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Results are presented of a study conducted to estimate lifetime costs 
for flexible pavements • a function of legal axle-load limits by using 
an improved version of the VESYS llM computer program. VESYS 
I IM wa modified to include capabilitles for (al seasonal characteriza· 
tions of pavement materials, (bl a discretized rep19Sentation of axle· 
load distribution, and (cl predictions of low-temperature cracking. 
A literature survey and a laboratory testing program ware combined 
to produca definitions of the variations in permanent deformation 
parameters 111 important material charactarinia v•y seasonally with 
Iha environment. These data and other information and axperienC. 
were applied to produce input data that would yield realistic per
formance predictions. A factorial of 64 solutions was obtained by 
using the input data and the improved version of VESYS llM to 
study the effects of truck traffic for four levels of legal axle-load 
limits, two levels of traffic, two levels of pavament-section thickness, 
and four anvimnn111nt11I :rontlS. Whan failures were oredicted. 111 

overlay was applied and a new solution obtained until a pavement 
life of at leat 20 years - attained. Initial and overlay costs were 
astimated, and tt.• costs, for 20 ve•• of pavement service, were 
related to legal axle-load limits. Estimated costs for 20 years of 
pavement service ware considerably incre-d by increaing legal 
axle loads, and estimated cost incre-s were more severe for ti. 
northern than for the soutt.m environmental zones of tt. United 
States. 

ment is hypothesized to be represented by the linear 
accumulation of the distress parameters (cracking, 
rutting, and roughness), which can be expressed 
similarly as the American Association of state Highway 
and Transportation Officials definition of present se r -
viceability index (PSI). 

More precise verification of the model was necessary 
in this study than had previously been attained (~ -§). 
However, such precise verification requires more 
realistic measurement of traffic and environmental 
effects. To account for these effects, the program was 
modified to include all the capabilities of VE SYS IIM 
plus capabilities for (a) seasonal characterizations o! 
stiffness and Dermanent deformatton propertteR of 
materials, (b) a discretized representation of axle-
load distribution for more accurate axle-load char
acterization, and (c) predictions of low-temperature 
-~-_,_. __ ti\ rrn ... .r- ---· ··---.1-- ,..,f'tT'C'°"a '-··--....... 4-1 •• 
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proved predictions of rutting, slope variance, PSI, 
and expected life. 

Verification of the modified program and its as-
sociated sets of input data was accomplished by com-

Significant efforts are under way to evaluate the effects paring predicted distress and performance with mea-
on pavement performance and maintenance costs of the sured values from four sections of the AASHO Road 
increasing levels of traffic being imposed on U .s. high- Test, four sections from the Brampton Test Road, and 
way systems. The results of one study in this overall data available for sections of I-BON in utah and I-10 in 
effort are reported here. Florida. This verification effort involved an iterative 

This study was conducted by using an improved procedure that required exercising the model to arrive 
version of the Federal Highway Administration com- at predictions, comparing the predictions with mea-
puter program VESYS IIM for predicting pavement dis- sured performance, analyzing differences to assess 
tress and performance (1, 2). Br1efiy, VESYS IIM con- their cause, and making rational modifications to prob-
sists of a set of mecllanrstfc models that are uniquely lem input where they were indicated to sharpen up the 
integrated for use in analyzing the structural integrity predictions. The only revisions made to input values 
and performance of nextble highway pavements. The were those that could be justified through analysis. 
working hypothesis fo_r the VESYS model assumes that Once the modified VESYS IIM subsystem had been 
all responses of the pavement can be stated in terms of verified and rational material, traffic, and environ-
the geometry of the pavement structure, the physical mental characterizations established, a factorial of 04 

-

properties of the material layers, and the effect of solutions was developed in order to arrive at a basis for , 
climate and load on these properties. The material establishing relations between cost and legal axle load. I 
properties can be characterized for primary response This factorial included four levels of legal axle load (80, 
behavior as linear elastic and/or linear viscoelastic, 89, 98, and 107 kN [18 000, 20 000, 22 000, 24 000 lbf 
and temperature and stress in the appropriate layers (18, 20, 22, and 24 kip)]}, two levels of pavement sec- r 
are accounted for. tion called thin and thick, two levels of truck traffic 

Laws of cumulative damage exist for several dis- called low and high, and four different environmental 
tress mechanisms that cause pavement damage. These zones, including wet-freeze, dry-freeze, wet/no freeze, 
laws are formulated from observations of the distress and dry/no free1.e. The solutions were run as a full 
behavior of the materials. The serviceability of a pave- factorial of 64. The environmental zones were repre- •• 
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sented by conditions at a section of I-80 in Illinois for 
wet-freeze, a section of I-BON in Vtah for dry-freeze, a 
section of I-10 in Florida for wet/no freeze, and a 
section of I-20 in Texas for dry/no freeze. 

