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3Y THE OFFICE OF 

4IGHWAY PLANNING 

Introduction 

\URING the last 20 years, several National 
J and statewide highway studies—classi- 
ication, needs, and fiscal—have been con- 

ucted in an attempt to provide solutions to 

ie physical and financial needs of the highway 

atwork. Unfortunately, it has been shown 

y these studies that existing highway-user 

svenues are inadequate and have failed to 

yvercome the backlog and accruing physical 

sficiencies resulting from increased travel 

ad heavy axle-load demands. Consequently, 

ghway administrators are constantly search- 

¢ for better priority techniques to schedule 

ghway improvements that will be responsive 

» the publie’s most urgent needs. 

This report, directed at one aspect of the 

ghway needs appraisal process, is concerned 

ith a procedure for estimating present 

face condition and remaining service life 

highway pavements—a procedure that 

‘so may be useful in priority programing of 

vvement resurfacing projects. Past planning 

vocedures for determining pavement con- 

(tion and remaining life have been based 

Irgely on judgment. Because evaluations by 

‘7o people are subject to variance, the human 

ictor should be minimized in the procedures. 

‘he AASHO Road Test produced refined 

(gineering equipment and techniques that, 

‘ry definitely, can be applied to highway 

Janning activities. The practical system 

jesented here for estimating the present 

srface condition and remaining service life 

( existing highway pavement sections is 

hsed on the pavement serviceability-per- 

frmance concept established in the AASHO 

bad Test. 

The AASHO Road Test, conceived and 

sonsored by the American Association of 
¢, : te Highway Officials, was a study of the 
Jrformance of highway pavement structures 

( known thickness under moving loads of 
Fown magnitude and frequency. It did not 

Jovide for the study of grades, alinement, 

srface texture, or other such characteristics 

ed the test was said to be a study of the 
vement rather than of the highway. Es- 

| 
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A System for Estimating Present Surface 

Condition and Remaining Service Life 

of Existing Pavement Sections 

Reported by IVANO E. CORVI, Highway Research Engineer, and 

BILL G. BULLARD, Chief, Highway Investments Branch 

Statewide Highway Planning Division 

Those concerned with the condition of highway surfaces and how long pave- 

ments will last before they need resurfacing will be interested in the system 

presented here for estimating present surface condition and remaining service 

life of existing highway pavements. The authors used findings from the AASHO 

Road Test at Ottawa, Ill., to develop the system which features a set of nomo- 

graphs to speed up calculations. The procedure, based on the serviceability- 

performance concept established in the Road Test, is intended to minimize 

subjective judgment, commonly termed “‘the human factor”’ in evaluations 

of pavement condition and in estimates of remaining service life. 

The authors review the pertinent research findings from the AASHO Road 

Test, which, in addition to the pavement serviceability—performance concept, 

include pavement performance equations and an equivalent axle-load concept. 

Proceeding from concept to practical methed they then outline requirements 

for developing a system and describe use of the service-life nomographs. 

sential pavement research findings from the 

test included a pavement serviceability-per- 

formance concept, pavement performance equa- 

tions, and an equivalent axle-load concept. 

Based on results of the AASHO Road Test, 

the AASHO Committee on Design developed 

interim guides for the design of rigid and 

flexible pavement structures, which include ¢ 

set of design nomographs that apply not only 

to conditions similar to those at the Road 

Test, but to other conditions as well. 

Pavement Serviceability— 

Performance Concept 

From the AASHO Road Test came defini- 

tions (1, 2, 3)! that provide the basis on which 

the conditions and performance of existing 

pavement sections can be evaluated. To fulfill 

the requirements of the AASHO Road Test, 

rather ordinary terms were given specific 

definitions, as follows: 

Present serviceability—The ability of a 

specific section of pavement in its existing 

condition to serve high-speed, high-volume, 

mixed (truck and automobile) traffic. This 

definition applies only to the existing condi- 

tion at the time of rating—not to the assumed 

condition the next day or at any future or past 

date. 

1Ttalie numbers in parentheses identify references listed 

on p. 106. 

Present serviceability rating (PSR).—The 

present serviceability of a specific section of 

roadway made by marking the appropriate 

point on a scale as shown in figure la. For the 

Road Test application, the rater in- 

structed to exclude from consideration all 

features not relative to the pavement itself— 

right-of-way width, grade, alinement, shoulder, 

ditch condition, etc. 

was 

PSR was the mean of the individual ratings 

made by members of a specific panel selected 

by the Highway Research Board. This panel, 

intended to represent all highway users, in- 

cluded experienced men, long associated with 

highways, who represented a wide variety of 

interests, such as highway administration, 

highway maintenance, a Federal highway 

agency, highway materials supply (cement 

and asphalt), trucking, highway education, 

automotive manufacture, highway design, 

and highway research. 

Present serviceability index (PS1).—A mathe- 

matical combination of values obtained from 

certain physical measurements of a large 

number of pavements, formulated to predict 

the PSR of those pavements within prescribed 

limits. 

The Road Test staff developed two equa- 

tions, one for flexible pavement and one for 

rigid pavement, that enabled physical meas- 

urements related to the condition of the pave- 

ment surface to be combined to produce a 
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(a) PSI corresponding to the average determing 

tions made by the rating panel. 

The formula for rigid pavements is 
VERY GOOD Or OO Oe, PAVEMENT A at . r on PSI=5.41—1.80 log (1+SV)—0.09VC+B 

>< im a . 
a) ) PAVEMENT 8 ME = GOOD i = C is the length of substantial cracking, 
2 = -s whether sealed or not, and is expressed jn 
= G =) lineal feet of projected length per 1,000 square 
© a = feet of pavement area. 
Wd FAIR S s) P is the area of patches expressed as square 
= = ee feet_per 1,000 square feet of pavement surface) | 
ui 8 B SVis the slope variance and is an indicatijor 
i = E of wheel path roughness as measured by the 
2 POOR ai Road Test Longitudinal Profilometer. For the 
o uw wheel path the profilometer produces a con. 
& oO tinuous record of pavement slope sensed by 

wheels 9 inches apart that take measurement 
VERY POOR 

si 

in 6-ineh inerements. 

The formula for flexible pavements is 

AGE. YEARS PSI=5.03=—1.91 log (1+SV —1.38 (RDMe | 

Py —0.01VO4E 
Figure 1.—Serviceability-performance concept—(a) rating form, (b)  serviceability- Where, 

performance history. C is the sum of the area affected by class { | 

and 38 cracking expressed in square feet pel | 

1,000 square feet of pavement. 

