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1.0 INIRODUCTION

The increasing interest in pavement performance studies is a

result of their representing the final link between theory and

practice. As the pavement engineering profession strives for better

design procedures and more enduring materials, the evaluation of

the long-term pavement performance becomes a critical step for

every agency. Predicting the actual performance of specific

pavement sections under the conbined action of traffic loading and

environment factors can provide valuable data to the various

departments of a highway agency.

The pavement design engineer can use such data to check the

validity of the design procedure and the appropriateness of the

various assumptions that are made during the design process. The

naterials engineer can verify whether a given type of material is

appropriate for the expected level of load and anticipated

environmental conditions. As a result, design and construction

practices may be altered in order to produce longer lasting

pavenents.

Pavenent managenent engineers tend to gain the nost fron such

studies. They are usually responsible for recommending various

maintenance alternatives for specific applications. This is

becoming an increasingly critical task since highway agencies at

all levels (city, county and state) are general,ly operating under

a linited budget which requires effective prioritization to provide

the highest level of public service. Pavement management engineers

are aLso responsible for setting up a Pavement Managenent System



(Pus) and managing the collected data. Long term pavement

performance studies which develop performance models will help the

engineers to evaluate the effectiveness of the PMS and deternine

the usefulness of the collected data.

The most common rnethod of monitoring pavement perfornance

is through field testing and surveys of actual road sections on a

periodic basis. Pavernent management systems are usually irnplemented

for this purpose. Highway agencies have also been implenenting

highly effective quality control/assurance programs to measure

materials properties considered to be crit ical to the long-tern

performance of the pavement. Development of pavement performance

models which can tie the PMS data with rnaterials properties is by

far the rnost effective approach.

1.1 Objective

The objective of this research is to develop performance

curves for the urajor group of pavement rehabilitation and

maintenance techniques used by the Nevada Department of

Transportation (NDOT). The data collected by NDOT personnel over

the lifetine of each of these technigues, ernployed in various

projects, have been gathered and used to develop the perfornance

curves. A perforrnance curve is a nrodel in which traff ic,

environmental, materials, and mixtures data are used in

conjunction with actual performance datar os measured by the

present serviceabil ity index (PSI), to predict the long-tern

performance of a rehabilitation and maintenance technique. The
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through statistical analyses to prove their varidity
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2.0 BACKGROUI{D

Attempts have been made over the last 30 years to develop

models that can accurately predict the deterioration of highway

pavements over time. In most cases the deterioration has been

predicted by theoretical rnodeling and actual in-service pavenent

data was not used. In the cases where modeling was performed on in-

service data, nodels were generally developed as a function of the

pavenent performance parameters alone and environmental,

materials and structural data hrere not included. lrlany of the

pavenent performance models that exist in the literature are very

sinple and include only some explanatory variabLes. The models

generally do not account for conmon rnaintenance procedures and

their effect on the pavementrs rate of deterioration (Ramaswany

1990). The more conplex rnodels that account for a large nunber of

variables as well as the effects of maintenance have been found to

be more realist ic, but have proven to f i t  the data very poorly. A

series of models that can provide a proper balance between realism

and proper fit of in-service data are the key to effective use of

urodeling within the pavement managernent system.

2.1 In-Service Data

Theoretical modeling may develop a model that can produce

deterioration rates which appear reasonable and can be extrapolated

over a large range with few constraints. However, theoretical

rnodeling suffers the major constraint of being dependent upon the
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expected theoretical behavior of the materials and the environnent.

This is acceptable when nodeling materials with known properties

and snall expected deviations. Since pavement rnaterials are much

more variable than most other engineered materials, theoretical

rnodeling has the tendency to produce unreasonable results. This

method has been used prirnarily in the development of models

focusing on individual damage or distress types. This is due to the

fact that individual distress modes can generally be simulated in

the laboratory.

The most accurate method for developing pavernent perfornance

models is the use of a large number of test sections under tightly

controlled conditions. The problem with this method is that it can

be very costly and may not always allow for exact duplication of

f ield data. This method has been successful ly used for modeling a

single type of rehabil i tat ion procedure in a specif ic aeographic

location (llatthews) .

Therefore the most reasonable nethod for developing pavement

performance models is the use of actual field performance data.

Statistical rnodeling eliminates most of the before-mentioned

problemE but does add one najor limitation. The nodel can only be

used within the constraints of the in-service data from which it

was developed.

2.2 Pavement Performance

There are three generally accepted measures of pavenent

performance: safety, structural performance, and functional
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performance. Safety is most commonly measured in terms of the

pavementfs frictional characteristics. Structural performance is a

measure of the pavementrs abitity to resist defornations under

traffic loadst it is most commonly measured in terns of the various

distresses such as cracking or rutting. Functional perfornance is

a measure of the pavenentts abil ity to serve the user over tine. It

is usualJ,y measured in terms of the roughness or ride quality of

the pavenent surface.

I'unctional performance has been the one most comnonly

nodeled and the one used in this research. This is partially

attributed to the fact that most network pMs in use today are

designed to measure the pavenentrs functional condition. This is

achieved through the use of a previously calibrated performance

index forrnula to weigh each of the measured distress modes. One of

the nost widely used functional performance indicators is the

present serviceabil ity index (PSI). The PSI is the perfornance

measure used in this study

The PSI was developed as a result of the AASHO Road Test in

1960. It is calculated for f lexible pavements based on observations

of rut depth (RD), slope variance (SV) and the extent of craeking

(c) and patching (P) (in square feet Per 1,ooo ft2) using the

following formula:

p s r = 5 . 0 3  1 . 9 1  r o g r o ( 1 + S V ) - 1 . 3 8  R D 2 - 0 . 0 1 ( C + P ) 0 ' 5 ( 1 )

I
I
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The PSI has a range from O.O to 5.0 with O.O being the worst and



5-0 the best. A new pavement generally wirr not score above a 4.s,
and pavements are generarly not allowed to drop below a 2.o
depending upon their system classification. As can be seen from
Equation (1), PSr is driven primarily by the slope variance of the
pavement with the other factors only providing snrall contributions.

2.3 Existing Models

Four states (Arkansas, rowa, pennsylvania, and washington)

have recently completed studies to develop pavement performance

curves (or equations) based on inforrnation in their existing data

bases (Bednar 1989). A1l four of these states have chosen to use

functional performance indicators. This is partially due to the

fact that functional performance indicators allow the states to

establish and incorporate l ife cycre cost anarysis into the

models using their currently available data bases and existing

PMS programs.

Arkansas used perfornance data to estirnate a pavementrs

condition rating for the current year based on previous yearsl

data. Components for pavement distress and ride are adjusted for

traffic volumes. The pavenents condition rating is plotted

against its a9e, on a yearly basis. From Arkansasr l inited

analysis it was concluded that even though the curves fit the

data reasonably we11, they would have to be revised to account

for the effects of cumulative ESALts. Unfortunately Arkansasl

linited traffic data base is going to slow the development of

their f inal models.
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Iowa considered a more elaborate rnodel which addressed

some of the more obvious factors that could affect the performance

of the overray, such as thickness, aggregate durability, base and

subgrade characterist ics. Sites were selected and divided by

service levels and pavernent type (rigid and composite) . The rnodel

did allow Iowa DoT to make some generalizations regarding material

selection, but it also had several shortcornings. These included no

allowance for naintenance and rehabil i tat ion techniques, I inited

distr ibution of data points for loading and a9e, init ial pslrs were

all assumed to be constant, and only a few obvious variables that

could affect the pavement performance were considered.

Pennsylvania generated performance curves fron the

roughness and traff ic data for each of 22 monitored sites. The

curves considered only rigid and composite pavement sections and

while they do al low a reasonable predict ion of psr, the data

considered was very lirnited.

l{ashington developed their curves based on the 5 years of

data available in their data base. .They considered a larger nunber

of variables than the other three states and as a result their

models produced good statist ical correlations (R2>.zo). rn al l  of

their nodels, dje rras deternined to be the nost significant

independent variable. other variables such as overlay type showed

generalized trends, but were not as signif icant.

Aside from the individual l initat ions of each rnodel, aII the

models shared the common linitation of being very generaLized. In

most cases this is because very few variables have been included in



the final models. The model linitations can be attributed to the
original data sets from which the models were developed; in most

cases the data set included only a few specific test sections

believed to be representative of the entire systen.

The validity of the four states rnodelsr depend on the degree
to which the pavernent sections used in developing the regression

equations are representative of the entire systern. Another limiting

factor that most states have encountered is the linited amount of
available data. Few states have enough data to develop models that

can represent the entire tife of the pavement. Five years of data

may be adequate for developing equations for rninor naintenance

technigues, but falls short when considering a model for the l ife

of a reconstruction job or a rnajor overlay. ft should also be noted

that all of the above states except lilashington, considered only one

single model, typicalry an overlay rnoder. washingtonrs model

accounted for any type of maintenance work. Most other models tend

to ignore any maintenance work
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3.0 REIIABILITATION AI\D WE TECIIMQT]ES

Routine maintenance and rehabilitation activities nust be

conducted in a timely manner to rnaintain an acceptable level of the

present servieeabil ity index (PsI) for a given pavement section.

