As the duty cycle within a zone is assumed to be constant, a

homogeneous Markov chain and a separate transition matrix
have been developed for each zone. The duty cycle varies from
one zone to another. Therefore, a nonhomogeneous Markov
chain has been used for transi¡ion from one zone to another,

Zone I is always assumed to start in State I with state vector
(1,0,0,0,0,0,0,0,0,0). Zone 2 takes the last state vector
of Zone 1 as its starting state veitor. This process continues for
all the zones over the life of the pavement. This procedure
ensures a continuous curve ovcr the pavement life.

VERIFICATION OF NEW MARKOV MODEL

The validity of the new Markov model was verified using the
same test data file that was used for the original model. The
final results from the new model are shown in Figure 7. It is
clear from this figure that the new Markov model predicts PCI
values much closer to the actual PCI values than the original
Markov model, The Markov model presented in this paper was

tested using a large number of different data files. Examples of
the results for two of these files are shown in Figures 8 and 9.

The Markov modeling procedure first sorts the actual PCI
values by age and then groups them into zones. The state vector
and transition matrix are determìned separately for each zone.
The expected PCI values for each year are determincd from the
state vector and the transition matrix of the given zone. The
Markov model is very sensitive to initial starting values for the
transition matrix probabilities. The rate of deterioration varies
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from zone to zone, therefore different initial starting values for 1 0O

the transition matrix probabilities are used for different zones.

The computer time and the number of iterations are reduced

significantly by using different input starting values for dif- 75

ferent zones. pçl

FUTURE PREDICTION USING NEW
MARKOV MODEL

Information about the condition of the pavement in the future is

needed for life-cycle cost analysis at the project level and for
developing optimal M&R strategies at the network level. The
capability of futu¡e prediction is required for pavement family
curyes and for each individual section. The Markov model is
the only technique that is capable of predicting the condition of
the pavement beyond the last available data point by using the

transitionmatrix of the last zone. The section level prediction is
carried out by ûrst determining the present state of the section
and then projecting the future condition by using the transition
matrices of the respective zones. The pavement family predic-
tion curve beyond the maximum age and the pavement section
level prediction curves are shown in Figure 10.

COMPARISON OF NEW MARKOV MODEL WITH
CONSTRAINBD LEAST.SQUARBS MODBL

Comparison of the curve-fitting results for the new Markov
model and the constrained least-squares model is shown in
Figure 11. The curves from the two different techniques show
almost the identical trends of the pavement performance. Com-
parison of the extrapolation results from the two techniques is
shown in Figure 12. The extrapolation curves from the two
different techniques are signiûcantly different. The extrapola-
tion curve from the new Markov model is the most likely to
represent the future condition of the pavement, The new
Markov model is preferred to the constrained lcast-squares
model because it is best for extrapolation. Also, the new
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FIGURE 11 Pavement condition prediction curves using
new Markov model and the constrained least squares.

Markov model can be used in dynamic programming to pro-
duce optimal M&R strategies for the selected pavement
sections,

CONCLUSIONS

A pavement-performance and prediction model has been de-
veloped that is based on the Pavement Condition Index (PCf
and the age of the pavement. A combination of homogeneous
and nonhomogeneous Markov chains has been used in the
development of the model.

The Markov model introduces a rational structure to the
pavement-deterioration modeling process and is the best for
extrapolation. The Markov process will be used in conjunction
with the dynamic programming to produce optimal M&R strat-
egies for all the pavement sections in a network. To produce
these optimal strategies, the future condition of the pavement is
required. Accurate predictions are used for life-cycle cost anal-
ysis at the project level and establishing the feasible M&R
strategies at the network level. The new Markov model has the

SECTION LEVEL
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capability of providing this information with minimum effort
on the part of the user and with better accuracy and reliability
than other techniques that require urlsupportable assumptions.
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Roadway Modeling and Data Conversion
for a Transportation Facílities
Information System

W. K. Borrtcpn ¡,rup W. P. Ktt-anssrl

Many transportation agencies are in the process of developing
roadway management systems to assist with thelr rehabilita-
tion and maintenance programs. All require a centralized data
base to mânage the large amount of data collected for each

highway section. Described in this paper is a research proJect
that used the utility industry (gas, electric, and so on) interac'
tive graphic data base for highway applications. As a roadlvay
section is simitar to an electric line, many of the modeling
concepts are therefore also similar. A computer model of the
highway system was developed that used five types of facilities.
flpe I ls a point facllity (sign, signal), whereas Ï)pe 2 repre-
sents a highway span facility. The Type 4 and 5 facilities
represent the data elements and the plctures associated with
the lnteractive graphics. All data are stored at approprlate X
and Y coordinates. The roadway model developed with the five
facility types allows the user to trace the connectivity of the
highway route as well as to obtain the requested highway
information. Also described in this paper is a case study tltat
was conducted to test the model. U.S. Geological Survey maps
were digitlzed and merged with tl¡e Pennsylvania Department
of Tiansportation's Systematic Technique to Analyze and
Manage Pennsylvania Pavements condition information for
roadways in a county in Pennsylvania. It was found that the
facility models adequately describe the highrvay system. The
user, horveve¡ must be careful in the digitizing pr<lcess. Map
document shrinkage and expansion (due to humidity) is
enough to change the document location reference. It was also
found that manual digitlzing is extremely time consuming, and
it is necessary to develop computerized interface data conver-
sion routines.
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The highway network in the United States represents a capital
investment of more than one trillion dollars. The operation of
the network has a direct effcct on the social, economic, and

political well-being of the nation. For many years the nation's
highways have scrvcd the public effìciently; today, howeve¡
the roadway infrastructure is deteriorating rapidly. Unfor-
tunately, the rate of deterioration is much greater than that at

which repairs and rehabilitation can be accomplished. Cur-

tailed revenues, increased construction costs, and increased

truck traffìc have created a dilemma for highway administra-
tors. Oftcn, thc highway engineer has so many projects to

undertake, he does not know which one to program first.

Consequently, many transportation agencies are developing
pavement management systems (PMS) to hclp managc their
highway network.

W. K. Bottiger, Arthur Andcrsen & Co., 5 Penn Center Plaza, Pltila-
delphia, Pa. 19103. Vr'. P. Kilareski, The Pennsylvania'l'rans¡rortation
Institute, The Pennsylvania State University, University Park, Pa.

16802.

The term "pavement management," or "roadway manage-

ment," describes strategies used at various levels of highway

administration, Pavement management systems usually encom-

pass "all activities involved in providing and maintaining

pavements at a satisfactory level of service. These activities

range from initial data gathering to planning, design, con-

struction, maintenance, rehabilitation, and periodic monitoring
of existing pavement condition" (1 ,2). A pavement-manage-

ment systcm can also provide the information required to

determine altemative strategies as well as the optimum treat-

ment required for a particular highway segment, During the

past several years many PMS have been developed and imple-
mented at the state and local level. Some PMS are designed for
the network Jevel while others concentrate on project-level

needs. Although the structure of a PMS can be complex, all
PMS use a computerized data base. In fact, all pavement

managcment systems are useless without the data base, Data
processing needs range from large mainframes to microcompu-
ter systems.

Highway agencies, especially ones with extensive highway
nctworks, require large amounts of diversilìed information to
manage their systems. This information may contain data about

a pavement's history, such as corstruction records, material
specitcations, and as-built standards. It may also include the

current status of the highway with respect to longitudinal
roughness, skid resistance, and distress conditions. Such ancil-
lary information as accident location, culvert location, guidcrail
status, and bridge data also serve useful purposes,

Some highway agencies have been collecting this invcntory
and condition information for decades while others have only
recently begun to gather information about their system. Be-
cause each agency may be responsible for thousands of miles
of highway, the problem usually is not whether there are data

available, but rather that there is too much information to
evaluate. Frequently, data are found at many different locations
within an organization. For example, accident information is

maintained in the safety unit, truck traflìc data in the traffìc
enginecring section, material rccords in the construction scc-

tion, and maintcnance activities in thc maintenance group. Yct
the highway administration nccds all of this information to

make sound decisions,

For a PMS to be effective, ¡he data collectcd throughout the
agency should be integrated both to support analysis applica-

tions and to provide for ease of information access for everyday
uses. One means of providing this ease of access is through use
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in his geographic area, the data are transferred to the geo-
facilities data base. GPG provides the means for sending data

to, and receiving data from, the data base. The maintenance of
the geo-facilities data base is provided by the Geo-facilities
Data Base Support (GDBS) software. It maintains the hier-
archical data model (structure) developed by GPG.

Experience has shown that the majority of data-retrieval
requests are by geographic area, and the data model used by
GDBS is designed to facilitate such requests. Facilities located
near each other in the field are also stored near each other in the

data base. An additional component of the data stnrcture per-
mits the corurectivity of facilities to be explicitly represented.
With this concept incorporated in the data structr¡re, data re-
trieval for a network can be performed quickly.

The data base maintained by GDBS is continuous. One data
base represents the entire area for which an agency is respons-
ible, so there are no b'reaks introduced by map edges. This
centralized data approach ensures that, as data are entered into
the system, the information is immediately available to all

These problems may seem insurmountable to a highway users, Thus, all data are current and the question of "What data
agency that has always worked with isolated and independent are up-to-date?" can be avoided. The area retrieval capabilities
data sets. However, highway agencies can þnefit from the mean that data can be obtained for specific geographic areas,
experience of the utility industry, which has a successful his- such as political boundaries, service regions, engineering dis-
tory of managing information on geographically distributed tricts, and others. The network-retrieval capabilities, in con-
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of computer graphics as a key to information in the data base.

In this scenario, the information available to the highway
administration can include not only the descriptive data (struc-
tural properties, maintenance history and so on) but also the

location and connectivity (logical relationship of one location
to another) of the various facilities that make up the highway
and bridge network.

Three major problems result from the volume and diversity
of the data required:

1. As data are collected from a number of sources over a

period of years, it is difficult to maintain an accurate, up-to-
date, and centralized data base.

2. Because of the diversity of input sources, it is difficult to
maintain an accurate and complete data base when revisions
and updates are required.

3. The large amount of data often makes retrieval of a

specific subset of data a time-consuming and tedious task.

facilities, as is discusscd in the ncxt section.

UTILITY D.ATA.BASE MANAGNMENT SYSTEMS

For many years, utility companies (e,g., power, gas, water,

telephone) faced the problems of maintaining information
about their assets, which are distributed over a large geographic

area. Circuit information, pole status, transformer location, and
other data were maintained on paper records or maps. Conse-
quently hundreds, and even thousands, of maps and records had
to be manually maintained. The problems faced by the utilities
were the same as the data-base problems now facing highway
agencies. As most utility companies allocate considerable re-
sources to keeping thcir facility records current and accurate,
considerable work went into the solution of these problems.
The result of a joint research cffort bctween the utility industry
and IBM was the developmcnt of the distribution facilities
information sysrem (DFIS).

The primary goals of a DFIS are to reduçe the cost of
maintaining facilities records, to store lhe records. in standard
form on a computer data base, and to make the facilities data
morc readily available in the form best suited to user require-
ments (3). The DFIS data processing includes two concepts:
interactive graphics, which is used to maintain a defìned data
stnrcture, and a geo-facilities data base,

The interactive-graphics capability is provided by the
Graphics Program Gcnerator (GPG) software. GPG is a "set of
programs designed to create, maintain, and display information
about facilities, their locations and relationships to one an-
other" (4). Through an interactive conversion with the graphics
work station, GPG stores data in a stn¡cture customized by the
using agency. This data structure contains thc attribute data for
each facility, as well as that facility's location and connectivity
to adjacent facilities. The work space developed by ono user on
a single work station reprcsents a subset of all the agency's
data. Once the user has completed rhe adding or modifying data

trast, permit a user to obtain data for any network of facilities
available in the data base.

At the present time the DFIS is being used primarily by
utility companies. Consequently, all of the development and
implementation work has involved the writing of menus, point-
ing rules, and so on, for utility applicatiors. As the utility land
base and other facilities are similar to transportation facilities,
it is logical to manage pavement management system data with
GPG. Therefore, the objective of this research was to build rhe
foundation for a transportation facilities information system
(TFIS) that will address the issue of collecting and maintaining
data on an agency's highway and bridge network.

'Whenever interactive graphics is used with a data base the
fundamental question of data modeling must be addressed. Too
often, little thought is given to the structure of the data base.
Consequently, the highway agency is forccd to accepr a data
base that was designed for some other application. The users
quickly learn that they must continually modify their operarion
to make the data base system work, rather than have the data
base support their needs. A basic question for PMS is how the
roadway system should be modeled in the data base. The
research discussed in the paper was designed to create a road-
way data base that realistically models the highway system.

ROAD\ryAY MODELING CONVENTIONS IN TFIS

The GPG and GDBS software products allow considerablc
flexibility in how data can be modeled within a TFIS. This is
desirable, as transportation organizations need to manage infor-
mation that varies widely in form and purpose. Some types of
information will rarely need to be updatcd, including informa-
tion on the geometry of the highway secrion, which typically
remains the same until major reconstruction is performed,
Other types may need to be updated yearly or even more oftcn.

There are fìve facility- and data-modeling options available
within the framework of tire GPG/GDBS sysrem. These con-
ventions are named Type 1 through Type 5, and each has a
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specific data-mocleling purpose. This discussion will outline yearly inspection records for the pole (a repeating data group)

each of the conventions and describe what facilities and data modeled as Type 5. The facilities that were modeled as Type I
records in a highway and bridge network have been modeled for highway application include: intersection, culvert, sign,
using each convcntion, as well as provide a description of the signal, and railroad crossing.
attribute data associated with that facility.

It should be noted that this discussion involves only those

facilities that were developed specifically for the TFIS by the Tlpe 2 Facilities
project team. It does not cover such items as work entities or
ttre entities used for the plotting of data. The facilities discussed Type 2 facilities are those that exist between two sets of X, Y

are specifically those that would be of interest to a transporta- coordinates and are attached to a point conr¡ector at each end

tion organization implementing TFIS, and are items that are The logical data model associated with Type 2 facilities is

expected to be fowrd as parts of the physical highway and shown in Figure 2. The Type 2 convention is typically used to

bridge network. model.facilities that make up the network and for which con-
nectivity information must be maintained. A Type 2 facility is

rype lFacilfties 3,ffi.åiJ i::l'g"ii:";:,n:ïî"å"?.:ìå"'J:iìiä*:
Type 1 facilities are those that exist at a single set of X, Y to transportation organizations are of the span type, this is a

coordinates and are attached to a single point connector at that heavily used convention in TFIS. In the utilities application

location. Point connectors Íìre defined as a method of modeling area, items that are typically modeled as Type 2 facilities
explicit expressions of connectivity between facilities at the include pipes, primary and seconda¡y circuits, and property

same location (5). The logical data model associated with Type lines, Type 2 facilities may also have subfacilities or repeating

I facilities is shown in Figure L The Type I convention is data groups associated with them, as shown in Figure 2. It
tvpicallv used to model facilities that have the abilitv to stand should be noted that most of ttre Type 4 and Type 5 facilities
alone at a single physical location, Type I facilities do not have used in TFIS are subordinate to Type 2 facilities. Subfacilities
the ability to control connectivity across a single X, I location. and repeating data groups are described in detail in the follow-
In a utilities application, items that are typically modeled as ing sections on Type 4 and Type 5 facilities. The facitities that
Type I facilities include poles, manholes, landmarks, and lot were modeled as Type 2 for highway application include:
and block locations of utility service customers. highway, tunnel, bridge, railroad, river, and boundary,

Type I facilities may also have subfacilities or repeating data
groups associated with them. A subfacility (Type 4) is a facility
that is subordinate to a Type l, 2, or 3 facility in the data Tlpe 3 lacilities
hierarchy and that has a picture associated with it. A repeating
data group (Type 5) does nor have a picture associated with it, Type 3 facilities are those that exist at a single set of X
but is capable of storing a number of records of the same coordinates and are attached to two point connectors at that

format, typically of a periodic nature, The example commonly location. The logical data model associated with Tlpe 3 facili-
used in utilities applications is the situation in which a power ties is shown in Figure 3. In utilities applications of GPG/
pole is modele<l as a Type 1 facility, has a guy wire (a sub- GDBS, Type 3 facilities are typically used to model those

facility of the pole) modeled as Type 4, and has a series of facilities that control flow through the network, whether it be

LAYER
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FIGURE I Data model for ïYpe I facility, point facility.
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FIGURE 2 Data model for Type 2 facility, span facility.

FIGURE 3 Data model for Type 3 facility, connector.

electricity, water, or natural gas. Such items as values, trans-
formers, and switches are normally modeled as Type 3. In
general, Type 3 facilities are useful for modeling items that
control some type of flow across a point.

No use for the Type 3 facility has been found in the TFIS
project to date. Although some consideration was given to the
possibility of modeling intersections as Type 3 facilities, it was
discovered that the subroutine that expands the centerline on
highway facilities (draws curb lines parallel to the centerline at
one-half the width) would not work propcrly if intersections
were modeled as Type 3. It was subsequently decided simply to
attach all of the approaches to an intersection to a single point
connector, and model the intersection as a Type I facility
attached to the same point connector. An organization imple-
menting TFIS should, of course, evaluate its particular data-
mariagement needs to see if any facilities should bc modeled as

Type 3.

Type 4 Facilities

Type 4 facilities are typically subfacilities offacilities modeled
as Type 1,2, or 3. Thus they are subordinate to their parent
facilities, and if the parent facility is deleted from the work
space, the subfacility is also deleted, as it is lower on the data
hierarchy than the parent facility. Type 4 facilities can be
accessed by scanning the data hierarchy; that is, ir is possible to
look for all subfacilities associated with a particular facility,
and process them en masse. Since Type 4 facilities also have
pictures associated with them, it is also possible to access a
particular Type 4 facility by pointing to its picture on rhe
graphics screen or map,

Type 4 facilities (subfacilities) may also have Type 4 or Type
5 facilities associated with them lower on the data hierarchy.
This ability to nest subfacilities and repeating data groups
allows a considerable volume of information to be associated

ABSOLUTE POINT
(X,Y COORDìNATES)

TYPE 3
FACILITY

TYPE 4
SUBFACILITY

(Optron al)

FACILITY
PICTURE
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(suB-FACILITY)
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(REPEATING DATA
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SUBFACILITY
TYPE 5

(REPEATING DATA
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FIGURE 4 Nesting of information in the data model.

with a given facility in the work space. The concept of nesting
in the data structure is illustrated in Figure 4.

In utilities applications (DFIS), several examples of the use
of Type 4 facilities are found. Perhaps the best is the modeling
of a transmission pole guy wire as a subfacility of the transmis-
sion pole. If the pole (Type 1) is deletcd from the work space, it
is not desirable to have a guy wire facility in the work space

with "nothing to guy." This problem is alleviated by modeling
the guy wire as a Type 4 so that it is deleted from the work
space if the pole is deleted.

In the TFIS, the following entitics have been modeled as

Type 4 facilities: manual patching, shoulder cutting, pipe re-
placement, and surface treatment, All routine maintenance ac-

tivities are modeled as a Type 4 facility as the maintenance

treatment is a subfacility of the highway section (Type 2) or the
point facility (Type 1).

IYpe 5 Facilities

Type 5 facilities are referred to as repeating data groups. They
are subordinate in the data structure to Types l, 2, and 3 and

can also be subordinate to Type 4 subfacilities. Repeating data
groups are especially useful in situations where periodic rec-
ords must be kept on a particular facility or subfacility. Such

items as the periodic inspection of transmission poles for signs
of deterioration are likely candidates for modeling as Type 5 in
utilities applications. A repeating data group record may be
repeated any number of times for a particular facility. The Type
5 facilities have no pictures associated with them, as do the
Type 4 facilities.

With reference to a roadway management system, the Type 5
facilites are where the majority of data elements are stored. For
example, geometry is a repeating data group, The group con-
tains information on the geomctry and alignment of a highway
section. The following data fields are part of geometry: length,
grade, shoulder type, shoulder width, median type, median
width, control areas, degree of curves, and superelevation.
Each Type 5 facility can have almost unlimited data fields. The

other Type:ljaçllities develqped in this prsjqçt i4clude: traffic,
pavement design, safety, pavement monitoring, and pro-
grammcd maintenance.

DBALING WITH ROADWAY.MANAGEMENT
SECTIONS"IN TFIS

After the framework for the TFIS was developed and the
categories defined for the facilities, a case study was performed
to dctermine the feasibility of the system. In this scenario, the
code developed was tested on a highway network involving
part of Centre County, Pennsylvania. Specifically, the sample
application included the area covered by the State College and
Julian, Pennsylvania, 7.5-minute U.S. Geological Survey
(USCS) topographic quadrangle maps (see Figure 5). It was

expected that, by using an existing highway network structure,
deficiencies in the developed software control files would be

more quickly uncovered than if the code were tested on hypo-
thetical nctworks.

These expectations have indeed been borne out, and many
problems or potential problems have been discovered in the
data-modeling and programming conventions. Although not all
of these problems have been solved, their discovery has at least
given the project team a chance to document them, so that a
user implementing TFIS will not make the same mistakes or
need to duplicate the efforts of the project team.

One critical data-modeling aspect that has come to light in
the Centre County sample application is the need to bc able to
logically unify a series of digitized highway facilities into a

single, homogeneous entity known as a roadway management
section (RMS). An RMS is defined by most highway agencies
as a section of highway having a deflned beginning and ending
point and homogeneous properties throughout its length of 500
to 2,500 ft. These properties may include pavemcnt type, pave-
ment roughness and degree of deterioration, geometry amount
and distribution of traffic, number of accidents, and numerous
other items. The end points of the RMS are dcfined in rerms of
X, I state plane coordinates,
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FIGURE 5 Centre County TFIS sample application areas.

Digitized Highway Sectlons Versus
Roadway-Management Sections

Information on roadway-management sections in the Centre
County application was dcrived from a number of sources
providcd by the Perursylvania Department of Transportation
(PennDOT). These included STAMPP microcomputer data
files, county maps showing legislative route (LR) numbers, and
straight-line diagrams depicting stationing of intersections and

various other objects and points of interesl.
Using these available information sources, the RMSs were

scaled on the map from locations of known station (such as an

intersection or stream crossing), and their ends marked and
noted on the map along with such information as the beginning
and ending station of the RMS. Stations and physical (map)

locatiors of items such as bridges and culverts wcre also noted
on the map documents (Figure 6). Having been digitized into
the work space, the facilities were then edited using GPG's
full-screen editor. Descriptive data derived from the STAMPP
data files and the straight-line diagrams were added to the
attribute fields in this process. An example of the attribute
editing screen is shown in Figure 7.

At this point in the digitizing process, each Type 2 span

facility digitized corresponds to a roadway-management sec-

tion. In other words, there are no breaks in the facility between
the end points of the RMS, and each is continuous. An example
of a roadway management section is shown in Figure 8. The
RMS is the section of South Atherton Street stretching between
the College Avenue and Hamilton Avenue intersections indi-
cated by shading. It begins at station 0 + 00 and ends at
26 + 74 aîd is 2,674 ft long.

('-r

College Township

I lanis Township

Difficulty with the data model begins to arise, though, when
side streets and highways that coûiectto the RMS are digìtized
into the work space. The GPG pointing rules used to add
highway sections are written so that if a highway facility
already exists at the point where the new facility is to be added,

the software splits the existing facility and adds a new absolute
X, I point at that spot. The reason for this is to maintain the
corìnectivity of the network, so that if a highway network trace
is desired at some time in the future, there will be connectivity
in the data base between the RMS and the sidc street, as there is
in reality. As soon as these splits begin to occur, the RMS
becomes partitioned and fails to be the single, continuous entity
it was when originally digitized.

Thus, when side streets connecting South Atherton Street
were digitized, in our example splits occurred at each new
intersection that was created. This means that splits occurred at
the intersections with Beaver, Foster, Nittany, Fairmount, and

Prospect Avenues, and the original single RMS section was

thercfore partitioned into six separate and distinct highway
sections. The only thing that bonds them together is com-
monality of the attribute data fields; when the original RMS
was split up, all of the subsections were given data fields that
were carbon copies of the original. As the situation stands at
this point, each of the six highway sections that make up the
example RMS can have its attribute data edited independently.
This means that even though it may not be intentional on the
part of the user, different facilities making up the RMS may
have different attributes, a situation that violates the assump-
tion of homogeneity of the RMS.
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FIGURE 6 Section of map document with scaled RMSs and annotation.

From the foregoing discussion, it is apparent that some

thought must be given by an agoncy implementing TFIS to the

method of modeling a roadway-management section. Some

method needs to be devised by which a series of highway
facilities in a TFIS work space can be logically glued together
into an RMS,

It was seen fairly early in the research project that perhaps

the glue might best manifest itsclf in the form of an RMS
identifier code that would be included as part of the attribute
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data of each highway facility. For this reason, the facility
definition for highways, which defines all of the attribute infor-
mation associated with a highway, contains the field "ID", an

8-byte character data field.
This ID field was defined for character data in case the

organization implementing TFIS uses some form other than an

integer numbering system to defìne section identifìers. The use

of character data allows some imagination to be used in
designing RMS identifier codes. In some sections of the Centre
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paper map documents shrank and swelled, making it difficult to

correlate on the parts of the network already digitized into the

work space. At one point, correlation on an already-digitized
facility was missed by nearly 100 data base units (feet, in this

case) when part of the work space was digitized on one day,

and then the map was reregistered with the coordinate system

on the following day, It is important to note that a change in any

dimension of the map of only 0.025 in. is sufficient to cause an

error of 50 ft in the work space at this scale (1:24,000).

An attempt to alleviate this problem was made by laminating
the map shcets between layers of polyethylene plastic. The idea

was that by bonding the paper between layers of a material with
different thermophysical properties, the shrinkage and swelling
problems would be avoided. While this approach did indeed

reduce their severity, it did not totally alleviate them. It is

recommended that an organization implementing TFIS copy its
map documents onto some stable base material, such as Mylar
drafiing film, using a photographic process before digitizing
from them. Another approach would be to use a larger-scale

map so that the size of the errors caused by shrinking and

swelling would be smaller in relation to the data base unit.

OTHER CONSIDDRATIONS FOR DATA
MODELING Precision of Registration Coordinates

Part of the problem in obtaining proper correlation on a paper

map document was also found to be the manner in which the

state plane coordinates for the registration points on the map

corners were originally obtained. Initially, the coordinates for
the map corñers were scaled from the 10,000-ft grid ticks that
the USGS supplied on the map sheets.

It was later realized that some of the registration error could
be alleviated by mathematically calculating the coordinates
from the latitude and longitude at the comers of the shect,
which have even numerical values. As these aro exact values,
precise values of the state plane coordinates for the comers can
be computed, These values can then be rounded to the nearest
foot and input to GPG using the X, Y map registration process.
The computation was facilitated by writing an interactive FOR-
TRAN program that allows input of latitude and longitude and

computes values for the state plane coordina¡es. This program
makes use of a data fìle containing 1l parameters for the
Lambcrt polyconic projection for the particular zone (in this
case, the Permsylvania North Zone).

Time Component of Digitizing Maps

Graphic data input into TFIS in the sample application was by
hand-digitizing of maps through the use of an electronic digi-
tizing tablet and cross-hair cursor. Attribute data entry was
carricd out via keyboard, and required individual editing of
hand-digitized transportation facility sections. This proved to
be an extremely time-consuming and labor-intensive process.
The sample application area, consisting of two USCS 7,5-min
topographic quadrangles, took a total of approximately 200
man-hours to be digitizcd, have attribute data transferred from
other sources, and be che¡ked for errors. If it is assumed that
the typical map sheet will require an average of 100 man-hours
to be entered into the work space (graphic data, attributes, and
checking for enors), and if a man-hour costs $10 to the imple-
menting organization, then total cost in labor alone to develop a
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County sample application, for instance, RMS were given

codes such as '001LR307', '002LR307', and so on' Thus,

information can be captured in the code to indicate the LR
number and the section number within that LR. h the forego-

ing example, the codes would designate the first and second

roadway-management sections within LR-307, which is South

Atherton Street (US-322).
The software control files written to deal with roadway

management sections use the fact that all highway facilities
making up the RMS will necessarily have the same ID code.

When a facility is found whose ID matches the one sought,

then tha¡ facility is flagged, generally by setting one of the bits

in the 32-bit status word assigned to each facility.
Once this flagging process has taken place, the facilities

composing the RMS are defined, and subsequent processing is
generally in the form of a mass update of the attribute data

associatcd with facilities in the RMS. However, the user may
merely want a graphic depiction of the extent of a particular
RMS. h this case all those sections are made to blink on the

graphics screen (although othcr graphic report options exist).

The Argument for Digitizing Largest to Smallest

Considerable time and effort can bc saved during the digitizing
process by giving some thought to the order in which highway
facilities are digitized. The Centre County sample application
showed that it was most eflìcient to digitize from the top down.
That is, important arterials and Intcrstate highways were digi-
tized first, then less important LRs for which STAMPP data

were available, a¡rd last, collector routes and streets,

This digitizing hierarchy stems from the idea of partitionìng
roadway management scctions. A major objective in a data

conversion exercise such as digitizing a map is to convert the

most data with the least time and effort and to make digitized
sections as long as possible. For example, when a 2,500-ft-long
roadway-managcment section is digitized as a single facility, its
attribute data nced only be edited once in order to transfer the

information from a map or the STAMPP data file into the TFIS
work space, If, on the other hand, roads of lesser magnitude
that intersect the RMS are digitized fìrst, then the same RMS
will have to bc digitized as a series of facilities and individually
edited.

Instability of Map Documents

It has bcen known for many years that papor map documents

are subject to expansion and contraction as a result of changes

in temperature and humidity. For most map applications, the

degree of change in the dimcnsions of the document is not
noticeable or detrimental. When maps are digitized into a

computer data base, howevcr, even small deviations in the
scale of the map are quite noticeablc given the exceptional
precision of modem elcctromagnctic digitizing equipment.

This fact became rcadily apparent during the cou¡se of the
TFIS sample application. Part of the highway network was
digitized into the work space each day. With weather and
humidity changes from day to day and throughout the day, the



Bottiger and Kílareski

transportation data base for a state the size of Pennsylvania will from the map document itself. Coordinates of suffìcient preci-

be on the order of $1 million. sion may be computed mathematically from true spherical

As most organizations concemed with the management of coordinates noted on the map document (such as latitude and

transportation facilities information already have some type of longitude values noted on USGS maps),

machine-readable data files, it would probably be more cost 3. The possibility of converting machine-readable data files

effective to put the data files directly into the TFIS data base. already existing in the organization into a format usable with
The conversion progrrim itself would co¡rsist largely of input the TFIS software should be considered. It is quite possible that

and output operations: reading the data records from the in- the programming effort involved in the conversation will be far
house fìle and reformatting the data under the conventions of more cost effective than hand-digitizing of map documents and

Interface Format. It is quite probable that certain clean-up the subsequent manual entry of attribute data. Moreover, this

operatiotìs, particularly on the graphics, would need to be method offers less chance for human error to cause problems

performed once the data had been transferred to the GPG work with data integrity.

space, but it is expected that the total savings in data conver-
sion time and effort would far outweigh the additional burden The research team has determined that if sufficient fore-

of these clean-up operations. thought and planning are allocated to these issues, TFIS can

indeed be successfully appliecl to manage information on geo-

graphically dispersed transportation facilities. Further research
FINDINGS and development efforts on this highly flexible system are

likely to yield a system that is more efficient, cost effective, and
The modeling of a roadway-management system can be based 

"ury'ro 
ur", und that will in the long run greatly. reduce the

on previous work done in the utility area. Facilities with at- information-management costs of organizations charged with
tributes distributed over a geographic area are similar in con- responsibility for transportation facilities.
cept. Electric transmission lines ar¡d roadway segments can be
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similarly modeled. A TFIS model can be made up of several

types of facilities. Type 1 represents point facilities, whereas

Type 2 rcpresents spm facilities. The Type 4 and 5 facilities
represent the data elements associated with the roadway
network.

The application of TFIS to an existing highway and bridge
network made apparent some of the problems that may occw
when an organization responsible for the maintenance of infor-
mation on transportation facilities implements TFIS in a pro-
duction envi¡onment. Specifically, these problems include the

instability of paper map documents, the precision of coordi-
nates used whcn registering map documents, and the time and

cost involved in digitizing maps.

1. Map documents to be used in the digitizing process

should be copied onto a stable medium that is not as subject to
the problems of expansion and contraction as paper.

2. Coordinates of points used for the registration of the map

document on the digitizing tablet should be determined with a

precision of not less than the data base unit (typically 1 fÐ. In
most cases, this will preclude the method of scaling coordinates
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Development of a Methodolo gy to Estimate
Pavement Maintenance and Repair
Costs for Different Ranges of
Pavement Condition Index

Essev A. Snan¿.r, Enrc RercueLr, Morravpo Y. SH¡,urN, AND KutvrlRss C. SrNu¡.

This paper presents a network.level procedure for determining and repair needs determination, (g) resource plaruting, arñ (h)
the best maintenance and repair alternatlve and its associated economic analysis and budget planning.
cost for different pavement categories at dlfferent Pavement The pavement Condition Index (PCf is the basis for the
Condition fndex ranges. Data from a number of military in- pavpÞ ñâwêñêñr ñ ñaûêñêñr swsrêñ The Þl.T is ¡ scale frnm
stallations in flre united States were used, and the analysis was PAVER pavement management system' The PCI is a scale from

performed separately for each installation. The methodology 0 to 100' with 100 being excellent' and is determined based on
.;'evetopedlncludediechnlquesfor(a)DetermlnlngthefixõämeasureddisIress1yp,seve¡ity,andamount-

initial construction cost oi each alternative based on local The PAVER system was developed to assist installation
prices; (ó) Determining the cost of pavement preparation be- engineers and planners with pavement management by provid-
fore repair as a function of pavement type, condition, local ing an extensive data base and valuable computational and
prices, and installation policy for pavement preparatiol; (c) report-generating capabilities. One of its most useful and

*:'f"lällXå*ii:ËT,i",ä:"*,i:"*ï;Tå:i,ïiilij:åi'Jl wioerv-u,eo netiorþrever praruring prosr¿rms is its budger-

condition, local prices, and installation maintenance poticy; f planning report'-or-BUDPLAN' The execution of BUDPLAN

Determining paìement performance characteristicì (service and a number of other programs requires the user to input area

life and ratõ óf serviceability deterioration) for various pave- unit costs for maintenance and repair altematives at various t'
ment categories; and (e) Conducting a life-cycle cost analysis of pavement conditions (PCI ranges), Based on predicted pave- l

each alternative for all pavement categories at various Pave- ment condition and input unit costs, PAVER computes a S-year
ment Condition fndex ranges using the equivalent uniform maintenance and repair budget. These estimates can then be
annual cost approach.

used to justify present and future funding requests.
The estimation of unit costs for maintenance and repair

activities at various PCI values requires that the user be famil-
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-L: 
*--,::1,^,:,::;;";:;;^";;:::.:, 

-:-'-:-,,--' iar with the PAVER system and have complete maintenance
systems, Íìre getcrroratlng at a last rate. In rcccnt years, malnte-

and repair records. As the PAVER system is only now being
nance ano rcpa¡r actrvltres nave not De€n aDte to Keep pace w¡m

of highway pavemenrs. Tr;J;p";i_ implemented at many military installations, or at most has been
lne ratc oI oetcrroratron
ing infrastrucrure crisis has confronred milirary p.;;;;;;ü ï-tlt-Ì for a few years' it is doubtful that system users can

neers wirh quesrions for which rhey have ". t".Jy "t-oå"i- 
q:::tl* valid cost estimates' Furthermore' an elror in unit cost

"tficulty of assessing ."iriJrur." ""¿ lylll t"t*:ll1ti-t:Tï'condition' can result in erroneous
menteo answers. Ine oll

After several decades of adequate service, pavements on mili-
tary installations, like those of the rest of the other highway

repair needs, budget requircments, maintenance and repair al-
ternatives and their cost-cffectiveness, has resulted in the de-

ect priority setting, (eJ inspection scheduling, (fl maintenance

E. A. Sharaf, Public Works Dcpartment, Cairo Universit¡ Ciza,
Egypt E. Reichelt, Lock & Dam?Á, Alton, Ill. 62002.M. Y. Shahin,
Construction Engineering Research Laboratory, U.S. Army Corps of
Engineers, P. O. Box 4005, Champaign, Ill. 61820. K. C. Sinha,
School of Civil Engineering, Purdue Universíty West Lafayette, Ind.
47907.

estimates of budget needs.

The overall objective of this research project was to develop

In order to develop reasonable cost estimates and relate them to
the PCI levels, several tasks were performed, as discussed
below

1. Devclopment of a comprehensive data base that includcs
all necessary information. This was done through the modification

velopmenr or a sysremaric pavemenr -u,rug"-"nf 'y',"'" I $:lit-ïî1y:,,L1 -:fi:1,T1' Tü::it1t::11.ïl']:
(PAVER) by the U.S. Army Corps of Engineers (/). costs at a given installation could be estimated as a function of

'iJå ¡ur" *¿ pavoment condition. Based on results from this study, average
The PAVER system consists of a computerizeddata base and ::,-:'::'.'- :"_:-:,î î;: :-: _::-,- ,.^_ :-: ï:_"'-1:. .

a number of programs that store, retrieve, *o rnunlpurui" ¿"", t1u1t: ltd costs for different pavement categories at various

as we' as pe,'oûn a variety of analyses u"¿ 
"ur.iiuììonr 

."- pavement condition ranges can be incorporated into the PAVER

quired for network and projectJevel decisions. PAVER'; ". 
system or used as guidelines by PAVER users'

pabilities include: (a) data storage and retrieval, (å) pavement
nerwork identifìcation, (c) pavemenr condition rating, (d) proj- STUDY APPROACH
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and screening of the PAVER data bases available through the
Const¡uction Engineering Research Laboratory (CERL) of the
U.S. Army Corps of Engineers.

2. Grouping of pavements into classes based on con-
struction type and traflìc levels.

3. Grouping of maintenance and repair altematives into a

number of discrete activities, which were: annual routine main-
tenance, surface treatment, thin overlay, thick overlay, and
reconstruction,

4. Grouping of PCI values into ranges (0-20, 20-40, 40-60,
60-80, and 8G-100).

5. Analysis of life-cycle costs for each pavement class to
determine the most cost-effective maintenance and repair alter-
native for each PCI range.

6. Development of a relationship between the PCI and
maintenance and repair costs for each pavement class.

In the remainder of this paper, each of these tasks is de-
scribed in de¡ail. Results from different military insrallations
are also presented as an example,

DATA BASB DEVELOPMENT
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through grouping pavement sections based on their ra¡¡k. Three
basic pavement ranks are used in the PAVER system: primary,
secondary, and tertiary, with primary being the rank with high-
est traffic level. Thus, pavement sections were grouped into 12
classes (four pavement structure types and three pavement
ranks or traffic levels).

It should be noted that this study was limited to nonfamily,
asphalt roadways only. Results may not be applicable to park-
ing lots, airfìelds, or rigid and asphalroverlaid rigid pavemenr.
However, the methodology described in this paper can be used
to develop similar results for any pavement type.

PCI RANGBS

Since the objective of this research was to develop relation-
ships between unit costs and pavement condition as defined by
the PCI, it was necessary to establish the PCI ranges for which
unit cost information was to be developed. To comply with the
BUDPLAN report's input requirements, it was decided to use
the following five PCI ranges:

PCI 8r-100
PCI61-80
PCI 4l-60

The main source of the data used in this research was the
PAVER data bases made available through CERL. However,
several modifications were carrierl out to reduce and screen the
available data to a form suitable for the objectives of this
project. The data base included detailed information from five
military installations (Fort Eustis, Fort Knox, Great Lakes,
Sierra Army Facility, and Tulsa) and consisted of 2,517 re*-
ords. Each record included the following main categories of
information:

]' Section idcntitcation

. Military installation code
¡ Irupcction number
¡ Section length
¡ Othcr items

2. Pavement rank (traffic category)
3. Pavement structure

o Surface type, thickness, and date of construction
. Basc type, thickness, and date of construction
¡ Other items

4. Pavement condition

¡ Inspection date
¡ Amount and sevcrity level of each distress type and asso-

ciated deduct points
¡ Overall PCI

PAVBMENT CLASSIFICATION

Pavement sections were grouped based on structure type and
traffìc lcvel. Although initially it was found that there were 14
pavement structure types, it was decided to group them into
four major categories: (a) asphalt concrete, (å) surface treat-
ment, (c) thin overlay (less than 2 in.), and (d) structural
overlay (more than 2 in.). Traffic level was also considered

PCI 2L_40
PCI O-20

MAINTBNANCE AND REPAIR
ACTIVITIES

In selecting maintenance and repair (M&R) activities to be
included in this study, two items were considered. First, the
selected M&R actions were comparable [o those listed in the
available data base, otherwise it would have been impossible to
have obtained performance and cost information on any of the
activities, Second, general groups of thcse maintenance and
repair activities were included, rather than specifìc project-
level activities, because the research was conducted at the
network level. The following maintenance and repair acrions
were found to be common to all installations:

Annual maintenance only
Surface treatment
Thin overlay (< 2.0 in.)
Structural overlay (> 2.0 in.)
Reconstruction

It should be noted that in some cases reconstruction includes
both the base and surface courses, while in other cases reçon-
struction includes only the surface course, Furthermore, al-
though recycling was initially included as an option, installa-
tions included in this study do not consider it to be cost-
effective for small-scale rehabilitation projects. Discussions
with installation engineers and reviews of past contract docu-
ments indicated that each installation's defìnition of various
M&R actions and what they consist of was somewhat different.
Therefore, it was necessary that unit cost estimates be dcrived
separately from the work items that are commonly included in
each M&R altemative at each installation. As the work items
for a particular M&R altemative are different at different in-
stallations, a weighted average approach was used to estimate
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unit activiry costs by considering the percentage of times a different installations where key project information such as

particular work item was included in the data on the number of the project specifications, quantity estimates, and actual bid

projects for a particular M&R altemative in an installation. abstracts were reviewed, The frequency of use of a cost item

for a specific M&R altemative was determined by dividing the

SBLECTI'N oF Mosr cosr.DFFEcrIvE 
number of times an item was used by the total number of

MATNTENANcE ÄND RBIATR i::.1.ïi,:îJiil'ïäiä:'i5 #ffiå:y*:'"ïïifr'ï#;
ALTERNATM may vary significantly from location to location.

The purpose of this section is to illustrate the procedure used to

select the most cost-effective maintenance and repair altema- Cost of pavement Surface Preparation
tive. The methotlology is based on a comparison of altemativss

using a life-cycle costing procedure. Life-cycle costing was The second component of any M&R alternative's initial cost is

based on both the cost and performance of each alternative. the experse associated with pavement preparation before the

application of the M&R alternative' Pavement preparation cost

Maintenance and Repair unit cosrs iiï*Jlr;î:iïi.ff':Ë,fll;fn",fflåiî'åÏiå:i
To esrimare the life-cycle cost of any altemarive, both its lÏl3:-tti"" 

is to be done before executing a specific repair

service life and its unit cost must be known. Unit costs associ- actlvlty'

ated with each repair alremative included iriri.r *rt u"ã .""- -- f ïTt" nttparation cost was related to PCI level through the

rine or annual mainrenance cosrs during rrr" **i"" iii" 
"i 

itr" :t"- 
o,i 

'h" 
distress density matrix after the idcntifìcation of each

altemative. user cosrs were nor considered, u".uuJJ th" r;i; installation's surface preparation policy' Distress density is

user cosrs o¡r low votume mititary roads is '", 
*"il;;;;il;;. i:-Î1"1 .::]i:lî:1.:,1.:ï'lî :::i,:l*:iÏt^å :Ï:lÎ:ñ;in:"";'il; *,ä'*ií ñî;ö;;;üää'"; 1ï:iïilf:Ti::::11::îT9::ï1'-ï1:il,:1"'.1'::l:I-UlLIlEIlllUlU. ù¡¡M l¡¡W tWJUrrJ Vr rrur p¡vtw! vr¡¡¡

budger esrimares, resulrs in rcrms or asency ".';;;;ry ;;; Ëïffi:r,,:',i,äïîffåi,ii:iji::3rïiä'1tï"ffit
relevant,

project a dcnsity matrix was developed for each pavement class

within the five mititary installations. An example of the density

Initial Costs matrix is presented in Table 1.

An installation's surface prepa¡ation policy was obtained

Initial costs of any M&R altemative are made up of both a through interviews with facility engineers. From these inter-

fixed-cost component and a variable-cost component. The vari- views, both the installation policy in terms of actions taken to
able-cost component depends on the amount of pavemcnt prep- prepare pavement surface before repair and the associated unit
aration required. The methodology used to determine both cost were obtained. For example, considering the average of all
components is dcscribed bclow installations, it was found that pavements with high-severity

alligator cracking are usually maintained or the surface pre-

Fixed rnitiar cosr ',i*å'*rÎï,',"ii"i,ä i"Ï.Ï:ätrr::L:í,i1,Íi'Jf;å
The fìxed inirial cost of an M&R alternative is a function of indicate the action and associated unit cost for different distress

borh rhe local prices ancl thc physical layout 
"r 

tn"ìrtiril.tiãr;. type-severity conditions' An example is shown in Table 2'

highway system. The total square-yard fixed-unit cost for each

maintenance and repair alternative was calculated using the Calculation of Surface preparation Costs
following simple cost formula:

The average density values obtained from the density matrix

(l) wcre combined with the installation surface preparation policy
to arrive at a total surface preparation cost by PCI range as

follows:
where

Tk = total square yard fìxed cost for the ftth M&R
altemative,

C;* = âveÍâge square yard unit cost for the lth cost

item used in the,tth M&R altemative,
F¡t = frcquency of use of the lth cost item in the ,tth

M&R altemative, and

n = total number of cost itcms,

Various cost items are not uniformly used every time an

activity is undertaken. Unit costs along with frequencies of use

of different cost iterns wcre obtained through field visits to

PCtt

Tt=àC¡**F;t

19 3

='09-¿ å- D¡j*C¡j
r=.t .r=l

(2)

where

PCtt = total surface preparation cost for the &th

surface type at the /th PCI range;

i = distresstype(1,..., 19);
j = distress sevcrity levels (1, 2, 3);

Dtj = avorâge density (perccnt) of the ith distress

type with jth severity-level combination for a

PCI range;
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Ctj = unit cost of surface preparation required for
the ith dist¡ess type with jth severitylevel
combination; and

.09 = constant to convert fP to yd2 costs and to
change density from a percent value to a

ratio.

A sample calculation is illustrated in Table 3. Assume a
pavement has only three distress t¡pe-severity level combina-
tiors for a PCI range of 61 to 80, and that unit surface prepara-

tion costs are as shown,

Determining Total Initial Costs

Finally, total initial cost (fixed + surface preparation) was

calculated for each M&R altemative for all pavement classes

by PCI range for each installation.

Annual Routine Maintenance Costs

density matrices were used, routine maintenance policy dif- 6

fered substantially from surface preparation policy, and thus the 7

unit cost values for each distress type (C¡) would be markedly i
different. An example of annual maintenance policy is shown á
in Table 4.

Pavement Performance

Life-cycle costing requires the determination of pavement ser-
vice life and rate of performance deterioration. Therefore, a

substantial effort was made in the development of PCI versus

age relationship for each pavement class. The expected life of
an M&R alternative is usually based on engineering judgment
and experience, with consideration given to local materials,
environmental factors, and traffic levels, However, this subjec-
tive evaluation usually leads to wide variation in estimated
service life. Additionally, most definitions of service life and

deterioration rates in the literature are usually not explicit and
certainly not in tenns of PCI values. In addition, as perfor-
mance is so dependent on local materials and environmental
factors, it would be difficult to relate service life for pavements

from different locations. For this research project, it was de-
cided to use the available data base to develop aggregate
estimates of pavement performance,

To model pavement performance, both the graphical ca-
pabilities of the microcomputer data base manager, KMAN (2),
and the statistical procedures of the package SPSS (3) were
used to test a large number of models. The best model was in
the following form:

C=100-bxm

where

pavement condition expressed in terms of PCI,
slope coefficient,
parameter whose value controls the degree of
curvature of the performance curve, and
pavement age (months).

C=
þ=
rn=

x=

TABLE 1 DENSITY MAIRTX FOR ALL CLASSES

Distress Severity Average Density
Code No. 81-100 6l-80

@ercent)
4140

By PCI Range

2140 0-20

11
t2
13
27
'",23
31
32
33
4l
42

0.32 1.15 5.54 11.36 9.46
0.13 0.20 1.80 10.24 l4.W
0.03 0.04 0.39 1.05 1.4.02

0.30 0.89 1.04 t.oz 1..25

o.o2 0.17 0.37 1.08 0.56
0.00 0.00 0.00 0.01 0.01
0.57 11.45 6.90 5.46 3.23
0.06 0.93 5.80 8.01 7.42
0 0.01 0.13 0.59 2.58
0.01 0.01 0.03 0.02 0.01
0.00 0.00 0.00 0.01 0.05

0.88 1.51 1.2ß 1.10
0.04 0.20 0.50 0.81 2.25
0.13 0.23 0.23 0.03 0
0.06 a.25 0.30 0.18 0
0.01 0.02 0.03 0.02 0.01
o.n 0.15 0.13 0.11 0.13

Arutual routine maintenance costs, like surface preparation 4 3 0.00 0.00 0.00 0.00 0.02

costs, are a function of pavement condition, 1 0.ß 0n-
- local installation policy. 