DEVELOPMENT OF REALISTIC 
INPUT DATA 

Modifications to the computer program were accom
panied by a rather detailed study to determine (a) how 
the permanent deformation characteristics of the sur
face asphalt concrete, base materta.1, and subgrade 
materials vary seasonally with variations in density, 
moisture content, stress, and temperature; (b) what 
the axle-load distributions might be expected to be in 
the event of higher legal axle-load limits; (c) how th.e 
layer stiffnesses could be expected to vary seasonally 
'ln view of freeze-thaw conditions, temperature, mois
ture content, density, and stress; (d) what low
temperature model should be incorporated into the 
VE SYS system and how to obta.in the necessary input 
va.lues; (e) what pavement temperatures should be as
signed for the various environmental zones to be con
sidered; and (f) how moisture content varies in base 
and subgrade layers. 

To develop a general range of input data on the per
manent deformation characteristics of materia.ls sub
jected to seasona.1 changes of temperature and moisture, 
a factorial test series was run in the laboratory. A 
tota.1of18 teats were 1'UJl for a typical asphalt concrete, 
and duplicate tests were run for three levels of stress 
and three levels of temperature. Each test was con
tinued for 100 000 cycles of loading. A typical silty 
clay was similarly tested at three levels of moisture 
content and three levels of density. The test procedures 
and results are described in detail by Rauhut and 
Hordahl (7). • 

One ofthe most important decisions in a study ot 
the effects of increased legal axle loads is what the 
resulting axle-load distribution may be. Accordingly, 
the axle-load distributions selected were arrived at 
after careful study of the work of Winfrey and others 
(!D and Whiteside and others (~, correspondence with 
agencies that represent the trucking industry, and study 
of W-4 tables from a number of states, including those 
that have relatively high limits on legal axle loads. The 
resulting axle-load distributions expected for the four 
legal axle-load limits considered are given in Table 1. 
It can be reasonably argued that more overloaded trucks 
than the 0.5 percent shown operate on U.S. highways 
and evade weighing, but only data from weight measure
ments are available. A higher incidence of heavily 
loaded trucks would, of course, result in a higher rate 
of damage. 

The same distributions of truck traffic in time were 
used for all legal axle loads, which implies an increase 
in megagrams with increasing legal limits on axle loads. 
An alternative approach could have been decreases in 
tralflo with increases in axle-load distributions to main
tain constant megagrams, but this was the less severe 
condition and the relative realism of either extreme ls 
moot. 

PAVEMENT DI&TRESS AND PERFORMANCE 
PREDICTIONS 

Since the reporting of the performance predictions tor 
all 64 solutions would require a great dea.1 of space, 
typical plots for 80- and 107-kN legal axle load.a are 
shown in Figures 1-4. One figure for each environ
menta.1 zone has been included; both low- and high-

traffic cases and some variation in pavement section 
are also shown. 

study of distress and performance predictions for 
the entire factorial indicated the following: 
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1. Expected increases in cracking and rutting with 
increased traffic and increased axle loads were pre
dicted. The magnitudes of predicted cracking damage 
and rut depths were less for thi.ck than for thin pave
ments. 

2. Predicted "failures" were caused by cracking in 
all environmental zones, except for the quite warm wet/ 
no freeze envi.ronment represented by Florida. Over
lays for the wet/ no freeze environment were neces
sitated by excess.lve rutting and consequent loss of 
serviceability. 

3. Cracking failures occurred much more r:t µid ly 
in the colder wet-freeze and dry-freeze env ir-in:-:w ncs 
than in the dry/no freeze environment repres('r;t,'· I h ·; 

Texas. Low-temperature cracking also addrtl 1 • • :; .. 

higher levels of fatigue cracking in the colder ·· .: • " s 
and affected the shapes of the cracking curi.·£> ~ • • · 

time. (The nature o! the fatigue equation ls ~. · · · 11 

the curve tends to become horizontal as it apr: • .. .. 
1000 m2 cracked/1000 m2

, but the linear ad1~1 · : 
low-temperature cracking causes it to reach : 
before the curve approaches the horizontal.1 

4. -PSI remained relatively high where c r , 
necessitated use of an overlay since serious ,. · · : 
did not have time to develop (see Figure 1 fn r . •. • 
ample). 

5. Although the expected increase in inci " . · 
higher axle loads for higher axle limits is nu : ,. r · •. 
minor, it can be seen that failures are predic t•· 1 
siderably earlier for the higher legal axle-10.1 . 1 • • 

than for th!'! usual 80-kN limit. In fact, twic <' , , 
cases (8:4) of legal axle-load limits of 98 and I - ..., 
required two overlay~ than the correspondin~ --. · ·. 
case. This results, ot course, from the lncn·, _,. · '" 
of damage caused by the higher axle loads. 