RD is the average rut depth in inches. 

P and §V are the same as for rigic|| 
pavements. 

The rut depth was determined by measuring |} 

between the point of maximum  vertica } 

displacement on the pavement wheel path anc/] 

the midpoint of a 4-foot straight edge placec 

transversely on the pavement. These measure 

ments were taken at 25-foot intervals in botl 

wheel paths. 

More recent research (4) provides quantita | 

tive comparisons between the proceduri|} 

described above and other procedures 0 

pavement condition evaluation. 

Performance history—A record of th 

pavement’s serviceability ratings or indice|} 

against time or accumulated axle-load applica 

tions. Performance history can be considered | 

summary of the ability of a pavement sectioi|} 

to serve traffic from the day of complete] 

construction to any given day of analysis. Ail] 

example of performance history is illustratei|} 

in figure 1b. | 

INDEX 

SERVICEABILITY AASHO Road Test Performance 

Equations 

The following equations were developed a} 

the AASHO Road Test to estimate perform|} 

anee of pavements in terms of the number cf 

axle-load applications: 

log W .=log pe 

Where, 

W,=number of applications to time ¢. 

G,=a function, the logarithm, of the ratio ¢ 

the loss in serviceability at time ¢ ti] 

the total potential loss taken to th 

C : ue Kp €O es 30 35 40 45 50 point at which the pavement we) 

I8-KIP SINGLE-AXLE LOAD REPETITIONS removed trom teat (DG aa | 
(MILLIONS) p=a function of design variables and loa 

variables that denotes the expecte 

Figure 2.—Relation among serviceability index, structural thickness, and 18-kip axle-load number of axle-load applications to 

repetitions. serviceability index of 1.5. 

94 ‘December 1970 © PUBLIC ROAD 
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B=a function of design variables and load 

variables that influences the shape of 

the p versus W serviceability curve for 

a pavement. 

Separate expressions of G,, p, and 6 were 

developed at the Road Test for rigid and 

flexible pavement types, respectively. 

Rigid pavements.—The following expressions 

apply to rigid pavements: 

Od ed ea ee (5) 
G.=log Gz +) =log 3.0 

Where, 

P,=the present serviceability index at time ¢. 

log p=5.85+7.35 log (D+ 1) —4.62 
log (Li+L2) +3.28 log Ls 

; 3.63 (L1+L2)5-20 
b= 1.00+ (D> =e 1 ) 8.46 793.52 

Where, 

D2+1=design term. 

D,=portland cement conerete slab thick- 

ness in inches. 

Z,=load in kips on one single axle or on 

one tandem-axle set. 

Iy,=relates to the axle configuration: 

for single axles 

for tandem axles 

In=1 

I2=2 

Flexible pavements.—For flexible pavements 

on the subgrade soil at the Road Test, the 

expressions for G,, p and 6 for weighted axle- 

load application are: 

Glog (F574) Hos ( 2.7 ) 

Where, 

P,=the present serviceability index at time t¢. 

log p=5.93+9.36 log (SN+1) —4.79 
log (11+ L2) + 4.33 log Lg 

_ 0.081 (L,+ L2)3-28 

CSN + 1)5-197, 53-28 
B — 0.40 

Where, 

SN+1= design term. 

SV= 4,D 1+ a2Do+ azDs. 

D,=asphaltie surface thickness in inches. 

D,=base thickness in inches. 

D;=subbase thickness in inches. 

@, 42, and a3 vary with the type of material. 

I, and Ly, are the same as defined for rigid 

pavement. 

The AASHO Road Test equations are 

illustrated graphically in figure 2, in which it 

is shown that only one performance curve can 

be developed for each pavement-thickness 
index. 

Modifications by the AASHO Com- 

mittee on Design 

The Interim Guides (5, 6) developed by the 
AASHO Committee on Design for the design 
of both rigid and flexible pavements were 
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SERVICEABILITY INDEX 

O 4 8 l2 16 20 24 28 32 36 40 44 48 

EQUIVALENT I8-KIP SINGLE-AXLE LOAD APPLICATIONS 
(MILLIONS) 

Figure 5.—Relation among serviceability index; 18-kip single-axle load applications 

working stress in concrete, f,; and modulus of subgrade reaction, k, for a selecte 

pavement thickness-slab thickness, D,= 10 in. 

based on conditions at the AASHO Road 
Test. But because conditions differ from area 

to area, nomographs like those in figures 3 and 

4 for flexible and rigid pavements, respectively, 

make the design procedure applicable to other 

conditions as well. 

Following, first for flexible pavement and 

then for rigid pavement, are excerpts from 

the AASHO Interim Guide, which list the 

limitations of the nomographs. 

Flexible pavement 

e “It has beer necessary to assume a scale 

for the soil support value on Charts 400-1 and 

400-2. Point 3.0 on the scale represents the 

silty clay roadbed soils or the Road Test. It 

is a firm and valid point. Point 10.0 represents 

crushed rock base material such as used on the 

Road Test. It is a reasonable valid point. All 

other points on the scale are assumed.”’ 

e “The soil support scale must be correlated 

with test data obtained by one of several 

methods. The user must develop this correla- 

tion based on the specific soil test method he 

is using. General correlations are given in 

Appendix E? as a possible guide in developing 
the proper scales.” 

e “Coefficients for converting the thick- 

nesses of surface, base, or subbase to the 

structural number (SW) are given on page 22 
of the guide. Careful consideration must be 
given by the user to those cofficients not 
established in the Road Test.’’ 

e “Included in the design analysis is a 
regional factor which permits adjustments for 
environmental conditions. The user must give 
careful consideration to this factor. A method 

of estimating the factor is given in Appendix 
G&G 2977 

e “A traffic analysis period of 20 years has 
been used for the sake of convenience. It must 

not be confused with pavement life, which is 
affected by many factors in addition to traffic 
loading.” 