-Each 
factor was determineã using the 5- ? 0'00 0'00 0'01 0 0'19

sarne procedure as outlined for surface preparation cost. Total : ? 3.0, 3:?? 3:i |.ru 3.r,
unit costs were calculated using Equation 2. Although the same 6 2 0.01 0.03 0.15 O.l7 o.4j
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1
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J
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J

I
n

J

1
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J
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2
J
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a
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1
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0.00 0.00 0.03 0.05 0.16
0.53 0.66 0.72 0.70 0.48
o.22

8

8

9
9

9
10
10
10
11
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11

12
12
12
13
13

13
14
14
14
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15
15

16
16

16

17
17
17
18

18
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1,9

19
19

0.31
o.14

o.44 0.22 0.22 0.10
0.26 0.34 0.2r 0.05

0 0 0.08 0.36
0.36 1,.17 1.80 2.39

1.53 2.83 2.50 1,.57 0.86
0.30 0.82 1.41 1.78 1.05
0.01 0.03 0.08 0.16 0.16
0.32 0.74 1.19 1.67 0.79
0.09 0.20 0.84 1.15 2.44
0.00 0.o2 0.14 0.44 1.13
00000
00000
00000
0.00 0.00 0.01 0.03 0.28
0.00 0.00 0.01 0.02 0.19
0.00 0.00 0.01 0.02 0.37
0.10 0.02 0.01 0.11 0
0.01 0.02 0.m 0.06 c.09
0.04
0.11
0.04 0.10 0.73 0.80 1.66
0.07 0.05 0.18 0.45 2.02
0.01 0.05 0.01 0.01
0.00 0.00 0.05 0.00
0.00 0.00 0.00 0 0
0.m 0.00 0.01 0.04 0.00
0.00 0.00 0.02 0.00 0.00
0000.000.02
0.000.00000.00
0 0.00 0 0.00 0.01
00000
4.49 1.2.M 17.15 19.57 11,.25
0.56 1.18 6.60 10.84 17.31
0.06 0.08 0.42 6.M 23;14



TABI¡ 2 IDEAL SURFACE PREPARATION POLICY: FORT KNOX

Distess T¡pe Severity Method Unit
Unit Cost
($)

Alligator cracking

Bleeding

Block cracking

Bumps/sags

Comrgation

Depressions

Edge cracking

l,ane/shor¡lder dropoff

Longitudinal üansverse cracking

H
M
L
H
M
H
M

TI
M

H
M
H
M
H
M

H
M

H
M
L

Deep patch
Shallow patch
Seal coat

Seal coat
Seal coat

Shallow patch
Seal coat

Shallow patch
Skin patch

Shallow patch
Skin patch

Shallow patch
Skin patch

Deep patch
Shallow patch

G¡ade and add gravel
Grade and add gravel

Crack seal
Crack seal
Crack seal

sF 2.98
sF 1.78
sF o.l2
sF o.t2
sF o.t2

sF 1.70
sF o.12

sF 1.78
sF 1.01

sF 1.78
sF 1.01

sF 1.78
sF 1.01

LF 4,47
LF 2,23

LF 0.38
LF 0.28

LF 1,42
LF 1.01
LF 0.31

M

H
M
L
H
M
L
TI
M
TI
M
H
M
H
M
L

Crack seal

Deep patch
Deep patch
Shallow patch

Deep patch
Shallow patch
Skin patch

Shallow patch
Shallow patch

Shallow patch
Shallow patch

Shallow patch
Shallow patch

Seal coat
Seal coat
Seal coat

sF 1.68

Each 9.36
Each 2.32
Each 1.39

sF 2.98
sF 1.78
sF 1.01

sF 1.78
sF 1.78

sF 1.78
sF 1.78

sF 1.78
sF 1.78

SF O,I2
sF o.t2
sF 0.12

Norn: ll =high,M =medium, L=low; SF = squareft, LF=linearf¡.

TABLE 3 SAMPLE CALCULAIION OF SURFACE PREPARATION COSTS

Density Disress Type
heparation

Sevcrity Method Unit

Unit
Cost
($)

0.55 Alligator cracking
0.12 Alligator cracking
1.25 LongitudinaVtrans-

verse cracking

Medium alligator cracking :Iligh alligator cracking
High longitudinal/transverse
cracking =

Total surface preparation cost

Medium Deep patch SF
High Deep patch SF

High Crack seal LF 1.15

0.55 x 0.09 x 3.80 = 0.19 y&
0.12 x 0.09 x 3.80 = 0.04 yd2

1.25 x 0.09 x 1.15 = 0.13 ydz

$036 Yclz

3.80
3.80

The surface preparation unit cost ($) can then be calculated as follows:

ffcliÍng and utility cutrpatching H Réplacelatch SF J.9S

Potholes

Rutting

Shoving

Slippage crack

Swell

rüeathering and raveling



TABLE 4 ANNUAL MAINTENANCE POLICÍ FORT KNOX

Distress Type Severity Method
Unit Cost

Unit ($)

Alligator cracking

Block cracking
Bumps/sags
Corrugation
Depressions
Edge cracking
Lane/shot¡lder dropoff
tpngitudinaVransverse cracking

Patching and utility cut patching

Potholes

Rutting
Shoving
Slippage crack
Swell

Deep patch SF 298
Skin patch SF 1.01
Shallow patch SF 1.lO
Shallow patch SF 1.78
Shallow patch SF 1.78
Shallow patch SF 1.78
Deep patch LF 4.47
Grade and add gravel LF 0.38
Crack seal LF 1.42
Crack se¿l LF l.0l
Replace patch SF 298
Crack seal SF 1.68
Deep patch Each 9.36
Deep patch Each 2.32
Skin patch SF l.0l
Skin patch SF 1.01

Skin patch SF l.0l
Skin patch SF 1.01

H
M
H
H
H
H
TI
H
H
M
H
M
H
M
H
H
H
H

Nore: H =high,M =medium, L= low; SF = square ft, LF=linearft.

TABLE 5 COST AND PERFORMANCE DATA FOR DIFFERENT M&R
ALTERNATIVES ON TIIIN OVERLAY PAVEMENT: FORT EUSTIS

Inltlal Cost (Fixed)

M & R Activlty:

Unlt cost ($/ey): r.58 3.76 5. 07

4i-60 6I-80 8t-100
5.20 0.51 0. 15

COST DATA

of Dlfferent M & R Alternatives

Surface Thln Overlay Thlck Overlay Fecon-
Treatment struction

20.7 0

Inltlal Cost (Surface ?reparatlon at t.he Tlne of Repalr)

PCI Range:
Unir Co6t ($/sy):

0-20 2r-40
18.50 8.50

Annual M.alntenance Cost of Dlfferent H & R Actlvities

PCI Range:
Unit Cost
($/sy) for:
- Surface

TreaÈnent
- Thln Over-

lay
- Thlck

0verlay
- Recon-

struction

0-20 2t-40 4r-60 ór-80 8r-r00

7.7

7.0

4.0

4.4

2.2 0.80 0.50 0. 13

?.0 0.70 0.35 0. 13

r.0 0.60 0.30 0.07

r..3 0.65 0.33 0.07

PERFORUANCE

Surface Treatnent
Thin Overlay
Thlck Overlay
Reconstructlon (riew

Àsphalt Pavenen!)

PCI - 100 - 0.o3le t"e"l1'l
pcl = I00 - 0.oIsB (aee)i'i
PCI = 100 - O.OI29 (age)"'

PCI = 100 - o.ol04 (.e")l'5
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The SPSS software (3) was used to develop regression equa-

tiors for each pavement class. The following frve variations of
the general form of the performance equation were analyzed:

PCI=100-b*Agel's
PCI=100-b*Ag&'o
PCI=100-b*Ag&'s
PCI= i00 -btt Ages'0

PCI=100-bx!.Ee4o

The best fit was determined by the highest 12 value (coeffi-

cient of determination) using the least-squares method. For all
pavement classes at all installations, an exponent (m) of I.5
resulted in ttre highest 12 values. In this study, pavements were

considered to have reached the end of their service life at the

PCI level of 70. This value was chosen as the existing data base

indicated that most installations were performing some form of
repair activiry on a pavement once it dropped below that level.

In some instances, there were irsufficient data samples to
generate performance curves for all pavement classes' For
pavements lacking regression equations, the general form of
the equation was used with an exponent of 1.5. Next, the

pavement service life, or age to PCI 70, was estimated. The

regressiorrequatio#s slope coefflciutr(b) eould then be¡u*k where

calculated- Performarice curves, regression equations, and 12

values for each pavement class at all installations were calcu-

lated. The procedure to generate performance curves has now

been automated (4).

LIFE-CYCLE COST ANALYSIS

An economic cost comparison among M&R altematives was

performed by determining the overall lìfe-cycle cost of each

altemative, Life-cycle costs can be expressed as a present

worth or equivalent uniform annual cost, If alternatives are to

be compared using the present wofh method, all altematives
must be evaluated over the same analysis period. If an alterna-

tive's service life exceeded the analysis period, then the worth
of that remaining life (salvage value) has to be determined. The
equivalent uniform armual cost method (EUAC) allows the

comparison of altematives over different analysis periods. The
EUAC method combines all investment costs and all annual

expenses into a'single annual sum that is equivalent to all
disbursements during the pavement's service life, if spread

uniformly over that period. When altematives are compared,

the one with the lowest equivalent uniform annual cost is
considered the most economical,

The procedure used for determining the equivalent uniform
arurual cost of different M&R activities is best illustrated
through the use of an example. In Table 5, an example problem
is presented along with the necessary cost and performance
data. The selection of the best altemative procedure is pre-
sented as follows in a step-by-step format.

Step I
Determine total initial cost of eachM&R altemative as the sum

of initial fixed cost and surface preparation cost. Surface prepa-

ration cost is a function of the PCI value at the time of repair
and the installation surface preparation policy. For example, the
total initial cost for surface treatment is equal to $1.58 (fixed
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cost) + $0.51 (surface preparation) = $2.091y&. Similarly, the

total initial cost for a thin overlay, structural overlay, and

reconstruction are $4.27, $5.58, and $20.101y&, respectively.

Step 2

Determine service life (number of years to reach a PCI value of
70) for each M&R altemative. Using the performance models

given in Table 5, and solving for age at PCI = 70, the required

service life is determined. For instance, in the case of surface

treatment a period of approximately 96 months or 8 yr is

required to reach a PCI of 70. Similarly, service lives for thin

overlay, thick overlay, and reconstruction are 13, 15, and 17 yr,

respectively.

Step 3

Determine Equivalent Uniform Armual Cost @UAC) of initial
cost of each maintenance altemative as follows:

EUAC = IC * (CRF, j, n)

IC = i¡itial cost as determined in Step l,

cRF = capiral recovery facror = 6$|,
i = inflation-adjusted discount rate (6 percent),

and
n = service life as determined in Step 2.

Thus, the EUAC of inìtial cost of different maintenance alter-

natives is

Surface treatment = 2.09 (0.1610) = $0.34lyd2
1.5-in. overlay = 4.Zl (0.1130) = $0.48/yd2
2.0-in. overlay = 5.58 (0.1030) = $0.57lyd2
Reconsrrucrion = 20.70 (0.0954) = $l.97ly&

Step 4

Determine the EUAC of arurual maintenance through the ser-

vice life of each M&R alternative. This is done by taking the

following steps.

(ø) Determine the PCI value at each year of the service life of
an altemative, For example, it is required to know the 8
PCI values corresponding to each of the 8 years of the
surface treatment service life, These values are obtained by
using the performance models shown in Table 4, Using the
performance model of surface treatment results in a PCI
value of 93 at the third year of the service life (age = 36
months) and a PCI value of 75 at the 7th year (age = 85

months).
(å) For each year's PCI, as calculated in Step 4(a) determine

the corresponding PCI range and the corresponding annual
maintenance cost, For example, in the case of swface
treatments, at the third year the PCI value is 93 and the
conesponding PCI range is 81 to 100. Thus, the annual
maintenance cost is $0.13/yd2, as indicated in Table 4.
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Similarly, at the 7th year, PCI value is 75 and the PCI range

is 61 to 80 and the associated annual maintenance cost is

$o.SO¡y02.
(c) Determine the present worth value (PWV) of all annual

maintenance costs determined in Step 4(ä) as follows:
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equivalent uniform annual cost. This alternative would cost

Fort Eustis the equivalent of a yearly payment of $0.55/yd2
over an 8-yr period at the assumed interest and inflation rates. It
should be noted that the user costs associated with pavement

conditions and lane closures were not included in the analysis,

but would probably not affect the results much as traffic levels
are relatively light.

The procedure presented above was repeated for different
PCI ranges and the results are summarized in Figure 1. For

PWV =

where

I

> AMC,
i=l t

* (sPP\ilF, i, j)

present worth value of all a¡rrual
maintenance costs during the service
life of an altemative,
annual maintenance cost at the jth
year of the alternative's service life,

1

(SPPWF, i, i) = *;y 
equals single payment

present worth factor,

i = inflation-adjusted discount rate (6
percent), and

n = service life (yr) of the altemative
under consideration, as determined
in Str-

(d) Convert the PWV obtained in Step 4(c) to its EUAC as

follows:

EUAC = PWV * (CRF, j, n)

where

EUAC - equivalent uniform armual cost ($/yd2l

Yr) of the maintenance altemative
under consideratiorL

PWV = prosoût worth value as def,ned in Step

4(c), and
(CRF, j, n) = capital recovery factor, as defined in

Step 3.

Executing calculations in Steps 4(a) through 4(d) for dif-
ferent maintenance altematives results in EUAC of annual

maintenance of $0.21, $0.18, $0.11, and $0.13/yd2 for swface
treatment, thin overlay, structural overlay, and reconstruction,
respectively.

Step 5

Determine the total EUAC of each alternative by adding values

from Steps 3 and 4.

EUAC (Surface treetment) = $0.34 + $0.21 = $0.55/yd2
EUAC (Thin overlay) = $0.¿g + $0.18 = $0.66/yd2
EUAC (Structural overlay) = $0.57 + $0.11 = $0.68/yd2
EUAC (Reconstruction) = $1.97 + $0.13 = $2.10Nd2

Step 6

Select the repair altemative with the least equivalent uniform
annual cost,

The life-cycle cost analysis of the example problem has

shown that alternative No. I (surface treatment) has the least

PCI

Nole: SUR.TMI. = surtace kealmenl, O.L = overlay, ANNUAL
MAINT = annual mainlenance.

FIGURE I Equivalent uniform annual costs of different
M&R alternatives for thin overlay pavement by PCI range:
tr'ort Eustis.

0 t0 20 30 ¡t0 50 00 70 80 90

PCI

FIGURE 2 Initial costs of least-cost M&R alternatives for
asphalt concrete roads.
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EIGIJRE 3 Annual routlne malntenance costsof least-cost M&R alternatlves for
asphalt concrete roads.
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TABLE 6 RESuLTS OF SENSITIVITY ANALYSIS

Analysfs j PercenÈ Change ln EUAC due to One

I Percent Change ln Analysfs Para¡neterfaraEeter I

i Surface Thln Thick Recon-

I Treatnent overlay Overlay struction
I

I

ervice Llfe I o.so 0.60 0.60 0.60

scount Rate i 0.20 0.25 0.40 0.40

lnlÈial Cosc i 0.60 0.80 0.90 1.00

1 ì'lalnt . Cos È i 0.40 0.25 0. r 6 0.04

instance, although surface treatrnent is the most cost-effective
maintenance altemative at the PCI range of 6í to 80, structural
overlay is the most cost effective at the PCI range of 41 to 60
arid reconstruction is the best alternative at the PCI range of 0
to 20, Similar computations were done for all pavement classes

and for all PCI ranges for each of the five installations, and the
best economic repair alternatives under various conditions
were detetmined. Figures 2 and 3 present the initial costs and
annual routine maintenance costs, respectivel¡ associated with
the least cost altematives at various PCI ranges for three
installations.

Sensitivity Analysis

The results of the above example are only as good as the
estimates of service life, initial cost, annual maintenance ex-
penses, and effective discount rate used. A sensitivity analysis
was included to gauge what effect each of these estimates
would have on life-cycle costs. Estimates were made with
different values for each of the parameters associated with

various altematives. The effect is presented in Table 6 as the
percent change in EUAC due to 1 percent change in an analysis
parameter. For example, l, percent change or error in estimating
the service life of a surface treatment results in, on the average,
0.5 percent change in the overall EUAC. Similarl¡ L percent
difference in the initial cost of recorstruction results in, on the
average, 1 percent difference in the overall EUAC.

The resulfs of this sersitivity analysis indicate that the ac-
curacy of the calculated equivalent uniform annual costs of
M&R alternatives is very sensitive to erors in input initial cost
and experted service life. Inconect estimation of annual main-
tenance expenses would not greatly affect the final EUAC
values. Also, variations in discount rates did not seem to be as

critical as a miscalculation of initial cost or service life.

CONCLUSION

The paper presented a methodology for derermining the least-
cost maintenance and repair altemative for different pavement
categories at various PCI ranges. The data from five military
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installations from ac¡oss theUnited States were used. Although
the case study results suggest ttrat the methodology is reason-
able, further work is necessary with an expanded data base

from geographically representative military installations.

REFBRBNCBS

1. M. Y, Shahin and S. D. Kohn. Pavem¿nt Mainfenance Manage-
ment for Roads and Parking Lo¡s. Technical Report M-294, U.S.
Army Corps ofEngineers, Construction Engineering Research l,ab-
oftrtory, Champaign, Ill., Oct. 1981.

39

2. Knowledge Man, Micro Data Base Systems, Inc,, Lafayene, Ind.,
Oct. 1983.

3. N. H. Nie et al. Statistícal Package for the Socîal Scíence.
McGraw-Hill Book Company, New York, 1975.

4. M. M. Nunez and M. Y. Shahin. Pavement Condition Data Anal-
ysis and Modeling. lnTransportalion Research Record 1070,TR8,
National Resea¡ch Council, Washington, D.C., Jan. 1986.

Publication of this paper sponsored by CommíIlee on Pavement Man-
agement Sysfe.ar.



New Techniques for Modeling Pavement
Deterioratíon

MoHavEp Y. Sgarrnt, MaRcARITA M. Ni-rNsz, Mancangr R. BRotrN,
S¿.vrust. H. CenpENTER, eNr> Arlvtno S¡.vtsH

The ability to model and predict pavement condition accu-
rately is critical to the success of pavement management sys'
tems. This paper evaluates the applicability of three mathe-
matical curve-fitting techniques for modeling pavement
condition deterioration behavior. The mathematical models
investigated are: stepwise regression, B-spline approximationt
and constrained least-squares estimation. The best features of
each are integrated into an interactive format capable of oper-
ating within the PAVER pavement management system. Pave-
ment=sections fron a=given location.consisting. of .the same
pavement type, use, and rank are grouped into families. Mod-
els that filter obvious errors and statistical outliers from the
data are applied to the family data. Both the B-spline âpprox-
imation and constrained least-squares techniques are used in
the screening process. A constrained least-squares curve'fltting
technique is used to fit a family predictÍon model curve to the
filtered data. Pavement condition prediction at the section level
is accomplished using the position of a section relative to the
family prediction model curve. Extrapolation of pavement
family condition values beyond the maximum age available in
a family data base is accomplished using a backtracking
method. These methods were determined to give the most
consistent and believable results from among a number of
possibte methods considered. These procedures constitute a
cornplete method to model and predict pavement family be-
havior and pavement section behavior accurately. The method
is being integrated into the PAVER pavement management
system to improve the pavement evaluation process.

The ability to predict pavement deterioration accurately is
critical to the success of any pavement management system, A
successful pavement condition prediction technique provides a

fundamental tool to aid in the planning and cost allocation of
maintenance and rehabilitation activities, Detailed in this paper

are the results of a study undertaken to develop a reliable
pavement condition modeling technique.

The prediction methodology presented herein was developed
for incorporation into the PAVER pavement management sys-

tem (PMS) (1). However, other management systems that use

historical condition data can also effe¡tively use this prediction
technique. PAVER was designed to optimize fund allocation
for pavement maintenance and repair. Currently, PAVER em-
ploys a straight-line extrapolation applied to each individual
pavement section based on the results of previous condition

M. Y. Shahin, M. M. Nunez, and M. R. Broten, U.S. Army Con-
struction Engineering Research Laboratory, P. O. Box 4005, Cham-
paign, Ill. 6182ù1305. S. H. Carpenter, University of lllinois, 1203
NCEL., 208 North Romine St., Urbana lll. 61801. A. Sameh, Univer-
sity of Illinois, 306c Talbot Laboratory, Urban4 lll. 61801.
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surveys to model pavement condition. However, when pave-

ment condition index (PCI) versus age is plotted, a curvilinear
relationship with monotonically decreasing PCI is expected.

Thus, a need clearly exists for a more realistic pavement

condition modeling technique. The methodology presented in
this paper is based on several years ofresearch to improve the

current pavement condition modeling and prediction pro-
cedures in PAVER.

SUMMARY OF PREYIOUS RESEARCH

Most PAVER data bases currently contain information pertain-
ing to a one-time survey for each section during the lifetime of
the pavement. Therefore, a critical need exists for a model to
predict pavement behavior when good historical condition data

for a section are unavailable. Several studies have been under-

taken in the past to satisfy the need for an accurate method of
pavement condition prediction.

Initially, stepwise regression models were used to predict
pavement condition index (PCf. Several variables were incor-
porated into these models, including pavement type, condition
rating, nondestructive testing (NDT) information, pavement

construction, traffic information, pavement age, and pavement

layer thicknesses, These models were evaluated and deter-
mined unsatisfactory for predicting PCI at the project level (2).

The resultant R2 was very low and the residual standard error
was high when stepwise regression was used to model these

data. This was partially attributed to the large number of esti-
mating errors associated with the models. Another drawback to
these complex models is that they are difficult to update to
reflect additional condition data as they are collected.

In an attempt to address these problems, Nunez and Shahin
(3) took another approach to modeling pavement behavior. To
combat the problem of insufficient section-specific condition
history data, a family approach was developed. Pavement sec-

tions from a given PAVER data base that had the same pave-
ment type, pavement use, and pavement rank were grouped

into families. In this approach, sections with different ages and

condition ratings are assumed to represent the deterioration in
condition of a typical family section over time. Thus, by col-
lecting each section age and condition, placing them ch¡ono-
logically, and fitting a curve through the points, a good idea of
the total performance over time that is expected for all of the
family sections can be obtained.

A family is defined by any combination of the following: (a)
the pavement type: asphalt concrete (AC), portland cement
concrete (PCC), asphalt concrete overlay on portland cement
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concrete (APC), and asphalt concrete overlay on asphalt con-
crete (AAC); (b) the pavement use: identified by the service
rendered, such as roadways, streets, parking lots, runways,
taxiways, or aprons; and (c) the pavement rank or functional
classification, such as arterials, collectors, and local roads and
streets, The criteria for pavement family selection are as

follows:

Surface type

AC = asphalt concrete
PCC - portland cement concrete
AAC = asphalt concrete overlay on asphalt concrete
APC = asphalt concrete overlay on portlarrd cement

concrete

Branch use

MT = motorpool
ST = storage
RO = roadway
pA = parking
RV = runway
AP = apron
HE = helipad
TA - taxiway

Pavement rank

A - principal
B = arterial
C = collector
D = industriai
E = residential

The family models were designed to allow continual updating
as more data are gathered for a given location and entered in
the data base.

This grouping of pavement sections with similar characteris-
tics into families is the equivalent of including three additional
variables in the model: pavement type, traffic, and pavement
use. Furthermore, by grouping together pavements from indi-
vidual geographic locations, climate is implicitly included as a
variable in the family models. This family grouping makes it
possible to develop reasonably accurate relationships for pave-
rnent condition prediction, Whereas other variables besides
pavement type, traffic, pavement use, age, and climate certainly
play a role in determining pavement condition, the availability
of any such additional data in the PAVER data bases is cur-
rently limited or nonexistent. The present deflnition of family,
which was used in the study by Nunez and Shahin (3) and also
in this study, is provisional and will be further refined as more
data become available, Efforts are not being made to incorpo-
rate a cause-of-distress factor, structural versus nonstructural,
into the family definition (4).

A screening procedure was designed (3) to examine the
retrieved family data for obvious errors, and a statistical out-
liers analysis was implemented to detect any unusual observa-
tions. After the family data had been screened for these errors
and outliers, polynomial curves were then f,tted to the PCI
versus age data points, It was found that a third-order poly-
nomial curve best modeled the relationship of PCI versus age.
This polynomial technique proved inadequate because a cur-
vilìnear relationship with monotonically decreasing PCI is

4l

expected when PCI versus age is plotted. The resultant third-
order polynomial cuwe, when fitted to a family's data points,
did not universally follow this known trend as the curve was
not always smooth or monotonically decreasing.

Nunez ancl Shahin attempted to solve this problem by group-
ing data points within a family into 3-year averages and a third-
order polynomial curve was fitted through these representative
points. This was done under the assumption that the average

pavement condition for the 3-year age ranges will influence the
regression cwve equally, regardless of the nurnber of points in
every range, However, the resultant curve was still not always
smooth or monotonically decreasing. Therefore, the search for
an applicable mathematical modeling scheme that would en-

sure decreasing PCI values as the age variable increases was

expanded to include new methodologies.

APPROACH FOR NEW METHODOLOGY

Several requirements for the suitability of a particular method
for pavement condition modeling and prediction must be met,
including:

1. The PCI carurot be greater thm 100 or less than zero,
2. The function must have a PCI equal to 100 at age equal to

2e10,

3, The function representing PCI versus age must be strictly
decreasing as the age value increases,

4. The procedure must be suitable for automatic processing,

5. The procedure must be fast and capable of handling
several hundred observations,

6. The procedure must be capable of being updated to reflect
the addition of new condition survey data to the data base,

7. The procedure must be capable of being integrated into
the current PAVER system without being obtrusive to the user,

and
8, The procedure must accept user input information in

developing family curves.

To develop an acceptable model for PCI prediction, several
mathematical curve-fltting techniques were applied to histor-
ical pavement condition data. First the data were grouped into
families and then subjected to a filtering procedure and an
outliers analysis, as in the previous study by Nunez and Shahin
(3). Two polynomial curve-f,tting techniques based on B-spline
approximation ærd constrained least-squares estimation were
applied to the filtered family data to determine their ability ro
satisfy the previously defined requirements. Extrapolation tech-
niques that allow prediction of PCI values beyond the last PCI
versus age data points were also studied. The following sec-
tions present the results of these investigations, including a

summary of the drawbacks and advantages of using these
curve-fitting and extrapolation techniques for the purpose of
predicting future pavement condition.

PAVEMENT CONDITION DATA

PAVER Data Bases

To establish a rnodeling procedure that is representative and
applicable throughout the United States, a comprehensive se-
lection of pavements must be evaluated using that procedure.
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The data bases used in this study came from cities, counties,

and military installations that have adopted PAVER. Data in the

PAVER system are stored on a section-by-section basis. Data
normally available for each section include: pavement section

identifi cation, functional classifi cation, age since construction
or major rehabilitation, PCI, layer-material properties and, in
some cases, traffic records, Table 1 summarizes the location of
the data bases used in this study.

TABLE 1 SUMMARY OF TIIE NUMBER OF
CASES BY DATA BASE

Data Base

Abilene, Tex.
Ada, Idaho
Bellingham, Wash.
Billings, Mont
Bloomingdale, Ill.
Bryan, Tex.
Calgary, Alta, Canada
Glenn Ellyn, Ill.
Hayward, Calif.
Niagara, Ont., Canada
Overland ParIç Kans.
Tacoma, Wash.
Winnipeg, Man., Canada
Fort Eustis, Va-

Great Lakes, Ill.
Total

The PCI of a pavement is determined from the type, severity,
and quantity of distress and is a composite index of the pave-

ment's structural integrity and operating condition. The PCI is
expressed as a numerical value ranging from 0 to 100 that has

been divided into seven descriptive categories, ranging from
failed to excellent. Based on the value of the PCI, an appropri-
ate level of maintenance and rehabilitation can be recom-
mended.

Family Definition: Data Retrieval
and Organization

Data retrieval is accomplished with an automatic extraction
program that selects information about the pavement section
identification, PCI, and age. This information is retrieved based

on the user-specified defìnition of a pavement family. A pave-
ment family is defined as a group of pavement sections with the

same pavement type, pavement use, and pavement rank, The
ability of the users to set family definitions that may be unique
for their particular location provides freedom to develop mod-
els specifically for that particular location.

Data Screening

Data Filtering Procedure

After data are retrieved it is necessary to filter out the inaccu-
rate data. This is accomplished through a specially developed
computer program. In the data-filtering procedure, the family
data are first sorted by pavement section identification number,
age, and PCL When the same section is listed more than once,
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sequential cases of the same section are compared. If the PCI
increases with age and the increase is greater than 20 points,
the case with the higher PCI is removed to the errors file. This
condition indicates that either an eÍor is present in one of the

records or that major rehabilitation has been performed be-

tween condition suryeys, which would place this section in a

different family of pavements. If a pavement section of the

same age is listed more than once and the PCIs are the same,

only one pavement section is retained. If the PCIs are different
for the same section and age, all cases are removed to the enors
fi1e.

A further check on spurious data is done using a set of PCI
boundaries (3). These boundaries are defined by the maximum
and minimum PCI values expected over the life of the pave-

ments, A user can set these boundaries or use the default
values, which are based on observations of available data bases

combined with engineering judgment. If a record falls outside

either the deñned upper or lower boundary, the record is re-
moved to the errors ûle, The user can then examine this file and

check these data for possible problems. An adjustment to the

PCI envelope can then be made to incorporate the data points
that were removed to the errors file if, after examination, the

user believes these data to be accurate. An example output
from the data-filtering procedure is shown in Figure 1.

AGE, YRS

FIGURE I Example output of data-filtering
procedure,

Outlier Analysis Procedure

The data-filtering procedure removes obvious errors from fam-
ily data. To ensure appropriate model building, further exam-
ination of the data for removal of extreme observations is
performed in the outliers analysis procedure. This step is im-
portant because cases with unusual performance can have a

substantial impact on the statistical modeling of family be-
havior. The outlier procedure is performed by examining the
residuals from PCI versus age curve fitting. In the previous
study (3), the residuals were calculated as the difference be-
tween the observed value and the value predicted by a linear
regression model of PCI against age. In the current procedure, a

constrained least-squares technique replaces the linear regres-
sion technique because the shape of the constrained least-
squares model more closely resembles accepted pavement de-

terioration behavior.
A program was written to generate the residuals that are

calculated as the difference between the observed PCI values

No. of
Cases

2t4
742
263

93
163
336
891
2'11

1,236
617
305
314
113
221,

559

6,33S
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and the predicted PCI values. The frequency distribution of
residuals was found to be normal (3.), which allowed setting
confidence intervals for scaling the spread of the data. The
outlier program was developed to allow for various confldence
limits (i.e., 95 percent), to be estabiished by the user for
removal of extreme cases. Figure 2 is an example output from
the outlier analysis procedure,

ÈOullier Dolo

o-o 7.25 t4.50 2175 29.00

AGE, YRS

FIGURE 2 Example output of outlier analysis
procedure.

DEVELOPMBNT OF MÄTHEMATICAL MODELS

B-spline Approximation

To address the problems resultìng from using a polynomial
curve fitting procedure, a normalized ß-spline function (5) was

chosen to approximate the PCI/age data. Spline functions can
best be explained as mechanical splines, which are flexible
strips of elastic material. The mechanical spline is secured by
means of weights at selected points, referred to as knots,
through which the draftsman wishes the spline to pass. The
spline assumes a shape that minimizes its potential energy.

Elementary beam theory suggests that the function describing
this mechanical spline is a cubic polynomìal between each pair
of knots. Adjacent polynomials join continuously with contin-
uous first and second derivatives.

B stands for basis, or for the bell shapc that characterizes
such functions. A.B-spline of degree k is a continuous function
with its first (k - 1) derivatives being continuous. In approx-
imating several PCI/age families, it was found that B-splines of
degree as low as 3 are sufficiently smooth to be useful.

An important consideration in using this mathematical
model is the choice of knots for these B-splines. Sensible
choices of the number and positions of the interior knots may
often be estimated by examining the shape of rhe desired curve,
but generally this is a process that requires advanced engineer-
ing judgment. Failures in this selection process can result in
functions that are not strictly decreasing.

Initially, age data were averaged on an annual basis. Thìs
still produced an occasional positive trend in the function, as

shown in Figure 3, a condition defìned previously as unaccept-
able. In an attempt to rectify this situation, the age data were
averaged on a 3- and S-year basis. This produced smoother
curves and a reduced occurrence of positive slopes, although
functions that are not strictly decreasing can still result.

There are several causes for the B-spline function to take on
a positive slope. One is the presence of more than one family in

AGE (YEARS) 
30

FIGURE 3 B-spline approximation:
annual data averaging.

the retrieved data, as illustrated by Figure 4. Another pos-
sibility for an increasing trend in the B-spline function is a case

in which a section is shown to have an unexpectedly high PCI
at some age. The B-spline function will follow the data trend
regardless of error, as shown in Figure 5. Note that when the
extreme data point is removed, the B-spline function no longer
exhibits a positive slope. Finally, a poor choice of the number
and positions of the lorots can result in functions that are not
strictly decreasing.

Because of the complex nature of selecting the interior knots
and the possibility of the occurrence of a positive trend in the
function, the B-spline technique was not deemed suitable for
inclusion in the pavement prediction modeling technique for
PAVER. However, it can be used effectively in analyzing data

and waming the user of potential problems and assisting him in
identifying them. These uses of the ß-spline approximation
model will be discussed fwther in a later section. Another

---- B-Spline Estrmolron
FomrlylrFomily2

- 
Fomily ¡

-.- Fomily 2

18.75 37.50 56.25

AGE, YRS

I'IGURE 4 B-spline approximation: data file
containing two families.

- Pornl A

Pornt A

B-Spline Curvefit
Without Point A

oL
o

o ilo 220
AGE, HRS

FIGURE 5 B-spline approximation:
extreme data point.
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approximatìon scheme, the constrained least squares, was

adopted for integration into the PAVER prediction technique.

Constrained Least Squares

Constrained least-squares estimation (ó) approximates the

given observations using polynomial curve f,tting. Data anal-

ysis showed no reason to use a polynomial of degree exceeding

4 or 5. The curves are mathematically constrained by the

requirement that the f,rsf derivative of the curve at any age is

kept negative ot zero. This ensurcs that PCI values do not
increase with age. The following constrained linear least-
squares function was adopted:

Minimize f. frr - P(*t)12

Subject to P(0) = 100 (initial PCÐ
P'(xj) < 0 for any x; between 0 and maximum
age'

Here, P(x) denotes a polynomial value of degree u aÍ. age x,
i'e', P(x) = ct. -l- cxrx + U'rxz+''' + c[uxt'

Note that as= P(S) = ]QQ'

Using constraine<1 least-squares estimation to model the rcla-
tiorxhip between PCI and age of a pavement has scvcral advan-

tages. Whcreas B-spline approxination may result in the best

tt of data points when all data points a¡e accurate and belong to
a single family, constrained least squares avoids thc potential
problems that a B-spline function may prcsent. Constrained
least-squares curves, unlike B-spline cwves, will never exhibit
a positive slope; that is, the PCI values are not allowed to
increase with age. Also, constrained least-squares estìmation is
simpler to use and, if the data file contains sfiors or data from
more than one family, it is more accurate than the B-spline
approximation.

In summary, the constrained least-squares estimation model
can obtain reasonable accuracy without incurring the probiems
associated with B-spline approximatìons. Shown in Figure 6

are the results of fitting an accurate, single-family data file with
B-spline and constraincd least squares, It can be seen that the
curvcs arc rcasonably similar. It is advantageous to use the
constrained least-squares estimation on a lile that contains data
errors or mixed family data. The B-spline curve may reveal
a posìtive trend in these cases, whe¡eas the constrained least-

squares curve will not. Thus, corstrained least squares will
more accurately predict no¡mal pavement deterioration
behavior.

Constraaned Least
Squares

B - Spline Approximatron

AGE (YEARS)

IìIGURE 6 B-spline versus constrained least-
squares curve-fitting techniques: accurate data
file.
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APPLICATIONS

Data Screening

Figure 7 contains the flow diagram depicting the iterative
procedure a PAVER user will follow when defining pavement

families and modeling their condition deterioration. First, the

user defines the pavement family desired, under "Family Defi-
nition". Once all the data for that family have been retrieved,
the data are filtered to eliminate inaccurate data in "Data
Filtering for Errors", Next, the pavement family is subjected to
an analysis of residuals based on constrained least squares

"Outlier Analysis".
After all data have been screened in the data filtering pro-

cedure and outliers-analysis procedure, B-spline approximation
is applied to the data to check PCI versus age slope. It was

shown previously in this paper that a B-spline curve may take
on a positive slope if errors are present in the data or if there is
a mix of more than one family's data in the file. Although this
ability to take on increasing PCI values as age increases limits
the usefulness of ß-spline approximation for prediction, it
makes it very useful for identifying inconsistencies in the

family's data file. If a positive slope does occur, the user has the

optiqn of retuming to 'lData Filtering", retun¡ing to "Family
Definition", or continuing on to the portion of the program that
applies a constrained least-squares curve-fitting technique to
modcl the data.

Pavement Condition Bxtrapolation

The ability to predict pavement condition beyond the max-
imum age available in the data base is needed for PCI predic-
tion into the future for the purpose of budget optimization.

FIGURB 7 Flow diagram of family deflnition and
curve-fi tting procedure.

o
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Both family condition and section condition must be extended

beyond the available data. First, the family curve is extended
beyond the age contained in the family data base. Next, pave-

ment section condition must be predicted in a two-part pro-
cedure: (a) a curve must be established for a particular pave-

ment section, ar,d (b) this section curve must be extrapolated
beyond the data points for that particular pavement section.

This two-part section condition extrapolation is necessary to
provide future predictiors that provide cruciai inputs into the
maintenance ancl rehabilitation planning and economic analysis
routines of PAVER. Both family and pavement section condi-
tion projection are discussed in the following sections.

Pavement Family Condition
Extrapolation

The first approach taken to extend family prediction curves
bcyond the available data was based on using a polynomial
developed from the constrained least-squares estimation. In
order to use this constrained least-squares scheme for predic-
tion beyond thc maximum age in the observation table, the
constraints wcre extcndcd so that they would hold for any age

between zeio and the maximum age plus any desired number of
years (e.g., 20). Howevcr, this approach producecl curvcs with
very steep slopes at the ionger age values. An unacceptably
rapid failure rate for the pavcmcnts rcsultcd,

Applicatiors of different straighlline extrapolations bcyond
the last point in the data basc wcre also studicd. Extcnsion wìth
a line of the same siope as that of the tangent to the curve at the

last data point had the disadvantage of being unpredictable.
The approach adopted was to use a backtracking method. The
slope of the line between the last data point and the data point
corresponding to an age 3 years before the last data point is
determined. This slope is used to extend the curve beyond the
last data point. This method, as shown in Figure 8, was deter-
mined to give the most consistent and believable results from
among a number of possible mcthods considered.

Pavement Section Condition
Extrapolation

The method used to extrapolate section conclition is essentially
the same as that proposed previously (3). At the project lcvel,

U 5 IU 15 ?Q Z? 25 AGE, YEARS

FIGURE 8 Pavement family condition extrapolation.

f,"u,,ìtrro*rto 
25 30

FIGURE 9 Pavement section condition
extrapolation.

condition predictions are used to develop maintenance and
repair altematives, PCI prediction at the section level uses the
pavement family prediction model curve. The prediction func-
tion for a pavement family represents the average behavior of
all the sections of that family. Because climate, traffic, pave-
ment type, and pavement use are the same for all sections in a

pavement family, using the family curve should provide a

reasonable estimate of section behavior.
The prediction for each section is done by using its relative

position to the family prediction curve. It is assumed that the
deterioration of all pavements in a family is similar and is a

function of their present condition only regardless of age. A
curve is drawn through the PCI-age points for the pavement
section being investigated, parallel to the family prediction
cr¡rve as shown in Figure 9. Mathematically, this is done by
flnding the roots of the poly'nomial function corresponding to
the PCI value for the section. The PCI can then be determined
at the desired future age.

SUMMAIìY

Pavement management relies heavily on the ability to predict
pavsmert condition in the future based on historical data. By
grouping pavement sections with the same pavement type, use,

and rank together it was possible to develop reasonably accu-
rate relationships for predicting pavement condition. The tech-
nique presented for modeling pavement deterioration behavior
was developed specifically for use in PAVER, but it may be
effectively used by other pavement management systems that
use historical condition data.

After pavement sections have been drawn from a data base
and grouped into families, the data pertaining to these sections
are screened. A data-flltering procedure removes obvious er-
rors and an outlier analysis procedure removes any exceptional
pavements based on examinaiion of the residuals of a con-
strained least-squares estimation model,

Once the initial screening has been accomplished, a B-spline
approximation is applied to the data. If a positive slope results
in the B-spline curve, it is taken as a waming. The data file is
examined to determine whether more than one family of pave-
ments is represented in the data flle or if the presence of data
errors is causing the increasing trend in the curve, The user
then has the option of continuing the procedure or returning to
the family definition or data-lìitering phases of the program.
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The technique selected for incorporation into PAVER to
model the relationship between PCI and age of a pavement was

constrained least-squares estimation. The procedure includes a

least-squares estimation scheme that approximates the given
observations with the constraint that the slope of the curve at

any age must be kept negative or zero.
It is necessary to extrapolate pavement deterioration be-

havior beyond the maximum age available in a data base,

Extrapolation of pavement family condition values is accom-
plished by using a backtracking method. PCI prediction at the

section level is accomplished using the position of a section
relative to the family prediction curve.

These procedures present a complete method to model and
predict pavement family behavior and pavement section be-
havior. The present def,nition of a family is provisional and
will be developed further as the data become more refined. This
modeling technique was designed so that when more data are

incorporated into the data base the model does not become
obsolete but rather is improved by the increment in the number
of observations. The modeling is simple, fast, and reliable. The
model is being integrated into the PAVER program to improve
the pavement evaluation process,
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Pavement Management at the Local
Government Level

C. L. MoNrslr¿rru, F. N. FrNrrr, J. A. Errs, AND M. Kunvrrr

Described in this paper are the results of a stucly of pavement
management practices used by 13 local government agencies in
the United States and Canacla. Included is a discussion of
factors to be considerecl in planning and cleveloping â pâ\,e-
ment management system based on the experiences of these
organizations. fn the planning phase consicleration is given to
resource requirements (personnel, equipment, ancl funds) and
to information requirements (primarily the type of data to be
collected). Specific consiclerations associated rvith actual de-
velopment includel (a) section identification, (å) conctition sur-
veys, (c) maintenance ancl rehabilitation alternatives, (d) data
utilization, and (e) report prepâration. Practlces of the 13
agencies relative to these considerations are sumntarizecl in a
series of tables for ready reference, Developnent and annual
costs as well as personnel requirements of the 13 systems are
summarized. I)evelopment costs of the order of 9100 to 9300/
mi appear to represent a reas<lnable range that might be
anticipated. Annual costs to operate the system of about $100/
mi are considered average, While personnel requirements x,ill
vary depending on the size of the systent, it is important to
recognize that one engineer rvithin the organization shoulcl be
responsible for and fully knorvledgeable of the system.

At every level of govcrnment, insuflìcicnt funds arc available
to maintain our strcct and highway systcms at currcnt lcvcls of
serviceability (1), Accordingly, public funds that have bccn
earmarked for pavemenLs must bc usccl as cffcctivcly as pos-
sible. A proven way to mitigatc thc cffccrs of thcsc Iunding
problems is through the usc of pavcmcnt ntanagcmcnt consid-
erations (2, 3).

Considcrable effort is now undcr way at thc statc lcvcl to
implement working pavcmcnt managcmcnt systcms, and a

number of states are alrcady cflcctìvcly using pavcmcnt man-
agement techniques for maintcnance and rchabilitation ac-
tivities, e.g., the statcs of Arizona (4), Cal\fomia (5), and
Washington (ó).

At the local governmcltt icvcl elfo¡ts arc also undcr way to
implement pavcmcnt managemcnt systcms, Dcscribcd by
Monismith et al. (7) arc a survcy ancl cvaluarion of a numbcr of
these agencies that havc alrcady initiatecl such acrivirics. [An
overall indication of thc state of pavcmcnt managcmcnt ac-
tivitics as of 1985 is providcd in Lhc Proceedings of the North
A me r ica n P av e ment M anage me nt C o nfe re nc e (8 ).1

There are, howeve¡ many agencics at thc local govcmmcnt
levcl with a diversc range of strcct and highway systcms and
with a multiplicity of requirements for effcctive use of the
systems. The purpose of this papcr is to briefly dcscribe the
C. L. Monismith and M. Kermit, Institute of Transportation Studies,
University of Califomia, Iìcrkcley, Caltf. 94'720. F. N. Finn, ARE,
Inc., 20 Victor Sq., Scotts Vallcy, Calif. 95066. J. A. Epps, The
University of Nevada, Reno, Nev, 89507.
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results of the study reported by Monismìth et al. (7). This study
is sponsored by the State of Califomia Department of Transpor-
tation and the Federal Highway Administration @HWA) to
enhance the development of pavement management activities
at the local goveûtmenl leve]. It is considercd worthwhile to
present the rcsults of the study obtaincd so far; essentially it
consists of a summary of what 13 local govemment agencies,
identified generally in Table 1, are doing to implemcnt pave-
ment managemcnt activitics in their organizations. It is hoped
that this summary will prove of assistance to local goveûirnent
organizations who may wish to undertake pavement manage-
ment activities.

Local Government
Organization General Location

Westem United States
Central West Coast, U.S.
Southwcstern Unitcd States
Central West Coas¡ U.S.
Northern Wcst Coast, U,S.
Central East Coast, U.S.
Central West Coast, U.S.
Central West Coast, U.S.
Westcm United States
Northcrn Vy'est Coast, U.S.
Wcstern United States
Southcrn Wcst Coast, U.S.
Easte¡n Canada

City A
Ciry B
County A
City C
City D
City E
City F
City/County A
City G
County B
County C
City II
Regional Municipality A

Summarized in Table 2 is gencral information about the
organizations whose systems wcrc evaluated. It is included to
provide a perspcctive on all of the information presented.

The results will be discussed within a gencral framework for
pavement managemcnt, illustrated in Figure 1.

PAVEMENT MANAGEMtrNT SYSTEMS FOR
CI'I'IES AND COUNTIES

Thc dcgree of completcness of a pavcmcnt managcmcnt systcm
(PMS) can range from a simple data base to a systcm that
includes the feature of optimization. Between these two levcls
there is a range in possible systcms. The lcvel rcquired will, to
a large extent, be influenced by the objectives set for thc
systcm.

Based on discussions with personnel in local government
agencies visited in conjunction with this project, there appears
to be a primary requircment for a PMS at the city-county lcvel:

TABLE 1 ORGANIZ,{TIONS PARTICIPATING IN STUDY



TABLE 2 GENERAL INFORN{ATiON

AGENCY POPUI,AT TON

STREET/ ROA¡
HILEACE
Miles

BUDGET, Dollars, x l0
DEVELOPMENT

OF
SYSTE}lRehabili.-

tatlon
Halnle-

nance

Rehabilf-
Låti.on and

Malntenânce

i ty A 90, 900 286
Conterline

L ,500 288 L,788 consul!ånt

i cy B I 00 ,000 550
CenLerline

500 500 APWA - I'I\VLR System

UounÈY A L , 600 ,000 1, 700
Cente¡ I ine

(1,100 Paved
Center.Llne)

County St¿f f (in-lrouse)

Clty C 50 ,000 220
Centerline

500 Consu i tånL
and Clty St¿ff

ClEy D 500,000 Consultant
ând Clly Staff

CiEy E 219,000 1.716 l-,'ne 600 ConsullanL
and City srafl

Ctty F 85,000 200
Cenlerline

I ,400 City 5L¡tl
l'llH^ - C¡\l-1R¡liS Syslem

Clty/County A 700 ,000 850 6,000 3,000 9,000
( r 985-86)

Con6ul tant
and Clty Staff

1rv C 46,000 160 Laûe ÀPl,l^ - P^VER SvsLem

Counly B I 19 ,000 860 r ,687 6tB 2 .36') Consul cant
wltlì State and CounLv S!af

Corrnty C r 25,000 3,l.50
CenLerl ine

500 5 ,000 5,500 County Staf f
FtlWÀ-C^.l,TR.I\NS SYstcn

Clty H 80,000 260 800 15 815 Ciry SLaff

Reglonal, Muni-
clpallty A

225,OOO 500
Centerl ine

1 2 ,000
Can.

Consullânt
wlth Munlclpallry Staff
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thc system should be simple to maintaìn and opcrate. It should
be noted, however, lhat thc dclìnition of what is simple will
vary from agency to agency, dcpending on its size and the
resources available to support a PMS. It was also indicated that
user-friendly, mcnu-driven softwarc is a desìrable attributc of a

PMS. Such a system provides interactive use for data entry,
editing, and retrieval of information rapiclly and easily and at

remote terminals by uscrs at various lcvcls of managcmcnt,
After the requirement for simplicity, agency prioritics vary
somewhat. Wclls, et al. (9), as the rcsult of a development
program in the PMS area by the Metropolitan Transportation
Commission (cncompassing thc nine-county area surrounding
thc San Francisco Bay), have listcd three fcalures as bcing of
primary importance in a PMS for local govsrnmsnts, as

foilows:

1. A procedure to objectivcly quantify pavcment condition,
2. A listing of the most cost-cffcctivc maintcnance treat-

mcnts, and

3. A mears of matching trcatmcnts to problerns,

General Approach

The framcwork of Figure 1 providcs the gcneral format for
pavement management activities, Thc data bank is the hea¡t of
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the system. Exactly what is includcd in the data bank will
depend on the system requiremcnts. As a minimum, informa-
tion conceming the conditìon of pavements in the network
must bc obtained. Based on pavement condition, it will be
necessary to establish a sct of actions considcred appropriate
for each condition state; i.e., single or multiple variable indiccs.

The best treatmcnt f¡om the feasible set must be determined.
The treatment may be obtaincd from a conscnsus of knowl-
edgeable people, usually within the agency personnel. This
"best" action can also be detcrmined by use of predictìon
models and optimization procedures.

Priorities can be devcloped based on ranking procedures;
bcnefit-cost ratios; maximizing performance or condition of
network; minimizing cost; or other methods may be developed
using performance, bcnclìts, and cost as primary considcra-
tions. In most cases, the needs will exceed the funds available,
P¡iorities can be used to sclcct sections for correcLive action. It
should be noted, howcver, that corrcctive measurcs for somc
scctions may havc to bc dcfcrred to a future ycar,

A careful evaluation of each scction will be essential to
ensure that the information in the nctwork data base is corrcct
and that there are no site-spccilìc conditions that would altcr
the plan developed for the nctwork branch of the system.
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Finally, plans and specincations are prepared for implementa-
tion of the program.

Feedback is an important part of the PMS. That is, what is
happening to the overall condition of thc pavcmcnt nctwork? Is
it improving, deteriorating, or remaining thc sarne? This rcvicw
of the backlog of needs will be useful in requesting funds to
maintain the pavement network at a dcsirccl levcl.

Planning a PMS

There arc a number of factors to bc considcred in planning the
development of a PMS. Some of the morc important ones

discussed with the agency personnel include

1. Availability of rcsourccs,

2. Information requirements,
3. Level of sophistication (completeness),

4. Data management,

5. Reporting, and

6. Administration,

Resource Requirements

Resources can be dividcd into tlucc catcgories: (a) pcrsonnel,
(b,) equipment , and (c) funds. The rcsource rcquircmcnts can be
divided into two levels, i.e., those needcd for development and

those required for operation of thc system.