The najor difference between maintenance and rehabilitation

activities is that maintenance does not show an initial increase in

the current level of PSI and only helps in slowing down the rate of

deterioration white rehabil itation does show an init ial increase in

the PSI level and may completely change the rate of deterioration.

Figure I shows the difference between the two techniques.

For exarnple, when apprying a chip seal, which is a

maintenance treatmentr dD imnediate increase in pSI is not noticed

because a chip seal does not reduce roughness, a rnajor component of

the Psr equation. However, applying a chip seal, reduces or

elininates water penetration through the surface, thereby slowing

further deterioration of the entire pavement structure. On the

other hand, applying a thick overlay, which is a rehabiritation

technique, inrnediately increases the current PSI of the road as

well as slowing the rate of deterioration.

Usually the cost of a maintenance alternative is less than

the cost of a rehabilitation technique. Therefore, in order to

optinize the available budget and satisfy the needs of the entire

systen, highway agencies including NDOT strive to detennine a

balance between the maintenance and rehabilitation activities.

10
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NDor uses several maintenance treatments as well as various

rehabilitation techniques. The objective of this task lras to

identify the various maintenance treatments and rehabilitation

technigues most commonly used by NDoT. The performance data of the

selected projects wilt constitute the data base for the developnent

of the performance curves.
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3.1 Major Rehabilitation and Maintenance Techniques used by NDor

The primary goal of the selection process was to assure that

the techniques to be rnodeled had been used often enough that they

would provide a useful final product for NDoT. If a technique nas

used only on a lirnited basis, then the available perfornrance data

wourd be very lirnited and the developed model would not be

extremely useful.

The init ial selections hrere made based on several working

neetings between the researchers and NDoT engineers from the

Materials and operations Analysis Divisions. These init ial

selections were then presented to the pavement management working

committee, which has representatives from NDor, FHlilA, and uNR, for

final approval. The final list included three maintenance

treatnents and three rehabilitation technigues which NDoT uses on

a regular basis.

Maintenance Techniques Rehabil itation Techniques

Flush Seals
Sand Seals
Chip Seals

Flexible overlays
Roadbed Modifications
l,till and Overlays

1 1 I
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Several other techniques lrere proposed such as flexible

overlays over rigid pavernents, rigid overlays over rigid pavements,

rigid overlays over flexible pavements, and recycling of f lexible

pavements. After reviewing these techniques with NDoT personnel, it

was decided that these techniques have not been used often enough

to develop a sufficient data base for analysis.

3.2 Project Selection Criteria

once the final I ist of maintenance and rehabil itation

technigues was estabrished, the research concentrated on

establishing guidetines for the selection of projects within each

technique. In establishing the project selection guidelines, one

must keep in nind the overalr objective of the research. As

mentioned earlier, the developed models should be used to predict

the future performance of the selected techniques. These models

will use statistical analyses of actual Pl!s, environnental, and

nraterials data. Therefore, several rninirnun reguirements must be

satisfied to rnake the statistical anarysis appropriate. The

folrowing criteria were serected as guidelines for project

selection:

1. l,tininun Dfiuber of Replicates: Since the models will

be based on statist ical analyses, there must be mult iple

sets of data which share a conmon basis. For example, there

must be nultiple projects which share the same geographical

Iocation for the same treatment type. For this purpose, ttre

existing NDOT districts htere used as various regions and

L2



replicate projects hrere selected within each district. For
the districts where large nunber of projects were
available, a maximun number of twenty sites rrere selected.

For districts where a rirnited number of projects existed,

all of the available projects rrere selected.

rn addition to the projects serected for the nodel

deveropment anarysis, verif ication projects lrere arso
serected to varidate the final moders. At reast two
projects per district were set aside for the moder
verif ication study.

2- l,t ininun site l,eugtb: when using actual f ield data, it
is very irnportant to select sites that are representative

of the entire pavement section. short projects may suffer

from atypical data especially toward the beginning and end

of a project. rn addition, short sections may have been

constructed in response to a Locarized condition and not as

a normal construction project. Therefore, it was decided

that a minimum site rength of two miles must be rnaintained

to eliminate any unusual or localized conditions.

3. Avairabil ity of Traffic Eistory: Traffic loads are

the most inrportant factors influencing the long-tern

performance of pavements. The traffic data can be

expressed in many different forrnats, incruding vehicres per

day, percent trucks, ESALrs, etc.. It was decided that each

project must have traffic loading data. Since any type of

traffic data can be converted to the required format

T
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providing that the appropriate conversion factors exist,

the criterion for traffic data consisted of the

availabirity of both traffic volumes and the appropriate

conversion factors.

l. Avairabirity of ttateriale Data: The unique feature of

this study is the inclusion of materiaLs data into the

performance models. Therefore, the availabirity of

materiars data was considered as a criterion for the
0

selection of any project. rt was anticipated that in some

cases elaborate naterials data wourd exist while in other

cases the data would be tinited.

5. Availabirity of Structural rufomation: rt is werl

known that the performance of a treatment will depend on

the guality of the supporting structure. For example, a

frexible overlay wirr perform better on a structuralry

strong pavement than on a weak pavement. Therefore, the

structural information criterion included the availabil ity

of infornation on the thickness and type of the supporting

layers.

5. Availabil ity of Pttg Data: As mentioned earlier, the

actuar field performance data represents the backbone of

this study. Such data is surnmarized in a pl{S data base.

Therefore, the availabil ity of the PMS data for the

selected project is a very irnportant criterion and must

always be satisfied, otherwise the project can not bci

selected for analysis.

14
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3.3 Selection of projects

The existing NDor districts lines were used as regionar
boundaries. projects were selected for maintenance and
rehabil itation techniques within each district. The projects
selection criteria were strictly followed with very few exceptions;
some projects that rirere just under 2 rniles long were accepted due
to the linited nunber of availabre projects. The selected projects
are summarized in Tables 1 through 6.
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4.0 DATA COLLBCTION

Three categories of data were of interest: Structural,

environmental , and PI.{s. From each of these general categories, a

I ist of factors that could possibly affect the performance l i fe of

the pavement system was derived. rn order to be unbiased, the

lists of factors were developed before any of the actual data

sources were examined.

The l ists were organized into standard data col lection forns

to expedite the collection process. The forms became known as

rrwish l ists,, as they contained alr of the infornation the

researchers hoped they could obtain. The forms were divided into

four primarf sections:

1. Project identif ication and information;

2. specific material and construction information on the

technique of interest;

3. rnformation desired from the p!,ts data base, including

environmental data;

4. Information on any past construction techniques and

naterials used within the bounds of the current project.

Standardizing the data collection forms created more

efficient collection and reduction of the large amount of

infornation. Figure 2 is an example of the forn used for the flush

seals; standard forns used for other techniques nay be found in

Appendix A.

1 6
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4.1 Structural Data

Each standard data col lection forrn consisted of two pages,

the f irst page was prinariry for the specif ic nateriar and

construction information used with the technique being examined,

the second page consisted of structural and material infornation of

al l  previous construction activit ies. Together this information

conposed what is referred to as the overalr structural data.

The structurar data came from a variety of sources by

numerous methods. The boundaries of the project vrere located in

books containing the road l i fe histories of every ni l .e of road

within the current and past state systems. These books are commonly

referred to as RL-zrs, they identify by project or conpletion

nunber every recorded maintenance, rehabilitation, and

reconstruction activity known to have occurred on a section of

highway since its incorporation into the state highway systen. uany

records date back to the early 1910rs. l thi le they are not always

entirely accurate, al" RL-7rs are the only source for much of the

structural information. The RL-7rs alone do not contain enough

inforrnation to develop the structural history of the pavement, but

they do provide the contracts and completion numbers fron which

more conrplete information nay be obtained.

Once the List of contract numbers is generated, individual

contracts are careful ly examined. If  available, as-buil t  plans are

used to obtain the structural information. If the as-built plans
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are not available, copies of the contracts together with field

notes and lab test results are used to determine the exact

naterials and quantit ies used. Detailed information for section one

of the overall structural data collection forms can also be

obtained at this tine if the specific project was perforned under

contract and not by state forces

rn the case of work done by state forces, the project iE not

assigned a contract nunber. rt is generarly referred to by a job

authorization or a job conpretion number depending on the time

period in which it was completed. Job authorization numbers (JArs)

were assigned to aII state force jobs conpleted during the 19ZOrs.

Information on JArs is generally available on rnicrofi lm in the

records department of NDOT. Job completion numbers (JCts) were

assigned to all state force jobs cornpleted during the earLy 1980rs.

JCrs can be found on hard copy in a series of books that

naintenance keeps on file. State force jobs completed in the late

1980rs can onry be found in Maintenance on hard copy, without

reference numbers, only a location description. The quantity and

quality of the information that can be obtained on state force jobs

vary widely fron excellent to non-existent

Due to the long period of tirne and large number of contracts

that many of the histories covered, unifornrity of the data was a

significant problen. While many of the nelrer contracts and state

force jobs contained the detailed information on the rrwish l ist,rl

these contracts composed only a small portion of the entire list of

projects. Many of the older contracts $tere quite vague and while

18



they provided material types and thicknesses, they did not contain

any site specif ic propert ies of the material.  As a result,  much the

of the desired information could not be obtained. In order to

maintain a uniform data set, much of the information obtained from

the newer contracts had to be discarded. The final result was that

only the material type and layer thicknesses could be used in the

final data set.