Rigid pavement 

e “The scales on Charts 400-1 and 400-2 

for working stress in concrete (f,) and modulus 

2 AASHO Interim Guide. 

of subgrade reaction (k) are derived from th | 

Spangler modifications of the Westergaar 

theory of stress distribution in rigid slag 

Further research will be required to full) 

establish the applicability of the Spangle 

equation.’ © 

e “A working stress of 0.75 S, has bee 

used in the guide. Further research ma 

indicate some adjustment in the percentage j_ 

required. The user may make such an adjust! 

ment based on experience.” i | 

e “An adjustment for environmental con) 

ditions has not been included in the desig | 
procedure. The need for such a factor ¢a| 

only be established by studies over a lon. 

time period.” 

e “A traffic analysis period of 20 years ha 

been used for the sake of convenience. |] 

must not be confused with pavement lif’ 

which is affected by many factors in additio | 

to traffic loading.” | 

Basie significance of modifications 

The basic significance of the modification 

of the AASHO Road Test equations by tl’ 
AASHO Committee on Design is illustrate 

graphically in figures 5 and 6. Unlike figure | 

which showed only one performance curve fi 

each pavement-thickness index, figures 5 ar 

6 show a family of curves for each pavemen | 

thickness index. The authors were able °| 

develop the curves from the assumptions al 

theory used to develop the AASHO desig 

nomographs. Thus, although the AASH) 

Committee did not develop a family | 

performance curves for each payvemen 

thickness index, it implicitly expanded a} 

range of performance curves from the rel| 

tively small number that applied to conditio 

at the AASHO Road Test to a relative 

large number that apply also to conditio) 

encountered elsewhere. 

Equivalent Axle-Load Concept | 

The general performance equations ¢ 

veloped at the AASHO Road Test are sing) | 

axle-load equations that describe the behavi 

of pavements subjected to repeated applic 

‘ 
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3 5 4 

sions of axle loads of any one type and weight. 

They do not directly yield information on the 

ehavior of pavements subjected to mixed 

srafic—normal highway traffic that imposes 

oads from both single and tandem axles and 

. variety of weights. Because most States have 

v legal load limit of 18-kips for single-axle 

oads and 32-kips for tandem-axle loads, the 

yerformance equations are usually resolved 

fae the equivalent number of 18-kip single- 

ixle loads. 

3.00 

| Nhs) 

2.50 

fae) 

2.00 

(| 7A) 

FACIUR 

1.50 

LCIVUT 

E29) 

EWU VA 100 

0.75 

0.50 

0.25 

O 4 8 l2 

SINGLE-AXLE LOAD, KIPS 

ne Se al lee Me ee ee | 
‘ 16 20 
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FLEXIBLE PAVEMENT " (WEIGHTED) 

6 ia 8 9 10 

EQUIVALENT I8-KIP SINGLE-AXLE LOAD APPLICATIONS 
(MILLIONS) : 

igure 6.—Relation among serviceability index, 18-kip single-axle load applications, and 

soil support values for a selected structural number—SN =4.0. 

To apply the AASHO Road Test pavement 

performance equations to practical pavement- 

structure design, a method was needed to 

reduce single- and tandem-axle loads of mixed 

trafic into equivalent 18-kip  single-axle 

loads. The AASHO Committee on Design 

developed a method for computing, from the 

performance equations, 18-kip equivalency 

factors that reduce the loads of mixed axles 

of various weights in a given traffic volume 

to an equivalent number of 18-kip single-axle 

16 20 24 28 

28 S2 36 40 44 

TANDEM-AXLE LOAD, KIPS 

Figure 7.—Equivalent single-axle load concept. 

load applications. This equivalent axle-load 

concept for a flexible pavement at a level of 

PSI=2.5 and SN=5 is illustrated graphically 

in figure 7, which shows the relation between 

the 18-kip equivalency factors and variable 

axle-loads for both single and tandem axles. 

For pavement design, the AASHO Com- 

mittee on Design developed equivalency fac- 

tors at terminal serviceability levels of 2.0 

and 2.5 for structural numbers (SN) ranging 

from 1.0 to 6.0 and for slab thicknesses (D) 

ranging from 6 to 11 inches. 

From Concept to Practical Method 

The conceptual approach described here 

for estimating the remaining service life of 

existing pavement sections is firmly based 

on the findings from the AASHO Road Test. 

The method presented for applying the con- 

ceptual approach incorporates the practical 

modifications of the AASHO Committee on 
Design. 

Conceptual approach 

According to the equations developed at 

the AASHO Road Test, pavement perform- 

ance is directly related to pavement design 

and axle loads. Consequently, these equations 

can be used to estimate the following values 

when the pavement design SN or D is given: 

ELAp.—The equivalent 18-kip single-axle 

load applications associated with a present- 

serviceability index. 

ELA;.—The equivalent 18-kip single-axle 

load applications associated with a selected 

terminal-serviceability level. 

ELApg.—The remaining equivalent 18-kip 

single-axle load applications associated with 

the present-serviceability index, PSI, and 

selected terminal-serviceability level, TSI. 

This statement is shown in its simplest 

form, by the following equation: 

ELA,;— ELAp= ELAR 

Where, 

ELAp= The accumulated number of equiva- 

lent 18-kip single-axle load appli- 

cations from the time that the 

pavement was opened to traffic to 

the present time. 

ELAy= The accumulated number of equiva- 

lent 18-kip single-axle load appli- 

cations from the time that the 

pavement is placed in service to 

the time that it requires resur- 

facing or reconstruction. 

ELAR= The accumulated number of equiva- 
lent 18-kip single-axle load ap- 

plications remaining before the 

pavement requires resurfacing or 

reconstruction. 

The concept described above is illustrated 

in figure 8. The curve represents the perform- 

ance of a specific pavement design at the 

AASHO Road Test. A family of curves can 

be developed, each of which represents one 

pavement design for either flexible or rigid 

pavement. If SN, PSI, and TSI are given, 

the remaining service life in equivalent 18-kip 
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single-axle load applications can be extracted 

from the appropriate curve. 
The remaining years of service life can be 

estimated by dividing the ELAR by the 

present annual equivalent 18-kip single-axle 

load applications, EALA. Practical methods 

for estimating the ELAg and EALA are 

discussed later. 

A method of application 

If the general conditions in the various 

States were the same as those at the AASHO 

Road Test, the conceptual approach would be 

relatively simple to apply. But conditions vary 

significantly not only from State to State, but 

also from region to region within the States. 

Consequently, the conceptual approach must 

be modified to reflect the effeet of conditions— 

pavement materials, climate, subgrade soils, 

and construction procedures—that are dif- 

ferent from those at the AASHO Road Test. 