Because of a shortagc of pcrsonncl with training o¡ back-
ground in development of PMS, most agcncies havc called on

SELECTED BY CONSENSUS,
EC0NOlr¡lC C0NSIDERAIIONS
OR OPTIMIZATION

T RAFF IC
INITIAL COST
LIFE CYCLE

consultants to assist in the development process, There are

exceptions, e.9., personncl in Citics F and H and County C
have developed or adapted systems for their respectivc agen-

cìes. When consultants are retained, it is usr.rally a joint effort,
with the agcncy providing the kind of assistance for which it
can be most helpful.

Cities and counties, for the most part, have not acquircd
equipmcnt to be used in the fleld, i.e., car ride meters, dellcc-
tiorr tcsters, skid tcsters, road loggers, and so on. Again, there
are some exccptions in the case of dcficction testing equipment;
however, the majority of agencies rcly on commercial com-
panies to provide this type of equipment.

Computcr equipment is available and is being used by all the
agencies contacted. Some cities and counties have access to
mainframe computers in house; some have microcomputers
assigned within the department that will maintain the PMS.

Most of the agencies contacted would prefer to have their
own computer, usually a microcomputcr, assigned to the re-
sponsible department. In this way, the department can maintain
direct control of the syslem, update it in a timcly manner,
produce reports whcn and of the type neccssary, and interact
with the data base for cditing and retrieval. Gencrally, the
system uscrs want a user-fiicndly (interactive) capabiliry and
mcnu-drivcn program.

Funiìing is always a problem for cities and counties, both for
development and operation of the PMS. As will bc seen subse-
quently, the cost of devcloping a PMS can range from as littlc
as $10,000 to as much as $500,000 or more (not counring data
acquisition), dcpending on thc lcvel of sophistication rcquircd.

COST

COSI / BENEFIT
CONDITION STAÌE

PERF0RtvlANCE

COM PUTE R

MAN UAL

PRO J ECT
MANAGEMENI

IìIGURIì 1 Framervork for pavement management system: city and
county level.
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TABLE 3 continued

AGENCY

City F

City/County A

CiÈy G

County B

County C

City H

Regional,
Mun ic ipal i ty

CLASS I FICATION

a) Arterial d) Collectors
b) FAU Route e) Residential
c) Bus Route

4 | a) Arterial - wÍÈh buses
b) Arterial - r{¡ithout buses
c) LocaL - with buses
d) Local - wiËhout buses

3 a) Commercial
b) Primary
c) Residential

a) Prinripal Arterial
b) Minor Arterial
c) Major Collecror
d) Minor Collector
e) Local Access

a) Ma-j or - FAS/FAU
b) Select
c) Minor

a) Arterial c) Industrial
b) Industrial d) ResidenEial

SPECIAL CONSIDERATIONS

&

Ho

COMMENTS

Sections identified by node nwbers.
(I) for FAU routes.

Consideration of tracks

Sections and 2500 ft.2 sample uniÈs

I Segments less t.han or equal Èo 0.5 mi.

Lengths between intersecEions (usual
mife maximum length).
Roads classed as diskable.

rvl

Desígn traffic leve1 associated with each
classification.
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In planning the PMS, a realistic estimate of the amount of
funds available is very important.

I nformation R equirements

The three main types of daia lìles consiclered by the agencies

include (a) design and construction, (b) maintenance history,

and (c) pavement condition.

The design and construction file can include information
relative to parameters related to construction or reconstruction;

for example, dates, traffic, soil support, materials, and layer

thicknesses. More or less information can be included as

desired.

The maintenance history file can include information relative

to what was done to maintain a segment as well as its timing'
Overlays, surface treatments, base repairs, and crack sealing

are speciflc examples of maintenance activities. Historical in-
formation of this kind is useful to the enginccr whcn packaging

projects.

Information to be included in the pavement condition file
wili vary depcnding on local experience' Typical kinds of
information for flexiblc pavements include surface type; trans-

verse cracking; fatigue (alligator cracking); defomiation (ruts

and comrgations); edge deterioration (cracking, shoulder drop

off); block cracking; patching; utility cuts; ride; and raveling.

In most cases agencies agree that they started by trying to

collect more information than was necessary. This slows down

the condition survey, reduces rcliability of information, re-

quires increased computer storage and programming and, in
general, is nonproductive, Thc rule should be: Collect only
what is necessary,

PAVBMENT MANAGEMENT SYSTEI\{S :

SPtrCIFIC CONSIDERAI'IONS

When developing a PMS a numbcr of items must be consid-

ered. Thcse include

Scction identilìcation,

Pavement condition surveys,

Other files,
Maintenance and rehabilitation altcmatives,

Performance prediction,

Network programming,

Optimization,

Data management, and

Reports.

Some of these items will be discusscd in this scction; they are

based on rcsults of the survcy and are summarizcd in Tables 3

to 8.

Section Identification

Street or roadway identification is required for data collection,
analysis, and reporting purposes. Codcs or strcet namcs, or
both, have been used for section idcntifìcation. Alphanumeric
codes can be used to dcscribe street classilìcation (arterial,
collector, and so on); general location in city; maintenance
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responsibility; and number of issues. The codes are tied to
specific street sections with defined iimits. A street or road

section should be a consistent Pavement type [portland cement

concrete (PCC), asphalt concrete (AC), and so onl; pavement

structural section; and traffic volume. The beginning and end-

ing of the sections or section limits should be clearly identifìa-

ble in the field. Table 3 provides a sunmary of the procedures

used by the organizations interviewed.

Section Length

Some cities have elected to designate sections on a block-by-
block basis. Other organizations have sectiors that are several

miles in length. Selection of section length should give consid-

eration to the following:

1. Uniformity of the section:

Pavement type,

Pavement structural section,

Traffìc volume,

Age of pavcmcnt,

Rehabilitation history, and

Maintenance history.

2. Classif,cation

Functional (artcrial, collector, residcntial); and

Funding (federal, slate, coruìty, and city special funding
categorìes).

3. Scheduling rehabilitation and maintenance activities.

As a general guide, section limits should be selected on the

basis of uniformity, with consideration given to classilìcation
and scheduling. If this approach is followcd, section length wiil
not be a constant,

ClassifLcalion

Most cities use a functional classification for their streets.

Requircmcnts for typical structural sections, geometrics, drain-
age, and so on, will be associated with the classif,cations used,

These classifications may aiso be associated with funding cate-
gories. For example, major arterials may be eligible for federal
funding, whereas rchabilitation of residential streets must be

paid for by adjacentproperty owners. These consideratiors are

important when scheduling rehabilitation and maintenance
activities.

Other Considerations

The prcparation of budgets requires an estimate of the area of
pavcmcnt to be rehabilitatcd or maintaincd. Thus, the street or
lane width, number of lanes, parking areas, and so on, in
addition to scction length, become important, It may or may not
be necessary to measure strcct width. For example, if scction
limits are based in part on strcct classilìcation and if geometrics

are based on strcct classilìcation, network budgct prcparation
will not rcquire strect width to bc mcasured as part of the
inventory.
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Intersections have special pavement and drainage problems
that require separate considerations. These special problems
can be handled by notes attached to street evaluation forms or
by separate special forms. If special forms are used for inter-
sections, the limits of the intersection need to be def,ned.

Considerable time and expense is often required to establish
street section limits. As indicated above, construction, re-
habilitation and maintenance history files, as well as traffic
files, should be consulted before establishing limits. Unfor-
tunately, many cities and counties have poor records that can-
not be readily used.

Pavement Condition Surveys

Pavement smoothness (ride quality) and safety (skid resistance)
are important functional considerations. Pavement distress,
while important from a functional standpoint, is extremely
important as an indication of structural condition.

Ride quality is usually evaluated during pavement distress
condition surveys; e.9., by use of a car ride meter. Safety is

often evaluated by measuring a pavement friction number or by
accident frequency information, or both. These objective mea-

suring techniques are not widely used by cities and counties at

the present time. Subjective measurements of safety are some-

times made by recording the presence of flushing or bleeding.

Pavement smoothness and coeffìcient of friction are depend-

ent on speed. The slower speeds of city traffic decrease the
relative importance of these functional perfoÍnance items com-
pared with those of rural county or state roadway networks.

Types of Distress

Pavement structural condition surveys are performed to iden-
tify the t)æe, extent, and severity of several distress types.
Indicatiorx of permanent deformation (rutting, shoving, cor-
rugations), surface distress (flushing, raveling, surface wear,
fuel damage), cracking (alligator, longitudinal, transverse) and
maintenance (patching) are usually included in these surveys
(see Table 4). As seen in this table, the number of distress types
and the detail to which the extent and severity of each distress
type is recorded are highly variable among existing city and
county pavement management systems, The detail required
should be dictated by the end use of data. If selection of
rehabilitation and maintenance altematives is desired from re-
corded distress information, the distress condition survey forms
should be developed to include the required detail. Experience
suggests that the amount of detail required is usually much less

than was originally envisioned.

Method of Data Collection

Condition survey information can be collected electrome-
echanically or by visual surveys. Visual surveys are usually
performed by a single individual or a two-person team, Survey
techniques require driving the street sections at a slow speed or
walking along all or portions of the street scction. Windshield
or driving surveys may involve stopping of the vehicle for short
periods of time. Walking surveys range from walking the entire
length of the section to walking three to five randomly selected
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portions of a pavement section, Walking surveys provide more
accurate data than riding surveys, but costs are higher. The
degree of accwacy required of the data should be considered
when selecting the data-collection methodology.

A variety of electromechanical devices are available to re-
cord pavement distress. These devices range from units with
electronic input for recording data as they would appear on a

manual input form to the use of enhanced video images to
record the type, degree, and extent of selected types of pave-
ment distress. None of the existing PMS reviewed for this
study presently uses electromechanical devices,

Frequency of Surveys

Condition surveys should be performed at sufficient intervals to
monitor pavement condition changes that will affect selection
of rehabilitation or maintenance alternatives, Roadways in rela-
tively poor condition may need to be surveyed annually,
whereas new sections with relatively good performance can be
evaluated every 2 to 3 years. Usually rl3 t6 rl2 of all pavement
sections are evaluated annually. Thus, a 2- to 3-yr cycle is
considered adequate by many organizations.

Condition surveys are most often performed in the spring.
Current condition information is then available to assist in
scheduling summer rehabilitation and maintenance activities.
In addition, roadways are usually in their worst condition
during the spring. However, some cities will perform condition
surveys in the winter and summer,

Condition Survey Index

Condition survey information can be used together with an

appropriate scoring system to develop a condition index. Most
systems assign deduct points to specific types, degrees, and

extents of distress. These deduct points are summed and sub-
tracted from 100. This process results in a single value index to
describe condition index.

Several systems used this pavement distress in combination
with other numeric scores, such as roughness, drainage, and so

on, to calculate a combined score, which is used to describe the
roadway or street condition.

Supporting Information

In addition to the data and information associated with pave-
ment condition, most pavement management systems provide
for supporting data to be used for such things as priority scores,
engineering analysis, and cost data. Table 5 provides a sum-
mary of the other general t¡pes of data collected.

Files for the supporting data are often refer¡ed to as (a)
design and construction, (å) maintenance history, (c) rehabilita-
tion and maintenance, (d) drainage, and (e) geomerrics. There
may be others; the above are mentioned as illustrations.

To illustrate further, the design and construction file would
contain information to relate design to life-cycle performance;
maintenance history would provide information on the se-
quence of actiors (treatments) subsequent to construction and
life-cycle evaluation. These supporting f,les could also provide



TABLE 4 CONDITION SURVEYS

AGENCY

City A

City B

County A

City C

CiÈy D

CiÈy E

City F

City/County A

PHYSICAI DISTRESS

rYPE I or narn leu¡r{-

.d
!
o

o
Ê

COMMENTS

See final page
of tabIe.

Special Report

502 Arterials
302 Locals
Dynaflect Deflections

Relative performance age
eva 1 uated -

* - Sections not receiving
Maint./Rehab. surveyed
yearly.

** - Deflections meas. wiÈlì
Dynaflect on entire
sys Èem

* - ContribuÈion to ride
qual. mde by RR tracks
is assessed.

** - Only when structural
evaluation required.



TABLE 4 continued

AGENCY

PHYSICAI DISTRESS

City C

COMMENTS

AC overlays assigned
based on deflection data.

Worsc l/3 of system lst
year; 4 yr. sequence
then foÌlowed
Deflections meas. on
cand. proj. using FWD

CounÈy B

County C

CiËy H

Regional,
Municipality A

*-Key:l{=winter,sp=spring,su=smer,F=faII;¡t=March,A=April,Jan=Jmuary,andJuI=JuIy.
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TABLEs OTHERDATA

information required to calculate benefit-cost ratios based on
such considerations as number of users, e.g., average daily
traffic ({¡1¡, type of users (equivalent axle loads), and the

maintenance-plus-rehabilitation costs,

Drainage information, which could influence performance,
may be included as a speciai file or in the design and con-

struction file. Geometrics, signs, legends, and so on, could be

added, provided some benef,t or use could be identif,ed.

One of the major problems in developing a PMS is the

tendency to collect more information than is necessary or
useful for the system. Experience indicates that care should be

taken not to collect more information than is necessary to
support the system. Thus, in developing a PMS, every bit of
information to be collected should pass the following test as a

minimum:

1. The data will be used to identify sections with poor
performance,

2. The data will be used to establish priorities,
3. The data will be used to sclect maintcnance or rehabilita-

tion actiors,
4. The informatìon will bc uscd to calculate the cost of

maintenance and rehabilitation actions,

TRANSP ORTATION RESEARCH RECORD 1 ]23

5, The information can be used to estimate life-cycle costs

of each maintenance and rehabilitation action, and

6. The information can be used to estimate the life-cycle
costs of newly constructed pavements.

Additional information can be selected; however, the criteria
for selection should include how the information is to be used

in the PMS or some other system useful to the agency. Avoid
collecting information that would be "nice to have."

Maintenance and Rehabilitation
Alternatives

Table 6 shows the types of rehabilitation and maintenance
altematives used by agencies surveyed in this study. From 3 to
16 altematives are used in the various systems.

Performance Prediction or Network
Programming (Data Utilization)

Figure 2 provides an illustration of the various levels of a PMS
that can be produced, starting with a data base of information

f¡¡
IA

z
F¡

Ci t-y A

City B

County A

City C

Clty D

CiEy E

City F

CiEy/Count.y A

City G

CounEy B

County C

CiÈy H

Regional,
Municipality A

* - Data gaEhered for se€inents during project design, not for entíre neËwork as yeÈ.

** - Basis for classification of non-arEerial or non-co11ecÈor streets.



TABLE 6 RETIABILITATION AND MAINTENANCE ALTERNATTVES
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AGENCY

City A

CiEy B

County A

City C

City D

CiÈy E

City F

City/County A

CiÈy G

County

fú
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o
v
U
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H
F
Hâ
H
ú
F
H

CounÈy

City H

Regional,
Munfcipallty

NO

in

COMMENTS

present.Iy consldered
s tem

(I) ALternatives con-
sidered by design
engineer.

Other alternaÈlves con-
sldered by PAVER

AlternaÈe rehab strate-
gies may be considered.

Also uses sand seal



TABLE 7 DATA UTILIZATION

Basls for
Predict fon

l,lodels

AGENCY

City A

Ciry B

CounÈy A

CiÈy C

City D

City E

City I

City/CounÈy A

CiÈy G

County B

County C

Ciry H

Regional,
Munic ipallty

Netl¡ork
Programing

ul(J>, 1zf lõÊr/<zl9,HLO<t<

o
H
Èo
Fl
EI

trlâ

f,(J
oúÀ

COMMENTS

i'{o prediction models

Prediction nodels not used

Changed from mainframe to PCIAT in 1985

Initially on mainfrane (1979)
Changing to PC (1985)

PrioriÈies based on type of treatment
heavy overLays first

Prior, based on cosÈ effec.
with high deflect" get firsÈ

ÈreaÈ. PwÈs
priority.

Changing Èo PC during second year

Input and ouËput
Ìåtion ând daÈa

opÈional
sÈorage on

on PC - manipu-
main frame

ln-house

Consu lÈant



TABLE 8 REPORTS
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Monismith et al,

City A

City B

County A

CiEy C

City D

City E

Cicy F

City/County A

CiEy G

County B

County C

CiEy H

Reglonal,
Municlpality A

(1) By DynafLecÈ analysis, rater score.

(6). The f,ve components of the data base are construction
history, inventory, traffic, surface friction, and pavement
condition.

It is not necessary to include all of the lìles indicated above;
however, some agencies may want to add additional flles for
maintenance history, signing, drainage, shouldcrs, and so on.

The key information for most city and county sysrcûts will
be contained in the traffic, construction history and condition-
rating files. Depending on what information is contained in the
construction history file, a record of maintenance may be useful
and may be incorporated in a separate lìle. With these data,
various methods of use are available, These are sununarized in
Table 7 for the organizations involved.

The condition file can be used to evaluate the overall healrh
of the pavement network by a simple tabulation of condition, as

illustrated in Figure 3, taken from reports prepared for the ciry
of Vacaville, Califomia (not included in rhis study). In this
report, each street segment has been ranked according to the
severity and extent of fatigue (alligaror) cracking. Scverity
ranges from I to 3 (with 3 being rhe mosr severe) and extenr
ranges from I to 4, according to the pcrcent of the length
affected (4 being the greatest exrenr). Thus, if fatigue cracking
is considered to be the most critical con<Iition rated, the flrst
nine sections listed would be givcn trst consideration for

corrective action. Other statistical information could easìly be
produced from this type of information. For example, what
percentage of the segments in the network have fatigue cracks
in severity level 3 and extent 4?

The interpreting program referred to in Figure 2 translates
(interprets) the information into a combined rating for each
section using condition data in the data base. This is accom-
plished by applying weighting values to the extent and severity
of each distress category.

The combined index can be used in a number of ways:

1. To establish priorities;
2, To summarize overall condition of pavements in the net-

work, i.e., health of system;

3, To develop performance curves (predictions) over time;
and

4. To provide performance trends based on budget level.

Priorities are necessary to determine which projects to re-
habilitate when there are funding constraints, However, bcfore
priorities can be established ir is necessary to identify which
segments nced rchabilitation or maintenance,

Figure 4 illustrates a technique for establishing threshold
values for maintcnance or rehabiiitation. Using this method,
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deduct values are assigned to each type of distress to be
remedied by treatment. Dependìng on the condition and traffic
(as measured by the Traffic Index, TI), an action is recom-
mended. If more than one deficìency is notcd, a selection logic
is used to defìne the action that will correct all recorded defì-
ciencies below the th¡eshold value, as shown in Figure 5. This
latter technique is similar to procedurcs used by cities and
counties that use the California Department of Transportation
PMS (ó).

Thus, priorities can be established without prediction models
or optimization. A procedure of this type is relatively simple;
however, it relies almost entirely on engineering judgment and
experience to identify th¡eshold values and the best action or
treatment. In many cases, this is all that is needed. If prediction
models are available, it is possible to develop an optimization
procedure. Only a limited number of systems for cities and
counties incorporate such procedures. The general approach is
to develop some objective function that is to be minimized or
maximized; for example, costs can be minimized, or the ratio
of benefits to costs can be maximizcd. Virtually all of the
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face
rictlon
istory

0ther 5t¿i"isticaì Anaìysis
and Sunmari es

0ther Statistìcaì Anaìysis
and Summ¿ries

tecluriques used depend on some measure of performance and
cost.

The benefits of optimization are considerable, providing the
resources can be made available to develop and maintain such a
system. Optimization will compare a large number of altema-
tive treatments for a pavement section in such a way as to
recommend the best action and the best time to initiate a

treatment, depending on prevailing conditions.
Regardless of the level of sophistication incorporated into

the system, the final stcp is to package the projects into a

program for development of a set of plans and specifications,
and eventually an action plan.

Reports

Existing data-management programs provide an opportunity
for the user to sort and provide data in numsrous report for-
mats. St¡eet listings, rankings, and budget information are

examples of the reports providcd by all surveyed PMS. Table 8
contains a summary of the various kinds of reports generatcd.

ts
Õ
o
J

Þ

FIGURD 2 Conceptual florv chart of Washington State operations (ó).
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extent of the sever¡l di¡tresseç, end the recommende'd tre¡tment.

Street Listing

Street listings can be presented by sections for the entire street
or for an area or district of the city by functional classification.
These listings are useful as ready reference for present pave-
ment condition and for location of sections for the annual
pavement distress surveys,

Ranking

Ranking reports can be prepared based on a pavement distress
condition score and from priority scores that may combine
dist¡ess condition score, trafflc, drainage, and so on, into a

single numeric value. Reports that list roadway segments by
distress type, ride quality, and rehabilitation or maintenance
altematives provide an opportunity for ranking actions, For
example, all roadways with severe alligator cracking may be
the highest priority for rehabilitation. Rankings can be pro-
vided within maintenance area or district or within functional
classifications.

CS - Crzck Êeel fng
FS - Fog Eeal
FrFt,O- Fllll, Fl11. & Over¡¡y
OL - Overl ey
RES - Re¡torr or Reconrtruct
TI - Tr¡f Ç lc lnde¡,.

Budget

Reports describing yearly budget requirements are provided by
all surveyed PMS. A few systems forecast budget requirements
over a 3- to 5-yr period. Budget requirements by rehabiliration
and maintenance altemative are provided by some systems on a
routine basis.

COST AND PERSONNEL
CONSIDERATIONS

Development and aûtual costs of the 13 systems, together with
their personnel and equipment requirements, are summarized
in Table 9. Costs to develop ranged from less than 950/mi to
more than $400/mi. Values on rhe order of $ 100 to $300 appear
to represent a reasonable range that might be anticipated by an
organization. Generally, if little historical data are available, the
costs will be on the higher side, e.g., City D.

Annual costs of about $100/mi to operate the system are
considered to be average (see Table 9). This amount should
provide a reasonable guide for budget-estimating purposes.

CpS - Cape Seal
DN - Do Nothi ng
llLF - hill & Fl ll*
N,/0 - Not Observed
P - P¡tch
SS - EIurry Sa:l
. - Include¡ recYcled rn¿teri¡l¡

FIGURE 4 Deduct values for pavement distress and recommended treatments (7).
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FIGURE 5 Rehabilitation logic (7).

Personnel requirements will vary depending on the size of
the system and whether the system is devcloped in house cr by
consultants. For smaller cities it would appear that a minimum
of 2-3 person months are required to conduct the necessary
activities associated with the system once it is operational. This
requirement will increase as the size of the system increases,
see Table 9. Regardless of the size of the system, however, one
engineer within the organization should bc responsible for and
fully knowledgeable about the system.

As previously noted, and seen in Table 9, other than comput-
er hardware, little additional equipment is required by the
majority of the agencies surveyed. For decisions at the project
level, after projects have been packaged (Figure l) and before
final designs are set, a number of organizations use the scrvices
of other organizations (e.g,, consultants) to conduct structural
evaluations to ensure that the treatments selected are correct.

SLURRY

SËAL

08 AU6UST 1984

CONCLUDING REMARKS

As funding becomes increasingly constrained, systematic pro-
cedures to assist in the decision process for fund allocation for
pavement maintenance and rehabilitation activities assume
greater significance. Pavement management systems, if prop-
erly formulated, can be of immcasurable assistance in this
decision process to engineers responsible for road and street
networks. To be effective, however, a commitment must be
made to maintain and update the system and to follow the
strategies proposed,

In the organizations surveyed in this investigation, the repre-
sentatives stated that their systems were most helpful to them in
making maintenance and rehabilitation decisions and that they
planned continued use of the systems.

OVERI.AYSLURRY

SEAL



TABLE 9 COST AND EQUIPMENT REQUIREMENTS

MAN-UONTIIS EQUIP. REQUIRÑIN¡TS

tslú
3oú

O
O

cosr. $ x l0

Cit.y A

City B

County A

CiÈy t)

City D

COMMENTS

Softr¿are cosÈs approx. $5'000
per year.

FuÈure annual costs expecÈed Èo

be abouÈ $30,000 - 935,000 for
1,300 centerline miles of roads

*DevelopmenE costs:
$ 98,000 Consultancs
200,000 In-house

**Data entry and daÈa processing
COSÈS:

$r2,000 - $r7,000
***Personnel costs are approx.

80 percent of ÈoÈal
****2 engineers and I Èechniclan

devote part-time Èo sysÈem

CiÈy E *ConsulÈantts charges
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TABLE 9 contînued

City F

City/County A

City G

J
Ff

Þzz

j
H
ñ

Fl

Fo
F

COMMENTS

(l) By consuJ.cant

*Development Costs:
$ 56,000 ConsultanÈs
300,000 ln-house

**Duplicate computer hardware
in mainEenance and engl-
neering sections.

One full-Èlme employee performs
al1 functions

See (a) below

*Once every 3 years.

*Development cost for city:
$9s ,000

,**ConsultanÈ perforns update
every 3 years

#30** .57r76

County B

County C

CiÈy H

Regional,
Municl-
paliry A

CoST, $ x 193

(a) Low developmenc cost due to availability of a compatible road 1og daÈa test.
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Finally, it must be noted that the user of the PMS should
remember that the system cannot make decisions, only the

responsible authority can do that. Thus, professionals wiil
always be required to properly formulate and effectively use a

pavement management system.
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A Comprehensive Rankitg System for
Local Agency Pavement Management

RocpR E. Svnrr, MoHnvtsp Y. SuaruN, Mtcnapl I. Denrsn, AND
S¿.rr¿usr H. C¡.nprNTER

Pavement management systems for local agencies (cities and
counties) require a method to determine how to allocate funds
for maintenance and rehabilitation of pavements. This should
provide a reasonable analysis of the impact of budget decisions
on the pavement network condition and future budget needs.
However, most local agencies have limited funds to collect data
concerning their pavements as well as maintain them. An
approach has been developed that uses a minimum of informa-
tion to make reasonable budget analysis concerning mainte-
nance and rehabilitation needs with unconstrained funcling.
Described in this paper is the way in which funding needs are
then allocated when funding is less than needs. It includes
consideration of the condition of the pavement, change of
condition over time, cost of the maintenance or rehabilitation
over time, and stopgap maintenance generated by deferring
maintenance. This was accomplished tly making it simple for
the public works personnel to visualize and use. It is part of a
network-level microcomputer-based pavement management
system developed for San Francisco Bay Area agencies.

Much has been published recently describing how cities and

counties responsible for maintaining local roads and streets

(1-3) have far more pavement funding needs than they can
meet. There aro 3.9 million miles of roads and streets in the

United States, Local govemment agencies have jurisdiction
over 2,8 million miles (4). Many of these pavements are near-

ing the end of their design life at the same time that the
agencies are receiving less real financial support than in pre-
vious years.

To achieve this miracle, pavement management systems are

presented as providing assistance for pavements. In general, the
effort is directed at better identifying the needs, examining
altematives, and allocating available funds to provide the tax-
payer with the best pavements for the funds investcd. The
greatest need in local agencies is for assistance in planning and
programming maintenance and rehabilitation.

The basic elements of a pavement management system
(PMS) directed at maintenance and rehabilitation of pavements

include (5):

1. A network inventory,
2. A data base,

3. Analysis procedures for network-level management, and
4. Analysis procedures for projecrlevel management,

R. E. Smith, Texas Transportation Institute, Texas A&M Universit¡
College Station, Tex.77843. M. Y. Shahin, U.S. Army Construction
Engineering Resea¡ch l-aboratory, P. O. Box 4005, Champaign, Ill.
6182G1305. M. I. Darter and S. II. Carpenter, ERES Consultans,
Inc., P. O. Box 1003, Champaign, Ill. 61820.
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The network-level management procedures are directed at

planning and programming. The basic goals are to determine
how much funding is needed for a given analysis period, which
sections of the pavement network need maintenance or re-
habilitation, and the impact on pavement condition of different
funding levels. A procedure can also be provided to identify
which sections need reinspection in each year of the analysis
period.

The projectJevel procedures include the detailed engineer-
ing analysis to determine the best maintenance or rehabilitation
treatment to be applied to a specific section of pavement identi-
fied as needing maintenance or rehabilitation in the network-
level analysis. It is the engineering required before the develop-
ment of plans and specifications, including identification of
feasible altematives and selection of the most desirable mainte-
nance or rehabilitation alternative given present constraints.

BACKGROUND

This study was sponsored by the Metropolitan Transportation
Commission (MTC), Oakland, California, and conducted
through a contract with ERES Consultants, Inc., of Champaign,
Illinois. MTC is the transportation planning agency for the 103

cities and counties in the San Francisco Bay Area. The origins
of the PMS efforts by MTC are found in a 1982 MTC study to
develop support for an increase in gasoline tax to fund local
improvements for pavements (1). They completed a study of
local road and street maintenance needs and revenue shortfalls
in the San Francisco Bay Area that indicated that local jurisdic-
tions in the Bay Area were spending only 60 percent of funds in
1982 required to maintain roads in a condition considered
adequate.

The results of this study prompted several Bay Area public
works directors to ask MTC to assist them with an analysis of
how Bay Area agencies could improve pavement maintenance
and ¡ehabilitation techniques and practices. This group strongly
emphasized that simplicity was the most important characteris-
tic to be included in a PMS if it were to be adopted and used by
Bay Area cities and counties. They further recommended incor-
poration of only tried and proven techniques and practices that
their staff personnel could understand and use. Finally, they
indicated that the system must match the needs and resource
capabilities of the jurisdictions.

In 1983, ERES Consultants, Inc., was retained to assist MTC
in determining Bay Area PMS needs, PMS resources, and
problems. In addition, they were to develop three basic ele-
ments of a standardized prototype PMS: a pavement condition
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index (PCf, effe¡tive maintenance treatments for the Bay
Area, and a networklevel assignment procedure. An extensive

survey was completed to determine the status of PMS imple-
mentation as well as maintenance and rehabilitation needs in
San Francisco Bay Area cities and counties, Most agencies
perceived a need for better management support tools;
however, most of these agencies generally believed that avail-
able systems were either too complex or did not provide ade-

quate assistance. The data currently available to the cities and

counties are very limited and it is believed that they cannot

afford to collect such additional data. The results of these

efforts a¡e documented in a three-volume report available from
Nïtc (6).

On the advice of the participating agencies, MTC then de-

cided to support the development of a PMS to meet the needs

of these agencies. The committee suggested that the developed

system use components from existing systems as much as

possible while customizing the system to specific needs. They
corxidered the resources available for developing and imple-
menting pavement management systems by Bay Area cities

and counties along with the commitment required by the avail-
able pavement management systems. The following objectives
were set:

L. Network-level capabilities for scheduling maintenance

and estimating budget needs,

2. Network-level prioritization for scheduling cost-effective
maintenance and rehabilitation,

3, Network-level budget estimates for alternative perfor-

mance levels, and
4. Capability to be expanded to meet projectJevel manage-

ment requirements at a later time.

A unique three-way partnership was formcd to develop the

pilot PMS. ERES Consultants, Inc., was retained to provide
continued technical assistance for the project, with R. E. Smith
as the principal investigator on the project. MTC provided most
of the funding, programming expertise, and staff time to assist

the participating agencies. Six Bay Area agencies, including
three counties and three cities, participated in the pilot pro-
gram. They provided key experienced personnel for user guid-
ance in the development of each pavement management mod-
ule and tested each as it was developed. This provided
continual feedback to the developers and programmers of the

system.

Determination of Budget Needs and
Identification of Sections Needing
Maintenance and Rehabilitation

One of the primary purposes of a pavement management sys-

tem is to identify budget needs for current and future years to
maintain the pavement network in an acceptable condition. In
the Bay Area PMS, the analysis period was selected to be 5
years based on the normal budget procedures used by the pilot
agencies. The pavement network is divided into relatively
uniform segments that are expected to be given the same
maintenance or rehabilitation treatment. These are then used as

the basic management units in the analysis.
A modified form of the PAVER surface observable distress-

based pavement condition index (PC! was selected as the
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measure condition of the pavement management units and

network (5,7). The distress types used to determine the PCI
were reduced to the seven that were most prevalent as well as

used in decision making by the Bay Area public works person-

nel. The distress collection was simplified by decreasing the

detail required during collection. The condition in terms of PCI
is projected into the future using a family curve concept ad-
justed for the performance of individual management units (ó).

The condition of management units must then be connected to

a maintenance and rehabilitation cost at a designated period.
The funds needed for each management unit are calculated and

summed for each year of the analysis period to determine

network budget needs for each year,

Several approaches were considered for developing budget

needs. A two-step approach was adopted. First, the most cost-

effective level at which to maintain the pavements is deter-

mined in terms of cost/year of acceptable pavement life. Then
the most cost-effective maintenance and rehabilitation strat-

egies are determined to apply to the pavements at designated

lower pavement condition levels. The general goal of this

approach is to apply maintenance and rehabilitation a[ the most
cost-effective condition level and return all pavements in con-

ditiors worse than this to the appropriate level based on uncon-

strained funding. Then, when funds are limited, an analysis is
employed to select those that will be funded to provide the best

network condition.
This approach required

1. Identification of maintenance and rehabilitation treat-
ments that the Bay Area public works persomel would con-
sider applying to their pavements;

2. Condition levels at which they would apply different
treatments;

3. Treatment information including application cost, surface
preparation cost, and life extension provided by the treatments;
and

4. An analysis to determine the most cost-effective treat-
ment for each pavement type and condition level,

Once these were determined, a set of decision trees was

established for assigning the networklevel planning treatments
to each management unit needing maintenance or rehabilita-
tion. The actual development of treatments, costs, and decision
trees is described by Smith (6) and Darter et al. (8). Once the
budget necds are determined without considering funding con-
straints, they are compared with available funds and manage-
ment units are selected for funding that provide the best return
for the money expended. This paper is primarily intended to
describe the ranking procedure and analysis used in this
selection.

Bud get Analysis Concepts

The participating pilot agency public works personnel defined
several budget analysis goals they wanted in a PMS. These
included

l. The desire to provide the best return for the funds
expended,

2. The need to identify funds for capital improvement ex-
penditures separate from maintenance funds,
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3. The desire to allocate funds to preventive maintenance as
well as rehabilitatior¡

4. The need to identify deferred maintenance and rehabilita-
tion funds, and

5. The need to consider stopgap or emergency maintenance
and requirements,

These requirements were carefully considered in the light of
other constraints, especially the need to keep the concepts as
simple as possible and minimize the data that must be collected
to complete the analysis.

When limited funds must be allocated among a number of
different projects, some merhod of identifying the projects that
are considered the most important must be developed. A simple
ranking procedure could be used; however, that type of pro-
cedure is limited in the number of factors that can be consid-
ered. It also generally ranks those in the worst condition as the
highest priority without regard to the retum on the funds
expended. As shown in the economic analysis described by
Darter et aL (8), the cost-effectiveness of maintenance and
rehabilitation treatments changes with PCI, pavement type,
traffic level, and so on. The pilot agencies requested a tech-
nique that would consider this but not require complex con-
.c€pts nor be difficult to understand and use.

Cost-benef,t analyses have been adopted as a decision sup-
port tool in the transportation field by some agencies (9, I0).
Many of the public works supervisors and personnel are profes-
sional engineers who are familiar with the concepts included in
engineering economics needed for this approach, With all the
costs and benefits knowr¡ they can be compared directly. Those
projects that provide the greatest benefit for the funds expended
are then selected (10, 11). However, the benefìt in analysis of
public financed projects is not simple to define or calculate and
if done improperly can be misleading (12).

The initial direct costs to the public agency for pavement
maintenance and rehabilitation can be relatively accurately
determined; although future maintenance and rehabilitation
costs are less well defined, they still can be reasonably esti_
mated. The benefits of pavement improvements are normally
based on the concept of reduction in time costs, vehicle operat-
ing costs, and accident costs (/0). When rhe facility is im-
proved by decreasing these costs, the resulting savings are
defined as user benefits ü3).

Corsiderable effort has been made in the last several years to
determine the user benefits associated with traVel time and
operating costs (9, 13-17); however, they are not always di-
rectly applicable to local agency situatiors and most of the
indirect benefits have yet to be determined. To include user
benefits in analysis of city and county pavement maintenance
and rehabilitation improvements, three components are
required:

]. A reasonable set of models that can be used to determine
the change in vehicle operating costs due to the maintenance
and rehabilitation applied to city and county roads and streets
for vehicles traveling at city speeds,

2. A good set of traffic data for use in these models (current
models require types and weights of vehicles), and

3. A reasonable method to measure the impact of main_
tenance and rehabilitation on city streets and county roads that
can be related to user benefits (current models require
roughness).
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The user cost models cunently available are based on traffic
operaring on pavemenrs with 50 to 60 mph speed limits (1ó),
and they appear to be more reliable for determining user bene-
fits related to geometric and capacity improvements than to
pavement maintenance and rehabilitation. Fewer than half of
the Bay Area cities and counties evenhave average daity traffic
data on most of their streets, let alone traffic data by vehicle
class or weight (5), At present, accurate roughness measure-
ments on city streets are expensive to collect, and most Bay
Area agencies do not routinely collect the data nor do they have
the funds to spend on the measurements.

In general, it is known that as traffic congestion increases
and the pavement surface deteriorates, the travel time, vehicle
operating costs, and accident costs increase. When mainte-
nance and rehabilitation are applied, there is a period of in_
creased travel time and increased accident occurrence resulting
in decreased user benefits or increased user costs, When the
improvement is completed, the travel time, vehicle operating
costs, and accident rates generally decrease, resulting in in_
creased user benefits (10). Improvements may also allow an
increase in traffic, which can affect ttre price of goods, employ-
ment opportunities, property values, and aesthetics. The en_
viroriment may be adversely affected by construction and the
additional traffic that would increase user costs. However, this
has not been well quantified for city and country road and street
conditions.

Early work on vehicle operation costs are found in works by
Sawhill (14) and Winfrey (9), and rhe AASHO Red Book (15).
McFarland (/3) was the first to approximately quantify the
effects of the pavement surface in terms of serviceability or
roughness on user costs, including vehicle speed, user delays,
operating costs, and accident costs. More recent work has been
completed by the Federal Highway Administration (16) andthe
World Bank (17), in which costs and benefits were developed
as functions of pavement surface condition, highway geomerry
and vehicle characteristics.

Of these, only the pavement surface condition, which is
primarily measured by roughness in these models, would be
affected by the maintenance and rehabilitation managed in the
pavement management system of interest. Even then, it would
only be the roughness of the pavement surface. In cities and
counties, roughness is often caused by drainage structures such
as valley gutters, inlets, and other structures that would not be
corrected by most road and street maintenance and rehabilita_
tion projects.

The difficulties encountered in determining user beneflts
have caused many agencies to ignore the user benefits in their
analysis (10J. Others have used some value that is more easily
determined as a surrogate for the user benefits in a cost_
effectiveness analysis. The basic concepts of cost-effectiveness
are similar to benefir-cost analysis (/2).

There are a series of steps required for cost-effectiveness
analysis (12).In the firsr srep the goal of the system must be
def,ned. In pavement maintenance and rehabilitation, that goal
is to provide the best overall pavement condition for the funds
expended. The second step includes the development of alter_
natives. When selecting pavement management units for fund_
ing, a number of different alternative strategies and fundable
management units are available, The evaluation criteria must
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be selected in the third step, which must provide some measure

of the effectiveness of the altematives. In pavement mainte-

nance and rehabilitatior¡ this can include a measure of the

pavement condition and how that condition varies over time,

which should be considered over the same time period as the

subject improvement. The cost must be calculated in the fourth
step, and is usually formulated in terms of life-cycle costs,

which consider all costs associated with the system over the life
cycle of the altemative. They can be expressed as present worth
or they can be annualized. In pavements, they are often divided
by some area (lane-mile, square yard, and so on) to normalize

for the varying sizes of the pavement management units being

considered. The flfth step includes the selection of the fixed
cost or txed effectiveness approach. When multiple altema-

tives are considered using a ratio of effectiveness to cost, the

fixed-cost approach is being used. In the sixth step, the candi-

date altematives are ranked in order of their ability to satisfy

the selection criteria. This type of procedure can be used to

select an alternative for a single project or to select a set of
projects to be funded from a group of candidate projects

(11, 18).

Pavement alternatives with the same condition but with
different levels of traffic do not provide the same benefit' The

benefits of the pavement used by the higher+rafficked pave-

ment are greater than those of the lower-trafficked pavement'

Weighting can be used to make the effectiveness a function of
frafñc use as well as condition.

Cost-Effectiveness Analysis Used

Others have used the concept of the area under the perforrnance

curve as a surrogate (18-20). Pavements in good condition

have lower user costs than pavements in poor condition. In
addition, the longer the pavement remains in good condition,

the longer it provides lower user costs. The basic hypothesis is
that user utility (non-costed benefit) is the minor image of
performance (19). The area above the curve indicates loss of
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user benef,ts and the area rurder the curve is the pavement user

utility or non-costed benefit. This is illustrated in Figure L The
PCI can be used for this curve and is already available in the

Bay Area PMS, which eliminates the need for an expensive

second set of data collection, roughness,

Effectiveness, then, is defined in the Bay Area PMS as the

area under the PCI time curve above the minimum analysis

condition level, which was identified tobe 25 for the Bay Area

PMS. This is illustrated as the area under the curve above the

PCI level of 25, shown in Figure 1. The PCI of 25 was

determined to be the point below which the Bay Area engineers

would generally perform major rehabilitation; the degree of
condition below 25 has little impact on the rehabilitation treat-
ment to be appl|ed (7).

Effectiveness is calculated automatically in the Bay
Area-PMS software budget analysis module using a trapezoi-
dal integrationprocedure. For the current pavement surface, the

area under the PCI time curve adjusted for performance is

calculated for each individual management unit of pavement

identified as needing maintenance or rehabilitation in the bud-
get-needs module, The efiectiveness of the maintenance or
rehabilitation is calculated using the PCI time curve for the

individual section adjusted for maintenance or rehabilitation
applied at the date it is identified in the budget-needs module.

This is illust¡ated in Figure 2 as the area under the second curve

designated as Ar. The flrst curve represents the adjusted perfor-

mance curve of the original pavement. The second represents

the increase in the PCI to 100 due to an overlay or reconstruc-

tion and the projected performance of that pavement following
the application of the treatment.

In the above cases, the treatment is applied when the PCI
equals 25, and the effectiveness is the total area under the

family curve of the treatment applied, shown in Figrue 2,

However, if a treatment is applied before the PCI of the origi-
nal pavement reaches 25, the effectiveness of the treatment is
equal to the area under the family curve for the treatment minus
the area under the existing family curve from the date of
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FIGURE I Effectiveness equal to pavement user utility shown as the area under the PCI
deterioration curve and used in the Bay Area PMS (22).
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AGE EFFECITVENESS= A3

FIGURE 2 Effectiveness of rehabilitation applied at
the end of âcceptable pavement life shown as.4..
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available budget was expended. However, generally it is less
costly to repair the residential or local streets, and in general
they will have longer lives than arterial streets. This would
cause the majority of available funds to be allocated to residen_
tial or local streets. To counter this problem, the effectiveness
ratio would have to be weighted for usage. This weighting is
normally a function of traff,c. When trafflc data are not avail_
able, as is the case for most agencies in the Bay Area, the
weighting could be based on functional classification as a
surrogate for traffic,

Multiple attribute decision-making concepts have been de-
veloped to determine the importance of various decision-mak-
ing attributes when used in a forced choice situation (21). A
special set of linear programming procedures, termed goal
programming, is used for normative decision making. To deter_
mine reasonable weighting factors based on functional classi_
fication, a set of pavement management units was described in
terms of PCI and functional classification. The pilot agency
public works personnel were then required to identify the
management unit they would repair first if funds were limited
to repairing only one of the two. This provided a set of paired
comparisons that were used in the goal-programming pro-
cedures to develop the relative importance of the ranking com-
pared with the PCI. The weights could rhen be multiplied by
the scale of the attribute to determine the importance. This has
been used experimentally by highway researchers to develop
relationships between pavements with several attributes (22).
However, it is assumed that the scale of the attribute is known.

The PCI scale is well defined; however, the functional classi_
fication scale is not known. In fact, if the location of each
classification on a scale were known, the relative importance
and weighting needed for the effectiveness would be
known. The results of the forced choices are shown in Table
1. Analysis of those results provides the ranking table shown in
TabIe 2, where the number in the box indicates the priority,
with the lowesr number indicating first priority. By trying
dìfferent locations on a scale of 0 to 10 for the functional
classification and the fixed PCI scale, the priority table in Table
2 was very nearly duplicated from results of the goal-program-
ming techniques, as shown in Table 3, by using arreriãls as 10,
collectors, as 7.25, and residentialfiocals as 5.5. When nor_
malized, this provides a weighting of 1.0 for arrerials, 0J25 for
collectors and 0.55 for residentialÂocals. These were selected
as the defaulr weighting facrors for the pMS.

The user has the option of changing the weighting factors
when using the budget-scenario pMS software. The budget_
scenario reports can be run using the pMS software for each
functional classification separately. The results can then be
checked against the results of all the reports using all types
combined to determine if the weighting factors are reasonable.
This weighting could vary considerably among different agen_
cies based on the traffic levers for the functional classifications
and the distriburion of functional classifications maintained by
the agency. This results in the following equation, which is
used to calculate the weighted effectiveness ratio:

llrtrD _ (AREAÆR) WF
EUAC/SY

where

WER = weighted effectiveness ratio,
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FIGURE 3 Effectiveness of rehabilitation applied
before end of acceptable pavement life shown as.4r.

application to the time when rhe PCI is projecred to reach 25.
This is illustrated in Figure 3 with the effecriveness of the
rehabilitation designated as ,4.. The area designated as A2 is a
part of the effectivenesS of the current pavement surface and is
not a part of the effectiveness of the treatment.

As described below, the costs are annualized. In the effec-
tiveness analysis, the effectiveness is divided by the number of
years in the life of the treatment needed to annualize the
effectiveness as well.

Cost Calculation

The costs used in the cost-effectiveness analysis are the unit
costs determined from the decision trees in the budget-needs
module described by Smith (6) and Darter (8). To account for
the time value of money, the equivalent uniform annual costs
@UAC) are used in the analysis. Both intercst and inflation can
be used in the equation; however, the user can decide whether
only interest or both will be used. To account for the difference
in the areas among management units that are being compared,
the costs are calculated per square yard,

The effectiveness is an area under the pCI performance
curve thât is not influenced by the size of the management unit
being analyzed. If total cost were used, the management units
with the smaller areas would have larger ratios than manage-
ment units with small areas for the same cost per square yard
and same life. Dividing rhe EUAC by the area normalizes rhe
EUAC for the area. Life extensions of the selected treatments
are stored in the data base, with the unit costs for the treatment
as default data for use by the PMS software in this calculation
of EUAC/yd2. They may be changed by the user.

Weighting Factors

The ratio of the expected effectiveness per year for the identi_
fied maintenance and rehabilitation treatment to the equivalent
uniform annual cosr/yd2 (effectiveness/yr)/(EUAC/yd2) is cal_
culated for each management unit, The management units
could then be ranked from highest to lowest cost-effectiveness
ratio. The highest to lowest would then be selected until the

EFFECTIVENESS =A
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TABLE 1 RESULTS OF FORCED-CHOICE DECISIONS

T'UNCTIONAL
CI,ASSI}'ICATION PCl

TC/f AI, FUI,ICTIONAI,
CHOÌCE CLASSIFICATION

TOT.{I,
PCI CHOICE

ART]ìRIAf,
COI-I,EC'IOR
ARTERIAI,
COLLEC'IOR
ARTìJRI AI,
ÀRTBR iAL
COI,I.EC'IOR
COI,I,ECTOR

ARTIIRIAL
ÀR'TI.]RIAL
ARTERIAL
COI,I,ECTOR

COLI,ECTOR
COf,I,ECTOR
ARTERIAL
ARTERIAL
ARTIJRIAL
ÄRTERIAL
COLI,ECTOR

COLI,EC'IOR
COLI,ECTOR
COLI,EC'IOR

VS COLI,ECTOR

VS RESIDENTIAL
VS COLLECTOR

VS RESIDENTIAL
VS COLLECTOR
VS COLLECTOR
VS RESIDENTIAL
VS RESIDENTIAL
VS COLLECTOR
VS COLLECTOR
VS COLLECTOR

VS RESITJEI{TIAL
VS RESIDENTIAL
VS RESIDENTIAL
VS COLLECTOR

VS COLLECTOR
VS COLLECTOR
VS COLI,ECTOR
VS RESIDENTIAI,
VS RESIDENTIÀI-
VS IìESIDE}TTIAL
VS RESIDENTIAI,

10-0 0
10-0 1

10-0 2

10-0 3
l0-0 5

2s-10 2

i0-0 5
25-10 2

10-0 6
25-10 s
40-25 2

10-0 s
2s-10 s
40-25 2

10-0 6
2s-10 6

40-2s 4

5s-40 3
10-0 5

25-10 4
40-25 6
55-40 L

10-0
10-0
25-10
25-10
40-25
40-25
40-25
40-25
5s-40
55-40
55-40
55-40
55-40
5s-40
70-55
70-55
70-55
70-55
70-55
70-55
70-55
70-55

6
)
4
3
I
4
1

4
1

1

4
1

1

4
0
0
t
3
1

2

0
5

AREA = area under PCI curve described above,

YR = years affected,

WF = weighting factor for usage, described

earlier,

EUAC = equivalent uniform annual cost, and

SY = square yards in management unit'

Budget Allocation

The pavement management units identified for rehabilitation

are separated from those identified for preventive maintenance

to determine an appropriate split in preventive maintenance

TABLE 2 PRIORITY TABLE BASED ON
ANALYSIS OF FORCED-CHOICE
DECISION IN TABLE 34

PCI RtiS/LOC

Note: PCI - pavement condition index, ART =
arterial, COL = collector, RES/LOC =
residential/ocal.

TABLE 3 PRIORITY TABLE FROM GOAL
PROGRAMMING

versus rehabilitation by the PMS software. Those identified for
rehabilitation are ranked from highest- to lowest-weighted
effectiveness/cost ratio within the rehabilitation group, as illus-
trated in Table 4. A second ranking by weighted effectiveness

ratio is completed for the management units needing preventive

maintenance, as illustrated in Table 5.

The manager selects a budget for the first year of the analysis

period (e.g., $100,000) and an expected budget inflation factor
for the 5-year analysis period (".9., 5 percent). The budget in-
flation factor is applied only to the budget entered. Any budget

inflation factor, including 0, can be selected. The manager also

identifìes the percentage of the budget to allocate to rehabilita-
tion compared with preventive maintenance (e.9., 70 percent

rehabilitation and 30 percent preventive maintenance). These

are entered when requested by the menu-driven PMS software,

TABLE 4 MANAGEMENT UNITS NEEDING REHABILITATION
RANKING BY WEIGHTED EFFECTIVENESS RATIO70-55 10

55-40 7

40-25 4
25-10 2
10- 0 1

13

1l
I
5
3

T4

11
8
5

70-55 10
s5-40 7
40-25 4
25-10 2
10- 0 1

15
I4
t2

9
6

STREE'I
ID

SEC'IION
Il) RH / Pr'l

1{L]IGHTEI)

IJFt.'EC'TI VI]NI.]SS

iìATIO

PCI COL RES/LOC

Note: PCI = pavement condition index, ART =
aræria], COL = collector, RES/LOC =
residential/local.