COST EVALUATIONS AND RELATION 
BETWEEN COSTS AND LEGAL 
AXLE LOADS 

It was originally intended that cost estimates ·., • .. · ·· 
performed in terms of present worth, but the - · . -
table variability in time of interest rates and r 
ferential inflation, plus the fact that interest r 1 t • • • 

inflation rates have been similar and off-sett ir:,· 
recent years, resulted in a decision to base C••"' -•. 
mates on 1977 costs for both initial constructi ·m • ! 

subsequent overlays. This means, in effect, th.1 1 .. : .. ~ · ·1 t 
worth is based on assumption of a zero d.lscour.t : .t •· 
The probability of inaccuracy, however, is no l: t :-.. ·r 
than it would be were we to attempt to predict th. ,,. ~ ,, , .. , 
in time. 

One of the very difficult decisions made du ru~ .: : · •· 
research effort was how to meaningfully expres!I ~·· 
relations between costs and legal axle loads . 011·· ! . • • · 

of cost that must be considered is the total cost ,, ( ·• · · 
talning 20 years of acceptable pavement service . \I -
though it is meaningful, this cost does not cllsc n r: : 1 :~ ,, ,. 
with much sensitivity between the rea.1 costs of ••P·· r 11-
ing real pavements that are certainly not to be ahand ·n.·d 
alter 20 years. As can be seen later, the same nu:: .r ... r 
of overlays may suffice for several axle-load distribu 
tions, although the relative distresses and perform-1:1c 1• s 
may ditter. Consequently, it was decided that "valu<! •I 
remaining pavement We" or "salvage value" beyond ::?•> 
years should a.lso be included as a part of the ana t r~ ,, 
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and presentation. It was also apparent tho.t the costs of 
maintaining an existing pavement in service under in
creased axle-load distributions were at least as im
portant as the costs of building and maintaining new 
pavements under var ious axle- load distributions . 

From the many types of costs that might have been 
used in this comparative study, four were selected: 

1. Total cost, which consists of the initial construe-

Table 1. Axle-load distribution (percentage of total 
rapra•nting ti. four legal axle-lold limits studied). 

Axle-Load Distribution (1) 
Axle-Load 
Range (kN) 80 kN 89 kN 98 kN 

9-18 7.5 5.8 2.5 
18-27 11.2 9.7 9.2 
27-35 15.4 14.9 15.5 
35-44 30.8 27.7 23.8 
44-53 11.1 13.9 16.9 
53-62 8.1 9.1 10.5 
62-71 11.5 11.6 12.5 
71 - 90 3.9 5.3 5.1 
80-89 0.4 1.4 1.9 
89-98 0.1 0.4 0.6 
98-107 0.1 0.2 

107-115 0.1 0.2 
115-124 0.1 

Not .. : 1 kN • 224,8 lbf. 

107 kN 

2.0 
8.1 

13.6 
23.2 
17.8 
11.3 
13.1 

7.1 
2.2 
1.0 
0.2 
0.2 
0.2 

Fifty-two percent of the total number of axl89 were found to be 
tandem axles, and one set of two axlet in tandem was con· 
sidered at 2.25 single axln in1tead of 2.0 to approximate equiva
lency between tandem and tingle axles. 

Figure 1. Predicted pavement performance under high and low traffic 
volu11111 for wet-freeze environment and thin pavement. . .., ,.. 
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tion costs and cost& of nece&ury overlays to maintain 
satisfactory service for 20 years; 

2. Average annual cost, which is calculated by 
dividing the total cost by the total life of the pavement; 

3. Total cost of overlays, or the cost for the oqer
lays necessary to attain 20 years of satisfactory ser
vice (the same as total cost less initial construction 
cost); and 

4. Average annual cost for overlays, or the total 
cost of overlays divided by the life of the pavement 
after the first overlay. 

Total cost and average annual cost include initial 
construction costs and therefore relate to relative costs 
for new pavements subjected to truck traffic that repre
sents different legal axle loads, whereas the other two 
types of costs relate in an approximate fashion to 
major maintenance costs for existing pavements that 
are subjected to different legal axle loads. Total cost, 
average annual cost, and total cost of overlays appear 
to be rather straightforward and their relation to real 
situations direct. The cost type termed average annual 
cost of overlays is not as direct but does give a mea
sure of sorts for relating axle loading to the cost of 
maintaining pavement serviceability. other cost terms 
can be defined and considered for existing pavements, 
but none have any more general applicability. Both 
average annual cost and average annual cost of overlav~ 
bring the value of the remaining pavement life after 21J 
years of service into consideration. 