Detailed information was obtained on most of the techniques

being considered. However, in order to cornply with the pl.ts data

availabi l i ty cri terion, only projects constructed within the past

12 years were selected.

4.2 Environmental Data

Nevadars diverse cl imatic condit ions play a large roLe in

the design, construction, and technigues used throughout the state.

Realizing that environmental factors can have a signif icant impact

on pavement performance, it was decided that these factors should

be included in the analyzed data sets. The challenge came in

selecting a source for the environrnental data. The available

sources are the National Oceanic and Atmospheric Association (NOAA)

and the NDOT PMS systern. The NOAA data is by far the nost complete

in terms of accuracy and amount of information, but is very limited

in its coverage. NOAA data can only be obtained where there is an

observation station, this left most of the road miles in the state

with no information.

The NDOT PMS systen also contains weather data, and while
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it does have several lirnitations, it does cover every single road

nil'e in Nevada. It is lirnited by the fact that it is not actual

observed field conditions; it is based upon a 30 year weather nodel

that was developed in the early 198ors based on NOAA data. The

model divided the state into five zones and took NoAA data for all

points within each zone and extrapolated them over the rest of the

zone based upon elevation. The rnodel can predict minimun and

maxinum average yearly temperatures, average nurnber of wet days per

year, average annual precipitation, and average number of

freezelthaw cycles per year at any rni lepost based on its eLevation.

Unfortunately the NOAA modeling did not incl-ude the period of the

1980rs, which is the t ime period from which the construction

projects of interest htere taken, and therefore the weather data

used in the development of the pavement perfornance curves is only

as accurate as the weather model.

There are several key advantages to using the PMSrs weather

data, the nost significant is that it is currentry part of the

staters Pl.tS data and therefore can be readity accessed, both for

rnodeling purPoses and for state use. This naintains the basic

objective in developing moders with data that is part of the

existing systen, or which could easily be incorporated into the

systen.

4.3 Pavement Management System Data

NDOT has had an operational PMS since 1980, and while the

system has undergone several changes in the last 13 years, nost of

2 0



the data in the system is available for alr years since 1981; in

nost cases the 19gO data is not complete.

The Pl'ts data is cornposed of individual records for each

directional lane nile currently on the NDor highway system. Each

record is conrposed of 331 characters making up 104 f ields, divided

into 8 sections. The sections include record identif ication, skid

resistance data, r ide data, condit ion data, traff ic data, reduced

carculated fields, carculated pavenent ratings, and. the weather

data as described above.

The skid, r ide, condit ion, and traff ic data sections are the

actual f ield observations. Each of the f ields within these sections

is used to calculate the reduced f ields. The calculated f ields

include: PSr, percent al l igator cracking, percent l inear cracking,

percent patching, average rut depth, srope variance, and adjusted

skid. The equation used to calculate PSI is the same as Equation 1

shown in page 6.

Percent al l igator cracking, percent l inear cracking, percent

patching and average rut depth are calculated by taking the field

observations of 1roo0 sguare foot section in each nite and

extrapolating the severity and extent over the entire mile. Slope

variance is calculated from the counts per rnile obtained by driving

a calibrated ride vehicle over each mile of highway. Adjusted skid

nunber is calculated based on the values obtained fron friction

resistance testing of each road nri le. In al l  cases except for the

fr ict ional resistance testing, al l  values are measured annually;

friction resistance is measured annually on Interstate Routes,
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every two year on US Routes and every three years on State Routes.

In general the data found in the reduced calculated fields

gives a better representation of the actual road conditions,

el ininating the high variabi l i ty usually associated with raw data.

The calculated data also represents the latest conversions

currently used by NDor. rt is for these reasons that, with the

exception of the traff ic and environmental data, al l  the distresses

and other variables used in the developnent of models lrere obtained

from the calculated data f ields.

4.4 Data Standardization

Essential to all statistical analyses is the necessity of

a standardized set of values across aIr the records within a

given data set. rn some cases this was easily accomplished

through the use of the calculated fields as discussed above.

However, in the cases of traffic and structural data there was

sti l l , the need for data standardization. The largest challenge

was to establish all of the data on the same working platforur so

that it could be analyzed together.

Since the personal computer (PC) platfornr is beconing the

more common, it was determined that the modeling should be

performed at this level. This required that all data be

translated to the PC level.. All of the structural and contract

infornation was on hard copy or microfiln; this required that all

of this data be hard keyed into the cornputer. A11 of the PMS and

environmental data was in the 331 character format on the State

2 2



I
Iof Nevada mainframe cornputer. These were downroaded to froppy

diskettes in ASCII text format. The challenge was to translate

the 331 character format into a 256 character format that the pC

level can use. Most PC base programs are only capable of handling

256 characters per line, while the ASCrr format fron the

mainframe contained 331 characters. NDOT provided a pC version of

their mainframe editor, which saved many additional hours of

editing. This program alrowed line fonnats greater than the

standard 255 characters. using this program the 331 character

data set was reduced to less than 256 characters by renroving

several of the fierds which were not used in the data analysis

such as skid, ride, and raw condition data.

Most PC based statistical programs allow for the direct

input of standard data base infornation, and most spreadsheets

allow for the creation of data base format data, while stit l

rnaintaining the abil ity to quickly and easily do relational plots

of nultiple data fields. For this reason a spreadsheet was chosen

as the universal program on the PC. platform. The reduced PMS and

environmental data could easily be imported into the spreadsheet

and parsed into proper fields, and the structural data could

easily be hand entered into the corresponding nilepost locations.

Once in the spreadsheet, the data still reguired some

standardization and editing before the statistical analysis could

be performed. Due to the lirnited amount of overall structural

data, it was determined that the only format that would be useful

was in the form of a structural number (SN). From the structural
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histories, material types and rayer thicknesses were obtained,

the data can be reduced to a single structural number using the

following equation:

SN = E q,t, ( 2 )

where 8Df is the structural number, tr is the number of layers, a

is the layer coeff icient, and t is the rayer thickness. varues

used for a hrere the standard values currently in use by NDOT and

are l isted in Appendix B. (sarnple calcurations are also

included) .

The other number that required standardization was the

number of l8-thousand-pound (18-Kip) equivalent single axle Loads

(ESALrs). while the pMS data base does contain a varue for

cunulative ESALTs this value is cumulative since the Last

reconstruction. For the purposes of the perforrnance modeling,

cumulative ESALTs just since the beginning of the specif ic

technique were required. using the pMS varue for daily 18-Kip

ESALrs, the cunulative value was obtained by nult iplying the

daily 18-Kip EsALts by 365 and summing them over the entire

number of years for the specif ic project. The pMS daily l8-Kip

value already included adjustrnents for average daily traffi.c,

percent trucks, and load equivalency factors for each specific

s i t e .

Elirnination or correction of outlier data points was also

incorporated into the process of data standardization. Outl ier

data points can be described as data that is not representative

of the entire population. These points can occur as a result of

2 4I
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



I
l

I

I s.o MoDEL DEvELopMEI\T
I
I 

The model development task Lras a rnultifaceted operation

that involved a great deal of testing as well as regression
I

I analysis. The purpose of the rnodel development was to provide a

I conceptually simple nethod for examining the functional
It  telat ionships among variables. The task was divided into the

I  for lowing processes:  s tat is t icar  analys is ,  data rev iew,
I

regression analysis, equation review, tests of reasonabil i ty,

I eguation rnodif ication, addit ional regression analysis, rnodel

r testing, nrodel selection, sensit ivity analysis, and f inat model

I  se lect ion.

All  of the st,at ist ical and regression analyses nere
I

performed using the SAS Programming Language. The SAS software is

I 
a combination of programs originally designed to perform

statist ical analyses of data, complex data management and provide
I
I a high-Ievel progranming language.

I

r 5.1 Statistical Analysis
I

The box-plot statistical analysis hras perforrned as a
I

I final check of the data prior to perforrning an actual regression

l, analysis. This analysis calculates the mean standard deviation

t for the PSI data for each pavement section. These values are

I then used to generate the acceptable range of data (e.g. +/- one
I

standard deviation ). Any observation that falls outside the

t acceptable range is considered an outl ier. This allowed for easy

2 7
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identif ication of possible outl iers, unrepresentative, or skewed

data points as well as providing a prel iminary indication as to

possible interactions between variables. Init ial ly, aI l  data that

had been gathered and reduced were analyzed. rf data points

appeared to be outliers they ltere carefully examined for accuracy

and reasonablenessl any possibte interactions arnong the

independent variables were also carefurly scrutinized to

understand the possible physical representations and

inplications.

5.2 Regression Analysis

After the data had been reviewed and any possible changes

or corrections nade, the first of nany regression analyses hras

performed. The analyses were performed using a General Linear

Moder Procedure (Gr,Dt) to develop a linear regression eguation.