Because the design nomographs in the 

AASHO Committee’s interim guide reflected 

conditions other than those at the AASHO 

Road Test as well as conditions at the Test, 

they implicitly recognized a large number of 

performance curves that could fit a wide range 

of conditions. These nomographs, with modifi- 

cations, provide a practical solution to two 

dificult tasks: 

e Selecting a performance curve that 

reasonably represents the actual performance 

curve of a specific pavement section. 

e Estimating the remaining life of the pave- 

ment section based on the selected curve. 

The design nomographs were developed for 

terminal serviceability levels of 2.0 and 2.5, 

and the equivalent 18-kip axle loads were 

expressed in terms of a 20-year design period. 

However, for this report, service life nomo- 

graphs were developed for various levels of 

serviceability from 4.0 to 2.0 for rigid pave- 

ments and from 3.8 to 2.0 for flexible pave- 

ments. The equivalent 18-kip single-axle load 

applications for the service life nomographs 

were expressed without reference to a time 

period. With these exceptions and one other 

modification, which will be discussed later, the 

nomographs were developed on the basis of the 

procedures suggested by the AASHO Commit- 

tee on Design. The complete set of service life 

nomographs and a brief description of their 

development is given in the last part of this 

article. 

In the discussion that follows, a method to 

select a performance curve and _ estimate 

pavement life using the service life nomo- 

graphs is described, first for flexible pave- 

ments and then for rigid pavements. With 

the exception of slab thickness, D, for rigid 

pavements, both methods require the follow- 

ing basic input data: 

e Present-serviceability rating or index. 

e Accumulated equivalent 18-kip  single- 

axle load applications. 

e Selected terminal-serviceability level. 

Flexible pavements—The method for flexible 

pavements is described by using an example 

in which the following input data are given: 

PSI=3.5 

ELAp= 1,000,000 

pS ay 

$8 

Fis 1S - ee Te ee SS —— ey rm 

The first step is to select a performance 

curve from the appropriate service life nomo- 

graph based on the given PSI and ELAp, as 

follows (refer to fig. 9): 

(1) Locate the point on the traffic load 

scale where ELAp= 1,000,000. 

(2) Using a straight edge, connect this 

point and a point on the structural number 

scale for an assumed SW (in the example, the 

assumed SN=2.85). 

(3) Locate the point on the soil support 

scale intersected by the straight edge. This 

point, S30, is an equivalent S that, together 

with the assumed SN, describes a performance 

curve for the input data of PSI=8.5 and 

ELAp=1,000,000. 
The next step is to determine the KLAr 

based on the performance curve from the 

previous step and the selected TSI, as follows 

(refer to fig. 10): 

(1) Loeate points SN =2.85 and S=30 on 

their respective scales. 

(2) Connect the two points, extending the 

straight edge to the traffic load scale. 

(3) Read the traffic load scale at the 

intersection to obtain ELAr= 4,700,000. 

The final step is to determine the ELAR 

from the results of the previous two steps and 

the following equation: 

ELAg=ELA;—ELAp 
= 4,700,000— 1,000,000= 3,700,000 

Rigid pavements.—The method for rigid 

pavements is also described by use of an 

45 

4.0 

Bus) 

0) 

SERVICEABILITY INDEX, P (2x9) 

20 

800 1200 

EQUIV. I8-KIP SINGLE-AXLE LOAD APPLICATIONS (ELA) 
(THOUSANDS) 

Figure 8.—Performance curve. 

A 4 
} 4 => 

example in which the following input d 
are given: 

PSI=4.0 

ELAp= 900,000 

D=S ink 

ADS 4.055 

The first step is to select a performance 

curve based on the given PSI, ELA p, and I 

as follows (refer to fig. 11): 

(1) Locate the point ELAp=900,000 0 
the traffic load seale. 

(2) Connect this point and a point on tk 

f, scale for an assumed f; (working stress j 

concrete), extending the straight edge to fl 
pivot line (in the example, the assumed f; 

490). 
(3) Connect the point of intersection ¢ 

the pivot line and point D=8 in. on the sla 
thickness scale, extending the straight eds 

to the modulus of subgrade reaction, KA seal 

(4) The intersecting point K=150 is ¢ 

equivalent A that, together with the assum 

ft, describes a performance curve for ¢ 

input data of PSI=4.0, ELAp= 900,000, ar 

D=8 in. 

The next step is to determine the EL: 

from the performance curve of the previo 

step and the selected TSI, as follows (refer 

fice 2)5 

(1) Connect the two points K=150 

D=8 in., extending the straight edge to 

pivot line. 

(2) Connect the point of intersection on 
pivot line and the point f,=490, extending 

straight edge to the traffic load scale. 

1600 2000 
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Figure 9.—Flexible-pavement service-life nomograph, PSI=3.5. 

Figure 10.—Flexible-pavement service-life nomograph, PSI=2.5. 
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ae. os tt 7 mm _— 

At the point of intersection on the traffic 

load scale read ELAr=2,750,000. 
The final step is to determine the ELAR 

rom the results of the previous two steps 

nd the following equation: 

LAg= ELAr— ELAp= 2,750,000— 900,000 

= 1,850,000 

General comments.—An equivalent S or K 

ased on an assumed SW or f; is suggested 

ecause the actual SN or fz: may be difficult 

-o determine for existing pavement sections. 

Also the actual SN, S, K, or f; may not be 

sompatible with the traffic load scale because 
yf other factors, such as extreme climatic 

sonditions and construction practices. 

. Although the equivalent S or K based on 

vn assumed SW or f; is suggested, actual or 

‘leasonably good estimates of the SN or f;, 

re preferable, provided that the traffic load 

cale is compatible with the input data. The 

etual SN or f; together with an equivalent 

} or K may be very helpful in the design of 

verlays for pavement sections. 

Requirements for Developing 
a System 

As for the conceptual approach, the system 

escribed here for estimating present surface 

ondition and remaining life of existing pave- 

rent sections is based on the findings of the 

'ASHO Road Test, as well as on supplemental 

formation from the papers and reports com- 

,enting ov these findings. It also reflects the 

\odifications and recommendations sug- 

asted by the AASHO Committee on Design. 

_The system is evolved by developing meth- 

1s to accomplish the following steps: 

e Determine present condition of the pave- 

‘ent surface. 