Figure 2. Predicted pavement performance under high and low traffic 
volumes for dry-freeze environment and thick ~ment . 
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Figure 3. Predicted pavement performance under high and low traffic 
volumes for wet/no freeze environment and thick pavement. 

Figure 4. Predicted pavement performance under high and low traffic 
volumes for dry/no freeze environment and thin pavement. 

.oz s 

No Cracking Predicted 

--- Kigh traffic 

---- Lov traffic 

000 
N • 

800 g 
... 

600 ;:;• 
400 .. 

~ ... 
200 ~ 

u 

. ... .. 
.1000 

:% 

§ 
'":IOO .. ... .. .. ,,. 
"' 
.Gt 

.... --, 
/ I 

I I 

" I :::; I 
I 
I 

I 
I 

I 

1000 N 

• 
800 ~ 

a 

... e 0"----+--1---~.!---~, .... -~,!.--~,2,.__~.~.-....J, • ..--~~,....--4. o 
u Tiee 1n Y-=: a rs Since lnit ! ;i l Consrn1c[ion 

c .. ... 
~ o'----f.--'-~.J.--!-"""'--!f-"l:.i..."*'---if:-'_.~..:;--1i,-..i..:::i,.--1..q_ 

a. CrackinR VA. time 

o.• 

z .. • = 0.2 

Time in Years Since: 

b. Rut depth V91. time 

,. 
Tim• in Years Since tnltial ConBtl'Uctiun 

c . Servicet.1bil1ty (ndex Vti . time 

Table 2. Predicted 
pavement life and 
pavement age when 
overlaid, by legal 
axle load: low 
traffic volume. 

Environmental 
Zone 

Wet-freeze 

Dry-freeze 

Wet/no freeze' 
Dry/no freeze' 

Nolll : E • estim1ted. 

Age 
Category 

At first overlay 
At second overlay 
Life of system' 
At flret overlay 
At second overlay 
Life of system' 
Life of system' 
At overlay 
Life of system' 

u 

0 .1 
15. 

s 
10. 

'5 = .. . 
Q 

.. . 
Q 0.2 

w 

~- " "' 

0 

• . ... .= 
E ... .. .. 
~ 
u .. 
> .. . 
"' 

0 

Age (years) 

Thin Section 

80 kN 

15 

25 
12 

21 
29 
19 
32 

89 kN 

13 

22 
10 
18 
28E 
28 
17 
28 

•As repaired to serve at least 20 v•rs. ti No overlays. csingle overlay. 

Table 3. Predicted Age (years) 
pavement life and 
pavement age wt.n Thin Section 
overlaid, by legal Environmental Age 
axle load: high Zone Category 80 kN 89 kN 
traffic volume. 

Wet-freeze At first overlay 7 6 
At second overlay 18 16 
Life of system' 29E 27E 

Dry-freeze At first overlay 6 5 
At second overlay 15 13 
Life or system' 25E 23E 

Wet/no freeze At Clrst overlay 11 11 
At second overlay 
Life or system' 21 20 

Dry /no freeze At Clret overlay 9 8 
At second overlay 
Life of system' 23 20 

Note: E ~ •timotod. 
'Atr-lrod ID •rw It least 20 y1on. 

a. Crackip.g Vl'I . time 
~ -

0 . 

I 10 
Time in Years Since lnlt Lal Construct ion 

b. Rut d~pth v1:11. t lm~ 

--- High traffic 

--- Low traffic 

,. 0 

Tim~ in Y~ars Sinc11 lnlttal <..:on•trul.: r 1'.in .. s~rviceabil ity Ind~x VM • cim.e 

Thick Section 

98 kN 107 kN 80 kN 89 kN 98 kN 107 kN 

11 10 19 
18 

20 28E 26 23 21 33 
9 8 17 16 

16 15 
24E 22E 23 20 30E 27E 
26 25 37 35 34 33 
15 14 
25 24 31 27 25 23 

Thick Section 

98 kN 107 kN 80 kN 89 kN 98 kN 107 kN 

5 5 11 10 9 8 
14 13 18 17 
24E 21E 24 21 29E 27E 

5 4 9 8 8 7 
12 11 19 17 15 14 
21E 20E 30E 28E 25E 22E 
10 10 15 13 11 11 
18 18 
25E 24E 28 26 21> 24 

7 7 15 13 11 11 
18 17 
30E 28E 30 26 22 21 
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The total costs for the 64 combinations of conditions 
studied can be developed by taking the appropriate 
initial cost ($ 8.05 for a thin or $ 10.37 for a thick pave
ment section) and adding to that the cost of the over
lays . Tables 2 and 3 indicate the number of overlays 
and the point in time at which they were used. Their 
thicknesses and costs were as follows (~: 

Table 4. Pavement cost by legal axle load: low traffic 
volu~. Environmental 

Zone 

Wet-freeze 

Dry-freeze 

Wet/no freeze 

Dry /no freeze 

Note: 1m'•1.196 vd' 

Table 5. Pavement colt by legal axle lo.ct: high traffic 
volume. Environmental 

Zone 

Wet-freeze 

Dry-freeze 

Wet/no freeze 

Dry/DD freeze 

Note: 1 m' •1.1111'111'. 