In the first regression analysis all the possibl-e variables hrere

considered. For each variable considered, a test statistic (t-

value) was determined as part of the analysis. The test statistic

is a representation of the significance of the individual

variable in the nodel tested against the variable equal to zero.

Variables that could be removed frorn the model were deterrnined as

those that had only a 5t chance of being of significant

inportance to the mode1.

l{ith those variables removed a second regression analysis

was performed on the renaining variables. In addition to checking

the t-value of the individuar variables, the Type r and Type rr
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sums of squares of each variabre were examined. The sums of

squares provided an indication of any variables that may possibly

be interreLated or interacting with each other. The Type r sums

of sguares indicates a variablers signif icance when considering

removing the effects of the other variables, and the Type rr sums

of squares indicates that variabrers signif icance after

accounting for the effects of the other variables. Large

differences in the t-values for variables indicate a possible

interaction with other variables. I f  possible interactions were

found, interaction terrns hrere added to the regression analysis.

Another parameter that was of considerable importance hras

the sign of a varj.ablers coeff icient. rn much of the previous

pavernent perforrnance studies, signs were opposite of common

bel ie f  or  pract ice (Bednar ,  1989) .  For  example,  a  pos i t ive

coeff icient for the 18-kip ESALTs term indicates that higher

ESALTS on the pavernent section would generate higher PSI.

Although the nodels rnay appear to fit the data well, people tend'

to shy anay from nodels that do not hold to traditional sign

conventions. There were only a few cases in which sign

conventions presented a problem in this study. In some cases this

was the result of outlier data points or misunderstood data

information. The problem was corrected by simply removing the

outl iers. In other cases the reversed signs were the result of a

missed interaction term.

When the final set or sets of independent variables had

been decided upon, another regression analysis was perforned to

2 9



develop a model or models which were verified against actual data

that was not included in the original analyzed data sets

In some cases there was more than one model that seened

to f i t  the observed data very we1l, and therefore mult iple models

hrere sometimes considered.

In most regression analyses the f i t  of the rnodel is

described by an R-squared (R2) value. The R2 vaLue is based on

sample correlation coefficients that indicate the strength of the

developed relationship between the response variable (psr) and

the independent  var iab les (ESAL|s,  AC-Type,  aggregate rateretc . . )

when compared to the observed data. R2 may then be interpreted as

the proportion of totaL variability in the dependent variable

that can be. explained by the independent variables. The R2 can

range from 0 to 1 with the higher number indicating a better fit

of the model to the actual data.

5.3 Model Testing and Selection

The tasks of model testing and model selection are

interrelated. I{hi le R2 indicates the rnodelts f i t  to the analyzed

data, it r{as more important to know how well the model can fit

data not included in the analyzed data set. In order for the

rnodel to be accurate, it must be used within the range of

paraneters that were used during the developnent step. rn other

words, a model is valid only within the range of values fron

which it was developed. Every effort was made to maintain a data

set that was representative of the entire range of variables that
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could be encountered on a particular project.

Verification projects hrere chosen at randon fron the

original candidate list, and the data nas examined to assure that

it rnet the reguired criteria for the rnodel or models being

considered. The independent variables were input into the

developed regression models and the PSfrs predicted by the rnodels

were plotted against the actual recorded PSfrs. In most cases the

fit was superb and often the two lines lrere indistinguishable.

Figures 3 through L7 show examples of the model verification

data. Based on the verification study it was determined which

models were actually the best. The modeL that had the best fit

was chosen as a f inal candidate for that project and distr ict.

Since the PSf is an arbitrary scale and there can be a

Iarge variat ion in the init ial PSI of a project, i t  was decided

to keep the initial PSI value in the form of a user input and

allow the models to predict the change in PSI over the years of

service. This provides the user with a more accurate prediction

by accounting for project variability. Tables 7 through 22

summarize the verif ied models for aI1 techniques and al l  NDOT

distr icts.

5.3.1 Definition of Variables

AC: Type of binder used in first the structural layer
below the fIush, sand and chip seal projects,
located in as-buil t  plans, identif ied as a t1pe.

AGGR: Aggregate spread rate for chip and sand seal
projects, found in maintenance records, lbs/yd2.

I
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: ldata bases, the statist ical relationships wil l  be l inited to

applications which I ie within the boundaries of realist ic

conbinations of variables. Therefore, the statist ical ly based

nodels should onry be used with realist ic variables and

combinations of variables. I f  unrealist ic values or conbinations

are used in the models, the output of the models may prove to be

highfy unreliable. For exarnple, if the rnodel is used to predict

the performance of a pavement section with a Low structural ntrmber

that is subjected to very high ESALrs, the output of the nrodel nay

be very unrealistic. This results from the fact that pavements

with low structural nurnbers are not built to carry high ESALTs and

vise versa.

5.5 Sensitivity Analysis

Sensitivity analysis allows for the examination of the

models in hypothetical situations in which each of the variables

is tested over its entire range while holding all ottrer variables

constant. This indicates the strong and weak significance of

variables in the models and allows for any final changes that nay

need to be considered, or lirnitations that nay need to be placed

on a urodeL. In the analysis some of the variable Lrere used in the

model,s at their low, mean, and high levels and the output was

analyzed. Figures 18 through 25 show typical sensitivity analysis

curves. Figures 18 through 22 denonstrate sensitivity analysis

that rrere perforrned using realistic variables and combinations of

variables, these plots indicate realistic trends. Figures 23

I
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I through 25 demonstrate what could happen if unrealistic

I 
conbinations of data are input to the model. Alt the values used

t in the development of the sensitivity analysis relationships are

I 
presented on the graphs for ease of reference.
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6.0 SUMI\{ARY AIID RECOM

Sixteen performance models were developed to cover all

maintenance and rehabilitation technigues for all three NDor

dis t r ic ts .

The six technJ.ques for which models vere developed are.

Maintenance Technioues

Flush Seals
Sand SeaIs
Chip Seals

Rehabi l i tat ion Techniques

Flexible Overlays
Roadbed Modif ications
!.till and Overlay

The najority of the nodels have R-squared values above

seventy percent, indicating a very good fit between the nodels

and the data. The verification study showed an excellent

correlation between the measured PSI values and computed values

for test sites that were not in the original data base.

The research work summarized in this report represents a

tremendous effort to correlate actual pavement performance to

material properties, traffic loading, and environmental

conditions. This effort represents a major step towards using

PMS data in conjunction with structural and environmental

information to develop relationships between PSI and pavement

age. Advanced statistical analysis has proven to be a powerful

tool in analyzLng pavement performance data.

Based on the analysis of the data and the verif ication

study, the following recomnendations can be made:

o The flush seal nodel for District 2 has only L2 reduced

observations which hrere obtained from four projects.

3 8
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I
ITherefore, even though the R-sguared for this nodel is very

high (o.91), the nodel shourd be used with extrene caution

because of the modelrs extrenely l inited data base.

e The sensitivity anarysis has shown that in order to obtain

the best results from the models, rearistic varues for

variables and combinations of variables must be used as

inputs.

o The moders shourd not be used for situations which are

outside the boundaries of the original data base. If a

certain combination is desired which is outside the

boundaries of the data base, an effort should be made to

approximate the desired data with the closest variabLes that

existed within the data base. For exampre, if a binder type

is recornmended for a flush seal project, and that binder is

not avairable in the nodelrs data base, then a binder which

most crosery resernbles the desired binder, in perfornance

characteristics, should be chosen.

r The developed nodels should undergo extensive

implementation efforts and be updated on a yearry basis

during the fist three to five years in order to acconmodate

the rapidly changing trends in materiar specifications (i.e.

SHRP) and pavernent performance rnonitoring.
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Table 1. State Force Flush Seal
State Force Flush SealProiects

Proiect Contract Route C,ounW
Milepost

LengthBesin End
101
1V2
103
104
105
106
r0|l
109
111
712
113
774
115
116
LL1
118
119
L20
121
zw
?nl
zaz
205
26
301
302
303
305
306
3VI
308
311
3tz
313
314
315
3L7

1988
1989
1989
7987
1989
1989
1989
1988
1986
7987
1989
1986
1988
1990
1988
1990
1986
1988
1989
1983
1989
1990
1990
1990
1986
L9IJ7
1986
L984
1988
1987
1990
1984
1986
1986
1986
1986
1989

IRO15
sR2et
SR266
SR317
SR361
SR373
SR8,t4
US006
USO93
us093
USO95
USO95
USO95
USO95
us095
USO95
USO95
USO95
us095
sR121
SR671
sR827
us395
US395
IROSO
IROSO
IROSO
IROSO
IROsO
IRO8O
SR225
SR227
sR305
sR318
sR318
US006
USO95

CL
ES
ES
LN
NY
NY
NY
NY
LN
LN
CL
CL
CL
ES
ES
ES
NY
NY
NY
CH
WA
LY
DO
DO
EL
EL
EU
HU
HU
I-A
EL
EL
I.A
NY
NY
WP
HU

66.80
0.00
0.00

37.70
7.67
0.00
0.00

98.00
80.45

148.00
9.00

26.00
92.36
20.00
40.15
86.43
14.30
7Lffi
85.25

14
0.00
1.00
0.00
4.00

3200
74.U
0.00

2;9.30
54.86
16.00
38.00
0.00

73.00
0.00

18.80
19.00
10.00

y3.91
19.68
24.03
45.33
zLzT
16.30
7L3t

112"00
88.40

t57.48
18.50
46.50

106.30
43.55
4.95
94.2O
26.43
86.56

103.58
?5.95
4.54
5.80
4.00

16.00
44.00
91.30
2"80

37.M
61.38
?5.98
5L72
4.m

91.00
18.80
33.50
29.63
2L05

n.Lt
19.68
24.o3
8.23

t4.Q
16.30
7L3l
14.00
7.95
9.48
9.50

20.50
73.94
?3.55
4.80
7.77

7LL3
14.56
18.33
tL95
4.54
4.80
4.00

12"00
1X00
L7.26
2"80
7.74
6.52

10.98
t4.72
4.90

18.00
18.80
14.70
10.63
1L06.