'e Determine equivalent 18-kip single-axle 

lad applications. 

e Convert remaining equivalent 18-kip 

figle-axle load applications into remaining 

vars. 
e Evaluate the accuracy of the remaining 

'-kip single-axle load applications. 

htermining present condition 

Because the States may not be able to 

sasure pavement roughness, cracking, and 

tehing on their entire highway systems, 

cite to insufficient time and lack of re- 

-sirees, the PSI of each section may be diffi- 

It to determine by the PSI equations. It is 

zgested that the determination be based on 

2 PSR concept and that the PSI concept be 
2d for random checks. This provides a 

-factieal and reliable method that is compat- 

ie with the procedures used at the AASHO 

pad Test. 

The previously discussed PSR concept de- 

vloped at the Road Test was based on the 

_derage findings of a rating panel that traveled 

i rated large sections of roads in actual 

sivice. The Present Serviceability Rating 

_trm shown in figure 13 was used in AASHO 

¥nel’s ratings. Use of this rating form to 
ermine the PSR is described in the Asphalt, 

Istitutes MS-17 (7). 
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Figure 13—Present-serviceability rating 

form. 

Although pavement sections at the Road 

Test were not considered out of test until 

the present serviceability reached 1.5—cor- 

responding to the midpoint of the poor 

rating—results of a nationwide survey (8) 

showed that present serviceability of highway 

pavements scheduled for resurfacing was 

about 2.0. Pavements in the very poor and 

poor category are inadequate and should be 

resurfaced or reconstructed. However, pave- 

ments in the very good, good, and _ fair 

categories have remaining life that can be 

estimated using the service life nomographs 

in the last part of this article. 

If current sufficiency ratings of pavement 

conditions—excluding geometric design ele- 

ments, such as width, alinement, and similar 

factors—are available, a correlation between 

the sufficiency rating scale and PSR scale 

may be established to transform the sufficiency 

ratings to PSR with sufficient precision. For 

example, on the sufficiency rating scale of a 

given State, if the highest possible rating is 20 

and a rating of 5 or less denotes a pavement in 

very bad condition, the two rating systems 

might compare as follows: 

Sufficiency rating— PSR 

©), () Patan: enh i tee SGA, 2 Sy Were ie 5 

agp eaten ere (Rs ree Aen te eee ee 4 

cKO (eet ke rear. eee eee Te 3 

ye, See SE a tir, Senn ee eee 2 

(eee PO ie ee i 

0 

In this comparison a sufficiency rating of 5 

is equated with a PSR of 2.0 because these are 

the points on the two rating scales at which 

pavements are in need of resurfacing or re- 

construction. As a precaution, it is suggested 

that random checks using PSI equations be 

made to ascertain and control accuracy of the 

PSR. 
Those States that have Roughometers 

from which PSI equations have been de- 

veloped can readily use Roughometer readings 
to determine the PSI. Even if a Roughometer 
has not been calibrated with the Road Test 
Profilometer, it may be possible to use 
toughometer values to good advantage by 

equating the approximate Roughometer 

reading at which pavements are resurfaced 

to a PSI of 2.0, and assuming a straight-line 

relation between PSI 

values. 

Roughometer and 

Procedures for determining the PSI from 

pavement roughness measurements obtained 

by mechanical devices, like the Roughometer 

and Profilometer, are deseribed in the litera- 

ioumes (CAH Ver, ED) 

Determining equivalent 18-kip single-axle 

load applications 

As stated previously, the general per- 

formance equations developed at the AASHO 

Road Test are single-axle load equations 

that describe the behavior of pavements sub- 

jected to repeated applications of an axle 

load of any one type and weight. They do 

not directly yield information on the behavior 

of pavements acted upon by mixed traffice— 

normal highway traffic that consists of both 

single and tandem axles of a variety of 

weights. The problem of converting single and 

tandem axles of different weights into equiv- 

alent 18-kip single-axle load applications was 

solved by developing equivalency factors 

that reduce given single or tandem axles of 

known weights to equivalent 18-kip single- 

axle load applications. 

From the AASHO Road Test performance 

equations, the AASHO Committee on Design 

developed flexible-pavement equivalency fac- 

tors for PSI levels of 2.0 and 2.5, for struc- 

tural numbers, SV, ranging from 1.0 to 6.0 

and rigid-payment equivalency factors for 

PSI levels of 2.0 and 2.5, for slab thicknesses, 

D, ranging from 6 to 11 inches. These equiy- 

alency factors permit the loads from mixed 

axles of various weights in a given traffic 

volume to be reduced to an equivalent number 

of daily 18-kip single-axle load applications 

(EDLA). The EDLA can be expanded to 

annual or multiple year projected totals. 

The procedures described here for computing 

EDLA are based on information from truck 

weight studies conducted in the States in 

accordance with the Federal Highway Admin- 

istration’s Instructional Memorandum 50- 

4-66, Annual Truck Weight Study? In this 

annual study a table, table W—4, is compiled 

from information collected at various stations 

throughout the States and combined for 

particular highway systems—All Main Rural, 

Rural Interstate, Urban Interstate, and others. 

Conventional computation of EDLA—The 

EDLA can be computed directly from infor- 

mation in table W-—4 of the truck weight 

studies. An example of a part of table W-4 

is shown in figure 14. The lower portion of 

the table headed 18-Kip Azle Equivalents 

contains a line that lists the equivalent 18- 

kip rate per 1,000 for each individual type 

vehicle. The rate per 1,000 can be applied 

3 Instructional Memoranda are issued by the Federal 

Highway Administration to provide interim instructions 

pending issuance of permanent instructions. 
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State of :__ EXAMPLE 

Table W-4 (highway system category). --Number of axle loads of various magnitudes of loaded and empty trucks and truck combinations of each type weighed, the probable number 

of such loads, and the eighteen kip axle equivalents of each general type and of all types counted at (number) loadometer stations during the period from (month, day) to 

18-Kip axle 
equivalency 

Axle loads in pounds factor 

and eighteen kip axle 

equivalency items 

Rigid pavement, P=2 50-9” 

Trucks weighed 

Rate per | 000 

Trucks counted 

Distribution, per cent 

Flexible pavement, P=2.5,SN=5 

Trucks weighed 

Rate per 1,000 

Trucks counted 

Distribution, per cent 

to any traffic mix of similar characteristics to 

ealculate the equivalent daily 18-kip single- 

axle load applications (HDLA). 