1. Pavements for all environmental zones except 
wet/no freeze received 7.6-cm (3 -in) overlays at $4.25/ 
m2 ($3.55/ ydJ for low traffic and 10.2-cm (4-in) over
lays at S 5.65 m2 ($4. 71/ ycf) for high traffic. 

2. Five-centimeter {2-in) overlays at $2.85/ ma 
($2.39/ ycf) were placed on pavements in the wet/ no 
freeze environmental zone. 

Cost (S/m') 
Type of Type of 
Coat Section 80 kN 89 kN 98 kN 

Total Thin 13.87 13.87 13.87 
Thick 12.40 12.40 12 .40 

Average annual Thin 0.55 0.83 0.69 
coat Thick 0.48 0.54 0.58 

Total for overlay1 Thin 4.24 4.24 4.24 
Thick 0 0 0 

Averag1 annual Thin 0.43 0.46 0.46 
cost for overlays Thick 0 0 0 

Total Thin 13.87 18.12 18.12 
Thick 12.40 12 .40 16.65 

Average annual Thin 0.66 0. 64 0.75 
cost Thick 0.54 0.62 0.55 

Total for overlay• Thin 4.24 8.49 6.49 
Thick 0 0 4.24 

Average annual Thin 0.46 0.48 0. 56 
cost for overlays Thick 0 0 0.32 

Total Thin 9.63 9.63 9.63 
Thick 12.40 12.40 12 .40 

Average annual Thin 0.33 0.34 0.37 
cost Thick 0.33 0.36 0.37 

Total for overlays Thin 0 0 0 
Thick 0 0 0 

Average annual Thin 0 0 0 
cost for overlay• Thick 0 0 0 

Total Thin 13.87 13;97 13.87 
Thick 12.40 12.40 12.40 

Average annual Thin 0.43 0.49 0.55 
cost Thick 0.39 0.45 0.49 

Total for overlay1 Thin 4.24 4.24 4.24 
Thick () () () 

Average annual Thin 0.32 0.38 0.43 
coat for overlays Thick 0 0 0 

Cost ($/m') 
Type of Type 
Coat of Section 80 kN 89 kN 98 kN 

Total Thin 20.89 20.89 20.89 
Thick 18.03 18.03 23 .67 

Average annual Thin 0.72 0.77 0.87 
cost Thick 0.75 0.88 0.81 

Total for overlay• Thin 11.26 11.26 11.26 
Thick 5.63 5.63 11 .26 

AVeJ.'11i9 aMual Thin 0.51 0.54 0.59 
cost for overlays Thick 0.43 0. 51 0.56 

Total Thin 20.89 20.89 20.89 
Thick 23.87 23.87 23.67 

Average annual Thin 0.114 0.91 0.99 
cost Thick 0.79 0.85 0.94 

Total for overlay• Thin 11.28 11.26 11.28 
Thick 11.26 11.28 11.28 

Average annual Thin 0.80 0.64 0.70 
cost for overlay• Thick 0.54 0.56 0.68 

Total Thin 12.48 12.48 15.34 
Thick 15.28 15.26 15.26 

Aver111e annual Thin 0.60 0.62 0.61 
coat Thick 0.55 0.58 0.81 

Total for overlay• Thin 2.88 2.88 5.72 
Thick 2.86 2.86 2.88 

Avarage annual Thin 0.29 0.32 0.38 
coat for overlay• Thick 0.21 0.24 0.24 

Total Thin 15.28 15.28 20.89 
Thick 18.03 18.03 18.03 

Average annual Thin 0.67 0.78 0.69 
coat Thick 0.60 0.89 0.82 

Total for overlays Thin 5.63 5.63 11.26 
Thick 5.83 5.63 5.63 

Aver111e annual Thin 0.40 0.46 0.49 
coat for ovarlay• Thick 0.37 0.43 0.51 

107 kN 
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The cost estimates developed in this manner are 
gtven as total cost in Table 4 for low truck traffic and 
in Table 5 for high truck traffic. The other three types 
of costs are also given in Tables 4 and 5. 