State Force Sand Seal

101
792.
103
104
105
106
r07
zOL
202
203
zu
zo5
?6
zo7
208
209
210
217
272
213
274
2L5
216
218
zLg
301
342,
303
305
306
307
309
310
311
3t2
313
314
315

1989
1989
t987
1988
1989
1988
1986
1990
1990
1989
1989
1988
1987
1988
1990
7987
1988
1988
1989
1989
1989
1990
1990
1990
1990
1988
1988
1988
1986
1988
1987
1989
1986
1986
1988
7987
1986
1990

SR160
SR376
sR376
us006
U5006
USO95
us095
SR121
sR121
sR341
SR341
sR342
sR396
SR396
SR397
SR398
SR431
sR431
SR431
SR445
SR446
SR839
SR839
US05O
USO5O
IR08O
SRl40
SRl40
SR305
sR305
SR306
SR794
sR89
sR892
us095
us095
USO95
us095

CL
NY
NY
NY
NY
MI
MI
CH
CH
ST

WA
ST
PE
PE
PE
PE
WA
WA
WA
WA
WA
CH
MI
CH
CH
HU
HU
HU
I.A
I..A
EU
HU
WP
WP
HU
HU
HU
HU

0.00
15.30
25.03
1.80
7.30
0.00

25.55
0.00

14.30
9.00

74.54
0.00
0.00

13.00
0.00
0.00
0.00
8.14

20.00
36.61
0.00
0.00

74.82
43.77
53.70
77.95
3.80

60.30
69.35
98.20
12"80
14.62
0.00

11.70
10.00
LLA
45.70
ffi.20

LO3
25.03
36.75
7.e

74.?A
16.56
28.40
14.30
2&95
14.54
20.50
LQ

13.00
28.00
11.40
4.30
8.14

20.50
24.53
43.98
13.16
73.92
78.97
53.70
@.52
29.30
6.53

75.50
77.?n

109.18
2o.43
17.10
5.50

23.00
2L@
25.30
fi.20
73.76

LO3
9.73

tL.7Z
5.&
6.90

16.56
2"85

14.30
tL65
5.54
5.96
L&

13.00
15.00
11.40
4.30
8.14

1L36
4.53
7.37

13.16
L3.92
4.15
9.99
6.82,

11.35
L73

15.20
7.85

10.98
7.63
L48
5.50

11.30
tLw
3.26

14.50
13.56

Table 2" State Force Sand Seal
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I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

ablc 3. Stetc Forcc Chip Scrl Pro
Stetc Forcc Chip Scal Proicctr

Proicct Contrect Routc Countv
Milcport

LenqthBeria End
101
ta
103
104
r05
106
rvt
108
109
110
111
ttz
113
114
115
116
ml
2V2
m3
2U
m5
26
WI
208
2@
210
ztl
2r2
2t9
2t4
2t5
216
2r7
306
3U7
308
309
310
311
3r2
313
314
316
3r7
318
3m
321

1983
1984
1984
1984
1984
1984
1985
2058
1986
1985
1987
1987
1988
1989
1989
1989
1985
1985
1985
1985
1986
1986
1986
1986
2147
1987
1987
?2M
?2@
n6
1988
1988
1989
1985
1986
1986
1985
1986
1987
1987
1987
1987
1987
?2s5
2255
1988
1988

us099
sRl@
sR372
us095
us095
us093
us099
sR375
us050
sRl@
sR160
us093
us095
us09g
USO93
sR319

us095A
IROSO
sR088
us050
us050
us050
us395
us395
us050
sR208
us050
IRO8O
IROSO
TROBO
sR429
sR429
us050
us093
us0E3
us093
us006
us050
IROSO
sR2e0
IROSO

us09gA
us006
us050
us050
IROSO
IROSO

LN
NY
NY
CL
NY
LN
CL
LN
CL
NY
NY
CL
NY
LN
LN
LN
MI
PE
DO
cc
CH
LY
DO
WA
CH
LY
DO
PE
PE
WA
WA
WA
LY
EL
EL
WP
WP
WP
HU
HU
EL
EL
WP
EU
I-A
EL
HU

89.m
nn
0.m

124.00
&98
0.00

5218
om

106m
630

an
1330
7.m

39.70
55.00
51.50
0.00

26,21
0.00
0.70

1604

1.03
70.m
20.04
0.6

1Zm
37J0
41.70
1.51
3.50

32.08
0.m

n34
56.65
14.19
61.81
36.00
0.63

95.fr
9.03
1.80
L33

35.59
43.90
29.57

&32
4.53

llz@
34.m
7.n

130.14
15.CI
tLtS
6331
40.m

1r1.00
11.00
?6n
t662
t437
6.46
4.6
59.00
5.y2

37.8
4.50
7.@

m.6
1&37
10.@
9.15

100.00
25.U
7.U2

16.48
43.55
4.11
3.50
738

35.36
15.00
83.20
@.80
18.99
6606
4L19
4.00

IUL19
12.38
&37
7.00

40.00
51.m
33.00

3.00
12.00
7.n
614
6;U2

7Lt5
11.13
40.00
5.m
4.70
4.00
3.32
7.37
676
9.6
7.50
5.yz

rt.47
4.50
6.90
4.62

10.05
5.47
&12

30.m
5.80
636
4.48
5.85
7.50
1.99
3.88
3.?A

15.m
5.85
4.15
4.80
4.8
619
3.37
7.59
3.35
6.57
4.61
4.41
7.10
3.49



Table 4. ContractAC Overla Proi

I
I
t
I
I
I
I
T
I
t
I
I
I
t
I
I
I
I
I

lUL
105
106
tw
109
110
1t2
zot
zg2,
203
2U
205
26
208
209
270
217
ztz
301
304
305
306
w
308
311
313
314
315
316
319
32t

1837
2755
2155
7963
2t2Z
7%4
2005
zo33
2151
2.146
zr50
2t51
2751
2750
1844
2145
7844
7977
2724
1969
2017
2124
zo77
2158
2159
2080
2085
7974
2080
t96?
1950

IRO15
SR3@
SR361
us006
USO93
us093
USO95
sR207
SR341
SR431
SR f47
sR661
SR671
SR828

US05OA
USO5OA
us050A
USO95A
IROSO
IROSO
IROSO
IROSO
IROSO
SR2:}3
SR226
SR489
US006
us093
USO93
us095
SR318

CL
MI
MI
ES
CL
LN
CL
DO
ST
WA
WA
WA
WA
LY
CH
CH
LY
LY
EL
EL
EU
EU
L,A,
EL
EL
WP
WP
WP
WP
HU
NY

51.72
0.00
6.00

19.98
17.62

147.90
35.41
0.03
9.20
8.14
0.00

27.55
0.00
0.11
0.00
3.06

70.47
4.24
0.00

91.30
0.00

15.73
27.?3
Lt.t4
t7.42
0.00

30.10
53.45
67.00
0.02
0.00

&73
23.24
zLw
26.W
24.99

161.31
&63
3.14

14.00
20.00
16.00
30.,16
4.54
7.75
3.74
9.29

78.00
58.36
L.1Z

9d.36
288

25.70
26.98
2L70
3L85
8.24

34.00
&.84

15.61
23.U
16.00
692
7.37

13.41
17.22
3.11
4.80

11.86
1600
297
4.54
7.64
3.74
623
7.59

74.t2
1.72
L6
2"88
9.n
5.75

11.56
15.43
8.4
3.90

11.39
9.35
q98

7.U



I
I
I
t
I
I
t
I
I
I
I
t
I
I
I
I
I
t
I

Table 5. Contract Roadbed Modification proi
Roadbed Modification projectsGth6

101
r0z
104
105
tu
108
109
110
zol
203
ZM
205
26
2W
208
zlz
273
301
3gz
303
304
305
306
307
308
309
310
311
3t2
3n
323

1930
7l)3,6
1960
z?55
z32Z
7330
z33t
234/.
Ln3
zus
2W4
z@4
?L49
2L70
zzw
23L7
z3L9
1929
t943
L98Z
2030
2038
2W
2.14t
zzoT
zz25
2258
22#
zzTt
zt4l
2068