ASTREIì
DEANST

ALICES
CLAIRE
OPTIMI
MYRTLE
{.,5 Ì KtlL
CSTREE
BSTREE

ATHERT
\üLLIS
MYRTLE

SUTROS
PAMELA

FILBER
MONTGO

DEANST

02
02
01
0l
AREAOl
01
o2
01
01
01
0i
03
01
01
01

REHAB
REHÁ.8
IìEHAB

REHAB
REHAB

REHAB
REHAB

REHAB
REHAB

REHAB

REHAB
REHAB
REHAß

REHAB

REHAB
REHAB
R,EHAB

s03.96
317.63
310.91
308.99
293.1s
230.62
72.63
7t.77
70.27
69.95
44,78
44.78
44.77
44,77
44,77
44.77
39. 38

15
13
1'

9
6

01
01

Note: RH = rehabilitation, PM = preventive maintenance.
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TABLE 5 MANAGEMENT UNITS NEEDING PREVENTIVE
MAINTENANCE RANKED BY WEIGHTED EFFECTIVENESS
RATIO

preventive maintenance funds. This process is repeated for
each of the 5 years in the analysis period by the software. The
results are provided both in a detailed management unit selec-
tion analysis for each year and in a summary table, as shown in
Tables 6 and 7. This allows an analysis of the capital improve-
ment budget and preventive maintenance budget compared
with other classes,

TABLE 6 DETAILED MANAGEMENT UNIT SELECTION
ANALYSIS

Sections Selected for M&R in 1988

5I l{Lt, I

ID
SECTION

IÐ Rr{ / Pl.r

l/li tr;HTE¡.)

Iitj!'uc'tI vriNtìss
RA'IIO

DS'IR1.]E

ttEuKS',f
ALICES
BURBAN

ÀRNOL])

DOTSON

P. MÁI.NT

?. Ì'I.A INT
P. ;'fA ì:\'T
P. itfAINT
P. M.A I. NT
P. i'lÂlNT

702.23
67 4 .14
665.39
5r15 . 96
572,40
47 5 .34

01
01
03
01
01
01

Note: RH - rehabilitation, PM = preventive maintenance.

The computer software selects projects identifled for re-
habilitation from hìghest-weighted effectiveness rario to lowest
until the funds allocated for rehabilitarion (e.g., $70,000) are
expended. If the entire rehabilitation budget is not expended,
the remainder is allocated to preventive maintenance within the
same year; it is not reallocated to following years. Those
marìagement writs identified as needing rehabilitation but not
selected are considered in the following year, Deferred re-
habilitation costs are based on the needs deferred in that year.
Those management units identified as needing rehabilitation
but not selected for funding at this point will also have stopgap
maintenance fund requirements assessed based on condition
level.

This stopgap maintenance fund requirement is based on the
concept that those pavements needing rehabilitation will gener-
ate maintenance expenditures to patch potholes and other high-
severity and safety-related distresses if they are not rehabili-
tated. The actual amount allocated to stopgap maintenance is
based on an analysis of the tpe of maintenance Bay Area
public works personnel would apply to pavement types in each
condition level if funds were not available to apply needed
maintenance and rehabilitation. The stopgap maintenance
funds assessed by this procedure are subtracted from the funds
allocated to preventive maintenance. If the stopgap mainte-
nance fund requirements exceed the available preventive main-
tenance (PlvI) funds, then all PM funds are exhausted on stop-
gap needs. The PMS software reports are then used to advise
the user that stopgap fund requirements exceed the allocated
funding for that analysis year, and no management units are
selected for preventive maintenance. In addition, the surplus
PM funds will have a negative balance, Those management
units identified as requiring rehabilitation but not selected for
the initial year are considered in the following years of the
analysis period.

The management units identified to receive preventive main-
tenance will then be selected based on the same type of ordered
weighted effectiveness/cost ratio analysis. Those with the high-
est ratios are selected until the total allocated preventive main-
tenance funds for that year, minus those expendcd for stopgap
maintenance, are allocared (e,g., $30,000 - $10,000 =
$20,000). Those identified as needing preventive maintenance
but not selected in the desired year are considered in the
following year of the analysis period.

The total budget allocated to rehabilitation, stopgap mainte-
nance, and preventive maintenance is calculated along with the
deferred maintenance and rehabilitation costs and the surplus

Nore: Budget = $72,223 arìd 07o inflation, 907o rehabiliøtim.

The manager can try other budget splits until the best overall
network condition is found. Jn theory the split rhat provides the
best overall network condition over the analysis period should
be chosen, In reality, other factors often intervene, These in-
clude the requirement to keep agency forces gainfully em-
ployed, limitations on contractor capabilities, and political con-
siderations. In addition, some agencies are constrained to
distribute maintenance and rehabilitation funding equally
among the political subdivisions of the city or county.

This provides the manager with an analysis tool with which
he can look at the effects of the various budget decisions. In
effect it is a higherlevel ranking approach (23). The ranking
has a number of steps and uses more information than most
ranking systems. Trade-offs between maintenance and re-
habilitation are considered in building the decision trees. It is
used again in the ranking process by comparing the effects of
various percentages of funds applied to maintenance and re-
habilitation. However, an optimization procedure is not in-
cluded in the PMS software.

There are a number of optimization tools available that could
be used to determine the optional allocation of funds (12,
23, 24). However, several factors have inhibited the use of true
optimization tools in the Bay Area PMS. First, several of the
participating pilot agency personnel adamantly opposed the use
of linear programming, Markov decision analysis, and dynamic
programming. They felt these techniques were too complex
and provided answers through a process they did not under_
stand. On the orher hand, the Bay Area PMS system provides a
ranking system based on condition of the pavement over time,
cost over time, and importance of the road or street in a
procedwe they understand, support, and can explain to the
elected officials ro whom rhey musr justify their budget
requests.

Second, most of the decisions are made based on the bare
minimum of possible data. Ranking provides feasible solutions
with improved decision effectiveness; optimization selects the

Type of M&R
Section

Street ID ID

Total
Cost
($) Rating

Rehabilitation FILBER
WLLIS
MYRTLE

Total

Preventive
maintenance MEEKST

DSTREE
Total

8,358 74.57
19,049 43.69
29,549 43.69

56,956

10,524 768.22
3,058 650.89

ß,5n

02
01
03

01
01
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TABLE 7 SUMMARY DATA FROM BUDGET SCENARIOS REPORT

Budget Allocation by Year ($)

Type of M&R t987 1 988 1990 1991 Total1989

Rehabilitation
Preventive maintenance
Sto,pgap maintenance
Deferred maintenance
Surplus preventive maintenance

52,826 56,956
0 13,582

18,312 0
393,107 350,619

1,085 1,685

60,068 59,063 58,599
10,069 8,634 11,288

1,618 1,911 0
379,802 441,981 402,860

468 2,615 2,336

28',1,51.2

43,573
21,,841

1,968,369
8,189

Norn: Budget = $72,223 and 07o inflation, 907o rehabilitation'

best; however, when the data are incomplete, optimization may

provide no better solution thanranking. The efforts involved in

optimization really should be spent optimizing solutions based

on more complete data.

Finally, the output that comes from the ranking or optimiza-

tion at the network level will not be used directly' The output

provides lists of management units and treátments. These treat-

ments are basically networklevel budget planning treatments

developed for budgeting purposes that must be reviewed in

later proje.ctJevel analysis' The maintenance and rehabilitarion

needs of a small network are shown in Figure 4' Note how the

treatrnent numbçrs are scattered across the network with the

rehabilitation year similarly randomly distributed' If this were

the complete network, the agency might apply the treatments

that way. However, if this were a small portion of a large

network, the difficulty of applying treatments scattered across

the network in this way can be imagined' To gain efficiencies of
scale, an agency will normally apply the same type of treatment

to several streets in an area. They will not apply an overlay to

two blocks, heater scarify overlay one block, skip two blocks,

apply a chip seal to one block, and skip two more blocks before

reconstructing th¡ee blocks in the same year. If two manage-

ment units need a treatment in one year and the management

unit connecting them is identified as needing the same treat-

ment the following year, the agency will generally apply the

treatment to all three in one year' Thus, considerable modifica-

tion in management unit selection occurs in developing "con-
tract or maintenance Packages"'

With this much readjustment of management-unit selection

occurring at the project-level following the network-level anal-

ysis, it is doubtful that true optimization would provide much

better final information than ranking until procedures can be

developed that will provide contract or maintenance packages

from the PMS. More detailed project-level data are required to

develop those packages that cost more money to collect than

the agencies are willing to expend at the network level. When

the data become available over time, the optimization can be

added to the system. Additional budget levels or budget infla-

tion rates can also be tried to determine the impact of budget

levels on the overall network condition.

2-87

1-87

I
@
I
6

ïlil

d)
I

ut

>

FIGURE 4 Example network with treatment number and
PMS budget scenario output.

year of application (1-8Q from
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TABLE 8 PROJECTED FUTIJRE CONDITION

v&R
YEAR

ASTREE 02
DEANST 02
ALICES 01
CLAIRE 01
OPTIMI AREAO1

¡,TYRTLE 01
CSTREE 02
FILBER 02
WILLIS 01
ìVIYRTLE 03
MEEKS'T 01
DSTREE 01
ATHERT 01
ÀRNOLD 01
DOTSON 01
BURBAN 01
PARKST 01
PA.I',ÍELA 01
ALICES 03
BSTREE 02
SUTROS 01
MONTGO 01
ALICES 02
CSTREE 01
3STREE .. 01
I'IYRTLE 02
FILBER 01
DEANST 01
SOUZAC 01
I'JATKIN 01
ASTREE OI
GRANDS Cl
GRANDS 02

Network ì'lean 57 .9

Note: Budget = $72,223 and O7o inflation, 907¿ rehabilitation.

Future Network Condition

The future overall network condition is affected by funding
available as well as by the allocation of funds to preventive
maintenance versus rehabilitation. Individual management unit
conditions are projected into the future, reflecting the perfor-
mance expected with no maintenance or rehabilitation until
they are selected for preventive maintenance or rehabilitation.
At the time they are selected, the increase in condition because

of maintenance or rehabilitation is reflected in the PCI, and the
condition of those management units is projected into the
future based on the maintenance or rehabilitation applied. Stop-
gap maintenance does not generally change the PCI signifi-
cantly nor does it generally provide a long-term increase; it is
not reflected in the PCI increases because of maintenance. A
table of management unit condition listings with the mean
condition of the group for each year is provided to show these
results, as illustrated in Table 8.

SUMMARY

The budget-analysis concepts selected for use included provid-
ing the best network pavement condition for the available
funds. This gives the user the greatest relative advantage. A

STRIIE'I SEC'IION
ID I])

I,ATEST
PCI 89 90 91

67 87 76 74 72 69 67
67 37 76 74 72 70 68
6s 87 74 72 70 68 66
63 87 73 7L 69 67 64
64 87 73 71 69 67 65
60 87 70 69 67 65 64
51 87 i00 93 91 90 89
55 88 52 100 93 91 90
22 88 17 100 94 92 91
25 88 20 100 94 92 9L
76 88 75 83 82 B0 79
79 BB 77 85 83 82 80
43 89 40 37 100 93 91
78 89 76 74 84 82 B0
89 89 88 87 93 92 91
85 89 84 83 90 89 88
40 90 36 32 28 100 94
23 90 18 13 7 100 94
77 90 76 74 73 84 83
73 90 71 70 68 77 75
l7 97 13 8 4 0100
15 91 10 4 0 0i00
5705552504845
4504239363330
4203936332926
3703430272319
27022171260
280252320L6t2
97 91 94 92 91 89 93
98 91 94 92 91 89 93
9708986848280
7407270676562
7407269676462

58.6 63.0 63.1 66.5 70.7

cost-effectiveness procedure was adopted to provide a relative
ranking of pavement management units. This offers observable
and readily understandable criteria for ranking that decrease

complexity and increase compatibility. The area under the PCI-
time cwve can be easily visualized and presented to public
officials to illustrate the quantity used in selecting management
unils for funding. Weighting the effectiveness ratio for use

increases compatibility with expected results and also increases

credibility.
The use of stopgap maintenance in the cost analysis makes

the results more realistic in terms of actual maintenance expen-

ditures. The replacement cost procedures make the funds in-
vested in the pavement network more readily apparent to the
funding agency personnel. The programs were structured to
decrease complexity while the reports were developed to en-
hance the impact of the presented data to the decision makers.

Treatments, costs, life extensions, and strategies are all de-

fault but modifiable elements of the PMS software, and were
developed for the Bay Area PMS. These are applicable only for
the San Francisco Bay Area, and even then represent the mean
costs provided by the pilot agencies. They are used to provide
an example of how to develop and use the data, and are not
presented as the final answer.
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Expert Systems as a Part of Pavement
Management

PATRIcT R. FTaNaGAN AND DaNrsr- S. Halnacrr

Expert systems have recently excited a great deal of interest in
all areas of engineering. The availability of affordable software
running on mini- and microcomputers has allorved this type of
decision tool to move from academe to practical use. Expert
systems are discussed in this paper in relation to their place in
pavement manâgement systems. The structures of these sys-
tems are deflned and compared with current pavement man-
agement systems. The present state of expert systems is then
reviewed. Areas in which pavement management systems can
be enhanced are examined, as are the current limitations of
these systems.

With the rapid increase in capability and decrease in price of
mini- and microcomputers in recent years, f,elds once thought
of as solely the province of university computer science depart-
ments have become less esoteric. A striking example is artifi-
cial intelligence, which has as a goal making computers act
intelligently. Within the field of artif,cial intelligence, there are
several related areas of study including: robotics, machi¡e
vision, machine translation, speech synthesis, game theory and
expert systems, Study and development of these areas has
expanded from academe to business, resulting in rapid ad-
vances. Of all the branches of artif,cial intelligence, expert
systems have produced a great deal of excitement and some of
the most concrete results, Because of success with expert
systems in other f,elds, interest is developing in incorporating
expert systems' concepts into pavement management systems
(PMSs).

The purpose of this paper is to briefly describe the hisrory
and development of expert systems, define their current state,
examìne some long-term resea¡ch goals, and investigate the
usefulness of expert systems' applications to PMSs.

HISTORY

Expert systems research was begrln in thc late 1950s as an
attempt to automate the thought processes of scientists (1, 2).
Expert systems were originally built from scratch for each
application usually using LISP, the most cotnmon program-
ming language for artificial intelligence. Like most computer
progr¿rms, these early systems mixed rules and data for making
decisions with the problem solving process. Such an approach
has several drawbacks, which are present in current PMSs and
will be discussed later in this paper.

The eariy expert systeûrs were followed by a landmark
program called MYCIN which is still in use. MYCIN was
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developed by Feigenbaum and Shortliffe to assist doctors in
diagnosing bacteriological diseases. MYCIN represented two
major advances in the development of expert systems: (a) it
was the first expert system able to explain why decisions were
made, and (b) it was the first to separate the data and rules for
the decision-making process from the process itself (2). Borh of
the characteristics are important reasons for incorporating ex-
pert system techniques into PMSs.

As expert systems evolvedn it became apparent that the
process by which decisions were made was somewhat indepen-
dent of the type of expert system. Although the type of data
dictates to some degree how they are manipulated, researchers
found that processes for evaluating rules could be used with
other data sets for different expert systems, As a result of these
observations, the data and rule set were strþped from MYCIN
to form EMYCIN, which was labeled an expert system "shell"
(24). A shell can then be used to create a different expert
system without the time and expense required to create a

completely new inference engine.
Even though development of the concept of shells was an

important evolutionary step, expert systems were still confined
to mainframe applications, and were therefore beyond the
reach of everyone except wriversities and very large corpora-
tions. A great deal of effort has been expended to adapt expert
systems to mini- and even microcomputers, for which rela-
tively sophisticated expert system development tools are now
available. Just as the evolution from tailor-made single-purpose
expert systems to shells made expert systems more universally
accessible, the transition from mainframe to minicomputer is
causing them to be adapted for use in all areas of engineering.

EXPERT SYSTEM COMPONENTS

Expert systems are composed of major and separate parts, a

knowledge base, and an inference engine. In addition, there are
facilities for creation and maintenance of the knowledge base.

Knowledge Base

The knowledge base is made up of data and rulcs by which
conclusions are reached. The data set may be any type of data
describing a system, such as background information, historical
records, and results of tests. Rules may be laws, mathematical
proofs, heuristics, gut feelings, or common sense. Rules are the
standards against which the data are manipulated in ordcr to
draw conclusions about a problem. There are a number of
useful structures for rules, but the most common in practice is

Engineers, Inc., 2600 Dellana Lane, Austin, Tex.
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the IF-TIIEN-ELSE statement. This type of rule measures

whether a condition exists (IF); if it does, one action is taken
(TI{EN); otherwise an alternative action results (ELSE), An
example of such a rule is as follows:

IF (given level of pavement distress),
TIIEN (suggested maintenance or rehabilitation),
ELSE (check for other distress types).

Rules are meant to duplicate the knowledge that a human
expert brings to the problem-solving process.

Inference Engine

An inference engine is a collection of processing procedures

for examining data-using rules, In one sense, the form of the
processing procedures defines the structure of the rules, It can

also be said that the type of data and rules determine which
type of inference engine is appropriate. There are a number of
possible structures for decision making, including the IF-
THEN-ELSE statements previously discussed, Markov chains,
multidimersional decision trees, and knowledge frames. Each
of these structures has its place depending on the situation.

The inference engine is also defined by the wây in which the
reasoning process flows. Early inference engines used a

scheme of production rules (1). The program determined IF-
TI{EN rules in the knowledge base for which there was suffi-
cient information to satisfy the conditional part of the rule.
Those rules with satisfied IF statements, were then "f,red."
The results of fired rules were then checked to see if the goal
was mel If the TIIEN portion of a fired rule matched the goal,
the problem was solved. If none of the new information
provided by fired rules matched the goal, the facts known by
the program, including this new information, were then re-
viewed to see if additional rules could be fired. This type of
reasoning is known as forward chaining or bottom up reasoning
(2). Thø flow of the process is from the low-level information
up to the goal.

The process used in MYCIN was backward chaining or top
down reasoning. With this type of flow, the program begins
with a hypothesis, and determines if any of the THEN portions
of rules match. Those that do are triggered, resulting in new
information from the IF portion of the rules. The process is
completed when the program either reaches facts that are a part
of the data base or has to ask for more information. Backward
chaining became the standard structure of subsequent expert
systems, but many expert system development tools currently
available allow the system developer to choose between the
two methods. A third altemative is to use some combination of
forward and backward chaining. With this method, the tree of
information known to the program grows from both the origi-
nal information and the hypothesis, hopefully meeting to prove
the hypothesis.

Another aspect of the inference engine is its ability to handle
uncertainty. This facility is especially important for pavement
management, where data are not always easily measured and
may be collected over a period of many years. Not only is there
uncertainty about the conectness of the data, but many of the
relationships between different parts of the pavement structure
and its relationship to the environment have not been precisely
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quantified. As a result, there may be a great deal of uncertainty
within rules, There are several ways to account for uncertainty
in the decision-making process including probability, fuzzy
sets, and schemes developed especially for expert systems l5).
The developers of MYCIN forurd that probability was not a

concept intuitively grasped by system users, and developed a

method of assigning a number from -l to 1 for the certainty
placed on additional information provided by the user.

As previously stated, MYCIN was the first expert system
with the ability to explain its reasoning. In conjunction with
MYCIN, a program called TEIRESIAS provided a limited
ability to answer users' questions on why a certain line of
reasoning was followed (1 ,2). Marty of the expert system
shells available for microcomputers have this facility at least in
a rudimentary form. This ability may be as limited, as in
showing users which rules were invoked, and the paths taken,
The value of this feature should not be underestimated; one of
the most difficult tasks of computer programming is debugging
prograûN for errors in logic. A means of following the flow of
programs is essential for ensuring that the rules drive the
reasoning process as intended. Some of the available shells also
allow the system developer to add a bit of explanatory text to
rules as they are entered (3). In response to a query from the
user, the program then displays the text.

Rule Maintenance

In addition to the knowledge base and inference engine, expert
systems shells have facilities to build and maintain knowledge
bases. At present these include some type of word processing
interface to allow the system developer to add and change
rules. Although this part of expert systems development has
generally received the least attention, it is the most difficult to
achieve. Eliciting rules from experts is difficult because often
experts don't really know how they solve problems. In many
cases they have not tried to quantify the steps to a decision.
Another difficulty is that experts often disagree on the causes of
problems and acceptable solutions. Creating rules from diver-
gent positions requires a very experienced system developer.

There must also be a means of querying the expert system
and receiving the results. A great deal of artiflcial intelligence
research is directed toward developing natural language inter-
faces. The outcome of this research would be a program that
could make sense of a request made in plain English (or any
other language), and respond accordingly. Much of the soft-
ware being offered today claims to have natural language
facilities, but there is little evidence to support those claims.
Expert system development tools have not advanced to a stage
at which the average person with the need for a system will
have the resources to devote to develop one. As is the case with
PMSs, agencies with a use for such a system will generally
look outside for development.

Current Research

There are a number of enhancements to expert systems that are
crurently under development, One is frames, groups of interre-
lated rules and data (ó). Framing allows faster and more eff-
cient information exchange, reduces redundancy and conflicts
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of rules or data, and will aid in the eventual development of
model-based expert systerns.

Another important area of resea¡ch is rule checking. Ideally,
the expert system should locate rules that:

1. Have indefinite conditions or conclusions,
2. Have become obsolete,
3. Are triggered too often,
4, Are never triggered, or
5. Conflict with other rules or data.

The first three cases are based primarily on the corffnon sense
and experience of the expert. At present, the sophistication of
expert systems is well below what is required to simulate
coûlmon sense; however, the last two potential problems are

manifested much more directly and distinctly. There is some
current effort to include these two types of rule checking into
the inference engine.

Recent research has also focused on improving the inference
engine's explanation capabilities. Software currently available
allows explanatory text to accompany rules. This is a some-
what superficial solution to a problem that might be more
thoroughly h¿ndled by backward chaining. úr essence, the
inference engine would retrace its steps in the decision process
to expose a c¡itical path. The explanation process has many
applications, including debugging, rule calibration, and teach-
ing, As microcomputer speed increases and storage capacities
are expanded, much more emphasis will be placed on this
aspect,

As described earlier in this paper, the ability to handle
uncertainty in the knowledge base is an important feature of the
inference engine. Though some recent effort has been made to
develop this feature, the primary focus of current research is on
soliciting information about uncertainty from the user.

PMS as an Expert System

Pavement management is an excellent test bed for expert sys-
tems as it can be argued that PMSs in their current states are
rudimentary expert systems, much like the precursors to MY-
CIN. Cunent PMSs lack a clear division between their in-
ference engine (normally a single decision tree) and the rule
base (typically breaþoints for pavement distress severìties and
extents). PMSs also lack any explicit explanation capability. As
PMSs evolve, there is considerable opportunity for advancing
expert system research, primarily in the area of rule manipula-
tion. Data requirements have generally been established. In
some areas there is a history of data collection, and there is
general agreement on how to quantify pavement serviceability
and faiiure (7).

PMSs provide a unique environment for rule-based evolu-
tion for th¡ee reasons. First, with continued periodic data col-
lection, there will be opportunities to develop rules f¡om the
data to replace the heuristics originally supplied by the experts.
Second, as the pavement management system works to im-
prove the road network, the goals of the PMS will change.
Third, pavement management is a field in which the recognized
experts, whose knowledge will originally be incorporated into
the knowledge base, have as counterparts local experts whose
experience with local climate, traffic, equipment, materials,
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work rules, and politics is equally important to the develop-
ment of a comprehensive hrowledge base, It has been sug-
gested that the term expert system is a misnomer, that these
systems ought to be called knowledge systems instead, to
emphasize the importance of information supplied by those
other than acknowledged experts (8). In short, a PMS's rule
base should never remain static. The unique organization of
expert systems will satisfy this requirement and provide a

valuable opportunity to improve the system as well.

LONG.TERM RESEARCH

As computer hardware continues to develop in processing
speed and storage capabilities, and as artif,cial intelligence
software becomes more standardized and mature, the field of
expert systems will experience phenomenal development, This
development will enable computers to simulate human intel-
ligence more accurately rather than to simply respond to input
with programmed responses. Two noteworthy possibilities with
respect to PMS are Model Based Expert Systems and Intel-
ligent Data Bases.

Model Based Expert Systems

Until now the mechanisms with whìch the inference engine of
an expert system has drawn conclusions are simple rules. These
rules, most often in the form of IF-THEN-ELSE statements, are
nothing more than sets of conditions associated with instruc-
tions to be followed or conclusions to be drawn. In essence, the
rules direct the investigation of the inference engine but give no
insight into why a line of reasoning is followed. A new genera-
tion of model-based expert systems will include the reasons for
making inferences and deductions in a certain way (2). Mathe-
matical and heuristic models are by no means new to computer
science, engineering, or pavement management; however, the
development of an inference engine that can use models to
process data, yet remain functionally independent from the
knowledge, is far from trivial. Just as the organization of a rule-
driven inference engine determines the structure of the rules, so
must the model-driven inference engine determine the structure
of the models. There must therefore be strict definitions for the
form and purpose of the models in the knowledge base.

As the rules in a rule-based system become proven, mature,
and properly framed, they will no doubt provide assisrance in
developing models for future systems, But as models are de-
veloped, there must bs a concurrent effort to develop model-
checking capabilities corresponding to rule-checking features
now being researched, This is of foremost importance as mod-
els are dimensionally far more complex than are rules. The
cause-and-effect relationship of a rule is inherent in its struc-
ture. The results of applying individual rules to data are gener-
ally transparent. The difficulty in proofing rules comes pri-
marily in their interactions with each other. Models on the other
hand are composed of rules. They are often based on intuition
and common sense, and applying a model to data can result in
actions completely opaque to the user. Thus any inconsisten-
cies, conflicts, or omissions in a model because of unwarranted
assumptiors may result in subtle enors or divergences which
may easily go undetected.
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Intelligent Data Bases

A possible solution to the problems of rule/model development
and checking may be found in an area of research known as

intelligent data bases. Intelligent data bases are distinguished
from expert systems in that expert systems use rules or models

to derive conclusions from data, whereas intelligent data bases

attempt to create rules and models from data. Early work in this
area has involved pattem matching, dealing primarily with
symbolic representation of data, Although this abstract form of
correlation shows promise, researchers remain far from pro-
ducing computer programs that can derive rules or models from
data without human assistance. Nevertheless, the structure of
expert systems' rules and models and the organization of the

knowledge base into frames provide an excellent conceptual

environment for the human expert to apply his experience,

expectations, and understanding to improve rules and develop

new models. Furthermore, while an intelligent data base may
be years in coming, the same concepts can begin to be applied
to monitoring rules or modeis supplied by human experts.

Monitoring would be in the form of: (ø) flagging data that are

exceptions to rules, (b) indicating divergence in the data from
conditiorx predicted by the models, and (cJ indicating those

rules or models that are either triggered more or less often than

expected.

CONCLUSIONS

Unquestionably, expert systems will need considerably more
development before they can live up to their expectations. This,
however, is not to say that they provide no benefits in their
current stage of development. In fact, expcrt systems present

several advantages over PMSs as they are currently formulated.
First, the structure of an expert system is well defined with-

out limiting the analytical or theoretical approaches to data

reduction. This can also give definition to an as yet unstandar-
dized category of computer programs, PMS. The most benefi-
cial aspect of this structure is in the separation of the inference
engine and the knowledge base. Once the mechanics of the
inference engine and the structure of rules and data have been
determined, the computer code need not be rewritten whenever
new rules or data are added, Thus, the burden on the system
programmer is relieved and the maintenance of the PMS is
placed back in the hands of the experienced engineer. The
pavement engineer is most familiar with the data and is respon-
sible for the answers produced by the system. It is therefore
appropriate that he be entrusted with the architecture of the

system. Furthermore, the flexibility of the knowledge base al-
lows for continual improvements and updates, and provides the

Iocal engineer with a means to customize the knowledge base

by incorporating his special knowledge of local conditions.
The second advantage of expert systems is that they can

directly address uncertainty in the knowledge base. Uncertainty
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in data can be handled by appropriate rules and input struc-

tures. Rule uncertainty is currently being addressed with tech-

niques such as Markov chains. The task of quantifying uncer-

tainty in the data and rules is still the responsibility of the

engineer; however, once the uncertainty has been determined,

expert systems can support a structured means for analytically
or heuristically accounting for uncertainty.

A third important advantage of expert systems is their ability
to explain the reasoning employed to reach conclusions. An
inference engine should have the ability not only to use the

rules and data in the knowledge base to draw conclusions, but
also to retrace its path to explain which rules and data were

critical to the conclusion. The benefits of explanation are

th¡eefold:

1, Erroneous or inconsistent rules are exposed,

2. The user can have more confidence in the answers re-
ceived from the system, and

3. The system can be used as a learning tool,

Finally, it should be noted that expert systems are only
intended to aid the engineer. They are not substitutes for expe-

rience and cornmon sense. As stated previously, the most diffi-
cult and important part of developing an expert system is

soliciting experts' knowledge. There will inevitably be failures
when trying to quantify knowledge that is based on many years

of experience. Some expert advice is derived entirely from the
expert's intuition, which is inherently unquantifiable although
still a valuáble source of information. Thus, expert systems are

at best tools to organize and enhance PMSs that show great

future potential. They will never replace an experienced pave-

ment engineer, and should not be touted as the final solution for
PMSs.
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MAPCON: A Pavement Evaluation Data
Analysis Computer System

Sruenr W. HuosoN, W. RoN¡.ro Huosotrl, aNo JoHN P. Z¡.NIswsxI

Described in this paper is a computerized pavement data entry. This paper describes a system of microcomputer pro-
analysis methodology called MAPCON. Pavement condition grams to aid in converting raw pavement evaluation data to
data are input and results useful for pavement management usable input for a PMS,
are produced. The MAPCON system rvas developed i" 1T- From 1979 to 19g3, the Federal Highway Administration
search project funded by the Federal Highway noitiit.t::jî:; 

çF.nwÀ1, u.s. Departmenr of rranspoitation, sponsored re-
Eightstatehighwaydepartmentswerestudiedtodetermine
their pavement data collection and analysis p.*.¿".ár.'Ñ"i" search. with Pennsylvania State University (Penn State), to

pavement analysis progrâms were developed, ãnd existing pro- assemble several computer prograûìs into a suite of programs

gru-s were iOentineO, tested, and modified. All of these pro- called Methods for Analyzing Pavement Condition Data
grams (a total of 18) were incorporated into a microcomputer (N{APCON). In a followup project, ARE Inc. has further de-
package that features menu-driven program flow and fully veloped and improved the MAPCON system (1). Three com-

highway agencies. Because of the wide variety of existing pave- MAPCON features menu-driven program flow and fully
ment analysis techniques and ever-changing technology, con- interactive data input, The system is structured for easy addi-
tinued support for further research and development of MAP- don of new programs, Also, because of its structure, MApCON
coN is desirable' Pavement technology is also 1nane,i1q wìlr continue to operate on a microcomputer regardless of the
constantly and the MAPCON suite of analysis programs has _.: ;^.
the capability to change with the technology. 

- "Ë- ----- ---- number of programs added'

State highway agencies were selected for participation in the
Pavement management is an important concept that involves project with ARE Inc. to give a broad spectrum of PMS data-
many highway agency functions such as data collection, plan- collection equipment, procedures, and analysis techniques,
ning, research, design, construction, maintenance, rehabilita- Agency representatives received training in operating MAP-
tion, and others. Because of the broad implications for improv- CON, reviewed the system, and provided advice about how it
ing the eff,ciency of building and maintaining the highway could be improved to best fit their needs. These ideas are

pavement infrastructure, pavement management is a major area incorporated into the current form of MAPCON.

of emphasis in the United States. The objective of the research The MAPCON system contains procedures for the analysis

described in this paper is to provide highway agencies with a of pavement condition data. The analysis methods are state of
set of tools to reduce raw pavement condition data to suitable the art in pavement evaluation and design-data handling. Al-
inputs for pavement management systems, most all of the basic types of pavement evaluation data analysis

procedures are included in MAPCON's comprehensive suite of

oBrECrrvE :ilffü;ffï:'lJiî$'iif'iï'JÍ*,:kY,i:,".,:kî
capacity, and surface distress. Both rigid and flexible pave-

Raw pavement evaluation data must normally be processed ments may be considered. The program is user friendly and
before it is input to a pavement management system (PMS). easy to leam and operate by anyone familiar with pavement
Data must be checked for accuracy, entered into a data base, evaluation and design concepts, The user does not need special
wnlyzed, and summarized before the engineer can use them to computer expertise, but a working knowtedge of MS-DOS
list projects in order of priority or make decisions about re- (disk operating system) is helpful. MAPCON runs on IBM-PC
habilitation. Modem transportable computers allow technicians compatibles using MS-DOS version 2.1 or greatet New pave-
and ensineers to take a computer to the nerd ror directdata 

ä:iå1î:'J"ï:t#i;ää,ff;x',iii:;:,jiiìätåi;üili
S. Vy'. Hudson, ARE Inc.,2600 Dellana Lane, Austin, Tex.78746. --...:-^ /'p I

W. R. Hudson, Department of Civil Engineering, EcJ 6.10, The Uni- routlne (lr oeslreo)' I ne analysls routlnes exlst as lndrvloual

versity of TÞxas aiAustin, Ausrin, Tex. ,lg7l2. J.p. z*il*rLi, cru executable files on computer disk' Only one routine is called

Engineering Department, Arizona State Universiry, Tempe, Ariz. into computer memory at a time so the maximum size of the
85287. entire MAPCON suite is virtually unlimited.
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interactive data input. MAPCON guides the user through puþr prograrns from the Per¡n State research were included in
selection of analysis method, data entry, and analysis. The path iønpðOÑ. Twelve new analysis programs were developed by
taken by MAPCON is determined by the user's.answe¡s to ARE Inc. and added to MApCON. 1tr", existing prógro-,
questions presented on the screen. The type of data analyzed ,,.^- ;
by MApcoN includes friction and skid, r"rgrt".å,-.tääi.uì we¡e identifled' tested' and modifled for use in the MAPCON

capacit¡ surface condition, or a combination of # l;ih*;: tl:t:i This gave MAPCON a total of 18 analysis programs'

lfÀpCONisasetoftoolsusefultopavementmanagementand ARE Inc' then integrated all of the programs into a user-

design engineers. It is available forìmplementation-and use by friendly package for convenient use on microcomputers,
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FIGURE 1 Flowchart of overall MAPCON system showing individual program modules.

ANALYSIS PROCEDURES INCLUDED IN MAPCON

MAPCON allows the user to select the desired analysis
method, enter data, and perform analyses. Figure 1 is a diagram
showing the basic flow of MAPCON. The user initially types

the word "MAPCON". From there, the path taken by MAPCON
is determined by the user's answers to questions presented on
the screen. The initial question concems the type of pavement

data to be analyzed. The choices are

1. Safety,

2. Serviceability or roughness,

3. Structural capacity,

4. Surface condition, or
5. A combination of the last three.

Depending on the answer, MAPCON executes the appropriate
path setting data-entry program. The user is presented with
menus of options. His choices determine the type of analysis to
be performed. The program then presents data-entry questions.

Data checking is performed by reprinting the answers and

allowing them to be changed. For the input of bulk data, such
as pavement prof,les or pavement texture data, the user has the
option of entering data in the program or inputting the names of
exìsting bulk data files. After data entry is complete, MAPCON
executes the chosen analysis programs with the input data files.

A complete description of the operation of MAPCON and

the algorithms used are given in the MAPCON User's Manunl
(2) and tlae MAPCON Operations and Maintenance Manual
(3). An overview of the programs and instructions for use are
also in the User's Manual.

Payement Safety Analysis

The safety-analysis routines involve the determination of fric-
tion and hydroplaning potential for a standardizedtire, and the
analysis of skid resistance/velocity relationships from friction
measurements. The safety analysis paths in MAPCON are all
included in a subprogram called SAFE; the flow is shown in
Figure 2.
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Program SAFE uses combinations of skid number with asso-

ciated vehicle velocity and microtexture or macrotexture pro-
file data to define a skid number/velocity relationship for a

pavement. Routines are also includçd to calculate critical hy-
droplaning speed, given a macrotexture parameter,

Pavement Serviceability or Roughness Analysis

The concept ofrating the present quality of a road is discussed
in detail by Carey and kick (4). Present serviceability is de-
fined as "the ability of a specific section of pavement to serve
high-speed, high-volume, mixed (truck and automobile) traffic
in its existing condition," As the term and its definition indi-
cate, the present serviceability index (PS! relates only to the
condition of the pavement at the present time and not to its past
or future condition. The present serviceability rating (PSR) is
the mean of the subjective evaluations of present serviceability
made by a human rating panel. The panel is intended to repre-
sent all highway users. The PSR (and therefore the ser-
viceability) of a pavement has been shown to be directly related
to pavement roughness, as mensured by mechanical equipment,
in a number of studies (5-7).The paths available to perform
serviceability and roughness analysis within MAPCON are
shown in Figure 3.

Several types of data can be used to estimate serviceability,
The most common types of data collected are

¡ Proflle data collected by profilometers or by rod and level
suryeys.

¡ Roughness data collected using response-type road rough-
ness meters (RTRRMs).

kofile data consist of pavement elevations collected at regu-
lar, closely spaced intervals along the traveled path of the road,

Hydroplaning
analysis

It is generally not cost effective to collect prof,le data for an
entire pavement network,

Resporse-type devices such as Mays Meters, Bureau of
Public Roads (BPR) roughometers and Portland Cement Asso-
ciation (PCA) meters are cost-effective for collecting data on a
network level, but the raw data cannot be used to estimate
serviceability directly. RTRRMs measure the response of a

vehicle to road roughness, The response for a given section of
road will be different for each device used. The response of an

RTRRM is therefore machine dependent and must be
calibrated.

MAPCON contains several programs to evaluate profile data
and calibration and operation data from RTRRMs, These pro-
grams are called PSI, RQ, VAARE, QIARE, ARSARE,
RUNMM, and CALBMM, and are described as follows,

Program PSI contains routines for analyzing several types of
data to get a present serviceability index. Data types include
output from several types of RTRRMs, pavement profile data,
and axle-body displacement data. Routines include simulations
for ideal and conventional Mays Meter; CHLOE profilometer;
and quarter-car, half-car, and full-car models. There is also a
paver-grinder simulation routine,

Program RQ analyzes several types of data to give ride
comfort statistics. One model included is the University of
Virginia Ride Quality Model (8), which analyzes pavemenr
profile data and root-mean-square body acceleration and roll
rate data. Anorher model is the ISO Ride Quality Model (9),
which uses pavement profile data and either a linear or a
nonlinear transfer function.

Three programs use pavement profile data to produce pave-
ment roughness statistics. These statistics can be used to cali_
brate RTRRMs. Program VAARE calculates the root-mean-
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FIGURE 3 Serviceability analysis paths.

square vertical acceleration statistic (RMSVA). Program

QIARE calculates a quarter-car index (QI). Program ARSARE
calculates average rectified velocity (ARV) and ave.rage rec-

tified slope (ARS) as defined by Gillespie, Sayers, and Segel (10).

Programs CALBMM and RUNMM are used to develop

RTRRM calibration coefflcient files and convert RTRRM data

to standard roughness statistics using these f,les. Calibration
coefficient files can be set up using roughness statistics such as

RMSVA, QI, ARS, ARY or other statistics.

Pavement Structural Capacity Analysis

The purpose of structural capacity analysis is to determine the

ability of a pavement to withstand loads. The primary types of
data used to determine structural capacity are

u6ing non-linaar
tranSlsr funct¡on

¡ Modulus of elasticity values, Poisson's ratios, or other

fundamental engineering properties of the pavement materials.

¡ Deflection data collected using multisensor devices such

as the Dynaflect, road rater, or faliing weight deflectometer.

MAPCON has several methods of evaluating data from both
categories. The available structural analysis paths are shown in
Figure 4. The programs used in the structural capacity paths are

RRFITIS, DYNAFIT, FWDUTIS, ELSYMs (ELSARE),
HCF, FATLIF, and GENDEF, which are all described in the

following paragraphs.

Programs DYNAFIT, FWDUTIS, and RRFIT1S are used

for interactive deflection basin matching for the Dynaflect,
falling weight deflectometer, and road rater, respectively. These
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FIGURE 4 Structural capacity analysis paths.

programs use elastic layer theory to estimate a deflection basin.
The input material properties are varied until the theoretical
basin matches the measured basin. Each program has fully
interactive data input and plotting of the calculated and mea-
sured deflection basins. They also have the capability to ana-
lyze pavement structures with a bottom layer of bedrock,

Program ELSYMS contains routines for elastic layer theory
analysis of a pavement structure. This program uses arr input
format developed by ARE Inc. It provides estimates of stresses,
strains, and deflections at user-specified locations within a

pavement system.

Program FICF uses simulated elastic layer theory analysis
routines and fatigue-life equations to predict fatigue life from
either Dynaflect deflections or input layer modulus values.

Program FATLIF uses the fatigueJife equations previously
mentioned to predict pavement fatigue life. It reads input files
created by the deflection basin matching programs, or by the
user. Elastic-layer theory routines are called to find the critical
stresses or strains used in the fatigue-life equatiorx.

Program GENDEF takes any multisensor deflection-device
data and calculates surface curvature index (SC!, base curva-
ture index (BCI), and spreadability index (SPR). Ir calculares
the mean and standard deviation of the sensor readings, SCI
BCI, and SPR for all the deflection basins in each section.

Pavement Surface-Condition Analysis

Surface-condition analysis involves the manipulation of data
concerning distress manifestations that are present on the pave-
ment surface. The surface-condition analyses included in
MAPCON are shown in Figure 5.

FATLIF usirE
ELSYMS lo firìd
critical slress
and slrain

Surface-condition data are used in MAPCON for two
purposes:

1, To calculate a pavement-condition survey score, or pave-
ment condition index; and

2. To create a data base for use in making PMS decisions.

Four paths are available in MAPCON for these purposes.
The programs that make up these paths are HCF, FPMS,
STAMPR and SCORCS, alt of which are described as follows.

Program HCF contains routines that caiculate the pavement-
condition index of the PAVER system (11 , 12). The result is a

suûrmary report of the distresses with their associated severities
and extents and an overall pavement-condition index.

Program FPMS is a computerized pavement management
system for flexible pavements developed by the state of Cal-
ifornia (13). It features full-screen data entry and editing, data
file manipulation, and determination of rehabilitation options.

Program STAMPP is also a pavement management system
developed by the Pennsylvania Department of Transportation
(14).It has full-screen data entry, dara file manipulation, and
determination of rehabilitation options, and, like FPMS, is
written in BASIC.

Program SCORCS calculates a condition survey score based
on a user-def,ned equation. The user decides whether weighted
distress deducts are added to or subtracted from a perfect
pavement score, The user deflnes the perfect pavement score
and inputs the weighted distress deduct values for each distress,
The program then calculates overall pavement scores for use in
prioriti zation of sections.

alislics
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the Evaluation of Pavement Condition Data." The research

covered current practices in pavement-condition data analysis

and incorporated relevant analysis procedures into a suite of
computer programs, called MAPCON. This suite contains
state-of-the-art procedures for all aspects of raw pavement-

condition data analysis to produce inputs for pavement man-

agement systems,

The MAPCON suite of programs is useful to highway agen-

cies in several respects. It is an automated method for analysis
of raw pavement condition data to produce meaningful inputs

to a pavement management system. MAPCON is also a useful
tool for training pavement engineers and designers in the data

types and methods used in pavement evaluation and rehabilita-
tion. MAPCON is an analysis package to be used by highway
agencies to reduce their pavement-condition data to usable
indices and statistics.

'Whereas each of the individual programs is powerful, the
real strength of the MAPCON suite of programs is the ease of
use, During the research project, more than 30 engineers from 8
states were trained to use the prograrn. The training sessions
generally consisted of one moming of introduction followed by
structured use of the program in the afternoon, During the
second day of instruction, the participants were experimenting
freely with the program. IVith the ready availability of low-cost
and powerful computers, programs such as MAPCON should
significantly advance the state of the art in needed analysis
tools. The bounda¡ies of technology will continue to be pushed
by research. MAPCON helps make new technology available
to the highway practitioners.
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beam or falling weight deflectometer G\ryD) surface deflection
measurements. Alaska has developed quantitative methods of
establishing load restrictions based on measurements of pave-
ment surface deflections, Most states use experience and judg-

ment to determine the appropriate posted load limits for spring

thaw conditions.

In Pennsylvania, the use of load-limit posting goes beyond
the seasonal load restrictions employed by some states. The
reason is that the Commonwealth of Pennsylvania is responsi-

ble for 44,000 miles of roadway, approximately two-thirds of
which are classified as collector or local roads, In most states

such lower volume roadways would be the responsibility of
local govemment agencies, Because many of the secondary

roads have a structural capacity that is inadequate to carry
heavy loadi without extensive maintenance, Pennsylvania has

the authority to post load limits during any time of the year.

Currently the state has a uniform, load-restriction policy: when
load limits are imposed, they are always set at 10 tons GVW.

A major factor in the consideration of axle load limits on a

particular roadway is the cost associated with the pavement

deterioration caused by each vehicle. For occasional overloads,
permits can be purchased. Similarly, if vehicles heavier than

the posted limit use the road for an extended period of time,
proper bonds may be required. At present, both types of fee are

determined on the basis of experience.

The posting of load limits on the basis of GVW poses a
fundamental problem. The load from the vehicle is transmitted
through the axle tires, and the load applied by each tire depends
on the number of tires per axle. Tandem and triple axles have
more tires than have single axles, so they can carry a heavier
load while puttìng as much stress on the pavement as a lighter-
loaded single axle. Because the performance is related more
accurately to axle loads and axle types than to GWV, the
posting of load limits should be based on a maximum load for a

given axle type.

The objective of this research proje.ct was to develop a

rational and comprehensive guideline for the posting of load
limits. The procedure had to be capable of evaluating the load-
carrying capacity of pavements and of determining the appro-
priate damage cost to be assigned to heavy vehicles. The
resea¡ch effort resulted in the development of a comprehensive
procedure for the evaluation of axle load limits. This pro-
cedure, which was developed for a microcomputer, uses deflec-
tion measurements from either a road rater or an FWD to
determine the expected pavement life for different axle load
limits. In addition, the program determines the percentage of

A Microcomputer Procedure to Analyze
AxIe Load Limits and Pavement
Damage Responsibitity

DavIo R. LuHn AND EMMANUEL G. FrnNeNpo

The development of rational guidelines for the posting of load
limits in Pennsylvania is presented. A theoretical analysis was
conducted to evaluate the effect of axle loads under a variety of
conditions that considered various load magnitudes and con-
figurations for different pavement thicknesses and material
properties. It was found that axle configuration (i.e., single-,
tandem-, and triple-axle assemblies) did not significantly affect
pavement response, provided that the load per tire remained
the same. A perfolmance model based on present ser-
viceability index was developed that related pavement perfor'
mance to calculated subgrade strain. In order to accommodate
Pennsylvania's deflection-measuring equipment, a procedure
was developed that determines the subgrade strain from mea-
surements taken with either the road rater or the falling
weight deflectometer. A microcomputer program was written
that incorporates the new procedure and includes a default
traffic stream that is typical of secondary roads. The program
generates information concerning predicted years to failure
for different load limits. In addition, simple charts were de-

veloped to allow engineers to conduct a load.limit analysis in
the absence of deflectlon measurements and to determine pave-
ment damage responsibility for different axle loads. Results of
an example application of the procedure indicate more damage
responsibility for heavy loads on thin pavements than on thick
pavements, as would be expected. However, cost allocation
based on marginal pavement damage can be misleading tf the
lnitial cost of construction is not considered. The load-limit
analysis procedure presented in this paper can be a valuable
tool in the evaluation of axle load limits and axle damage
responsibility.

Every state has specified the maximum legal load limit for a

single axle, for a tandem axle, and for maximum gross vehicle
weight (GVS). Often, however, roads do not have adequate

structural capacity to carry axle loads at the legal load limit for
all or part of the year. In the spring when the ground is thawing,
these pavements have significantly reduced bearing capacity. In
addition, for many roads the expense of importing non-frost-
susceptible materials is prohibitive. To deal with this problem,
many legal codes allow for the posting of load limits below the

state's legal maximum.
This reduction (posting) of legal load limits on roads during

the spring-thaw period is employed in 17 U.S. states and

Canadian provinces (1). Some of the states employ deflection-
measurement equipment to determine when the road is in its
worst condition. The Washington State Department of Trans-
portation (WSDOT) uses load restrictioru that are based pri-
marily on experience and, occasionally, on either Benkelman

The Pennsylvania State University, Univenity ParIç Pa- 16802.
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total damage resulting from each axle load, so that estimates of
damage responsibility can be made. For cases in which the user
does not have deflection-measurement information, simple fig-
ures were developed to provide the engineer with results for
typical pavement conditions.

REVIEW OF CURRENT PRACTICE

Load-Limit Posting Practices in Pennsylvania

The establishment of truck-axle weight restrictions below the
legal load limits is authorized by Section 4902 of the Pennsyl-
vania Motor Vehicle Code. Under this law, Commonwealth and
local authorities may impose restrictions on the weight or size
of vehicles allowed to operate on a particular route whenever it
is determined that, without such restrictions, excessive damage
may occur to the road. Section 4902 also authorizes Common-
wealth and local authorities to issue permits allowing the
movement of vehicles that exceed the limits of size and weight,
and to require sufficient security to cover the cost of repairing
the pavement damage caused by the movement of heavy vehi-
cles. The procedure for bonding the roadway is usually as

follows:

1, The operator who wishes to haul amounts in excess of the
posted load limit notifies the state department of transportation;

2. The department inspects the roadway, so that future
damage (caused primarily by the operator) will be recognized;

3. The operator posts a bond, indicating the obligation to
maintain the road in a suitable condition; and

4. The department periodically inspects the road for opera-
tor compliance.

Even though the procedure requires a significant amount of
manpower from the department to be implemented, there are

some offsetting benef,ts to the department. For example, the
operators will typically contract out the required maintenance
work on their own, thereby reducing the amount of mainte-
nance work required by department forces, Also, as each opera-
tor is financially responsible for his own road, he is more
careful to monitor his truck loads and reduce hauling when the
pavement is in a condition with poor bearing capacity.