All the basic data are now tabulated. Costs are now 
considered in relation to legal axle loads in terms of 
new pavements (initial construction costs are considered) 

and existing pavements {only overlay costs are con
sidered). 

COST RELATIONS FOR NEW 
PAVEMENTS 

27 

A review of Tables 4 and 5 shows that, for a given 
climatic region, total cost ls independent of the legal 
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Tabla 8. Mean values of pavement costs, by legal axle load, normalized 
by dividing by 80·kN axla·load costs. 

Normalized Cost 

Cost Item 80 kN 89 kN 98 kN 107 kN 

Total 
All thin pavements 1.00 1.04 1.12 1.16 
All thick pavements 1.00 1.00 1.05 1.12 
All low traffic volumes 1.00 1.02 1.09 1.14 
All high traffic volumes 1.00 1.04 1.09 1.16 
Wet-rreeze environment 1.00 1.00 1.08 1.12 
Dry-freeze environment 1.00 1.00 1.00 1.23 
Wet/no freeze environment 1.00 1.08 1.16 1.16 
Dry/no rreeze environment 1.00 1.00 1.06 1.06 
All pavements 1.00 1.02 1.08 1.14 

Ave rage annual costs 
All thin pavements 1.00 l.08 1.16 1.22 
All thick pavements 1.00 l.12 1.15 1.20 
All low traffic volumes 1.00 1.10 1.17 1.20 
All high traffic volumes 1.00 l.10 1.14 1.23 
Wet-freeze environment 1.00 1.12 1.14 1.18 
Dry-freeze environment 1.00 1.07 1.16 1.23 
Wet/no freeze environment 1.00 1.01 1.03 1.04 
Dry /no freeze environment 1.00 1.05 1.09 1.13 
All pavements 1.00 1.10 1.15 1.21 

Figura 5. Average annual pavement cost by environment and legal axle 
load: low traffic volume. 
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axle load for 9 of the 16 cases considered. This oc
curred because either the pavement did not require an 
overlay to reach a 20-year design life or an equal num
ber of overlays were required for each of the legal axle 
loads considered. 

Because of the higher frequency of cracking in colder 
climates and the lower frequency of overlays required 
when the failure mode was rutting rather than cracking, 
costs for thin pavements for the northern environ-

Figura 6. Average annual pavement cost by environment and legal axle 
load: high traffic volume. 
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mental zones were higher than those for the sout .. 
environmental zones. For thick pavements, the ·' : 
ferences in costs among environmental zones we r • 

Another useful way to consider the data deve I 
by normalizing all results given in Tables 4 and 
dividing each value by its corresponding value f 
80-kN legal axle load. These normalized value~ 
in Tables 6 and 7, indicate rather directly the i: 
in costs that are produced by increases in legal ' · 
loads. This information has been summarized , · . 
tically in Table 8 for new pavements by obtainin..: 
values for the various groupings of cases and en\ 1. 

mental zones as well as for all cases combined. 
To make it easier to observe trends and ident 1: . 

some unexpected results, average annual cost (-.,: . 
probably more meaningful than total cost because '· 
aiders pavement life after 20 years) from Tables ; 

N 

-!! . . 
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Q 

5 is plotted in Figures 5 and 6. These figures in :1 • ·· 
that average annual costs generally increase as • x 
pected with increasing legal axle loads. However 
apparent anomaly occurs in some cases; see the : : 
freeze plot in Fig\lre 5b, where cost is shown dL'• : 
with increasing legal axle load. This is not gene r 1 : 1 • 

consistent with expectations from field experience 
partly because accelerating deterioration as moist·u: ·· 
percolates through surface cracks into underlyin~ 
layers and reflection cracking are not modeled by 
mechanistic models such as VESYS. 

Cost decreases with increasing legal axle load 
because damage predictions necessitate an overla;· 
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Table 9. Mean values of pavement costs for overlays, by legal axle load. 

Cost ($ / ni'l 

Cost Item 80 kN 89 kN 98 kN 107 kN 

Total for overlays 
All thin pavements 5.46 6.00 7.05 7.59 
All thick pavements 3.17 3.17 4.41 4.94 
All low traffic volumes 1. 59 2. 13 2.65 3.72 
All high tralltc volumes 7.05 7.05 8.45 8.45 
Wet-freeze environment 5.28 5.28 6.70 8.81 
Dry-freeze environment 6.70 7.76 8.81 8.81 
Wet/no freeze environment 1.43 1.43 2.14 2.14 
Dry /no freeze environment 3.87 3.87 5.28 5.28 
All pavements 4.32 4.59 5.74 6.27 

Average annual .costs for 
overlays 

All thin pavements 0.378 0.411 0.454 0.483 
All thick pavements 0 .195 0.219 0.287 0 .354 
All low traffic volumes 0.152 0.165 0.222 0.274 
All high traffic volumes 0.419 0.465 0.519 0.563 
Wet-freeze environment 0.344 0.380 0.406 0.518 
Dry-freeze environment 0 .400 0.418 0.562 0.613 
Wet/ no freeze environment 0.125 0.141 0.155 0.161 
Dry /no freeze environment 0.275 0.320 0.359 0.383 
All pavements 0.286 0 .314 0.371 0.418 

Tabla 10. Mean values of pavement costs for overlavs, by legal axle 
load, normalized by dividing by 80-kN axle-load costs. 