Suggested computation of EDLA.—Although 

the data for the conventional procedure should 

be readily available, as most States have 

been conducting the traffic classification and 

weight studies for some time, the estimation 

of EDLA ean be simplified by using 18-kip 

equivalent constants rather than the equiy- 

alent 18-kip rate per 1,000 for each vehicle 

type. The 18-kip equivalent constants for 

single unit and multi-unit trucks can be 

extracted directly from the truck weight 

studies. The suggested constant for passenger 

cars is 0.0008 per vehicle based on an assumed 

average passenger-car weight of about 3,000 

pounds. However, the effect of passenger 

vehicles on the EDLA is negligible, and a 

State may wish to eliminate passenger 

vehicles from the EDLA computation, 

In practice the traffic classification count 

would be furnished as the number of each 

vehicle type in the traffic stream; therefore, 

an EDLA equation can be developed as 
follows: 

EDLA= (Greekex Pi) =" (Coes GS P;) 

+ (C3 MU X P3) 
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Single-unit trucks 

Single-unit 
trucks 

Probable No. 

(month, day, year) compared to corresponding data for prior year) 

(Sample data for illustrative purposes) 

Truck and trailer 

combinations 2/ 
Tractor-semitrailer 

combinations 1/ 

: 18-KIP AXLE EQUIVALENTS 

Figure 14.—Example of a part of Table W-4. 

Where, 

C,= Constant for passenger cars. 

C;= Constant for single units. 

C;= Constant for mulitple units. 

PC=Total passenger car ADT, 

tions. 

SU=Total single unit ADT, two directions. 

MU=Total multiple unit ADT, two direc- 

two direc- 

tions. 

P,= Percent passenger car ADT in critical 

lane. 
P,= Percent single unit ADT in critical lane. 

°3= Percent multiple unit ADT in critical 

lane. 

The 18-kip axle equivalent constants for 

single-unit trucks and combination trucks are 

taken directly from the columns Probable No. 

and the lines Rate Per 1,000 in table W-—4 

(see fig. 14). For example, as shown by the 

encircled numbers in figure 14, the appropriate 

constants for rigid pavements are 0.0909 and 

0.8335 for single-unit trucks and total all 

combination trucks, respectively. The decimal 

points have been moved three places to the 

left because the values in table W-—4 are ex- 

pressed in terms of rate per 1,000. Using these 

constants based on the probable number rate 

per 1,000 and the above equation, the EDLA 

Two-trailer 

combinations 3/ Total all 
combinations 

Probable No. | 

for the given traffic mix is as follows: 

EDLA=(C,X PCX P) +(CXSUXP,) 

+(C;X MUX Ps) 
EDLA= (.0008 X 3687 X .30) + (.0909 x 410 | 

x .40) + (.8335X 423.40) | 
EDLA=156.9 

In this example, the EDLA is 4.8 peref 

less than the EDLA of 164.9 that would rest 

from the conventional computation in wha 

the rate per 1,000 for individual vehicle ¢ e 

would be used. | 

In a limited analysis of truck weight da 

from Illinois, California, and Texas, it 7} 

found that EDLA’s based on the consta‘ 

do not vary significantly from those that 

based on the rate-per-1,000 method previoy 

discussed. For convenience, however, use 

the constants is suggested. | 

To further reduce the time and ef} 

required to apply the suggested method 

computing EDLA’s, a series of graphs cane 

developed from the equation. In the exalr 

shown in figure 15, the EDLA for a ma 

pavement with four or more lanes ean ber? 

directly from the graph if the ADT in bi 

directions and percent of multiple unit tru’ 

are known. Figure, 15, however, is a repres¢ 

a, aH a 
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be as much as 70,000, or more. 

The reason for referencing the graphs to 

ne percent of multiple units in relation to 

t its contribute approximately 89 percent of 

he equivalent daily 18-kip single-axle load 

Although the graphs represent the effect 

all vehicles in the traffic stream on KDLA, 
: of the graphs need know only the 

sreentage of multiple units, the major con- 

ibutors to the EDLA. Graphs for both 

700¢ 

600] 

500} 

400 

300 

{0} 2 4 6 8 10 

igure 15.—Conversion of average daily traffic to equivalent 18-kip single-axle load 

applications. 

: — Be oe 
ee a ee as 

PRESENT ADT 

4 

rigid and flexible pavements would be required 

for different types of roadways—2, 3, 4, or 
more lanes. 

The use of such graphs to estimate an EDLA 

and the use of the EDLA to estimate an ELAp 

(accumulated 18-kip single-axle-load applica- 

tions from the time the existing pavement 

surface was open to traffic to the present) are 

described in the following example: 

Given: 

Rigid pavement, four traffic lanes. 

Existing pavement surface in service for 

5 years. 

e Initial ADT (both directions) =4,000. 

e Present ADT (both directions) = 5,040, 

e Initial and present percent multiple unit 

trucks= 9.4. 

12 14 16 18 20 22 

AVERAGE DAILY MIXED TRAFFIC THOUSANDS 

AVERAGE ANNUAL TRAFFIC GROWTH, % 

Solution: 
(1) Estimate the EDLA for the mean year 

using the appropriate graph for four lanes or 
more as follows (refer to fig. 15): 

(a) On the horizontal scale, locate the 
point where the ADT (mean year) =4,520. 

(b) From this point proceed vertically to 
the approximate point where the percent 
multiple unit trucks equals 9.4. 

(c) From this point of intersection follow 

horizontally across the graph and read the 

EDLA on the vertical scale—approximately 
165. 

(2) Estimate the ELAp using the following 

equation: 

ELAp=EDLA (mean year) 

X365 days/years < 

ELAp=165X 365 X 5=301,125. 

vears; 

General comments.—The example for esti- 

mating the equivalent daily 18-kip single-axle 

load applications (EDLA) is based on the 

hypothetical table W-4 shown in figure 14. 

Consequently, the equivalent constants from 

figure 14 would not apply for a specific State. 

Tach State highway department must analyze 

the equivalent constants in the applicable 

W-—4 tables. Analyses may well indicate that 

constants and graphs should be applied by 

highway system category, such as rural Inter- 

state, urban Interstate, main rural roads, 

and urban streets and expressways. 

Also, axle weight distribution trends may 

have been established from analysis of the 

truck weight studies conducted over a period 

of years. These trends can be helpful in estima- 

ting historical and projected future equivalent 

18-kip load applications and, for example, 

could indicate a steady replacement of light 

vehicles with heavier vehicles. Moreover, 

changes could be occurring in the number 

of vehicle-types. and in the individual 

categories. Consequently, because of such 

changes, it could be possible that 18-kip axle 

equivalent constants developed from present 

traffie classification and truck weight informa- 

tion may not be satisfactory, and completely 

new 18-kip axle equivalent constants would 

have to be developed for both the historical 

and future years. A good procedure for 

developing traffic parameters is given in a 

paper by Eugene L. Skok, Jr. (10). 