In Pennsylvania, the maintenance districts enforce a 1.0-ton
gross vehicle weight limit for posted roads. Chapter 15 of the
Pennsylvania Department of Transportation (PenirDOT) M ain-
tenance Manual establishes a uniform, statewide policy on
hauling in excess of posted load limits (2). This loadlimit
specification was selected on the basis of engineering judgment
and experience. Most posting in the districts is done on a

permanent (year-round) basis, although seasonal posting of
some routes is practiced.

Although the establishment of load restrictions on the basis
of gross vehicle weight is convenient from the standpoint of
implementatiorL it is fundamentally incorrect. The load from a

vehicle is transmitted through the axle tires, and the number of
tires per axle significantly affects the loads transmitted to the
pavement, Consequently, pavement response is more directly
related to the tire loads imposed on the pavement surface than
to gross vehicle weight. It is therefore more rational to deter-
mine load limits on the basis of axle loads and number of tires
per axle.

89

DEYELOPMENT OF LOAD.LIMIT ANALYSIS
PROCEDURE

Analysis of Axle Loads and Configurations

An important objective of this project was the analysis of the
effect of axle-load distribution on pavement response. This
analysis was conducted by examining theoretical solutions of a

linear-elastic, pavement-analysis computer program called
BISAR (3). With this program the effect of changing load
magnitude or load configuration for a variety of pavement
conditions could be evaluated in a practical and rational way.

A threeJayer pavement structure (surface, base, and sub-
grade) was selected for the analysis because it is representative
of typical pavements for secondary roads in Perursylvania.
Three different levels (associated with low, mediun¡ and high
values) were chosen for various pavement parameters (surface

thickness, surface modulus, base thickness, base modulus, and

subgrade modulus). Because of the importance of load magni-
tude in this study, five different levels were selected for this
variable. The levels of all variables were selected with equal
differences between levels in order to satisfy certain criteria in
the statistical analysis of the data. The values chosen for the
different factor levels (Table 1) represented a broad range of
pavement and loading conditions, and include the range of
surface and base thicknesses typically found in Pennsylvania.
The possible combinations of all values of all factors (a full
factorial) result in 35 times 5, or 1,215 observations for each
axle configuration, The pavement surface deflections, the hori-
zontal strain at the bottom of the asphalt concrete layer, and the
vertical straìn at the top of the subgrade were calculated for all
of the factorial combinations. These pavement-response vari-
ables were determined for single-, tandem-, and triple-axle
conflgurations.

A detailed analysis of the pavement-response study is re-
ported elsewhere (4,5) and is too long to repeat here. It was
found that axle configuration (i.e., single-, tandem-, and triple-
axle assemblies) did not significantþ affect theoretical pave-
ment response, provided that the load per tire remained the
same. It was therefore decided to use load per tire as the
principal factor in developing a loadlimit analysis procedwe.

Following the analysis of axle loads, a performance model
based on present serviceability index (PSI) was developed that
related pavement performance to calculated subgrade strain,
The performance is given by

logt¡ Nr = 4.508 - 436.992 (e"r) + 0.o92 (II, + Ht)
+ 0.141 (PSIj * TSI) - 0.014 [TSI(//1 + H, +fu)]

+ 3.3821o916 (111 + Hù - 0.319 logls

I(PSI, * Hr) + ll - 1.987 logls (TSI * H1)

- 0.299H2 - 0.00018P + 0.041 (Ht * Hz)

R2 = 0.758 SEE = 0.283 N = 568 observations (l)

where

Nx = number of applications of axle load X,
t"s = maximum subgrade vertical strain,
Hr = surface layer thickness (in.),
H2 = base layer thickness (in.),
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TABLE 1 LEVELS OF VARIABLES USED IN THE STUDY

Variable Leve I s Units

Load (all dual Eires)

(a) Single Axle

(b) Tandem Axle

(c) Triple Axle

Surface Thickness -TI

Surface Modulus -El

Granular Base Thickness

Granular Base Modules -

Subgrade Modules - E3

6; L2; l8; 24;

12;24;36;48;

lB; 36; 54; 72;

l; 5.5; l0

80 x lO3; 540 x

1000 x 103

3; 9; l5

l0 x 103; 40 x

70 x 103

3xt03; l0x

l7 x 103

30

60

90

r03

kips

kips

kips

inches

psi

inche s

psi

psi

- "t2

E2 103

103

H3 = subbase layer thickness (in.),

PSIj = initial present serviceability index,

TSI = terminal serviceability index, and

P = load per tire (lb).

In order to accommodate Pennsylvania's defl ection-measur-

ing equipment, a procedr¡re was developed that estimates the

subgrade strain directly from deflection measurements taken

with either the road rater or the FWD' [r the development of
the procedure, theoretical displacements for the road rater and

FWD loading conditions were determined from multilayer lin-
ear elastic theory (, 6).For the road rater, a loading frequency

of 25 Hz and a peak-to-peak displacement of 0'1 in. were

assumed in the calculation of theoretical surface displacements'

These assumed values for frequency and peak-to-peak dis-

placement result in a peak-to-peak force of 500 lb and are those

normally used by PennDOT when road rater deflection mea-

surements are taken. Theoretical displacements were deter-

mined at four different positions corresponding to the four
sensors of the road rater, which are spaced at 1-ft intervals.

For the FWD, a load level of 9,000 lb, applied through a

circular plate of 5.9-in. radius, was assumed in the computation

of theoretical surface displacements. The displacements were

determined at seven different positions, corresponding to the

seven sensors of the FWD, assuming a 1-ft spacing between

sensors,

The theoretical displacements calculated by BISAR for the

road rater and FWD loading conditions, and for each combina-

tion of layer moduli and thickness included in the factorial
study presented earlier, were subsequently correlated with the-

oretical strain values associated with various axle loads and

axle configurations. The regression equations obtained are

given in Table 2.

FRAMEWORK FOR ESTABLISHING LOAD
RESTRICTIONS

With the development of the strain versus deflection relation-

ships and the formulation of a strain-based performance model,
a rational framework for evaluating load restrictions was de-

veloped (see Figure 1). In the load-limit analysis procedure,

deflection measurements taken with either the road rater or the

FWD are used to estimate subgrade compressive strains caused

by various axle loads in the traffic stream. The axle-load

distribution provided by the pavement engineer is converted to

an equivalent, tire-load distribution, and the number of allow-
able applications for each tire load present in the traffic stream

is determined from the performance model. By going through a

procedure in which the cumulative pavement damage is suc-

cessively calculated as ti¡e loads of increasing magnitude in the

traffic stream are considered, a curve such as that shown in
Figure 2 can be constructed. The determination of load limits
for posting can then be made by specifying a minimum time
that a road must remain in service before rehabilitation is

allowed.

The curve shown in Figure 2 will vary depending on pave-

ment structural condition and on the characteristics of the

traffic stream for the road segment under consideration, In the

procedure, pavement structural condition is evaluated from
deflection measurements. The traffic distribution must be

provided by the pavement engineer. Unfortunately, this infor-
mation is usually not available or is not collected on a regular
basis, particularly for secondary roads. These types of roads are

the ones that are most often posted in Pennsylvania, Conse-

quently, efforts were made during the study to define typical
traffic distributions for secondary roads, information that can

be used in the absence of actual data.
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TABLE 2 RELATIONSHIPS FOR ESTIMATING SUBGRADE COMPRESSIVE STRAIN FROM
DEFLECTION MEASUREMENTS

log16(Er")x,Ft¡D = -4'273 + 0.433 log16 (t.i1 - w2)

+0,560 log1g (W1 + 2\tZ + 2ti3 + w4)

-t.799 loglg(H1+H2) + 0.9I2 log19 (P¡i.s)¡

+0.122 vllt * 0.285 .t\2

R2 = 0.97i5 SEE = 0.088 N = 3645 obs

logl6(E"")*,RR = -2.784 + 0.498 tog,1g (t'I1 - 1./2)

+0,477 lo916 (l'11 + 2\tZ + 2W3 + ti¡4)

-0.948 .,21t1 + H2 + 0.9l2llog16(P¡i¡¿)¡

+0.097 H1 + 0.673.,21t2

R2 = 0.9703 SEE=0.090 N=3645obs

where

(e"")y,F1¿D =

/- \ _\Lzzlx,RR

Wi

H1

H2

(Prire)x

5t t

vertical compressive strain

tire load X, computed using

vertical compressive strain

load X, computed using Road

measured deflectíon aL the

device used, inches

surface layer thickness, inches

base layer !hickness, inches

tire load, lb

standard error of estimate

at top of subgrade due to

FWD measured def lections

at top of subgrade due to tire

Rater measured deflections

ith sensor of the deflection

DETERMINATION OF TYPICAL TRAFF'IC
DISTRIBUTIONS

PennDOT was contacted to determine the availability of data
on axle-weight distribution for secondary roads. For these
classes of roads, it was found that PennDOT has data on traffic
counts broken down by vehicle type but very litrle information
on vehicle axle-weight characteristics. Collection of axle-
weight data is mainly done on the primary routes (Interstate
and principal arterials), but very little information is gathered
on the secondary routes (minor arterials and local roads).

However, W-3 tables for the 1982 to 1984 period for local
roads were obtained from PennDOT. These tables were based
on survey data from three survey stations located on secondary
roads in the state. The tables provide information on average

vehicle weights by type of vehicle and for both loaded and

empty conditions. Additional information was obtained from a

truck-weight case study conducted by FHWA in a year-long
study in 1980 to I98I (7).

Tables provided by FIIWA showing the distribution of gross

vehicle weights among the various axles were used, together
with the data available on average gross vehicle weights, to
establish distributions of axle loadings for secondary routes.
The axleload distributions were converted to equivalent tire-
load distributions by dividing each axle load by the appropriate
number of tires per axle. Figures 3 and 4 show cumulative
distributions for tire loads as determined from PennDOT data
on local roads. Figure 3 shows the tire-load distribution for
loaded vehicles, while Figure 4 shows the distribution when
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NCN-DESTRUCiIVE 1-3TiNG CF F!5XlEL- PAVEvIENTS

. DEFLSCTION N1EÀSURSVE)IiS
I

TRAF-IC CHARACTERIZAiICN

¡ DETERMINAIìON OF AXL5 LOÂD DISïRlBUTl0N

SiRUCiURAL EVALUÀiiON

. DETERMINATICN OF SiRAINS FOR VARIOUS
TIRE LOADS FñOM DEirSCTlCN iVIEASUREMENTS

OUÏPUT

. YEARS TO FAILURE VERSUS
TIRE LOAD LIMIT CURVES

. OAIIIAGE PfR UNIT APPLICA.
TION VERSUS LOAD PEN TIRE

CU RVES

FIGURE 1 Rational framework for evaluating
load restrictions.

FIGURE 2 Selection of load limit
based on minimum time to next
rehabilitâtion.

both empty and loaded vehicles ars considered. A loadlimit
analysis of both distributions showed that the results were
similar because the predicted pavement perfoÍnance was dom-
inated by the loaded vehicles-information that appeared in
both distributions. In the absence of site-specific traffic survey
data, the cumulative, tire-load distribution given in Figure 3 is
provided as a default in the load-limit analysis procedure.

However, the pavement engineer is cautioned not to use the

default load distributions indiscriminately because they may be

significantly different from the actual traffic conditions. Actual
truck traffic count and weight surveys for characterizing the
traffic stream are strongly recommended.

In the load-limit analysis procedure, the given traffic vol-
ume, æurual average daily traffic (AADT) remains constant as

different load limits are considered. For example, in reference

to Figure 3, if the AADT is set at 1,000 vehicles/day, and a load
limit of 4,000 lb/tire is being considered, the procedure will
distribute the 1,000 vehicles/day according to the load-distribu-
tion figure for loads less than or equal to 4,000 lb. This is a

simplifying assumption that does not consider a shift in the
load-distribution curve for different load limits. However, if the
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åroø2o253035404550
TIRE LOAD (x ICO lbs )

FIGURE 3 Cumulative tireload distribution
(loaded vehicles).

5lol52Î2a2A35144450
TtRf LCAD (x ICO lbs.)

FIGURE 4 Cumulative tire-load distribution
(loaded and empty vehicles).

user has information conceming the shifted, load-distribution
curve, this information can be input directly and used in the
procedure.

DEVELOPMENT OF A COMPUTER PROGRAM
AND GENERAL CHART FOR LOAD.LIMIT
ANALYSIS

The loadlimit analysis procedure discussed here has been

implemented in a computer program. The program is interac-
tive and is suitable for use on a microcomputer.

The program requires deflection measurements made with
either the road rater or the FWD. Information on tireload
distribution, if available, can also be entered in the program.
Otherwise, the default tìreload distribution presented in Figure
3 is used for the loadlimit analysis. Output from the program
includes a plot of the years to failure versus load per tire cwve,
and a plot of the inverse of the number of allowable applica-
tions before failure (1/N¡) versus load/tire. Figures 5, 6, and 7
illustrate sample program output, Figure 6 is used to evaluate
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DISÎRICT NO. 2
COUNTY l¡t
LEGISLAÎIVE ROUÎE NO. L I35
IITIEEL PATII 1

DEFLECTION DEVICE USED IS ROAD RÀTER
NUIIBER OF DEFLECTION BASINS TAKEN IS IO

TIRE LOAD DISTRIEUTION
TIRE LOAD DAILY APPTICATIONS

BEGINNIIË JOB STAUCN OOII+OO
ENDING JOB STATION OOI3+25
I,IÀINTENANCE CLASS A
LANE RIGHT

298.00000000

500.00
r500.00
2500.00
3500.00
4500 .0 0
5000.00

r00.00
70.00
40.00
30.00
28.00
30.00

TOTAL DAILY LOAD APPLICATIONS (BOTË DIRECTIONS) =
BASIN STATION INDEX FOR LOAÐ LIüIT ANATJYSIS 3
BASIN STATION ID OO1I+50
IJATER I THTCKNESS 3.OO
LÀIER 2 ÎHICKNESS 4.OO
CURRENT PSI 3.50
ÎER¡IINAL SERVICEABILITY INDEX 1.50

FrGU{E 5. sample output from LOaDLIM (data on tlre-load distrlbution)
entered as inputs.

ÎIRE ÍJOAD LII,IIT (1bs} VS YEARS TO FAILI'RE O()I1+50

0.00 2.00 ¡¡.00 6.00 8.00 10.00

2000 .

3000

¡1000 .

5000 .

6000 . I

SCALE FAC$OR OF X: E 0 SCATE FAE¡OR O? T: E O

FIGURE ó, Sam-ple ouþur from LOADLIM: plot of Ioad per tlre
versus number of years to failure.
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TIRE LOAD LIMIT (Lbs) VS r/Nf 00tt+50

2000

3000

4000

5000

6000 :.........:.........:
SCALE FACTOR OF X: E

the sensitivity of pavement design life to load limit. As illus-
trated in Figure 2, the user may have a desired minimum time
before rehabilitation and can determine the load limit appropri-
ate for that time to failure. Figure 7 indicates the fraction of
total damage caused by one load application of an axle with a

given load per tire. This figure can be used to determine
damage resporsibility for different axle loads and is discussed
in more detail in the next section. The program also creates a

file called DEF.OUT (Figure 8) containing the deflection mea-
surements entered by the user and a plot of Sensor 1 deflections
versus station index. This plot is generated if three or more
deflection basin measurements are entered by the user.

Inasmuch as deflection data may not always be available to
the pavement engineer, a chart @igure 9) has been prepared
that allows load limits .based on a qualitative evaluation of

pavement structural condition to be determined. In the develop-
ment of the chart, the assumed values of larger moduli and
thicknesses for medium- and poor-quality pavements were
characterized as follows:

Pavement Condition

Variable Medíum Poor

Asphalrlayer modúus (psi) 300,000 150,000
Base modulus (psi) 35,000 15,000
Subgrade modulus (psi) 6,500 3,000
Surface-layer thickness (in.) 3.5 1.5
Base thickness (in.) 5.0 4.0

The tire-load distribution assumed is that presented in Figure 3.

The general chart and the computer program form a com-
plete package, which allows the pavement engineer to conduct

0 SCALE FACTOR OF Y: E -5

FIGURE 7 Sample output from LOADLIM: Plot of load per tire versus damage per
unit load application.
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DISTRICT NO. 2
COUÑTY 14
LEGISLATIVE ROUTE NO, L I35
WHEÉL PATI{ 1

DEFLECTION DEVICE USED IS FWD
NÛMBER OP DEFLECTION EASINS TAKE}J IS

BEGINI'IING JOB ST{TICII OOII+OO
ENDING JOB STATION OO]3+25
MÀINTENÀNCE CLASS A
L.ANE RIGHT

10

PLOT OF MAXIMUM DEFLECTION VS. STATION NO.

0.00 r.00 2.00 3.00
1:.......,*:.,.......:. ..:.....
2
2*
4*-
5. *
6i
7,
I
9.

10 *

SCALE ¡'ÀCTOR OF K: E 0 SCALE FACTOR OF y: E -2

ï::I ::i:lgl_I: :::_11__ DEF #2 DEF f3 DEF #4

1
2
3
4
5
6
7
I
I

IO

001I+00
0011+25
0011+50
0011+75
0012+00
0012+25
0012+50
0012+?5
0013+00
0.013+25

0.008760 0 .006004 0.003327
0,0r0276 0.007?r7 0.004?05
0.00s787 0.00494r 0.003622
0.005906 0.00s000 0.003740
0.025236 0.0r67s2 0.008031
0.034'¡24 0.020669 0.008189
0.010787 0.007835 0.0ö4744
0 .013484 0 ,0093rr 0,005236
0.010709 0.007?17 Q.OO4'124
0.0r0709 0.007677 0.004?64

0.001693
0.0027s6
0.002559
0 .0021 r7
0.00366r-
0.002795
0.002795
0.00283s
0.002795
0.002894

FIGURE 8 Sample listíng of DEF.OUT fite.
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r"rGURE 9 chart for establishing load restrietlons hased on a qualitative
evaluation of pavement structural condition.
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a rational evaluation of load restrictions both with and without
deflection data. The collection of deflection and traffic data is

recommended, however, because the data wouldpermit a better

evaluation of the effect of different loadlimit policies.

DETERMINING PAVEMENT DAMAGE
RESPONSIBILITY FOR DIFFERENT
AXLE LOADS

Methodology

For a variefy of reasons, it sometimes becomes necessary to

determine the amount of pavement damage resulting from a

given axle load. This is often difficult because the AASHTO
load-equivalence factors are not sensitive to the effect of dif-
ferent pavement structures (8). kt this project, a procedure was

developed for estimating the amount of damage for which each

vehicle is responsible.

The principal factor involved ì¡ determining damage respon-

sibility is the expected number of applications to failure for
each axle load. As the concept of cumulative damage (Miner's
Rule) is used in the performance algorithm, if a pavement is

expected to carry 100,000 applications of a light vehicle before

failing, then each application of that vehicle consumes

1/100,000 of the pavement life (or 0.001 percent). However, if
only 1,000 applications of a heavy vehicle are required to make

the same pavement fail, then each heavy vehicle application

consumes 1/1,000 (or 0,1 percent) of the pavement life. By
multiplying the percentage of pavement damage per vehicle

application by the actual number of applications, the total

damage caused by that vehicle can be determined.

The percentage of damage responsibility can be converted to

cost responsibility by considering the cost of rehabilitating a

certain roadway. For example, if the cost of rehabilitating a

secondary road is $50,000/lane mi, and a vehicle is determined
to cause 0.0003 percent damage per application, then the cost

associated with each application of that vehicle would be

TRANSP ORTATI ON RESEARCH RECORD 1 123

$so,ooo . lT# = g0.15/mi/vehicle

If the computer program is not used, then Figure 10 can be

used to estimate the percentage of damage for a¡r axle with a

given load per tire. Curves are provided for two example

pavements, one medium-quality and one poor-quality pave-

ment, Details on the assumptions for these pavement exiìmples

are given in the preceding section.

Application Examples

To demonstrate the use of the procedure in determining damage

responsibility, a load-limit analysis was performed on three

sample pavements. The th¡ee examples are actual pavement

sections that are part of the 1-mi pavement loop of the Pennsyl-

vania Tiansportation Research facilities at Pennsylvania State

University (9). Deflection measurements from the pavement

sections were used in the procedure as was also the following
thickness information:

Thickness of Thickness of
Asphalt Con- Granular
crete (in.) Base (in.)

Section 1 5.5 6

Section 2 7.5 6

Section 3 9.5 6

A traffic rate of 2,500 AADT was used in the example, using

the default load distribution given in Figure 3.

The results showing the time to failure versus the tire load

Iimit for the three pavement section examples are given in
Figure 11. It is interesting to note that the predicted pavement

performance for Section 3 is the one affected most by the

change in axle load limit. This is due to the fact that Section I
is probably under-designed for the chosen traffic level and the

pavement fails relatively early regardless of the load limit.
Of primary interest in this example is the determination of

damage responsibility, as shown in Figure 12. The results

z\
Io

Ioo
J

o 1500 3000 4500 6000 750(
LOAD PER TtRE ( tbs )

FIGURE 10 Contribution to pavement failure of various tire loads for two
example pavement structures.
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o rooo 2000 3000 4000 5000 6000
AXLE LOAD LIIVl IT (LBS PER Tf RE)

FIGURE 11 Pavement time to failure as a function of
tire load limit.

o ro00 2000 3000 4000 5000 6000

AXLE LOAD LIIVlIT (L8S PER TIRE)

FIGURE 12 Pavement damage responsibility ås a
function of tire load limit.

indicate that in Section L the damage caused by each load
application is far more sensitive to the load magnirude rhan in
Section 2 or 3. The marginal damage (rate of increase in
pavement damage) is represented by the slope of the curves
shown in Figure 12.

Cost-Allocation Considerations

In cost-allocation procedures where costs are assessed to road
users according to their associated damage responsibility, the
marginal damage is often used as a method to determine margi-
nal cost for a particular axle load. If this methodology were
used with the information from Figure 12, the cost allocation
determined from marginal damage would be much higher for
Section 1 than for Section 3. This would indicate that heavy
trucks operating on thin pavements should be assessed higher
costs than the same trucks operating on thick pavements.

However, what is not being taken into consideration in the
above methodology is the initial construction cost. Section 3

9'l

may have small marginal damage associated with heavy load
applications, but Section 3 may have been far more costly to
construct than Section 1, so the higher marginal cost of mainte-
nance in Section 1 may be offset by the higher initial cost of
Section 3. This emphasizes the fact that total cost, and not
simply rehabilitation and user costs, should be considered
when determining cost responsibility.

SUMMARY AND CONCLUSIONS

The Commonwealth of Pennsylvania has 44,000 mi of roads
under its jurisdiction. About two-thirds of these are secondary
roads which, in other states, would be the responsibility of local
governments. Because the majority of these roads have pave-
ments with limited structural capacity, the state has the au-
thority to restrict axle loads if it is believed that those axle loads
would result in excessive damage to the pavement structure, In
Pennsylvania, the posting of load limits below the legal max-
imum occurs on a year-round basis for some roads, as well as

on a seasonal (spring load restriction) basis for others.
The main purpose of this research project was to develop

rational guidelines for the posting of load limits in Pennsyl-
vania, To evaluate the effect of axle loads under a variety of
conditions, a theoretipal analysis was conducted that consid-
ered various load magnitudes and configurations for different
pavement thicknesses and material properties. In this analysis
the effect ofsubgrade strain was studied, using the elastic-layer
program BISAR. It was found that axle configuration (i.e.,
single-, tandem-, and triple-axle assemblies) did not signifi-
cantly affect pavement response, provided that the load per tire
remained the same.

Following the analysis of axle loads, a performance model
based on compressive strain at the top of the subgrade was
developed. To accommodate Pennsylvania's deflection-mea-
suring equipment, a procedure was developed that estimates
the subgrade strain from measurements taken with either the
road rater or the FWD. In this way, the new procedure uses
deflection measurements to predict pavement performance for
a given level of traffic.

A microcomputer program was written that incorporates the
new procedure and includes a default traffic stream that is
typical ofsecondary roads. The program generates information
conceming predicted years to failure for different load limits.
Thi's enables the user to quantitafively consider the effects of
axle load limits on pavement deterioration,

In addition to the microcomputer program, a simple figure
was developed to allow engineers to estimate the effects of
imposing different load limits in the absence of deflection
measurements. A second figure was developed that indicates
the portion of the pavement damage that caused by a particular
axle load. With this information, the engineer can determine the
appropriate charges to be assessed to heavy haulers for permits
and bonds.

An example application was presented wherein a loadlimit
analysis was conducted on three different pavement sections,
The analysis indicated more damage responsibility for heavy
loads on thin pavements than on thick pavements, as would be
expected. However, cost allocation based on marginal pave_
ment damage can be misleading if the initial cost of con_
struction is not considered.
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The load-limit analysis procedure presented in this paper can

be a valuable tool in the evaluation of axle load limits and axle-

damage responsibility.
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Selected Results from the First Three Years
of the Oregon Automatic Monitoring
Demonstration Project

CHrus A. B¡lr aNp Mrr-ex KRur¿.n

Until the 1980s, the majority of highway traffic data was
obtained manually. Howeve4 with the evolution of microcom-
puters, cost-effective automatic data-collection equipment has
been implemented. A comprehensive system is made up of
weigh-in-motion, automatic vehicle classification, and auto-
matic vehicle identification. Weigh-in-motion determines axle
and vehicle weight at full speed on the highway, automatic
vehicle classification classifies the traffic into groups (19 in
Oregon) by identiflcation of axle spacings, and automatic vehi-
cle identification acts as an íelectronic liccnse plate," which
can be used with weigh-ln-motion and automatic vehicle classi-
fication to characterize individual vehicles. These new tech-
nologies enable continuous and relatively accurate monitoring
of traffic, and therefore lead to improved planning, pavement
design, and other activities that use the data. Oregon State
Highway Division is a leader in demonstrating automatic vehi-
cle monitoring, which was initiated in the state in 1983. Data
are collected in unprecedented amounts at five sites on fnter-
state 5 (I-5). Oregon State University has developed prototype
BASIC software to process the weekly data from the busiest
site ln tabular or graphical form, designed to enable data to be
distributed in the various unlts in the highway division. Se-
lected results are included in this paper, and other data are
presented that show comparison of weights obtained with
weigh-in-motion and with static scales. The advantages of hav-
ing automatic vehicle monitorlng data are demonstrated. In
particular, the continuous monitoring of the traffic stream
completely defines dail¡ weekly, and seasonal traffic patterns,
and clearly indicates growth.

For many years highway vehicle data have been collected for
different purposes. Data concerning truck and car volumes are
used in transportation planning. Truck gross and axle weight
data are needed for weight enforcement and pavement design,
Obtaining these data is not a simple task. Vehicle counting was
originally done using simple manual counters that required
substantial manpower. With the advent of pneumatic tube
counters, vehicle counting became much easier and less expen-
sive; however, this method had many limitations for vehicle
classification. Truck-weight information has traditionally been
obtained from weigh stations where trucks must be stopped and
weighed statically. Because these methods of traffic and weight
data acquisition were lengthy and costly, statistical data were
usually based on short-term sample data. Data obtained in this
manner are not reliable because bias is introduced into sample
data by the manual data collection methods and the lack of
continuously open weigh stations.
C. A. Bell, Depa.rtment of Civil Engineering, Oregon State University,
Corvallis, Ore, 97337. M. Krukar, Economic Services, Planning Sec-
tion, Oregon State Highv/ay Division, Salern, Ore. 97310.
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In recent years a new approach has revolutionized vehicle
data acquisition technology. In-motion weighing of vehicles at

normal highway traffic speeds has become possible at reason-
able cost, Induction loops can be used for counting and as part
of a classification system (that also needs axle sensors), and
automatic identification of vehicles has become a reality. The
integration of weight-in-motion (WM), automatic vehicle
classification (AVC), and automatic vehicle identification
(AYI) systems in one site provides continuous and accurate
data that can be used for a variety of purposes, which include

L Size, weight, and speed enforcement;
2. Transportation planning;
3, Pavement design and management;
4. Truck fleet management; and
5. Vehicle taxation.

It is significant to note that low-cost WIM and AVC devices
have been identified as vital to the Long-Term Pavement Per-
formance (LTPP) element of the Strategic Highway Research
Program (SHRP) (1), for which traffic dara for hundreds of
sites will be required.

In the future an integrated system of many sites in a network
will provide a much more powerful means of providing enough
information for hazardous material monitoring and crime
detection.

Oregon State Highway Division (OSHD) initiated a program
in 1983 to evaluate WIM, AVC, and AVL OSHD currenrly has
five sites in which AVC and AVI are operational and two in
which WIM, AVC, and AVI are operational. In addition, OSHD
has a portable WM device that requires installation at suitable
bridges. Details of the entire Oregon automatic vehicle
monitoring (AVlvÐ program have been described previously by
Krukar and Henion (2,).

PURPOSE AND SCOPE

The purpose of this paper is to present some results from
Oregon's WIM/AVC/AVI demonstrarion project.

Included in the paper are data applying mainly to Oregon,s
Jefferson site, but data from the other sites are also included.
The Jefferson site on I-5 northbound was chosen for the initial
development of data-reduction procedures because it is the
only high-speed WIIvVAVC/AVI installation and is operated
continuously. This site obtains data for both northbound lanes.
Data were first collected at this site in April 1984, and pre-
sented in this paper will be data collected since that time. The



100

early development of software for post-processing of the data

collected at the Jefferson site has been described by Mohseni
(3). Bell and Mohensi (4) have described subsequent work. The

development of software is an ongoing effort, reflecting the

continuing development of AVM technology and its
applications.

RESULTS FROM THE JEFFERSON SITE

The WIM system at this site is an Intemational Road Dynamics
(IRD) Automatic Highway Scale. The AVC system is made up

of two loops connected to a DEC LS1-11/2 computer at the

roadside. A microwave AVI system can identify those trucks

that have installed an electronic license plate @LP) voluntarily.
At present, about 200 trucks a¡e fitted with ELPs'

The tables output form from the Jefferson system is con-
vefed to numeric data files that are then used to produce

weekly plots and tables. Numeric files are also used to create

cumulative files that contain data for several weeks and are

used to produce cumulative plots and tables. Vehicle classifica-

tiors used in the Oregon weigh-in-motion study are shown in
Figure 1. These classifications a¡e based on vehicle axle ar-

_-ryemel4e{1eaeth.
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Data Collection

The following primary (raw) data are collected by the WIIvV
AVC/AVI system on the passage of each vehicle:

1. Time and day of pass by roadside unit,
2. Vehicle license plate by AVI system,

3. Vehicle length by AVC systerr¡

4. Axle spacing and number of axles by AVC system, and

5. Weight of individual axle (by WIÀ'Î).

These data are then processed by the roadside computer to
produce the secondary "cooked" data listed as follows:

1. Vehicle axle arrangement,

2. Vehicle classification based on axle arrangements,

3. Axle and gross vehicle weight, and

4. AASHTO rigid and flexible Equivalent Single Axle Load

GSAL).

The roadside computer outputs the data in two forms: tables

and view The view data consist of primary and secondary data

for each vehicle and can be accessed at the time of passage.

These dala are no1 
¡19:9d ln the r.o_adsìde computer because of

CLASSIFICATIONS USED IN OREGON'S WEIGH _ IN _ MOTION STUDY

Vehrcle lype Vehrle lype

t'Ê 
| "" I .,, G----* 1,,,, orhsr E Arrrcombi¡rrr,¡A L,n.,. l'"7P¡n¡l¡ G--"- 1,,,,& | ,,.ruo' I ç

z' -o-òç | ,;;;;;:hicrc¡ w/ r,rir¿,¡ | ., .. Gor.To-l I ,,,,,, ,¡rrr conbin¡rion¡

"'Ch I r rrrr, sinsr: uni,r | ',r.M?'-'¡--ú 1,,.,,,,.(a I ,rrrcsu¡¡¡ | Gæ""- 1,,,,,,

''M | ,rrrcsinstcunir: l "'G*-"'"r." 1,,,,,,,,t,¡n,

"'Ch l,r.r,, 3 ¡rr¡ combin¡.rion¡ | ',r.Gü-o- 
I ¿r.¡r.z orr,., r A¡r¡ ccmbrr¡rh¡¡

''Q ! t¡rrcBr¡¡¡¡ I Hñ'tE 1,,,,,

".Ch l,rr, o¡xr¿ combin¡tion¡ f;.."0,-- 1,,,,,

/1 I

-õ-- ttz.zr "'Gd-st'E 1,,.r,,, r¡¡r¡conbin¡rion¡

".Ck-s 1,,,,, Ç'6-.o-o- 1,,,,,,,
.|o.lJ'-æ | . rrr! sinsrc unirr, | "'Gæ-- l,r.rrr,, ¡rrc o¡ no. co¡rbin¡rr'¡

,1.G1il'ru l,r.rr, 5 ¡rrc srmir Go.o-oF-E l,¡,,,¡,
,r.Mn 1,,.r,.,,5¡rrrTwin, G*r,"- 1,,,,,,,

fltte rt not2lot ol cotlþttotio,'t: tr.t. .n otlu 2ottith cosLitttio¡t ,.t 11'/.,Ìad,

FIGURE I Classifications used in Oregon's weigh-in-motion study.
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the large memory size needed. Rather, the raw and cooked data
are processed into 1l tables in the form of a report, referred to
as the tables output form. The following are the titles of the
tables:

1. Most Recent Vehicles With Transponders @LPs),
2. Weight Disribution and Average 18-k ESAL by Vehicle

Typ",
3. Numbers of Truck Axles by Weight,
4. Vehicles with the Highest Flexible 18-k ESAL,
5. Average Vehicle Length in Feet by Type,
6. Number of Vehicles and 18-k ESAL by Day of the Week

(I-ane 1),

7. Number of Vehicles and 18-k ESAL by Day of the Week

Q..ane 2),
8. Cars and Single Unit Truck Volume by Hour and Day of

the Weeh
9. Five-Axle Semis and Other Truck Volume by Hour and

Day of the Week,
10. Traffic Volume by Speed Range, and
11. Five-Axle Semis (Type ll) Flexible 18-k ESAL.

Note that the fust five tables are cumulative tables and provide
data for a desired period of time (usually 1 week), which is
cont¡olled by OSHD from a remote computer. The rest of the
tables are daily tables and contain data for each day of the week

TABLE 1 NUMBERS OF TRUCK A>(LES BY WEIGHT
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beginning on Mondays at 00.00 hr. Tables 1 and 2 are examples
of the third and fowth tables listed in the tabie titles. Both of
these provide detailed axle load data.

Data Communication and Storage

The tabular weekly reports (tables) that are collected at the
Jefferson site are transferred to the OSHD Economic Services
unit in Salem via modem, Other users can also access the data.

To transfer the reports, the computer operator in Salem calls the
on-site computer every Monday moming and downloads the
reports onto an IBM-AT hard disk. Any communications soft-
ware can be used to download the reports.

Reports have been obtained by Oregon State University from
ODOT since April l, 1984, and stored on an IBM-XT hard
disk, In order to have continuous data, the report from an

adjacent week was used whenever the report for a week was

not available or was incomplete (about 10 percent of all
weeks). Presented in this paper are data obtained through
September 1986 (130 weeks).

Procedure for Reducing Data

The view and tabular output are originally in report form (i.e.,
output file form). Thus, the f,rst task is to convert the tables into

Front Axles SingIe Êxles
llerqht ll l{eiqht lt

Tandem Axles
tlei 9ht T

8-t0 713
t 0- 1¿ 918
t¿-t4 1093
14-16 756
16-18 700ts-eo 70È
êcr-e¿ 651'¿?-?4 6S6
?4-?6 669
26-¿8 670
P8-30 8t 1

30-3e 1383
3e-34 ?29¿
34-36 ¿S96
36-38 1706
38-40 451
4Ct-4¿ 7t
4?-44 10
44-46 7
46-48 ¿
48-50 3
s(r+up 3

Tridem Axles
l.lei ght t

1 4 1947
4-5 5e8
5-6 303B-7 354
7-8 691
8-9 ?ees
9-tc) 3Ê40

10-1 1 3105
1l-1Ë 19611
1e-13 513
13-14 5514-15 9
15- 16 5
16-17 3
17- 18 ¿
18- 19 0
19-¿C) Ll
2(l-e 1 0
el-e¿ 1

?e-?3 0
e3-È4 0
e4+up 0

( 4 1786
4-5 tI79
5-6 I 164
6-7 1053
7-8 967
8-9 846
9-10 754

10-11 6?4
I l-1e 5ê3
'1Ë-13 63713-14 594
14-15 563
15-16 638
16-17 667
17-18 7?3
18-19 75¿
19-eO 618
PC)-e 1 48¿
2r-e2 3252,¿-?3 141
Éó-È{ oJ
P4+up eE

B-10 ?
10-t2 t0
rc-14 4
14-16 ?
16-18 3
lå-AC) 2
¿o-e¿ I
¿2-?4 3
?4-?6 1

a6-¿8 ?
e8-3(l 2
30-3¿ 2
3A-34 I
34-36 1

36-38 4
38-4() I
4o-4? ?
4?-44 0
44-46 I
46-48 I
48-50 1

50-51 0
5e-54 r
54-56 0
56-58 0
58-6C) 0
60-6¿ 0
5¿-64 0
54-66 0
66-68 068-7Cr 0
70-7? 0
7¿-74 0
74+up 0

(8 7Q7 (8 9

Overwei qht
Êxìes: n/a

Total
Axles: l5C)39

Êveraoe
tJei qhf : 8.7

Percent
Overloadså n/ a

1038

15168

10, I

6. Cr

¿3.9 2C). I

n/ a

iI49 n/a

179()(1 56

Note: Oregon State Highway Division, Interstate 5, Jeffenon Site, from Monda¡
June 24, 1985, at 8:10 a.m. to Monda¡ July 1, 1985, at 8:06 a.m

nThese estimates are based on WIM data, not static weights.
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TABLE 2 VEHICLES WITH HIGIIEST FLEKBLE 18-K ESAL

I Typ br Dry Tir
Arle (or ßxle Eroup) l*i$tts

lst tu 3rd lth sth

flrle
5th Cor,ìfrquråtion

6ross

lþight Speed

l8.r( Esff_

Rigid Flexible

l12
?16
3t6
{12
5r¿
6il
7l?
8te
916
l0 15

lt l2
12 t?
t3 t2
t4 16

t5 t?
l5 ll
17 19

l8 l?
19 l1
æl?
?t t2
æ, t3
e3 t1
21 t2
t5 12

¿6 1?

27 t2
¿8 l?
æl?
30 t7
3t t7
3? l¿
ït t5
31 16

35 16

36 19

n11
38 r2

39 12

10 t?

Tue Jun 25 l3r0l
Sun Ju¡ 30 0€¡21

tort Jun 21 15!12

Ihu Jun 27 10¡59

lon Jun ?1 15:29

lhu Jun 27 20¡48

Tup Jun 25 t5:23

þn Jun ?{ 08:55

S¡t Ju¡ 29 02:56

lon Jun ?4 08:10

llrd Jun ?6 l5rl7
Thu Jun ?7 19:50

lled Jun 26 19111

lhd Jun 26 l5:0?
Fri Jun 28 l3r0{
ld Jun 26 2l¡17
Iur Ju¡ ¿5 l4:+{
S¡t Jun ?9 17138

led Jun 26 20¡28

Fri Jun 28 ll:09
lhu Jun 27 08:13

lon Ju¡ ?1 10¡49

lon Ju¡ ?{ l2:10
ton Jun 24 l5:?9
lon Jul I 06:?7

þn Ju¡ ¿1 16157

lue Jun 25 15:23

llcd Ju¡ ?6 15:17

þ¡ Jun 24 ??140

Fri Ju¡ 28 16:19

Tue Jun ?5 15¡51

Fri Jun 28 15:46

lhu Ju¡ 27 03:26

Sun Jun 30 0?rlt
kd Jun 26 22r{7
lon Jun ?4 14:51

hd Jun ?6 ll:51
Fri Jun ?å l{:l{
lhu Ju¡ ?7 20:50

Ihu Ju¡ 27 14:20

8,7 ã,1 æ'7
9, r æ'4 20,5
8, I æ,? e3,5
9. I æ.1 21,6

10.0 ?t,? ?1.3
8.9 17,? 5¿.0

9,7 et,9 2r.3
9.3 æ'6 et, l
9,9 ?Zt 23.5
ll. s {2.6 51.7

9,5 e0. s 21,6
8, I 19,6 ¿3. e

å,6 æ^3 e3. 7

8,3 t9. 6 lS, l
9.7 æ, I e3.0
8. s {5.9 50.2

u,3 e0, ð 13, I
9.1 æ..5 ¿1,6

8.9 26, I ?{.9
9.? 2r,2 e3.3

10.5 e3,6 l¿,7
u.l 15.4 æ.5
9,? 30.3 20,4

8,7 21.8 e3. r

9,2 e5.3 19,3

9. 4 e0,5 23. r

9,3 ?1.9 ??,1
9.5 19. 9 æ^8
8, I e3.0 18.6

lt.s 3¿.9 e3,e
12.3 3¿, s 19.0

8.9 et. ? 21.8

8.3 26.8 38.0
9.1 ?0.6 19.6

9,0 ?3.1 21, I
9.8 t7,6 38, I
8,4 ?8,7 20.7
9,0 ?3.9 ?t, I
0.8 el. I æ,5
9.9 æ,1 19, ?

¿3. r 21,6
el.3 15.3

20, I 2r, I
18.7 ?3, I
19,5 24.t

æ,7 ¿1,8

23, r æ.3
r8.0 18.8

t,6
19, I es,6
¿0,e e4.0
r8,0 æ..3

19.7 2t,9
r8, ? 23,6

14. g 10,0
2t, I 40, I
19. r ¿3,9

r7.9 æ'8
19,8 19.0

æ'1
23.8 23.4

18,7 2t.8
18.5 e0, {
17.9 ??.8
18.5 2t,4
l8.l æ,9
19,3 æ,8
?3,0 15. I
æ..t t9,7
2t,? e0.3
34. 6

t7, { t7,l
19, I t9,6
1?, I 13,7

2¿0 e3,I
18.3 18, I
17.3 æ,0
19.8 ?1.9

lllll
æ,5 ¡illlll
15.5 llllill

lllll
Iilll
tæ
lillt
ltllt

t5.2 illtill
læ.1

rilll
1uil
lillt

e0.6 ilulll
ilil1
tæ.

læ?
lllll
t2ill
lllll
lllll
l2l I
l?11 I
lllu
lllll
lltll
tllil
ulil
ilil1
l?llll
teil il
ilil1
ILæ,

llillll
illilll
1"77?

t2¡il
t1lil
ll1il
iluf

t01,5 56

leg. I 56

126,5 1€

98,3 Íi
99, I 51

r08. r 56

98.1 60

98,4 56

t?7.0 5/
1t3.1 e
96.3 59

95, I 54

91,9 59

1e1.9 48

95.8 5S

t04.6 36

160.0 s
95.7 58

103.6 63

94, { 59

95,6 58

tol. I 55

107, r 6e

94. I 55

9'7 63

93.5 58

93.5 60

93.2 57

9¿,5 57

t??.1 5/
tes.s 59

93,4 58

t07,7 55

tæ,? 56

108.9 58

t5e,0 5e

103.6 5/
9r,8 55

9t.1 ft
93. e 58

t?. ll 10.99

r0,1.r 9,87
t0,s, 9.n
10,66 9,76
10.5e 9,66
17, {3 9,39
t0. 17 9,37
t0. t0 9.31

9.73 9,23
t5,74 9.07
9.11 8.96
9.16 8,76
9.e{ 8,5/
8. Ss 8.52
9,15 S,50

15.5/ 8.1¿

t5, t0 8.38
8.83 8.27
9.34 8.25
8.8e 8. el
8.76 8. t7
11.31 g. ls
9,n Lre
8,57 L t0
8.51 7.89

B,3s 7,år
8. l5 7,67
8. rg 7,67

8. 19 7.Ã
8. 80 7,æ.

8.61 7,&2

8.07 7.50
10. {7 7.53
7.1? 7,5¿

7.95 7,19

t3.15 7,17

8,13 7,17
7.91 7. t4
7.U 7,n
7,78 7. Ït

15.1

e0,2

20,5
añ

Note: Oregon State Highway Division, Interstate 5, Jefferson Site from Monday, ltne24, 1985, at 8:10
a.m. to Monday, July 1, 1985, at 8:06 a.m. ESAL = equivalent standârd æde load.

FIGURE 2 Data processing
and pres€ntation.

numeric form so that data (numbers) can be read individually
as a data file. This is done by the CHEWALL BASIC program,
which enables the user to create the numeric flles for a mrmber
of weeks. For each table in each week one numeric file is
created. WIM Tables 1 and 4 are not converted to numeric files
because the data in these tables are only useful in the report
form, Thus, nine numeric files a¡e created for each week of the
year. These numeric files are the source of data for weekly and

cumulative sunmary tables and plots. Shown in Figure 2 is a

flowchart depicting the data-reducdon process.

Weekly Summary Thbles and Plots

The data in the 11 tables are reduced and summarized in3
summary tables and in 19 plots for each week. This is done by
the WKMENU computer program wrirten in IBM BASIC.
Three summary tables summarize the weekly data for different
applications. The user can select the desired plot for plotting
and summary tables for printing. Selected plots for 1 week are
shown in Figures 3 through 10. Table 3 shows summary table
information for vehicle volumes and ESALs.

Cumulative Plots and Tables

The data in the numeric files are used to produce cumulative
summary files. This is done by using the TABMENU computer
program, which reads data from the previously created numeric
files for a specified number of weeks and prints the data into a

cumulative sunmary file, Thus, a srunmary file contains data
for several weeks. There are 21 choices of summary files, as

follows:

NUI'¡ER I C

FILES

o Plots
o Gnaph ics
o Tables

o Plots
o Gnaph ics
o Tðb les

'',,/EEKL Y

FTLES
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TYPE: 13- 19

OREGON STATE W. 1 . þ1 - JEFFERSON SITE, N. B. I-5
FOR WEEK 35 - YEAR 84
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FIGURE 3 Weight distribution by vehicle type.

110100

LANE:

2

F'IGURE 4

34567891011121374
VEHICLE TYPE

Average weekly volume by type and lane.

1. Average rüeighr of Light Trucks (Both Lanes),
2. Average Weight of Heavy Trucks (Both Lanes),
3. Average ESAL for Light Trucks (Both Lanes),
4. Average ESAL for Heavy Trucks (Both Lanes),
5. Weekly Axle Volume by Type (Both Lanes),
6. Average Axle Weight by Type (Borh Lanes),
7. 5 Axle Semis Front Axle Vy'eight-Lane 1,
8. 5 Axle Semis Front Axle Weight-Lane 2,
9. Truck and Vehicle Weekly Volume (Both Lanes),

10. Weekly Truck Volume by Type (Both Lanes_Types
3-19),

11. Weekly Truck Volume by Type (Both Lanes-Types
t2-r9),

12, Percent Trucks in Vehicles by Lane,
1.3. Percent Vehicles nor Weighed by Lane,

14. Percent Truck Types in Trucks (Both Lanes),
15. Percent Vehicles in Lane 2,
16. Weekly ESAL by Lane (Both Lanes),
17. Weekly ESAL by Truck Class (Both Lanes_Types

3-19),

- 
18. Weekly ESAL by Truck Class (Both Lanes_Types

t2-r9),
19. Percent Weekly ESAL by Truck Class (Both Lanes),
20. Percent ESAL in Lane 2 by Type, and
21. Average Weekday Speed (Both Lanes).

Note that all ESALs are for flexible pavement and those parts
of the title in parentheses are omitted on the plots and tables.

Summary files should be checked for errors and aberrations
because inconsistencies in V/IM operation and modem

OREGON STATE W.I.I'4 _ JEFFERSON SITE,
FOB I4EEK 35 - YEAF 84
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LANE:

2345678910111213
VEHICLE TYPE

FIGURE 5 Average weekly length by type and lane.

3 4 5 6 7 I I 10 11 12 13 14 15
VEHICLE ÏYPE

FfGURE 6 Daily truck volume by type.
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incomplete, and were replaced with week 52 data, which show
low ESALs because of the holiday season.

Limitations of the Tables and Plots

Owing to deliberate or accidental misses, about 20 percent of
vehicles are not weighed by the system, with an average of
about 14 percent within that 20 percent being unclassified.
Deliberate misses are attributed to about 5 percent of vehicles,
and the remaining misses are due to lane changes at the site.
The majority of the data in the weekly reports represents either
classified (about 86 percent) or weighed (about 80 percenr)
vehicles. In fact, only two of the tables in the weekly reports

I

ØYofEF
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LANE:

OFIEGON STATE W.I.M - JEFFERSON SITE. N.B. I-5
FOH [{EEK 35 - YEAH 84

t8t7

communication may mean that values may not be representa-
tive of the data for some of the weeks. This can be done by an

editor's program such as SPFPC, or by suitable word process-

ing software,
Once summary files are corrected, they can be printed by

TABMENU or plotted by using the PLOTMENU computer
program. Menu optiors are used for both programs. To plot the

summary files, an I+ 7475A series plotter is used. An option is
to show the plot graphically on the computer screen and then to
copy the graphic to a printer. Figures 11 through 22 show
selected summary plots. Figtue 12 is plotted from an extended
version of the example summary file (for average ESALs of
heavy trucks), shown in Table 4. Illustrated in this table is an
example of the result of incomplete data; week 5L data were
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FIGURE 7 Daily total truck ESAL by t¡pe.

TYPES: 1-? 3- 19
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FIGURE 8 Hourly vehicle volume by class and day of week.
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COMPARISON OF TRUCK WEIGHTS
OBTAINED AT DIFFERENT
SITES

The Jefferson V/IM sire is located approximately 30 mi south
of the Vy'oodbum weigh station, also on I-5, where a WIM
sorter system is in use, The sorter system is used to expedite
passage of legally loaded vehicles through the station, but
causes those vehicles close to or in excess of the statutory
limits to be directed to static scales for traditional weighing.
There are approximately 200 Oregon trucks voluntarily fitted
with electronic tags for automatic identification at Jefferson,

16

indicate the total vehicles not weighed each day, and clearly
there can be no data indicating the classification of those
vehicles not weighed or not classified.

For this reasorL all of the plots that can be developed repre-
sent only a portion of the total traffic. No attempt has been
made as yet to adjust the data, as accurate adjustment factors
carmot be developed except when considering the total traffic,
However, the weekly summary tables (e.g., Tabte 3) do present
adjusted data, assuming that all unclassified and unweighed
vehicles are evenly distributed among the 19 vehicle classifica-
tions. The cumulative summary tables contain no such adjust-
ment at the present time.