Normalized Cost 

Cost Item 80 kN 89 kN 98 kN 107 kN 

Total for overlays 
All thin pavements 1.00 1.10 1.29 1.40 
All thick pavements 1.00 1.00 1.39 1.56 
All low traffic volumes 1.00 1.34 1.67 2.34 
All high traffic volumes 1.00 1.00 1.20 1.20 
Wet-freeze environment 1.00 1.00 1.27 1.67 
Dry-freeze environment 1.00 1.16 1.32 1.32 
Wet/no freeze environment 1.00 1.00 1.49 1.49 
Dry /no freeze environment 1.00 1.00 1.36 1.36 
All pavements 1.00 1.06 1.33 1.45 

Average annual co11ta for 
overlays 

All thin pavements 1.00 1.09 1.20 1.28 
All thick pavements 1.00 1.12 1.47 1.82 
All low traffic volumes 1.00 1.09 1.46 1.80 
All high traffic volumes 1.00 1.11 1.24 1.34 
Wet-freeze environment 1.00 1.10 1.18 1.50 
Dry-freeze envtronment 1.00 1.05 1.40 1.53 
Wet/no freeze environment 1.00 1.12 1.24 1.29 
Dry /no freeze environment 1.00 1.17 1.30 1.39 
All pavements 1.00 1.10 1.30 1.46 

which in turn sufficiently increases predicted pavement 
life so that its effect in decreasing average annual costs 
is greater than the increase caused by the added over'." 
lay cost. This may well be realistic in a dry climate 
if reflection cracking can also be controlled, but it may 
be the exception rather than the rule. 

It should be remembered, however, that the modeling 
limitations mentioned above apply not only to overlays 
but also to initial construction predictions; that is, 
pavement life should always be overpredicted if the 
modeling limitation is serious. Since the predictions 
do not appear unrealistic for either original pavements 
or overlays, it can be concluded that the model limita
tions may not be the primary cause of this apparent 
anomaly. It may simply mean that an overlay may not 
only meet an immediate need to maintain service but 
may also be cost effective. The Florida Department 
of Transportation has in fact found it cost effective to 
extend the life of a pavement through a relatively thin 
overlay when cracking begins at the bottom of the sur
face layer rather than to apply a thicker overlay after 
the cracks have propagated to the surface. 
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A fact that tends to lend credence to the predicted 
costs is that the axle-load distributions (Table 1) that 
result from a change in legal axle limit are not very 
severe. There is no real similarity at all, for in
stance, in a road test such as the AASHO Road Test, 
in which an increase in test axle load means that essen
tially all subsequent traffic has that axle load. 

Although it may not be appropriate to claim quantita
tive accuracy for the predicted costs, it does appear 
reasonable to expect that all the results will be biased 
in the same way; the trends would thus be reliable and 
the cost err, if at all, toward the low side. 

To continue with analysis of the cost predictions de
veloped, the following general conclusions can be drawn 
from the summar.Y values given in Table 8: 

1. The total cost for a 20-year service Ii fe nn be 
expected to (a) increase as much as 8 percent ! 1r :i.n 
increase in legal axle-load limit from 80 to d . '\ 1: ·.d. 
on the average, increase 2 percent for all p:i.'"'" ' ··r.t ~ : 
(b) increase as much as 16 percent for an in··: .. , ... 1 :1 

legal axle-load limit from 80 to 98 kN (dep >1: . :. · ' • 

marily on pavement thickness and environm•" t 

on the average, increase 8 percent for all p.1, , : • 
and (e) in.crease from 6 to 23 percent for an . , . •' 
in legal axle-load limit from 80 to 107 kN ar : 
average, increase 14 percent for all pavem•" ~ • 

2. The avenge annual cost (conslder ini: · 
of remaining pavement life after 20 years) c , 
pected to (a) increase from 1 to 12 percent r , r , 

crease in legal axle-load limit from 80 to 8 J • ... • 1 

on the average, increase by 10 percent; (bl 1 • ' · • • • 

from 3 to 17 percent for an increase in legal •. ,1.- ·, • 1 

limit from 80 to 98 kN and, on the average, ir ' · , -·· 
by 15 percent; and (c) increase from 4 to 23 i" ' ' • 1 

for an increase in legal axle-load limit from ..,. ' · 
kN and, on the average, increase by 21 perc•• r: r 

3. The overall effect of increased axle 10.1.:• • re 
severe for thin than for thick pavements and f 1 · •• r 
than for warmer climates. 