USO93
U5006
us095
USO95
SR376
us006
US006
IRO15
US05O

USO95A
sRl17
us095
us050
sRl16
USO95
US05O
us095
sR225
U5006
SR225
US006
sR318
sR318
sR766
us006
USO93
sR225
USO93
USO95
SR766
sR318

LN
NY
MI
BS
I-A
NY
NY
CL
CH
LY
CH
CH
CH
CH
CH
CH
MI
EL
WP
EL
WP
NY
WP
EU
WP
WP
EL
EL
HU
EU
WP

80.67
0.82

11.48
26.N
0.00

117.99
83.26

118.45
11.56
13.65
4.22,

15.68
43.77
0.00

28.23
30.03
n.98
76.37
19.00
94.00
38.03
18.54
1.00
2"50

64.85
t.36

30.54
54.56
&.32
0.m

33.56

88.31
14.00
16.38
43.95
18.06

BLAZ
98.00

123.79
15.91
24.63
6.95

25.07
60.05
10.49
50.31
43.77
39.68
87.23
36.00

t7L78
5L45
33.56
10.00
4.40

75.10
11.00
38.11
u.87
73.79
6.32

38.79

7.ffi
13.180
4.900

77.950
18.060
14.030
74.7N
5.340
4.350

10.980
L730
9.390

16.340
10.490
aL08,O
13.680
11.700
10.8@
17.000
18.780
14.430
15.020
9.000
1.900

10.250
9.ffi
7.570

10.310
13.470

6.32
5.230



Table 6. Contract

101
7U2
103
104
?m
2'03
ZM
26
? f f i
?o9
?to
271
212
213
2t4
2r5
zt7
278
301
303
304
306
309
311

2476
2431
1945
7934
2261
2329
2382
2353
24/}9
?353
2W
2424
2W
2353
2353
794/.].
1977
t946
2037
2352
1969
2124
2352
2353

IRO15
SR589
sR@1
SR6O4
us050
US05O
us050
IRO8O
IROSO
IROSO
IROsO
IROSO
sR341
IROSO
IROSO

SR647
sR663
US395
IROsO
IROSO
IROSO
IROSO
IROSO
IRO8O

CL
CL
CL
CL
cc
cc
cc
CH
CH
PE
PE
PE
ST
WA
WA
WA
WA
WA
EL
EL
EL
EU
I-A
PE

0.00
?5.38
0.00

4.54
10.81
0.00
9.51
3.08
0.00

26.20
0.00

?5.21
8.15
0.00
7.70

1L75
0.01

2L53
5L70
43.84
91.30
15.73

1630
29.38
3.17

50.75
12.81
7.@

10.78
12'00
LZt

51.33
16.47
37.8
9.22
6.30

12"00
14.59
L8

25'.6
6LtO
6LtO
95.26
25.70
3.2t

63.30

16.30
3.@
3.t7
6.Zt
e00
7.@
1.17
8.92
Lzt
25.13
t647
n.n
t.vl
630
4.90
1.84
2^O
4.15
9.40
78.26
3.96
9.n
3.21
7.50

I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
I
I
I
I



I
I Table ?: Verified Flush Seet District I Model

I
I
I
I
I
l
I
I
t
I
I
I
I
I
I
I
I

PSI : 36.03 + Cl + Z.ie-TESAI-S - O.ISYEAR - 0.42TMAX +
0. I4TMIN - O.5WETD - 1.89e-13ESAIJ2 540 0.58

ESAIJ 365 - 26t4313

YEAR t - 3

TI\,TAX 5 8 - 8 1

TMIN 27 -sO

WETD 2 2 - 4 8

ss-lH 0.00

MC-70 0.57856986



Table 8: Verified Flush Seat District 2 Model



I
I Table 9: Verified Flush Seal District 3 Model

I
I
I
I
I
I
t
t
I
t
I
I
I
I
I
I
I

$ .'* ,.11i.-ilffi..ll.
PSI = 11.96 + Cl + C2,|BDR-7.0Oe-TESAIJ

- 5.62SN - 0.34YEAR - 1.79e-13ESAIJ2 + 0.92slf 288 0.88

ESAI.s 10950 - 3759t35

YEAR l - 3

SN 1.30 -  4 .18

BDR 0.05 - 0.18

i : , . i '  , : : ' '  ' : : . i i . , : i ' : ' . . . . : : , : j , i : : : ' . ' : ; . . ; ' , '  . :" ' : : , . ; , . , . ; : : : , , , ' ' , . : . ,
: . : . : .  . i i : . : : ' : : : . : : 1  . : . . i r ' : : : : : : : :  : :  :  :  : :  . . . : : : . : : .  . : : : : .  :

cRs-1 {.0488592

MC-250 24.7892223

ss-lH 0.00

.,, ' .,'.,.,.. . :,. 6*teni .'ffi..,.:.....:.'.j .,..r::.i.jjil..';:',.it

cRs-l 0.m

MC-450 -228.2079830

ss-lH -r.7459573



I
ITable 10: Verified Sand Seal District I Model

I
I
I
T
I
T
I
t
I
I
I
I
t
I
I
t
I

PSI = {.43 + Cl + 3O.52BDR- I.32e{ESAIJ_O.l3yEAR 256 0.t6

,iii.;i.ii,ill.ii,'il:;fuLL.,;,..il:i' * H
ESALS

YEAR
9125 - 324t20

l  - 5

BDR 0.o8 - 0.34

l;.l; ' i;: ',:l:i i i '; '..,., ',,..l6trat:i[gIIii i:ilii:.iij,::i:i.:;i,:,1:.: :.,iiil;

LMCRS 4.5075382|
ss-lH 3.7365624

cRs-1 6.5t84t777

cRs-2H

ARA.A

4.24556977

7.83622503

0.00



Table 1l: Verified Sand Seal District 2 Model

I
I
I
I
I
I
t
I
I
I
I
t
I
I
I
I
I
I
I



t
t
I
I
I
I
I
t
I
I
I
I
t
I
t
I
I
I
I

Table 12: Verified Sand Sesl District 3 Modet

PSI = 11.34 + cl + 7.25BDR + 5.25e{ESAIJ + 0.38sN- 0.I5TMAX - 4.3e_3CFT + O.26YEAR _ 3.91e_I3ESAIS
+ 0.059YEARS2 - 2.42e{ESAIJ{,SN-

224 0.t0

365 _ 1769885ESAIJ

YEAR

TMAX
t - 4

5 9 - 6 7

SN

CFT

1.40 - 4.03

L54 - 756

0.lo - 0.36

ss-1H -1.557688/tO

LMCRS.2H -1.41913898

MC-70 l.10471980

MC-800 {.34928839

MC-250 0.@



Table 13: Verified Chip Seal District I Model

I
I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
I

PSI = 1.20 + Cl + C2. + C3 - 2.t9e-ZESAIJ +
0.027AGGR - 0.013TMN( - 8.6e-3FT + O.78SN

- O.28YEAR + O.O23YEAR2
284 0.84

ESAI-s lo95 - 523410

AGGR t 9 - 3 3

TMfl( 6 6 - 8 0

FT 53 - 156

SN r.35 - 3.76

YEAR l - 6

MC-800 r.o2r8Lt264

cRs-z/cRs-2H o.t35232398

LMCRS.2 o.00

60-70 1.660032310

85-1m 0.829m6560

SC-4 o.899722220

sc-8m o.325306063

MC-800 r.207444910

AR-4000 0.00

,, .,:,.',i''i',',,,, ,,": ''...,""...'..:', ,:.Bildt ,i..,,eC,,,*itUru.Ill*il
MC-800 & 60-70 4.7055t6471

MC-800 & SC-800 0.284393056

All other combinetions 0.00



I
I
t
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Table 14: Verified Chip Seal District 2 Model

"il$ffi
PSI : -2.86 + Cl + c2 + C3 + U - t.oae4ESAIJ

- 0.0l5AccR + O.075TMAX - 2.98e_3FT + 0.l25SN
- O.33YEAR + O.OOsYEAR2

234 0.t7

ESALS 365 - 1647245

AGGR 2 0 - 3 8

TMAX 5 8 - 7 3

FT l@ - 183

SN 1.68 - 6.17

YEAR 1 - 4
:::::::: :::: i ::::: :: j : ::.: :. :: : : :::

..,.l'.....'.,.l:. j.,..::,:ll:'l ..l.l..ll..':,, 't:t::.:::i::t. ffi.itt
cRs-2/cRs-2H t.28t4t4'n