OBEGON STATE W. I . M - JEFFERSON SITE, N. B. I-5
FOR WEEK 35 - YEAR 84
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ONE LANE CLOSED

OREGON STATE W.I.M - JEFFERSON SITE, N.B. I-5
FOR WEEK 35 - YEAR 84
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F.IGURE 9 Hourly volume capacity ratio.

cLASS: CAÊS TRUCKS

OFEGON STATE W.I.M - JEFFERSON SITE, N.B- I_5
FOR WEEK 35 - YEAR 84
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F'IGURE 10 Average weekday speed distribution.

Woodburn, and four other locations on I-5. This allows detailed DISCUSSION OF DATA COLLECTED

comparison of their axle and gross loads, as they will be

weignø at borh WIM sites and on the static scales (if requested Some significant aspects of the data are highlighted in the

u, purt of a short study) provided they travel through the I-5 following paragraphs'

corridor.
Table 5 shows data from a recent study in which Jefferson

WIM data were compared with Woodbum static data for Type Weekly Data

11 trucks. This study considered all trucks rather than just those Vehicle Length
with tags, and was accomplished by matching Public Utility
Commission (PUC) plate numbers at each location. The data It can clearly be seen in Figure 5 that Type 16 trucks are the

show that the mean gross loads measured at Jefferson in Lane 1 largest trucks using I-5, averaging about 90 ft long. This is as

are 5 percent higher than the static loads. This difference is expected, because Type 16 is a 2-Sl-2-2 triple-trailer vehicle

used elsewhere in this paper in estimating overloading. (seeFigurel).The2-52-2-2tripletrailerincludedinTypelS
However, it should be noted that the differences vary with axle could be longer, but is less frequent than the 3-52-3 truck, and

.9

.8
o
H
F
(r

O
(L

O
Ur:)
-)o

7

6

5

4

3

2

.l

40
IU

9:s
tsz
5¡o
cct!oa5
U

;e0
)
3rs
o

10

type, gross weight, and lane. therefore is not reflected in the average length of Type 18.
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TABLE 3 ADruSTED WEEKLY TRUCK DISTRIBUTION BY TYPE

Type Description No. of Percent
Vehicles Vehiôles

Average Total
ESAL ESâL

1 C¡rs
e Cårs+Trài lers
3t4 Rigid 2-Êxle
5&7 Riqid 3-Axle
10 Rigid 4-âxle
6 3-Axle Semi
g&9 4-Axle Serni
I I S-Ax le Seror
f? S-Axle Twin
13-19 0ther

0.00 0.0c)
0.00 0.00
0. le 430,75
o,42 34?,74
0,00 0.00'
0,31 r59,53
o,33 349.63
1.6e 13867.69
2.45 ?910.91
1.80 5839. ee

109477
479?
3590

816
0

515
1 059
856C)

1 188
3?44

8e. e
3,6

0,6
0,0
o,4
0,s
6,4
0,9
?.4

3-19 Total (Trucks) 1897Ë
1-19 Total (Êll) 133¿41

14. ? 1. ¿6 23900.45
1clo.00 0. 18 e3900.45

Note: From Monday, June 24, 1985, at 8:10 a.rn to Monday, July 1,
1985, at 8:06 am. ESAL = equivalent ståndard axle load.

TYPES: FRONT IlIqFM

U)
o-
H

TYPES:

ti84 SB4 JBA F84 tf85 S85 U85 F85 I,186 586 UB6 F86

FIGURE 11 Average weight of heavy trucks.

TYPES:

9{84 S84 U84 FB4 }{85 S85 U85 F85 liB6 586 U86 F86

FIGURE 13 Average axle weight by type.
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TYPES: 1-19 3- 19t7 r2

l{84 S84 U84 F84 l{85 S85 U85 F85 t{86 586 U86 F86

FIGURE 12 Average ESAL for heavy trucks.

Volume of Vehicles by Lane Each Day

It is shown in Figure 4 that, excluding cars, the Type 1l truck
(3-S2) is the most frequently occuring vehicle. About half of
the truck traffic is this rype of vehicle. It can also be noted (see
Figwe 6) that the peak day for truck traffic is either Wednesday
or Thursday.

l{84 S84 UB4 F84 W85 S85 U85 F85 tt86 586 U86 F86

FIGURE 14 Tluck and vehicle weekly volume.

Hourly Volurnes of Cars and Truclcs

It can be seen in Figure 8 that, for the week shown, there is no
pronounced moming peakhour, but that fhe aftemoon peak for
Types 1 and 2 (cars and other light vehicles) is 5:00 to 6:00
p.m., Monday to Friday. The weekend peaks are at about
midday. It is also shown in Figure 8 that for the week covered,
which was followed by the Labor Day holiday, the heaviest
flow occurs on a Saturday. During spring and sunmer the
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FIGURE 18 Weekly ESAL by truck class (Ilpes 12; 13;

14,15, and l7;16,18, and 19).
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FIGURE 19 Total ESAL by lane.

TYPES: 3- 10 11
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FIGURE 20 Percent weekly ESAL by truck class.

of 2,000 vehicles/hr under normal operating conditions. With
the flow conditions prevailing at Jefferson, there are no l-h¡
periods when 0.45 capacity is exceeded for the example shown,

assuming one lane closed results in a peak of 0.88 capacity

during the Saturday peak hour. To date, there have been no
occasions when these values have exceeded 0.50 or 1.00,

respectively.

TYPE: 3 ,a.- 10 . !1

1 5000

I 0000

5000

0

l{84 S84 J84 F84 '{85 SB5 U85 F85 li86 586 U86 F86

FIGURE 17 Weekly ESAL by truck class (Types 3; 4-10;
tl; l2-r9).

heaviest flows for Types 1 and 2 are consistently observed on
Friday, Saturday, and Sunday. During winter and fall, Friday
tends to be the busiest day.

Volume Capacity Ratio

Shown in Figure 9 is the demand on the freeway at Jefferson.
This is based on the assumption that a single lane has a capacity
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li84 S84 U84 F84 l{85 S85 U85 F85 liB6 586 U86 F86

FIGURE 21 Percent trucks in vehicles by lane.

TYPES: CAFS I-Îllç5s C-o-MB_INED

!i84 SB4 U84 F84 ti85 S85 U85 F85 l,J86 586 U86 FB6

FIGURE 22 Average weekday speed.

Speed

Speed trends are shown in Figure 10. About 80 percent of the
traffic is traveling faster than 55 mph and 20 percent faster than
60 mph. Trucks and cars are traveling at about the same speed,
but truck speeds are more uniforrn. Because most of the traffic
is traveling at about the same speed, the operating characteris-
tic at this site is very safe.

Truck Weights and ESALs

It is clearly shown in Figure 7 that the Type 11 truck provides
by far the most significant contribution to weekly ESAL for the
week shown, Other trucks with 5 or more axles, particularly
Types 12 and 13, provide a significant contribution. More
recent data show a decline in the percentage contribution of
Types 11, 12, and 13, and an increase in that due to Types 14
through 19. This will be discussed further in rhe section on
summary data,

Estimation of Overloading

Table 1 shows that, for the week shown, about 6 percent of
measured single axle loads and 28 percent of measured tandem
axle loads are above the federal limits of 20,000 lb and 34,000
lb, respectively. As shown in Table 5, for Type 11 trucks the
WIM weights for Lane I are about 5 percent higher than static

TABLE 4 EXAMPLE SUMMARY FILE:
AVERAGE ESAL FOR IIEAVY TRUCKS

r Typesr ll
l. 49
1.41
l. 48
l. 56
1. 48
1.4?
t, 49
1. 49
I.JJ
1. 55
l. 54
1. 52
¡¡ JC
t, 5e

r Êt
¡. JJ

1.54
I <?
1. 60
1, 63
1.60
1. 58
1. 61
1. 6¿
I ç7
1,61
l, 60
t,6l
1. 60
1. 58
1. 59
1. 58
1. 53
1. 53
I.JC
1.54
l. 51
1. 48
1. 45
1. 48
1. 46
r.47
1. 39
t.4?
1. 3Ë
1.?9
1, 38
1. e6
1,14
1.14

Note: ESAL = equivalent ståndard axle load.

weights. Using this difference as a conservative factor to apply
to each lane and all axles, estimates of overloaded axles should
be reduced by about 50 percent, resulting in about 3 percent
and 15 percent respectively for single and tandem axles.
Clead great care should be taken in calibrating 'WIM scales
and in interpreting data if accurate estimates of overloading are
required.

Table 2 gives a clear indication of the types of vehicle
providing the heaviest loads and most pavement damage (high-
est ESALs). This table shows the 40 heaviest vehicles each
week (loads should be reduced by about 5 percent to reflect
static weights). Wirh the exception of two vehìcles, all the
trucks are double- or triple-trailer types with predominantly
single axles, and with a few exceptions all loads are within 10
percent of the statutory axle load limits. It should be noted that
many of the vehicles shown will be operating under permit.
The table shows that ESAL values range from about 7 to
almost 11 per truck [flexible pavement, structural number (SN)
= 51, and the total ESAL from these trucks alone is about 350,
or 2 percent of the total ESAL for the week shown.

Adjustments to Data

Shown in Table 3 are adjusted vehicle volumes and ESALs for
1 week. The adjustment is achieved by using data from the
weekly tables, which enables the number of vehicles that are
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le t3-19
4.40 1.902.0e 1.70
a. o8 1.80
?.20 e.00
Ê.09 1.80
e. o0 t,80
e, r¿ 1,90
e,10 1.90
2. 16 1.9Ct
e.15 1.90
?, t7 1.80
?, 17 1. 9(')
¿. 17 1.90
e. 16 1. Bô
2. 16 1.80
e. t9 1. go
2, (t5 t. 80
?.?? l,80
¿,09 1.90
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?.41 1.80
e.36 1.80
e. e8 1.8C)
4.39 1.802.43 1. gO
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?.39 r,S0
¿,41 1.80
?,44 t, 9(:)
2.41 l. 90
?,41 1. 8C)
4.35 1.80
?.?4 1.80
?.?o 1.80
2.?çt 1.80
?.?7 1.8(')
?.4? l.g()
¿, 15 1.80
a. 16 1,80
?.03 1.70
2. l8 1.70
?, ct7 1. 70
2, t9 1,70
1.87 t. 5C)
1.70 1.5C)
e. 19 1. 7(l
1.74 1.60
1. 70 t, ¿0
1.70 l.ec)

l.leek Year
185
285
385
485
s85
685
785
885
985

10 85
11 85
1¿ g5
13 85
14 85
15 85
16 85
!7 85tg 85
t9 85
?o 85
el 85
?2 85
e3 85
?4 85
e5 85
Ê6 85
?7 85
28 85
?9 85
3rt g5
31 8532 85
33 85
34 85
35 85
36 85
37 8s
38 85
39 85
40 854L 85
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43 85
44 85
45 85
46 85
47 85
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49 85
50 83
51 85
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4.3 6.?
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5,4 9.5

Êl I Trucks 6vtl +5.0
Front Axle +0.6
Drive Ax les +6. 4
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Frc,nt Axle

4:Ê¿ Al I Trucks
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GVt' -1.6
Front Axle -6,0
Drive Êxles -1.6
Trai ler Axles -O.4

¿3 Trucks GVtl ) 70,o(ÌCr lbs
Front AxIe

either not classified or not weighed to be identified. This
mrmber is then distributed proportionally among all vehicles.
To date this is the only attempt at adjustment that has been
made. However, such adjustments will be applied to all plotted
data in the future because of the significant differences that
result,

Summary Data

Data Variations

All the plots show that there are few consecutive weeks when
the observed data in any category are constant. Some of the
peaks arìd valleys observed are due to slight differences in the
time at which the data were dumped. Some of them are caused
by changes in calibration of the system. The majority of the
variations are a reflection of variable traffic characteristics,
However, there are a number of trends that are clearly
demonstrated.

Growth Trends

An increase in weight for all heavy trucks (Types 11 through
19) is shown in Figure 11. This increase in weight of heavy
trucks (also indicated by an increase in average ESAL in Figwe
12) was partially due to a calib,ration change in early October of
1984. However, an increase in the weekly ESAL can be seen in
Figures 17 through 19, which is due to more than the calibra-
tion increase. The actual increase in weekly ESALs is about
1,000 ESAL/yr (about 7 percenr).

The volume of longer combinarion vehicles (Types 12
through 19) is increasing (see Figure 15); ir is shown in Figure
16 that this is caused by an increase in Types 14, 15, and 17,
which are predominantly doubles. Shown in Figures 17 and 18
are accompanying increases in ESALs, in particular from
Types 14, 15, and 17. This trend is encouraging because the
contribution of ûve-axle twins (Type 12) is decreasing, as

-0.5 3.4
-7.1 5,9

ñ.,"; l;rÌ;; hüilp*ã-;;t gþtn--;d* wrM) ;;;' * wñ b'- ild ; 
-s.,r 

; l-s-z ù" y
vehicles (five-axle semis, Type ll), October 7, 8,9, 11, and 15, 1985. I = range of heavy
vehicle gross vehicle weights (GVWs) at Jefferson WIM from sample size 29,300 1b 1ow to
88,200 lb ïugh, 2 = range of heavy vehicle GVWs at Jefferson WIM from sample size 27,600
lb low to 89,700 lb high.

verified in Figure 20, which also shows a decrease in ESAL
contribution from Type 11 (3S-2). The five-axle twin truck is
potentially the most damaging vehicle when fully loaded to the
legal limit, because it has the minimum number of axles feasi-
ble, which are all single axles.

Seasonal Trends

It is shown in Figures 15 and 16 that there is a trend of higher
truck trafñc in summer and autumn, However, this is small
compared with the total traffic stream data figure 14), which
shows clearly that trafûc is heaviest in August and lightest in
January and February. The range for 1984-1986 is from about
80,000 vehicles/week to about 115,000/week (both lanes).

Truck Characteristics

The percentage of tn¡cks in Lane 1 varies from about 15 to 2l
percent (see Figure 21), and in Lane 2 from about 12 to 17

percent. There are about 14,000 trucks/week (in both lanes), on
the average (see Figure l5), with a total ESAL of about 20,000
(see Figure 19). Type 1l trucks provide about 60 percent of rhe
weekly ESAL (see Figure 20), but a little under 50 percenr of
the total truck volume (see Figure 15). As shown in Table 4 and
Figrue 12, the average ESAL values for Type 1l trucks are
about 1.5 and for Type 12 trucks about 2.1. These values are
high as a result of the WIM weights being about 5 percenr
higher than static weights, and if the weights were reduced by
this amount, average values of about 1.2 ar:d 1.7 would result
for Type 11 and Type 12 trucks, respectively. These estimates
are conservative because WIM weights were less than 5 per-
cent high in Lane 2 (see Table 5).

The average weight of tridem axles has increased dramat-
ically since the fall of 1985, as shown in Figure 13. Although
the total number of tridem axles is very small (see Table l),
their frequency is increasing, and this is a trend to be observed
carefully in the future.
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Speed

It is shown in Figure Z2that after one initial calibration change,
the average traffic speed has remained fairly corstant-at about
59 mph. Cars are consistently faster than trucks by about 2
mph.

Summary

The data collected from a continuously operational fixed site
such as the Jefferson site provides valuable information.
However, the considerable data collected must be processed
before they are usable. Once processed the data could be used
to establish statistical sampling plans for furure sites. For in-
stance, it is possible to establish exact patterrs for trafflc flow
by hour, day of the week, and week of the year. Thus, data
collected for short periods from similar sites could be extrapo-
lated with reasonable confidence. Such techniques could be
used for simple traffic counts or for portable 'WIM sites.

CONCLUSIONS

The following conclusions are drawn from the study:

1. AVC systerns provide accurate and continuous data about
vehicle volume, classification, speed, and weight. These data
need to be adjusted to account for differences in IVIM weights
and static weights and for those vehicles that are not classified
or not weighed;

2. Procedures for processing the data from the Jefferson
traffic-monitoring site have been presented. These present the
data in easy-to-read plots and tables that show distinct trends in
the data. Because adjustments have not yet been made to the
plots, only general trends and average values are emphasized at
this time;

3. A major trend observed is the seasonal variation in traffic
volume, which shows that the weekly volume of cars and other
light vehicles lraveling in summer is about 25 percent more
than in winter. Similarly, it has been found that traffic speeds
are uniform, with average truck speeds about 2 mph less than
car speeds;

4. Data obtained from the Jeflerson WIM site can be con-
veniently used for establishing pavement design parameters
and various other traffic parameters for a variety of design and
planning activities;

5. An example of significant pavement design data is the
definition of ESAL for each rruck rype. For example, the
average ESAL for Type ll (3S-2) trucks is abour 1.5, and that
for Type 12 (2-SL-2) about 2.1. These values would adjusr to
about 1.2 and 1.7, respectively, if the difference between WIM
and static weights is considered; and

6. There is a trend of increasing volume of longer-combina-
tion vehicles (Types 12 through 19). Within this group, rhe
volume of Tlpes 14, 15, and 17 is increasing and the volume of
five-axle twins (Type 12) decreasing. This should slow the rare
of increase in ESALs, because the vehicle types that are in-
creasing have more axles than those that are decreasing,

FUTURE DEVELOPMENTS

Data from a fixed WIM, such as those at the Jefferson site, are
of limited usefulness as they can only be extrapolated to similar
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Interstate sites. Nevertheless, they provide insight into traffic
behavior, insight that was impossible to obtain before reliable
WIM data became available. OSHD is in the process of de-
veloping a long-range plan for making use of WIM and associ-
ated vehicle-monitoring technology. The plan will address the
recommendations of the Federal Highway Administration, as

published in the 1985 Traffic Monitoring Guide (5). This will
require use of at least two portable WIM devices to be used
continuously at selected sites on a statewide basis. These would
be used in conjunction with the bridge WIM.

Developments in AVI are anricipared, indicating that they
may be used on a widespread basis in the near future. A new
port of entry will become operational on I-5 southbound at
Woodbum during 1986. This will have rhe capabiliry of allow-
ing trucks with AVI devices to bypass rhe sratic scales and pUC
station provided that they meet both weight and PUC require-
ments. It is anticipated that WIM/AVC/AVI technology will
play a vital role in highway research in the near future and that
both public and private sectors will beneflt.
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TIRE CONTACT AREA MEASUREMENT

No method currently exists for directly measuring the tire
contact area of a moving vehicle. Therefore, the computation of
the tire contact area is necessarily approximate, because the

shape of the tire footprint is neither regular nor constant. As
shown in Figure 1, it is nearly circular at the leading and

trailing edges and reasonably straight on the sides. As tire
inflation pressure increases, the tire footprint becomes smaller,

less rectangular, and more circular, Three methods are pre-

sented in this section for estimating tire contact area by measw-
ing selected characteristics ofthe tire footprint. These are: axle

sensor affays; axle sensors in combination with WIM sensors;

and pressure-sensitive devices. (This latter technology has been

applied to discriminating between single and dual tires on the

same end of an axle by at least one vendor of WIM systems,

but thei¡ prôduct has been discontinued and was not appropri-
ate to the measurement of the tire contact area.)

Use of Axle Sensors for Tire Contact
Area Measurement

One way to measure the tire contact area is to detect the edges

of the tire footprint to provide values for the geometric param-

eters of the shape of the footprint. For example, if the footprint
were rectangular, it would be necessary only to detect the

leading, trailing, and side edges of the footprint according to

the following idealized procedure.

Three axle sensors are used in the configuration shown in
Figure 2. Two are placed laterally in the traffic lane, pelpen-
dicular to the direction of travel. The third is placed diagonally,
at an angle of 45o to the direction of travel. Vehicle speed

measurement is provided by the two lateral axle detectors, The

length of the tire footpint is measured by the first lateral axle
sensor. The diagonal axle sensor aids in computing the width of
the tire footprint.

Figure 3 shows an example of the tire contact area measure-
ment process. Vehicle speed is obtained from the actuation

times of the two lateral axle detectors as follows. At time T1,

the leading edge of the tire strikes the first lateral axle sensor,

producing the leading edge of an electrical pulse from elec-
tronic detection circuitry connected to the sensor. The electrical
pulse stays up until time T2 when the trailing edge of the tire
leaves the first lateral axle sensor. At time T3, the outer leading
edge of the tire makes contact with the diagonal axle sensor,

resulting in an actuation and producing the leading edge of a

second electrical pulse. This electrical pulse stays up until time
T4, when the irurer trailing edge of the tire leaves the diagonal

Automated Acquisition of Truck Tire
Pressure Data

Wrr-pv D. CUN¡.cIN AND At-s¡nr B. GnusBs

Recent field studles have established that operational truck tire
inflation pressures are much higher than those typically as-

sumed in the pavement design process. tr'ield data have shown
that tire inflation pressures for trucks operating on the high-
wây average between 95 and 100 lb/in.2 (psi), whereas 75 to 80
psi is usually assumed in pavement design. Other work has
shown that these tire pr€ssures are not unlformly distributed
across the area of contact between the tire and the road sur-
face. One of these studies indicated that contact pressures at
the outer edge of the contact areâ can be as high as twice the
tire inflation pressure. This sltuation is suspected of causing
significant levels of premature failure in pavenent structures
in Texas. Presented in this paper are the results of a study into
the feaslbility of automatically monitoring the contact tire
pressures produced by trucks while they are in motion by
monitoring tire fooþrint dimensions and weight. The work
undertaken has lncluded (a) A review of principles of tire
contact pressure measurement and available sensor technol-
oçyl þ) An assessment of the feasibility for using each princi-
ple/technology for truck contact pressure measurement; and
(c) development of the concept for an independent tire contact
pressure meâsurement system, as well as options for incor-
poratlng an automatic contact tire pressure-sensing feature
into current operational truck weighln-motion systems. De-
scribed in this paper are the results of work performed by the
Texas Tlansportation Institute, sponsored by the Texas State
Department of Highways and Public Transportation (hereinaf-
ter referred to as the Department) in cooperation with the
tr'ederal Highway Administration of the U.S. Department of
Tiansportation.

Recent field studies indicate that operational truck tire inflation
pressures are higher than normally assumed. Therefore a con-
cept has been developed for measuring tire contact pressures as

part of a weigh-in-motion system.

TIRE CONTACT PRESSURE MEASUREMENT

Tire contact pressure is the pressure on the surface of the
pavement at the tire/surface interface. This value depends on
both the applied load and the area to which it is applied. The
acquisition of tire contact pressure data requires either direct or
indirect measurement of the load on each tire and the lateral
and longitudinal dimensions of the contact area.

There are basically two approaches available for automat-

ically acquiring truck tire contact pressures. One of these is to
provide the load input from conventional truck weigh-in-mo-
tion flilIM) equipment and to obtain truck tire footprint infor-
mation from one or more other sensors. Another approach is to
design a sensor that directly measures the tire contact pressure.

The Texas Transportation Institute, The Texas A&M University Sys-
tem, College Station, Tex.77843.
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I'IGURE I T]pical tire fooþrint.

Z - conf iguration

FIGURE 2 Axle s€nsor configuration.

axle sensor and the electrical pulse drops to zero. At time T5,
the leading edge of the tire strikes the second lateral axle
sensor, producing the leading edge of another electrical pulse.
The electrical pulse stays up until time Tu, when the trailing
edge of the tire leaves the second lateral axle sensor. The times
at which the leading edge of the tire strikes the two lateral axle
sensors are used to compute vehicle speed according to the
following equation:

Speed = Dl(Ts - Tù (1)

where speed is in inches per second, actuation times T, are in
seconds, and D is the distance in inches between the perpen-
dicular axle detectors. The footprint length is then calculated
from the following equation:

Length = (Tz- T1) x speed

where length is in inches.
Assuming the diagonal axle sensor is at an angle of 45o, the

width of the hypothetical rectangular tire footprint is then
calculated with the following equation:

11 d
T2

T3

T4

FIGURE 3 Axle sensor operation.

Width = l!o, - Tù - (Tz - fr)l x speedlL4l4 (3)

where width is in inches. The constant 1.414 is a corection
factor for the 45o angle.

Combining Equations 1 through 3 provides an equarion for
computation of the tire contact area from the actuation times of
the sensor conflguration shown in Figure 2.

Area = (Tz- T) x [(T¿ - Tz) - (Tz - ?r)] x speed2

= (Tz - T,) x [(To - Tù - (Tz - Tì]
x [D/(T5 - rù]2 (4)

where the area is the tire footprint contact area in square inches,
If the weight of a wheel is known, then the average tire contact
pressure over the tire footprint is given by

Presswe = weight/area

where the tire contact pressure is psi, the weight of the tire is in
pounds, and the area is in square inches,

Equipment for obtaining tire wheel weight is discussed in the
next section. With regard to measuring the tire contact area
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using the procedwe described above, it is useful to consider the

assumptions on which the derivation is based and the impacts
of deviations from the assumed conditions on the measure-

ments. The assumptions made were that

1. The tire is rectangular,
2, T\e tire contact area is constant,

3. The speed through the sensor area is constant,

4, The distances between sensors are constant, and

5. The actuation times are precisely recorded.

Each of these assumptions will be examined in the following
paragraphs.

The accuracy of automatic measurement of ti¡e contact area

using axle detectors is dependent on the assumed shape of the

tire footprint, It is not necessary that the assumption of a

rectangular area be met, but it is necessary that algorithms be

developed that can relate the actual tire contact area to the

actuation times recorded,
Tire footprints are generally rectangular with circular lead-

ing and trailing edges and suaight side edges when inflated at

approximately 80 psi. However, as inflation presswe is in-
creased, the footprint becomes smaller and more circular for
the same load" As this occurs, the axle sensor configuration of
Figure 2 will not work as intended. The peak on the leading and

trailing edges of the ti¡e will cause the measurement system to
overestimate the effective length of the tire footprint. Con-
versely, the shape of the same leading and trailing edges may

result in an underestimate of the tire width because the front
edge of the tire rather than the outer edge may be activating the

diagonal sensor. This is particularly true for diagonal sensors,

which make an angle of less than 45o with the lateral dimension
of the roadway. However, it appears that the length and width
measurement errors are offsetting. The degree to which this
circumstance holds in actual field conditions needs to be

evaluated,
The impact of tire shape on ti¡e contact area measurement

with axle sensors can be considered by analyzing Figure 4,
which is based on Figure 1 and an actual ti¡e footprint. The
actual area of the footprint is 66.97 in.2. The maximum length
of the pattem is 10.84 in. and the maximum width is 6.95 in.
The inflation pressure is 80 psi. Assuming that the truck with
this tire is traveiling at 55 mph and it strikes the first lateral axle
sensor at time T1 = 0, the following times will be recorded:

It = 0'000 sec

Tz = 0'011 sec

Te = 0.012 sec

T¿ = 0.032 sec
Ts = 0.198 sec

Te = 0.209 sec

Then, from Equations 1 through 3:

Speed = 192 in./0.198 sec = 969.697 in./sec
(= 55.00 mph)

Length = 0.011 secx969.697 in./sec = 10.67 in.
Width = [(0.032 - 0.012 sec) - 0.011 sec] x

969.697 in/se* /1.414 = 6.17 in.

The measured contact area is then
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Area = 10.67 in. x 6.17 in. = 65.83 in.2

This value compares favorably with the 66.97 rn.z in the actual

area of the tire footprint, However, it remains to be seen

whether such results can be obtained from a full range of tire
types, sizes, tread conditions, and inflation pressures,

Laboratory studies of the variations of tire footprint shape

and area under load have produced results that indicate that as

the load increases, so does the area of the ti¡e contact footprint,
The rate of increase is dependent on ti¡e construction and the

tire inflation pressure, Figure 5 reproduces plots of gross tire
contact area versus load for different inflation pressures for one

common type of tn¡ck tire, Figure 6 shows plots of gross tire
contact area for radial (I and II) and bias (VII and VII! tires as

a function of load. Both Figure 5 and Figure 6 indicate that

gross contact area is a linear function of load for the reasonable

range of loading.
Laboratory and field studies are needed to determine the

exact relationships among tire contact area, effective tire width,
effective tire length, tire inflation pressure, and tire loading for
moving trucks. As indicated in the previous paragraph, a con-
siderable body of laboratory data now exists, so that extensive

laboratory work will not be necessary for the development of
operational automated tire contact area measurement tech-
niques and devices, However, test track and field test runs will
probably be needed to provide the required information.

Area ' 66.97 sq in

FIGURE 4 Tire fooþrint dimensions.
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The assumption of constant vehicle speed is reasonable if the
total length of the sensor array is less than approximately 30 ft
and there are no conditions that are likely to cause vehicles to
brake or accelerate. For this reason, monitoring sites should be
chosen so that conflicts with other traffic are minimized and the
variable speeds found in traffic congestion are.avoided.

The distances between sensors are required for computation
of speeds and subsequently tire contact area, An error of 6 in. in
an assumed distance of 16 ft (a commonly used distance for

8000 9000

Load (tbr)

FIGURE 6 Gross tire contact area versus load for different tires (1).

speed measurement) for a vehicle traveling 55 mph can result
in a 1.59 percent speed error and a 3 percent error in calculating
the tire contact area for rectangular tire footprints. This error
rate alone is not significant, but because it can be added to other
sources of error it is clear that care must be taken in sensor
placement.

Nearly all automatic electronic traffic data-collection sys-
tems acquire data digitally. That is, the electronic system con-
troller checks the status ofeach axle detector at preset intervals
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to determine if it has been actuated. This interval is usually

approximately 1 ms. This use of periodic sampling limits the

accuracy of speed and therefore tire-dimension measurements'

For example, assuming a sensor spacing of 16 ft, an actual

vehicle speed of 55 mpt¡ and a sampling interval of 1 ms, an

error of 1/z ms in the actuation time for each axle sensor is

expected. This would result in a 1 percent error in the measure-

ment of tire contact area due solely to this source. Again, this

error is not serious alone but it can contribute to unacceptable

performance. The measurement of tire contact area requires as

much precision as possible within the constraints of budget and

technology.

Use of a Combinatíon of Axle and WIM
Sensors for Tire Contact Area
Measurement

The simplest method for the addition of a tire contact area

measurement feature to an existing WIM system is shown

conceptually in Figure 7. The Radian WIM system sensor

configuration used by the Department was chosen for illustra-
tion. The diagonal line shown in Figure 7 is an axle sensor'

Vehicle speed measurement is provided by the Radian system

using inductive loops. The weight transducer acts as both a

weight and an axle sensor for the measurement of the length of
the tire footprint. The diagonal axle sensor aids in computing
the width of the tire.

Figure 8 shows an example of the tire contact area measure-

ment process. Vehicle speed is obtained from the WM system

using inductive loops. At time Tr the leading edge of the tire
strikes the WM sensor, producing the leading edge of an

electrical pulse of the weight signal. The electrical pulse stays

up until time T2, when the leading edge of the tire begins to
leave the WIM sensor. At time T, the tire has left the WIM
sensor entirely and the electrical pulse drops to zero. At time 1o

the tire footprint makes contact with the diagonal axle sensor,

resulting in an actuation and producing the leading edge of a

second electrical pulse..This electrical pulse stays up until time
15, when the irurer trailing edge of the tire footprint leaves the

diagonal axle sensor and the electrical pulse drops to zero.

Given the vehicle speed and the axle sensor actuation times,

software can be developed to compute the approximate tire
contact area using the following equation:

Area = (Tz - Tù x [(Ts - T+) - (Tt - Tù] x speed2

where the T¡ are in seconds and the speed is in inches per
second.

Use of Pressure-Sensitive Mats for Tire
Contact Area Measurement

Several types ofpressure-sensitive material exist that could be

used for the automatic measurement of tire contact area, These

sensors operate on the principle that the area of the mat over
which the tire passes can be automatically identified. This
objective can be accomplished in several ways. Two of these

uel' (e) the fabrication of a pattem of pressure-sensitive ele-

ments as indicated in Figure 9; and (b) the recording of the

pattern of activation of a solid pressure-sensitive sheæt. Al-
though these approaches have not yet been applied to the
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measurement of tire contact area (or pressure), they have been

used for several years in commercial and industrial applica-

tions. The most conìmonly used material for this purpose is

lnductive WIM Axle
Loops Transducers Sensors

FIGURE 7 Axle sensor configuration for modified Radian
WIM installation.
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FIGURE 8 WIM/axle sensor operation.
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piezoelectric film, It is discussed briefly in the section dealing
with specific sensor technologies.

The pattern of pressure-sensitive elements shown in Figure 9
is used to detect the tire contact area by determining if there is a
load on each element during a single sampling cycle of the

digital electronic traffic-monitoring system. Each element
covers a known surface area, so that the total contact area can
be calculated by adding the areas of the actuated sensing

elements. For example, consider Figure 10, which shows the

tire fooçrint of Figure 1 superimposed on the pattem of pres-

sure-sensitive elements from Figure 9. The tire acfuates 5
percent of the elements on the mat, so it is assumed to have an

area that is 5 percent of the 1,296 in.2 mat area, or &.8 in.z.

This compares to the 66.97 in.2 area that was actually
measured.

FIGURE 9 Pattern of pressure-sensitive elements.

I'IGURE 10 Operation of pattern of pressure-
sensitive elements.

Clearly the density of the elements has a direct effect on the
accuracy of the measurements, The more elements that are
placed in a given area, the more accurate will be the estimate of
the tire contact area, In order to provide an accuracy of * 5
percent, it will be necessary to provide one sensor element for
each in,2 of the mat surface area,

This type of sensor also obviously has a possible application
to direct measurement of tire contact pressure, This approach is
discussed in a later section,

Another possible approach is to construct a composite mat
consisting of two sheets, each of which contains strips of
pressure-sensitive material. As shown in Figwe 11, the first
sheet would have the strips oriented to correspond with the
longitudinal direction of the traffic lane; the second sheet
would have the strips oriented laterally so that they are perpen-
dicular to the strips on the other sheet. As illustrated in Figure
12, when the tire footprint is covering any portion of a strip it is
detected. The coordinates of the intersections of actuated longi-
tudinal and lateral strips can then be determined" If there are a
total of 3'2A intersections of longitudinal and horizontal strips
covering 1,296 n.2 and I'l of these are acû.lated, then the
calculated tire contact area is 68 in.2. As with the use of the
pattem of individual pressure elements, the density of the strips
has a di¡ect effect upon the accuracy of tire contact pressure,

The third application of pressure-sensitive material ro rhe
measurement of tire contact area is to use a single solid sheet,

Ll't

WffiâMWWWNWWffiWâWMWWffiffi
FIGURE 11 Pattern of pressure-sensitive strips.

wwffiawffimu ffiffiwwnwmwn
FIGURE 12 Operation of pattern of pressure-sensitive
strips.

taking advantage of the time it takes for the actuation response
of an area of the material to reach the electronic detection
circuitry. When the tire is on a specific area, arlexcess electrical
charge is generated in the crystalline structure of the pressure-
sensitive material. This excess charge travels through the mate-
rial at a known speed. There are receptors along the edges of
the mat that receive these generated signals and interpret the
times they are received as actuations of the surface contact
area. Alttrough a moving tire is a more complex phenomenon
than others that this approach has been used to address in
commercial, industrial, and military applications so far, al-
gorithms could be developed for its successful application to
tire contact area measurement,

The three configwations of pressure-sensitive material al-
ready described have been discussed in the context of a mat.
However, it is also possible that a narrow strip could detect tire
length in a manner similar to an axle detector while it sensed
tire width as a pressure sensor.
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DUAL TIRES

The preceding discussion has applied to measuring the tire
contact area of a single tire. However, it is most common that

heavy trucks have dual tires on each side of an axle (except for
the steering axle). The use of the diagonal axle sensor will
require that statistical relationships be developed between the

apparent width produced by two tires togettrer, which appear to
be one to the sensor and the actual contact area of the pair of
tires. Altematively, if a piezoelectric cable is used as the diago-
nal axle sensor, the width of each ti¡e can be determined from
the difference in the magnitude of the cable output produced by
the number of tires. The discussion of piezoelectric cable in the

following section on axle sensors includes a figure that clarifies
the operation of this sensor for discriminating between one and
two axles.

Any of the three pressure-sensitive material sensor config-
urations are capable of determining if an actuation is caused by
one or two axles. This is due to the fact that each has the ability
to monitor what is happening in each section of the mat at any
time.

APPLICABLE SENSOR TECHNOLOGIES

This section presents a discussion of vehicle sensor tech-
nologies that are applicable to the objective of automatically
measuring tire contact pressures. Also included is a description
of other technologies not now in use for vehicle sensing that
could be applied to this problem.

Axle Sensors

Pneumatic Tubes

Pneumatic tubes are easily the most widely used axle sensor.

They operate by the rapid compression of a trapped volume of
air in a section of tubing with the subsequent mechanical
actuation of a diaphragm. The actuation of the diaphragm in
tumproduces an elechical pulse that is delivered to the record-
ing circuitry. Pneumatic tubes are always installed in portable
situations. These devices have several advantages for applica-
tion to tire contact area measurement. They are inexpensive
and can be easily installed by one person in less than 10 min
under low traffic conditions. These sensors are both dwable
and reusable. The operational life is approximately 6 months
under daily use and moderate traffic levels.

Pneumatic fubes also have some serious disadvantages that
may limit thei¡ use as part of an automatic tire contact pressure-
detection system. They are not well suited to high traffic vol-
ume conditions. Tests have shown that pneumatic tubes placed
side-by-side in the same lane can produce counts that vary by
as much as 30 percent over a 15-min time interval. The tubes
also tend to work loose under heavy traffic, reducing the ac-
curacy of the critical actuation time measurements needed to
compute vehicle speed and tire contact area.

Tapeswitches

Tapeswitches are generally used in temporary applications but
can be installed permanently. These sensors are basically long,
narow pairs of metallic contacts separated along their edges by
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insulation. The device is protected from environmental condi-
tions by a waterproof vinyl sheath.

The cost of each tapeswitch ranges from approximately $30
to $100, depending on the type of construction. The less expen-
sive t¡pe consists essentially of the sersing element with its
protective covering. The more expensive type adds a rigid steel
frame to provide durability.

Tapeswitches are usually affixed to the highway surface with
adhesives. The adhesives that have been used for this purpose
vary widely and include tape with adhesive material on two
sides, cloth impregnated with rubberized asphalt, and masking
tape.

The basic tapeswitches are less thanslrc in. high and are not
particularly conspicuous to drivers. However, the addition of
the steel frame increases the profile to 7 

f rc in., which makes it
much more conspicuous. They are more accurate than pneu-
matic tubes, due principally to the fact that they can be securely
fastened to the surface of the roadway. The closure of the
switch is also more reliable than the operation of the diaphragm
in the pneumatic tube sensor.

Piezoelectric Cable

Piezoelectric cable operates on the principle that electrical
charge is generated when certain crystalline materials are sub-
jected to stress, One type commonly in use now is a coaxial
cable with crystalline piezoelectric powder as the dielectric
material. Both temporary and permanent installations of this
sensor have been successfully made, As an axle sensor,
piezoelectric cable has the advantage t}rat it, like the tape-
switch, can be exactly placed to provide the level of accuracy
for actuation measurements needed in determining tire contact
pressure.

Piezoelectric cable also has one significant advantage over
other axle sensors for use in measuring tire contact area, That
is, the magnitude of the signal produced by the cable is propor-
tional to the pressure applied to it. This sensor is therefore able
to detect whether a single or dual tire has caused the actuation.
For example, Figure 13 shows the general form for the signals
produced by single and dual tires passing over a piezoelectric
cable axle sensor placed diagonally across the right wheel path
of a traffic lane.

Triboelectric Cable

Triboelectric cable is coaxial cable that produces an electrical
charge on its conductive surface because of friction between its
constituent materials when subjected to stress, Commonly
available commercial and industrial types of coaxial cable
exhibit this property when subjected to vibration or flexrue. For
perrnanent installatiors, the cable is usually encased in epoxy
or polyurethane and placed in a slot in the pavement, which is
then sealed. For temporary applications the cable is used sim-
ilarly to the piezoelectric cable previously described. Its ac-
curacy as an axle sensor is based on the accuracy with which it
can be placed and maintained.

Capacitive

Capacitive axle sensors are based on the deflection of conduct-
ing surfaces caused by the passage of a wheel. The change in
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FIGURE 13 Axle detection signals produced by singte and
dual tires passing over piezoelectric cable.

separation of the conductive surfaces results in a change in the
capacitance of the assembly. Coaxial cable can be used for this
purpose in a marurer similar to that described for the triboelec-
tric cable. The principat difference in the two applications of
the coaxial cable is in the signal-processing electronics.

Another form of capacitive axle sensor is the capacitive
strip/mat sensor. This device has been studied and used exten-
sively as a weight sensor and also might be used as an axle
detector. However, it does not appear to offer any advantages
over other technologies for this application.

WIM Systems

As indicated previously, it is necessary to acquire the weights
of wheels while the truck to which they are attached moves
over the tire contact pressure sensor array. A significant amount
of effort has been expended and is now in progress to develop
equipment and techniques for performing this function. The
available commercial truck WIM equipment is described in the
following paragraphs. An assessment of the likelihood of suc-
cess of incorporating automatic tire contact pressure features
into each WM system is provided. In general, this feasibility
depends on the ability of a system to accwately measure the
wheel loads on one side of an axle.

Radian Corporatíon

The Radian Corporation WM system has been in use by the
Departmenr since 1974. It consists of an independent wlight
transducer in each wheelpath. The weight sensors provide both
weight and axle sensor functions. This system is appropriate
for inclusion of a tire contact pressure feature in the conflgura_
tion described in the previous section. That is, only a sìngle
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diagonal axle sensor needs to be added to the sersor array (see
Figure 7). The software could then be modified ro make rhe
necessary calculations and store the data. More detail about this
process is included in the following sections.

Streeter Richardson

The Streeter Richardson Division of the Mangood Corporation
produces two different types of WIM system: one permanent
and one portable. The permanent unit has one weighing plat_
form in each wheel path. Speed data are provided by two
i¡ductive loops. Both truck weight and axle-sensing functions
are provided by the weighing platform. This equipment is
adaptable to truck-tire contact pressure measurement by the
addition of a diagonal axle sensor in exactly the same way as
that described for the Radia¡r system, shown in Figure 7. This
equipment is not easily moved between sites and generally
stays where it is installed.

The Streeter Richardson portable WIM system uses a capaci_
tive weighmat with two inductive loops for measuring speed.
This equipment is also usable for measuring truck tire contact
pressure by the addition of a diagonal axle sensor following
modification similar to that described for the Radian WIM
system, However, there is only one weight sensor and it is in
the right wheel path. Consequently, only tire contact pressures
for the right side tires can be obtained.

I nternational Road Dy namics

Conceptually, rhe IRD WM system is similar to both the
Radian and Streeter Richardson pernanent systems in that
there is a weight sensor in each wheel path that also serves as
an axle serxor for computing the distance between axles, Speed
information is provided by inductive loops. Adaptation of this
equipment to tire contact pressure measurement can be accom_
plished by the addition of a diagonal axle sensor, as shown in
Figure 7, and software to process the data,

Golden River Corporation

The Golden River Corporation markets a portable WIM system
that uses the same sensor configuration as the Streeter
Richardson portable WIM equipment. The principal difference
in the two systems is that Streeter Richardson uses a Compaq
portable microcomputer as the central processing component,
whereas Golden River uses a dedicated microprocessor_based
data collection system. Modif,cation of this equipment to mea_
sure ti¡e contact pressure is feasible in a marurer similar to the
Streeter Richardson portable system.

Siemens-Allis (PAT)

The Siemens-Allis (PAT) WIM system has wheel load sensors

ln -eacf 
wheel path. Speed measurement is provided either by

inductive loops or by two wheel load weighers, longitudinally
spaced. This equipment can be modified for measuring tirl
contact pressure by the adjustments previously described for
the other pe¡rnanently installed WIM systems.
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Bridge Weighing Systems

The Bridge \ileighing System does not weigh individual wheel

or axles directly. The wheel loads must be mathematically

derived and users have had difûculty in obtaining acceptable

levels of wheel weight accuracy with this equipment' This

WIM system does not seem appropriate for measuring tire

contact pressure in its current state'

Weighwrite

The WIM system offered by the Weighwrite Company operates

only at very low speeds and weighs all ti¡es on an axle simul-

taneously. Corsequently, individual wheel load data are not

available and this equipment is not appropriate for measuring

tire contact pressure,

TIRE CONTACT PRESSURE
MEASUREMENT SYSTEMS

The following discussion presents two conceptual configura-

tions for measuring tire contact pressure automatically'

Option 1: Existing WIM Equipment with
Tire Footprint Measurement

WIM equipment is widely used in the United States and is
being implemented on an increasingly larger scale' It is there-

fore very attractive to use these existing devices for the mea-

surement of tire contact presswe, Given that the WIM equip-

ment will produce wheel loads, this option will require the

addition of tire contact area sensors with a means of combining

the WIM data with ttre tire contact area data for the calculation

of tire contact tire pressure.

The department now uses two different WIM systems for the

collection of truck weight data. The first of these is the Radian

Corporation WIM systerr¡ which uses weight sensors incor-

porating strain-gauge load cells in combination wirh an IBM-
XT microcomputer equipped with interface and signal process-

ing electronics. The weight sensors are placed in prepared

shallow excavations for each session of truck weighing. The

microcomputer is housed within a van that has been modified
for on-site truck weighing. In addition to the truck weight

sensors, a pair of inductive loops is provided for each lane'

These loops provide presence signals that are used for calculat-

ing speed and for activating the electronic subsystems of the

truck weighing system.

The use of the IBM-XT microcomputer within this system

contributes to the ease of this modification, because this equip-
ment is generally easier to work with than the proprietary

dedicated electronics formerly used in the system. As indicated
in the previous discussion and in Figure 7, the only modifica-
tion needed for the existing Radian WIM sensor array is a

diagonal axle sensor. This device provides information about

sensor width that is used with data already acquired by the

WIM system (wheel weight and footprint length) to calculate
tire contact pressure according to the relationship

P =WlA

where
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P = the tire contact pressure in psi,

W = the wheel weight in pounds, and

A = the tire contact area in square inches.

As a part of this feasibility study, the Texas Transportation

Institute (TTI) conducted limited tests to determine the best

angle for the diagonal cable. The results of this activity showed

that angles of less than 30o with the lateral dimension of the

traffic lane could result in interference with the measuring

process because of the nearly simultaneous production of sig-

nals by tires on opposite ends of the same axle' Angles of
greater than 60o are difficult to use when the tires on both ends

of an axle need to be measured. Limited tests of piezoelectric

cable and other axle sensors confirmed that the piezoelectric

cable should be considered for use as the diagonal axle sensor

because of its abiliry to distinguish between single and dual

tires on a wheel. The software required for this task can be

obtained either by modifying the existing WIM system soft-

ware so that the appropriate calculations can be made and the

data elements (P and A) are stored with each record as it is

acquired; or modifying the software used to process the data

after they are collected.
Either approach will produce the needed results. The choice

of the approach will depend on the availability of personnel

familiar with the WM system softwa¡e and the economic

constraints, The modification of the WIM system has, however,

proven to be difficult in the past because of the reluctance of
vendors to.provide the sowce code and support required for the

user or a hired consultant to effectively perform this task. At
the same time, the vendors have generally had little interest in
making changes to the software or hardware without significant
charges. The best solution is therefore the second one, in which
information output by the WIM system is used in conjunction
with axle sensor actuation data to calculate tire contact pres-

sures during the processing of the data at the end of a study-
not during the data collection.

If the data necessary for calculating tire footprint length are

not available but the outputs of vehicle speed and wheæl load
can be obtained from the WIM system, the configuration
shown in Figure 2 can be used to acquire tire contact area for
use in computing the tire contact pressure, Because the weighf
sensor actuation data are not available in this case, it is unlikely
that the software will be available for modification. It will
therefore be necessary to compute tire contact pressure from
the individual data elements at the data-processing stage.

Option 2: Direct Measurement of Tire
Contact Pressure

As indicated earlier, pressure-sensitive materials exist that
could be used in the development of a stand-alone tire contact

pressure system without the addition of the output from a rilIM
system. Two approaches are described in this discussion. One

uses piezoelectric film and the other uses piezoelectric cable.
As a part of this feasibility study and other research, TTI

conducted limited tests on piezoelectric film to determine its
suitability for use in a tire contact pressure detector, Previous
research had focused on the use of the pyroelectric characteris-

tics of the material as a passive infrared vehicle sensor. That
work demonstrated that the material was very sensitive to
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electrical noise and vibration so that it was not suitable as an

infrared vehicle sensor without an extended research and de-
velopment program. The application of the material to direct
measwement of tire contact pressure presents similar problems
that must be overcome. The direct pressure caused by the tire
and sensed by the piezoelectric film must be isolated from
electrical noise, vibration, and infrared energy. Fortunately, it is
much easier to accomplish these tasks in the context of an
enclosed mat than with an exposed element of f,lm.

Another difficulty that must be overcome with the film is the
lack of uniform sensitivity to pressure for the manufactured
product. Areas of the same roll can vary by as much as 10
percent in sensitivity to pressure. The pattem of pressure-
sensitive elements shown in Figure 9 was developed by TTI in
order to offset this effect. By cutting the material into l-in.
squares, it is possible to measwe the sensitivity of each square
and sort the squares into groups of the same sensitivity. TTI has
developed a method for testing large numbers of these elements
quickly and efficiently. Squares with the same sersitivity are
then used to make a tire contact pressure sensor using the
pattern shown in Figure 9. In this application, the elements are
each monitored to determine the magnitude of the signal being
generated by tire contact pressure. This process can provide not
only the average tire contact pressure but also a measwe of the
variation of the pressure across the tire contact area.

A microcomputer with interface and signal processing hard-
ware and software are necessary to complete the system.

tzt

Research is now underway to assess the feasibility of using
piezoelectric cable as a weight sensor. If this effort is success-
fuI, the resulting system could provide tire contact pressure
data by installing th¡ee sections of the cable in a configuration
similar to that shown in Figure 2.

CONCLUSIONS AND RECOMMENDÄTIONS

It is both feasible and desirable to acquire tire contact pressure
data automatically. It appears that a quick implementation of
this conceptcanberealizedby adding one diagonal axle sensor
to the Department's portable and pe.rmanent WIM systems.
Both portable and permanent t)?es of axle sensors are avail-
able, Direct measurement of truck ti¡e contact pressure is also
possible but will require additional research and development.