Converting remaining 18-kip single-axle load 

applications into remaining years 

The conversion of the ELA, into the years 

of remaining service life can be accomplished 

by the following relatively simple four-step 

process: 
(1) Estimate the present equivalent annual 

18-kip axle-load applications (HALA) by 

multiplying the present EDLA by 365 days. 

Use the EDLA equation or graphs, previously 

discussed, to estimate the present EDLA. 

(2) Determine the remaining service life 

factors (RSLF) by dividing the ELAR by the 

HALA: 
“ ny ELAR 

RSLF= FATA 

(3) Determine the future annual traffic 

growth rate. If the annual traffic growth rate 
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is not known, determine it on the basis of the 

traffic growth ratio for a given period using a 

compound interest table (11). A sample com- 

pound interest table is shown in figure 16. 

(4) Based on the RSLF and the annual 

traffic growth rate, determine the years of 

remaining service life (RSL) from figure 17, 

as in the example below. 

Hxample 

Given: 

e ELAR=1,208,000. 

e Present HDLA=175. 

e Twenty-year traffic growth ratio=2.19. 

Solution: 

(1) EALA=175X 365= 63,875. 

1,208,000 Apa ey ie DE 63 B76 = 18.91. 

(3) From figure 16, based on a traffic 

growth ratio of 2.19 for a 20-vear time period, 

the annual traffic growth rate is 4 percent. 

(4) From figure 17, based on a RSLF of 

18.91 and an annual traffic growth rate of 4 

percent, the years of remaining life equals 15 

years. 

Evaluating the accuracy of the predicted 

equivalent 18-kip single-axle load applica- 

tions 

Performance of highway pavements of com- 

parable design may vary from State to State 

because factors related to performance— 

weather, materials, soils, construction prac- 

tices, and axle loads—may vary. Although 

several of these factors, are accounted for when 

the service life nomographs are used to predict 

ELA, the nomographs may not be able to 

account for all the varying conditions in all 

the States. Consequently, the accuracy of the 

ELA, as predicted from the service life nomo- 

graphs, should be evaluated in each State and, 

when warranted, the predicted ELA should be 

adjusted to better reflect actual performance. 

The procedures presented here are suggested 

for evaluating and adjusting the predicted 

ELA. 
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Figure 17.—Conversion of RSLF to RSL. 

Accuracy of the predicted HLA can be 

based on comparisons between actual pave- 

ment performance history and predicted per- 

formance from the service life nomographs. 

These comparisons require the following in- 

formation for individual pavement sections: 

2 PSI or PSR and the accumulated equiva- 

lent 18-kip single-axle load applications for 

two points in time, preferably several years 

apart. 

e Pavement structure thickness—SN for 

flexible pavements and D for rigid pavements. 

Two observations in the pavement per- 

formance history are required so that the first 

observation can be used in concert with the 

service life nomographs to predict the second 

observation, which can then be compared with 

the actual observation. The procedure is il- 

lustrated in the following example: 
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ELA; = 402,000. | 

point and the point SN=3.0. 

800 1000 

44 46 48 50 52 54 56 5 

Example: 

Given: 

e Flexible pavement. 

e Structural number, SN=3.0. 
e PSI, (earlier) =3.60. 

e ELA, (earlier) = 402,000. 

e PSI, (later) =3.48. 

e ELA, (later) = 648,000. 

Solution: 

First, determine the equivalent S (steps te 

and then use this equivalent to predict th 

second or later ELA, (steps 5-7): 

(1) Select the appropriate service life nom 

graph for PSI=3.6, corresponding to the PS 
of 3.60. 

(2) On the ELA scale, locate the pou 

(3) Use a straight edge to connect th 

1200 1400 1600 
PREDICTED EQUIVALENT I8-KIP SINGLE-AXLE LOAD APPLICATIONS (ELA) 

(THOUSANDS) 

Figure 18.—Actual performance plotted against predicted performance, Minnesota flexib 

pavement. 
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is 

(4) Locate on the soil support seale the 

‘point, approximately 14, intersected by the 

straight edge. This is the resultant equivalent 

(5) Select the appropriate service life nomo- 

graph for PSI=3.4 corresponding to the PSI, 

of 3.48. 

(6) Connect the point SN=3.0 on the 

structural number scale and the point S=14 

n the soil support scale, extending the 

ssi edge to the ELA scale. 

(7) The point intersected by straight edge 

ba the ELA scale is 650,000 which is close to 

the actual ELA, value of 643,000. 
| 

_ This procedure was used to compare actual 

performance data from two States, Minne- 
sota and Texas, with predicted performance 

from the nomographs. The data used were 

developed in studies conducted in the States 

‘(12)—Minnesota provided usable data for 38 

flexible pavement sections; Texas provided 

usable data for 25 flexible and 26 rigid pave- 

ment sections. 

| The statistical findings from regression and 

correlation analyses are shown in figures 18 

through 20. The equation from plotting the 

actual performance against the predicted 

_ performance and the regression line are shown 

in these figures together with basic statistical 

information. 

In figure 18, which reflects the evaluation of 

flexible pavements from Minnesota, the service 

ife nomographs tend to over predict the ELA 

in relation to the actual ELA. With a correla- 

tion coefficient of 0.91, however, the regression 

‘ine reflects a strong linear relationship be- 

tween the actual and predicted performance. 

Furthermore, the value of 13.09 for the ¢ test 

indicates that the correlation coefficient is 

to 

zood and has 

highly significant or did not arise as a result 

of pure chance. The use of the regression 

squation y=0.5563 xX +63,390 to estimate 

the actual performance from the predicted 

performance would assure that, 95 percent of 

the time, the actual performance would lie 

within two standard errors of the estimate of 

the value obtained from the regression equa- 

tion. The standard error of the estimate is 

17,672, or 43.8 percent of the mean value of 

y for the Minnesota analysis. 

In figure 19, the results of the evaluation of 

flexible pavements from Texas are similar to 

the results from the Minnesota flexible pave- 

ments, but not quite as good. The service life 

aomographs again tended to over predict the 

performance of the flexible pavements. The 

correlation coefficient of 0.83 and the ¢ test of 

7.08 indicate that the linear relationship 

between actual and predicted performance is 

highly significant. The regression equation is 

y=0.5904X + 98,937, and the standard 

arror of the estimate is 177,748, or 49.0 per- 

2zent of the mean value of y. 