LMCRS.2 t.475765738

AR-2000 0.00

85-100 1.166532005

t20-150 {.098528394

sc-800 0.869102804

AR-2000 o.r43673t93

AR4000 o.00

3t8', o.57952966

l12" 0.00

cRs-2/cRS-2H & t2G.l50 0.554234128

cRs-2/cRs-2H & AR4m0 o.283288225

All other combisations 0.00



I
I
I
I
I
I

Table 15: Verified Chip Seal District 3 Model

I
t
I
I
I
I
I
I
I
I
I
I
I

,,,,,,',,,,'n;S96;'i:;::':
':r!::ii]::r:iriii:r=:;i.i:iirril

PSI = -24.U + Cl + C2 + C3 + C4 + 4.9oe-TESAIS
- 0.38AGGR + 0.83TMAX - 0.042FT - 1.32SN - 0.60YEAR
+ 0.056YEAR2

150 0.92

V Cblcs

ESALS ztgo - 1188805

AGGR 2 0 - 3 0

TMAX 57 -67

FT t45 - 216

SN 1.65 - 5.41

YEAR l - 4

.::r : ' :..: i i ' . :

cRs-2/cRs-2H r.02686865

LMCRS-2 o.27622556

MC-3000L 0.oo

85-100 4.r39r1552

120-r50 4.00/223816

sc-8m -5.1 1758889

MC-800 -E.1o40E550

AR4000 4.16r86176

AR-1000 0.00

3/8' 3.625s5754

Uz', 0.00

cRs-2/cRs-2H & 120-150 o.136792t9

cRs-2/cRs-2H & MC-800 -1.68689386

All other combinations 0.00



Table 16: Verified AC Overlay District I Model

T
I

I
I
I
I
I
I
I
I

t
I
I
I
I
I
t
I
I

PSI : 2.5O + O.37DPT + 0.60SN - O.96PMF
+ 0.0O98TMlrJK - 2.Z3e-TESALS - 0.l3yEAR
- 0.22DPT*SN + o.29DpT*pMF

t82 0.80

DPT 2.25 - 4.50

SN 0.90 - 3.78

PMF 0.oo - 1.50

TMA)( 6 3 - 8 3

ESAIJ 6205 - 1558703

YEAR 1 - 9



I
I
I
I
I
I
I
t
I
I
t
t
t
I
I
I
t
I
I

Table l7: Verified AC Overlay District 2 Model

, i i t 1

. :.:..':,.:lll':'l:ll':lll.:l'll..'..ll.......:.l.:,::.l.l:li. ...X[l"#iUl!iill#.:c...*#i.:..,,:1.,
PSI = {.83 + 0.23DPT + 0.19PMF +0.27SN

+ 0.078TMIN + 0.0037FT - ?.10e-TESALS
- O.I4YEAR

154 0.87

DPT 2.00 - 5.m

SN 1.05 - 4.45

PMF 0.00 1.50

TMIN 2 9 - 3 8

ESAI-s 365 - 942430

YEAR t - 7

FT 95 - lE3



Table 18: Verified AC Overlay District 3 Model

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

*ffi'illl
PSI : 3.63 + Cl '0.18PMF + 0.@tSN - O.I0DPT - 3.5e-SESAIJ

+ O.OOTTMAX - O.IOYEAR + C2*ESAIJ + C3*DPT
+ C4*PMF

184 o.57

]ll:i.!:,ili:iV"tn*ffi :::l::::]:,:.:::::.l:i|,;

DPT 1.50 - 6.00

SN 1.15 -  3 . t t

PMF 0.oo - 2.00

TMA)( 57 -67

ESAIJ 365 - 2861053

YEAR 1 - 9

l:'l....:..'l::ll,iill:,i'i'.:i:....l;.tl':.:l'.,.:,ii..:.jj..i.ii::i..iiiilj.i.i.iiii,; i:ii
. . ,  j : : j .  : : : : : : : , : : j : . i : i : : : : : : : t : : i . : : : : : : . : : . : : : : : j : : : : l

.Qqq$tibt ii(Clt::i:ii::,,..:i: nsffi ii:ffi ii::::r
AC-10 -2.7rcO76935 8.Oe-9

AC-20 -o.489746182 6.8e-5

AR-8000 {.418984145 -3.95e-7

AR4000 0.00 0.@

AC-10 o.215717430 r.429517326

AC-20 0.00 0.00

AR-8000 0.196309621 0.00

AR'4000 0.m 0.oo



Teble 19: Verified Roadbed Modificetion District I Model

I
I
I
I
I
I
I
I
I
I
I
t
t
I
I
I
I
I
I

PSI : -165.05 + Cl - 1.3e5ESAIJ + 182.14SN
+1.79TMAX - 4.20TMIN 4.2/.F:r - 0.11WETD
+ 0.I6YEAR + 2.99a-I2ESAIS2 - 34.79SN2
- 0.035YEAR2

184 o.73

YEAR l  - 9

ESAIJ 365 - 1E80000

SN 2.29 - 3.54

TMAX 62-83

TMIN 3 0 - 5 2

FT 43 - 189

WETD 18 -  63

AC-20P 41.38M49

AR-4000 0.00



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Table 20: Verified Roadbed Modification Disrrict 2Model



!
I Table 2l: Verified Roadbed Modificetion District 3 Model

I
I
I
I
I
I
I
I
I
I
I
I
I
t
I
I
I

PSI - 305.0t + Ct + 5.53e-5ESAIJ + 8.58SN
- 0.74TMAX - I4.30TMIN - O.O2zF-r - O.29WETD
- 0.19YEAR - 2.03e-I0ESAIJ2 + 0.20TMItf - I.3ESN2
- I.0e-TESAIS*FT - 1. Ie{ESALS,TTMIN

288 0.58

YEAR l - 1 0

ESAI-s 365 - 4700@

SN 2.2r - 3.8r

TMAX 5 4 - 6 8

TMIN 3 0 - 3 7

FT tzE - 216

WETD 37  -77

AC-20P -0.8430558

AR4000 0.00



Table 22: Verified Statewide Mi[ing Model

I
I
I
I
I
t
I
I
I
I
I
I
I
I
t
I
I
I
I

:::::::: i .:::

l;:l::r

PSI = -7.89 + Cl - 8.4e-8ESALS - O.ZZDPT
+ 0.75MILL + 0.12TMAX + 0.07WETD - o.oo7FT- 0.16YEAR - l.3e-l2ESALS2

86 0.65

....:':.' j.,..:

:iili:i;tlt.li
YEAR l - 6

ESAIJ 1095 - 4671270
DPT 1.50 - 4.@

TMAX 5? -83

MILL 1.50 - 3.o0
FT 43 - 230

WETD r 8 - 7 3
i : , l . i , i , j : i , : , : , t , , l t , i  l i l

i , t , t . t : r , , ; , : , : : , ; , : r ' ' . ,

AC-20 4.2312246t4

AR-40m o.0o
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Figure 1. fypical PSI vs Pavement Life for l,[aintenance and
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1 . 0



Date:JJ_

location:

Begining Mlepost Ending Mileposr_

IVIATERIALS / MIXTT RES OF FLUSH SEAL

Binder Tlpe: Residue by Distillation:

Viscosityffenp:_l_

PenetrationfTemp:_/_ Ductilityfemp:

Binder Rate (gallyd2):

Ctring Time (hn): Cracks Sealed Prior to Corstruction: ( y / N )

TRAFFIC HISTORY

-Traffrc composition By classes (6-13) (as extensive as possibre)

-ESAIS will be used if LEF are site specifrc

PMS DATA

-PMS (Prior to Flushseal & During Project Life)
-FWD @rior to Flushseal & During Project Life)

PRO.IECT:

FLUSH SEAIS OVER FI,E)ilBLE PA\MMEI{TS

L,d AbN

I
I
t
I
I
I
I
I
I
t
I
I
I
I
I
I
l
I
I

PMS: Alligator cracking
Transv. cracking
Rideability (Roughness)
PSI
flushing

I-ong. cracking
Rut Depths
Slope Variance
Raveling
Skid Number (normalized)

Figure 2. Standard Data Collection Forms



oo
a
tr
+,
tr
o
o

o
H
o
fr

tr
o

.r{

+)()
o

o()
IU
+)
IU
o
t
h
tU
€
tr
|!
+,
Q

cil

o
|{
aur
h

z
r Q

. ( H
o (ll

F f dx
CI
4

j
H

dp cl
d

CA

o
H

7
+,o o

E r '

u t r
Fr rt

o
H
H
fr,

t{ +,E g

t { >
E t {

tt

(,
d ? .