The availability of automatically acquired truck tire pressure
data will allow for making policy decisions about rhe modifica-
tion of the Department's pavement design procedures to take
into account changing tire inflation pressures.
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Calibration and Accuracy Testing of
Weigh-in-Motion Systems

PprsR DavIps ¡,mo FnnssR SovTNaERVILLE

Examined in this paper are the problems of calibration and
accuracy testing for weþh-in-motion systems, and several ap-
proaches are proposed that might improve the present situa-
iion. After the definition of terminolog¡ recent calibration
techniques are outlined and a different approach is advocated'
based on random vehicles. A statistical appraisal of the ap-
proach concludes the first part of the paper. In subsequent
sections, a new technique is described for self-calibration of
welgh-in-motion systems, based on the fact that loads on cer-
tain axles of particular truck classes show relatively little
variation. Setf-calibration offers the prospect of improved
weigh-in'motion âccuracy in between conventional calibration
exeicises. In the final sections of the paper, the questions of
weigh-in-motion accuracy appraisal and weigh-in-motion per-
formance standards are addressed. An accuracy (rfunnel" for
the assessment of weigh-in-motlon performance is proposed.

This provides for an absolute âccuracy tolerance at low axle

welghts, with a percentage tolerance at higher loads.

Weigh-in-motion (WIM) systens have been used for many

years in the collection of axle load data and as a screening tool
for the identification of potentially overweight vehicles' As the

use of WIM systerns has increased, a number of issues have

emerged conceming the operation and evaluation of these sys-

tems. The authors of this paper set out to examine the funda-

mental problems associated with calibration and accuracy test-

ing of WM systems, and propose several approaches to
improve the current situation,

Much of the content of the paper has been developed through

a contract being undertaken by Castle Rock Consultants on

behalf of the states of lowa and Miruresota' This contract is for
the development and evaluation of a low-cost automatic weight
and classification system (AWACS) based on a piezoelectric

axle load sensor. As part of this work, a test program was

developed to statistically assess the accuracy of the system over

a period of time.
Before aspects of calibration and accuracy testing are de-

scribed, the commonly used terminology is outlined' A review

of current calibration techniques has been included, together

with a discussion of the potential for self-calibration of WIM
systems. Following this, the main emphasis of the paper is on

statistical techniques to assess the accuracy of V/M equip-
ment. At the conclusion of the paper the problem of WIM
performance specifications is examined, advocating a new ap-

proach to accuracy assessment.

TERMINOLOGY

The technique of in-motion weighing attempts to measure the

mass of a vehicle, a wheel, an axle, or a group of axles on a

Castle Rock Consultants, 5125 N. 40th Sr, #Fll9, Phoenix, Ariz.
85018.
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vehicle by determining the constantly changing vertical dy-

namic force that is applied by the tires to the pavement surface'

The vehicle mass remains constant, by definition, but the roll-
ing wheel applies a dynamic force to the highway that might

range from double the static weight, after the vehicle has

traversed a bump, to zero when the tire bounces off the ground'

This so-called dynamic weight of an axle or vehicle makes up a

component caused by the static load of the vehicle and a

superimposed dynamic force component, which results from
the fluctuating motions imparted to the vehicle by external

factors. The magnitude of the dynamic force component is

dependent on vehicle, highway, and environmental characteris-

tics (/).
The accurate measurement of static loads for vehicles at rest

is surprisingly difficult. In order to weigh the whole of a truck

in one instant, scales have to be large and complex. Placement

of the vehicle on the scale can affect scale response signifi-
cantly, Worse, however, is the fact that most scales weigh

trucks section by section; each time the truck moves forward its

suspension system shifts and redistributes load between the

axles. Leveling the pavement and releasing the truck's brakes

can reduce these static weight measurement errors; significant

errors, however, inevitably remain.
To infer accurate static axle or vehicle loads from dynamic

measurements, the vertical acceleration of all the vehicle ele-

ments should ideally be zero. The sum of the vertical forces

exerted on a smooth, level surface by the perfectly round and

dynamically balanced rolling wheels of a vehicle at constant

speed in a vacuum is theoretically equal to the static weight of
the vehicle. This ideal siruation is obviously impossible to
attain in practice, In any event, extemal variables, such as

vehicle, highway, and environmental characteristics, are only
some of the factors that influence the WIM measurement.

Intemal errors associated with the measuring equipment can

also contribute significantly to discrepancies between dynamic
weights and their static equivalents.

In most cases, weigh in motion can only give an in-
stantaneous indication of the axle or wheel load as the vehicle

crosses the rilIM scale. If the WIM system were to operate

without measurement error, the measured load would be the

true dynamic force exerted by the wheel at a particular point

and time. Users of weigh-in-motion systems, however, fre-
quently want to infer static weights from dynamic measure-

ments. The actual difference between static and instantaneous

dynamic weight is often treated as an integral part of the WIM
enor, In common usage, therefore, WM enors are made up of
three components, whose order of importance might be (ø)
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actual static/dynamic force differences, (b) dynamic force mea-
surement errors, and (c) static load measurement enors. It is
generally impracticable to separate out these effects, and the
remaining discussion treats these as a single, combined error or
inaccuracy,

Terminology used to express so-called WIM accuracies
varies. An impact factor (IF) can be calculated for axles or
vehicles to give an indication of the system performance (2)

where

Altematively, IVIM accuracies can be expressed in terms of
static-to-dynamic weight differences using either absolute or
percentage weight values. Absolute differences would be ap-
propriate if weighing errors were approximately equal, irre-
spective of vehicle or axle weight. Percent differences are more
appropriate if the size of the weighing error increases in pro-
portion to the mass of the axle being weighed, which is more
likely the case. If neither of these conditiors is true, separate
accuracies should perhaps be quoted for axles in different
weight bands. The percentage difference (PD) and absolute
dilference (AD) can be defined by

PD= x I007o

AD = WIM weight - static weight

Whether F, PD, or AD is used to express WIM accuracy,
results for a single vehicle are of little interest in themselves.
Random flucfuations may make static/dynamic differences (er-
rors) substantial, or negligible, for any particular vehicle or
axle. Accuracy assessment requires WIM system performance
to be established over large samples of vehicles, for which a

normal distribution of errors will commonly be observed. Per-
formance across the sample is described by statistical measures
associated with two further error parameters: systematic error
and random error. Both kinds of error can be associated with
intemal measurement errors, or actual static/dynamic weight
discrepancies resulting from extemal highway factors.

The systematic error is given by the mean of the error
distribution for individual measurements, whereas the random
error is measured by its standard deviation. Systematic errors
can arise for reasons relating to the design, installation, or
operation of the system and cause a repeatable bias i¡ all
measurements carried out at a particular time. Random errors,
however, are uncontrollable and unpredictable, and are intrinsic
to any measurement. The purpose of calibration is to compen-
sate for systematic errors, reducing them as far as possible. The
initial calibration may change over time, producing a varying
systematic bias in the load measurements,

Current WIM system calibration techniques are briefly re-
viewed in the next section. The feasibility of a self-calibrarion
technique is described in the subsequent section.

CALIBRATION TECHNIQTJE

Current techniques for calib'rating weigh-in-motion systems
vary considerably among practitioners. Little research has
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been performed to develop a standard technique, with present
practice appearing to have evolved from trial and error. A brief
review of some of the different techniques adopted is presented
below

Hamrick describes the technique adopted by Idaho Depart-
ment of Transportation to calibrate a bending plate WIM sys-
tem (J). Essentially, it involved using a three-axle test vehicle
of 30,000 lb gross weight making a series of runs over the
systeûN of 20, 40, and 60 mph. The system calibration was
then adjusted to minimize the average differences between the
dynamic and static gross weights. Repeat calibration exercises
were undertaken approximately every 3 months but no data are
available indicating the extent of the change in systematic error
over time,

The approach used by the Miruresota Department of Trans-
portation involved three types of test vehicle (4J. A two-axle,
six-tire vehicle was used to estimate the variations between
dynamic and static weights and allow a preliminary calibration
to be made. Subsequently, three vehicles of different weights
were nrn over the weight sensor at different speeds, with
sample sizes ranging from 4 to more than 70. The systematic
errors for each test vehicle ranged between -2,2 percent and
+4.7 percent. No further adjustments were made to the calibra-
tion, However, in subsequent calibration exercises several
months later it was reported that the systematic errors now lay
in the range -16 percent to +30 percent. No firm conclusions
were drawn from these results, but it was suspected that the
equipment was faulty.

Chow performed an evaluation of the PAT and Streeter Amet
WIM systems in 1982 (5). As part of the evaluarion, a rwo-
stage calib'ration procedure was adopted: a preliminary calibra-
tion wherein a loaded truck was driven across the scales at
different speeds, at least 15 times at each speed, and the
calibration settings adjusted to minimize the systematic enor;
followed by a subsequent main calibration using random trucks
with various axle combinations, suspensions, and loadings,
crossing at various speeds, The whole calib,ration procedwe,
according to the report, was "laborious, tedious and difficult,
and required about six days to accomplish."

An alternative calibration method developed by the Trans-
port and Road Research Laboratory (TRRL) in the United
Kingdom is described by Priesr and Moore (ó). This particular
technique involves the application of a static load, via a load
cell, using a hydraulic jack acting against the underside of a

specially reinforced heavy vehicle. Loads are applied to the
center of the weigh scale through a rubber-faced mild steel
disc, 8 in. in diameter. However, such static calibration can take
no account of systematic errors resulting from dynamic effects
such as pavement prof,le. The use of a mobile dynamic loading
rig for WIM calibration has also been suggested, but this would
suffer from the same limitation.

To summarize, the use of test vehicles for calibration is not
wholly satisfactory because the effect of factors such as sus-
pension type is not taken into accounl Mobile loading rigs take
no account of pavement profile. The best approach to calibra_
tion, while costly, would se€m to involve the use of random
vehicles selected from the population of vehicles to be weighed
at a particular site.

- _ WIM weight
"' - Statjtc w"ight

WIM weight - static weight
Static weight
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INITIAL CALIBRÄTION

A perfect calibration would eliminate all systematic error in
weight measurement for the population of trucks at that site. It
is not practicable to measure the mean of the population eror
distribution directly, because it is impossible to measure every

vehicle at a site. However, this value may be estimated statis-

tically using a ¡andom sample from the vehicle population of
interest,

The systematic error for the calibration sample can be elimi-
nated by setting the equipment so that the sample has zero

mean enor. In practice, this may be derived by plotting the
'tffM ouþut against static load for the sample and fitting the

best straight line through the points. The sample size for initial
calibration depends on the calibration accuracy required and

the inherent variability of the data.

Previous experience indicates that the standard deviation
(SD) of the PD distribution will be around 10 percent. The
standard error of the mean (SE.) is given by

SD
""m - (nfn

where ¿ is the numbcr of static/dynamic weight comparisons.

Confidence limits of 95 percent are given by approximately X2

SE.. Therefore, for a calibration accurate to *1 percent, with
95 percent confidence, we require

^ = (!-\'= 4oo observations
\u')/

As each observation comprises one single, tandem, or triple
axle static/dynamic comparison, approximately 150 trucks will
be required to achieve the accuracy stated. Clearly, the sample
size will vary for different confidence and accuracy levels.

SELF.CALIBRATION

Self-calibration, or automatic calib'ration, is an approach that
might allow the systematic error to be minimized by continu-
ously monitoring any change in the calibration. Self-calib'ration
features might play a major role in reducing the operational
costs currently associated with the above method or other
conventional methods of rilIM calibration.

The principle of the approach is that the loads on certain
axles of specific truck classes show relatively little variation,
regardless of the loading condition of the truck. Therefore,
provided that the rilM system includes automatic vehicle clas-
sification, a data base can be built up by the system corxisting
of axle load measurements for these particular axles. If the
mean weight of these axles is calculated after the addition of
each new set of measurements to the data base, the system
calibration factor can be adjusted to force the mean weight to
agree with a known long-term population mean.

One particular axle category has been suggested as suitable
for potential use as the basis for a calibration feature (7) (C.
Dahlin, in a letter addressed to Perry Kent, FIIWA, 1983) and
(8). This is the steering axle of 3S2 trucks. The vehicle dimen-
sions of 3S2s are such that the kingpin is usually located close
to the center of the first tandem axle. Therefore, the loading on
the vehicle has relatively little effect on the steering axle load.
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To test this hypothesis, a data base of U.S. vehicle dimen-
sions and weights, collected during a biennial Truck Weight
Study (TWS) in Arizona, was analyzed by the authors. For the

self-calibration technique to be practical, only classes ofvehi-
cle that commonly occur in the normal traffic stream can be

used, and so for this analysis only 3S2s were selected. Of the

1,500 vehicle entries in the data base, over one-third were of
the class being analyzed. The vehicle weights in the data base

had been obtained from portable static weighing scales, accu-

rate to t2 percent, and collected during a period when no
enforcement weighing was in progress.

A computer program was written to analyze the data base by
fust selecting only the vehicle type under consideration and

then examining the axle weight of the steering axle. Each of the
weights examined was sorted into classes of 400 lb in the range

6,400 lb to 14,000 lb ffigwe 1). In total, 512 vehicles were
used in the analysis, having a mean axle weight of 9,950 lb,
with an associated standard deviation of 1,126 lb.

Fraquancy
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St.arlng ¡xl. w.lght (hundr.d lba)

FIGURE 1 Analyzed 3S2 truck data.

If the assumption is made that the standard deviation of the
sample is representative of the population as a whole, it is
possible to determine the sample size required to give a spec-
ified standard error of the mean for a given confidence level.
For example, for 95 percent confidence limits of +100 lb in
10,000 or approximately *1 percent, the required sample is
given by

SE- (standard error of -"*) = f,n

where

o = standard deviation and
n = sample size,

95 percent confidence = 1.96 SE. (normally taken as 2 SE.)

Therefore

1.96 x 5o =l'1?9-(n)ttt

where

roo
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n=L32

From the analysis of the limited data available, it would
appear that the use of steering axle weight data from 3S2s for
self-calibration purposes would be a practical proposition, al-
though a number of issues would first need to be resolved. In
particular, the reliability of the data used to determine the
population mean and standard deviation would need to be
assessed. It is possible that the data employed for this analysis
are biased, caused by a proportion of illegally overloaded
vehicles bypassing the weighing location even though no cita-
tio¡rs were being brought. These data may also be site depen-
dent and time dependent as the construction and use of the
vehicles change. This could be readily investigated given ap-
propriate data for different sites and years, but would need to be
monitored in the future. The accuracy of the vehicle classifica-
tior¡ particularþ for the class used in this technique, is a further
consideration for the method to be effective and would need
careful examination,

Because of the problems above, the technique would not
totally eliminate the need for individual site calibration on a

regular basis but could be used in several different ways to
improve the accuracy õf axle weight meãÀurements between
calibrations, For example, successive sample means could be
calculated in turn, or a long-term moving average of the sam-
ples could be derived. Vy'hen there was a signif,cant difference
between the sample means and the population mean, the sys-
tem couldjust record the fact and do nothing, or it could alert
operating persormel that the equipment was in need of re-
calibration. Alternatively, the system could automatically re-
adjust the calibration factor by a small increment in the re-
quired direction. These fluctuations in the calibration factor
could go rurecorded, or, more likely, would be recorded so that
the weight data could subsequently be "unadjusted" should the
need arise,

The concept of self-calibration appears to offer the potential
for improved long-term accwacy of WIM systems. However,
before the technique can be fully implemented, further detailed
arialysis of weight and classification data will be necessary,
together with practical testing in the field to prove the concept.
Castle Rock Consultants is currently addressing this need under
contract to the states of Iowa and Minnesota,

ACCURACY EVALUATION

The accuracy of WIM systeûrs can be directly determined by
obtaining values for the mean and standard deviations of the
PD or AD distributions, for both individual axle and gross
vehicle weights, at various points in time following the initial
system calibration. As with the initial calibration, ir is imposs-
ible to measu¡e the standard deviations directly, because not
every vehicle that crosses the site can be checked. Conse-
quently, a sample must again be taken, and the standard devia-
tion of the sample used to obtain an unbiased estimate of the
standard deviation of the population. It is possible to estimate
confidence limits on this estimate of the population standard
deviation. According to Spiegel (9), the SE of this standard
deviation is given by

t25

"o- 
sD

"" - {rn1',

Therefore, for an initial calibration using 150 trucks (400
observations), 95 percent confidence limits on the standard
deviation would be about t 0.7 percent.

Each sample can be divided into weight ranges to detect
differences in errors between weight ranges and statistical tests
performed to identify significant differences between ranges.

Following the initial calibration, a second sample of weight
measurements may be taken to observe whether any significant
change in calib,ration or accuracy has occurred, A change in
calibration will lead to different sample means, and changes in
random scatter will lead to different sample variances. The
two-tailed Students t-test can be used to determine, at any
desired level of confidence, whether the means of two samples
drawn from the same population are significantly different.

In the f-test, the null hypothesis is that the two means are
equal and any actual numerical difference is due only to that
amount of scatter expected when sampling a normal distribu-
tion. The f value is defined by

^ xt-xz
t = -------;-

ùd

where Xt = sample mean of the calibration sample and Xr=
sample mean of the second sample. S, is defined by

" _ [(Nr - l) sr2 + (N2 - r) s]f1t2 | t tlttz"d-L@Lru,-"rJ
where iy'1, N2 are lhe sample sizes, and Sr2, Srz are the sample
variances,

The sample size N2 can be estimated for particular signifi-
cant differences in the means and for particular confidence
levels. If a difference greater than +2 percent is required at 95
percent confidence levels, for example, the sample size N,
needed can be estimated as follows:

Assume N1 (original calibration) = 400 axles and that the
standard deviations of the samples 51, 52 a¡e both 10 percent,
then

s¿= rovo(urrt. #;)"

If detecting differences in rhe means at a 0.05 level of
significance is desired, then statistical tables show that the
critical values of t are + 1.96 in rhis two-railed test. Thar is, if r
> 1.96 or t < -1.96, the difference in the means was not due to
the random scatter expected when sampling a normal distribu-
tion but was because the population of the two samples were
different. In this case it would mean that the calib,ration had
changed, leading to a systematic bias.

Using these values to find the minimum number for lü, gives

t =?# = 1'96, or so = &

As it has already been estimated that ,S, = l07o t(l/400) +
(IlNùltlz, then solving for N2 yields N2 = 126 axles. This
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numhr of axles corresponds to about 50 rucks. Therefore, a

second sample of 50 random trucks should be sufficient to

detect a 2 percnnt change in the calibration, with 95 percent

confidence,

PERFORMANCE STANDARDS

With the variety of WIM systems currentþ available, different
accuracy levels can be obtained. Low-speed systems are capa-

ble of high-accuracy levels, whereas high-speed systems are

relatively less accurate. As indicated earlier, users frequently
want to infer static weights from dynamic weights so that the

difference between the two measured weights is often treated

as an integral part of the lilIM system error. Despite the

influence of highway and vehicle characteristics, it is generally

recognized that there should be WIM performance specifica-

tions within which the'WIM systems should operate'

This issue is currentþ being addressed by a research contract
being undertaken as part of the Heavy-Vehicle Electronic
License Plate (IIELP) program, for which Castle Rock Consul-

tants is a management consultant. The Development of tileigh-

in-Motion Perfonnance Specification contract involves the test-

ing of different IAÀIM systemsìn the laboratory and field-
and the definition of performance criteria including accuracy,

durability, and reliability. These criteria will be defined as

recommended levels of performance and will be a quarititative
assessment of the characteristics of WIM systems that could be

used in the HELP program.
A possible approach for accuracy specification has been

proposed by the authors. The approach would involve the

speciûcation of different accuracy limits according to the axle

weight. At lower axle weights, below 10,000 lb for example,
the accuracy is probably best speciûed as an absolute value,
whereas beyond this threshold a percentage is more appropri-
ate. This would lead a funnel within which the measurements

should lie. An absolute tolerance of 1,000 lb and a percentage

tolerance of 10 percent above 100,000 lb might be appropriate
values (Figure 2). The percentage of measurements falling
within the fururel would provide an indication of the system's

ability to meet the accr¡racy performance specification.
Although this approach does not eliminate the influence of

highway, vehicle, and envi¡onmental factors, it does appear to
offer a suitable measure of operating performance. Further
work would be necessary to establish acceptable values for the

funnel dimensions.

CONCLUSIONS

Outlined in this paper are current WIM calibration techniques
and the approach of self-calibration is developed as an aid to
improved accuracies between regular calibration exercises.
Analysis of TS/S data has demonstrated the potential of the
self-calibration concept, which relies on the fact that loads on
certain axles of particular truck classes show relatively little
variation, regardless of loading condition. Currently, work is in
progress to implement self-calibration of WIM in Iowa and
Minnesota.

The statistical design of calibration and accuracy evaluations
has also been investigated. In particular, techniques for deter-
mining the sample sizes of measurements required to achieve
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FIGURE 2 WIM performance specification.

specified accuracy and confidence levels have been outlined.
Using such techniques, statistically valid evaluations can be

readily performed to assess the calibration and accuracy of
WIM systems.

An approach to the definition of a performance speciûcation,
or standard, has been proposed as part of this paper. At low axle

weights, an absolute accuracy tolerance would seem to be

appropriate, with a percentage tolerance for higher axle
weights. This approach, producing a funnel-shaped tolerance

band, may allow WIM systems to be specified and compared in
similar ways.
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Accuracy and Tolerances of Weigh-in-
Motion Systems

Beurr¡¿.N IzapvEHR AND Ct-von E. L¡s

A systematic study of in-motion weighing of some 800 trucks
that were selected from the traffic stream on I-10 near Seguin,
Texas, yielded data sets that were analyzed to define the attain'
able accuracy within which wheel, axle, axle-groupr and gross'
vehicle weights could be estimated by a properly calibrated in-
pavement weigh-in-motion system. Each truck that was
weighed passed successively over the Radian weighln'motion
system transducers at high (150 mph)' intermediate (130

mph), and low (<10 rnph) speed and then stopped on a special
axle/wheel reference scale for successive static weighing of
each wheel. Tolerances for a 95 percent confidence level were
derived after the system had been calibr¿ted to yield a zero
mean of differences in the weigh-in-motlon wheel weight esti-
mates and the corresponding static wheel weights. The concept
of use tolerances, which allow for the probable error in both
the static weight measurement and the weigh-in-motion weight
estimate, is presented. Tolerances for high-speed weigh-in-
motion, intermediate-speed weigh-in motion, and low-speed
weigh-in-motlon scales at the experimental site are tabulated.

Although weigh-in-motion (-\ilIlt[) systems have been opera-

tional for two decades, the accuracy with which static vehicle
loads can be estimated at high, intermediate, a¡rd slow traffic
speeds when compared with static scale measurements has not
been systematically investigated or documented for mixed traf-
fic. Previous studies (1,2) have addressed the accuracy of the

Texas WIM system by analyzing data sets from test trucks.

With the static weighing technique (3), the overall accuracy of
a WIM system is determined not only by the accuracy with
which force measurements can be made by the system, but also

by the signal-processing technique and by how the system is
used. The systematic bias in weight estimates made by a WIM
system can be reduced significantly, and the variability can be

affected somewhat, if the system is properly calib'rated at each

site where it is used (4).
The purpose of this paper is to discuss the observed accwacy

and tolerances in weight estimates associated with a Radian

WIM system when about 800 trucks were weighed by the

system and on special static axle/wheel scales at three different
speeds in a series of field experiments in Texas. The informa-
tion that is presented is a valuable resource for consideration
when selecting suitable equipment for various pu¡poses and

when defining appropriate tolerances for truck-weighing opera-

tiors that are conducted either for collecting statistical data or
for enforcement, The concept of use tolerances is discussed,

and appropriate tolerance limits for WIM scales are suggested.

These values are intended to incorporate all probable errors

Department of Civil Engineering, The University of Texas at Austin,
Austin, Tex. 78712.
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associated with using a particular weighing device and tech-

nique so that the selected device ca¡ be used with confldence.

This paper is organized in the following order: first, a brief
description of the experimenting program and the analyses of
data are given. Then, the basic concept of use tolerances is
presented along with some recoÍrmended tolerance limits for
the WIM system used in this study.

EXPERIMENTAL PROGRAM

The weigh station adjacent to the eastbound lanes of I-10 ar

Milepost 616 east of Seguin, Texas, was selected as the experi-
mental site for data collection. High-speed weigh-in-motion
(IISV/M) scales were installed in the righrhand main lanes

about 500 ft in advance of the exit-ramp gore of the weigh
station. Speed over these scales averaged about 50 mph in the

experiment.
Intermediate-speed weigh-in-motion (ISWIM) scales were

placed in the straight section of the exit ramp 410 ft in advance

of the low-speed weigh-in-motion (-SWIM) scales. The aver-

age speed over the ISIVM scales was observed to be 30 mph,
and the rollover speed on the LSV/IM scales was less than
about 10 mph. The reference (axle/wheel) scales were placed

80 ft beyond the LSWM scales on a straight level (longitu-
dinal) section of the weigh station. All the WIM scales were
supported by a Radian instrument system that was housed in a

mobile laboratory trailer located opposite the ISVy'IM scales.

Profile of the Road Surface

Gross-vehicle weight and axle-group weights can be deter-
mined in several ways, The most accurate way requires the use

of a multiple-section vehicle scale using single-draft weighing,
whereby all wheels on the vehicle are weighed simultaneously
while the vehicle is in static equilibrium. Because of the ex-
pense involved, such a vehicle scale was not made available to
determine the gross-vehicle and axle-group weights of the
trucks in this study. Another way to determine gross-vehicle

weight and axle-group weights is to successively weigh
wheels, axles, or axle groups on axle-load scales or wheelload
weighers with all the vehicle components motionless and in
exactly the same relative position to one another at the time of
each weighing. Theoretically, this condition of exact position-
ing can best be achieved on a perfectly smooth and horizontal
surface that is free of any unevenness. In reality, however, a

road surface of this type is almost impossible to construct and

maintain because of economic factors. Displacement of any
vehicle component between or during successive weighings
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due to torque, braking, load-shifting, and the associated fric-
tional forces, also causes redistribution of the gross-vehicle

weight among the axles and wheels and results in inaccuracy in
the gross-vehicle weight and the axle-group weights calculated
by summing the successive measurements.

The existing straight, zero-grade section of the weigh station
chosen for use in this study had a 3 percent cross slope to the

left-hand side in the weighing lane. At the time the site was

selected, the permanent axleload scale had been installed in a

shallow concrete pit with zero cross slope in the immediate
vicinity of the scales. The asphalt concrete surface had been

warped from the 3 percent cross slope before and beyond the

shallow pit to trarsition to the level plane of the scale surface'

This warped cross section was not shown on the plans and was

not evident until construction of the reference scale pit was

begun. Limited funds and time available for the study made it
necessary to install the reference axle and wheel (AX/IVHL)
scale also atzeÍo cross slope and to warp the adjacent surface

into ttre lO-ft-long concrete approach aprors that were con-

structed before a¡rd beyond the scales. Figwe 1 shows the

longitudinal profile in each wheelpath at the site at the time
when data colle¡tion began. The longitudinal profile at the

center of the vehicle path was excellent, but the warping of the

cross slope at the scale pits was a matter of concem as it could
possibly have affected wheel weights adversely. The effect of the

local warping of cross slope was not expected to be as pronounced

on axle, axle-group, and gross-vehicle weights, however.

After the first 2 days of data taking, premixed asphalt con-
crete was used to replace the existing asphalt concrete swface
and a weighing lane with zero cross slope before, between, and

beyond the reference and the permanent scales was built. This
level surface held up well under truck trafûc for 2 days of data

taking, but rutted considerably in the hot su¡nmer weather by
the flfth day of data taking.

Later in June 19M, the premixed surface material was re-
moved and replaced with hot-mixed, hot-laid asphalt concrete

to form a level lane (longitudinally and trarxversely) approx-
imately 400 ft long. The LSWIM scales were removed before
the leveling and reinstalled afterwards. An additional 100

trucks were weighed on the AVWHL and LSWM scales on
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July 6, i984, after leveling the surface to within about 0.02 ft
for 380 ft surrounding these three scales.

Description and Operational Features
of Equipment

The nomenclature and operating features of each scale are

given below in the order in which each truck passed over them.

The weigh-in-motion system was supported by a fow-lane
Radian system that was developed especially for the study and

for subsequent use in Texas for data collection.

High-Speed Weigh-in-Motion (HSWIM)

This scale used two flush-mounted wheel-force transducers,

each 53 x 18 in. in plan dimensions, centered transversely in
each wheelpath so that the tires t¡aveled along the l8-in.
dimension. Each transducer was supplied with +1 percent max-
imum tolerances in electrical output signal. The analog signal

was digitized and processed by a microcomputer in real time on

site to convert the measured dynamic wheel force to an

estimate of static wheel weight. Speed and axle-spacing com-
putations were also made by the WIM system from inductance

loop-type vehicle-presence detector signals. Thus, as a truck
passed over the WIM scales, time of day, speed, axle spacing,
wheelbase, wheel weights, axle weights, axle-group weights,
gross-vehicle weights, bridge-formula compliance, and vehicle
class were determined automatically, displayed on the video
screen, and recorded on magnetic disk in digital format. Instru-
ments for the WIM system were housed in a mobile laboratory
trailer.

Intermediate-Speed, Weigh-in-Motion (ISWIM)

This scale was the same as HSWIM, but it was used at a slower
speed (approximately 30 mph).

Low-Speed, Weigh-ln-Motion (LSWIM)

This scale also was the same as HSWIM but each truck rolled
over it at a speed of less than about 10 mph. Furthermore, on
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FIGURE 1 Longitudinal profile in each wheelpath of the welghing lane at beginning of tests.
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the last day of data taking (July 6), this scale system was
calibrated in place with ten 1,(n0-lb test blocks fumished by
the Texas Department of Agricultwe, Weights and Measures
Section. The LSIWIM scales performed within tl percent over-
all system tolerances under dead-weight loading.

Reference Axle and \{heel Scale (AX/WHL)

This scale consisted of two scale platforms , each 4 x 6 ft in plan
dimensions, arranged side-by-side and mounted flush with the
road surface so that wheels rolled along the 4-ft dimension;
thus, each wheel on an axle could be weighed separately when
the axle was positioned on the pair of scales. The design of the
scale uses all flexrue types of devices to transfer forces to the
levers and finally to a single strain-gauge load cell. The load-
receiving surface is supported by a tabular metal frame that
deflects very little under load. The manufacturer states that one
part in 5,000 (0.02 percent) tolerances are attainable with the
scale. Under dead-weight testing using a series of 1,000-lb test
blocks, the scale always indicated correctly within the 20lb
increment that was selected for use in the study. Time of day,

wheel weights, axle weights, axle-group weights, and gross-
vehicle weights from these scales were printed on a hard-copy
tape by a microcomputer.

Thaffic Control and Data Collection

Traffic through the weigh station was controlled by uniformed
off,cers of the Department of Public Safety (DPS). One DPS
officer and one State Departrnent of Highways and Public
Transportation (SDHPT) person were stationed approximately
2 miles upstream of the weigh station. Selected trucks were
directed to stop on the shoulder by the officer; all other traffic
was allowed to continue on the main lanes. A serialized identi-
fication number was attached to the front windshield of each
sele¡ted truck by the SDHPT official. The trooper instructed
each driver how to proceed through the weigh station and
released a truck only when it could be processed at the weigh
station without having to stop before crossing the LSWM
scale, The release time was coordinated via radio contact with
the weigh station.

When released by the trooper, each truck traveled in the
right-hand lane of I-10, passed over the HSWIM scale at about
55 mph, exited, and passed over tlle ISV/M scale.at approx-
imately 30 mph. Each truck was then stopped approximately 20
ft in advance of the LSWM scale and the driver was instructed
to roll slowly over the LSWM scale and stop with rhe front
axle on the AX/IVHL scale. Another rrooper instructed the
driver to release the brakes after stopping each axle on the AX/
WHL scale and wait for weighing. A weight reading was taken
only after no appreciable change in the indicated weight was
observed,

ANALYSIS OF \ryIM DATA

The sum of the vertical forces exerted on a perfectly smooth
and level road surface by the perfectly round and dynamically
balancedrolling wheels of a vehicle (i.e., an ideal vehicle) at a
constant speed in a vacuum is exactly equal to the gross weight
of the vehicle. In reality, these ideal conditions do not exist.
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However, if the deviations from the ideal are small, static
weight estimates of acceptable precision and accuracy for cer-
tain purposes can be obtained from samples of dynamic wheel
force. The field data collected in the experimental program are
representative of actual truck traffrc conditions wrder normal
road and envi¡onmental conditions. The data sets are analyzed
to determine mainly the accwacy with which static wheel, axle,
axle-group, and gross-vehicle weights can be estimated from
dynamic wheel forces measured with a properly calib,rated
WIM system.at th¡ee different speeds. Axle weight and axle-
group weight have been taken as the sum of all wheel weights
for the particular axle or axle group under consideration, and
gross-vehicle weight has been computed as the sum of all axle
and axle-group weights on a truck or truck-trailer combination.

Graphical and statistical methods, including regression tech-
niques, are used here for the comparison and correlation anal-
ysis of the data sets. Static weights that are used as a basis for
comparison were obtained from the AX/ÏVHL scale. This scale
was accurate under dead-weight testing and weighed a tost
truck ttrat made more than 60 runs over the scales very consis-
tently throughout the 6 days of data-taking sessiors. Because
the number of trucks weighed was large and the mix of truck
types in the sample was similar to the mix in the total traffic
stream, the sample can be considered representative of the
population of trucks that would be weighed in practice.

Th¡ee difTerent data sets, one each taken on June 6 and 11,

19M, over all three WIM scales, and a third set taken on July 6,
1984, only over the LSWM scale, are analyzed and presented
in the following sections.

Graphical Representation

In the graphical approach, the weight data from the static
weighings are plotted on the horizontal axis, labeled AXI-EI
WHEEL SCALE, and the corresponding weight for each vehi-
cle as estimated by the WIM system at each speed is plotted
along the vertical axis (labeled WIM SCALE) in each figure.
Bounds of +10 percent and -10 percent difference in the WIM-
estimated weight and that obtained from rhe static AX/ÇVHL
scale are shown as divergent sloping lines in each figure. Dot-
dash lines on these figures indicate the legal weight limits. kr
another graphical approach the relative difference in the WIM-
estimated weight, which is calculated and expressed as a p€r-
centage of the weight measured by the reference scale, is
plotted against that of the corresponding reference weight.

Statistical Procedures

Statistical tests of normaliry (5, ó) indicate thar the frequency
of relative differences in WlM-estimated weights can be con-
sidered to be normally distributed; rherefore, by applying the
properties of a normal frequency distribution, certain in-
ferences can be drawn from analysis of the data sets. The
sampled data are considered to be representative samples
drawn from a large parent population.

For further analysis of the data, in order to examine the
relationship between the WIM estimates of the static weights
and the respective weights from the AX/IVHL scale numer-
ically, a linearregression analysis is used. For each data set,.the
regression is performed on the WlM-estimated weights against
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the corresponding observed weights from the static scale' Al-
though the obvious purpose of this analysis is to determine the

accuracy and precision, on the average, associated or attainable

with WM systems for predicting the true weights from sam-

ples of dynamic wheel forces, the equations are derived by

using weights measured from the AVWHL (reference) scale to

predict weights from the WIM scales. This is necessary be-

cause, in a normal regression equation ! = bo + b1r, the

predictor or independent variable ¡ is assumed to be virtually
error free, whereas the response or dependent variable y is not'

Thus, weight determined from the reference scale is taken as

the predictor variable x in developing the needed regression

equation. The fitted straight line, in essence, provides a calibra-

tion curve for the WIM scales, related to the static weight data

from the reference scale. The problem of estimating true

weight from a WIM system measurement of dynamic force is

called in statistics the inverse regression problem and is fully
documented in studies by Halperin (7) and Ostle and Mensing
(S). So the equation for a given y, namely )0, maY be inverted,

or solved for the i¡verse estimate of x, by solving the following
equation for x¡

!o= bo+ b1xg,

namely

fo=00-bo)lbt

so that force measurements from the WIM scales can be used to

estimate the static weight that would be expected to result from
weighing on the reference scale.

Results of the regression analysis are tabulated for axle-
group and gross-vehicle weights in the following paragraphs'

These regression equations were developed for each WIM
scale-LSWIM, ISWIM, and HSWIM-used in the experi-

ment. For cases in which it is known or in which it has been

found empirically that the standard deviation of the un-
transformed response y, o), say, is a function of the mean

value, p = E(J), a natural-log transformation of the data is used

in the analysis. The coefficient of variation (c.v'), which is a

measure of the precision with which true weight can be esti-

mated by the equatior¡ is computed for each equation. As

previously explained, the coefficients are computed on the

basis of the reference scale weight being the predictor variable;

therefore, small inaccuracies can result from applying the co-

efficients to the inverted equations. These inaccuracies,
however, cannot possibly be large because of the relatively
small scatter in the untrarisformed or transformed weight infor-
mation, The c,v's can be treated as standard deviations of the

relative difierence in weights. That is, true weights estimated

by the regression equations from weight measurements by the

WIM scales will yield estimates within (t2 x the coefñcient of
variation) of the actual weight values approximately 95 percent

of the time (i.e., within the 95 percent confidence limits). The
regression coefficient or the slope of the line, on the other hand,

is the measure of correlation or agreement between the \ilIM
estimates of the static weights and the corresponding measure-

ments from the AX/'\ilHL scale. A slope of 1.0 and a c.v. equal

to zero percent would result if perfect agreement existed be-

tween the two sets of weight readings.
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Gross-Vehicle Weights

Figures 2,3, and4 illustrate the variability that was observed in
gross-vehicle weight estimates for 61 trucks when each truck

was weighed at three different speeds (low < 10 mph, inter-

mediate = approximately 30 mph, and high = approximately 50

mph) on Jrure 11, 1984, by three properly calibrated WIM
scales. Each graph illustrates therelationship between theWIM
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FIGURE 2 Gross-vehicle weight estimates for 61 trucks
crossing the LSWIM scale (a) at less than 10 mph versus
weights summed from the AX/WHL scale and (á) percent
difference ln gross-vehlcle weight estimates from the LSWIM
scale with reference to the static weights.

Ø
Û¡
J

ô
¡J
l¡J
(L
t

=o)
t¡J
J

o
UI

H

=

f-

õs
¡1 I

5



Izadn¿hr and l¿e

tn
(I¡
J

o
t¡l
l¡J
o-
UI

I
c,
H
T

L¡J)
o
t^

Ë

u1
(n
J

ô
ult!
o_
UI

ci
l,¡J

F-z
H

t¡l
J

o
Ø

H

=

20000 40000 60000

AXLE/I¡'IEEL SCALE,
aoooo

LBS

GR0SS 
'¡/E 

I GHTS
I I JUNE A4

rswlu¡ scALr

20000 ,10000 60000 E0000

AXLE/\T'lEEL SCALE. LBS
(b)

FIGURE 3 Gross-vehicle estimates for 61 trucks crossing
the ISWIM scale (a) at about 30 mph versus weights
summed from the AXIWHL scale ând (á) percent difference
in gross-vehicle weight estimates from the ISWIM scale with
reference to the static welghts.

system weight estimates and the coresponding weights from the
AX/IVHL reference scale. The static gross-vehicle weight that was
used for reference was taken as the sum of the weights of all
axles on the vehicle after each axle was weighed in sequence
on the static AXAVHL scale. Careful examination of each of
the data sets was made to check for abnormalities in weight
data and a few (fewer than five) extreme outlying points were
removed with discretion from the data sets. Implications such
as a ti¡e partially or fully off the lüIM scale guided this process.
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FIGURE 4 Gross-vehicle weight estimates for 61 trucks
crossing the HSWIM scale (a) at about 55 mph versus
weights summed from the AX^ryHL scale and (å) percent
difference in gross-vehicle weight estimates from the
HSWIM scale with reference to the static weights.

As shown in these figures, if there were perfect agreement
between the two weights, all the plotted points would lie
exactly on the 45o line of equality. The pattern of data points
shown in these th¡ee figures indicates that there was a small but
co¡rsistent increase in the range of gross-vehicle weight dif-
ference as the speed of the vehicles being weighed by the WIM
system increased. For all tfuee scales, the data points are
clustered rather evenly with small scatter about the 45o line of
perfect agreement. The gross-vehicle weights from the
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TABLE 1 SUMMARY STATISTICS OF WIM GROSS-VEHICLE WEIGHTS AS
COMPARED AND CORRELATED WITH THE AX/WHL SCALE WEIGHTS
FOR SPEEDS AND TIMES SHOWN

DAIË SPEED AT

W¡[¡ SCALES

STATISTIC

ME,AN

WEIGHf, LBS
DIFFEFENCES

(MEÁN OF ASSOLUIE

9s%cot'lFroENcE
FANGÉ,1r z6',

REGRESSION ANALYSIS

SLOPE

Jun€ 11,1984
n=61

LSWIM
(10 mph)

tswtM
(30 mph)

HSWM

{5s mph)

49s70 (49600)+

49310

49080

.0.2 (1.6)

.0.7 (2.4)

.1.3 (3.8)

-4.1 lo +3.8

'6.8 to +5.4

'10.3 to +7.6

1.00003

0.99494

0.99054

2.0

2.8

38

June 6, 1984

LSWIM

{10 mph)

tsw¡M
(30 mph)

HSWM
(55 mÞh)

38870 (392oof

39000

38640

1.3 (2.8)

0.8 (2.8)

2.0 (3.8)

7.8 to +5.2

7.7 lo +6.1

10.9 lo +7.0

0.9 934 4

0.99729

0.98803

2.6

4.0

July 6, 1984
n=86

LSWIM
(10 mph)

43900 (44180f -0.6 {2.6) .6.8 lo +5.7 0.09f74 2.8

. "-:"J',ï:i .:":,: i:ï îr"'ür,

HSWIM scales are, on the average, 1,3 percent lower than the

respective static weights. Several light trucks produced large
negative weight differences in terms of percentage; these had a

rather large influence on this mean value. Although the dy-
namic effects of vehicle/road/WM-system interaction on these

gross-vehicle weights tend to be greater at higher speeds,

virtually all the \llIM estimates of gross-vehicle weights at high
speed differed less than 10 percent from the observed static
gross-vehicle weights (see Figure 4).

Results of the regression analysis, along with the statistical
inferences drawn from the sample distribution of the relative
di-fÏerence in gross-vehicle weights, are summarized in Table 1.

A linear regression equation (with zero intercept) was de-
veloped for each of the th¡ee WM scales used in the experi-
ment. The regression coefficient (i.e., slope of the line) and c.v.

are also presented in this table. The slope and the coefficient of
variation for each regression equation are measures of the

accuracy with which estimates of static gross-vehicle weight
can be predicted by the equation. It can be concluded, for
example, that approximately 95 percent of the weight observa-

tions would produce estimates of static weight from HS\ilM
scales that would be within [+2 (c.v.) = t2 (3.8 percent) = t7.6
percent] of the actual values of the static gross-vehicle weights.
The respective accuracies for the LSWM and ISWIM scales

are t4 and È5,8 percent. Or, without using a regression equa-

tion, gross-vehicle weights can be predicted with 95 percent

confidence within 14.0, +6.0, and 19.0 percent for trucks run-
ning over the scales at speeds of 10,30, and 55 mph, respec-
tively [see the confidence bands in Figures 2(b), 3(b) , and 4(b),
respectivelyl.

The value of the slope of the regression line, on the other
hand, is a good indication of how well the static gross-vehicle
weights are predicted by the estimated weights from the
sampled dynamic wheel forces by the WIM scales. For the
HSWIM scale, for example, the value of the slope of the
regression line is 0.99054. This figure is very close to 1.0 and it
implies that, on the average, the system makes accurate predic-
tions of gross-vehicle weights. The respective values for

LSWM and ISWIM, respectively, are 1.00003 and 4.99494.
Again these numbers are very close to 1.0, indicating that a

small improvement in predictive accuracy can, on the average,

be achieved by applying the regression technique. The confi-
dence bands are reduced slightly.

The observed differences in the WlM-estimated gross-vehì-

cle weights and the comparable static weights cannot be at-
tributed entirely to WIM system error or to inaccuracy in the
WIM system. Part of the difference comes from the redistribu-
tion mechanism of the gross-vehicle weight among the axles on
the vehicle as it moves into different positiors and stops for
successive weighing of each axle on the static reference scale.

This redistribution, which is governed to a large extent by the
interaction of the vehicle with the road surface, the scale, and

the atmosphere, occurs continually as the vehicle moves over
the V/IM system scales. Additionally, the dynamic behavior of
the various interconnected vehicle components contributes to
the magnitude of this difference at the time of weighing. The
static gross-vehicle weights calculated from the reference (AX/
'WHL) scale are not without error because of the method of
successive weighing that was used.

Axle-Group Weights

The total weight on a group of closely spaced axles is important
in the engineering design of pavement and bridge structures
and also in enforcement weighing. The WM and AVWHL
scales indicated the weight of each wheel. Axle-group weights
were calculated from these scales by summing the weights of
all wheels on the axles in the group.

The calculated values for all axle-group weights, when each

axle was weighed on LSWIM, ISWM, and HSWIM scales,

indicated that there was a small but consistent increase in the
range of axle-group weight differences as the speed of the
vehicles being weighed by the WIM scales increased. Statisti-
cal tests indicate that the relative difference in axle-group
weights computed from the WIM estimates with reference to
those from the AVWHL scale, are normally distributed in a



OATE
SPEED Af

WIM SCALES

STATISTIC

t\¡ÉÁN

W€IGHÍ, LBS
DIFFERENCES

(MEAÀ¡ OF ABSOLUIE
DIFÉFAFNGSì 6/^

95TOCONFIDENCE

9¡¡r¡6¡, f'¿ 2ô
REGRESSION AI.IÁIJSIS

c_v.'

Juno 1 1, 1984

n É 178

LSWIM
(10 mph)

ISWIM
(30 mph)

HSWIM
(s5 ñph)

16990 (1 TOOO){

r 6900

I 6820

.r.0 (3.7)

.0.7 (3.8)

-r.1 (5.6)

10.0 lo +8.0

10.6 lo +9.2

5.7 lo +13.4

1.00594

0.99538

0.99052

4.0

4.4

Juns 6, 1984

LSWIM
(10 mph)

ISWIM
(30 mph)

HSWM
(þ¡ mpn)

f3640 (13750r

I 36S0

13560

.r.9 (4.8)

.0.8 (4.6)

.1.6 (6.1)

.13.4 to +9.7

-12.6 1o +1'l.0

-17-7 lo +14.6

0.99962

0.99888

0.98754

5.0

5.4

6.7

July 6, 1984

n=242
LSWIM

(10 mph) r5600 {157oof .0.8 (3.9) 1f 4 lô +98 0.99934 4.3

Izadnuhr and lze

* Relerence Scale Mean Weight

statistical sense. Therefore, some important statistical in-
ferences were developed from analysis of the th¡ee data sets

mentioned previousl$ these are tabulated in Table 2. These
statistics can be interpreted to indicate that accuracies of about
f9, +10, arid +14 percent can be expected when comparing
LSWIM, ISWIM, and HSWIM estimates of axle-group
weights with the conesponding weights from the static refer-
ence scale, respectively, at 95 percent confidence level. Or,
using the regression equation estimates just described, axle-
group weights can be predicted at the same level of confidence
within t8.0, t8.8, and t13.4 percent.

Axle and Wheel Weights

Summary statistics for axle a¡rd wheel weights are given in
Tables 3 and 4, respectively. These results further support the
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TABLE 2 SUMMARY STATISTICS OF WIM AXLE-GROt'P WEIGHTS COMPARED
AND CORRELATED WITH AVWHL SCALE WEIGHTS FOR SPEEDS AND
TIMES SHOWN

'Coolficienl of Varialion, %
+ Relerence scalo Moan wo¡ghl

TABLE 3 SUMMARY STATISTICS OF WIM A)ÚE WEIGHTS COMPARED
AND CORRELATED WITT{ THE AX/IVHL SCALE WEIGIITS FOR SPEEDS
AND TIMES SHOWN

DATE
SPEED AT

WI¡¡ SCALES

STATISTIC

MEA¡l
WÉIGHT, LBS

MU\I\ UT

DIFFERENGS
([4EAN OFABSOLU'IE

NIFFFRFNCFSì O/"

95% coNFl0ENcE
n¡¡¡ce,1r â

June 11, 1984
n=280

LSWM
(10 mph)

ISWIM
(30 mph)

HSWM
(ss mph)

lo8oo (1oBoo)+

1 0740

'I 0690

-0.1 (4.6)

-0.1 (s.s)

-0.1 (6.6)

'l1.8 lo +11.7

14.7 to +14.6

17.8 Io +17.7

June 6, 1984
n=253

LSWM
(10 mph)

ISWIM
(30 mph)

HSWI\¡
(55 mph)

9220 (9300)+

925 0

91 70

-0.6 (s.3)

-0.5 (5.5)

(7.41

13.9 to

14.6 to

19.8 tô

13.7

18.8

July 6, 1984
n=367

LSWIM
(10 mph)

rozgo (rosso)* .0.1 (4.7) 13.1 to +13.0

fact that the distribution of weight among the axles of a vehicle
changes as the vehicle moves over the road surface and stops

for successive weighing of axles and wheels on static scales.

TOLERANCES

Concept

In dealing with weight measurements, a distinction should be
made between accuracy and precision. Accuracy is the degree
of conformity of a measurement to a standard or to a true value,
Precisior¡, on the other hand, refers to the exactness with which
a measurement is made. A meastrement can be precise without
necessarily being accurate. Errors in precision are generally
random or accidental and can therefore be explained by apply-
ing appropriate statistical concepts and techniques. Errors in
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TABLE 4 SUMMARY STATISTICS OF WIM WIIEEL WEICTITS
COMPARED AND CORRELATED WITH TIIE AX/TVHL SCALE WEIGI{TS
FOR SPEEDS AND TIMES SHOWN

DATE SPEËD AT
WI[4 SCALES

STATISTIC

MEAN

WEIGHT, LBS

DIFFERENCES

(MEAN OF ABSOLUTE

DIFFËRENCESì. %

95%CO¡IFTDENCE

FANGE, Ê:.2â,

June 1t, 1984
n=560

LSWIM
(10 mph)

ISWIM
(30 mph)

HSWM
(s5 mph)

s400 (5400)+

53 70

53 50

0.0 (8.7)

0.0 (6.8)

0.0 (8.4)

21.8 lo +21.8

17.8 to +17.8

22.3 lo +22.3

Junê 6, 1984
n=506

LSWIM
(10 mph)

ISWIM
(30 mph)

HSWM
(55 mph)

4610 (46s0)+

4 630

4580

0.0 (8.8)

0.0 (8.1)

0.0 (10.s)

22.6 lo

2l.3 to

27.2 lo

22.6

21.3

27.2

July 6, 1984
n=734

LSWM
(10 mph)

5f4O (s1BO)+ 0.0 (6,0) -16.0 to +16.0

" Felercnce Scale ñlean Wcight

accr¡racy are usually systematic and can frequently be mini-
mized or eliminated by adjustment or calibration of a properly
designed weighing device that has good precision. In using a
weighing device that has systematic errors that cannot be elimi-
nated by calibration, the systematic enors combine with ttre
random errors to determine the overall accuracy with which
weight can þ measwed by the device.