The evaluation of rigid pavements from 

Texas was very encouraging. In figure 20, the 

regression line falls extremely close to a per- 

‘ect 45 degree correlation line. The correlation 

s0efficient is a very high 0.997 and the ¢ test 

vf 66.5 is highly significant. The regression 

equation y=0.93635 Xx +137,920 looks very 
a standard error of the 

PUBLIC ROADS © Vol. 36, No. 5 
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estimate of 84,922, or 6.1 percent of the mean 

value of y. 

Accordingly, it has been shown that the 

performance predicted from the nomographs 

has a high degree of correlation with actual 

performance. The regression equation can be 

used to adjust the predicted performance 

when its use significantly improves the pre- 

dicted values. However, those using the re- 

gression equation are cautioned to determine, 

based on the existing history, whether pre- 

1400 = 

TEXAS 
1200 f= ee 

: r-0826 
1000 F SS Ss, =177, 748 
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ACTUAL EQUIVALENT I8-KIP SINGLE-AXLE LOAD APPLICATIONS (ELA) 
O 200 400 600 

“LEXIBLE PAVEMENT 

800 

dictions would more often be improved than 

made worse by an adjustment. For example, 

if the regression line is fairly flat, and the plus 

and minus two standard errors of the estimate 

range is small, there probably would be very 

definite advantage to adjusting the predic- 

tions. If the regression line is fairly close to a 

45° line (perfect correlation) and the associ- 

ated variation bandwidth is farily wide, an 

adjustment might not significantly improve 

the predicted values, and may not be justified. 

y20.5904x+98,937 

1000 1200 1400 I600 

PREDICTED EQUIVALENT I8-KIP SINGLE-AXLE LOAD APPLICATIONS (ELA) 
(THOUSANDS) 

Figure 19.—Actual performance plotted against predicted performance, Texas flexible 

pavement, 
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Figure 20.—Actual performance plotted against predicted performance, Texas, rigid 

pavement. 

105 



The regression equation is applicable only 

throughout the range of performance data 

for which it was developed. In the above 

examples, the maximum ELA for flexible 

pavements was about 1,600,000, and for 

rigid pavements about 4,000,000. Because 

pavement performance extends well beyond 

these values, evaluations should be made over 

the full range of pavement performance to 

confirm or refine the basic findings. 

Service Life Nomographs 

At the end of this article are 23 service life 

nomographs that can be used to predict pave- 

ment service life. The authors based develop- 

ment of these nomographs on the AASHO 

Road Test performance equations and the 

modifications suggested by the AASHO Com- 

mittee on Design. However, unlike the 

AASHO design nomographs, the scale for 

equivalent 18-kip single-axle load applications 

in the service life nomographs was expressed 

without reference to a time period. 

The service life nomographs begin with a 

serviceability index of 2.0 and increase at 

intervals of 0.2, up to an including 4.0 for rigid 

pavements and 3.8 for flexible pavement. 

Nomographs were not developed beyond these 

serviceability indices for two reasons: (1) Ap- 

plication of the system is for pavements that 

have been in existence several years and, 

therefore, assumed to have PSI’s of 4.0 or less 

and (2) for flexible pavements, it was not pos- 

sible to obtain a good correlation between 

nomographs beyond the 3.8 serviceability 

index. Nomographs for a serviceability index 

of 2.5 are included for States that use this 

value as a terminal level. 

To use the nomographs it may be necessary 

to extend the ELA scale to cover Some unusu- 

ally high or low values. The ELA scale is 

logarithmic and can be extended by the addi- 

tion of a cycle. 

In plotting the soil support scale for the 

flexible-pavement nomographs, the authors 

followed the procedure recommended by the 

AASHO Committee on Design to obtain the 

first point, S=3, and the maximum point. 

However, they did not, as suggested, assign a 

value of 10 to the maximum point and assume 

a linear scale between points 3 and 10 and 

extend the scale to 1. Rather, they assigned a 

value of 110 to the maximum point and 

assumed a logarithmic scale between the value 

of 3 and 110 and extended the scale to 1. 

A logarithmic scale, rather than the linear 

scale suggested by the AASHO Committee on 

Design, was used simply because a good cor- 

relation between nomographs at the different 

serviceability levels could not be obtained with 
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a linear scale. When the method of developing 

design nomographs in Illinois was reviewed, it 

was noted that a logarithmic scale was used 
for soil support values. Also, because several 

of the soil support scales shown in the corre- 

lation data in Appendix E of the AASHO 

Interim Design Guide appeared to be logarith- 

mic, use of a logarithmic scale was considered 

reasonable. 

No attempt was made to develop a regional 

factor to permit adjustments for environ- 

mental conditions. Because the system for 

estimating service life, < described herein, is 

based on equivalent SN and § values, the 
equivalencies may tend to compensate for 

the omission of the regional factor scale. 

The service life nomographs for rigid 

pavements are similar to the AASHO design 

nomographs except the scale for the equiva- 

lent 18-kip single-axle load application was 

modified, as mentioned previously. 

Full scale duplicates of the service-life 

nomographs in this article can be obtained 

by writing to the Managing Editor of PUBLIC 

ROADS, if a reasonable indication of need is 

presented. 

Conclusions and Recommendations 

Although the conclusions and recommenda- 

tions given here are based on the limited 

analysis previously described, they are con- 

sidered basically sound and are therefore 

generally applicable for the planning purposes 

intended: 

e The proposed method of determining the 

remaining service life of existing pavement 

sections has been reasonably validated, as 

described. 

e Hach State should evaluate the pro- 

posed method by comparing the predicted 

performance from the service life nomographs 

with the actual performance of individual 

pavements. If a good correlation exists 

between predicted performance and actual 

performance, and if the predicted performance 

tends to be significantly higher or lower than 

the actual performance, the predicted per- 

formance should be adjusted through the use 

of a regression equation, as previously 

discussed. 

e When conducting the evaluation, States 

should strive for the full range of performance 

history so that the adjustment equations can 

be developed accordingly. With a full range 

of performance history, States may be able to 

improve accuracy through the use of linear 

adjustment equations for several increments of 

performance or an exponential equation for 

the full range of performance. 
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