4

FI(,
&x >

F l oo oz \
H F Ia o
fr,o
E{

f ( ,
6
tr

}1Fr
NB
H do >

x(,
H
E
H
}l

E g
frl O
> . O

&
>.
rl

s
FI
b

&
A

I
I
I
I
I
I
I
I
I
l
I
I
I
I

I
t
I



6(L

5.0

4.O

3.0

2.0

0.0
4 5

Years

Pavement with Reha[ +<- Pavement With Maint

FigUre 1. Typical PSI vs Pavement Life for l'laintenance and- 
Rehabilitation Activities
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Date:JJ_

lncation

Begining Milepost- Ending Mleposc .._

MAIERIAT,S / MIXTIIRES OF FLUSH SEAL

Binder Tlpe: Residue by Distillation:

Viscosityflemp:_/_

Penetration/femp._J___ Ductilityflemp:

Binder Rate (gal/ydz):

Aring Time (hrs): Cracks Sealed Prior to Corutruction: ( y / N )

TRAFFIC HISTIORY

-Traf6c composition By classes (6-13) (as extensive as possibte)

-ESAIS will be used if LEF are site specific

PMS DATA

-PMS (Prior to Flushseal & During Project Life)
-FWD @rior to Flushseal & During Project Life)

FLUSH SEAIS OVER FLE)ilBLE PAVEMENTS

LA Abr:

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
l
I
I

PMS: Alligator cracking
Transv. cracking
Rideability (Rou ghness)
PSI
Flushing

Ioog.cracking
Rut Depths
Slope Variance
Raveling
Skid Number (normalized)

Figure 2. Standard Data Collection
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I

PRO.TECT:

FLUSH SEALS OVER FLHilBI,E PAVEMENTS

Date:JJ_

I Location:

I Begining Mileposc- Ending Milepost --
I

MATERHLS / MIXTURES OF FLUSH SEAL

r Binder Tlpe: Residue by Distillation:

I 
viscosityflemp: / LA Abr:

I Binder Rate (gallYd2)t-

l C r r r i n g T i m e ( h r s ) : - C r a c l s S e a l e d P r i o r t o C o n s t r u c t i o n : ( Y / N )I

I rRArrFIc HIsroRY

I 
-TrafEc Composition By Classes (6-13) (as extensive as possible)

-ESAIJ will be used if LEF are site specific

I
PMS DATA

I -PMS (Prior to Flushseal & During Project Life)
-FWD (Prior to Flushseal & During Project Life)

I PMS: #K::"itrH' Ht'i:'rffif*
I 

Rideability (Roughness) 
il#jJ;"*."

I 

Flushing Skid Number (normalized)

I
I
I



SAI{D SEALS O\IER FLDilBLE PAVEMEhITS

I
I
I
t
t
I
I
I
I
I
t
I
I
I
I
I
I
I
I

# 16-
#2F

Date:_/_/_

Location:

Begining Milepost_._ Ending Milepost: ._

MATERIALS / MIXTURES OF CHIP SEAL

Binder Tlpe: Residue by Distillation:

Ductility/Temp:

t/2"-_
# 4--

Aggregate Rate (lb/yd2): Binder Rate (gal/yd2):

C\ring Time (hrs): Cracls Sealed Prior to Construction: ( Y / N )

TRAFFIC HISTORY

-Traffic Composition By Classes (6-13) (as extensive as possible)

-ESAIS will be used if r EF are site specific

PMS DATA

-PMS (Prior to Sandseal & During Project Ufe)
-FWD (Prior to Sandseal & During Project Life)

Viscosity/Temp:- /_

Penetration/Temp:_ /_

Aggr Gradation:

PMS: Alligator cracking
Transv. cracking
Rideability (Roughness)
PSI
Flushing

LA. Abr:

Iong. cracking
Rut Depths
Slope Variance
Raveling
Skid Number (normalized)
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PRO.IECT:

CHIP SEALS OVER FLE)ilBLE PAVEMENTS

Datez_/J _

I Location:

I Begining Milepost:_._ Ending Mileposr, - ning Milepost:_._ Ending Milepost
I

MATERIALS / MIXTURES OF CHIP SEA,L

I Binder Tlpe: Residue by Distillation:

I Viscosity/Temp: / L.A Abr:
)

- Penetrationfemp: /_ Ductility/Temp:

t,
| 699r Gradation:

3/4"-_
t/2"-_

# 4 -
# 16:-

I 
3/8"--

I Aggregate Rate (lb/yd2): Binder Rate (gallyd?):

| o r r i n g T i m e ( h r s ) : - C r a c k s S e a l e d P r i o r t o C o n s t r u c t i o n : ( Y / N )

I rRAr'rc HrsroRY

I -Traffic Composition By Classes (6-13) (as extensive as possible)
I

-ESAIS will be used if LEF are site specific

l
PMS DATA

I -PMS (Prior to Chipseal & During Project Ufe)
-FWD (Prior to Chipseal & During Project Life)

I PMS: f#li::':'ffH' Hl'#ilf*
I 

Rideability (Roughness) Slope Variance

I 
Ftushing $ll'lill-oer (normatized)

I
I



FLEXIBLE PAVEMENT ovERLAYs ovER FLEXIBLE PA\mMENTS

Date:JJ_

I.ocation:

Begining Milepost_._ Ending Mileposr_._

MATERIALS / MIXTURES OF OVERLAY

Mix Type: AC Grade:

7o Fractured: Viscosity'/Temp: /

Penetration/Temp:_ /_ Ductility/Temp: /

Sabilometer Value:

Mix Design Data:

Voids:

Mr/temp/moisture: / /

Field Density:

TRAFFIC HISTORY

-Traffic Composition By Classes (6-13) (as extensive as possible)

-ESAIS will be used if LEF are site specific

PMS DATA,

-!Mq prior to Flexible Pavement overlay & During project ufe)
-FwD (Prior to Flexible Pavement overlay & During project ufe)

I
T
t
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I
I

PMS: Alligator cracking
Transv. cracking
Rideability (Roughness)
PSI
Flushing

Inttg.cracking
Rut Depths
Slope Variance
Raveling
Skid Number (normalized)



PRO.IECT:

FLDilBLE PA\MMENT OVERI,AYS OVER ROADBED N4oP1P14ATION

Date:JJ_

Location:

Begining Milepost_._

MATERHLS / MIXTTIRES OF OVERT,AY

Ending Milepost_

Mix Tfpe: AC Grade:

Vo Fra*ved: Viscosityflemp: l-

Penetration/Temp: / Ductility/Temp: /

Sabilometer Value:

Mix Design Data:

Voids: MVTA:

Stability:_

VoACz

Mr/temp/moisture: / /

Field Density:

MATERHLS / MIXTIIRES OF MODIFIED PAVEMET{TS

Depth of Pulverization: Compressive Snengft/D atrt_/ .

Cement Tlpe: Vo Cement:

Virgin Agg: ( Y / N ) Vo- TY?e:-

TRAFFIC HISTORY

-Traffrc Composition By Classes (6-13) (as extensive as possible)
-ESAIS will be used if LEF are site specific

PMS DATA

-FWD (Prior to Roadbed Modificaiton & During Project ufe)
-PMS (During Project Life)
PMS: 

' 
afligator Cracking Inng. Cracking lSI
Transv. Cracking Rut Depths Raveling
Rideability Slope Variance Flushing

Skid Number



PROJECT:

MILLING AND OVERIAY OF FLEXIBLE PAVEMENTS

I
I
t
I
I
I
t
I
I
t
l
I
I
l
I
I
l
I
I

DatezJJ_

location:

Begining Mileposr F ! -  J !  r  t . rDnolng MueDost.=

I{ATERIALS / MDTTURES OF OVERLAY

Type of Milling:(Hot / Cotd / _)

Depth of Milling:_ Overlay Depth:_

AC Grade:Mix Type:

SAI\d Used:(Yes / No)

Mix Design Data:

Tlpe:

Voids:

Stability:_

VoAC:

Mr/temp/moisture: / f

Field Density:

TRAFTIC HISTORY

-Traffic Composition By Classes (613) (as extensive as possible)

-ESAIJ will be used if LEF are site specific

PMS DATA

-PMS (Prior to Milling Pavement & Overlay & During Project Ufe)
-FIVD (Prior to Milling Pavement & Overlay & During Project Ufe)

PMS: Alligator cracking
Transv. cracking
Rideability (Roughness)
PSI
Flushing

Long. cracking
Rut Depths
Slope Variance
Raveling
Skid Number (normalized)
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COETTICIEI{TS USED IN SIRUCTT]RAL IVT]M-R,
cffi



t
I
I
I
I
t
t
I
I
I
I
I
I
I
t
I
I
I
I



Base (all tYPes)

I gorrow
I

Coefficients Used Ln Etructural Nunber Calaulationg

l.tATERfAIl COEFFTCIEIfT (aI

0 . 1

0 .  0 7

PBS (Plantnix Bituninous Surface) 0.35

I *gs (Roadmix Biturainous Surface) 0.25
I

RBr{ lcTB 0.12

I Pcc (Portland Cernent Concretel o.42
II  o ld  PBS (PBS older  than 8 years)  O.25

I  o ld  RBS (RBs o lder  than 8 years)  0 .20
I
I-  

Exarnple of Structural  Number (SN) Calculat ion

I  r  - : . . ^ -  € r  ^ - {  l ^ ' l  a  q a r r ^ * ^ s }  - ^ a } . i  ^ -  ' - ' - -  a ^ - - r - . - - s - l  : .r A given flexible pavement section was constrr:cted in 1983
I

consisting of 4 inches of Plantrnix Bituninous Surface (PBS) over
I
I e inches of Crushed Aggregate Base. In 1993, the section was

r overlaid with 3 inches of PBS. The SN calculation for this
I
t section is given below. Note that the original construction is

I older than 8 Years.
I

SN = I ait,

where:SN = Structural Number

a = Layer Coeff icient t

t = Layer Thickness

S N  =  ( 0 . 3 5 * 3 x )  +  ( 0 . 2 5 * 4 r r )  +  ( 0 . 1 * 8 x )  =  2 * . S .
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