In recognition of the fact that errorless performance of me-
chanical or electromechanical equipment is unattainable, toler-
ances are established to define the range of inaccuracy within
which such equipment will be allowed to perform and still be
approved for official use in a jurisdiction. The U.S. Department
of Commerce, National Bureau of Standards, has set out code
requirements INBS Handbook 44 (L986)) for static scales (but
not yet for WIM scales) in official use for the enforcement of
traffic and highway laws or for the collection of statistical
information by govemment agencies, Acceptance tolerances
are defined in the code and are applied to new or newly
reconditioned or adjusted equipment. Maintenance tolerances,
which are generally twice the acceptance tolerances, are ap-
plied to the equipment that has been in service for some time;
these tolerances define the maximum variation in accuracy that
will be permitted when the equipment is tested against an
official standard. The official standard for verifying the perfor-
mance of static scales is a set of standard test weights of known
value.

Use Tolerances

In-motion weighing involves two processes: (ø) sampling a

dynamic tire force, and (b) wing the sampled force to esrimate
the corresponding portion of the gross-vehicle weight that this
tire would carry if weighed statically. Neither of these pro-
cesses, nor t}le corresponding measurement of static tire force,
can be performed without error. Therefore, not only basic
tolerances, which protect the interests of both the users of the
information obtained by WIM systems and the manufacturer of

the system, but.also use tolerances are needed. Use tolerances
account for both the inherent variability in the physical phe-
nomenon being estimated (i.e., static wheel force) and the
accuracy with which a WIM system can possibly and prac-
tically perform each of the two processes mentioned above. As
with static scales, the overall accuracy of a WIM system is
determined paflly by the accuracy that is attainable by the

system itself and partly by how the system is used (3). A
number of site-specific conditions such as road profile, cross

slope near the WIM transducers, interaction of the transducer/
roadway system under dynamic load, and vehicle factors affect
the overall accuracy of an installed WIM system.

The importance of on-site calibration for'WIM systems is
discussed by Lee et al. (4), However, the inherent variability in
weight data due to factors such as torque in the vehicle drive
train, dynamic behavior of the various interconnected vehicle
components, friction, and other factors, cannot be completely
accountedfor, even by a properly calibrated system. Therefore,
use tolerances that recognize such variability must be used
when interpreting and applying WlM-estimated weights for
enforcement or for statistical data-colle4tion purposes.

In the regression analysis already mentioned, it is assumed

ttrat tl¡e reference weight x (i.e., the predictor variable) is not
subject to random variation, but that the WIM estimate ) (the
response variable) is. The regression model y = prx + e is
considered in the analysis because the nonzero intercept term is
physically difficult to explain and justify. Because the actual
observed value of y varies about the true mean value wirh the
unlcrown variance 02, a predicted value of an individual obser-
vation, which is given by y = bl¡, has greater variation than o2.
This means that a prediction interval for the particular outcome
of a weight reading from the WIM scale can be defined. A
prediction interval is one that contains y with a desired level of
confidence. A one-sided (upper band width) 95 percenr predic-
tion interval for y at a fixed value r can be constructed. The use
tolerance for a given data set is then determined by subtracting
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the value of x (the reference weight) from the predicted value
of the weight plus its upper prediction interval. The results
from the regression models are given in Table 5.

TABLE 5 USE TOLERANCES FOR AXLE-GROUP AND
GROSS-VEHICLE WEIGHTS FOR TI{E WIM SCALES
(95 PERCENT CONFIDENCE LEVEL)

SPEED
AXLE€ROUPWEIGHT

TOLERANCE (LBS)
GROS$VEHICLE WEIGHf

TOLERANCE (LBS)

LSWIM (< 10 mph)
+1100

(-1350 lo +1350)'
+l650

(-2050 lo +'1950)

|SWIN.4 (< 35 mph)
+1100

(-1550 lo +1350)
+2000

(-3050 lo +2450)

HSWIM (< 55 mph) +1700
(-2400 lo +2050)

+2650
4300 lo +3250)

Lower Limits of rore,ancesl 
um¡ls lo show upper and

To apply the use tolerances to estimated weights from a
particular WIM device, the user may calculate a probable
minimum weight by subtracting the applicable tolerance value
(e.g., at 95 percent confidence) from the WM-estimated
weight. He can then be sure that there is only a 5 percent
probability that the estimated weight would be less tha¡r that
calculated if it were measured on the reference scale. For
example, a tandem-axle group weight is estimated by an
LSWIM scale at 35,500 lb. The probable minimum weighr
would be 35,500 - 1,100 = 34,400 lb (see Table 5). An
enforcement officer using the LSWIM system could charge that
the axle-group weight was in violation of the 34,000Jb legal
limit and be sure that there was only I chance in 20 that it
would weigh less than 34,400 Ib if weighed on the accurate
reference scale,

St]MMARY

Statistical analysis of the performance of the Texas WIM sys-
tem at different speeds indicates that a properly calibrated
system can prduce the following results compared with the
respective weights from the AX/TVHL reference scale (see
Table 6).

These values imply that tolerances of about t4 percent, t6
percent, and t9 percent would be appropriate when interpreting
LSWIM, ISV/M, and HSWIM esrimares of the gross-vehicle
weight from the static reference scale, respectively, if the
WIM-estimated weight is expected to be within the chosen
tolerance value for 95 out of 100 vehicle weighings. Likewise,
tolerances of about t9 percent, +10 percent, and +14 percen!
shouldbe applied to WlM-estimated axle-group weights for the
same level of confidence,

The results of these analyses also indicate that the perfor-
mance of this WIM system is adequate for use (ø) in gathering
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TABLE 6 TOLERANCE VALUES FOR A CALIBRATED WIM
SYSTEM

Speed at
WIM Scale Statistical Inference

Gross-Vehicle Axle-Group
Weight (7o Weight (7o

difference) difference)

LSWIM
(10 mph)

Mean of differences 4.2
nnge for 95Vo +3.8 to -4.1

-1.0
+7.9 ro -10.0
4;l
+9.2 ro -10.6
-t.l
+13.4 to -15.7

ISWIM Mean of differences 4.7
(30 mph) runge for 957o +5.4 ro -6.8
HSWIM Mean of differences -1.3
(55 mph) range for 957o +7.6 to -10.3

weight data at high speeds for statistical information, (b) as a

means of sorting overweight trucks in enforcement programs,
and (c) in weighing trucks at low speeds for legal evidence of
weightlaw violation (compared with the performance of the
static axle-load scales and wheel-load weighers that are being
used at the present time in enforcement programs), It is also
concluded that the use tolerances for the properly calibrated
LSWM and ISWM systerns are lower than the corresponding
use tolerances for all the static weighing devices (4) utilízed.n
the field study.
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WIM system itself and others are related to the roadway,

vehicle, and environmental conditions under which in-motion
weighing is performed. For a WIM system to perform within
small tolerances, the instrument system must make accurate

measurements of the vertical component of the dynamic (con-

tinually changing) force that is applied to a smooth, level road
surface by the tires of a moving vehicle and use these measure-

ments as the basis for calculating an estimate of the static wheel

weights. Proper force transducers and the related signal pro-

cessing equipment are obviously essential components of such

a system, along with the required computing power for inter-
preting the complex dynamic signals. A requisite for using the

system is to have the roadway surrounding the transducers as

nearly smooth and level as practicable.
It is well known that road surface roughness in the vicinity of

WIM scalgs has a pronounced effect on the dynamic tire forces

that result from the vehicle/road interaction (2). Every vehicle
will interact with the roughness differently, and vehicle speed

will affect the dynamic forces to different degrees. kevailing
envi¡onmental conditions such as wind and ice can also affect
dynamic wheel forces at a specific time and place, and cause

variability in WIM weight estimates. Therefore, even though a

particular type of WIM system meets specified performance
tolerances at one particl¡lar site, it might not perform within the

same tolerances at another site. Some of the variability and

much of the systematic bias in WlM-system weight estimates

that are due to roadway and environmental conditions can be

removed or reduced by calibrating the system after it is in-
stalled at the site where it will be used. However, fundamental
deflciencies in the design or operation of the WIM system itself
cannot generally be overcome by calibration.

In this paper, some general concepts and techniques of on-
site calibration of WM systems are presented. The relative
effectiveness of two on-site calib'ration techniques is demon-
strated by applying the techniques to rather extensive in-mo-
tion-weighing data sets that were obtained in a series of field
experiments conducted as part of the Rural Technical Assis-
tance Program (RTAP) WIM Demonstration Program in Texas
during the summer of 1984 l3). Recommendations are given
for practical on-site calibration of low-speed (LSWIÌIQ, inter-
mediate-speed (ISWftÐ, and high-speed (HSWM weigh-in-
motion systerns,

GENERAL CONCEPTS

The load cells that are used as WIM wheel-force transducers
can be calib'rated individually in the factory under static load,
but the response of the transducer/roadway/tire-loading system

On-Site Calibration of Weigh-in-Motion
Systems

BeHu¡.N Iz¡.oN¿sHR AND CLYDP E. LSS

The importance of on-site calibration for weigh-in-motion sys'
tems has been illustrated by comparing weigh-in-motion
weight estimates, made after calibrating the system by three
different calibration-loading patterns, against corresponding
wheel weights measured on a special static reference scale.

Various truck types selected from the traffic on I'10 near
Seguin, Texas, were included in the analysis and high, inter-
mediate, and low speeds of in-motion weighing were consid-
ered. A pronounced improvement in the accuracy with which
weights were estimated by the high and intermediate systems
was achieved when six loaded five-axle tractor-trailer trucks,
chosen randomly from the traffic stream, were used as the
basis for callbration compared with multiple runs of the same

loaded two-axle, slngle-unit test truck. The variability in
weigh-in-motion weight estimates was not affected appreciably
by the type of moving-vehlcle loading Urat wâs used as the
basis for callbration. Ståtic-weight loading is recommended for
low speeds of weigh-in-motion calibration, and moving-vehicle
loading is recommended for practicable on-site calibration of
hígher-speed weigh-ln-motion systems. Suggestions are offered
on the types of trucks and the minimum number of wheel loads
that should be used ¡s the basis for on-site calibration.

State-of-the-art technology in in-motion weighing makes it
possible to use measurements of the dynamic tire forces that
are applied to the road surface by moving vehicles to estimate

the weights of vehicles within certain tolerances. While the

currently attainable tolerances are not considered to be accept-

able for commercial weighing, they are adequate for applica-
tions of weigh-in-motion (WIM) systems for collecting statisti-
cal data and for aiding enforcement. With a WM systerr¡ it is

practicable to weigh, classify, and measure the speed of every
vehicle that passes in each lane of a multilane highway during
any chosen time period. Thus, virtually a 100 percent sample of
traffic data for statistical purposes can be obtained, and the

information can be transmitted immediately in real time, or at

some future time, to locations remote from the WIM site via
conventional communications networks. At present, WIM sys-

tems are applied in enforcement primarily for identifying indi
vidual vehicles that are suspected of being in violation of
weight or size laws a¡rd for locating sites where relatively large
numbers of probable weight, speed, or size violations occur.

The magnitude of acceptable error, or tolerance, in V/IM
weight estimates continues to be a matter of concem. The
smallest practically attainable tolerance is, of course, the objec-
tive. A number of difïerent factors can cause a WM-system
estimate of wheel weight to vary from the true static weight of
the wheel (1). Some of these factors are associated with the

Department of Civil Engineering, The University of Texas at Austin,
Austin, Tex. 78712.
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under dynamic loads cannot be easily evaluated in the labora-
tory. There is a complex interaction among the various compo-
nents of this physical system that is unique for every location
and vehicle load that is applied to the transducer.

A properly damped wheel-force transducer and a supporting
-nstrument system that is capable of measuring accurately the
vertical component of dynamic tire loads in the actual roadway
environment are the essential hardware elements of a weigh-in-
motion system. A software system that converts these dynamic
force measurements into an estimate of the proportion of the
gross vehicle weight that the wheel would carry if it were
weighed statically must complement this hardware element for
an overall WIM system to function.

A number of site-specific conditions such as road-surface
roughness, grade, cross-slope near the WIM transducers, be-
havior of the Î¡ansducer/roadway combination under dynamic
load, and the speed and composition of traffic at the site affect
rather signiûcantly the overall accuracy with which a system
can estimate static wheel loads. Every vehicle will interact
differently; therefore, an on-site rJy'M-system calibration pro-
cedure is necessary if the best possible static weight estimates
are to be made for the population of various vehicle types that
will cross the WM system at the site.

The objective of calibration is to make the weights estimated
by the WIM system agree as closely as possible with the
corresponding weights that would be measured by static scales.
It is important to recognize that the proportion of the gross
vehicle weight carried by each wheel of a vehicle changes as

the vehicle moves over the road surface and stops on the static
scale for weighing; thus the wheel force applied to a static scale
can vary according to the relative position of the interconnected
vehicle components at the time of weighing (3). Perfect agree-
ment between WM weight estimates and static weight mea-
surements is not expected because the quantity that is being
estimated c¿rri vary with time and the position of the vehicle
components when it is measured on static scales. By calibra-
tiorl an attempt is made to make the mean value of WIM
weight estimates agree as closely as possible with the best
estimate of static weight that can be obtained feasibly in
practice.

LOADING TECIINIQUES FOR CALIBRATION

Two basic types of loading can be used for on-site calibration
of WIM systems: (ø) static-weight loading, or (b) moving-
vehicle loading. In the first type of loading for calibration, a

known weight is applied to the WIM force transducer either by
standard test weights (or force-reaction system) or by the
wheels of a standing test vehicle. Standard test blocks provide a

much more reliable reference weight than the standing test
vehicle as the proportion of the gross-vehicle weight carried by
any given wheel of the test vehicle changes as it moves onto the
transducers and stops for weighing. In practice, howeve¡ it is
sometimes difficult or expensive to use standard test blocks as a

basis for calibration loading. A loaded test vehicle is usually
easier to obtain for this purpose, but considerable care must be
exercised in weighing each wheel of the rest vehicle statically
as well as in positioning the wheels on the WIM transducers.
The static-weight loading technique is not generally appropri-
ate for calibrating higher-speed \ilM systems because rhe
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dynamic behavior of the moving vehicle must be considered as

the vehicle interacts with the roadway surface and with the
'WIM 

transducers.
The moving-vehicle loading technique is applicable for cal-

ibrating i¡termediate- and high-speed in-motion weighing (IS-
WIM and HSWIM) systems wherein the dynamic interaction
of the vehicle wirh the lilIM system is much more pronounced.
In this technique, a single test vehicle with known static wheel
weights can make multiple n¡ns over the WIM system trarìs-
ducers at a representative speed of traffic at the weighing site to
produce a data set that defines the differences in the WIM-
system weight estimates and the known static weights. Or
different types of test vehicles with known wheel weights can
each make multiple runs over the transducers to obtain a better
representation of the various patterns of vehicle/roadway/
WlM-system interaction that occur at the site. Altematively, a

single pass of several difÏerent trucks, each with known wheel
weights, over the WIM system can provide a data set for
determining on-site calibration settings for the WIM instrument
system,

COMPARISON OF CALIBRATION LOADING
TECHNIQUES

The importance of on-site calibration and the relative effective-
ness of various calibration loading techniques are illustrated by
the data shown in Tables 1 through 3. In these tables, summary
statistical inference values from the comparison of a large
number of weight estimates made by a Radian WIM system are
presented after calibrating the system by three different loading
techniques with the respective weights determined by weighing
each wheel of the same vehicles statically on a special (two 4-
x 6-ft platforms, side by side) axleJoad reference scale (the
AX/WHL scale). Differences in individual weight values were
computed and expressed as a percentage of the reference scale
weights. The mean of these pergent differences is given along
with another statistical value, '¡i + 2ô which defines the 95
percent confidence intervals into which an individual weight
difference would probably fall if ir were derermined in rhe
same way and under the same conditions that the sampled
weight differences were determined.

Calibration of the WIM sysrem for rhis comparative analysis
involved the calculation and application of a single calibration
factor (CF) that could be applied as a multiplier to rhe force
signals from each WIM system wheelload transducer to make
the mean of the weight differences for all wheels weighed on
each transducer equal zero with respect to the corresponding
reference-scale weights. This mathematical adjustment was
exactly equivalent to seuing the calibration adjustment of the
WIM instruments to a particular value in the field.

Table I presents information conceming the performance of
the HSWM sysrem after it had been calibrared by three dif-
ferent moving-vehicle loading techniques involving a total of
60 different trucks. On June 6, 1984, the pavement surfaces
surrounding the AX/WHL reference scale were warped trans-
versely to a 3 percent cross-slope (to the lefçhand side) just
beyond the l0-ft-long approach aprons. The HSV/IM trans-
ducers were installed in the main lanes of I-10 where the cross-
slope was 2 percent to the right-hand side (3). Calibrarion
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TABLE 1 SIJMMARY STATTSTICS OF WIM WÍIEEL, A)CE, AXLE-GROI.JP AND GROSS
VEHICLE WEIGÍIT ESTIMAIES COMPARED WITH TTIE RESPECTIVE AVWHL SCALE
WETG}ITS FOR 60 TRUCKS CROSSING TTIE HSWIM SCALES (T 50 MPH) AFTER
CALIBRATTON, JI.JNE 6, 1984

WEIGHT

ÊSTIMATÊO

STATISTICAL
¡NFERENCE

VALUE

BASTS FOR CALIBRATION OF WIM SYSTEM

5 FUNS OF A LOADED

2.AXLE TEST TRUCK
7 DIFFERENT LOADED

5-AXLE {3-S2) TRUCKS
60 DIFFERENT

TBUCKS

\,!HEEL

MEAN WEIGHT, LBS
AX/WHL SCALE = 4650 49 50 4590 4580

MEAJ'I OF DIFFERENCES, %
i\,,|E-AN OF ABSOLUTE DIFFERENCESì

+9.3 (15.0) +0.8 (1 1.2) 0.0 (10.s)

õ +2 ã 27.7 lo +46.3 -29.0 lo +30.6 27.2 to +27.2

AXI.-E

MÉAN lVEIGHT, LBS
AXAVHL SCALE = 93OO

991 0 91 80 91 70

MEÁN OF DIFFERENCÊS, %
(MEAN OF ABSOLUTE DIFFERENCES)

7.s (9.5) (7.4) -0.5 (7.41

95% COI.¡FIDENCE RÂNGE

^ -.è
-13.3 to +28.3 1 9.6 to +18.9 -19.8 to +18.8

AXLE,GFIOUP

MEAN WEIGHT, LAS
AXAVHL SCALE = 13750 r 4660 1 3s90 r 3560

lvlEAN OF DIFFERENCES,'/"
IMEAN OF ABSþLUTE DIFFERENCES)

16.4 {8.2) 1 .4 (6,1 ) 1.6 (6.r)

95% COTIFIDENCE RANGE
4 +2ã

-10.9 lo +23.6 17.5 to +14.7 17.7 lo +14.6

GROSS-VEHICLE

MEAN WEIGHT, LBS
AX,ryVHL SCALE = 39200 41780 34720 38640

MEAN OF DIFFERENCES, %
(MEAN OF ABSOLUTE DIFFERENCES)

+5.9 (6.6) 1.8 (3.8) (3.8)

95% CONFIDENCE RANGE
A,.à -3.8 to +15.6 .10.8 to +7.2 -1 0.9 to +7.0

TABLE 2 SUMMARY STAISTICS OF WIM WHEEL, Æ(LE, AXLE-GROIJP, AND GROSS
VEHICLE WEIGTIT ESTIMATES COMPARED WITH TIIE RESPECTIVE AX¡trHL SCALE
WEIGITTS FOR 61 TRUCKS CROSSING TIIE HSWIM SCALES (f 50 MPH) AFTER
CALIBRATÏON. JUNE 11. 1984

WEIGHT

ESTIMATED

STATISTICAL
['IFEFENCE

VALUE

BASIS FOR CALIBRATION OF WIM SYSTEM

5 RUNS OF A LOADED

2-AXLE TRUCK (2D)
6 DIFFERENT LOADED

5-AXLE (3.S2) IRUCKS
61 DIFFERENI

TFITJCKS

WHEEL

MEAN WEIGHÌ, LBS

AX4VHL SCALE = 54OO
574 0 551 0 5350

MEA^¡ OF DIFFERENCES, %
ME,AN OF ABSOLUTE DIFFERÉNCESI

7.2 (10.9) +3.0 (9.0) 0.0 (8.4)

17.5 lo +31.9 .20.3 to +26.3 .22.3 to 22.3

AXLE

MEAN WEIGHT, LBS
AX4VHL SCALE = 'IO8OO 11470 110r0 I 0690

iiFiN OF DIFFERENCES, %
(MEAN OF ABSOLUfE DIFFERENCES)

7_2 (9.2\ 2.9 (7.11 .0.1 (6.6)

95% COTIFIDENCE RANGE,|,.â I I lo +26.2 15.4 10 +21.2 17.8 lo 17.7

Ð(LE.GROIJP

MEAN WEIGHT, LBS
AXAVHL SCALE = ITOOO

1 8040 17320 1 6820

MEAN OF DIFFERENæS,'/.
(MEAN OF ABSOLUTE DIFFERÊNCES)

+6.1 (7.8) +1.8 (5.7) 1.f (s.6)

95% CONFIDENCE RANGEõ..à -9.5 lo 21.7 -13.1 to +16.8 15.7 lo +13.4

GROSS.VEHICLI

MEÁN WEIGHT, LBS

AXAVHL SCALE = 49600
52650 5054 0 49080

ME,AI'I OF DIFFERENCES, %
IMEÂN OF ABSOLUTE OIFFÉRENCES)

+5.8 (6.4) 1.6 (4.0) r.3 (3.8)

95O/" CONFIDENCE RÄNGE
õ -a.;

-38 lo 15.4 -7.6 lo +10.8 10.6 to +7.6

of the HSWIM scales attempted to make the WlM-estimated
weight values agre€ with the static weights determined on the
AX/TVHL scale under these conditions. A pronounced im-
provement in the agreement of the mean weights w¿rs made
when seven loaded five-axle tractor-semitrailer (3-S2) trucks
were used as the basis for calibration compared with flve runs
of a loaded two-axle single-unit test truck. When difÏerences in
the static weights and the \ilIM weight estimates for all 60
trucks in the data set were taken as the basis for calibration, the

resulting mean WlM-estimated weights \rere vfutr¡ally the same
as those obtained from using the differences from seven loaded
3-S2 trucks as the basis for calibration. The variability in

"¡/eight 
differences about the means, as indicated by the 95

percent confidence range, was not affected significantly by the
calibration loading technique.

Information about HSWIM weight estimates and corre-
sponding reference-scale weights for 61 trucks on June 11.,

1984, is shown in Table 2. The road surface surrounding the



WEGHT

ESTIMATED

STATISTICAL
hIFEREI.¡CE

VALUE

BASIS FOR CALIBRATION OF WM SYSTEM

STAI.¡DARD 1@O LB
TESTWEIGHTS

7 DIFFERENT LOADED
$.AXLE (3-S2) TRUCKS

86 DIFFERENT
TRUCKS

WHEEL

MEA¡'I WE¡GHI, LBS
ÆIWHL SCALE - 5180 51 90 5200 5t40

ME,AT'¡ OF DIFFERENCES, %

MEÁ}{ OF ABSOLUTE DIFFERENCES)
+1.0 (6.5) +1.0 (6.0) 0.0 (6.0)

î +t/è
-16.4 to +18.4 -15.2 lo +17.2 -16.0 lo +16.0

ÐGE

MEÂI.¡ WEIGHT, LBS
AXWHL SCALE - 10350 1 0,390 I 0350 I 0290

MEAI..¡ OF OIFFEBENCES, %

(MEAN OF ABSOLTJTE DIFFERENCES)
+0.9 (4.7) +0.9 (4.7\ .0.1 to (4.7t

s%cottFtoENcE RAI.¡GE

'È+zô
-12.3 lo +1¡l.f -12.2 lo +14.1 -1 3.1 to 13.0

ÐCE€ROUP

MEÂ}.¡ WEIGHT, LBS
AX/WHL SCALE - t5700

1 5750 1 5760 I 5600

MEÂI.IOF O¡FFEFENCES,%

(MEAI.¡ OF ABSOLWE DIFFERENCES)
+0.2 (3.9) 0.2 (3.8) .0.8 (3.e)

95% COI.¡FIDENCE RAt¡GE

I +¡ã
-10.6 to +10.9 -10.5 lo +10.9 f1.4 lo +9.8

GBOS$VEHICLE

MEAI.I WEIGHT, LBS
Ð0WHL SCALE = /+4180 44320 44340 ¡13900

MEÂI,I OF OIFFEBENCES, %

(ME,AN OF ABSOLUTE OIFFERENCES)
+0.4 (2,6) 0.4 (2.6) -0.6 (2.6)

95% COI'IFIDENCE RAI.¡GE

1.+zâ
-6.0 lo +6.7 5.9 lo +6.8 -6.8 lo +5.7
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AX/TVHL reference scale had already been leveled with pre-
mixed asphalt paving material. A different group of rrucks was
weighed, but again, a noticeable improvement in the agreement
between mean weight values occurred when five-axle tractor-
semitrailer (3-S2) trucks were used for calibration loading
rather than multiple runs of the same loaded two-axle test
truck. Slight improvement over the 3-S2 truck loading resulted
from taking all 61 trucks in the data set as the basis for
calibration. The range in variability of the weights was slightly
less on this day than it was on June 6, lg8y', when the road
surfaces beyond the reference scale approach slabs were
warped to a 3 percent cross-slope.

The information in Table 3 pertairx to weight measurements
on 86 trucks that were weighed on the low-speed weigh-in-
motion (LSWIM) scales on July 6, 1984. On this day, the
adverse cross-slope in the pavement surfaces beyond the level
approach aprons to the reference scale had been removed and
the LS'WIM scales had been reinstalled in the leveled surface.
Thus, no adverse performance of either the static reference
scale or the LSIilIM scale can be attributed directly to an
uneven surfaçe. It can be seen from the tabulated values that
the mean difference in weights from the LSWIM system was
1.0 percent or less for all calibration techniques including dead-
weight test blocks. Variability in the percentage differences, as
indicated by the 95 percent confidence range, systematically
increased from about t6 percent for gross-vehicle weights to
about t16 percent for wheel weights.
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TABLE 3 STJMMARY STATISTICS OF WIM }VEIGTIT ESTIMATES COMPARED WITH TTIE
RESPECTIVE AXAilHL SCALE WEIGHTS FOR 8ó TRUCKS CROSSING THE LSWIM SCALES
(< 10 MPÐ AFTER CALIBRATION, JULY 6, 1984

Overall, this comparison indicated that a much better
HSWIM or ISWIM system calibration (not included here) was
achieved with loaded tractor-semitrailer (3-S2) trucks than with
multiple runs of a loaded two-axle (2D) single-unit test rruck.
The sample of trucks for these data sets contained approx-
imately 60 percent 3-S2 types of trucks, which was representa-
tive of the normal kind of truck mix in the traffic stream at the
experimental site. As indicated earlier, LSWIM system calibra-
tion was best achieved with the static-weight loading
technique.

WIM WEIGHT ESTIMATES FOR TWO
TRUCK TYPES

Data from the WIM demonstration project that was referenced
previously have also beæn analyzed to study the performance of
a high-quality in-pavement \ilIM system with respect ro the
consistency of the weight estimates that were produced for two
different truck qpes. These data were taken from the Radian
WIM system after the system had been calibrated on site with
calibration loading provided by multiple runs of a loaded two-
axle, single-unit test truck. Calibration settings on the system
were not changed throughout the 2 weeks of data+aking during
the project; therefore, the calibration settings in effect at the
time when the selected data set was taken are not necessarily
the best possible ones. Nevertheless, the data for the two truck
types are comparable as the Vy'IM-system operation was the
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TABLE 4 SUMMARY STATISTICS OF WIM WEIGHT ESTIMATES
COMPARED WITTÌ RESPECTIVE REFERENCE (AVWHL) SCALE WEIGHTS
FOR TRUCKS CROSSING WIM SCALES AT LOW (< 10 MPÐ,
INTERMEDIAIE (30 MPH), AND HIGH (50 MPH) SPEEDS. FIVE RUNS OF
TIIE SAME TWO-AXLE SINCLE IJNIT

WEIGHT
STATISTTCAL
INFERENCE

VALUES

WEIGHTS FROM WHEELS ON

LEFT SIDE zuGTIT SIDE

IJWIM ¡SWIM lìswM LSwlM ISVr'IM itswIM

WHEEL

MEAN WIM \ilEICIIT, IbS

MEAN REFERENCE.
SCALE WEICIIT, lbs

5890

5610

5590

5610

5140

5610

587 5

5835

5835

5835

5ó35

583s

MEAN OF DtrFERENCES,9¿
STANDARD DEVIATION
IN DIFFERENCES. t 9¿

+3.6

3.8

- 1.6

5.6

.7.4

6.7

+ 0.5
to

.1.1

5.4

.2.7

4.2

GROSS

MEAN \VlM WEIGIIT, lbs

MEAN REFERENCE.
SCALE WEIGIIT, lbs

l 1780

rt225

lll80
11225

l 0280

rt225

l r750

I 1670

l 1670

11670

t1265

r 1670

MEAN OF DtrFERENCES,9¿

STANDARD DEVIATION
IN DIFFERENCES, T 7.

+4.9
1,7

.0.4

4.9

-8.4
3.3

+0,7
2.9

0.0
4.4

- 3.4
2.8

SINGLE PASS OF 6 DIFFERENT s-AXLE TRACTOR.SEMITRAILERS

WEIGFIT
STATISTICAL
INFERENCE

VALUES

WEIGTITS FROM WHEETS ON

I-F-FI SIDE RIGT{T SIDE

LSWIM ISWIM IISWIM LSWIM ISWIM HSWIM

WHEEL

MEAN \vIM WEIGIIT, lbs

MEAN REFERENCI]-
SCALE WEIGIIT, lbs

1 655

7650

78 l5

7650

7M0

7650

8305

7860

83r5

7860

8300

7860

MEAN OF DIFFERENCES.9O

STANDARD DEVIATION
IN DIFFERENCES. I. %

+0. I
9.3

+2.0

8.0

-8. I
7.1

+5,2

10.5

+ 6.0

6.3

+6.2

9.5

AXLE-
GROUP

MEAN wIM t¡/ElCtlT, lbr

MEAN REIIERENCI].
SCALE WEIGIIT, lbs

12755

t2750

13025

127 50

il730

r27 50

13840

l 3100

l 3860

l 3100

l 3835

r 3l(n

MEAN OF DIFFERENCES. %

STANDARD DEVIATION
IN DIT.TERENCES, t q¿

.0.8

8.0

+0.6

7.5

- 8.8

5.5

+3,7

10.0

+5. /

5.5

+ 6.8

8.3

GROSS

MEÄN \MM WEICIIT,lbs

MEAN REFERENCE.
SC.ALE WEIGIIT, lbs

38265

3825s

39075

38255

35190

38255

41515

39310

41570

39310

41505

39310

ME.ÀN OF DtrFERENCES.9¿

STANDARD DEVIATION
IN DIFFERENCES, I, %

+0. I

2.5

+2.2

4.0

.8.0

2.1

+5.7

3.6

+5.7

4.1

+5.6

4.3

same throughout the session (June 11, 1984). The road swface
surrounding the AXIÏVHL reference scale was level on this

day, Judgment about the possible consequences of using only
one tlpe of truck for calibration loading can perhaps be im-
proved by studying this data set.

Summary statistical inference values about the relatiorships
among \ryIM weight estimates and the corresponding static
weights from the reference (AX VHL) scale are presented in
Table 4. In computing these values, the weights of wheels on
each side of the trucks were considered separately. Each truck
passed successively over the HS\ryIM, ISWIM, and LS\ilIM
transducers in each wheelpath at the approximate speed shown
in the table heading before stopping for sequential weighing of
the wheels on each axle by the reference scale. An arithmetic
mean was calculated for the reference-scale weights and for the
WM-estimated weights for wheels, axle groups, and gross on
each side ofthe truck for each scale. Next, the difference in the
reference-scale weight and the WlM-estimated weight was
calculated and expressed as a percentage of the reference-scale
weight. An arithmetic mean of these differences was then

calculated along with the standard deviation and shown in the
table. It is pointed out here that the mean of the differences may
be numerically different from the difference of the means. The
mean of differences, in this analysis, indicates the average

amount by percent by which the individual WM-estimated
weights differed from the corresponding reference-scale
weights. The standard deviation in differences indicates the
percentage range about the mean into which approximately 68
percent of the weight/weight estimate differences would be
expected to fall in a normally distributed population of obser-
vations. In this data set, the numbr of observations is too small
to test for normality adequately, but other experience with
similar, larger samples indicates that the differences tend to be
normally distributed. Thus, the magnitude of the standard de-
viation in differences can be viewed as a measure of the
expected variability scatter in the observed differences.

The lefçside LSWIM scale indicated slightly higher weight
estimates, on average, than the reference scale for the two-axle
truck but nearly the same weight estimates, on average, for the
six five-axle trucks. Scatter in the weight differences, as
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indicated by the standard deviation, is much larger for the six
different five-axle trucks than for the two-axle truck. The righr
side LSWM scale gave virtually the same average weights for
the two-axle truck but considerably heavier average weight
estimates for the five-axle trucks. The pattem and magnitude of
scatter are similar to those for the lefçside LSWIM values, It is
interesting to note that the largest standard deviation (10.5
percent) in the differences was for wheels on the ûve-axle
trucks on the right-side LSWIM scale.

The lefrside ISWIM scale produced quite small means of
differences for both types of trucks. All values were within +2
percent. The standard deviation in the differences ranged be-
tween 4 and 8 percent. The righrside ISWIM scale, however,
had very small means of differences for the two-axle truck, but
values of about +6 percent for the five-axle trucks. The stan-
dard deviation of the samples ranged between 4.1 and 6.3
percent for all trucks weighed on this scale.

The mean of differences from the lefçside HSWIM scale for
both truck types ranged between -7.4 and -8.8 percent. This is
the most consistent pattem of differences for both truck types
in the data set. The standard deviation in the weight differences
from this scale also followed a consistent pattem. The right-
side HSWIM scale, on average, underestimated weights for the
two-axle truck by about 3 percent and overestimated weights
for the six different five-axle trucks by about 6 percent. The
standard deviation in the differences for the five-axle trucks
was nearly double that for the two-axle truck.

In interpreting these observations, it is important to remem-
ber that data from three different Vy'IM systems are presented in
Table 4. Each system incorporated transducers and associated
instrumentation for each wheelpath (left side and right side).
These irstruments can be adjusted (calibrated) individually to
increase or decrease proportionally the magnitude of the weight
estimate within a range of settings provided on the instruments.
The calibration settings were not optimized for the particular
trucks that have been selected for analysis. The road-surface
conditions surrounding every transducer might have been
slightly difïerent, thereby affecting the dynamic behavior of
each truck wheel that crossed the transducer in a different way.

The relative efîects of using only one type of truck, say, the
two-axle, single-unit, for calibration loading can be appraised
by making a rough estimate of the proportional change in the
weight estimates for the five-axle tractor-semitrailers that could
be expected if the WM-system calibration werè adjusted to
make the mean of di.fTerences for the two-axle, single-unit
wheel weights equal zero. This would result in the lefrside
LSWIM scale's underweighing the five-axle units by abour 4
percent, and would make the righrside LSWIM scale over-
weigh these units by about 5 p€rcent. The ISWM scales would
tend to overweigh the left side of the five-axle trucks by about 4
percent and the right side by about 7 percent. The lefçside
HSWIM scales at this site would probably weigh the five-axle
units correctly, and the righrside scales would tend to over-
weigh these units by about 9 percent. These relationships
suggest that the dynamic behavior of the wheels on the five-
axle, tractor-semitrailer trucks was different from that for the
wheels on the two-axle, single-unit truck at the time that the
wheel-force sample was taken by the WIM system. The left-
side HSWIM scale weight estimates were least affected by the
type of truck, and the right-side HSWIM scale weight estimares

t4l

were most affected. This points out the need to consider each
side of ttre truck separately in calibrating a ÌVIM system on
site. The data set also reflects the fact that the trucks observed
were not symmetrically loaded side to side (see Mean Refer-
ence-Scale Weight, Table 4). The left side of the two-axle,
single-unit test truck was nearly 4 percent lighter than the right
side, and the left side of the six five-axle, tractor-semitrailers
averaged almost 3 percent lighter than the right side when
weighed statically on the reference scale.

Úr summary, this analysis seems to suggest, as does the one
presented in the previous section, that the vehicle types used
for calibration loading should be proportioned so that they are

representative of the mix of truck types that are expected at the
WIM site. At least some consideration must be given to
whether the calib,ration-loading trucks should incorporate tan-
dem-axle groups. It appears that trucks with this axle arrange-
ment interact with the WIM system differently from truclcs
without tandem axles,

COMPUTATION OF CALIBRATION FACTORS

A procedure for calculating a multiplier, or CF, is then de-
veloped that can be applied to the wheel force signals in a WIM
system to adjust the mean of the expected differences in the
WIM weight estimates and the corresponding static weights to
zero for a particular site. DifTerences in \ilIM weight estimates
and measured static weights for a representative sample of
vehicle types selected for calibration loading at each site
provide the basis for deriving the required CF. A statistical
analysis of the wheel weights for a large group of trucks that
were selected from the normal traffic stream indicated that
there was a significant difference in the loads ca:ried on the
lefç and right-side wheels of an axle (discussed in the next
section), The computational procedure for CFs, therefore, uses
Ieft- and right-side wheel-weight data sets separately. Dif-
ferences can be calculated for wheel weights by using the
following equation:

D¡=(W¡-Wo)lWo,i

where

(4-1)

D i = difference in the individual wheæl weight
estimated by the WIM system and that
measwed by the static scale expressed as a
fraction of the corresponding wheel weight
measured by the static scale,

Wi = wheel weight estimated by ttre WIM system
for observation i, and

Wo,¡ = wheel weight measured by the reference scale
for observation i.

The average relative difference is

1n
o = i V_rl(W; - w.)tw.,¡, = * å[(,"+)-'] (4-z)

where ¿ = number of observatiors.
For a given sample of wheel weight data, the value of this

average relative difference, for left or right wheels, or both, will
fall into one of the following categories:
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D = 0, meaning that it is not necessary to perform an on-site
calibration.

D + 0; in this case, on-site calib'ration is needed. The CFs

can be computed from calibrationJoading wheel-weight data.

Note that CFs may be different for each trarsducer.

For the second category a CF can be derived using a set of
wheel weight data, as follows. The value of D equals the

required adustment to the wheel-weight estimate, 4, thus,

(4-3)
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simplifying assr¡mptions that account only for axle loads are
made. In order to satisfy the design information needs of all
users, a code-specifìed \MIM system should estimate both
wheel weights and axle weights for each vehicle. In addition,
because the most significant uncontrollable vehicle factor af-
fecting in-motion weighing is ti¡e condition, and because all
axle loads are not equally distributed among the wheels of an

axle, there is a need for weighing all individual wheels on both
sides of a vehicle. Furthermore, weighing on both sides reduces
the chance of losing weight data on a truck completely when
one of the two WIM system transducers malfunctions, One
operable transducer can provide wheel-weight data and serve
as a basis for estimating axle loads with some degree of
reduced reliability.

Analysis of the wheel-weight data set that was obtained on
July 6, 1984, from the special static AX/IVHL scale (described
previously) indicated that the total weight carried on a tandem
axle group (on five-axle tractor-semitrailer trucks of the 3-S2
type) was not equally distributed among all four wheels in the
group. Furthermore, this analysis indicated that differences
between individual wheel weights and the mean weight of all
wheels in the tandem axle sets on the semitrailers were larger
than the differences for wheels in the drive-trandem axle
groups. By examining this same set of wheel-weight data, a

comparison was made of the static wheel weights on the left
and right sides of lfi) trucks. Data for this comparison are
presented graphically in Figure 1.

As shown in Figure 1¿, individual wheel weights are repre-
sented by plotting the left wheel weights against those on the
right side of the same axle. This graph clearly indicates thar rhe
assumption of equal wheel weights on an axle is not valid, as

most of the plotted points do not lie exactly on the 45 degree
sloping line of equality. Another form of graphical represenra-
tion of the data (see Figure 1b), indicates the relative difference
in the lefçwheel weight as a percentage of the right-wheel
weight. The right wheel was selected arbitrarily as the refer-
ence wheel. It may be noted from Figure 1å that, on average,
the left-side wheels on these trucks were 3.7 percent heavier
than the right-side wheels and that the percent difference in the
lefçside wheel weight compared with the respecrive right-side
wheel weight on the same axle ranged from 42 percent less to
60 percent more. The results of the Shapiro-WilkW test (4, 5)
indicate that these percentage differences can, for statistical
analysis purposes, be considered to be normally distributed;
therefore, statistically based inferences can be drawn about the
probability of wheel weight differences exceeding certain mag-
nitudes due to chance alone. The statistical interpretation of the
information shown in Figure lb indicates that, for this popula-
tion of trucks, 5 percent of the relative differences in the left-
side and right-side wheel weights on an axle can be expected to
lie outside the -18.1 and+25.4 percent levels. Another staristi-
cal test on this data set indicated that the mean value of lefrside
wheel weights was significantly different from the mean value
of righfside wheel weights at a 1 percent confidence level, A
greater difference than that observed in the mean values would be
expected to occur due to chance alone only once in 100 observa-
tions; therefore, it can be concluded that the left-side wheel loads
were in fact heavier than the right-side wheel loads for this popula-
tion of trucks on the average.

Further statistical tests were perforrned to determine whether
there was a statistically signiñcant difference in the average

This expression (4-3) can also be stated as

#'ffi)=L+ D

D'=IÉ,G+)H.)-r = o

(44)

where D is not equal to zero (i.e., D = a).
In order for D to fall into the first category previously

mentioned (i.e., D = 0, so that, on the average, WlM-estimated
weights will not be different from static weights), the right-
hand side of the expression (44) must equal 1.0. Both sides of
the expression can be multþlied by 1/(1 + D). This puts the
expression for D', the mean of differences in adjusted weight
estimates and corresponding static weights, in the form:

(4-s)

The multþlier, Ll(L + D), is the CF that can be applied to
WIM wheel-weight estimates to make the average difference in
the estimates and the respective static weights equal zero. The
CF is simply computed as the reciprocal of the value of D (as

derived from the data set for each wheel-force transducer,
separately) increased by one. This calibration adjustment can
be made directly to the force signals from each transducer in
the WlM-system instruments or applied to the estimated
weights computed by the system.

DISTRIBLTTION OF AXLE WEIGHTS ON
LEFT. AND RIGHT.SIDE WHEELS

The weight on an axle is usually assumed to be distributed
approximately equally between the right and left wheels of the
axle; therefore, the gross weight of the truck is assumed to be
approximately equally shared by the wheels on the right and
left sides of the truck. This assumption is frequently made in
al.ralyzing ruck-weight data for pavement design and other
purposes and is sometimes used for estimating axle loads after
the wheels on only one side of a truck have been weighed either
statically or dynamically. For example, in Texas, the practice of
collecting statistical truck-weight data for many years involved
weighing only the right wheels of selected vehicles on a wheel-
load weigher and doubling this value for axle weights.

Because the design of pavement and bridge structures is
based to a significant extent on the analysis of stress in the
structures caused by loads applied to the road surface by the
individual wheels of a moving vehicle, wheel-weight data are
fundamental, In some pavement design procedures, however,
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TABLE 5 SUMMARY STATISTICS FOR LEF-T AND RIGITT
WHEEL WBIGHTS FROM AXAilHL SCALE

STAÏSTIC WHEEL
WEIGHT

ÆoE
GFCTP

WEIGHÏ

Gffi
VEHICLE
WEIGHT

Averags Righl, Lbs 47 19 7 213 203 40

Average Lefl, Lbs 484 1 7398 208 63

Mean Difference. Lbs 121 .4 185.6 523.4

Standard Dêviation
of Differences

483.1 642.3 1328.2

Siza of Sample 431 282 100

Z-Value 4.A2' 3.94'

+ Mean Relative
Etrot, orc

+3.67 +3.41 +2.7 3

+ Absoluts M€an
Relalivo Error 8.40 6.72 5.37

+ Standard D€v¡at¡on

&L8eletlye Eqql
I 0.88 7.97 6.23
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I'IGURE I (ø) Comparison of the weþht of the wheels on
the same axles on lfi) trucks weighed simultaneously on the
AX/WHL *.ale, (b) Percent difference in teft-stde wheels
with reference to right-side wheels.

side-to-side loading of axle groups and in the proportion of the
gross vehicle weight carried on the wheels on each side of the
trucks. Results of this analysis are summarized in Table 5. The
tests indicate that there was a statistically significant difference
in the average side-to-side loading of trucks when considering
individual axles, axle groups, or gross vehicle weight.

RECOMMENDATIONS

The following recommendations conceming the calibration of
WIM systems are based on an evaluation of the previously

'Significanl at 95% Conf¡denc6 Lovðl
+ Weights on the Lsft Wilh Rêferenco to R¡ghl-S¡dô

Weights

described data sets arid on other experience with the installation
and operation of weigh-in-motion systems. Consideration is
given to the practicability, safety, and expense of conducting
this essential operation on site and u¡rder traffic. The need f;
using wheel weights rather than axle, axle-group, or gross_
vehicle weights as the basis for calibration loading tras ¡een
pointed out.

Before on-site calibration, the inherent limits on the perfor_
mance capability of each new commercial WlM-system õonfig_
uration should be established under as nearly ideal site condi_
tions as possible via a nationally recognized type_approval
program so that each WM-system user is not required to
duplicate this extensive effort. Basic defects or deficiències in
the design or operation of a WIM system cannot be overcome
by calibration. On-site calibration can be used, however, to
compensate partially for the systematic (biasing) effects of
certain local conditions, such as unevenness in the road surface,
on WlM-system estimates of vehicle weights.

An accurate determination of the loads that are to be used as
the basis for calibrating a WIM system is obviously necessary.
If standard dead-weight test blocks are used, these must be of
known quality. Likewise, if a force-reaction system (e.g., ram
and load cell) is used, the accuracy of the indicated force must
be known. If vehicle loading is used, the proportion of the
gross-vehicle weight carried by each wheel of the calibration_
loading vehicle while its components are in the same attitude as
when applying force to the WlM-system transducers must be
known. Experience has shown (3) that the proportion of gross_
vehicle weight that is carried by each indivi¿uãt wneet 

"h"rrg",as the wheels move over the road and stop on the scales for
weighing and that elevating or lowering the wheel during
weighing also causes a load ftansfer. Tll-ese effects must be
recognized when determining the static wheel weights that will
be referenced as the loads used for calibrating u ùIlvf system,

AX^çtr scALE
PERCENT TTEEI E¡CHI ON L VS. R SIDE

{'."-' l'.: v::.'}..

TITIEEL T1EIGHT ON RIGHT SIDE. LBS
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The most practical way to measure the individual wheel

weights on vehicles that will be used for on-site calibration
loading of a WIM system is with wheel-load weighers' These

devices are portable and are designed especially to measure

wheel loads. Good equipment and proper use of the equipment

are both mandatory if accurate measurements are to be ob-

tained. Because all wheels of the vehicle need to be in the same

horizontal plane at the time of weighing, multiple (4 or 6
preferred) wheelload weighers and suitable blocking ¿ìre re-

quired for operating efficiency on.a smootl¡ level surface'

Low-profile wheæl-load weighers that suppof dual tires are

easier for the vehicle to mount and cause less difficulty when

the wheels on the active weighing surfaces are aligned. The

lower height also reduces the amount of displacement of vehi-

cle components during the static wheel-weighing process' Al-
ternatively to wheel-load weighers, certain configurations of
portable, or fixed, axle-load scales can be used to measure

individual wheel loads. It is generally not feasible to weigh
individual wheels on a vehicle scale'

LSWIM (< 10 mph) scales should be calibrated against

static reference loads. These loads may be applied by standard

test weights, a force-reaction systefn, or the wheels of a stand-

ing vehicle. In any case, the range in applied loads should cover

the expected-use range (e.g., 1,000-15,000 lb) of interest and

include a sufficient number of increments to evaluate the lin-
earity of the system,

ISWIM (flO mph) and HSWM (f50 mph) systems should

be calibrated with moving-vehicle loads at the time of initial
installation and periodically thereafter whenever the local con-

ditions change appreciably. The individual wheel weights of
the calibration-loading vehicles must be known. The types of
calibration-loading vehicle should be representative of the

types of vehicles that a¡e to be weighed at the site. Ta¡rdem-axle

vehicles seem to interact with the WIM site-specific condition
differently from vehicles with only single axles; therefore, the

calibration-loading vehicles should have tandem-axle sets if a

significant number of tandem-axle weights are to be estimated

by the \ilIM system. If a large proportion of any pa¡ticular
vehicle tlpe is expected (e.g., five-axle, lractor-semitrailers),
this vehicle type should be included among the calibration-
loading vehicle types. If a single calibrationloading vehicle is
to be used, it should have tandem axles. Most heavy axle loads

are carried on multiple-axle groups (tandems, triples, and so

on); these are loads of critical interest from both the statistical
data and the enforcement viewpoint.
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A minimum of 30 wheel loads (e.g., L0 passes of th¡ee-axle

vehicles or 6 passes of five-axle vehicles) should be used as the

basis for final adjustment of the mean of the difference in static

weight and the corresponding WIM weight estimate to zero for
each wheel-force transducer. Preliminary adjustment may be

based on fewer loads.

SUMMARY

The importance of on-site calibration of WIM systems has boen

illust¡ated by comparing the results of WIM weight estimates

made after calibrating the system by various techniques against

weights measured on an accluate static reference scale, Mixed
truck types were included in the analysis, and high, intermedi-

ate, and low speeds were considered. A pronounced improve-

ment in the accuracy with which weights are estimated by the

HSWIM and ISWIM systenìs is achieved when six or seven

loaded five-axle, tractor-trailer trucks chosen randomly from
the traffic stream are used as the basis for calibration compared

with multiple runs of a loaded two-axle, single-mit test truck.
The variability in WIM weight estimates is not affected appre-

ciably by the type of moving vehicle used for calibration. A
static-weight calib'ration basis has been found to be adequate

for LSWIM calibration.
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