4. Although the effect on damage caused lJv -. :: . ., •"~ t 
levels of truck traffic volume on a pavement s •. , . • 1 .r: 1 ~ 

obvious, the relative costs (or rates of lncrea ~ .. , :· 
costs) for accommodating traffic at different 1. · .- 11 . , t 
limits are not very sensitive to levels of tru c 1< : : , : : : 

COST RELATIONS FOR EXISTING 
PAVEMENTS 

The cost types previously described as total , , : , 
overlays and average annual costs of overlays · , · 
an analysis of the effects of increased legal a.xi,··, , : 
limits on existing highways because the initial ' ... - t: • . -
tion costs are not included in the analysis. The :· •· 1:1 

costs for overlays given in Table 9 were arriVP•1 11 , -. 

previously described for new highways except th.Ir 
initial construction costs were omitted. These ,. II~•'' 
were normalized by dividing by the correspond lI111 11 J -

kN axle-load costs; the normalized values are ..:1, "n 111 

Table 10. · 
As would be expected, the percentage increast>" 1n 

overlay costs for increases in legal axle-load 1111:11~ 1:·e 
much greater when a relatively large fixed init i.1 I 
struction cost is not included. Analysis of the r1• , .• 11, 

in Tables 9 and 10 indicates that 

1. The predicted overlay costs for the higher I• .:.ii 
axle-load limits in the wet/no freeze environmer~t.11 
zone (or warm temperature) represented by Fl un :.1 
I-10 are nominal. 

2. As would be expected, the total cost fo r n:.11:~ -
taining the highway is much less for low than for ~'. 1 ..: ~ 
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traffic volumes, but the percentage increase in total 
overlay costs with increase in axle loads ls much 
higher for the low-traffic case. For instance, a mean 
predicted total overlay cost for a 107-kN legal axle 
load on all low traffic volumes ls 2.34 times as much 
as that for an 80-kN legal axle load as opposed to only 
20 percent more for all high traffic volumes. 

3. The predicted overlay costs themselves are much 
higher for northern than for southern environments, but 
the percentage increases in overlay costs with increas
ing legal axle load are similar to those for southern 
highways. 

4. The cost of overlaying pavements was logically 
predicted to be greater for thin than for thick pave
ments, but the percentage increase in overlay cost with 
increasing legal axle load was greater for thick pave
ments. 

5. In general, total overlay costs can be expected to 
increase by about 6 percent for an increase in legal 
axle-load limit from 80 to 89 kN, 33 percent for an in
crease from 80 to 98 kN, and 45 percent for an increase 
from 80 to 107 kN. 

6. An increase in legal axle-load limit from 80 to 
89 kN increases the average annual cost of overlays 
about 10 percent, an increase from 80 to 98 kN in
creases it about 30 percent, and an increase from 80 
to 107 kN increases it about 46 percent. 

SUMMARY 

Relations have been reported between costs for 20 years 
of acceptable pavement service and established legal 
single-axle-load limits. These relations are based on 
distress and performance predicted by a modified 
version of the VESYS IIM computer program by using the 
best traffic, environment, and materials characteriza
tions possible in a factorial study of 16 cases with legal 
single-axle loads ot 80, 89, 98, and 107 kN for each. 

It is clear that the accuracy of the cost relations 
depends on the ability of the flexible-pavement struc
tural model to simulate real pavements and on the ac
curacy of the characterizations of traffic, axle-load 
distribution, environment, and material input to the 
model. The modified version of VE SYS IIM is certainly 
one of the most complete mechanistic models of a 
flexible pavement, but it shares the limitation of most, 
if not all, other such models in that it does not model 
reflection cracking or the accelerating deterioration of 
its structural components as surface cracking pro
gresses and moisture enters the base and subgrade 
layers nor does it consider loss of stiffness in the as
phalt concrete surface caused by cracking or changes 
in stiffness and viscoelastic properties as the asphalt 
hardens over time. In addition, distress and perfor
mance predictions are very sensitive to materials char
acteristics. These characteristics are, however, 
limited to relatively typical materials from several 
specific locations. Thus, exceptional quantitative ac
curacy cannot be claimed, but all solutions are subject 
to the same biases so that the trends established can be 
expected to be reasonably reliable and the quantitative 
relations sufficiently accurate to offer valuable insight 

until the results of other, much more comprehensive, 
studies are completed. 
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